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FOREWORD 

This is the tenth in a series of semiannual technical progress reports on fusion reactor materials. This report 
combines research and development activities which were previously reported separately in the following progress 
reports: 

0 

0 

Special Purpose Materials 

Alloy Development for Irradiation Performance 

Damage Analysis and Fundamental Studies 

These activities are concerned principally with the effects of the neutronic and chemical environment on the 
properties end performance of reactor materials; together they form one element of the overall materials program being 
conducted in support of the Magnetic Fusion Energy Program of the U.S. Department of Energy. The other major 
element of the program is concerned with the interactions between reactor materials and the plasma and is reported 
separately. 

The Fusion Reactor Materials Program is a national effort involving several national laboratories, universities, 
and industries. The purpose of this series of reports is to provide a working technical record for the use of the program 
participants, end to provide a means of communicating the efforts of materials scientists to the rest of the fusion 
communfty, both nationally and worldwide. 

This report has been compiled and edited under the guidance of A. F. Rowcliffe and Frances Scarboro, Oak 
Ridge National Laboratory. Their efforts, and the efforts of the many persons who made technical contributions, are 
gratefully acknowledged. F. W. Wiffen, Reactor Technologies Branch, has responsibility within DOE for the programs 
reported on in this document. 

R. Price, Chief 
Reactor Technologies Branch 

Office of Fusion Energy 
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1.0 IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL METHODS . . . . . . . . . . . . . . . . . . .  1 

1.1 DESIGN AND FABRICATION OF HFIR-MFE-JP TARGET IRRADIATION CAPSULES - (Oak Ridge 
National Laboratory and Midwest Technical, Inc.) ............................................... 3 

New uninstrumented HFlR target capsule designs were completed ior inadiating 12.5-mm-diameter stainless steel fracture 
roughness specimens to a damage level of approximately 3 displacements per atom (dpa) at temperatures of 60-1Z and 250-3WC. 
Two planned low temperature capsules of identical design, designated HFIR-ME-JP-18 and HRR-MFE-JP-19, wi l l  each contain 32 
fracture toughness specimens directly cooled by reactor cooling water. A single helium-filled elevated temperature capsule, designated 
HFIR-ME-JP-17, will contain a slack of 86 fracture toughness specimen. Included in each capsule will be companion transmission 
electron microscopy (TEM) and SS-3 tensile specimens. Fabrication and assembly of capsules JP-17, -18, and -19 is scheduled for 
completion by August 1991. 

1.2 FABRICATION AND OPERATION OF HFIR-MFE RB* SPECTRALLY TAILORED IRRADIATION 
CAPSULES . (Oak Ridge National Laboratory and Midwest Technical, Inc.) ........................... 5 

Fabrication and operation of four NFIR-MFE RB' capsules (60, 200, 330, and 400°C) to acwmmodate M E  specimens 
previously irradiated in spectrally tailored experiments in the ORR are proceeding satisfactorily. With the exception of the MPC 
capsule, where the test specimens are in d i r e  contact with the reactor cooling water, the specimen temperatures (monitored by 21 
thermocouples) are mntrolled by varying the thermal conductance of a small gap region between the specimen holder and the cantain- 
men1 tube. Irradiation of the 60 and 330°C capsules was started on July 17. 1990. As of March 31,195'1, these two capsules had 
completed 7 cycles of their planned Z-cycle (formerly 1Ccycle) irradiation to a damage level of 20 displacements per atom (dpa). 
Fabrication of pans for the other two (200 and 4WC capsules) is wmplete. Assembly of the 200 and 400°C capsules is scheduled for 
completion by mid FY 1992; operation of these two capsules will follow the first two (60 and 330°C). 

1.3 REEVALUATION OF FABRICATION TECHNIQUE FOR MINIATURE TENSILE SPECIMENS - 
(University of Missouri-Ralla and Pacific Northwest Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

The present punching process and two patential alternatives for fabricating miniature tensile specimens were evaluated. Three 
fabrication processes were considered: punching, electrical discharge machining (EDM), and chemical milling. Evaluation criteria 
included dimensional control and reproducibility, induced microstmctural alteration, mst, and the validity of the resultant tensile data. 
It was demonstrated using annealed 3Ll4 stainless steel that punching not only led to substantial specimendeformation but also exhibited 
the largest dimensional variability. EDM and chemical milling produced specimens with dimensions that were acceptable from bath 
standpoints, While EDM and chemical milling produced comparable tensile data, chemical milling was more expensive per specimen 
for the produnion of only a small number of specimens. EDM was therefore Selected for all future fabrication of miniature tensile 
specimens. 

2. DOSIMETRY, DAMAGE PARAMETERS AND ACTIVATION CALCULATIONS . . . . . .  . . . . . .  15 

2.1 REAC*3 NUCLEAR DATA LIBRARIES (Westinghouse Hanford Company) ....................... 17 

The purpose of this work is to provide the means of calculating activation in fusion devices. 

2.2 INDUCED RADIOACTIVITY OF ELEMENTS IRRADIATED IN FlTFhlOTA AND EBR-2 (Pacific 
Northwest Laboratory and Westinghouse Hanford Company) ....................................... 19 

Calculations of decay rates of radionuclides in 36 elemenu irradiated in FFIF/MOTA core center and EBR-2 midcore and 
lOPcOre positions have been made using REAC.2 Tables of the results have been made and are being used in compiling test specimen 
waste disposal documentation. 

3.0 MATERIALS ENGINEERING AND DESIGN REQUIREMENTS ................................... 23 

No contributions. 

4.0 FUNDAMENTAL MECHANICAL BEHAVIOR ..................... ..................... 25 
No contributions. 
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5.0 RADIATION EFFECTS: MECHANISTIC STUDIES, THEORY AND MODELING ..................... 27 

5.1 DEFECT PRODUaION AND ATOMIC MIXING IN NIGH ENERGY COLLISION CASCADES: A 
MOLECULAR DYNAMICS STUDY (Lawrence Liveniiore National  Laboratory)  . . . . . . . . . . . . . . . . . . . . . .  29 

We have performed molecular dynamia mmputersimulation sludin of 25 keV displacement cascades in Cu at low temperature. 
At this energy we observe the splitting of a cascade into subcascades and show that displacement cascades in metals may lead to the 
formation of vacancy and interstitial dislocation loop. We discuss a new mechanism of defect production based on the obsenalion 
of interstitial prismatic diSloCa[ion loop punching from cascades at 10 K We also show that below the subcascade threshold, atomic 
mixing in the arcade is rewilenergV dependent. We obtain a mixing efficiency that is proportional to the square rcat of the recoil 
energy. 

5.2 A SIPA-BASED THEORY OF IRRADIATION CREEP IN THE LOW SWELLING RATE REGIME (Whiteshell 
. . . . . . . . .  . . . . . .  Nuclear  Research Establishment a n d  Pacific Northwest Laboratory)  . . 49 

A model is presented which describes the major facets of the relationships between irradiation creep. void swelling and applied 
stress. The increasing degree of anisotropy in distribution of dislocation Burger's venon with StreSS levels plays a major role in this 
model. Although bcc metals are known to creep and swell at lower rates than fcc metals. i t  is predicted that the creep-swelling coupling 
coefficient is actually larger. 

5.3 SWELLING AND MICROSTRUCTURE OF HIGH PURITY NICKEL IRRADIATED WITH FAST 
NEUTRONS IN EBR-I1 (University of lllinois and Pacific Northwest  Laboratory)  . . . . . . . . . .  _. .  56 

No summary. 

5.4 POSTIRRADIATION STRENGTH AND DEFORMATION OF FERRlTIC Fe-Cr BINARY ALLOYS - 
(Pacific Northwest  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  63 

Six binary FC-Cr alloys with chromium levels ranging from 3 to 18% were tensile tested at room temperature Iollowing 
irradiation a1 365. 403. and 574'C to doses of 7.4. 31.1, and 34.3 dpa, respectively. Irradiation at 365 and 403'C produced significant 
strengthening at all chromium levels, with concurrent reductions in ductility. Strenith levels were insensitive to composition, irradiation 
temperature or neutron exposure. Irradiation at 5 i 4 T  produced strength increases at only lhe two highest chromium levels. The 
results are attributed ID dislocation loop and void development at 365 and 403"C, and phase instability at 574'C. NO evidence for 
channel fracture was found. 

6.0 DEVELOPMENT OF STRUCTURAL ALLOYS . . . . . . . . . . . . . . . . . . . . . . .  . . .  . . . . . . . .  71 

6.1 FERRITIC STAINLESS STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71 

6.1.1 HEAT TREATMENT EFFECTS ON TOUGHNESS OF 9Cr-1MoVNb and 12Cr-1MoVW STEELS 
IRRADIATED AT 365°C (Oak R i d g e  National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 

The YCr-1MoVNb and 12Cr.IMoVW steels were austenitired at 1040 and 1100°C to produce two different prior-austenite grain 
Sizes. Pieces Of the steels with these different heat treatmentS were then given different tempering treatments (1 h at 760 and 2.5 h 
7WC). C h a w  impact specimens with these different heat treatmen& were irradiated in FFTF at 365°C up to 5 dpa. For 9Cr- 
l M o W b  sled in the unirradiated mndition, the smaller the prior-austenite grain sile, the lower the dudle-brittle transition 
temperature ( D B V .  Also, the higher the tempering temperature, the lower the DBTT prior to irradiation. Regardless of the starting 
value, however. the DBTI shift during irradiation was the same for all specimens. This means that heat treatment can be used to insure 
a IOWCl D B l T  before and after irradiation. The I2Cr-1MoW steel showed little effect of heat treatment on DBTI in the unirradiated 
condition, and the shift in DBTI was relatively mnstant. Thus, heat treatment cannot be used to reduce the effect of irradiation on 
the DBTT 

6.1.2 IRRADIATION RESPONSE OF FU2H, A REDUCED ACTIVATION Fe-UCr-2W MARTENSITIC 
. . . . . . . . . . . . . . . .  STEEL (University of Tokyo, Pacific Northwest  Lahoratoly,  and Nippon Kokan K.K.) 78 

Miniature tensile and microscopy specimens of the tungsten-stabilized martensitic steel F82H were examined after 
irradiatim in F F F  t o  nuences as high as 37 dpa  at temperatures ranging from 365 to 750°C. Tensile tests peflomed at room 
temperature revealed a small amount d hardening at or below 405% and significant sdtening at the higher i-radiation 
temperatures. Electron microscopy resuits were Consistent with the tensile data. The tempered manensile structure was  quile 
stable below 405% The manensile lath structure recovered slightly at 550°C accompanied by the coarsening of Carbide Particles. 
while above 670°C' the manensile lath structure was eliminated. Cavity formation was obseNed only below 405°C. The maximum 
welling measured was as high as 0.14% at 405°C. Analysis of preciptate extraction replicas showed superior phase stability 
during inadiation. Precipitates identified in the irradiated specimens were M,C, and Laves. the Same as were identified following 
thermal aging. Other precipitates were not Observed. 
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6.2 AUSTENITIC STAINLESS STEEL . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  

6.2.1 SOME IMPLICATIONS OF RADIATION-INDUCED PROPERTY CHANGES IN AUSTENITIC 
STAINLESS STEELS ON ITER FIRST-WALL DESIGN AND PERFORMANCE (Oak Ridge National 
Laboratory,  Jdpan Atomic Energy Research Institute, a n d  Argonne National  L a b o r a t o w )  . . . . . . . . . . .  . 89 

New data on radiation-induced hardening, low-temperature creep and potential susceptibility (sensitization) to aqueous 
mrrosion have heen obtained on various heats of austenitic stainless steel (including type 316) irradiated at 60 to 400°C to 7 to 13 dpa. 
The data were obtained from spectrally tailored reactor erperimcnts, whose radiationdamage parameters are similar to those in the 
proposed lnternational Thermonuclear Experimental Reactor (ITER) first-wall (FW) and blanket design. Austenitic stainless steels 
were found to increase significantly in strength at 60 to 33VC. to have higher irradiation-creep rates at 60°C than at 200 to 400°C. and 
to show radiation-induced changes in elenmhemical properties at 200 to 400°C These dam on several radiation-induced property 
changes suggest that type 316 steel may be an adequate material for the FW of ITER. However. there is a definitely a necd for new 
data on franure-toughness and on fatique behavior below 400°C. as well as more data on irradiation-creep and effects of irradiation 
on mrrosion properties, to better define temperature and dose dependencies for more detailed design analyses. Cold-working should 
remain an optional as-fabricated mndition for the FW of ITER. Many properties of SA and CW 316 bewme Similar after irradiation 
at 60 to 400°C. The higher initial yield-strength of CW 316 will a l i w  higher design s11css and clastic strain limiu. 

6.2.2 SWELLING AND MICROSTRUCTURAL ANALYSIS OF US-PCA AUSTENITIC STAINLESS 
STEEL IRRADIATED AT 60 TO 400°C IN ORR SPECTRAL-TAILORED EXPERIMENTS -- 
(Oak Ridge National Laboratory)  .... ......................................... 

s + ~ ~ ~ ~  ofsolution.annealed (SA) and 25% cold-worked (CW) PCA austenitic stainless steel were irradiated in ORR-ME-4 
at 330 and .1MpC to 13 dpa. and in ORR-ME61111 at 60, 200. 330 and 4 W C  to 7.4 dpa. Swelling measured by the ORNL precision 
densitometer of CW PCA irradiated at 4MpC was negligible after 7.4 and 13 dpa. whereas SA PCA showed 0.3 to 0.4% <welling afler 
13 dpa. At 330°C. both SAand CW PCAshowed about 0.2% swelling after 13 dpa. Transmission electron microsmpy P M )  analysis 
of the cavity minodlructure showed many voids in SA PCA irradiated at 4WC, while only tiny helium bubbles were fouhd in the other 
swimens  irradiated at 330 to 400%. No cavities were detectable in CW PCA irradiated at 60 or 200'C. Fine MC precipitates were 
found in SA and CW PCA specimens at 3 9  and WC, hut not at lower temperatures. Both SA and CW PCA contained mhures 
of larger Frank loops and dislocation networks at 330 and W C ,  whereas the dislocation structure of CW PCA was dominated by tiny 
"black-dot" loops at 60 and ZWC. The CW PCA showed significant radiation-induced recovery of the initial dislocation network 
structure at all temperatures; no large Frank loops were found at 60°C. while the maximum mncentration of larger loops was observed 
at 330°C. 

6.2.3 STATUS OF MOTA IRRADIATION EXPERIMENTS ON REDUCED ACTIVATION AUSTENITIC 
ALLOYS (Pacific Northwest  Laboratory, Westinghouse Hanford Company, Oak Ridge National 

Laboratory,  Hokkaido University, Nagoya University, Ispra Establishment, a n d  
Baikov Institute) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109 

A number of collaborative international experiments are being conducted to assess the feasibility of Fe-Cr-Mn austenitic steels 
for fusion SeMce. A review is presented of the current status of these various efforts. The first time irradiation of an Fe-Cr-Mn steel 
in the form of pressurized lubes is highlighted. 

6.2.4 PHASE S T a l L I T Y  IN THERMALLY AGED Fe-Cr-Mn ALLOYS (Northwest ~ l l ~ ~ ~  and university 
Association for Science, Washington State University, and Pacific Northwest Laboratory), , , , , , , , , , . , , , , . , 113 

Fe-Cr-Mn alloys have been proposed as a structural material for fusion reactors that will exhibit reduced long-term radioactivity. 
However, Fe-Cr-Mn ternary equilibrium has nor previously been well defined at temperatures below 650°C. The current experiment 
charanerized phase evolution and equilibrium in three alloys; Fe-15Cr-ISMn, Fe-1OCrJOMn and Fe-MMn in the 20% cold-worked 
mndition aged from 300 to 700°C for 1,ooO to 30,WO hours at temperatures from 300 to MM"C Resulu indicate thato phase formation 
is extremely sluggish, and mld-working and long aging times are required to initiate uphase formation in alloys not previously predicted 
to ahibi t  such precipitation. U phase appears to form on high diffusivity paths such as recrystallizing grain fronts and grain boundary 
triple paints. Three isothermal Sections at 300,SW and W0"C were co~~~truc ted  @om the experimental data that w e n d  the temperature 
range of the Fe-Cr-Mn ternary diagram to lower temperatures than previously published. 

6.3 REFRACTORY METAL ALLOYS ,.. . . . . . . .  133 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6.3.1 CORRELATION OF MICROSTRUCTURE AND SWELLING BEHAVIOR OF VANADIUM ALLOYS 

IRRADIAED IN FFTF/MOTA AT 420°C (Argonne National Labora tory  and Tohoku University) . . . . . . . .  135 

MicrostmctumI evolutions in V, V-Cr, V-Ti, V-Ti-Cr, and V-Ti-Si alloys have been characterized by TEM after irradiation at 
420°C in FFIT/MOTh The results have been correlated with swelling behavior of the alloys to provide a better understanding of the 
superior resistance of some of the high-Ti heats t o  void swelling. 
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6.3.2 TENSILE PROPERTIES OF VANADIUM AND VANADIUM-BASE ALLOYS (Argonne National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145 

Tensile property data are presented for unalloyed vanadium and 18 vanadium alloys that are considered candidates for 
structural material in a magnetic fusion reactor. The compositions of these candidate alloys are principally those vanadium binary and 
ternary alloys with Cr, Ti, and Si additions. The dependence of the tensile properlies for these materials on temperature (25-7WC), 
Cr concentration (&IS%), Ti concentration (&20%), and Si concentration (0.05-1.28%) is presented in the form of tables. graphs. and 
parametric equations. The strengthening of V by Cr, Ti, and Si additions is discussed with emphasis on the role of interanion of these 
alloying additions with interstitial impurities (Le., 0, N, and C). 

6.3.3 REVISED CALCULATIONS FOR THE DYNAMIC HELIUM CHARGING EXPERIMENT IN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  156 
F n F N O T A  2B -(Pacific Northwest Laboratory) 

Calculations of the initial tritium loading, lithium isotopic ratio. and helium prmure have been revised for the planned dynamic 
helium charging experiment (DHCE) in FFF/MOTA-ZB based on current neutronic information regarding the neutron flux S w N m .  

6.3.4 STATUS OF THE DYNAMIC HELIUM CHARGING EXPERIMENT (DHCE) IN FFTF/MOTA (Argonne National 
Laboratory, Tohoku University, Pacific Northwest Laboratory, and Westinghouse 
Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  159 

Preparation of the DHCE experiment has been completed and k has been insened into MOTA 28 for irradiation in FFF .  
The experiment will produce helium in tee specimens of vanadium alloys to simulate a fusion environment. 

6.4 COPPER ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  165 

6.4.1 MICROSTRUCTURAL EXAMINATION OF PURE COPPER AND CUJNI IRRADIATED WITH FISSION 
OR SPALLATION NEUTRONS (Pacific Northwest Laboratory, R i  sb National Laboratory, 
and Los Alamos National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  167 

Specimens of pure copper and a copper alloy containing 5 atomic percent nickel have been examined by transmission electron 
microscopy following irradiation by neutrons in a mixed thermal reactor, a fast reactor and a spallation neutron source. Radiation 
damage microstructures have been investigated in order to identify microstructural differences and to determine suitability of copper 
alloys for high heat flux substructure applications in a fusion device Most conditions developed void swelling, and all were found to 
contain defect clusters on a fine scale. Damage accumulation in Cu-SNi was found to be significantly different from that observed in 
pure copper. Based on limited comparisons of irradiation at 335°C high energy spallation neutrons do not appear to have any 
significant effen on swelling at low dose. The results of this study confirm the need for improved temperalure control of irradiation 
experiments in order to correlate radiation damage lo fusion conditions. 

6.4.2 STATUS OF COPPER IRRADIATION EXPERIMENTS (Pacific Northwest Laboratory, University of 
Missouri-Rolla, Ri sd National Laboratory, University of Illinois, Tohoku University, 
Oak Ridge National Laboratory, and SCM Metal Products) , . , , . . .  . . . . . . . . . . . . . . . . . .  156 

A variety of FFF irradiation studies and out-of-reactor studies are in progress to determine the response of copper a l l v  to 
the environment anticipated for fusion senice. An updated revievV of these various studies is presented. 

6.4.3 NEUTRON-INDUCED CHANGES IN DENSITY OF COPPER ALLOYS (Pacific Northwest Laboratory 
and Westinghouse Hanford Company) 192 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Density change measurements have been completed on the Generation 2.0 copper alloy experiment at 411°C after reaching 1W 
dpa. The Glidcop alloy CuAIzf, continues to exhibit excellent resistance to void swelling. Welding and high ovgen levels both degrade 
the swelling resistance of oxide dispersion-strengthened alloys. The alloy Cu-2.0 Be also resists swelling and appears to be densifying 
in response to the continued formation of the transmutant nickel. 

6.4.4 RADIATION-INDUCED CHkhlGES IN ELECTRICAL CONDUCTIVITY OF A WIDE RANGE OF 
COPPER ALLOYS (Pacific Northwest Laboratory, University of Illinois, and Tohoku University) . . . . . . . . . .  199 

A wide variety of radiation-induced changes in electrical conductivity was observed in a series of irradiation experiments 
conducted on mpper alloys in FFI’FIMOTA The behavior of each alloy was found 10 depend on the alloy composition, starting state, 
irradiation temperature. and the sometimes complex interanion of three radiationdriven pr-se~. These pr-se~ are transmutation, 
void swelling, and Solute redistribution. 



6.4.5 BRAZING OF COPPER-LUMINA ALLOYS (Auburn University and O a k  Ridge National  Laboratory)  . . . . .  206 

An induction braze has been developed to join copper-alumina alloys to eliminate the requirement for either plating the joining 
surfaces prior to brazing or the use of an inert cover gas or a vacuum pump to prevent excessive oxidation. Preliminary tensile 1-B 
of induaion lap joints and fatigue tests of induction brazed butt joints have been conducted. A theoretical study of the diffusion of 
silver Into the alloy has been compared to experimental EDX analysis 

7.0 ENVIRONMENTAL EFFECTS ON STRUCTURAL MATERIALS 

ENVIRONMENTAL EFFECTS ON SICiSIC COMPOSITES FOR FUSION STRUCTURAL APPLICATIONS 

213 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7.1 
(Pacific Northwest Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  215 

The chemical stability of SiC/SiC composites in fusion relevant environments has been evaluated from the database available 
in the literature for monolithic Sic. The results of this aSseSSment suggests that the primary chemical reactions that will limit the 
stability of these materials are: 1) Li redunion of surface and grain boundary glass phases in a liquid Li w l a n t ,  2) impurity effecu on 
oxidation and the oxidation ofthe fiber/matrix interfacial layer in a He malant and 3) H, reduction of the "passive" SiO, layer and the 
reaction of the H, with S ic  to form gaseous reaction products. Strength degradation has been observed for each of these reactions 
under cenain wnditions, but the database is insufficient to predict whether similar property changes will occur in fusion relevant 
environments. Clearly, more experimental data is needed to evaluate the stability of SiwSiC composites for long-term exposures in 
fusion relevant environmenu. 

7.2 EFFECT OF GAMMA IRRADIATION ON STRESS-CORROSION BEHAVIOR OF AUSTENITIC 
STAINLESS STEEL UNDER ITER-RELEVANT CONDITIONS (Pacific Northwest  Laboratory) . . . . . . . . . .  231 

This study wupled with other published data suppons the conclusion that gamma irradiation will not induce Stress corrosion 
cracking if the oxygen activity in the ITER water coolant is maintained at a low level. This conclusion is based on stress corrosion 
cracking tests conduned at l W C  in deionized water with 10 ppm C 1  on solution annealed and sensitized %e 316 SS and PCA The 
material was sensitized to about 5 Clcm'and fatigue crack growth tests were conducted in an autoclave exposed to a 'OCO source with 
tests conducred at 0.2.3 x le and 6.5 x I d  radm. The material and water chemistry conditions were chosen to represent the worst case 
condition expected in an ITER resulting from poor welding and water chemistry control. Crack growth rates were found to decrease 
by about a faaor of 2 in the presence of both gamma fluxes. Average crack velocities were 2.0 and 1.5 x 10~' mmlcycle for Type 316 
SS and PCA, respeaively, in the absence of gamma irradiation and 1.3 and 0.74 x 10' mm/cycle at both gamma fluxes. These resulU 
suggest, for the limited conditions examined in this study, that radiolysis alone will not cause stress corrosion cracking of slightly 
sensitized 316 SS or PCA in water with 10 ppm C 1  at 100°C. Other conditions that have not been examined and may cause crack 
growth include: radiolysis effects in high 0, activity water. hydrogen induced cracking of radiation hardening 'ppe 316 SS and PCA and 
irradiation-assisted Stress corrosion cracking (IASCC). 

1.3 RADIATION-INDUCED SEGREGATION IN IRRADIATED TYPE 304 ALLOYS FOR THE ICG-IASCC 
ROUND ROBIN .. (Oak Ridge National  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  237 

Grain boundary RIS in two neutron-irradiated type 304 stainless steels has been investigated by X-ray microanalysis. In the 
wnventional alloy (Lc), narrow (<5 nm width) RIS w n s  depleted in chromium and iron and enriched in silimn, phosphorus, and 
nickel were observed near grain boundaries. For the higher purity alloy (QC), similar width (65 nm) RIS zones depleted in chromium 
and iron and enrichment in nickel were observed at boundaries. though at reduced magnitudes relative to those in the LC material. 
No significant segregation of siliwn or phosphorus was observed in the QC material. RIS zones associated with faulted dislocation 
loops in the LC material were detected and shown to be depleted in chromium and enriched in nickel and iron relative to the matrix. 

7.4 AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS FOR ITER 
STRUCTURAL APPLICATIONS (Argonne National Laboratory) ................................. 241 

Hydrogen embritllement ofcandidate first-wall materials (e.& stainless steel, or SS) is a key issue for ITER because of hydrogen 
pmdunion due to (n.p) transmvtation reactions; hydrogen generation Of up 10 2500 appm is anticipated. Material composition, changer 
in w m p i t i o n  caused by transmutation reanions. irradiation damage, environment. and expected loading wnditions were reviewed 
to assess the relative importance of various degradation processes for a fusion reactor first wall. ' b e  stability of austenite with regard 
IO creation of deformation- or  stress-induced manensile, a*, was wnsidered in relation to SCC and hydrogen-assisted crack growth 
in SSs at low temperatures (<lSU'C). 
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7.5 PRELIMINARY ASSESSMENT OF AQUEOUS CORROSION OF NIOBIUM ALLOYS FOR 
STRUCTURAL APPLICATIONS IN THE ITER DIVERTOR (Argonne National Laboratory) . . . . . . . . . . .  248 

Niobium and Nb-base alloys are under consideration as candidate materials for the ITER divertor structure. Unalloyed Nb 
and binary alloys of Nb-ZSTi, Nb-ZSZr, Nb-2.5Hf. Nb-2.5V. Nb-2.5Ta. Nb-2.4M0, Nb-2.5W. Nb-2.5Fe. Nb-2.5Ti, and ternary alloys of 
Nb-2.5Ti-2.5Ta. Nb-25Ti-2.5Mo. Nb-2.5Hf-2.5Mo (expressed in terms of atomic percent alloy addition) were exposed to high-puny 
water with <M ppb dissolved oxygen in a refreshed Stainless steel autoclave (with a 1Mo-psi overpressure) to determine the extent of 
oxidation as a funnion of time at W C .  Corrosion data are presented for pure Nb and for ten binary and three ternary Nb-base a l l v  
exposed for up to 2% h. All alloys exhibited weight gains except Nb-2.5Ni. Nb-2.5Ta. and Nb-2.5Fe. which lost weight after 0,1500, 
and 2203 h, respenively. Of the alloys that gained weight, the V and Mo additions were the most effective in minimizing weight gain. 
The ternary alloys incorporating Mo were superior in terms of bath resistance to weight gain and embrittlement. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8.0 SOL13 BREEDING MATERIALS 

8.1 IRRADIATION EXPERIMENT DESIGN FOR IN SITU TRITIUM RECOVERY FOR Li,O and LiJzrO,: 
BEATRIX-11, PHASE I1 (Pacific Northwest Laboratory, Japan Atomic Energy Research 
Institute, AECL Chalk River, and Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  259 

BEATfllX-II is an irradiation experiment designed to study the in situ tritium release behavior from selecled ceramic =lid 
breeder materials. The second irradiation cycle of the experiment. Phase 11. will include a temperature change capsule with a ring 
specimen of Li,O and a temperature gradient capsule with LiJZrO, spheres. The temperalure change capsule is designed to achieve 
temperatures in the range from 4X5 to 650°C while the temperature gradient capsule will include a temperature range lrom 433 to 
1200°C The effect of specimen temperature, sweep gas composition, irradiation damage, and sweep gas flow rate on the tritium 
recovery behavior will be dctermined i n  a fast neutron llm to burnups of 8%. 

8.2 IN SITU TRITIUM RECOVERY FROM Li,O IRRADIATED UNDER A LARGE TEMPERATURE 
GRADIENT BEATRIX-I1 SOLID SPECIMEN (Japan Atomic Energy Research Institute, 
Pacific Northwest Laboratory, and AECL Chalk River) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  270 

BEATRIX-I1 is an in situ tritium recovery experiment to determine the tritium release characteristics of Li,O in a fast neutron 
flux A large diameter specimen of Li,O has been irradiated under a steep temperature gradient to 4% burnup in a Mriey of weep 
gas mmpositions and now rates. Decreasing tne amount of hydrogen in the sweep gas significantly decreases the tritium remvery rate. 
During irradiation the temperature of the specimen has remained stable and the resulu suggest that Li,O is a viable fusion solid breeder 
material 

8.3 INVESTIGATION OF TRITIUM RELEASE AND RETENTION IN LITHIUM ALUMINATE - 
(Argonne National Laboratory and Commisariat a L'Energie Atomique) , . . , . .................... 280 

Tritium release from single crystal lithium aluminate has been investigated by a series of isothermal anneal and constant rate 
heating experimenu. The results of these experimenct indicate that after anneals at low temperature, a large fraction of the tritium 
present before the anneal remains in the sample. We have modeled this behavior based on first order release from three rypes of sites. 
At low temperature the release is dominated by one site. while the tritium in the other sites is retained in the solid. Dopants appear 
to alter the distribution of tritium beween the sites. Adding MgO decreases the fraction of tritium released at 777-C. while inneasing 
the fractions released at 538 and 950°C. 

8.4 DESORPTION CHARACTERISTICS OF THE LiAI0,-H,-H,O(g) SYSTEM - (Argonne National Laboratory) . 284 

The energetics and kinetics of the evolution of H,O and H, from LiAIO, have been studied by the temperature programmed 
desorption technique. After treating the sample with helium containing 990.495. or 247 vppm H, at 923 K, H,O and H, evolution was 
observed during 473 to 1073 K (200 to 800°C) ramps at rates of 5.6 Wmin. The swcep gas was either pure helium or the same He-H, 
mixture that was used in the preliminary treatment. The H,O and H, desorption peaks were shown to be the sums of firrt-order 
subpeaks which had reproducible activation energies and preexponenlial terms. For H,O desorption. these peaks, of types labeled B. 
C, and D had activation energies of 22. 28, and 32 kcallmol. (Earlier work identified type A peaks with an activation energy of 18 
kcallmol.) Enhancement of desorption of H,O in rate and quantity by H, in the sweep gas was confirmed. It appears that the 
effectiveness of H, in this enhancement is not in modifying the activation energy and pre-exponential term for a given kind of site. but 
ratber in changing the populations of sites participating in the desorption processes so that sites with lower activation energies are 
inmeasingly involved. Only C and D subpeaks were involved in H, desorption and they had activation energies close to and perhaps 
only 1 kcaVmol higher than the analogous peaks for H, evolution. 
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9.0 CERAMICS ....................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9.1 MICROSTRUCTURE OF N,O, AND MgAI,O, PREIMPLANTED WITH H, He, C AND IRRADIATED 
WITH Art IONS (Japan Atomic Energy Research Institute, Oak Ridge National 
Laboratory and Harwell Laboratory) ........................ ..................... 

Polycrystalline spinel (MgAI,O,) and alumina (AI,O,) were irradiated under three, different Sets of ion irradiation conditions 
in order Io examine the effecu of displacement damage and transmutation product formation on their microstructural evolution. 
Specimens were implanted with H, He and C alone, or irradiated with 4 MeV Ar* ions alone, or preimplanted with H, He, C and 
suhsquently irradiated with 4 MeV Ar* ions. Irradiated specimens were observed with transmission electron microscopy following 
irradiation to damage levels of 0.6 to 30 dpa at 2M) to 630°C for spinel and 0.6 to 18 dpa at 260 to 810°C for alumina. In both spinel 
and alumina. no radiation effecu were observable in specimens implanted with H, He and C alone. and the preinjected transmutation 
products did not have a significant effect on dislocation loop size or density in Ar* irradiated specimens. In alumina, cavities were 
formed in all of the observed Ar' irradiated specimens for both the preimplanted H, He and C case and the Ar* alone case. In spinel, 
cavity formation was only observed in preimplanted specimens irradiated with Ar' ions at relatively high temperatures and/or doses. 

9.2 MICROSTRUCTURAL CHANGES IN OXIDE CERAMICS FOLLOWING LIGHT ION IRRADIATION 
(Oak Ridge National Laboratory) . . . . . . . . . . . . . . . . .  ......................... . .  

Irradiation of ceramics such as AIIO, and MgAl,O,wilh energetic light ions causes a suppression in the nucleation of dislocation 
loop. The resuki of recent electron microscope studies On ion irradiated oxide ceramics are summarized. It is proposed that the 
anomalous suppression of dislwation loop formation may be associated with the high proponion of energy lost to electronic ionization 
evenm compared to displacement damage events during light ion irradiation. 

9.3 PREPARATION OF M~AI,O, SPINEL CONTAINING CONTROLLED AMOUNTS OF 1 ' 0  ISOTOPE 
(Oak Ridge National Laboratory) . . . . . . . . . . . . . . . .  .......................... . . . . .  

Magnesium aluminate spinel (MgAI,O,) with an "0 enrichment ("OiO,,) of about 23 at. % was prepared by reacting fine 
mixtures of aluminum hydroxide (enriched with "0) and MgO of normal isotopic content. The material was prepared for experiments 
in which the radiation damage produced in a fusion reactor is simulated by fission reactor exposures. The pawder mixtures were 
obtained by hydrolyzing, with water containing the "0 isotope, a mixture of aluminum isopropoldde and MgO powder. The mixture 
was convened into pure spinel by a series of heat treatmenu and grindings. Essentially fully dense bodies, which contained about 45% 
of the "0 isotope initially present in the water, were successfully fabricated provided that all thermal treatmenu were conducted in 
argon or n c w m  atmospheres. 

9.4 IRRADIATION OF CONVENTIONAL AND ISOTOPICALLY TAILORED CERAMICS IN HFIR (Oak 
Ridge National Laboratory, Rensselaer Polytechnic Institute, and Los AJamos 
National Laboratory) .......................... . . . .  ......................... 

A120, and MgAI,O, specimens containing "0 isotope concentrations of 0 to 2s at. % ("O/O,) have been prepared for 
irradiation in HFIR in order to investigate the effects of helium formation on their microstructure and dielectric and mechanical 
propenies. SiwSiC flsrVre ban, ceramic fiben and a wide range of commercial ceramic TEM disks has also been included in the 
irradiation capsules. The specimens will be irradiated at temperatures of 100, 350, and M0"C in two irradiation capsules that will 
receive respectivemaximum neutron f luencsof  2 .4X1Fand 7.2x10"nlm2(E > 0.1 MeV). 

9.5 IRRADIATION OF CERAMICS IN (Oak Ridge National Laboratory and Rensselaer 
Polytechnic Institute) . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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A wide range of advanced structural ceramics have been prepared and shipped to F F E  for irradiation to a nominal f luence 
* 6 1IY n/m' (E > 0.1 MeV) at temperatures of 420 to 800°C. Most of the ceramics will be irradiated as TEM disks, but SiC6iC 
flexural bars, electrical conductivity disks, and bundles of commercial ceramic fiben will also be irradiated in separate irradiation 
capsules. 

CARBIDE . (Oak Ridge National Laboratory and Rensselaer Polytechnic Institute) .................... 320 
9.6 CROSS SECTIONAL MEASUREMENT OF ELASTIC MODULUS FOR ION BEAM DAMAGED SILICON 

The application of a microindentation technique to measure the elastic modulus of carbon beam implanted silicon carbide 
is presented. Samples of Chemically Vapor Deposited (CVD) Silicon CarbidelNicalon composites have been implanted to a 
damage level of 30 dpa at room temperature. The samples were then prepared in cross section and the microstructure was 
anal+ and modulus was measured along the damage path of the carbon ions. Both CVD silicon carbide and Nicalon silicon 
carbide was seen 10 amorphize at r w m  temperature with the threshold for the CVD being approximately 15 dpa. Amorphization 
of Nicalon silicon carbide fiber was seen to occur over the entire range of the carbon path implying a much lower threshold for 
amorphization. Elastic moduli were seen to decrease significantly (from 440 GPa to 280 GPa) for the CVD material with the 
minimum modulus corresponding 10 the maximum damage region of the carbon beam. The modulus of Nicalon showed the 
opposite behavior. The modulus for the fiber was increased over most of the damaged region from an undamaged n l u e  of 170 
GPa to a maximum of 210 GPa. 
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9.7 IN-SITU MEASUREMENT OF RADIATION INDUCED CONDUCTIVITY IN CERAMICS (Los Alamos 
Nationalhboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  328 

Recent data by E R. HodgsonU and by G. P. Pells*'shows enhanced dielectric loss and electrical breakdown in ceramicr during 
irradiation with protons and electrons and while subject to an enernally applied DC electric field. We have investigated this radiation- 
induced mndunivity effect at frequencies between 1W Hz and 10 MHz by irradiating sapphire with 3 MeV protons at Mo K. 
Calculations of energy deposition and displacement damage in the sapphire were made using TRIM 90 on an IBM-AT. Results show 
an immediate increase in loss tangent at onset of irradiation that depends on both frequency and time. 

9.8 CORROSION AND ELECTRICAL PROPERTIES OF CERAMIC INSULATORS AFTER EXPOSURE 
TO FLOWING LITHIUM AT 400°C - (Argonne National Laboratory) .............................. 330 

Based on a preliminary survey of more than IS oxide3 and nitrides, four ceramic materials ( 0 0 ,  MgO, Y,O,. and BN) were 
identified as candidates for insulator coating development. These compounds were fabricated by a variety of techniques and exposed 
to flowing lithium at 400°C to assess chemical mmpatibility. Yttrium oxide exhibited excellent mrrosion resistance in flowing liquid 
Li at 400°C; its mrrosion rate was calculated to be 0.042 *. Resistivity measurements were taken before and aher Li erposure 10 
delermine the effects of Li on the electrical properties of Y,O,. No deterioration in the resistivity muld be measured; in both OLSes 

the resistivity was >IO" Rm. Boron nitride coatings on V-WTi Substrates were fabricated by the newly developed ion-beam-asshted- 
deposition process. These coatings are expected to exhibit better campalibilily with liquid Li than the previously RF-sputtered mtings.  
The resistivity of in-situ-formed (V,Ti),N reanion-product layers on various V-base alloys, including V-7Cr-STi, V-2STi-1% and V-2OTi. 
is being determined. 
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DESIGN AND FABRICATION OF HFIR-MFE-JP TARGET IRRADIATION CAPSULES - A. W. Longest, D. W. Heatherly, 
K. R. Thorns (Oak Ridge National Laboratory), and J. E. Corum (Midwest Technical, Inc.). 

OBJECllVE 

The objective of this work is to design and fabricate irradiation capsules for irradiating magnetic fusion energy (MFE) 
first-wall materials in the High Flux Isotope Reactor (HFIR) target positions. Japanese and U.S. specimens will be irradiated 
to determine fracture toughness of austenitic stainless steels after irradiation to 3 dpa at temperatures of 60-125 and 250-300°C. 

SUMMARY 

New uninstrumented HFIR target capsule designs were completed for irradiating 12.5-mm-diameter stainless steel 
fracture toughness specimens to a damage level of approximately 3 displacements per atom (dpa) at temperatures of 60-125 
and 250-300°C. Two planned low temperature capsules of identical design, designated HFIR-MFE-JP-18 and HFIR-MFE-JP-19, 
will each contain 32 fracture toughness specimens directly cooled by reactor cooling water. A single helium-filled elevated 
temperature capsule, designated HFIR-MFE-JP-17, will contain a stack of 86 fracture toughness specimen. Included in each 
capsule will be companion transmission electron microscopy (TEM) and SS-3 tensile specimens. 

Fabrication and assembly of capsules JP-17, -18, and -19 is scheduled for completion by August 1991. 

PROGRESS AND STATUS 

Introduction 

A series of fracture-toughness-specimen irradiation capsules are being designed and fabricated as part of the U.S.1Japan 
collaborative program for testing MFE first-wall materials in mixed-spectrum fission reactors. The test specimens will he 
irradiated in HFIR target capsules designed for 60-125°C and 250-300°C specimen temperatures. 

These capsules are designed to accommodate 12.5-mm diameter stainless steel Disk-Shaped Compact DC(T) specimens 
of standard proportions; also, companion TEM and SS-3 tensile specimens are accommodated. The capsules are 
uninstrumented and are intended to provide early irradiation data on low-temperature fracture toughness properties of 
candidate first-wall materials. Spectral tailoring of the neutron flux is deemed unnecessary for the planned 2-cycle irradiation 
to a damage level of approximately 3 dpa. In the HFIR target region, the helium production-to-atom displacement ratio in 
austenitic stainless steels in a short irradiation of 1 to 2 cycles is reasonably close to the ratio (14 appmldpa) expected in a fusion 
reactor first wall. 

60-125°C Camules 

Two planned uninstrumented low-temperature capsules of identical design, designated HFIR-MFE-JP-18 and HFIR- 
MFE-JP-19, will each contain 32 12.5-mm-diameter fracture toughness specimens (total of real specimens plus one or more 
dummy specimens holding TEM specimens), 8 SS-3 tensile specimens, and up to I5  TEM specimens per dummy fracture 
toughness specimen. These capsules are of the shrouded type with the fracture toughness specimens directly cooled on their 
flat faces by downward-flowing reactor cooling water. They will be irradiated in interior HFIR target positions. 

Predicted temperatures over the crack region of the fracture toughness specimens range from approximately 60-85"C 
near the ends of the 50-cm test length to 65-125OC near the middle. The crack region is defined here as the region of the 
specimen between radii of 0.14 and 0.41 cm; the postirradiation-testing crack surface is expected to be bounded by these radii. 

Construction drawings for capsules JP-18 and -19 have been issued and parts fabrication is in progress. Assembly is 
scheduled to be completed by August 1991. 
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250-300°C CaDsule 

A single uninstrumented helium-filled elevated temperature capsule, designated HFIR-MFE-JP-17, will contain a stack 
86 12.5-mm-diameter fracture toughness specimens (total of real specimens plus one or more dummy specimens holding ?EM 
specimens), 12 SS-3 tensile specimens, and up to 75 TEM specimens per dummy fracture toughness specimen, all within a tight- 
fitting aluminum cladding tube. Also, one or more of the fracture toughness specimens near the ends of the 50-cm test length 
may be replaced by copper alloy specimens. This capsule is of the shrouded type and will be cooled by reactor cooling water 
flowing downward between the cladding tube and shroud tube. Capsule JP-17 will be irradiated in one of the six HFIR 
peripheral target positions; these positions accommodate slightly larger capsules than do the interior target positions. 

Capsule JP-17 features a unique thermal design in that, over the middle portion of the test length, aluminum cooling 
spacers of varying thicknesses are employed between the fracture toughness specimens to achieve predicted specimen 
temperatures for the crack region between 250-300°C. Near each end, where the heat generation rate falls below the p i n t  
where the cooling spacers are needed, it was decided to allow specimen temperatures to decrease below the desired range 
rather than complicate the design by attempting to compensate for the rapidly falling heat generation rate. 

Construction drawings for capsule JP-17 have been completed and are being issued. Assembly is scheduled for 
completion by August 1991. 

FUTURE WORK 

Assembly of capsules JP-17, -18, and -19 is scheduled for completion by August 1991. 
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FABRICATION AND OPERATION OF HFIR-MFE RB* SPECTRALLY TAILORED IRRADIATION CAPSULES - 
A. W. Longest, D. W. Heatherly, E. D. Clemmer (Oak Ridge National Laboratory), and J. E. &rum (Midwest Technical, Inc.). 

OBJECTIVE 

The objective of this work is to fabricate and operate irradiation capsules for irradiating magnetic fusion energy (MFE) 
first-wall materials in the High Flux Isotope Reactor (HFIR) removable beryllium (RB*) positions. Japanese and US. MFE 
specimens are being transferred to RB' positions following irradiation to 7.5 dpa at temperatures of 60, 200, 330, and 400°C 
in Oak Ridge Research Reactor (ORR) experiments ORR-MFEdJ and -75. 

SUMMARY 

Fabrication and operation of four HFIR-MFE RB' capsules (60,200,330, and 400°C) to accommodate MFE specimens 
previously irradiated in spectrally tailored experiments in the ORR are proceeding satisfactorily. With the exception of the 60°C 
capsule, where the test specimens are in direct contact with the reactor cooling water, the specimen temperatures (monitored 
by 21 thermocouples) are controlled by varying the thermal conductance of a small gap region between the specimen holder 
and the containment tube. 

Irradiation of the 60 and 330°C capsules was started on July 17, 1990. As of March 31,1991, these two capsules had 
completed 7 cycles of their planned 28-cycle (formerly 14-cycle) irradiation to a damage level of 20 displacements per atom 
(dpa). Fabrication of parts for the other two (200 and 400°C capsules) is complete. Assembly of the 200 and 400°C capsules 
is scheduled for completion by mid FY 1992; operation of these two capsules will follow the first two (60 and 330°C). 

PROGRESS AND STATUS 

Introduction 

A series of spectrally tailored irradiation capsules are being fabricated and operated as part of the U.S./Japan 
collaborative program for testing MFE first-wall materials in mixed-spectrum fission reactors. The test specimens are being 
irradiated in the RB* facility' of the HFIR. 

Four HFIR-MFE RB' capsules were designed to accommodate Japanese and US. MFE specimens previously irradiated 
to 7.5 dpa at temperatures of 60, 200, 330, and 400°C in the ORR in spectrally tailored experiments ORR-MFE-6J and -75. 
Details of these ORR experiments, including descriptions of the test matrix, mechanical property specimens, and techniques 
of spectral tailoring, have been reported elsewhere?' Hafnium liners are being used in the HFIR-MFE RB' experiments to 
tailor the neutron spectrum to closely match the helium production-to-atom displacement ratio (14 appddpa) expected in a 
fusion reactor first wall. 

The HFIR-MFE RB' capsules are being irradiated in pairs (first the 60 and 330°C capsules, then the 200 and 400°C 
capsules) to a damage level of 20 dpa. The target exposure level was given as 16 dpa in the last progress report', at which point 
the test specimens were to be removed, examined, and approximately one-half of them re-encapsulated into two dual- 
temperature capsules (60/200 and 330/4WC) for further irradiation. However, in a recent renew of the irradiation program, 
it was decided to extend the first four irradiations to 20 dpa and omit the planned dual-temperature capsules. 

60°C Causule 

The 6VC capsule, designated HFIR-MFE-60J-1, is an uninstrumented capsule with the test specimens in contact with 
the reactor cooling water. Capsule design, assembly, and details of the specimen loading were described previously.' 

Irradiation of this capsule began July 17, 1990, at the start of HFIR cycle 289. As of March 31, 1991, 7 cycles of its 
planned 2&cycle irradiation to a damage level of 20 dpa had been completed. Specimen operating temperatures in this capsule 
are predicted to be within 10°C of 60°C. 



330°C Causule 

The 330°C capsule, designated HFIR-MFE-330J-1, is an instrumented and singly contained capsule where the specimen 
temperatures are monitored by 21 thermocouples and controlled by adjusting the thermal conductance of a small gas gap region 
between the specimen holder outer sleeve and the containment tube. This capsule is cooled with 49°C reactor cooling water 
flowing downward Over the containment tube surface. Capsule design, assembly, and details of the specimen loading were 
described previously.6.' 

Irradiation of this capsule began on July 17, 1990, at the start of HFIR cycle 289. As of March 31, 1991, 7 cycles of its 
planned 2&cycle irradiation to a damage level of 28 dpa had been completed. Measured temperatures from the 21 ther- 
mocouples in the aluminum alloy specimen holder indicate that specimen operating temperatures are within 25°C of 330°C 
which satisfies the temperature criterion for these experiments. 

200 and 400°C Ca!Jsules 

The 200 and 400°C capsule designs were described previouslf and are basically the same as that of the 330°C capsule. 
The main differences in the three capsule designs are associated with (1) the number and spacing of the specimen holder slots 
and holes to accommodate the different specimen loadings, (2) the width of the temperature control gas gap region between 
the specimen holder outer sleeve and containment tube to obtain the desired specimen temperatures, and (3) the test piece 
included in the aluminum plug and holder above the test specimen holder to obtain extra information. 

Fabrication of parts for both capsules is complete. Assembly of the capsules is scheduled for completion by mid FY 
1992. Operation of these two capsules will follow the first two (60 and 330°C). 

FUTURE WORK 

Assembly of the 200 and 400°C capsules is scheduled to be completed in FY 1992. 
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REEVALUATION OF FABRICATION TECHNIQUE FOR M I N I A T U R E  TENSILE SPECIMENS - M. A. B l o t t e r ,  U n i v e r s i t y  o f  
M issour i -Ro l la ,  and M .  L. Hamilton, P a c i f i c  Northwest Labordtoryia) 

PURPOSE 

The purpose o f  t h i s  work i s  t o  develop an improved f a b r i c a t i o n  method f o r  m in i a t u re  t e n s i l e  specimens 

SUMMARY 

The present  punching process and two p o t e n t i a l  a l t e r n a t i v e s  f o r  f a b r i c a t i n g  m in i a t u re  t e n s i l e  specimens were 
evaluated. Three f a b r i c a t i o n  processes were considered: punching, e l e c t r i c a l  d ischarge machining (EDM), 
and chemical m i l l i n g .  Eva lua t ion  c r i t e r i a  inc luded  dimensional c o n t r o l  and r e p r o d u c i b i l i t y ,  induced mic ro-  
s t r u c t u r a l  a l t e r a t i o n ,  cos t ,  and the  v a l i d i t y  o f  the  r e s u l t a n t  t e n s i l e  da ta .  I t  was demonstrated us ing  
annealed 304 s t a i n l e s s  s t e e l  t h a t  punching n o t  o n l y  l e d  t o  s u b s t a n t i a l  specimen deformat ion b u t  a l s o  exhib-  
i t e d  the  l a r g e s t  dimensional v a r i a b i l i t y .  EDM and chemical m i l l i n g  produced specimens w i t h  dimensions t h a t  
were acceptable from bo th  standpoints .  While EDM and chemical m i l l i n g  produced comparable t e n s i l e  data, 
chemical m i l l i n g  was more expensive per  specimen f o r  t h e  p roduc t ion  o f  o n l y  a small  number o f  specimens. 
EDM was t he re fo re  se lec ted  f o r  a l l  f u t u r e  f a b r i c a t i o n  of m in i a t u re  t e n s i l e  specimens. 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

M in i a t u re  specimens used f o r  mechanical t e s t i n g  have been a mainstay o f  t h e  f u s i o n  m a t e r i a l s  program f o r  
many years and w i l l  cont inue t o  be used ex tens i ve l y  i n  f u t u re  research. Pe r i od i c  rev iew and improvement i n  
the  f ab r i ca t i on ,  handl ing,  and t e s t i n g  techniques a re  necessary t o  ensure t h a t  such specimens cont inue t o  
produce v a l i d  da ta .  F l a t  m in i a t u re  t e n s i l e  specimens w i t h  the  dimensions shown i n  F igure  1 were o r i g i n a l l y  
designed t o  be punched from sheet s tock r o l l e d  t o  the  des i red  specimen th ickness .  
t h i s  technique were i t s  r a p i d i t y  and i t s  low c o s t . '  Specimens w e r e  f ab r i ca ted  on s i t e  w i t hou t  t h e  delays 
associated w i t h  us ing  an o f f  s i t e  vendor o r  the  expense o f  machining o r  t o o l i n q  up f o r  each p roduc t ion  
batch.  

The main disadvantage o f  f a b r i c a t i o n  by punching i s  t h a t  the ac t  n f  punching produces unavoidable deforma- 
t i o n  i n  the  specimen; even under optimum c o n d i t i o n s ,  the  best specimens e x l i i b i t  some cupping (see F i g -  
u r e  2 ) .  Although cupping i s  most pronounced i n  very s o f t  u r  very tough ma te r i a l s ,  i t s  e f f e c t s  can 

The pr imary advantages o f  

SHEET TYPE 
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F igure  1. 
specimen. 

DimenLions o f  m in i a t u re  t e n s i l e  

Punching 
Direction 

Measured 
Thickness 

39105018.2 FH 

Figure  2.  
opera t ion .  

Development o f  cupping du r i ng  punching 

(a) 
I n s t i t u t e  under Contract  DE-AC06-76RLO 1830. 
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f r equen t l y  be amel iorated by per forming t h e  r e q u i s i t e  heat  t rea tmra ts  a f t e r  t h e  purtching opera t ion .  
w a s  considered acceptaole i n  t h e  past ,  p a r t i c u l a r l y  when coupled w i t h  a p o l i s h i r i g  opera t ion  t o  deburr  
deformed specimens. 
t o  generate reproduc ib le  r e s u l t s  f o r  the  changes i n  t e n s i l e  behavior  caused by i r r a d i a t i o n . '  

To produce good specimens cons i s t en t l y ,  t h e  punch and d i e  must be kept  sharp. 
c learance between punch and d i e  i s  s e n s i t i v e  t o  the  m a t e r i a l  being punched and must be op t im ized  f o r  each 
a l l o y .  
remain t h a t  must be po l i shed  away. 
punches were sharpened p e r i o d i c a l l y  a s  needed. 
however, and t h e  punch and d i e  sets  were occas iona l l y  damaged w i t h  use over  t h e  years.  
sets  would have been requ i r ed  t o  ccn t inue  punching m in i a tu re  t e n s i l e  specimens. 
punch and d i e  se ts  and t h e  d i f f i c u l t i e s  t h a t  have been experienced w i t h  some punched m in i a tu re  t e n s i l e  
specimens, i t  was decided t h a t  several techniques t o  f ab r i ca te  m in i a t u re  t e n s i l e  specimens would be 
evaluated be fo re  one was se lec ted  f o r  fu tu re  specimen f a b r i c a t i o n .  
p o t e n t i a l l y  f e a s i b l e  on the  bas is  of both c o s t  and ease o f  f a b r i c a t i o n :  
e l e c t r i c a l  d ischarge machining (EDM).  

Chemical m i l l i n g  i s  a photo-chemical e tch ing  technique t h a t  i s  f r equen t l y  used t o  make h i g h  p r e c i s i o n  com- 
ponents f o r  a number of i n d u s t r i e s ,  and was a t t r a c t i v e  due t o  i t s  low c o s t  and r e l a t i v e l y  r a p i d  t u r n  around 
t ime f o r  t h e  p roduc t ion  of l a r g e  numbers of specimens. It e n t a i l s  masking the  surface, s t r i p p i n g  t h e  mask 
from the  areas t o  be etched away, chemica l l y  e tch ing  away the  undesi red regions,  and removing t h e  mask. 
While p a r t  o u t l i n e s  can be achieved w i t h  a l a r g e  degree of accuracy, t h e  edges eaten away a re  known t o  be 
somewhat uneven and undercut ,  depending on ma te r i a l ,  shape, s i z e  and th ickness .  

EDM i s  t h e  most expensive o f  t h e  t h r e e  techniques on a per  specimen basis ,  b u t  h e l d  t h e  most promise f o r  
d i s t o r t i o n - f r e e ,  r ep roduc ib l e  specimens. EDM i s  a means o f  shaping conduct ive m a t e r i a l s  by a r c  e ros ion .  It 
i s  p a r t i c u l a r l y  w e l l  s u i t e d  t o  c u t t i n g  i n t e r n a l  shapes and d e l i c a t e  pieces. I n  t h i s  technique, a t o o l  i s  
h e l d  a small  d is tance  from the  workpiece wh i l e  an e l e c t r i c a l  i n p u t  b u i l d s  up a charge and r a i s e s  t h e  vo l t age  
across t h e  gap between t h e  two, which i s  f i l l e d  w i t h  a d i e l e c t r i c  f l u i d .  
c e r t a i n  l e v e l ,  a discharge occurs between the  c l o s e s t  p o i n t s  on the  two surfaces. 
i s  mel ted and expe l l ed  i n  a g l obu la r  form where the  spark s t r i k e s  t h e  workpiece, l eav i ng  a small  c r a t e r .  
This  i s  repeated 20,000-300,000 t imes pe r  second w i t h  t h e  spark pos i t i oned  by a servo- con t ro l  dev ice .  

When t h e  m in i a t u re  t e n s i l e  t e s t  system was o r i g i n a l l y  developed and t h e  punch and d i e  se ts  were new, c o n t r o l  
specimens were punched from s o l u t i o n  annealed 304 s t a i n l e s s  s t e e l .  
t e s t  system opera t ion  a t  t h e  s t a r t  u f  each t e s t i n g  sequence. 
specimens had d imin ished t o  t h e  p o i n t  t h a t  f a b r i c a t i o n  o f  new can:rols wa; , ipcessary. 
new standards was there fo re  coupled w i t h  the  r eeva lua t i on  of thE Fabr ica t ion  technique. 
dimensions are shown i n  t i g u r e  1. 

Exoerimental Procedure 

Two punch and d i e  sets  were ordered t o  a l l ow  the  cons idera t ion  o f  d i f f e r e n t  c learances t h a t  m igh t  be appro- 
p r i a t e  f o r  d i f f e r e n t  ma te r i a l s  o f  i n t e r e s t .  
Tolerances o f  0 .3 and 1 m i l s  were se lec ted  f o r  t h e  two sets  based on t h e  punching experience of t h e  company 
t h a t  machined them. 
304 s t a i n l e s s  s t e e l  t h a t  had been used t o  punch t h e  e a r l i e r  c o n t r o l  specimens. 
experiment were used i n  an as-punched c o n d i t i o n ,  s ince the  p o l i s h i n g  opera t ion  t y p i c a l l y  used t o  deburr  t h e  
m in i a t u re  t e n s i l e  specimens i s  known t o  both remove some of t h e  a r t i f a c t s  of punching t h a t  were o f  i n t e r e s t  
here and t o  in t roduce  a d d i t i o n a l  v a r i a b i l i t y .  

No vendors were w i l l i n g  t o  b i d  on t h e  i n i t i a l  r e q u i s i t i o n  f o r  chemica l l y  m i l l e d  specimens due t o  t h e  t i g h t  
to le rances  requested on t h e  w id th  o f  t h e  specimen gauge sec t ion .  The o r i g i n a l  drawing s p e c i f i e d  a w id th  of 
40 m i l s  +1.0/-0.0 m i l s .  
on a p ro to type  bas is  a f t e r  t h e  t o l e rance  on t h e  gauge w id th  was increased t o  +1.5/-0.0 m i l s .  
p a u c i t y  o f  t h e  o r i g i n a l  304 s t a i n l e s s  s t e e l  sheet stock, o n l y  a small  number of chemica l l y  m i l l e d  specimens 
were made f rom the  o r i g i n a l  s o l u t i o n  annealed sheet s tock.  A number o f  a d d i t i o n a l  specimens were made f rom 
vendor-suppl ied 304 s t a i n l e s s  s tee l  t o  f u l l y  i n v e s t i g a t e  t h e  v a l i d i t y  of t h e  f a b r i c a t i o n  technique.  
vendor i nd i ca ted  t h a t  t h e  vendor-suppl ied 304 was i n  a " f u l l y  hardened" condit ;op. 

A w i r e  EDM process w a s  used t o  f a b r i c a t e  specimens by t h e  t h i r d  technique.  The machine shop (;W I n d u s t r i e s  
o f  Alburqueque, NM) claimed t h a t  dimensions cou ld  be h e l d  t o  w i t h i n  0.2 m i l s .  
t h e  o r i g i n a l  304 sheet s tock.  A n t i c i p a t i n g  t h e  success of the  EDM technique, enough specimens were made t o  
p rov ide  c o n t r o l  specimens f o r  a number of upcoming t e s t  sequences. 

Three types o f  examinations were pe:"formed on each specimen type  t o  determirie t h e  e f f e c t  o f  p roduc t ion  proc-  
ess on t h e  q u a l i t y  of the  specimens. 
ments t h a t  would t y p i c a l l y  be used t o  c a l c u l a t e  cross sec'.ional area i n  t e n s i l e  t e s t s .  

Th is  

Despi te some severe deformat ion problems w i t h  punched specimens, it has been poss i b l e  

I n  add i t i on ,  t h e  appropr ia te  

I f  the  punch c learance and sharpness are n o t  op t ima l ,  the  cupping cdn be more severe and a b u r r  w i l l  
The same punches and d i e s  wen! used f o r  inany d i f f e r e n t  a l l o y s ,  and t h e  

Punches ca.1 be sharpenec o n l y  a l i m i t e d  number of t imes, 

Given t h e  need f o r  new 
New punch and d i e  

Three techniques were considered 
punching, chemical m i l l i n g ,  and 

When thP p o t e n t i a l  reaches a 
A minute amount o f  metal 

These specimens were used t o  v e r i f y  t h e  
Over the  yea r? ,  the  supply o f  these c o n t r o l  

The procurement of 
The specimen 

The punch and d i e  se ts  were made from hardened 02 t o o l  s t e e l .  

The s e t  w i t h  t h e  l a r g e r  c learance was used t o  punch specimens from t h e  same sheet of 
Punched specimens f o r  t h i s  

One company (Hutchinson Technology i n  Hutchinson, MN) was w i l l i n g  t o  make specimens 
Due t o  a 

The 

Specimens were made o n l y  f rom 

The gauge dimensions were measured '.G :;etermine t h e  gauge measure- 
C p t i c a l  microscopy 
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Figure 3. 
b) EDM, c) chemically milled (PNL-supplied material), and d) chemically milled (vendor-supplied material). 

Transverse sections showing specimen edges for each fabrication type at 1OOx: a) punched, 



l e  1)whether t he re  was evidence o f  m i c r o s t r u c t u r a l  
oecimen cross sec t i on  associated w i t h  each tech-  
s obtained by comparing Knoop hardness measurements 
t edge and i n  t he  body of t he  specimen. 

termine t he  e f f e c t  o f  p roduc t ion  process on t h e  
da ta  was evaluated f o r  each produc t ion  process. 

:urate t o  0.05 m i l s ,  t h ree  measurements each o f  t h e  
s produced by each technique. The contac t  sur faces 
i c h  a l lowed accurate th ickness  measurements t o  be 
i l a c e d  i n s i d e  t h n  punched '"cup" w h i l e  t h e  k n i f e  edge 
i y  p o t e n t i a l  d i s t o r t i o n  i n  t he  measurement caused by 
are g iven  i n  Table 1. 
nen w id th ,  i t  a l so  gave r i s e  t o  t he  l a r g e s t  v a r i a -  
s cupping o f  t h e  specimen du r i ng  t h e  punching opera- 
:ed t he  l e a s t  d i s t o r t i o n  i n  t h e  measured specimen 
i i s  v a r i a b i l i t y  i s  a r e s u l t  o f  t h e  chemical m i l l i n g  
i g  t he  sheet s tock  f rom both  sides, p roduc ing  a 
t th ickness .  
3 s i g n i f i c a n t  f o r  hardened s t e e l  than f o r  s o l u t i o n  
srgy o f  t he  hardened s tee l  probably increases t he  

It i s  ev ident  t h a t  w h i l e  

It i s  worth n o t i n g  t h a t  t h e  

type t h a t  were used f o r  t he  dimensional measurements 
srse sec t i on  through t h e  gauge sec t ion .  
ions f o r  each f a b r i c a t i o n  process. 
, al though they are n o t  i n  need o f  deburr ing;  t h i s  
i c h  and d i e  was reasonable f u r  t he  304 s t e e l .  The 
i r f a c e  t h a t  appears t o  be more v a r i a b l e  i n  t he  so lu -  
specimens (F igure  3d). Th i s  observa t ion  i s  con- 

stch more smoothly.4 The EDM specimens shown i n  
i a minimal amount o f  what i s  p robab ly  nonadherent 
i lt when ma te r i a l  a t  t h e  mel ted edge of t h e  specimen 
i r i s  was more v i s i b l e  when t he  meta l lograph ic  mount 
aph. 
machined edges. 

i e  t ransverse  metal lography sec t ions  a t  bo th  t h e  
sasurements were made on each specimen a t  each 
s 1. The hardness measurements a re  almost iden-  
produced by chemical m i l l i n g  and by EDM. It i s  
s mic ros t ruc tu re  a t  t h e  edges o f  t h e  specimens, even 
I t h e  new punch and d i e .  The punching ope ra t i on  
iecimsns t o  increase s l i g h t l y  r e l a t i v e  to t h e  
i r s  from t h e  da ta  t h a t  bo th  EDM and chemical m i l l -  
t e r  and t h e  machined edge. The reason f o r  t h i s  
ably r e l a t e d  t o  t he  r e l a x a t i o n  of t h e  m ic ros t ruc tu re  
Decimen edges. 

F igure  3 
The punched 

Ne i t he r  t he  chemica l l y  m i l l e d  no r  t he  EDM 

Sect ional  Area o f  M in i a tu re  Tens i l e  Specimens 

Oevi a t  i on 
- Hardness i n  Cross 

Edge C e n t e r  Sec t iona l  
LSl (KHN) (KHN) area (%) 

a in less  s tee l  1 
.05 357 2 18 173 t 5 3.8 f 1.6 
.10 157 k 8 163 t 2 0.8 t 0.4 
.20 151 5 161 2 4 1.4 2 0.9 

; s t e e l )  
.25 402 f 9 428 t 9 1.7 ? 0.4 



V a r i a b i l i t y  i n  c ross  sec t i ona l  area determinat:on. S t rength  c a l c u l s t i o n s  r e q u i r e  an accurate de terminat ion  
o f  t he  cross sec t i ona l  area of a specimen. Current  t e n s i l e  t e s t  proceailres r e q u i r e  o n l y  t h e  neasurement o f  
specimen th ickness,  w i t h  an assumed gauge w id th  of 40.4 m i l s  based on e a r l i e r  assessments of punched spec i -  
mens. It i s  recognized, however, t h a t  t he re  i s  some e r r o r  associated w i t h  t h e  c u r r e n t  procedures, g i ven  t h e  
tendency f o r  t he  specimens t o  become cupped du r ing  punching and t h e  p o t e n t i a l  nonuni formi ty of t h e  debur r ing  
opera t ion  t h a t  f o l l o w s  punching. 
v a r i a b i l i t y  i n  t h e  ac tua l  cross sec t i ona l  area. and t h e  v a l i d i t y  o f  t h e  standard area c a l c u l a t i o n  ( i . e . ,  t he  
product  o f  measured th ickness and wid th)  f o r  each f a b r i c a t ’ m  technique. 

Photomicrographs a t  lOOx o f  t h e  t ransverse  specimen sec t ions  shown i n  F igu re  3 were xeroxed t o  enlargements 
of 150x. Cut-outs corresponding t o  the  cross sec t i ona l  area a t  t he  maximum measured wid th  were weighed and 
compared t o  cu t - ou ts  corresponding t o  t he  ac tua l  cross sec t i ona l  area. The average percentage d i f f e r e n c e  
between the  t w o  represents the  d e v i a t i o n  i n  area, hA0, t h a t  would occ.ur f o r  area c a l c u l a t i o n s  us ing  t h e  
dimensional measurements obtained p r i o r  t o  a t e n s i l e  t e s t ,  assuming t h a t  t h e  measurement dev ice  contac ts  t h e  
p o i n t s  o f  g rea tes t  th ickness.  These dev ia t i ons  a r e  a l so  g iven i n  Table 1. 
t i o n a l  area was obtained w i t h  punched specimens, w h i l e  the  l e a s t  was obtained w i t h  EDM specimens. The e r r o r  
i n  cross sec t i ona l  a r e a  associated w i t h  chemical m i l l i n g  was intermediate,  and was v i r t u a l l y  t h e  same for  
so lu t ion-annea led o r  c o l d  worked m a t e r i a l .  I f  the  area dev ia t i ons  were la rge,  as i s  t h e  case f o r  t h e  
punched specimens, t he  value l-aA cou ld  be used as a m u l t i p l i c a t i v e  no rma l i za t i on  f a c t o r  t h a t  might  p rov ide  
a b e t t e r  de terminat ion  of cross sgc t i ona l  area than t h a t  ca l cu la ted  d i r e c t l y  f r o m  the  dimensional measure- 
ments, i f  a value f o r  AA, were obtained f o r  each batch o f  specimens fabr ica ted.  

Tens i l e  data.  Tens i l e  t e s t s  were performed on f i v e  specimens o f  each type. A nominal gauge l e n g t h  of 0.2 
inches was assumed f o r  a l l  specimens. 
s t reng th  o f  t he  punched specimens i s  almost i d e n t i c a l  t o  t h a t  o f  t h e  €OM and chemica l ly  m i l l e d  specimens, 
t he  y i e l d  s t reng th  i s  about 15% h ighe r  and the  d u c t i l i t y  i s  s i g n i f i c a n t l y  lower.  

The values o f  gauge wid th  and rh icknsss were determined f o r  each specimen as t h e  average of t h r e e  measure- 
ments each. 
v i o u s l y  f o r  s i m i l a r  measurements. 
obtained w i t h  the  cone p o i n t  and k n i f e  edge micrometer, and e x h i b i t e d  more v a r i a b i l i t y  as w e l l .  The w i d t h  
measurement i s  p a r t i c u l a r l y  d i f f i c u l t  t o  ob ta in  between b a l l  sur faces because t h e  p o s i t i o n i n g  i s  n o t  s t a b l e  
and requ i res  cont inuous opera tor  contact ,  an undes i rab le  c o n d i t i o n  w i t h  i r r a d i a t e d  specimens. 
reasons, use of t h e  b a l l  surfaces f o r  dimensional measurements w i l l  be d iscont inued i n  t h e  f u t u r e  and 
replaced w i t h  a convent ional  micromoter. 

Discussion 

The measured w id ths  g i ven  i n  Table 1 are a l l  w i t h i n  the  s p e c i f i c a c i o n i  o f  t he  drawing shown i n  F igure  1. I n  
t he  worst  case, a 1% v a r i a b i l i t y  i n  t h e  th ickness  was in t roduced du r i ng  the  punching opera t ion .  From a 
dimensional s tandpo in t  alone, there fore ,  a l l  t h ree  o f  t he  f a b r i c a t i o n  techniques cou ld  be considered accept- 
able. 
o thers  produced more 
appropr ia te  f o r  o ther  a l l o y s ,  and cont inued use o f  punching f o r  specimen product ion  would r e q u i r e  some 
e f f o r t  t o  op t imize  the  c learance f o r  a range o f  a l l o y s .  I t  i s  l i k e l y  t h a t  t he  dimensional q u a l i t y  o f  
punched specimens would degrade w i t h  t ime i n  a way s i m i l a r  t o  t h a t  observed p rev ious l y .  The necessary add i -  
t i o n  o f  a p o l i s h i n g  opera t ion  t o  deburr  punched specimens, as has been done prev ious ly ,  in t roduces even more 
v a r i a b i l i t y  i n  specimen dimensions due t o  the  d i f f i c u l t y  o f  un i f o rm ly  and rep roduc ib l y  debur r ing  specimens. 
Thus punching t h e  specimens i s  t he  l e a s t  des i rab le  op t i on  from the  s tandpo in t  o f  dimensional c o n t r o l  and 
r e p r o d u c i b i l i t y .  

Several types of area c a l c u l a t i o n s  were performed t o  assess both  t h e  

The l a r g e s t  e r r o r  i n  cross sec- 

The t e n s i l e  data a r e  g iven i n  Table 2. Although t h e  u l t i m a t e  

The measurements were performed between b a l l  sur faces i n  an LVDT device t h a t  had been used pre-  
The dimensions obtained i n  t h i s  manner wers n o t  cons i s ten t  w i t h  those 

For these 

The punched specimens produced i n  t h i s  experiment, however, are known t o  be supe r io r  i n  q u a l i t y  t o  
I n  add i t i on ,  t h e  c learance between t h e  punch and d i e  i s  n o t  necessa r i l y  

Table 2. Average Tens i l e  Data Determined on M i n i a t u r e  T e n s i l e  Specimens o f  304 Sta in less  S tee l  

Y i e l d  U l t ima te  Uniform Tota l  Equ iva len t  
E longat ion  E longat ion  Cold Work 

(%) l e v e l  (%I 
Strength  St rength  

Product ion Process ( k s i )  ( k s i )  (%I 

PNL-wool i e d  m a t e r i a l  ( s o l u t i o n  annealed 304 s t a i n l e s s  steel: 
Punching 44.4 t 2.4 92.4 ? 0.9 46.6 -L 1.4 49.9 I 1.4 3 
Chemical m i l l i n g  37.8 * 0.4 91.3 I 0.6 66.5 k 3.3 73.2 z 2.3 1 
EDM 38.1 L 1.3 90.8 I 0.3 59.6 i 1.7 68.0 I 2.5 1 
Prev ious ly  punched 55.5 _c 2.4 101.5 ? 1.1 35.5 f. 2.9 38.5 ? 3.0 5 

Vendor-suoolied m a t e r i a l  (hardened 304 s t a i n l e s s  s t e e l  1 
Chemical m i l  l i n g  109.0 I 5.5 134.0 I 1.5 7.1 I: 1.3 7.1 I 1.3 25 
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If the  sharpness o f  t he  punch and the  c learance between punch and d i e  are no t  opt imized,  t h e  edges o f  t h e  
specimens can c rack  o r  be deformed excess ive ly ,  p o t e n t i a l l y  i n v a l i d a t i n g  t h e  t e n s i l e  r e s u l t s .  
specimens can l ead  t o  premature fa i l u re , '  w h i l e  smeared edges represent  reg ions  o f  d i f f e r e n t  m i c r o s t r u c t u r e  
w i t h  p o t e n t i a l l y  d i f f e r e n t  t e n s i l e  b e h a ~ i o r . ~  While anneal ing t reatments app l i ed  a f t e r  t he  punching opera- 
t i o n  can r e s t o r e  the  m ic ros t ruc tu re  of specimens deformed du r i ng  punching, smeared specimens tend t o  cup 
excess ive ly  when they are punched, r e s u l t i n g  i n  a nonuniform cross sec t ion .  

P o s t - f a b r i c a t i o n  heat  t reatment has been successful a t  removing the  e f f e c t s  of deformat ion:  no d i f fe rence 
i n  hardness was observed a f t e r  heat  t reatment between the  specimen edge and center  i n  t he  PE16 specimen 
shown i n  F igure  4a, desp i t e  the  obvious band t h a t  remained as an a r t i f a c t  i n d i c a t i n g  the  s i z e  o f  t h e  sheared 
zone produced du r ing  t h e  punching ~ p e r a t i o n . ~  The b u r r  t h a t  ex i s ted  before p o l i s h i n g  i n  these specimens i s  
shown i n  F igure  4b. Punching s o f t  m a t e r i a l s  can a l so  l ead  t o  s i g n i f i c a n t  nonun i fo rmi ty  i n  t h e  specimen 
cross sec t ion ;  F igure  4c shows a deburred specimen o f  Marz copper w i t h  l a r g e  d i f fe rences between t h e  two 
curved edges. The nonuniform, non-square edges shown i n  the  specimens i n  F igure  4 can l ead  t o  e r r o r s  i n  
cross sec t i ona l  area determinat ions  o f  up t o  several  percent .  

The metal lography shown i n  Figures 1 and 4 and the  hardness and t e n s i l e  data g iven i n  Tables 1 and 2 demon- 
s t r a t e  t h a t  punching i s  l i k e l y  t o  a l t e r  t h e  s t r u c t u r e  a t  t h e  edges o f  t h e  specimens. Punching cou ld  the re-  
fo re  o n l y  be considered acceptable i f  the  specimens produced were heat t r e a t e d  f o l l o w i n g  f a b r i c a t i o n  t o  
remove the  deformat ion remaining a t  t h e  specimen edges a f t e r  punching. 

It i s  d i f f i c u l t  t o  assess the  e f f e c t s  o f  cracks t h a t  can be produced a t  t he  specimen edges; c e r t a i n l y  it i s  
impossib le t o  remove them a f t e r  they are int roduced. One example of such cracks, produced i n  specimens of 
AZ lZB,  i s  g i ven  i n  F igure  5 (before  debur r ing) . '  While such cracks do nqt t y p i c a l l y  l e a d  t o  e r r o r s  i n  t h e  
determinat ion  o f  cross sec t iona l  area, they a r e  l i k e l y  t o  l ead  t o  premature f r a c t u r e  o f  t h e  specimen. 

The c o n d i t i o n  o f  t h e  304 sheet s tock  supp l ied  t o  t h e  vendors by PNL was n o t  known p r e c i s e l y ;  it was i n i t -  
i a l l y  be l ieved t o  be i n  a s l i g h t l y  c o l d  worked c o n d i t i o n  on t he  bas is  o f  t e n s i l e  da ta  obtained p r e v i o u s l y  
from m i n i a t u r e  t e n s i l e  specimens punched from the  same sheet. 
t h i s  cond i t i on .  
va len t  c o l d  work l e v e l  us ing F igure  6 as f o l l ows :  
i n  references 5 and 6 as a f u n c t i o n  of c o l d  work l e v e l .  

Cracked 

The c u r r e n t  data were evaluated t o  v e r i f y  
The v a r i a b i l i t y  i n  t he  t e n s i l e  da ta  on t he  304 specimens was assessed i n  terms of equ i -  

Only minimum values from t h e  ASTM s p e c i f i c a t i o n  
Trend l i n e s  were drawn through the  s t reng th  data  prov ided 

P 

Figure  4. 
r e s u l t e d  f rom punching, (b )  t h e  degree o f  cupping t h a t  l ead  t o  t h e  sheared zone. ( c )  Marz copper specimen 
showing nonun i fo rmi ty  of curved edges. 

M i n i a t u r e  t e n s i l e  specimen o f  PE16 showing (a )  band d e l i n e a t i n g  the  s i z e  o f  t he  sheared zone t h a t  
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Figure  5. Cracks produced du r i ng  punching of m i n i a t u r e  t e n s i l e  specimens o f  A212B pressure vessel s t ee l .  

were a v a i l a b l e  f o r  t h e  s o l u t i o n  annealed c o n d i t i o n  [ i .e.,  0% c o l d  work l e v e l ) .  No i n fo rmat ion  on v a r i a b i l -  
i t y  was a v a i l a b l e  f o r  these data.  The t e n s i l e  values from the  cu r ren t  experiment were then  l oca ted  on these 
t r end  l i n e s ;  an equ iva len t  c o l d  work l e v e l  was ex t rac ted  as t he  abscissa coord ina te  corresponding t o  t h e  
y i e l d  s t r eng th  on t h e  t r end  l i n e .  The equ i va len t  c o l d  work values a re  g i ven  i n  Table 2. E r r o r  bars a re  
shown on l y  f o r  those cases where t he  e r r o r  was l a r g e r  than  t he  s i z e  of t he  da ta  p o i n t  i t s e l f .  The f a c t  t h a t  
t he  u l t i m a t e  s t reng ths  were somewhat h igher  than would be expected f o r  t he  c o l d  work l e v e l  t h a t  was de te r -  
mined i s  cons i s ten t  w i t h  t he  observat ions o f  e a r l i e r  experimenters. '  

The t e n s i l e  da ta  generated i n  t h i s  experiment i nd i ca ted  t h a t  t he  sheet s tock  p rov ided by PNL was probably 
nomina l l y  i n  t he  s o l u t i o n  annealed cond i t i on .  The y i e l d  s t r eng th  da ta  f rom the  EDM and chemica l l y  m i l l e d  
specimens suggest t h a t  t he  304 sheet s tock supp l ied  by PNL was i n  a s o l u t i o n  annealed cond i t ion ,  s i nce  t h e  
value g iven  f o r  t he  0% c o l d  work l e v e l  i n  F igure  6 i s  merely t h e  ASTM s p e c i f i c a t i o n  f o r  t h e  minimum s t reng th  
of 304 s t a i n l e s s  s t e e l .  
q u a l i t y  304 specimens t h a t  a re  achievable induces t he  equivalent ,  o f  about 1% c o l d  work, whereas t h e  da ta  on 
t he  o l d  punched specimens imply t h a t  t he  punching process p rev ious l y  i n  use t y p i c a l l y  induced t he  equiva- 
l e n t  o f  about 5% c o l d  work. 
punched specimens than from EDM o r  chemica l l y  m i l l e d  specimens. S i m i l a r  behavior  i s  undoubtedly e x h i b i t e d  
by o the r  ma te r i a l s ,  p a r t i c u l a r l y  when t he  punch and d i e  c learances are  n o t  opt imized.  

The f i n a l  f ac to r  t o  be considered i n  t he  s e l e c t i o n  o f  an improved f a b r i c a t i o n  process was cost .  Punching i s  
obv ious ly  t h e  cheapest i f  no o p t i m i z a t i o n  o f  punch and d i e  c learances i s  explored, b u t  t h e  o p t i m i z a t i o n  t h a t  
should be explored w i t h  t h i s  technique has t he  p o t e n t i a l  f o r  be ing  q u i t e  c o s t l y  i n  bo th  d o l l a r s  and t ime. 
It should be poss ib l e  t o  punch specimens from any ma te r i a l  o f  t he  same q u a l i t y  as was ob ta ined in t h e  
c u r r e n t  work if the  c learances were opt imized.  
mens being made, bu t  appears t o  be rough ly  $10 each. Chemical m i l l i n g  invo lved  a set-up charge of about 
$500 and would cos t  about $500 f o r  each f u t u r e  batch o f  specimens f o r  l o t s  o f  up t o  1000 specimens. 
on l y  small  numbers of these specimens are t y p i c a l l y  manufactured a t  any one time, t h e  cos t  savings poten- 
t i a l l y  a v a i l a b l e  w i t h  chemical m i l l i n g  would n o t  be rea l i zed ,  and t h i s  process would conceivably be more 
expensive than the  EDM technique. 
t e n s i l e  specimens i s  EDM. 

The t e n s i l e  da ta  on t he  new punched specimens imp ly  t h a t  punching even t he  bes t  

I n  add i t ion ,  more s c a t t e r  was observed i n  t he  t e n s i l e  da ta  generated f r o m  

The cos t  f o r  EDM specimens depends on t he  number o f  spec i -  

Since 

Thus the  technique se lec ted  f o r  t he  f a b r i c a t i o n  o f  a l l  f u t u r e  m i n i a t u r e  

CONCLUSIONS 

The EDM technique was se lec ted  f o r  f u t u r e  f a b r i c a t i o n  of m i n i a t u r e  t e n s i l e  specimens. 
m i l l i n g  would be cheaper f o r  l a r g e  numbers o f  specimens, i t  i s  l i k e l y  t o  be more c o s t l y  f o r  t h e  smal l  number 
o f  specimens t y p i c a l l y  made a t  one t ime i n  t he  f us i on  m a t e r i a l s  program. 

Although chemical 

Punching was judged unacceptable 
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YS rn 
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Figure  6. Assignment o f  equ i va len t  c o l d  work l e v e l s  f o r  t e s t  specimens r e l a t i v e  t o  s t reng ths  g i ven  i n  
References 5 and 6. 

f o r  t he  f a b r i c a t i o n  of m i n i a t u r e  t e n s i l e  specimens on t h e  bas is  of dimensional v a r i a b i l i t y  and t h e  
l i k e l i h o o d  o f  specimen deformat ion,  unless a p o t e n t i a l l y  c o s t l y  investment i n  punch and d i e  c learance 
o p t i m i z a t i o n  i s  made. 

REFERENCES 

1. N. F. Panayotou, S. D. Atk in ,  R. J. Puigh, and 8. A. Chin, "Design and Use o f  Nonstandard T e n s i l e  
Specimens f o r  I r r a d i a t e d  M a t e r i a l s  Test ing,"  The Use of Small-Scale Specimens f o r  Tes t ing  I r r a d i a t e d  
Ma te r i a l ,  ASTM STP 888, I#. R. Corwin and G. E. Lucas, Eds., ASTM, Ph i lade lph ia ,  1986, pp. 201-219. 

2. M. L. Hami l ton and H .  1. Heinisch,  " Tens i l e  P rope r t i es  of Neutron I r r a d i a t e d  A212B Pressure Vessel 
S tee l , "  E f f e c t s  of Rad ia t ion  on Ma te r i a l s :  
Packan, R. E. S t o l l e r ,  and A. S. Kumar, Eds., American Soc ie ty  f o r  Tes t i ng  and Ma te r i a l s ,  Ph i lade lph ia ,  

14th  I n t e r n a t i o n a l  Symposium (Volume II), ASTM STP 1046, N. H. 

1990, pp. 45-54. 

3 .  M. L. Hamilton, " P r e c i p i t a t i o n  Strengthening i n  a Nickel-Base Superal loy,"  Masters' Thesis, Washington 

L. E. Doyle, Manufactur ing Processes and M a t e r i a l s  f o r  Engineers, 2nd e d i t i o n ,  P ren t i ce - Ha l l ,  1969. 

R. A. Moen and D. R. Duncan, "Cold Work E f fec ts :  

0. Peckner and I .  M. Bernstein,  Handbook o f  S ta in less  Steels,  1977, McGraw-Hil l .  

S ta te  U n i v e r s i t y ,  1985. 

4 .  

5 .  A Compi lat ion of Data f o r  Types 304 and 316 S t a i n l e s s  
Steel  ," HEDL-11-76005, March 1976. 

6 .  



2.0 DOSIMETRY, DAMAGE PARAMETERS 

AND ACTIVATION CALCULATIONS 

15 





17 

REAC*3 NUCLEAR DATA LIBRARIES - F. M. Mann and 0. E. Lessor, Westinghouse Hanford Company,(') HO-36, P.O. 
Box 1970, Richland, WA 99352 

PURPOSE 

The l i b r a r i e s  ( t r a n s p o r t  cross sect ion,  t ransmuta t ion  cross sec t ion ,  and decay data)  associated w i t h  t he  
REAC*3 nuc lear  t ransmuta t ion  code system are described. 

SUMMARY 

The purpose o f  t h i s  work i s  t o  p rov ide  t h e  means o f  c a l c u l a t i n g  a c t i v a t i o n  i n  fus ion devices. 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

I n  order  t o  c a l c u l a t e  neutron a c t i v a t i o n  and t h e  r e s u l t a n t  dose, a se r i es  o f  l i b r a r i e s  a re  needed. 
t r ons  must be t ranspor ted  from t h e i r  source t o  t he  p o i n t  where t ransmuta t ion  occurs (which requ i res  a 
neutron t r a n s p o r t  c ross  sec t i on  l i b r a r y ) .  
r equ i res  a t ransmuta t ion  cross sec t i on  l i b r a r y ) .  
i n c l u d i n g  t he  p roduc t ion  o f  photons (which requ i res  a decay da ta  l i b r a r y ) .  
fo l lowed t o  t he  p o i n t  o f  i n t e r e s t  (which requ i res  a photon t r anspo r t  cross sec t i on  l i b r a r y ) .  

The REAP3 nuc lear  t ransmuta t ion  code system(') con ta ins  modern vers ions  of each o f  these da ta  

TransDort Cross Sec t ion  L i b r a r y  

The NJOY nuc lear  d a t a  processing system (Vers ion 89)(" was used t o  process about 300 m a t e r i a l s  from the  
l a t e s t  vers ions  o f  t he  Evaluated Nuclear Data F i l e  (ENDF/B-V and ENDF/B-VI).(31 
i n  the  f i s s i o n  oroduct  r es i on  no t  reached from f i s s i o n .  a l l  ENDF/B-VI eva lua t ions  were orocessed. Po in tw ise  

The neu- 

The p r o b a b i l i t y  f o r  t ransmuta t ion  must be ca l cu la ted  (which 
The decay o f  t he  t ransmuta t ion  p roduc t  must be fo l lowed,  

F i n a l l y  t he  photons must be 

Except f o r  a few iso topes  

ENDF (PENDF) and groupwis i  ENDF (GENDF) tapes were c rea ted .  
reached a f t e r  c o n s u l t a t i o n  w i t h  Bob MacFarlane o f  t he  Los Alamos Nat iona l  Laboratory (LANL). Resonance 
recons t ruc t i on  was done t o  0.2% and then Dooler broadened t o  300. 400. 600. 900. and 1200 K. Cross sec t ions  

The s p e c i f i c a t i o n s  f o r  the '  PENOF tapes were 

f o r  a c t i n i d e  i so topes  were f u r t he r  broadened t o  1600, 2000, 3000; and'4000.K. 
Also c a l c u l a t e d  were KERMA and damage energy parameters. 
group s t r u c t u r e  and a 20 photon group s t r uc tu re .  
o f  t he  standard 69 group WIMS s t r uc tu re . (4 )  Two f l u x  weight ings were used, one t y p i c a l  o f  thermal r eac to r s  
and t he  o the r  t y p i c a l  of f as t  r eac to r  cores. A minimum o f  6 sigma-0's were used f o r  each m a t e r i a l  w i t h  t he  
most important  a c t i n i d e s  having 8 sigma-0's. Cross sec t ions  f o r  t he  MCNP(" ACE tapes were c rea ted  f o r  a l l  
eva lua t ions  except f o r  t h e  ENDF/B-VI eva lua t ions  from the  Oak Ridge Nat iona l  Laboratory (ORNL), which used 
t he  R-matr ix  resonance formalism. P l o t s  o f  t he  t o t a l ,  capture, f i s s i o n ,  (n,2n), (n,p), (n,alpha) c ross  sec- 
t i o n s  were c rea ted  from PENDF tapes whenever t h e  r e a c t i o n s  were present .  

Transmutation Cross Sec t ion  L i b r a r r  

A new t ransmuta t ion  c ross  sec t i on  l i b r a r y  i s  be ing  c rea ted  i n  ENDF/B-VI format.(61 
i so topes  w i l l  be present  w i t h  eva lua t ions  extended i n  most cases t o  40 MeV. 
second isomer ic  s t a tes  a re  inc luded whenever these s ta tes  a re  present  i n  t he  product  isotopes.  A l l  t r ans-  
mut ing reac t i ons  i n  ENDF/B-VI have been p laced i n  t h i s  l i b r a r y .  I n  a r t i c u l a r ,  (n,gamma) eva lua t i ons  were 
processed i n t o  a f i n e  group s t r u c t u r e  (399 groups). The REAC-ECN-SI') a c t i v a t i o n  cross sec t i on  l i b r a r y  
which i s  a l so  known as EAF-1 i s  being used f o r  t a r g e t  i so topes  having shor t  h a l f - l i v e s .  Also experimental 
and systemat ic  da ta  i n  t he  REAC-ECN-5 l i b r a r y  a re  being used f o r  normal iza t ion .  

A f t e r  c r e a t i o n  as a po in tw i se  l i b r a r y ,  t he  l i b r a r y  w i l l  be processed i n t o  var ious  group s t r uc tu res .  

Decav Data L i b r a r y  

A new decay da ta  l i b r a r y  has a l so  been formed i n  ENDF/B-VI format. Th is  l i b r a r y  cons i s t s  o f  eva lua t ions  
c rea ted  by Charles Reich o f  t he  Idaho Nat iona l  Engineer ing Development Laboratory (INEL) f o r  ENDF/B-VI and 
data from the  Evaluated Nuclear S t ruc tu re  Data F i l e  (ENSOF) (May 1990).(') Once Tal  England of LANL com- 
p l e t e s  the  ENOF/E-VI  decay da ta  f i l e  of t he  f i s s i o n  products, h i s  eva lua t ions  w i l l  rep lace  those c u r r e n t l y  
i n  t he  l i b r a r y .  

Bound e f f e c t s  were inc luded.  
The GENDF tapes were generated i n  an 89 neutron 

The neutron group s t r u c t u r e  i s  t h e  same below 4 eV as t h a t  

About 500 non-ac t in ide  
Cross sec t ions  t o  t he  f i r s t  and 

Table 1 shows t he  contents o f  t he  cu r ren t  l i b r a r y  and o f  t h a t  expected t h i s  f a l l .  

( a )  Westinghouse Hanford Company i s  operated f o r  t he  U.S .  Department of Energy under Cont rac t  
DE-AC-6-87RL0930, 
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Table 1. Source of Data f o r  Decay Data L i b r a r i e s  

Number o f  Isotoues 
Current  Fa1 1 

Source Status - 1991 
Stab1 e isotopes 262 262 
C. Reich (INEL) 724 ._ 

ENSOF (90) 1316 1279 

Table o f  Isotopes - 459 370 
To ta l  2761 2888 

ENDF/B-VI .. 977 

As t he  l i b r a r i e s  a re  designed t o  have da ta  f o r  a l l  i so topes  between t he  neu t ron - d r i p  and r o t o n - d r i p  l i n e s ,  

Summarv 

Three types of nuc lear  da ta  l i b r a r i e s  w i l l  soon be complete f o r  use wi th  t he  REAC t ransmuta t ion  code system: 
a t r a n s p o r t  cross sec t i on  l i b r a r y ,  a t ransmuta t ion  c ross  sec t i on  l i b r a r y ,  and a decay da ta  l i b r a r y .  
Extensive documentation f o r  each o f  t he  l i b r a r i e s  i s  planned. 

some da ta  w i l l  have on l y  h a l f - l i f e  and branching in fo rmat ion  from t h e  Table o f  Isotopes. r8 
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INDUCED RAD!OACTIVITY OF ELEMENTS IRRADIATED I N  FFTF/MOTA AND EBR-2 
Laboratory) la) ,  F. M. Mann and 0. E. Lessor (Westinghouse Hanford Company) 

- H.  L. Hein isch ( P a c i f i c  Northwest 

PURPOSE 

The purpose of t h i s  work i s  t o  p rov ide  i n fo rma t i on  f o r  eva lua t i ng  t he  r e s i d u a l  induced r a d i o a c t i v i t y  of 
ma te r i a l s  i r r a d i a t e d  i n  FFTF/MOTA and EBR-2 i r r a d i a t i o n  f a c i l i t i e s .  

SUMMARY 

Ca l cu la t i ons  of decay r a t e s  o f  r ad ionuc l i des  i n  36 elements i r r a d i a t e d  i n  FFTF/MOTA core  cen te r  and EBR-2 
mid-core and top-core  p o s i t i o n s  have been made us ing  REAC*2. 
be ing used i n  compi l ing  t e s t  specimen waste d isposa l  documentation. 

Tables o f  t he  r e s u l t s  have been made and are  

PROGRESS AND STATUS 

Residual induced r a d i o a c t i v i t y  o f  t e s t  ma te r i a l s  i s  an unavoidable consequence o f  r a d i a t i o n  e f f e c t s  e x p e r i -  
ments performed i n  nuc lear  reac to rs .  
i r r a d i a t i o n  hardware i s  essen t i a l  t o  p lann ing  t he  experiment, per forming t he  t e s t s  and d ispos ing  o f  t h e  
waste ma te r i a l s .  
cedures, bu t  f o r  aspects such as waste d isposa l ,  d e t a i l e d  l a b o r a t o r y  ana l ys i s  i s  needed t o  f u l l y  charac te r-  
i z e  the  q u a n t i t y  o f  each r a d i o a c t i v e  i so tope i n  a t e s t  specimen. 

Ca l cu la t i ons  p rov ide  a r e l i a b l e ,  y e t  inexpensive method o f  es t ima t i ng  t he  concent ra t ions  o f  a l l  t he  r a d i o -  
a c t i v e  isotopes i n  an i r r a d i a t e d  ma te r i a l .  Cha rac te r i za t i on  o f  r es i dua l  r a d i o a c t i v i t y  o f  t e s t  specimens 
requ i red  f o r  hand l ing  and waste d isposa l  i s  r o u t i n e l y  done a t  Hanford us ing  t he  REAC*2 computer code 
system'. 
p i l e d  f o r  t he  rad ionuc l i des  o f  36 elements i r r a d i a t e d  i n  FFTF/MOTA and i n  EBR-2. 
t i o n  a re  g i ven  i n  Tables 1 and 2 f o r  FFTF/MOTA and EBR-2, r espec t i ve l y .  

Decay ra tes  were c a l c u l a t e d  w i t h  REAC*2 f o r  250 day i r r a d i a t i o n s  i n  FFTF/MOTA Level 3 (core cen te r )  a t  a 
t o t a l  neu t ron  f l u x  o f  5 .45  x lo'' n/cm2 (72% having E > 0.1 MeV). 
o f  1.2 x loz3 n/cmZ, about 35 dpa i n  s t e e l .  
Midplane f o r  40 days a t  a t o t a l  neutron f l u x  o f  2.1 x 
f luence o f  7 . 2  x loZ1 n/cm2 (about 5 dpa i n  s t e e l )  and f o r  40 days i n  EBR-2 Row 2 Top-of-Core a t  a t o t a l  
neutron f l u x  of 2.80 x n/cm2 (35% having E > 0.1 MeV) t o  a t o t a l  neutron f luence of 9.6 x 10'' n/cmZ 
(about 0.25 dpa i n  s t e e l ) .  

I n  t he  t ab les  decay r a t e s  a re  g iven f o r  t he  i n d i v i d u a l  r ad ionuc l i des  i n  each element t h a t  toge ther  c o n t r i -  
bute 99% o r  more o f  t he  t o t a l  a c t i v i t y .  Radionucl ides 
decaying by beta emission are i d e n t i f i e d .  The t ab les  con ta i n  decay r a t e s  a f t e r  decay t imes o f  0.5, 1, 2, 3, 
4, and 5 years out  o f  r eac to r .  

The t ab les  have been useful i n  documenting rad io i so tope  l e v e l s  i n  a c t i v a t e d  t e s t  specimens and i n  t h e  waste 
products of t h e i r  p repa ra t i on  and t e s t i n g .  When d ispos ing  of i r r a d i a t e d  t e s t  ma te r i a l s ,  t he  decay r a t e s  o f  
t h e  rad ionuc l i des  f o r  each element i n  t he  specimen are  obta ined from the  t a b l e  corresponding t o  t h e  g rea tes t  
decay t ime t h a t  i s  l e s s  than t he  r e a l  t ime out  o f  r e a c t o r .  
exposed i n  m u l t i p l e  i r r a d i a t i o n s .  The t o t a l  c o n t r i b u t i o n  o f  each rad ionuc l i de  p resent  i s  eval 7J ated, and 
those c o n t r i b u t i n g  a t  l e a s t  1% t o  t he  t o t a l  a c t i v i t y  o f  a specimen are  noted i n  t he  records.  

Unce r ta i n t y  i n  t he  c a l c u l a t i o n s  depends on t he  elements i nvo l ved  and t he  u n c e r t a i n t i e s  i n  t he  i r r a d i a t i o n  
in fo rmat ion .  Ca l cu la t i ons  requ i re  nuc lear  r e a c t i o n  cross sec t ions  and decay data, t he  neutron f l u x  spec- 
trum, i r r a d i a t i o n  t ime  and power h i s t o r y ,  and t h e  ma te r i a l  composi t ion.  I n  p r i n c i p l e ,  t he  l a r g e s t  uncer- 
t a i n t y  i n  such c a l c u l a t i o n s  o r i g i n a t e s  from unce r ta i n t y  i n  t he  cross sect ions,  where u n c e r t a i n t i e s  can range 
from l e s s  than a percent  t o  a f a c t o r  o f  two o r  more, depending on t he  reac t i on .  Cross sec t ions  f o r  most o f  
t h e  reac t i ons  i n v o l v i n g  common a l l o y i n g  elements a re  w e l l  known. I r r a d i a t i o n  t imes are  well-known, and, 
because t he  i r r a d i a t i o n s  a re  f o r  ma te r i a l s  experiments, t he  composi t ions a re  u s u a l l y  well-known. Uncer- 
t a i n t i e s  i n  t he  neut ron  f luence and spectrum, i n c l u d i n g  d i f fe rences  i n  neutron f l u x  spectra o f  these 
f a c i l i t i e s  over t he  years, a re  n o t  considered s i g n i f i c a n t  w i t h i n  t he  scope of these c a l c u l a t i o n s .  
ences are assumed t o  be accounted f o r  by t h e  assumption t h a t  t h e  dose f o r  a t y p i c a l  r u n  i n  a "gener ic"  
spectrum f o r  each f a c i l i t y  i s  an upper l i m i t  f o r  any r e a l ,  s i n g l e  i r r a d i a t i o n .  

Knowledge of t he  a c t i v i t y  l e v e l  o f  t he  specimens and t he  associated 

Gamma dose ra tes  are measured d i r e c t l y  du r i ng  storage and hand l ing  as p a r t  o f  ALARA p ro-  

To avo id  doing c a l c u l a t i o n s  on a case by case bas is ,  t a b l e s  o f  decay r a t e s  have r e c e n t l y  been com- 
Samples o f  t h i s  in forma-  

Th is  r e s u l t s  i n  a t o t a l  neutron f luence 
Decay ra tes  were a l so  ca l cu la ted  f o r  i r r a d i a t i o n  i n  EBR-2 Row 2 

n/cm2 (93% having E > 0.1 MeV) t o  a t o t a l  neu t ron  

Oecay r a t e s  are g i ven  i n  C i /g  of t h e  pure element. 

The r e s u l t s  a re  l i n e a r l y  scaled f r specimens 

D i f f e r -  

(a )  P a c i f i c  Northwest Laboratory i s  operated f o r  t he  U . S .  Department o f  Energy by B a t t e l l e  Memorial 
I n s t i t u t e  under Cont rac t  DE-AC06-76RLO 1830. 
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Table 1. 
t o  1.2 x loz3 Tota l  n/cm' i n  FFTF/MOTA, Level 3 (co re  cen te r ) .  
t o  t h e  t o t a l  a c t i v i t y  a re  l i s t e d  f o r  each element. 
r ad i onuc l i des  t h a t  undergo be ta  decay. 

Decay Rates of Radionucl ides o f  Selected Elements, i n  Ci /g o f  t h e  Pure Element, A f t e r  I r r a d i a t i o n  
Only r ad i onuc l i des  c o n t r i b u t i n g  a t  l e a s t  1% 

The l e t t e r  B f o l l ow ing  t h e  i so tope  name i n d i c a t e s  

Decav Rates i n  C i / q  A f t e r  Decav Times o f  
Element I so tope  0.5 vear 1 vear 2 vears 3 vears 4 years 5 vears 

T i  Sc 46 B 2.61 x lo-" 5.76 x lo-'' 2.81 x IO-'' 1.37 x 6.67 x IO-'' 
Ca 45 B 1.43 x 6.63 x lo-" 1.43 x lo-'' 3.08 x 6.65 x 1.43 x 
H 3 B  4.85 x 4.58 x 4.33 x 4.09 x 

V v 49 4.12 x 2.81 x lo-" 1.31 x 6.09 x 2.83 x 1.32 x 
H 3 B 2.07 x LO-06 2.01 x 1.90 x 1.79 x 1.70 x 1.60 x 

C r  Cr 51 1.90 10-02 1.96 x 10-04 
v 49 3.01 10-0~ 2.05 10-84 9.54 x 4.44 x 2.07 x 9.62 x io-06 
H 3 8  7.17 x 6.78 x 6.41 x 6.06 x 5.13 X 

Mn Mn 54 8.88 10-03 5.92 10-03 2.63 10-03 1.17 10-03 5.20 10-04 2.31 x 10-04 

Fe Fe 55 2.48 x 2.18 x 1.68 x 1.30 x 1.00 x 1.76 x lo-" 
Mn 54 2.25 x lo-'' 1.50 x IO-'' 6.67 x 2.97 x 1.32 x lo-" 5.86 x lo-'' 

co Co 60 B 1.88 x 10'" 1.76 x 10"l 1.54 x 1.35 x 10"l 1.19 X 10"' 1.04 X 10"' 

Ni  Co 58 8 2.50 x 4.20 x 1.18 x 
Fe 55 1.14 x 6.80 x 5.25 x 4.05 x 3.13 x lo-" 2.42 x lo-" 
Co 60 B 2.34 x 2.06 x 1.80 x 1.58 x 1.39 x lo-" 
c o  57 3.53 1.39 x 5.47 x 10-O' 
N i  63 B 6.02 10-03 5.97 x 5.93 x 5.89 x 

TABLE 2. 
t o  7.2 x 10" t o t a l  n/cmZ i n  EBR-2, Row 2 Midplane. 
t o t a l  a c t i v i t y  a re  l i s t e d  f o r  each element. 
t h a t  undergo be ta  decay. 

Decay Rates o f  Radionucl ides o f  Selected Elements, i n  C i /g  of t h e  Pure Element, a f t e r  I r r a d i a t i o n  
Only r ad i onuc l i des  c o n t r i b u t i n g  a t  l e a s t  1% t o  t h e  

The l e t t e r  8 f o l l ow ing  t h e  i so tope  name i nd i ca tes  r ad i onuc l i des  

Decav Rates i n  Ci /q  A f t e r  Decav Times o f  
Element IsotoDe 0.5 vear 1 vear 2 years 3 years 4 years 5 vears 

T i  sc 46 B 7.24 x 1.60 x 7.79 x 3.80 x io-06 1.85 x 10-O' 
Ca 45 B 3.27 x l0-O' 1.52 x 3.21 x 10." 7.06 x 1.52 x 3.29 x lo-'' 
H 3 8  1.14 x 1.08 x 1.02 x 9.64 x lo-'' 

V v 49 1.04 x 7.10 x 3.30 x 1.54 x 7.16 x lo-" 3.33 X IO-'' 
H 3 B 4.78 x 10-07 4.65 x 10-07 4.39 x 4.15 x io-07 3.92 x 10-O' 3.71 x 

C r  C r  51 1.44 x 10-03 1.49 x 10-05 
v 49 6.81 x 4.64 x 2.16 x 1.01 x 4.68 x 2.18 x 
H 3 8  1.71 x 1.68 x 1.59 x 1.50 x 1.42 x 

Mn Mn 54 2.48 x 1.65 x 7.34 x 3.26 x 1.45 x 10.'' 6.44 x 

Fe Mn 54 3.70 x 2.47 x 1.10 x 4.87 x 2.17 x 9.62 Y lo-" 
Fe 55 7.42 x 6.52 x 5.03 x 3.89 x 3.00 x 2.32 x 

co Co 60 B 1.59 x 10." 1.49 x 1.31 x IO-*' 1.15 x lo-'' 1.01 x lo-'' 8.81 x lo-" 
Fe 59 B 5.31 x 

N i  co 58 B 7.10 x 10-01 1.19 x 10-01 3.35 x 10-03 9.44 x 10-05 
Fe 55 1.15 x lo-'' 1.01 x 7.81 x 6.03 x 4.66 x 3.60 x 

co 57 2.04 x 8.02 x lo-'' 3.16 x lo-'' 1.24 x 10.'' 
Ni 63 B 1.43 x 1.42 x lo-'' 1.41 x lo-" 1.40 x lo-" 

Co 60 B 3.33 x 2.92 x 2.56 x 10-~3 2.24 x 1.97 x 
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FUTURE WORK 

C a l c u l a t i o n s  f o r  p o s i t i o n s  above and below t h e  core i n  FFTF/MOTA w i l l  be made and included i n  a f i n a l  
r e p o r t .  E f fec t ive  ways of inc lud ing  t h i s  in format ion  i n  a computer d a t a  base a r e  being considered.  
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DEFECT PRODUCTION AND ATOMIC MIXING IN HIGH ENERGY COLLISION CASCADES: A MOLECULAR 
DYNAMICS STUDY - T. Diaz de la Rubia and M. W. Guinan (Lawrence Livermore National Laboratory) 

OBJECTIVE 

The purpose of this work was to develop an efficient molecular dynamics code utilising the vector 
architecture of the Cray-2 supercomputer and apply it to the study of high energy collision cascades. 
This was accomplished with international collaboration under the auspices of the IEA Working Group on 
Radiation Effects Theory and Modeling. 

SUMMARY 

We have performed molecular dynamics computer simulation studies of 25 keV displacement cascades 
in Cu at low temperature. At this energy we observe the splitting of a cascade into subcascades and 
show that displacement cascades in metals may lead to the formation of vacancy and interstitial 
dislocation loops. We discuss a new mechanism of defect production based on the observation of 
interstitial prismatic dislocation loop punching from cascades at 10 K. We also show that below the 
subcascade threshold, atomic mixing in the cascade is recoil-energy dependent. We obtain a mixing 
efficiency that is proportional to the square root of the recoil energy. 

PROGRESS AND STATUS 

lntroduct ion 

The nature of the damage that ensues in a metal upon its irradiation with energetic particles has been 
a topic of interest for over 40 years.lt2 Initially, this interest resulted from the need to understand 
radiation effects in materials in a nuclear reactor environment; today it is driven by these same 
concerns and by the emergence of energetic ion beams as a common tool in non-equilibrium processing 
and modification of materials.3 

Essential to gathering a knowledge of radiation damage in solids is understanding the cascade of 
atomic displacements that results when an energetic particle (e.g., a heavy ion or a fast neutron) 
penetrates a solid. Displacement cascades present a difficult problem to study by either theoretical or 
experimental means. Their many-body and highly non-linear nature precludes use of treatments based 
on the linearized Boltzmann transport equation and the binary collision approximation; such collisional 
models consider only the interaction between movina and stationarv atoms.4.5 Experimentally, the 
small size (-3x105 A3) and very short lifetime (=10-1’ s) of cascades has hampered attempts to 
dynamically resolve their evolution. Models based on applications of the heat transport equation6 are 
limited by the inhomogeneous nature and extreme thermal gradients imposed in the core of the cascade. 
Car0 et al.’ have recently proposed a model that employs results from molecular dynamics simulation 
to establish the time scale of the heat transport, thereby avoiding explicit definition of the thermal 
diffusivity in the cascade. This approach is nevertheless limited in its scope since no information on 
defect production and clustering may be obtained. 

Molecular dynamics computer simulation (MD) has been used as a tool to study the structure and 
dynamics of energetic displacement cascades for the last 30 years. The early pioneering work of 
Gibson et a1.8 demonstrated that Frenkel defect production in electron irradiated metals proceeds via 
replacement collision sequences (RCSs) along close-packed directions. These seminal studies, 
performed at Brookhaven around 1960 with recoil atom energies up to 400 eV, set the stage for higher 
energy MD studies. Until recently, however, progress in the field has been slow mainly because of the 
large number of atoms required to perform these simulations, and also because of the lack of reliable 
interatomic potentials to describe the energetics of metals. This slow progress is illustrated in Fig. 1 
where we show the energy of the primary knock-on atom (PKA) employed in simulations of cascades in 
bulk systems (in reduced energy units9) versus the year of the study. This figure is not intended to 
provide an exhaustive review of MD investigations of particle- solid interaction phenomena and besides 
the work of the Brookhaven group already mentioned, it includes the work of the Argonne-lllinois- 
Livermore group.10-’4 Also included for comparison is an average threshold energy of subcascade 
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0.12 

formation in fcc metals obtained by Heinischls in binary collision approximation studies. This 
subcascade energy is of interest to MD simulations since above this threshold cascades are expected to 
break up into individual subcascades.16 
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Fig. 1. Maximum reduced energy employed in molecular dynamics studies of collision cascades as 
a function of the year the studies were carried out. 
of subcascades obtained in binarv collision studies. 

As can be seen from Fig. 1, 20 years elapsed from the time of the Brookhaven study until the next MD 
simulations of cascades in bulk metals were performed. In this work, Guinan and Kinneylo simulated 
events in W at energies up to 10 keV. They employed computational cells that contained 60,000 atoms 
and showed that atomic motion during the thermal spike phase of the cascade leads to point defect 
recombination and therefore to low defect production efficiency (number of defects produced relative 
to the predictions of linear-cascade m0dels l7~l8)  in cascades. Their results were in good qualitative 
agreement with experimental studies which had shown that the defect production efficiency, 6 ,  for 
cascade-producing irradiation of metals reaches a constant value of 113 for average recoil energies in 
the subcascade r6-gime.l 

The recent surge in the availability and power (CPU-speed and memory) of supercomputers has made 
the use of MD plausible for radiation damage studies at even higher reduced energy. MD studies of 5 keV 
cascades in Cu and Ni (corresponding to the 1987 point in Fig. 1) led to a model of formation of the 
primary state of radiation damage in metals based on the concept of local melting during the thermal 
spike phase of the cascade.12.13 Within this simple "liquid droplet" model, defect production, point 
defect clustering and the amount of atomic rearrangement produced in a displacement cascade (i.e., ion 
beam mixing ) are all governed by the extent and lifetime of the melt zone and therefore by the melting 

The dotted line is the threshold for the formation 



31 

behavior of the material under study. Due to the limited recoil atom energy (maximum of 5 keV) 
employed in those studies, ideas put forth in the model are based on extrapolation of results to higher 
energies where subcascade formation becomes important. Furthermore, the nature of the pair 
potentials employed sheds some questions into the reliability of some qualitative aspects of the 
results. 

In order to increase the PKA energy in MD simulations we have developed a new code, termed 
MOLDYCASK, that takes advantage of the vector architecture of Cray supercomputers.20 This code has 
enabled us to perform MD simulations of energetic displacement cascades in Cu at energies as high as 
25 keV (&=0.11 in reduced energy units) with more realistic isotropic many-body potentials of the EAM 
type.21r22 It makes use of the model of Car0 and Victoria23 to describe lattice-electron interactions. 

We present results of 1, 2.5, 5, 10, and 25 keV PKA cascades in copper. Also included are results of 
dimer-recoil (ETot=lO keV) events. At the highest reduced energy treated in these simulations (E= 
0.111, the break-uo of a cascade into individual isolated subcascades is seen to take place. The 
collapse of a displacement cascade to a vacancy dislocation loop is observed and more significantly, 
prismatic dislocation loops are seen to appear near the edge of the molten zone of 25 keV and dimer- 
recoil cascades. We have recently proposed that a new, cooperative mechanism, not related to RCSs but 
rather akin to dislocation loop punching24 is responsible for this interstitial prismatic dislocation 
loop formation.14 We analyze evidence for this new mechanism of defect production and discuss its 
consequences regarding the microstructural evolution of metals in high-radiation environments. 

The results display an energy dependence of atomic mixing in the cascade. The degree of clustering of 
vacancies and SIAs in the cascades is also observed to be energy (and energy density) dependent. The 
results reproduce the correct magnitude of 5 in cascades and shed new light into defect production 
mechanisms. 

Molecular Dvnam ics Mode/ 

The MOLDYCASK code employs the vectorized link cell method (VLC) of Heyes and Smith25 as modified 
by M.W. Finnis26 to find the neighbors of a given atom in the computational crystal. With this 
technique, the calculation of the forces on all atoms in a MD step can be fully vectorized on a Gray-2. 
The VLC method gains its speed from the splitting of the computational crystal into "link cells" of side 
length slightly larger than the cut-off distance of the interaction potential. Extensive use of Cray- 
specific vector operations greatly enhances the code's performance. The advantages of this technique 
become most evident when the number of atoms in the MD crystal exceeds several thousands. For large 
numbers of atoms, the VLC offers considerable computational speed and low memory requirements. 

In the MD studies to be described below, we have employed crystals containing up to 500,000 atoms for 
the case of the 25 keV events. With this crystal size the code performs a complete MD step (including 
I/O operations) in 111 seconds of CPU. 

The cascades were initiated by imparting kinetic energy to one atom in the crystal. The direction of 
this primary knock-on atom (PKA) was chosen at random although it was insured that it was away from 
a channeling or a close-packed direction. Simulations were also performed for dimer recoils with a 
total energy of 10 keV. In this case, a pair of nearest neighbors endowed with 5 keVlatom is employed 
as the primary knock-on. For simplicity, and to maximize overlap effects at this energy, the initial 
direction of travel of the 2 recoiling atoms in the dimer was chosen to differ by only 5". Henceforth, 
these events will be referred to as di-5 keV cascades. All events were performed in computational 
crystals coupled (via Langevin dynamics applied to the boundary atoms) to a thermal reservoir at a 
constant ambient temperature of 10 K. Energy that arrived at the boundary layers was prevented from 
reentering the crystal via the periodic boundary conditions by virtue of a damping coefficient applied 
to the atoms in the boundary link cells. Details of this procedure have been given elsewhere.20 

The embedded atom method (EAM) potentials of Foiles, Baskes and Daw22 have been shown to 
accurately reproduce many equilibrium properties of fcc metals and are used, in a modified version, 
throughout this work. In order to treat the highly non- equilibrium atomic configurations and distances 
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encountered in the course of these simulations, we modified these potentials to improve the 
description of the pressure derivative of the bulk modulus20 and to correctly characterize high energy 
scattering.27 It has been shown that the EAM potential for Cu reproduces the threshold displacement 
energy correctly28 and therefore our modification does not alter the characteristics of the potential 
for energies below 40 eV. At very high energy the pair potential contribution to the total energy is 
chosen to reproduce the scattering from a Moliere potential and the embedding function is forced to 
become a constant. In this manner, the EAM potential is effectively transformed into a pair potential at 
high energy. 

The electronic energy loss has been included in our simulations by means of the model of Car0 and 
Victoria.23 In this model, based on the local density approximation to the electronic energy I o s s , ~ ~  the 
high energy electronic stopping enters the motion of the atoms in the MD crystal via the Langevin 
equation of motion. Furthermore, the model reproduces the correct limit of the electron-phonon 
coupling at low energy for weakly coupled metals such as Cu. We have previously employed this model 
to investigate the effect of electron-phonon coupling on the dynamics of thermal spikes in Cu in 
referencez7 where details of its implementation are given. 

Cascade Structure 

Previous MD studies of 5 keV displacement cascades in Cu and Ni12~~3.30 with pair potentials showed 
that local melting takes place at the core of the cascade. It was concluded that the melting point is the 
physical quantity that determines the behavior of a metal under cascade-producing irradiation. The 
present study confirms the melting behavior of the cascade and provides the first dynamical 
simulation evidence for subcascade formation and interaction. Moreover. the larae damaoe enerav 

1=1.01 ps  (b) 

Fig. 2. Evidence for the forma- 
tion of subcascades in a 25 keV event 
in Cu. The filled circles represent 
positions in an (010) plane of width 
a012 at 0.19 ps (a) and 1.01 ps (b). 

- - I, 

density deposited in the local melt region of the 25 keV and 
dimer-recoil cascades is shown to give rise to new defect 
production phenomena not observed before. 

Evidence for the break-up of a high energy cascade into 
subcascades and their subsequent interaction is presented in 
Fig. 2 where a snapshot of the atom positions in a (010) plane 
of width a012 are shown (a0 is the lattice parameter of the 
perfect crystal). The plane cuts across the centroid of a 25 
keV cascade defined as the "center of gravity" of the kinetic 
energy distribution in the crystal. Figure 2a shows such a cut 
0.2 ps after the initiation of the primary recoil event. A region 
in which a large degree of crystalline order is preserved is 
seen surrounded by two "lobes" of highly disordered material. 
At a later time, 1.02 ps, figure 2b shows that the two original 
subcascades have overlapped to form a single melt zone. This 
represents the first time that the dynamical interaction 
between subcascades has been observed in an MD simulation. 
From these results it may be expected that for irradiations of 
low melting temperature materials where a large amount of 
damage energy is deposited, a molten tube connecting 
subcascades may be formed. 

In Fig. 3, we show similar planar projections across the center 
of a second 25 keV cascade at 3 different times. Atoms with 
total energy larger than that required to bring them from 0 K 
to the liquid phase,i.e., Q+L = 0.48 eV where L is the latent heat 
of melting of Cu, are shown as filled circles. As can be seen 
from the figure, the disordered region has a sharp interface in 
with the rest of the crystal. No subcascade break-up is 
observed in this case. Note the changing size and shape of the 
of the molten region. 
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<IO02 

Fig. 3. Time development of the molten zone in a second 25 keV cascade in Cu. The x's are the 
positions of atoms in an (010) plane of width a0/2. Atoms with a total energy > 0.48 eV (see text) are 
plotted as filled circles. Positions are shown at 0 . 2 0 ~ s  (a), 1.77 ps (b) and 4.8 ps (c). 

In order to study the local atomic structure of the cascade region, we calculate the square of the 
magnitude of the planar structure factor, lSp(k)12, for regions of (010) planes that contain 250 atoms 
in the core area of the cascade. This quantity, where k is a primitivelattice vector in the plane, is 
highly sensitive to local order and takes a value of 1 for a perfect crystal at 0 K and fluctuates near a 
value of 0 for a crystal with no long range 0rde.r. Fig. 4 shows the average value of lSp(k)12 for 12 
planes centered on the centroid of the cascade at several times. No long range order is appreciable at 
times longer than about 0.25 ps until late in the event. It is interesting to note however, that at 0.2 ps 
ISp(k)l2 fluctuates near a value of 0.1 indicating, as expected, that the cascade core has not yet 
reached a true molten state. 

I I I I I 

Tlme (ps) 

Fig. 4. Average of the square of the planar structure factor for 250 atoms at the cascade core. 
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Fig. 5.  Radial temperature distributions for two cascades as a function of distance from the 
centroid of the cascade region at several times . a) a 25 keV cascade at 0.39-4.5 ps and b) a 5 keV 
cascade at 0.20-2.5 pS. 
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temperature (normalized to the experimental value of the melting point of Cu), for the 25 keV cascade 
corresponding to figures 3a-c. The temperature remains above the melting point for over 3 ps. 
However, for the 5 keV event, figure 5b shows that the temperature in the cascade region falls below 
the melting point at -1.5 ps. At early times (0.2-0.4 ps) the cooling rate achieved in the core of the 25 
keV displacement cascades is 1 x 1015 Kls  and the temperature gradient is -90 KIA in the central 
region. At later times, the different cooling rates of the cascades are highlighted by the results 
presented in Fig. 6 where the average temperature in the cascade core A ) is shown for 5, I O ,  di- 
5 and 25 keV events. 

25keV 
0 DCS keV 
A 10 keV + 5keV 

0.01 I I 1 
0 2 4 6 E 

Time (ps) 

Fig. 6. The logrithm of the reduced temperature, TlTm, of the core regions (r < 15 A) of four 
cascades as a function of time. 

The process of melting a solid is usually accompanied by a corresponding reduction in the atomic 
density of the melt. In Fig. 7, we plot the atomic density (normalized to the perfect crystal value) for 
the core (R<15 A ) of the same 25 keV cascade at several times. The atomic density in the molten zone 
is substantially decreased during the cascade lifetime. It is the existence of this free volume in the 
liquid that results in the large diffusion coefficients typically observed in liquid metals. As will be 
shown below, atomic diffusion in this locally molten zone generates a large amount of atomic 
rearrangement during the lifetime of the displacement cascade. 

The large cooling rates and temperature gradients described above result, as expected, in a large 
degree of undercooling in the melt region. In figure 5a, it can be seen that by 4.6 ps the crystal 
temperature is everywhere below the melting point. However, inspection of figure 3c shows that a 
large disordered region is still present near the center of the cascade. This is further confirmed by the 
very low value of ISp(k)/2 at 4.6 ps seen in figure 4. 
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Fig. 7. Relative density in the core (r < 15 A) of a 25 keV cascade as a function of time. 

For sufficiently high interfacial undercooling during the rapid quenching of a pure metal melt, the 
formation of structures departing widely from those at equilibrium is expected.3' Following the 
analysis of reference 31, we estimate that for the 25 keV discussed above the scaled interfacial 
undercooling at the crystallization front at =4.6 ps is ATilTI = 0.26 where ATi = TI-Ti and TI and Ti are 
the liquidus and interfacial temperatures, respectively, This value is over a factor of 2 larger than the 
estimates of Lin and Spaepen (321 following laser melting of pure Fe. 

In order to study the amount of atomic rearrangement that takes place during the lifetime of a 
displacement cascade we calculate the total mean square displacement for the atoms in an MD crystal, 
which we define as 

N 

< R2(t)> = [ri(t) - ri(0)l2 
i = l  

where ri(0) denotes the perfect lattice position of atom i, and ri(t) indicates its displaced position at 
time t. 
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In Fig. 8 we show the mean square displacement for the atoms in the computational crystal of 5, 10, 
di-5 and 25 keV cascades. For clarity of presentation, the data for the 25 keV event have been scaled 
by a factor of 0.5. A marked difference in the dynamics of these cascades is clearly visible. In the case 
of the 25 keV and dimer cascades a large contribution to R2 arises from the expansion of the crystal 
outside the cascade region at 1 ps. Although part of this distortion is recovered during the cooling 
stage of the cascade, a much larger magnitude of the total mean square displacement is observed for 
these cascades compared to the 5 and 10 keV events. 

- 

- 

- 

- 

- 

- 

'I0 

30 

20 

0 

f o  

d A A A A A A A ~ A A A A A A A A A A A  I - i A A A  A A & A A A A  

- - 

a o a o ~ ~ ~ ~ ~ o b ~ O O Q Q Q o ~ ~ ~ Q o o ~ o  
- 

I I I P 

.. . . 
. . 

25 keV * 0.5 
0 d l - 5 K e V  
A 10KeV 
0 5KeV 

...... . . x 0.5 ........ 
0 .  . 0 .  * *  

. O  
0 

0 

0 0 0 0 0 0 0 0  0 
0 0 0 0 0 0  

o o o o o o o  O 0  
0 0 . 

0 

0 



38 

observed experimentally33 but this is not unreasonable since isolated subcascades are not expected in 
cu  until hiqher recoil energies are reached. 

12 
I I I I 

Atomlc mixing for cascades In Cu 
I 

A 
D1-5 KeV 

A 

PKA energy (KeV) 

Fig. 9. Normalized value of the mixing parameter for cascades in Cu. The fit to the data is 
reflects the dependence of the atomic mixing on the square root of the PKA energy. 

More important is the increase in atomic mixing with PKA energy. This reflects the long lifetime and 
high energy density of the melt zone found in the 25 and di-5 keV PKA events. Energy density is defined 
by considering the radius of gyration of the region of the crystal in which total atom energies exceed 
0.48 eV (i.e., the molten zone). The time at which this definition is applied is arbitrarily chosen as 
0.25 ps (i.e., near the end of the collisional phase) for all events. The energy density in the 5, 10, di-5 
and 25 keV cascades is 0.54, 0.68, 0.97 and 0.96 evlatom, respectively. We note that atomic mixing in 
the di-5 keV cascades is almost a factor of two larger than in the 10 keV monomer events and very 
similar in magnitude to the 25 keV events. A fit through the data, excluding the di-5 keV cascade, 
results in a magnitude of atomic mixing that scales = as the 1/2 power of the cascade energy. 

This observation that the mixing is energy dependent in this regime is consistent with the model that 
assigns individual liquid droplets to different subcascades. It is not until the energy range where 
subcascades are formed is reached that mixing becomes energy independent. Further experimental 
evidence supporting the local-melt model of ion beam mixing has recently been presented by Klatt et 
al.34 who irradiated a series of AgPd alloys of varying compositions. Ag and Pd were chosen because of 
their similar mass and atomic number and the fact that they show complete solid solubility across the 
entire composition range. By changing the content of one component in the alloy, the melting point of 
the system was varied from that of pure Ag (1234 K) to that of pure Pd (1825 K). The results showed a 
monotonic increase in the mixing efficiency with decreasing melting point of the alloy. The 
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quantitative results of the experiments are in excellent agreement with calculations based on 
diffusion in the molten region of the cascade.33 

Defect Product ion and Clustering 

In the absence of nuclear transmutation effects, defect production and clustering in energetic 
displacement cascades determine, to a large extent, the response of a material to a high-radiation 
environment. 

Fig. 10 shows the primary state of damage resulting from 5, 10, di-5 and 25 keV cascades in Cu. The 
usual pattern, originally described by Seeger3s of a vacancy-rich core region surrounded by a cloud of 
SlAs can be seen. While small clusters that contain 2 or 3 SlAs are seen in all cases, figures lOc,d 
reveal the presence of several large clusters of SIAs. As we will see below these large SIA clusters 
are formed as the result of a new, cooperative mechanism of defect production.14 

The absolute number of defects observed in the monomer PKA events agrees well with the 
experimental observation of a defect production efficiency, <=1/3 for cascade-producing irradiation in 
Cu.19 The average number of Frenkel pairs observed at the end of the events is 14, 27, and 59, for 5, 10 
and 25 keV events, respectively. These correspond to x=0.26, .23, and 0.20 respectively36 Although the 
statistics gathered in these studies do not permit an accurate comparison to experiment, the 
mechanisms by which the reduced < arises may be inferred from the simulations. As discussed in 
previous papers12a13,30, the low value of results from the absorption of RCSs in the volume of the 
molten core of the cascade. Only those SlAs transported by RCSs beyond the molten zone survive at the 
end of the cascade. Under experimental conditions where highly non-linear spike effects are important, 
e.g., In 40 keV di-atomic molecule irradiation of Wj’ .  < has been found to approach unity. In the dimer- 
recoil events discussed here, the ratio of defects produced (per recoil) to that produced in the 
monomer 5 keV events is 1.2. This number is lower than the value of 1.55 found by Seidman et al.37; 
this is not unexpected since the recoil energy in our dimer cascades is well below the subcascade 
threshold. The trend towards an increased 6 in highly non-linear cascades is reproduced. The new 
defect production mechanism revealed by these studies helps explain some of these experimental 
results. Its consequences will be discussed in more detail below. 

Recent MD studies by Foreman et aW-40 of low energy cascades (up to 2 keV) in Cu with a many-body 
potential have largely confirmed previous 5 keV results with pair potentials regarding the ejection of 
SlAs by RCSs from the molten core of the cascade. Also, the previously observed clustering of small 
numbers of SlAs as the result of the elastic interaction among SlAs ejected from the cascade core via 
RCSsl2 has been confirmed. These studies have also provided very good statistical information on the 
absolute number of defects produced in low energy cascades in Cu. 

Cascade collapse 

Although pair potential studies of 5 keV cascades in Cu and Ni12.13 provided extensive evidence for 
vacancy clustering the results of this work are the first theoretical confirmation of experimental 
results that show cascade collapse to vacancy dislocation loops at ambient temperature below 
annealing stage I. 

Analysis of the spatial configuration of the vacancies at the end of a 25 keV cascade reveals a 
dislocation loop that contains 14 vacancies in a (111) plane. Figure 1 l a  shows the empty lattice sites 
where the vacancies are located. Figure l l b  shows the positions of the atoms in the (-110) plane 
normal to section AA in figure I l a .  As can be seen from this figure, the vacancies form a Frank loop 
with the Burgess vector b=a0/3[1 1 I]. 

Experimental evidence shows that in many metals energetic displacement cascades collapse into 
vacancy dislocation loops even at irradiation temperatures below stage 1.41 Seidman and co-workers 
observed highly supersaturated vacancy-rich regions in heavy ion irradiated W and Pt in the FlM37-42 
The large amount of vacancy clustering led them to suggest that vacancy clusters precipitate in the 
cascade core and subsequently grow by absorption of additional vacancies during the thermal spike. 
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Other workers have suggested an alternative mechanism for vacancy clustering based on 
thermotransport of vacancies towards, and SlAs away from the center of the cascade, aided by high 
thermal gradients in the core region.43.44 These mechanisms both require high vacancy mobility during 
the thermal spike 

Fig. 10. Primary state of damage resulting from (a) 5 keV, (b) 10 keV, (c) di-5 keV, and (d) 25 keV 
Filled circles (.) indicate self-interstitial atoms and open circles (0) vacancies. cascades in copper. 

The arrow in figure 10d indicates the position of an interstitial cluster of 17 sites. 
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The present as well as our previous MD 
studies suggest a different, although 
related mechanism, in which vacancies 
cluster near the center  of a 
displacement cascade as a result of the 
rapid resolidification of the molten 
co re  of the cascade .45  The 
r e s o l i d i f i c a t i o n  k i n e t i c s - b a s e d  
interpretation of cascade collapse is 
borne out of the lower atomic density 

4 found in the molten zone of the cascade 
than in the surrounding matrix. For 

~~ . materials with low meltina Doint. for 
28 

process should proceed slowly and 
therefore the cascade col lapse 
probability should be large under these 
conditions. 

Although detailed calculations based on 
these premises are now under way, the 
present results support these ideas. For 
25 and di-5 keV cascades large 
clustering of vacancies was observed. 
This is in contrast to monomer 5 and 10 
keV PKA events where the number of 
vacancy c lusters observed was 
substantially smaller. The fraction of 
defects (both vacancies and SIAs) found 
in clusters (larger than 3) in all these 
events is given in Fig. 12. For each 
energy, an average is taken over the two 
events simulated. As the energy density 

Fig.11. (a) Lattice sites of a vacancy dislocation in the cascade increases, there appears 
loop produced in a 25 keV cascade in Cu. (b) Location of to be a trend towards both, a larger 
atoms in section A - A  normal to the (111) plane of (a ). fraction of defects in clusters as well 
The loop has an a013 [ i l l ]  Burgers vector. as larger defect clusters. Fig. 13 shows 

the size of the largest vacancy and SIA 
clusters for all these events. The larger reduction in atomic density in the core of the cascade and 
longer lifetime of the dimer and 25 keV events are consistent with the mechanisms of cascade 
collapse described above. As we shall see below, the production of large SIA clusters and in some 
cases interstitial prismatic dislocation loops, results from a new, cooperative mechanism of defect 
production. 

Interstitial loop punching - A new mechanism of defect production 

The spatial distribution of SlAs that surrounds the cascade core is not well understood. It is commonly 
assumed that Frenkel pairs are produced as isolated point defects free to migrate above stage I 
annealing. Whether SlAs can be found in clusters following low temperature (below stage I) irradiation 
of metals has been a topic of controversy for many years. Previous MD studies as well as the cascades 
described here have shown that the large elastic interaction of SlAs may lead to clustering of RCS's 
ejected from the cascade core. Evidence for this process has been presented before12 and is also 
depicted in Fig.14 where the replacement "cloud" (i.e.. all the lattice sites in which an atomic 
replacement has taken place during the lifetime of the cascade) resulting from a 5 keV PKA event is 
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shown. Clearly visible are RCS trails leading to SlAs that are well separated from the edge of the 
disorder region. Also evident are small clusters of SlAs that result from the interaction of RCSS. 

Fig. 12 Fraction of vacancies and SlAs in clusters > 3 for the cascades depicted In figure 10 

IL3 Vacanw cluster 

Fig. 13. Size of the largest defect clusters in the cascades depicted in figure 10. 

Diffuse X-ray scattering experiments provide evidence for the formation of SIA clusters in cascades 
produced by low dose neutron irradiation of Cu at 77 K.46 At this temperature SlAs in Cu are mobile 
and their clustering could be a result of long range diffusion. Earlier experiments at liquid He 
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temperature in which SIA clusters were identified by diffuse X-ray scattering employed very high 

33, 
Later the transient thermal stresses produced by the 
outgoing shock-waveso relax as the cascade cools and 

direction towards the center of the cascade. Due to 5 
the SlAs in the cluster glide back along the [110] - 
the high speed of the resolidification front the SIA - 5 
cluster remains separated from the liquid-solid ii 
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interface and is not absorbed by the molten region. 
During the ejection and relaxation, all the SlAs remain 
confined within a few adjacent (111) planes and at 
longer times coalesce into a single (1 11) plane. 
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Fig. 14. Replacement "cloud" and RCS trails 
leading to SlAs outside the cascade core at the end 
of a 5 keV cascade. 
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neutron doses; therefore questions remained 
as to the effect of cascade overlap on the 
observed distr ibution of defects.47.48 
Transmission electron microscopy studies at 
low temperature provide evidence for SIA 
clustering in 14 MeV neutron irradiated Au 
and Cu but experimental uncertainties 
remain.49 

The largest SIA cluster found in figure 10d 
(indicated by an arrow in the figure) reveals 
the presence of 17 nearest neighbor SIAs. 
The individual SlAs are oriented along the 
[110] direction and at the end of the event are 
all observed to lie on a single (111) plane 
forming a prismatic dislocation I O O D .  Fia. 15a 
shows the lattice sites, defined as those that 
contain two atoms per Wigner-Seitz cell, 
containing these SIAs. Figure 15b, shows the 
actual positions of atoms in the (-110) plane 
normal to section A N  in figure 15a. The SIAs 
in the cluster form a prismatic dislocation 
loop with Burgers vector b=a012[110]. The 
lines in figure 15b indicate the original 
positions of the (11 1) planes. By looking at a 
grazing angle at figure 15b, the interstitial 
loop is clearly visible. Such an i-loop 
expected to glide easily under the influence 

energy displacement cascades in Cu is presented in . 5 0  . 4 0  - 3 0  - 2 0  . 1 0  
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RCS's are important for events of all 
energies, i.e.. from near threshold recoils 
(=20 eV) to PKA energies in the keV range. 
The length of RCSs is not well known but 
MD studies in Cu show their average length 
in 5 keV cascades to be =23 A.28 In W 
However, RCSs were found to have lengths 
of the order of 160 A.51 As the size of the 
cascade increases with primary recoil 
energy a larger fraction of RCS's produced 
during the collisional phase is absorbed in 
the molten core of the cascade. These 
point defects become delocalized in the 
melt and lose their identity. The Frenkel 
pair production eff iciency therefore 
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the pressure in the cascade zone produced by a given energy density,so and on the shear moduli which 
determine the pressure required to punch a dislocation Ioop.24 As the energy density (and thus the 
pressure in the highly compressed region of the cascade periphery) increases, the probability of 
punching a dislocation loop increases and a larger fraction of SlAs are produced in clusters relative to 
those produced as isolated SlAs via RCSs. 

The process of i-loop punching in nascent cascades has important consequences regarding the 
microstructural evolution of irradiated metals. The fraction of point defects free to migrate over long 
distances will be strongly dependent on this i-loop formation and the interpretation of such processes 
as radiation induced precipitation and void swelling will be affected by this new mechanism. Since SIA 
clusters are expected to be stable up to very high temperatures (above operating temperatures in 
fission or fusion reactor environments), i-loop production in nascent cascades may lead to large 
excess vacancy fluxes at elevated temperatures where vacancy dislocation loops are unstable but i- 
loops are not. Woo and Singh have recently shown that interstitial clustering in cascades can lead to an 
anomalously high rate of void swelling by adding a large bias term in the chemical rate theory 
equations that govern microstructural evoIution.53 

CONCLUSIONS 

We have presented recent results of energetic displacement cascade studies in Cu with realistic 
interatomic potentials. Our simulations employ a new MD code, termed MOLDYCASK developed under the 
auspices of the IEA, that makes efficient use of the vector architecture of Cray supercomputers. These 
studies are the first ever to simulate cascades at PKA energies in the subcascade threshold regime 
where direct comparison to fast neutron and heavy ion irradiation experiments is possible. Our results 
have shown, for the first time in a dynamical simulation, that cascades may collapse to vacancy 
dislocation loops. Moreover, based on the results of our 25 keV cascade studies, we have postulated a 
new, cooperative mechanism of defect production not related to RCSs but rather based on punching of 
interstitial prismatic dislocation loops from the core of the molten zone of the cascade. We have 
proposed that this new mechanism of defect production may have profound implications regarding the 
primary state of damage and the microstructural evolution of metals in high-radiation environments, 

We have also discussed the energy dependence of the atomic mixing parameter in cascades and have 
shown that the mixing efficiency in the cascade increases towards a constant, asymptotic value at 
energies beyond the subcascade formation threshold. Our results have confirmed the "liquid droplet" 
model of atomic mixing in cascades and have shown that for diatomic molecule irradiation where 
highly non-linear overlap effects, and therefore high homologous temperatures in the cascade core are 
expected, atomic mixing increases over that obtained in monomer recoil cascades. 

FUTURE WORK 

We are beginning studies of late transition metal alloys and intermetallic compounds. 
make use of three-body potentials in the study of semiconducting compounds. 

In the future we 
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A SIPA-BASED THEORY OF IRRADIATION CREEP IN THE LOW SWELLING RATE REGIME - i. H. Woo, Whi teshe l l  Nuclear  
Research Establ ishment, F. A .  Garner, P a c i f i c  Northwest LaboratorytaJ 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p rov ide  a fundamental understanding of t he  r e l a t i o n s h i p  between 
i r r a d i a t i o n  creep and swe l l ing .  

SUMMARY 

A model i s  presented which descr ibes t he  major f ace t s  o f  t he  r e l a t i o n s h i p s  between i r r a d i a t i o n  creep, v o i d  
s w e l l i n g  and app l i ed  s t r ess .  
vec to rs  w i t h  s t r ess  l e v e l  p lays  a major r o l e  i n  t h i s  model. 
swe l l  a t  lower r a t e s  than f c c  metals, i t  i s  p red i c ted  t h a t  t he  c reep- swe l l ing  coup l ing  c o e f f i c i e n t  i s  
a c t u a l l y  l a r g e r .  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

A recent  se r i es  of i r r a d i a t i o n  creep s tud ies  conducted on a u s t e n i t i c  and f e r r i t i c  s t e e l s  i n  t h e  EBR-I1 and 
FFTF f as t  r eac to r s  a t  -400°C have shown t h a t  a s imple r e l a t i o n s h i p  e x i s t s  between i r r a d i a t i o n  creep and vo id  
swel l ing. ' -4 
i s  t he  sum of two terms, one independent o f  s w e l l i n g  and one d i r e c t l y  p r o p o r t i o n a l  t o  t h e  instantaneous 
s w e l l i n g  r a t e .  The c reep-swe l l ing  coup l ing  c o e f f i c i e n t  i s  remarkably independent o f  t he  composi t ion and 
thermomechanical c o n d i t i o n  i n  t he  a u s t e n i t i c  s t ee l s ,  be ing  -0.6 x 10.' MPa- f o r  a l l  s t e e l s  s tudied.  The 
coup l ing  c o e f f i c i e n t  measured f o r  t he  HT9 f e r r i t i c  s t ee l  i s  somewhat l a r g e r  a t  -0.9 x 10.' MPa-I.' There 
appears t o  be an upper s t r ess  l i m i t ,  however, beyond which t he  creep r a t e  no longer  increases. '  

We show i n  t h i s  paper t h a t  such behavior  can be descr ibed by a theory  which pos tu l a tes  t h a t  s t ress- induced 
p r e f e r e n t i a l  absorp t ion  (SIPA) of i n t e r s t i t i a l  atoms i s  t h e  major creep mechanism. 
i nc reas ing l y  a n i s o t r o p i c  d i s l o c a t i o n  m ic ros t ruc tu re  w i t h  inc reas ing  s t r ess  and dpa l e v e l s .  
s t ress- induced b i a s  d i f f e r e n t i a l  among d i s l o c a t i o n s  which a re  o r i en ted  d i f f e r e n t l y  w i t h  respec t  t o  t h e  
ex te rna l  s t r ess  ( i . e . ,  i t ' s  p r i n c i p a l  axes). Th is  r e s u l t s  i n  a n i s o t r o p i c  d i s l o c a t i o n  c l imb  and l o o p  growth, 
the  v e l o c i t i e s  o f  which a re  a f unc t i on  of t h e i r  o r i e n t a t i o n .  
s t r u c t u r e  composed o f  unequal d e n s i t i e s  o f  d i s l o c a t i o n  and loops w i t h  t he  var ious  poss ib l e  Burger's vec to rs .  
Th is  s i t u a t i o n  has been observed exper imental ly .5-10 

Under t he  combined a c t i o n  of i r r a d i a t i o n  and an ex te rna l  d e v i a t o r i c  s t r ess  on a specimen, S I P A  produces a 
d e v i a t o r i c  s t r a i n  r a t e .  a) a d i r e c t  component where t h e  d e v i a t o r i c  
s t r a i n  o r i g i n a t e s  f rom t h e  d i f f e r e n c e  i n  climb r a t e s  o f  a l i gned  ( w i t h  respec t  t o  t h e  d e v i a t o r i c  s t r e s s  
vec to r )  and non-al igned d i s l oca t i ons ;  and b) an i n d i r e c t  component where t h e  d e v i a t o r i c  s t r a i n  o r i g i n a t e s  
from the  c l imb  o f  t he  an i so t rop i c  d i s l o c a t i o n  s t r u c t u r e  c rea ted  by SIPA.  The former e f f e c t ,  i .e . ,  i t em  a), 
has been analyzed by a number o f  authors based on a v a r i e t y  o f  e f f e c t s  of s t r e s s  on po in t - de fec t  jump p roc-  
esses''-'' and i s  descr ibed by t he  gener ic  name of S I P A  creep. 
d i c t e d  and analyzed by Woo" under t he  name o f  "SIPA-Induced Growth (SIG)." 

Rlthough most authors have devoted a t t e n t i o n  t o  S I P A  creep, t he  i n d i r e c t  s t r a i n  r a t e  due t o  S I G ,  a t  least i n  
t he  t r a n s i e n t  regime, has been shown t o  c o n t r i b u t e  very  s i g n i f i c a n t l y  t o  t he  t o t a l  d e v i a t o r i c  s t r a i n  r a t e  
caused by SIPA. 
Nevertheless, i t  i s  seldom inc luded i n  o the r  analyses as a s t r a i n  c o n t r i b u t i o n  associated with t he  SIPA 
mechanism. 

I r  t he  fo l low ing ,  we cons ider  t he  s teady- s ta te  case and d e r i v e  an expression f o r  t h e  t o t a l  s t r a i n  r a t e  due 
t o  the  SIPA mechanism. Th is  w i l l  be used t o  compare w i t h  t he  experimental observat ions.  I t  w i l l  be shown 
t h a t  t he  t o t a l  s t r a i n  r a t e  due t o  SIPA, i n c l u d i n g  SIG, matches c l o s e l y  t he  c h a r a c t e r i s t i c s  of i r r a d i a t i o n  
creep i n  s t a i n l e s s  s t e e l s  a t  low t o  moderate s t r ess  l e v e l s  and r e l a t i v e l y  low temperatures. bo th  quan t i t a -  
t i v e l y  and q u a l i t a t i v e l y .  

Steadv-State D i s l o c a t i o n  S t ruc tu re  

Le t  us adopt a s imple model. 
t u r e  cons i s t s  o f  t h ree  classes, one a l i gned  w i t h  t he  ex te rna l  s t r ess  ( c l ass  1) and two non-al igned 
(c lasses 2 and 3 ) .  

The inc reas ing  degree o f  an iso t ropy  i n  d i s t r i b u t i o n  o f  d i s l o c a t i o n  Burger's 
Although bcc metals  a re  known t o  creep and 

Regardless o f  t he  d u r a t i o n  o f  t he  t r a n s i e n t  regime of swe l l ing ,  t he  instantaneous creep r a t e  

T h i s  produces an 
SIPA produces a 

The end r e s u l t  i s  an a n i s o t r o p i c  d i s l o c a t i o n  

Th is  i s  made up o f  two components: 

The l a t t e r  e f f e c t ,  i .e . ,  i t em  b) ,  i s  p re-  

In f a c t ,  i t  i s  o f t e n  many t imes l a r g e r  t h a t  due t o  t h e  d i r e c t  c o n t r i b u t i o n  o f  S I P A  creep. 

A u n i a x i a l  t e n s i l e  s t r ess  i s  app l i ed  t o  a specimen whose d i s l o c a t i o n  s t r u c -  

Le t  us suppose t h a t  t he  d i s l o c a t i o n s  a n n i h i l a t e  by t h e  c l imb  o f  d ipoles."  We r e s t r i c t  

( a )  
I n s t i t u t e  under Cont rac t  DE-AC06-76RLO 1830. 

P a c i f i c  Northwest Laboratory i s  operated f o r  t he  U.S. Department o f  Energy by B a t t e l l e  Memorial 
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ourselves i n  t h i s  ana lys is  t o  a temperature range below the  peak swe l l i ng  regime, i n  which t h e  p roduc t ion  
b ias"? i s  unimportant .  The conservat ion equations o f  t he  l i n e  dens i t y  p ,  o f  the  n t h  c l a s s  i s  thus g i ven  by 

where the  d o t  over va r i ab les  means t he  t ime d e r i v a t i v e .  
c lass)  p roduc t ion  r a t e  by t he  growth of i n t e r s t i t i a l  loops and a. p z  
i n t e r a c t i n g  d i  o les,  a.,,being t he  r e a c t i o n  cross sec t ion .  
c l imb  veloc i tyP6."  and i s  g iven  by 

I n  Equation (1) ,in i s  t h e  d i s l o c a t i o n  l i n e  (n th  
i s  t he  l i n e  d e s t r u c t i o n  r a t e  by 

The l oop  ' l ine growth r a t e  can be de r i ved  from the  

2 2 i =~ pn ( aqK ~4 'L [cos en - lkfk cos ek] t s) 
n bPrn # 

where b = magnitude o f  t he  Burgers vec to r  

p, = t o t a l  d i s l o c a t i o n  dens i t y  

rn = l oop  r a d i u s  of the  n t h  c l ass  

a = p roduc t ion  e f f i c i e n c y ,  i .e . ,  f r a c t i o n  of t he  dpa r a t e  t h a t  corresponds t o  f ree  defects 

q = r a t i o  o f  t he  d i s l o c a t i o n  s i nk  s t r eng th  t o  t he  t o t a l  s i nk  s t r eng th  

~4 = p o i n t  defect  p rope r t y  associated w i th  t he  S I P R  effect16 

sn = angle between t he  l oop  p lane normal o f  t h e  n t h  c l ass  and t he  s t r ess  d i r e c t i o n  

fk = f r a c t i o n  o f  l i n e  dens i t y  due t o  t he  k t h  c l ass  

5 = t o t a l  r a t e  o f  accumulat ion o f  i n t e r s t i t i a l s  a t  t h e  i n t e r s t i t i a l  loops (= r a t e  of accumulat ion o f  

A t  steady s t a t e  in  = 0 and from Equations (1) and (2 ) .  we ob ta i n  t he  steady s t a t e  d i s l o c a t i o n  d e n s i t y  o f  t h e  
n t h  c l ass :  

vacancies a t  t he  vo ids  i n  t he  p resent  case). 

(aqbg' [cos 2 en - 1 fkcos 2 ek] t S) 
P k pn = D n  

so t h a t  

S u b s t i t u t i n g  s1 = 0 and e2 = e3 = a / 2 ,  we o b t a i n  from Equation ( 4 )  

f2 = f3 = (-flaqKA& t 5) 
!J r2 

(3)  

( 5 )  

f l + f  2 + f 3 = 1  

It has been shown, exper imenta l l y ,  t h a t  s t r ess  ma in ly  a f fec ts  t he  s teady-s ta te  loop number dens i ty ,  and n o t  
so  much the  l oop  
(5) can be s i m p l i f i e d  t o  a quadra t i c  equat ion i n  f,: 

Therefore, we make t he  s i m p l i f y i n g  assumption here t h a t  r, = rz. Then Equation 

(6) 2 3,fl  - ( 3 i  t & ) f l  t s t I = 0 
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where we have de f i ned  

The s o l u t i o n  o f  Equation (6 )  y i e l d s  

f 1 = c + - [ l - ( l - - )  1 s 8,2 1/2 ] 
9S2 27 

The o the r  s o l u t i o n  i s  d iscarded as i t  causes f t o  decrease as 7 ,  i .e.,  as 0 increases, which i s  deemed t o  be 
p h y s i c a l l y  u n r e a l i s t i c .  

S t r a i n  Rate Due t o  SIG 

From Equation (8). f, reaches a maximum when 

and 

The value o f  p;"" i s  l e s s  than 1 because t he  c l imb  v e l o c i t y  d i f f e r e n c e  between t h e  a l i gned  and non-al igned 
d i s l o c a t i o n s  reduces as f, decreases and vanishes a s ' f '  approaches zero. 

Equation (9) represents a cond i t i on  i n  which a value of t he  s t r ess  e x i s t s  where a maximum an iso t ropy  o f  t h e  
d i s l o c a t i o n  s t r u c t u r e  and hence maximum value o f  S I P A  i s  reached. 
no t  increase t he  s t r a i n  r a t e  caused by S I P A ,  i . e . ,  t he  SIG s t r a i n  r a t e  sa tu ra tes .  Thus t h i s  s a t u r a t i o n  
s t r ess  omax i s  g iven  by 

Increase o f  s t r ess  beyond t h i s  va lue  w i l l  

0 max 3 a q K @ T  = - 
2 J2 

Assuming a simple model of swe l l i ng  d r i v e n  by d i s l o c a t i o n  b ias ,  p. i t can be e a s i l y  shown t h a t  

s = pq ( 1  - q)aK (12) 

where 1 - q i s  t he  f r a c t i o n  o f  s i nk  s t r eng th  due t o  voids. 

Equations (11) and (12)  combine t o  g i v e  

For S I P A  due t o  e las to -d i f fus ion , '6  ~4 i s  g iven  by 

A 4  = 16 [P.( l-P:) 1 ,  - p v ( l - P v ) l  (14)  

where 0 i s  t he  r e c i p r o c a l  of t he  product  of t he  Boltzmann constant  and t he  abso lu te  temperature. 
v f o r  i n t e r s t i t i a l s  and vacancies, r e s p e c t i v e l y )  i s  r e l a t e d  t o  t he  po in t - de fec t  sadd le-po in t  r e l a x a t i o n  
volume and p, i s  r e l a t e d  t o  t he  an iso t ropy  of t he  corresponding p o i n t - d e f e c t  con f igura t ions .  
P1 and p, can be obta ined from Schober" f o r  Cu and a-Fe. 

P (j = i, 

The values o f  
Using t he  f o l l ow ing  values f o r  p ,  q and p 

p = 0.3'' 
q = 0.9 
fl = 7 x l o 4  MPa 

we ob ta i n  values o f  nma, from Equation (13) 



52 

170 MPa(') f o r  t u  
Omax - -1 57 MPa(a) f o r  a-Fe 

Using Equations ( 8 )  and (12) we can a l so  c a l c u l a t e  t he  S1G s t r a i n  r a t e .  In t h i s  regard t h e  d e v i a t o r i c  
s t r a i n  r a t e  associated w i t h  t he  c l imb  o f  an an i so t rop i c  d i s l o c a t i o n  s t r u c t u r e  i s  g iven  by 

1 .  'SIG = ( Ik fkcosek  3) 

In  the  present  model, a f t e r  s u b s t i t u t i n g  e l ,  e2 and e3, we have 

(15) 

(17) 1 .  L S I G  = ( f l  - r )  s 

We can l i n e a r i z e  Equation (8) by f i t t i n g  a s t r a i g h t  l i n e  t o  Equation (8) a t  I = 0 and 7 - rmX. 
obta in  from Equation (10) 

We then 

f _ L + & L  (18) 
Omax 1 - 3  

max' which g i ves  t he  exact  values c f  f, = 1/3 a t  o = 0 and f, = ( 1  t J 2 ) / 3  a t  o = o 

Using Equation ( l e ) ,  we can de r i ve  from Equation (17). 

- L L S  
'SIG 3 omax 

Th is  can be pu t  i n  t he  form 

w i t h  

The value o f  0 can be obta ined from Equation (15) 

0 .3  x MPa-l f o r  fcc Cu 

0.9 x 10" MPa-l f o r  bcc Fe 
D = [  

If we assume t h a t  t he  p o i n t - d e f e c t  p rope r t i es  of s t a i n l e s s  s tee l  may be approximated by f c c  Fe, then ~4 f o r  
s t a i n l e s s  s tee l  may be expected t o  be l e s s  than t h a t  f o r  bcc Fe because o f  t he  s t ronger  an iso t ropy  o f  t h e  
bcc l a t t i c e .  From t h i s  p o i n t  o f  view, t he  value of D f o r  s t a i n l e s s  s tee l s ,  namely, -0.6 x 10.' MPa-' can be 
obta ined from a reasonable value o f  A$ = 30. I t  should be noted here t ha t ,  if the  o r i g i n  o f  t he  SIPA mech- 
anism i s  based on t he  p o i n t - d e f e c t  d i a e l a s t i c  p o l a r i z a b i l i t y ,  [ i .e . ,  t he  second-order homogeneity i n t e r a c -  

] t he  value o f  D obta ined would be one t o  two orders o f  magnitude t oo  smal l .  t i o n l l - 1 3  

S t r a i n  Rate Due t o  S I P A  Creer, 

The creep r a t e  due t o  SIPA caused by e l a s t o - d i f f u s i o n  has been derived16 and i s  g iven  by 

= TaKAm? 1 [E  fncos 4 en - (1 fncos 2 2  en) ] 
n 

In  t he  present  model, s u b s t i t u t i n g  values o f  e , ,  e2 and e3, we ob ta i n  

(a)  
227/(1-S) MPa f o r  Cu and 76/(1-S) MPa f o r  a-Fe. 

Under the  b i a x i a l  s t r ess  cond i t i ons  o f  a p ressur ized  tube, t h i s  i s  equ iva len t  t o  a hoop s t r ess  o f  
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where 

(24) 
1 
II 

Bo = fl(l-fl) a K A p  

Using Equation (21), we can write 

Substituting Equation (11) into Equation (25), we obtain 

(26) 
9 BO/O = fl(l-fl) s/q 

0.6 i > B,/D > 0.2 ? 

We have shown in the last section that (1 t fi)/3>f1>1/3, so that equation (26) can be written as 

(27 )  

Assuming a value of s-10-3 dpa-' (typical of 400% irradiation in austenitic steels), we have 

0.6 x dpa-' > Bo/D > 0.2 x loe3 dpa" (28) 

Unlike the value of 0, the ratio B./D is not sensitive to the ooint defect orooerties and i s  exoected to 
hold for a large range of metals aiid alloys. The value o f  thi's ratio, as estibated in Equation (28). also 
agrees very well with experimental measurements.' 

Summarv 

The results o f  the foregoing calculation can now be summarized. 

following form 
1. The total deviatoric strain rate caused by SIPA can be written as observed e~perimentally,'.~ in the 

;/o = Eo t Os,  (29) 

where Bo arises from SIPR creep and 0s is due to SIG. 

The value of D can be calculated according to the foregoing theory, if certain point-defect dipole- 2.  
tensors are known. For Cu and m-Fe, where such information is available from computer simulation, we have 

0.3 x 10" MPa-l for fcc-Cu 

0.9 x IO-' MPa-l for bcc-Fe 

The experimentally observed value of 0 for austenitic stainless steel of 0.6 x 
obtained based on a reasonable assumption of the point-defect dipole-tensor in austenitic steels. 

MPa-' can be 

3. 
range 

The ratio Bo/O in Equation (29) can be calculated from the foregoing theory. It is found to be i n  the 

0.6 x dpa-l > Bo/D > 0.2 x dpa-' ( 3 1 )  

for a swelling rate of dpa-'. This ratio, unlike D, is independent of the point-defect roperties 
required for the calculation of 0 and is in good agreement with existing experimental 
lies 

4. 

where BJD 
in the range 0.36 x dpa- 1 to 0.67 x dpa-'. 

Equation (29) is valid only below a maximum stress omax. Any further increase of the stress beyond 
this point will not cause an increase in the SIPA-induced strain rate. 
saturated. 
at higher stress. 
lation is estimated to be about 160 MPa for the hoop stress of a pressurized tube. 
been observed in 304 stainless steel.(2J 

The SIPA creep is then said to be 
We emphasize however, that this does not preclude the contribution from other creep mechanisms 

The value of the stress for maximum stain rate is related to 0; and in the present calcu- 
Such an upper limit has 
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5. The saturated strain rate is related to the swelling rate by 

(33) 

so that for a pressurized tube at saturation 

(Ab//D)maX = 2.7 (Ab"J)unstressed = ( 34 )  

As shown in Table 1 this relationship has been observed in the diametrical strain rates of pressurized tubes 
in a number of experiments. 

TABLE1. Comparison of Experimental Results with Prediction that (ab/O)& = 1.0 

p & L  Condition ~eactor Stress Level Reference 
304L Annealed EBR- I I 0,188 MPa 1.08 2 
316 20% Cold worked EBR-I1 0,343 MPa 1.10 4 
316 20% Cold worked EBR-I1 0,206 MPa 0.94Lb'  4 

D9(') 20% Cold worked FFTF 0,200 MPa 0.76(') 1 
PCAI') 20% Cold worked FFTF 0,200 MPa 1.11 1.3 

( a )  
(b) 
( c )  
measurement at the previous discharge. 

D9 and PCA ar Ti-modified 316 type steels. 
After temperature ch:nges from 550 to 400%. 
This value represents an underestimate due to fdilure nf the stressed tube following its 

6 .  A characteristic of SIPA is the sensitivity of the dislocation structure to the stress state. Garner 
and Gelles" review a number o f  experiments which demonstrate this sensitivity. 

when the applied stress is removed. 
dislocation structure is replaced by a new isotopic one. 
Garner and Gelles." 
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Swel l ing  and M ic ros t ruc tu re  of High P u r i t y  N icke l  I r r a d i a t e d  w i t h  Fast Neutrons i n  EBR-II- 
J. F .  Stubbins, U n i v e r s i t y  o f  I l l i n o i s  and F. A. Garner, Pac i f i c  Northwest Laboratory" ' 

OBJECTIVE 

The o b j e c t i v e  of t h i s  e f f o r t  i s  t o  p rov ide  an understanding o f  t he  rad ia t ion- induced evo lu t i on  of 
m i c ros t ruc tu re  i n  pure n i c k e l ,  a metal o f t e n  used i n  f i s s i o n - f u s i o n  c o r r e l a t i o n s .  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

In an e a r l i e r  r epo r t , ( ' )  a rev iew was presented o f  t h e  paramet r i c  s e n s i t i v i t y  o f  v o i d  s w e l l i n g  i n  n i c k e l ,  a 
metal o f t e n  se lec ted  i n  f i s s i o n - f u s i o n  c o r r e l a t i o n  s tud ies  as a model ma te r i a l  f o r  s tudy ing  neut ron  spec t ra l  
ef fects.  It was shown t h a t  n i c k e l ' s  response t o  r a d i a t i o n  i s  o f t e n  dominated by i t s  tendency t o  sa tu ra te  i n  
swe l l i na .  A t  moderate dDa l e v e l s .  t h i s  tendencv o f t e n  overshadows t he  i n f l uence  of o the r  v a r i a b l e s  and 
c a l l s  i n t o  ques t ion  t he  v a l i d i t y  of u n c r i t i c a l l y  us ing  n i c k e l  f o r  comparative i r r a d i a t i o n s  conducted i n  
w ide l y  d i spa ra te  i r r a d i a t i o n  environments. 

F igure  1 shows t he  s w e l l i n g  response o f  pure n i c k e l  t o  thermomechanical s t a r t i n g  c o n d i t i o n  and i r r a d i a t i o n  
temperature as observed i n  a recent  experiment. 
der ived  from an experiment conducted i n  EBR-I1 t o  a nominal l e v e l  o f  14 dpa.(" Reevaluat ion o f  t h e  expo- 
sure l e v e l s  has shown t h a t  seven o f  t he  n i n e  specimens were i r r a d i a t e d  a t  14 dpa, b u t  two (annealed and 
cold-worked cond i t i ons  a t  600°C) were i r r a d i a t e d  a t  a somewhat lower e l e v a t i o n  i n  EBR-11. 
specimens reached on l y  12 dpa. 

Note t h a t  t he  cold-worked and the  cold-worked and aged cond i t i ons  y i e l d  s w e l l i n g  values t h a t  a re  r e l a t i v e l y  
i n s e n s i t i v e  t o  i r r a d i a t i o n  temperature, d e c l i n i n g  very  s l ow l y  a t  h igher  temperatures. The annealed cond i -  
t i o n ,  however, y i e l d s  s w e l l i n g  t h a t  i s  e s s e n t i a l l y  t h e  same as t h a t  o f  t h e  o the r  two cond i t i ons  a t  425% but 
i s  s t r o n g l y  s e n s i t i v e  t o  i r r a d i a t i o n  temperature above 425°C. Given t h e  consistency of t h e  da ta  a t  12 and 
14 dpa f o r  t h e  c o l d  worked and t he  c o l d  worked and aged cond i t ions ,  i t  appears t h a t  s a t u r a t i o n  of s w e l l i n g  
f o r  these cond i t i ons  must occur  w e l l  below 12 dpa and i s  on l y  s l i g h t l y  s e n s i t i v e  t o  i r r a d i a t i o n  temperature. 
It i s  n o t  c e r t a i n  whether t he  annealed c o n d i t i o n  has reached a s a t u r a t i o n  s t a t e  a t  e i t h e r  500 o r  6002. A 
second discharge of t h i s  experiment a t  h i ghe r  f luence i s  now be ing  examined and should answer t h i s  quest ion.  
Sa tu ra t i on  d e f i n i t e l y  appears t o  have been reached a t  425"C, however. 

Since most f i s s i o n - f u s i o n  c o r r e l a t i o n  experiments a re  based on m i c r o s t r u c t u r a l  comparisons i n v o l v i n g  voids, 
d i s l o c a t i o n s  and loops, i t  was decided t o  examine t h e  m ic ros t ruc tu res  o f  these specimens i n  order  t o  p rov ide  
an understanding of t he  s a t u r a t i o n  process. 

Exoerimental 

Hiqh p u r i t y  (99.999%) n i c k e l  i n  t h ree  thermomechanical t rea tment  cond i t i ons  was i r r a d i a t e d  i n  EBR-I1 i n  t h e  
AA-14 f u s i o n  m a t e r i a l s  experiment a t  i r r a d i a t i o n  temperatures o f  425, 500, and 600°C t o  doses o f  12-14 dpa. 
The tnermomechanical t reatment  cond i t i ons  were s o l u t i o n  annealed, c o l d  worked, and c o l d  worked and aged. 
The s p e c i f i c  t reatment  cond i t i ons  a re  g i ven  i n  Table 1.  

Swe l l i ng  values f o r  t he  12-14 dpa d ischarge  were determined us ing  immersion d e n s i t y  measurements accura te  t o  
+0.16% swe l l i ng .  The m ic ros t ruc tu res  o f  bo th  t h e  i n i t i a l  and i r r a d i a t e d  m a t e r i a l  cond i t i ons  were determined 
us ing  a JEOL JEM 1200EX t ransmiss ion  e l e c t r o n  microscope operated a t  120 kV. 
es tab l i shed  by means o f  s t e reo  p a i r s .  
been analyzed and are presented here. 
Dens i ty  measurements f o r  t he  second d ischarge  w i l l  be completed s h o r t l y .  

These da ta  were presented i n  an e a r l i e r  r e p o r t  and were 

These two 

Specimen th icknesses were 
The da ta  f o r  specimens i r r a d i a t e d  t o  12-14 dpa a t  425 and 600% have 
Ana lys is  o f  t h e  500°C da ta  a t  12-14 dpa i s  s t i l l  i n  progress.  

l a )  
: n s t i t u t e  under Cont rac t  DE-AC06-76RLO 1830. 

P a c i f i c  Northwest Laboratory i s  operated f o r  t he  U.S. Department of Energy by B a t t e l l e  Memorial 
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Figure 1. Swelling of pure nickel observed after 12-14 dpa in EBR-I1 as a function of irradiation 
temperature and starting condition. All data taken at 14 dpa with the exception of two data at 12 dpa, each 
marked with an asterisk. 

Table 1 
Thermalmechanical Treatment Conditions for Nickel 

Alloy Code Condition Treatment Historv 

BN Solution Annealed 9 7 5 Z  for 10 min/water quench 

BP Cold Worked (CU) 30% cold rolled 

BR Cold Worked and 30% cold rolled/650'C for 10 h/ 

(SA) 

Aged (CWA) water quench 

& g . L s  

Micrographs showing the initial dislocation microstructures for the three thermomechanical treatment condi- 
tions are presented in Figure 2, and the dislocation densities are tabulated in Table 2. The presence of a 
non-trivial dislocation structure in the solution annealed state was surprising and is probably a conse- 
quence of the use of rapid quenching after annealing. A number of dislocation loops are evident in the 
structure, an observation that is consistent with microstructures typically developed by rapid quenching. 
In general, there were no dislocation cells or highly pinned networks of dislocations in the annealed speci- 
men in contrast with that of the other two specimen conditions. The aged condition contained small dis- 
location cells with internal dislocation-free areas, whereas the cold worked condition contained moderately 
high densities of dislocations inside the cells. 

After irradiation, the dislocation densities have fallen in all specimens, especially in the solution 
annealed condition at 600°C. At each temperature the dislocation densities in the cold worked and the cold 
worked and aged conditions have converged at each irradiation temperature. 
decrease slightly with temperature. 

These convergence values 
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Figure 2.  Micrographs of starting dislocation structures of (a) annealed and quenched, (b) cold worked, and 
( c )  cold worked and aged pure nickel. 

A comparison of the irradiation-produced microstructures at 425% is shown in Figure 3, and at 600% in 
Figure 4 (note the difference in magnification in these two sets of micrographs). The low void density in 
the solution annealed material at 600% is clearly evident, as are the smaller average void sizes in the 
solution-annealed material at both temperatures. 

Microstruc-tural parameters for both the unirradiated and irradiated material conditions are presented  in.^ 
Table 2. A detailed analysis of the distribution in the void population following irradiation is shown in 
Figure 5 where the void number densities are plotted as a function of size. The void population in the cold 
worked and in the cold worked and aged materials involves a large range of sizes at both temperatures that 
was not observed in the annealed material. 

Table 2 
Microstructural Parameters 

Condition 

Solution Annealed 
Unirradiated 
425% to 14 dpa 
600°C to 12 dpa 

Cold Worked 
Uni rradi ated 
425°C to 14 dpa 
600% to 12 dpa 

Uni rradi ated 
425% to 14 dpa 
600-C to 14 dpa 

Immersion TEM 
Density Measured 

Swelling Swelling 
AL 

_ _  _ _  
5.8 4.1 
2.0 1.8 

- -  _ _  
6.1 1.6 
5.1 7.0 

_ _  _ _  
6.3 5.2 
5.3 7.6 

Void Density Mean Void Dislocation 
1019 Diameter Density 
f i 3  1 (nml m+) 

25.4 62 
1.3 124 

3 .0  
t0.2 

>20 
7.6 111 1.8 
0.48 268 -1 

- _  _ _  

14 
20.0 72 2 
_ _  _ _  
0.78 241 -0.8 
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The void data presented in Table 2 and Figure 5 also show that the cold worked and aged material at both 
temperatures develops a void structure that is intermediate to that of the other two conditions. Cold 
working leads to the lowest void number densities at both irradiation temperatures, but the largest void 
sizes. 
irradiation temperatures. The intermediate void sizes and number densities of the cold worked and aged 
material, however, are associated with the highest swelling levels. It is considered particularly sig- 
nificant that at 4 2 W ,  the postirradiation microstructure and the swelling of the annealed and the aged 

The solution annealed material has the highest void densities and the smallest void sizes at both 

Figure 3. Irradiation-produced microstructures at 425% for (a) annealed, (b) cold worked, and (c) cold 
worked and aged pure nickel. 

Figure 4. 
worked and aged pure nickel. Note the difference in magnification compared to that of Figure 3. 

Irradiation-produced microstructures at 600% for ( a )  annealed, (b) cold worked, and (c) cold 
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Figure 5. Influence of temperature and starting condition on void distributions in irradiated nickel. 

Figure 6. Heterogeneity observed in the void population in the (a) cold worked condition after irradiation 
at 600% and (b) the cold worked and aged condition after irradiation at 500°C. 
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specimens are rather comparable, but at 600% this is not true. 
ence of Frank loop density on irradiation temperature. 
known to be the most dense and therfore probably the most persistent, resisting the tendency toward collapse 
in density that accompanies unfaulting and interaction of loops. 

While the void population in the annealed condition was very homogeneous, those of the cold worked and the 
cold worked and aged conditions were quite heterogeneous and contained a wide variability in size and number 
distribution in a given volume. This is emphasized in Figure 6 where two material conditions are shown, 
each with large local variations in void size and density in a relatively small region. This also leads to 
a larger uncertainty in void size and density determinations for those conditions. The heterogeneity prob- 
ably arises from the heterogeneity of the starting dislocation and cell network, as illustrated in Figure 2 .  

The interaction of voids with the dislocation population is also evident in Figure 6 .  It was common at all 
irradiation conditions to find dislocations connecting voids. with almost no independent dislocations that 
were not associated with voids. 

It appears that those material conditions that had either preexisting or easily developed and persistent 
loop microstructures all evolved to essentially the same saturation microstructure at a given temperature. 
For those cases where dislocation networks were harder to form, especially at highar temperatures, 
saturation microstructures either failed to develop or were still in the process of developing at 12-14 dpa. 
Examination of the second discharge o f  this experiment at higher fluence is underway and may illuminate 
which of these two possibilities was occuring. 
data we can identify the major reasons for the behavior observed in this experiment. 

First, nickel has a relatively high stacking fault energy. 
not stabilized against glide by separation into partials and stacking faults. 
working, nickel does not develop dislocation densities that approach those of stainless steel 
(2 3 x 1015 m-')(') since the higher level of glide leads to greater levels o f  dislocation annihilation. 
When the mobility of dislocations is enhanced by radiation-induced point defects, the density falls faster 
and even further. The dislocations formed either by quenching or by Frank loop unfaulting in annealed 
material glide and annihilate at rates at 600°C that do not allow the attainment of a high saturation 
density. 
rate is determined by the competition of various loss and production mechanisms of dislocation line 
length.(') The loss rate associated with glide and annihilation events is probably affected by the high 
stacking fault energy much more than is the production rate. 

Second, it appears that voids, once formed, thereafter become the most effective agents in maintaining the 
dislocation density, trapping the ends o f  dislocations at void surfaces. 
in starting conditions where voids can nucleate prior to the complete collapse of the dislocation network 
can a saturation density be reached and maintained. 
ture dependent, decreasing somewhat as the void density decreases with irradiation temperature. 
other hand, the voids probably also serve as internal surfaces that attract, annihilate and thereby reduce 
any '"excess" length of individual dislocations between voids. 
contributes to the collapse in dislocation density. 

Discussion 

I f  t h e  saturation level o f  swelling i s  related to the time averaged dislocation density in the early phase 
of the irradiation, then it would be expected that the most swelling would occur in conditions where heavily 
pinned networks existed prior to irradiation or at lower irradiation temperatures where loop nucleation 
would proceed at higher and more stable levels. It is quite possible that the steepness of a swelling curve 
for a annealed and slow cooled condition with irradiation temperature might be somewhat different from that 
shown in Figure 1 for the annealed and quenched condition. 
provides small open areas within the dislocation cells that may enhance void nucleation a small amount in 
the early stage of the irradiation and thus lead to slightly more swelling than attained in cold-worked 
material. 

It is obvious, however, that the postirradiation dislocation densities observed here for all conditions and 
temperatures are at least one order of magnitude lower than that observed in typical stainless steels at 
this temperature (3-8 x IOl4 m - 2 ) . ( 2 1  This radiation induced collapse in dislocation density probably 
accounts for the saturation in swelling. It has been shown that if the void sink strength is much larger 
than the dislocation sink strength, then the swelling rate will strongly decrease.(3) Stainless steels do 
not exhibit such a collapse in density and have not exhibited saturation behavior at any relevant swelling 
level ((-80%). It has also been suggested that swelling saturation may in part result as a conse uence of  
dislocation segments that are relatively short and that terminate on both ends on void 
microstructural observations of this study are consistent with both of these proposals. 

If it is assumed that voids with larger diameters have been growing longer and that voids nucleate easiest 
at higher dislocation densities, then the void and dislocation data derived in these studies are consistent 

This probably reflects the strong depend- 
At the lower temperature the loop microstructure is 

It does appear, however, that by using the microstructural 

One consequence of this is that dislocations are 
Therefore, during cold 

It has been shown that the saturation density at a given irradiation temperature and displacement 

It is probably the case that only 

Even then the density of dislocations will be tempera- 

Thus the onset of swelling probably 

On the 

Aging of heavily pinned cold worked structures 

The 
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with these assumptions at both irradiation temperatures. This suggests that voids nucleate relatively early 
in the irradiation but only grow while the dislocation density is relatively high. 
probably falls with irradiation at a rate dependent on both the initial dislocation density and the irradia- 
tion temperature, and when it reaches the low saturation value dictated by the current void density, the 
growth of  voids stops. 

Conclusions 

Void nucleation in pure nickel during irradiation probably proceeds while the dislocation density is rela- 
tively high. This condition can be reached most easily in either of two sets of conditions. 
annealed nickel, it may occur at relatively low irradiation temperatures where loop nucleation rates and 
therefore loop stability are the highest and most persistent. 
dislocation density is relatively high and strongly pinned in dislocation cell walls produced during cold 
working. Aging leads to reduction of the dislocation density within the cells but retains the cell walls 
themselves. This leads to a slightly higher level of swelling. 

The population of dislocations will eventually collapse regardless of the starting state since the high 
stacking fault energy o f  nickel precludes the formation of partial dislocations with their stronger level of 
pinning. The collapse in turn leads to 
an imbalance of sink strengths and a strong reduction of the void growth rate. 
structures, the dependence of the saturation levels of both dislocations and void swelling are only slightly 
sensitive to temperature. In unpinned structures, however, the temperature dependence is very strong, 
probably reflecting the temperature dependence of loop size and density and the resultant influence on 
dislocation evolution. 

Future Work 

The dislocation density 

First, in 

Second, it also occurs when the starting 

This causes easy glide and annihilation of dislocation line length. 
In highly pinned starting 

Analysis of the 500% microstructural data will proceed. Measurement o f  the density changes produced by 
irradiation at the higher displacement level will also be completed. 
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POSTIRRADIATION STRENGTH AND DEFORMATION OF FERRITIC Fe-Cr BINARY ALLOYS - M. L. Hamilton and 0. S.  Gelles 
(Pacific Northwest Laboratory) 

PURPOSE 

The purpose of this effort is to investigate the irradiation-induced changes in strength and deformation 
mode in fundamental binary Fe-Cr alloys to gain insight into the behavior of more complex ferritic/ 
martensitic alloys. 

SUMMARY 

Six binary Fe-Cr alloys with chromium levels ranging from 3 to 18"h were tensile tested at room temperature 
following irradiation at 365, 403 and 574-C to doses of 7.4, 37.7 and 34.3 dpa, respectively. Irradiation 
at 365 and 403'C produced significant strengthening at all chromium levels, with concurrent reductions in 
ductility. Strength levels were insensitive to composition, irradiation temperature or neutron exposure. 
Irradiation at 574°C produced strength increases at only the two highest chromium levels. The results are 
attributed to dislocation loop and void development at 365 and 403'C, and phase instability at 5740C. No 
evidence for channel fracture was found. 

PROGRESS AND STATUS 

Introduction 

Ferritic/martensitic steels continue to be considered for application as structural materials in irradiation 
environments. Commercially processed alloys are being evaluated as well as complex experimental alloys 
under the auspices of the Fusion Materials Program under the Office of Fusion Energy in the U.S.  Department 
of Energy. 
pated in a fusion device, significant effort is devoted to understanding the fundamental irradiation 
response of ferritic materials to facilitate extrapolation to a fusion environment from the available fis- 
sion environment. 
allow comparison with the behavior of more complex alloys. This study is part of that effort and presents 
the first post-irradiation tensile data reported for simple Fe-Cr binary alloys. 

It has been demonstrated that void swelling plays a significant role in controlling the mode of deformation 
in highly irradiated austenitic alloys.'.' Elongated voids in such alloys are associated with channel frac- 
ture, where deformation is confined almost exclusively to narrow deformation  channel^.^ An earlier study 
revealed the presence of similar elongated voids in deformation slip bands of an irradiated TEM disk of a 
binary Fe-6Cr alloy, suggesting that a similar phenomenon may operate in ferritic alloys. Since typical 
ferritic alloys are inherently resistant to swelling, however, investigation of the effect of swelling on 
deformation in ferritic alloys is difficult. 
Cr binary however, and an experiment was therefore initiated using these alloys to investigate 
the possibility that channel fracture can occur in body centered cubic systems. 

R s  part of an effort to provide baseline data on fundamental ferritic alloys and to understand the potential 
contribution of channel fracture to deformation in ferritic alloys, binary Fe-Cr alloys ranging from 3 to 
18% chromium were irradiated in the form of miniature tensile specimens in the Fast Flux Test Facility 
(FFTF). 
irradiation, and the fracture surfaces were examined for evidence of channel fracture. 

ExDerimental Procedure 

Six Fe-Cr alloys were fabricated with chromium levels ranging from 3 to 18% in increments of 3%.3 
dred pound heats of the alloys were extruded to bars 1 cm in diameter and cold rolled to 0.508 mm 
(0.020 in.) thick sheet (0.635 mm [0.025 in.] for the 12Cr alloy). Chemical overcheck analyses revealed 
that the Fe-3Cr alloy was contaminated with small amounts of Ni, P, Mn, C, N and 0.5 Miniature tensile 
specimens were punched from the sheet and heat treated after being deburred and engraved with identification 
codes. 
dimensions of the specimens were 5 . 1  mm long x 1.0 mm wide (0.2 in. long x 0.040 in. wide). 

Three identical sets of specimens were irradiated in the FFTF at 365, 403 and 574'C; the first set of speci- 
mens was discharged to respective exposures of 7.4, 37.7, and 34.3 dpa. The major difference between irra- 
diation at 365 and 403*C was in flux and therefore in neutron exposure rather than in temperature. Tensile 
tests were conducted at room temperature using a tensile testing machine designed specifically for miniature 
specimens.' All tests were conducted at a constant crosshead speed with an initial strain rate of 1 x 
sec-l. The data were analyzed manually to 
determine the 0.2% offset yield strength, the ultimate strength, and the uniform and total elongations. 

Since it is not possible to duplicate for testing purposes the irradiation conditions antici- 

Experiments on simple alloys are therefore included in the Fusion Materials Program to 

Reasonable levels of void swelling can develop in simple Fe- 

Tensile tests were performed at room temperature on the first set of specimens discharged following 

One hun- 

The heat treatment comprised one hour at 1040°C followed by two hours at 760"C.6 The nominal gauge 

Two to five tests were conducted for each irradiation condition. 
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Tensile tests. Figures 1 
and 2 show the tensile data for the four irradiation conditions as a function of chromium level. 
tion at 574-C had very little effect on the tensile behavior of these alloys except for the two highest 
chromium levels, where significant strengthening was observed, with a concurrent reduction in ductility. 
There was virtually no difference between irradiation at 365mC to 7 dpa and irradiation at 403°C to 38 dpa. 
Irradiation at these temperatures produced significant strengthening at all chromium levels with a concur- 
rent reduction in ductility. At these temperatures, the observed increase in strength ranged from a factor 
of 2 to a factor of 6 .  

Previous tests performed on unirradiated specimens in the same alloy series' produced yield and ultimate 
strengths about 15 MPa higher on the average than the current tests, implying a slight variability in the 
results from one testing iteration to another. Such variability could be due to maintenance procedures, 
etc. The previous data were therefore not included in considerations of the current data, which were all 
generated during the same testing sequence. 

Fractography. 
down to a knife edge. The irradiated specimens with 12% chromium or less all failed in a ductile manner 
regardless of the irradiation temperature, exhibiting either a knife edge or cup and cone type of fracture 
surface. The 18Cr alloy failed by cleavage at all irradiation temperatures except in one specimen irra- 
diated at 5 7 4 O C ,  where a large amount of cracking was observed during the test. 
ductile manner after irradiation at 574°C but exhibited some specimen-to-specimen variability at the two 
lower irradiation temperatures, failing sometimes in a ductile manner and sometimes by cleavage. 
age values of ductility do not reflect the variability observed at these two chromium levels; it is seen 
more clearly by examining the individual data points shown in Figures 3 and 4. 

Discussion 

This effort was intended in part t o  determine whether ferritic alloys could exhibit channel fracture due to 
the presence of void swelling. 

The average tensile data are given in Table 1 for each irradiation condition. 
Irradia- 

The unirradiated specimens exhibited large reductions in area at failure, frequently necking 

The 15Cr alloy failed in a 

The aver- 

The data obtained earlier on similar TEM disks demonstrated that 0 - 2% void 

Table 1. Tensile Data on Binary Fe-Cr Ferritic Alloys 

Cr 
Level 
& 

3 
3 
3 
3 

6 
6 
6 
6 

9 
9 
9 
9 

12 
12 
12 
12 

15 
15 
15 
15 

18 
18 
18 
18 

Irradiation 
Temperature 

Dose I'CIlIdoa~ 
.. 

365/ 7.4 
403/37.3 
5 7 4 / 3 4 . 3  

~~ 

365/ 7 .4  
403/37.3  
5 7 4 / 3 4 . 3  

.. 

365/ 7.4 
403/37.3  
574/34.3  

.. 

365/ 7.4 
403/37.3 
514/34.3 

.- 

365/ 7.4 
403/37.3 
5 7 4 p 4 . 3  

.. 

365/ 7 . 4  
403/37.3 
574 /34 .3  

~ 

Y S  
IMPa) 

205 
451 
531 
125 

110 
490 
494 

92 

114 
509 
484 
111 

160 
520 
673 
148 

133 
558 
583 
434 

169 
557 
533 
484 

Average 
UTS 

309 
527 
621 
263 

245 
537 
530 
238 

279 
594 
553 
270 

319 
755 
684 
314 

249 
620 
613 
498 

243 
612 
529 
507 

Tensile Data 
UE TE 
S L  34- 
23.0 31.2 

2.6 9.5 
0.9 8.1 

27.8 38.5 

21.1 28.8 
0.6 6.5 
0.6 7.0  

21.4 30.0 

23.8 33.3 
0.7 7.0 
0.7 7.9 

22.5 27.8 

24.5 37.7 
1 .0  11.3 
0.6 7.9 

22.8 36.5 

16.8 22.1 
3.0 5.4 
1.0 6 . 7  
8.3 14.3  

18.7 23.6 
0.5 0.9 
0.2 0.2 
2.0 5.0 
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Figure 1. 
plotted as a function of chromium content. 
and 5740C, respectively. 

Yield and ultimate tensile strength for Fe-Cr binary alloys irradiated at various temperatures 
Neutron exposure levels were 7.4, 37.7 and 34.3 dpa at 365, 403 

swellinu was exoected in these a l l ~ v s . ~  Swellino on the order o f  2% therefore dnes not induce channel frac- 
~~ ~~~ ~ ~ ~~ ~~ ~ ~.~~ ~. .  . .  

ture, a? least i n  simple alloys. 
will be available at a later date to extend these results t o  higher swelling levels. 

Iientical~ spesmens~continuing their irradiation to higher dose levels 

These results also provide a basis for understanding the effects of irradiation on more complicated marten- 
sitic steels. 
alloys, as shown in Figure 1, and this hardening is expected to be a direct result of dislocation loop and 
void development, regardless of composition. 
alloys appears to be insensitive not only to composition but also to irradiation temperature and dose in the 
vicinity of 4OOmC. gThe hardening to levels significantly above 500 MPa that is observed in the more complex 
martensitic steels, 
fore be attributed to more complex alloying effects than are present in the simple binary alloys examined 
here. 

The binary alloys containing 15 and 18% chromium developed high strength after irradiation at 5740C and gen- 
erally fractured by cleavage. This behavior is probably a result of the phase evolution in the Fe-Cr binary 
system. 
has been seen in binary Fe-Cr alloys thermally aged at 400 - 450'C.'0 Alpha prime has also been identified 
in both binary and complex alloys containing 12% chromium and higher following irradiation at about 420"C.12 
The present results indicate that 0' and/or c precipitation also occurs at temperatures as high as 574'C in 
binary alloys with 15% or more chromium. Such precipitation is often responsible for hardening and embrit- 
tlement, and provides an explanation for the observed cleavage fracture mode. 

Irradiation hardening to levels of 500 MPa was exhibited by each of these simple ferritic 

Furthermore, irradiation hardening in these simple ferritic 

and that exhibits a strong temperature dependence in the vicinity o f  400"C, can there- 

Formation of D phase and phase separation to form a', a chromium-rich body centered cubic phase, 
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F igure  2 .  
as a f u n c t i o n  o f  chromium content .  
574-C, r e s p e c t i v e l y .  

Uni form and t o t a l  e longat ion  f o r  Fe-Cr b i na ry  a l l o y s  i r r a d i a t e d  a t  va r i ous  temperatures p l o t t e d  
Neutron exposure l e v e l s  were 7 .4 ,  37 .7  and 34 .3  dpa a t  365, 403 and 

Two somewhat unusual and unan t i c i pa ted  phenomena were observed i n  t he  t e n s i l e  t races .  I t  i s  known t h a t  
b i na ry  Fe-XCr a l l o y s  can e x h i b i t  t he  upper and lower y i e l d  p o i n t  phenomenon f r e q u e n t l y  observed i n  body 
centered cubic a l l oys ,"  depending on t he  p u r i t y  o f  t he  ma te r i a l s  used. Th is  f ea tu re  o f  a t e n s i l e  t r a c e  
r e s u l t s  from Luders band propagat ion from s t ress  concent ra t ions  a long t he  gauge l eng th  a f t e r  d i s l o c a t i o n s  
are unlocked from the  i n t e r s t i t i a l  atmospheres p i nn ing  them. The m a j o r i t y  o f  t he  u n i r r a d i a t e d  specimens 
t es ted  i n  t h i s  experiment, as w e l l  as a few o f  t he  3Cr specimens i r r a d i a t e d  a t  574-C, e x h i b i t e d  a y i e l d  
' p l a teau '  s i m i l a r  t o  t h a t  t y p i c a l l y  observed a f t e r  t he  upper y i e l d ,  b u t  w i t hou t  an ac tua l  upper y i e l d  p o i n t  
preceding t he  p la teau.  
exceeded a t  t he  l o c a l i z e d  s t r ess  concent ra t ion  t h a t  i n i t i a t e d  the  propagat ion of t he  Luders bands, then t he  
upper y i e l d  p o i n t  would no t  be observed i n  t he  t e s t  t race .  A l t e r n a t i v e l y ,  i f  t he  l oad  drop associated w i t h  
t he  upper y i e l d  p o i n t  was r e l a t i v e l y  small ,  i t  i s  poss ib l e  t h a t  i t  was obscured by t he  r e l a t i v e  softness o f  
the  t e n s i l e  machine. 

A second and perhaps r e l a t e d  phenomenon was t he  appearance o f  d i s t i n c t  'bumps' i n  some o f  t he  t e n s i l e  t r aces  
t h a t  occurred a t  the  maximum load  almost immediately a f t e r  t he  y i e l d  p o i n t  (see schematic i n  F igure  5b). 
Th is  phenomenon was most p reva len t  i n  t he  6 and 9Cr a l l o y s  f o l l ow ing  i r r a d i a t i o n  a t  365 and 403°C. Th i s  
phenomenon has a l so  been observed by one o f  t he  authors i n  s imple a u s t e n i t i c  specimens a f t e r  i r r a d i a t i o n ,  i n  
both the  cu r ren t  specimen geometry as w e l l  as i n  another m i n i a t u r i z e d  geometry. No exp lanat ion  o f  these 
bumps i s  immediately for thcoming.  

The heat  t reatment  t h a t  was used al lowed r e l a t i v e l y  l a r g e  g r a i n  s izes  t o  develop i n  some instances,  y i e l d i n g  
i n  t he  bes t  case about 10 g ra i ns  across t he  specimen th ickness  and i n  t he  worst  case on l y  about 1.5 g ra i ns  
across t he  th ickness .  The g r a i n  s izes  are g iven i n  Table 2 f o r  each composit ion. 

Th is  phenomenon i s  shown schemat ica l l y  i n  F igure  5a. I f  the  upper y i e l d  p o i n t  was 

There was some concern 
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f i g u r e  3.  
a l l  specimens t e s t e d .  
r espec t i ve l y .  

t h a t  t h e  l a r g e r  g r a i n  s izes  would i n v a l i d a t e  t h e  t e n s i l e  r e s u l t s .  The da ta  obta ined on u n i r r a d i a t e d  spec i -  
mens, however, are i n  reasonably good agreement w i t h  those o f  severa l  o t he r   author^'^-'^ desp i t e  a d i f f e r e n c e  
of up t o  a f ac to r  o f  t e n  i n  g r a i n  s i z e  between t h e  specimens i n  t h e  var ious  s tud ies .  I n  add i t ion ,  t h e  f r a c -  
t u r e  sur faces showed no i n d i c a t i o n  t h a t  t h e  f a i l u r e  i t s e l f  was in f luenced by g r a i n  boundaries, a l though 
specimen surfaces i n  t h e  l a r g e  g ra ined  ma te r i a l s  e x h i b i t e d  some markings away from t h e  f a i l u r e  t h a t  a re  
probably g r a i n  boundaries (see Figure 6 ) .  I t  appears, therefore,  t h a t  t h e  l a r g e r  g r a i n  s i z e  o f  some o f  t h e  
specimens d i d  n o t  adversely  a f f e c t  the  experiment. 

S t reng th  and e longat ion  f o r  Fe-15Cr as a f u n c t i o n  of i r r a d i a t i o n  temperature showing r e s u l t s  f o r  
Neutron exposure l e v e l s  were 7.4, 37.7 and 34.3 dpa a t  365, 403 and 574*C, 

CONCLUSIONS 

S i x  b i na r y  Fe-Cr a l l o y s  w i th  chromium l e v e l s  rang ing  from 3 t o  18% were t e n s i l e  t es ted  a t  room temperature 
f o l l o w i n g  i r r a d i a t i o n  a t  365, 403 and 574'C t o  doses o f  7.4, 37.7 and 34.3 dpa, r espec t i ve l y .  I r r a d i a t i o n  
a t  365  and 403"  produced s i g n i f i c a n t  s t reng then ing  a t  a l l  chromium l e v e l s ,  w i t h  concurrent  reduc t ions  i n  
d u c t i l i t y .  
I r r a d i a t i o n  a t  574'C produced s t r eng th  increases a t  o n l y  t h e  two h ighes t  chromium l e v e l s .  
a t t r i b u t e d  t o  d i s l o c a t i o n  loop  and v o i d  development a t  365 and 403"C, and phase i n s t a b i l i t y  a t  5740C. 

S t reng th  l e v e l s  were i n s e n s i t i v e  t o  composit ion, i r r a d i a t i o n  temperature o r  neutron exposure. 
The r e s u l t s  are 
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Figure 4. 
all specimens tested. 
respectively . 

Strength and elongation for Fe-18Cr as a function of irradiation temperature showing results for 
Neutron exposure levels were 7.4, 37.7 and 34.3 dpa at 365, 403 and 574'C, 

FUTURE WORK 

Additional specimens will become available at higher neutron exposures after further irradiation in the 
FFTF. Tensile tests will be performed at room temperature on these specimens as they are discharged from 
reactor. 
elongated voids are indeed present or not. 

Electron microscopy will be attempted on deformed specimen gauge sections t o  determine whether 
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Displacement 

Figure  5. 
a) y i e l d  p la teau  and b) maximum load  response associated w i t h  the  y i e l d  p o i n t .  

Schematics o f  load-displacement t races  obtained f o r  i r r a d i a t e d  Fe-Cr b i n a r y  a l l o y s  showing 

Table 2. Grains i n  Fe-Cr Tens i l e  Specimens 

Number o f  Grains 
Across Thickness 

Fe-3Cr 5-6 
Fe-6Cr 3 
Fe-9Cr 4.5 
Fe-12Cr 10 
Fe-15Cr 5 
Fe-18Cr 1.5 

F igure  6. 
f a i l u r e  unaf fec ted by a coarse g r a i n  s i ze .  

Frac ture  sur face of an u n i r r a d i a t e d  specimen of Fe-6Cr showing what i s  almost a k n i f e  edge 
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HEAT TREATMENT EFFECTS ON TOUGHNESS OF 9Cr-1MoVNb AND 12Cr-1MoW STEELS IRRADIATED AT 365°C -- 
R. L. Kiueh and D. J. Alexander (Oak Ridge National Laboratory) 

OBJECTIVE 

The goal of this study is to evaluate the impact behavior of irradiated ferritic steels and relate the change in properties 
to the heat treatment of the steel. 

SUMMARY 

The 9Cr-1MoVNb and 12Cr-1MoW steels were austenitized at 1040 and 1100% to produce two different prior- 
austenite grain sizes. Pieces of the steels with these different heat treatments were then given different tempering treatments 
(1 h at 760 and 2.5 h 780°C). Charpy impact specimens with these different heat treatments were irradiated in FFTF at 
365°C up to 5 dpa. For 9Cr-1 MoVNb steel in the unirradiated condffion, the smaller the prior-austenite grain size, the lower 
the ductile-brittle transition temperature (DBTT). Also, the higher the tempering temperature, the lower the DBTT prior to 
irradiation. Regardless of the starting value, however, the DBTT shift during irradiation was the same for all specimens. 
This means that heat treatment can be used to insure a lower DBTT before and after irradiation. The 12Cr-1MoW steel 
showed little effect of heat treatment on DBTT in the unirradiated condition. and the shift in DBTT was relatively constant. 
Thus, heat treatment cannot be used to reduce the effect of irradiation on the DBTT for this steel. 

PROGRESS AND STATUS 

Introduction 

FerrWmartensitic steels are relatively immune to void swelling and are being considered as possible structural 
materials for the first wall and blanket structure of future magnetic fusion reactors. A major concern involves the effect of 
irradiation on toughness. Toughness changes are observed by studying the Charpy impact behavior before and after 
irradiation of steels in a fission reactor. Irradiation can cause a large increase in the ductile-brittle transition temperature 
(DBTT) and a decrease in the upper-shelf energy (USE). Even if the D B l l  is suitably low before irradiation, it can be well 
above room temperature after irradiation.'.' 

Charpy impact behavior can be affected by the heat treatment the steel received. Prior-austenite grain size can affect 
the DBTT and USE; the smaller the grain size, the lower the DBTT and the higher the USE. The prior-austenite grain Size 
depends on the austenitization temperature, Tempering also affects the behavior: the higher the tempering temperature 
or the longer the tempering time at a given temperature, the lower the DBTT and the higher the USE. 

There do not appear to have been any studies on the effect of heat treatment on the Charpy impact properties after 
irradiation. In this experiment. Charpy impact specimens of 9Cr-1MoVNb (modified 9Cr-1 Mo steel) and 12Cr-IMOVW (the 
Sandvik HT9 composition) steels were given different heat treatments and then irradiated in the Fast Flux Test Facility 
(FFTF). The results were compared with results for the same steels in the unirradiated condition. 

The 9Cr-1 MoVNb steel was taken from an argon-oxygen decarburized (AOD) and electroslag-remelted (ESR) heat 
(Heat 30176) processed by CarTech into 1-in. plate. The 12Cr-1MoW steel was from an AOD/ESR melt which was 
processed into hot-rolled plate (National Fusion Heat 9807-W). The compositions of the steels are given in Table 1. Pieces 
of 15.9-mm-thick plate was rolled to 9.5-mm-thick plate for heat treatment to obtain the specimens. 

Plates 88.9 by 152 by 9.5 mm were normalized and tempered. Two plates of 9Cr-1MoVNb and two plates of 12Cr- 
1 M O W  were austenitized 1 h at 1040°C and air cooled, and a similar number of plates were austenitized 1 h at 1100°C and 
air cooled. Then one plate from each steel with each normalization treatment was tempered 1 h at 760°C and 2.5 h at 
780°C. 

Subsize Charpy specimens were irradiated and tested. These were essentially one-third the standard size and 
measured 3.3 by 3.3 by 25.4 mm and contained a 0.51-mm-deep 30" V-notch with a 0.05 to 0.08-mm-root radius. All 
specimens were taken from the center of the normalized-and-tempered 9.5mm-thick plate along the rolling direction with 
the notch running transverse to the rolling direction (L-T orientation). 
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Table 1. Chemical Composition o f  Steels 

C 
M" 
P 
5 
s i  
N i  
CT 

MO 

V 
Cb 

9Cr-1MoVNb 
(Heat 30116) 

0.092 
0.48 
0.012 
0.004 
0.15 
0.09 
8.32 
0.86 
0.20 
0.06 

T i  
CO 

C" 
41 
A1 
B 
E 
W 
A I  
S" 
IT 
Pb 
Sb 
N2 

0,  
H Z  

12Cr-lMoVW 
(Heat 9607-RZ) 

0.20 
0.51 
0.016 
0.007 
0.26 
0.54 

11.65 
1.02 
0.29 
0.01 

0.001 t O . O 1  
0.017 0.09 
0.03 0.03 
0.006 
0.011 0.009 
0.0003 0.009 
0.0006 0.001 

0.001 0.004 
0.002 0.001 

<0.001 0.002 
<0.001 
<0.001 

<0.01 0.51 

0.055 0.041 
0.010 0.013 
0.0001 0.013 

Specimens were irradiated in the FFTF in the Materials Open Test Assembly 
(MOTA) in the MOTA-1 E experiment. Six Charpy specimens from each heat and 
each heat treatment were irradiated in the below-core specimen canister of MOTA. 
This is a sodium 'beepet' that operates at =365"C, which is slightly above the 
coolant ambient temperature. All of the 9Cr-1 MoVNb steel specimens were 
irradiated to a fluence of about 1.3 x 10" n/m2 (>0.1 MeV), which produces a 
damage dose of =5 dpa. The 12Cr-1MoVW steels were in a different position in 
the reactor and received about 1.1 x 10" nlrn', =4 dpa. Less than 1 appm He 
formed in the specimens during irradiation. 

Details on test procedure for the subsize Charpy specimens have been 
published.' Individual Charpy data sets were fitted with a hyperbolic-tangent 
function to obtain the transition temperature and upper-shelf energy. 

Results and discussion 

Prior-austenite grain size was determined by the austenitization temperature, 
and Table 2 gives estimated grain sizes for the two different temperatures used. 
There was only a small difference in average grain diameter for the 9Cr-1 MoVNb 
steel: 20 and 29 pm for the 1040 and 1100°C austenitizing temperatures. A larger 
difference was observed for the 12Cr-1MoVW steel: 32 and 153 pm for 
austenitization temperatures of 1040 and 11 W C ,  respectively. 

Results for the Charpy tests for the steels in the normalized-and-tempered 
and irradiated conditions are given in Table 3. In addition to giving the DBTT and 
USE for both conditions, the shift in DBTT (ADBm and change in USE (AUSE) 
are also given ( AUSE is given in both joules and as the percent change of the 
unirradiated value) 

For the 9Cr-1 MoVNb steel, grain size affected the DBTT of the unirradiated 
steel. This can be seen by comparing DBTT values for the two austenitizing 
temperatures for a common tempering temperature. A large difference is seen 
after the 760°C temper, with a lesser difference after the 780°C temper, indicating 
that the 780°C temper has a greater effect than the 760°C temper, as expected. 
This effect of tempering is verified by examining the results for the two tempering 
temperatures for a given austenitization temperature. For the steel austenitized at 
11 00°C. where grain size will play a smaller role, tempering at 780°C has a larger 
effect than the 760°C temper. The USE of the 9Cr-1MoVNb steel in the 
unirradiated condition appears to be little affected by heat treatment. 

After the 9Cr-1MoVNb steel was irradiated to =5 dpa, the ADBTT for the 
four different heat treatments are essentially the same. The difference of 10°C 
could perhaps indicate a slight effect of prior austenite grain size, as both steels 
austenitized at 11 00°C had the largest A DBTT. These results would indicate that 
tempering had no effect on ADBTT. The change in USE was also fairly constant. 

Table 2 .  Estimated Prior-Austenite Gritin 
Sizes of 9Cr-1MoVNb and 12Cr-lMoVW Steels 

Average 
Aur ten i t i za t ion  Grain ASTH G r a i n  

Temperature Diameter Size 
('C) (Pan) Number 

9Cr-1MoVNb Steel 

12Cr-1MoVW Steel 

1040 32 7 
1100 153 3-4 

The 12Cr-1 M O W  steel in the unirradiated condition shows a somewhat different behavior from the 9Cr-1 MoVNb steel 
(Table 3). There was no apparent effect of prior-austenite grain size. That is, the DBTT values were the same for the steel 
given the two different austenitizing treatments and then tempered at 760°C. There was a difference when the steels were 
tempered at 780°C. but the difference was opposite to that expected from a grain size effect. The specimen austenitized 
at 1040°C and tempered at 780°C had a DBTT similar to that of the two steels tempered at 760% but the steel austenitized 
at 11 00°C and tempered at 780°C had a somewhat lower DBTT (1 9°C lower). For a prior-austenite grain size effect, a higher 
DBTT is expected. Therefore, this difference must be due the higher tempering temperature. The results indicate that there 
is no prior-austenite grain size effect on the DBTT of 12Cr-1 MoVW steel. The USE of the 12Cr-1 M O W  in the unirradiated 
condition did not appear to be affected by heat treatment (Table 3). although there was more scatter than for 9Cr-1 MoVNb. 

Irradiation of the 12Cr-1MoVW steel to =4 dpa caused a ADBTT for all heat treatments over twice that observed for 
the 9Cr-1MoVNb steel (Table 3). After irradiation, the difference in DBTT for the four different heat treatments was less than 
it was before irradiation, and this difference in DBTT values was less than observed for the 9Cr-1 MoVNb steel. The ADBTT 
values for all but one of the heat treatments were similar; the three with similar values were the steels that had similar DBTT 
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Table 3. Effact of I r r a d i a t i o n  a t  365'C on Charpy Behavior of values before irradiation. The steel with a 
somewhat higher DBlT was the steel with the 
lowest DBTT before irradiation, which means that 
R showed the largest shift during irradiation. These 

ADEDBTT hUSE results indicate that heat treatment has little effect 
Unirra- l r r a -  Unlrrs- I r r a -  O C  J (%) on the DBTT of the 12Cr-1 M O W  steel in either the 
diated dlated diated diated unirradiated or irradiated condition. Considering 

the scatter, the change in the USE also appears 

Per-1MoVNb and IZCr-lHoW Steels 

DBTT. .C USE, J 
Heat Treatment 

9Cr-1HoVNb Steel 
r i le  affected by heat-treatment. In general, the 
percent change in USE for the 12Cr-1 M O W  steel 

104OllhlAC;7Wllh - 6 4  -19 10.5 7 .6  45 2.9 (38) was greater than for 9Cr-1MoVNb steel. 
104011h/AC;78012.5h -60 -37 10.6 8.2 43 2.4 (29) 

10.0 7.3 53 2 .7  (37) The lack of a prior-austenite grain size effect 
-6 10.6 8.9 55 1.7 (19) in 12Cr-1MoW steel compared to the 9Cr- 

1MoVNb steel may indicate that the precipitate in 
the microstructure controls the fracture behavior of 

104011h/AC:76011h -32 97 6.0 3.6 129 2.4  ( 4 ~ )  the 12Cr-lMoW. This steel contains twice as 
1040/lh/AC; 78Ot2.5h -35 95 7.6 3.4 130 4.2 (55) much carbon as the 9Cr-1MoVNb steel, and in the 
110011hlAC;760/lh -34 100 5.4 2.5 134 2.9 (54) normalized-and-tempered condition, the 12Cr- 

6.2 3.9 ls3 2 ~ 3  (37) 1MoW contains over twice as much precipitate 
DBTT was determined a t  112 the upper shelf. (3.8 wt % precipitate in the 12Cr-1MoW 

compared to 1.5 wt % in 9Cr-1MoVNb)e This 
difference in precipitation can be Seen in Fig. 1, 

where carbide extraction replicas of the 9Cr-1 MoVNb and 120-1 M O W  steels are shown after a similar normalization-and 
tempering treatment for both steels. These photomicrographs, taken from the work of Vtek and Klueh: show how the large 
amount of precipitate in the 12Cr-1MoW could well determine the fracture process. 

One interpretation of the results is that for 9Cr-1 MoVNb steels, heat treatment could be used to minimize the effect 
of irradiation on A.DB~T. This follows from the observation that the specimens with the smaller grain size had a lower DBTT 
in the unirradiated condition. and the ADBTT was the same regardless of the heat treatment. Thus, the lowest DBTT after 
irradiation is guaranteed by starting with the lowest possible DBTT before irradiation. Reduction of DBTT should be 
accomplished while at the same time keeping the strength as high as possible. Lowering the grain size further would be 
the best way to accomplish this, aithough as seen in Table 2, grain size changed only slightly with the austenitizing 
temperatures used for this study. 

1100/lh/AC;760/lh -17 36 
110011hlAC;780/2.5h -61 

12cr-lHow stwl 

110011h/AC;780/2.5h 5 1  107 

Fig. 1. Extraction replicas of normalized-and-tempered (a) 9Cr-1 MoVNb (1040"C/0.5h/AC + 780"C/2.5 h/AC) and 
(b) 12Cr-1MoW (1OWC/O.5h/AC + 78OoC/2.5 h/AC) steels. Taken from reference 9. 
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grain sizes. and specimens with tnese ainerem grain sizes were given wo amerent tempering rreatmerns. specimens were 
tested as heat treated and after irradiation in FFTF at 365%. The 9Cr-1MoVNb was irradiated to -5 dpa and the 12Cr- 
1 MOW to =4 dpa. The following summarizes the observations and conclusions. 

1. As heat treated, the DBTT of the 9Cr-lMoVNb steel depended on the austenitizing temperature (Pfior-austenite 
grain size) and to a lesser extent on tempering temperature. The shii  in DBTT caused by irradiation for this steel Was 
relatively independent of heat treatment. This meant that after irradiation. the relative difference in DBTT for the steel given 
the different heat treatments was similar to what it was before irradiation. 

2. Prior-austenite grain size had l i le effect on the DBTT of the 1Xr-1MoW steel, and tempering temperature had 
only a slight effect. The shift in DBl-r was again relatively independent of heat treatment: the shift for the 123-1 M O W  steel 
was over twice that for 9Cr-1 MoVNb steel. 

3. The observations for 9Cr-1 MoVNb steel suggest that the effect of irradiation on DBlT can be ameliorated by 
reducing the prior-austenite grain size as much as possible. 

4. From the results on the 12Cr-1 M O W  steel, no method is obvious to reduce the effect of irradiation on the shin 
in DBl-r. However, because of the lack of a heat treatment effect on DBlT, the steel can be used without tempering to the 
low strength levels at which the steel is usually used. 
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IRRADIATION RESPONSE OF F82H, A REDUCE0 ACTIVATION Fe-8Cr-2W MARTENSITIC STEEL - Y.  Kohno (University of 
Tokyo), 0. S. Gelles (Pacific Northwest Laboratory), A. Kohyama (University of Tokyo), M. Tamura (Nippon 
Kokan K.K.) and M. L. Hamilton (Pacific Northwest Laboratory) 

OBJECTIVE 

The objective of this work is to determine the applicability of F82H, a tungsten-stabilized, martensitic 
stainless steel, as a low activation material for fusion reactor structural components. 

SUMMARY 

Miniature tensile and microscopy specimens of the t.ungsten-stabilized martensitic steel F82H were examined 
after irradiation in FFTF to fluences as high as 37 dpa at temperatures ranging from 365 to 750%. Tensile 
tests performed at room temperature revealed a small amount of hardening at or below 405'C and significant 
softening at the higher irradiation temperatures. 
tensile data. The martensite lath struc- 
ture recovered slightly at 550"C, accompanied by the coarsening of carbide particles, while above 670%. the 
martensite lath structure was eliminated. 
swelling measured was as high as 0.14% at 405-C. 
superior phase stability during irradiation. 
and Laves, the same as were identified following thermal aging. Other precipitates were not observed. 

Electron microscopy results were consistent with the 

The maximum 

The tempered martensite structure was quite stable below 4050C. 

Cavity formation was observed only below 405%. 
Analysis of precipitate extraction replicas showed 

Precipitates identified in the irradiated specimens were M,,C, 

PROGRESS AN0 STATUS 

Introduction 

The development of low activation alloys has been incorporated into the goals of fusion materials develop- 
ment to minimize the quantity of highly activated material generated in fusion machine components, thereby 
increasing the acceptability of fusion power.' Certain elemental additions must be carefully controlled in 
alloys to achieve this goal; in particular, Cu, Ni, Mo, Nb and N, with Nb restricted most severely. The 
alloy compositions being considered for low activation ferritic or martensitic steels are based on three 
commercially important alloy classes: 2.25Cr, 9Cr and 12Cr steels. Since these classes of steel contain 
about 1% Mo and frequently some Nb, the design of low activation alternatives requires substitutes for these 
two elements. 
stitute for the Nb. Mn and C are added for austenite stabilization to obtain a fully martensitic 12Cr steel 
without the addition of Ni. Three classes of low activation ferritic/martensitic alloys are therefore pos- 
sible: 1) low Cr bainitic alloys, 2)  7 - 9Cr martensitic alloys and 3) 12Cr stabilized martensitic alloys. 
Development efforts have been directed towards low activation steels in all three classes. 

The low activation martensitic alloys in the 7 - 9Cr range exhibited better mechanical behavior after 
irradiation in FFTF/MOTA than the comparable versions of the other two classes o f  ferritic/martensitic 
alloys.' The dose dependence of the tensile properties of the 7 - 9Cr alloys was intermediate to that of 
the other classes of alloys, with the yield strength and total elongation being almost dose independent. 
The impact behavior of the 7 - 9Cr alloys also showed better resistance to irradiation than the low activa- 
tion versions of the other two classes. The irradiation-induced shift in ductile brittle transition tem- 
perature (DBTT) was much smaller and the upper shelf energy (USE) was generally higher. The 7 - 9Cr alloys 
therefore appear the most promising of the low activation alloys for fusion reactor applications. 
class of alloys also exhibits reasonable phase stability during irradiation and sufficient high temperature 
strength. However, the void swelling resistance of this alloy class is not as good as that of other low 
activation ferritic/martensitic alloys. 

An effort to develop an improved low activation martensitic steel in the 7 - 9Cr range has been made in both 
J a ~ a n ~ . ~  and the U.S.,.' One of the candidates in this class of alloys is F W H ,  with a nominal composition 
of Fe-8Cr-ZW-O.IC-V,Ta,B. It was designed in Japan jointly by the Japanese Atomic Energy Research Institute 
(JAERI) and the steel company Nippon Kokan (NKK). Both microscopy and tensile specimens of this steel were 
irradiated recently in FFTF with the objective of investigating changes in tensile behavior and microstruc- 
ture, including characterization of the void swelling following neutron irradiation. 

ExDerimental Procedures 

Table 1 gives the actual chemical composition and the pre-irradiation heat treatment for FB2H. 
sion electron microscopy (TEM) specimens 3 mm in diameter were punched from 0.076 and 0.178 m (0.003 and 
0.007 inch) thick sheets. 
below-core and four in-core positions at nominal irradiation temperatures of 365 (below core), 405, 550, 670 
and 750-C. Micro- 
structural examination was performed using JEM-2000FX and JEM-1200EX microscopes. Microchemical analysis on 

W and V are the leading candidates to replace the Mo, while Ta can be considered a sub- 

This 

Transmis- 

The specimens were irradiated in the FFTF/MOTA IF during FFTF cycle 10 in one 

The TEM specimen codes and corresponding irradiation conditions are provided in Table 2. 
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Table 1. The Chemical Composition and Starting Condition of F82H 

C S i A P -  s K & M o  W V JYb Ta T i B A L  
0.093 0.09 0.49 0.005 0.001 0.01 7.65 0.00 2.0 0.18 0.00 0.040 - -  0.0034 0.01 0.002 

Heat treatment: normalized t tempered 
(104OSC/0.5hr t 74O0C/2hr). 

Table 2. Irradiation Conditions for F82H 

Irradiation Neutron Displacement 
Specimen Codes Temperature Fluence Damage 
/0.003".0.007"1 ('Cl 1n/cm2)(') , (dDa) 

376V, 37611 
396V. 396U 
4A6V; 4A6U 
486V, 486U 
4E6V, 4E6U 

365 
405 ~~ 

550 
670 
750 

1.78 x IOz2 
7.71 x 1022 
8.00 x 10'' 
6.12 x IOz2 
8.02 x 1022 

6.7 
35.8 
37.0 
28.3 
37.1 

(a) E > 0.1 MeV. 

extraction replicas obtained in each specimen condition was performed using EDX systems on the TEMs. 
ture tensile specimens having a gauge length of 5.1 nm (0.21 inch) were punched from sheet stock approxi- 
mately 0.43 mn (0.017 inch) thick, heat treated, and irradiated under the same conditions as the TEM disks. 
Tensile tests were performed at room temperature following irradiation using a horizontal test frame 
designed specifically for this specimen ge~metry.~ 

Results and Discussion 

Electron microscopy. The microstructure of F82H prior to irradiation consisted of tempered martensite 

identified, primarily along prior austenite grain boundaries. &her precipitation, such as tantalum or 
vanadium carbides or Laves phase, was not found in unirradiated specimens. The average prior austenite 
grain size was 120 pm. 

Minia- 

Negligible delta ferrite was present, and only the M C,-type of carbide precipitation was 

he temperature dependence of cavity fownation is shown in Figure 2. Cavity formation typical of ! 
*,,,,,i"" ._.~r ,-,....-,,, ^Lr^...."* C^" <""-A:-&*-.. .̂ ,̂ .~. In=*, -  " e-.. .A_.. L..LLI-. ...... e .L r. 

Figure 1 shows the post-irradiation microstructure at relatively low magnification for each irradiation 
temperature. The tempered martensite structure is stable after irradiation below 405'C. However, a slight 
recovery of the martensite lath structure can be identified after irradiation at 405%. At low irradiation 
temperatures, the size and distribution of the carbides show no distinct change compared with the unirradi- 
ated condition. At 550°C, however, coarsening or a partial elimination of the lath structure was clearly 
exhibited along with coarsening of the carbides. A distinct change in the matrix structure was evident 
after irradiation at 670 and 750-C, where the lath structure was destroyed and the precipitate density was 
reduced. The high temperature results could conceivably be the result of decarburization since the speci- 
mens were irradiated in open packets through which liquid sodium coolant flowed during irradiation. 

T ioid 
slnsll l l ly CVSIII ' J  V V J C I V C Y  ( V I  I I I ~ U I ~ C I V ~ ~  u r r u w  9 ~ 3 ~ ~ .  H rev, Liny uuuuies were rormeo aoove xiO"C, most 
of which were observed on grain boundaries. Cavity distribution was very nonuniform at 365 and 405-C, and 
cavities tended to agglomerate in the central areas of martensite laths. The cavities were also aligned in 
rows, indicating that they nucleated preferentially on dislocations. 
measurements of the cavity microstructure following irradiation at 365 and 405%. 
density in cavity-rich regions of the specimen irradiated 405-C was estimated to be about 2.3 x IO2' m-3, 
whereas it was estimated to be about 6.8 x IO" m-3 in the specimen irradiated at 365°C. The lower value at 
365'C may be due to the lower level of displacement damage relative to the 405°C irradiation. The average 
cavity diameters were estimated to be 22.7 and 12.7 nm at 405 and 365-C, respectively. Both the cavity num- 
ber density and cavity size were very small above 550°C, and therefore cavity swelling was negligible. From 
Table 3 it can be seen that swelling remained very low for exposures as high as 30 dpa. Although it is very 
low, the swelling observed in F82H at 405-C was about twice as high as was observed in a similar material, 
GA3X (Fe-7.5Cr-1.95W-0.3V-0.15C). irradiated in FFTF at 426'C., 

Table 3 sunmarizes the quantitative 
The average cavity number 

Compositional analysis of the individual particles on precipitate extraction replicas was performed for each 
irradiation condition. In the unirradiated condition and following 
irradiation at 365, 405, 550 and 670°C, M,,C, remained the primary extracted phase, whereas all precipitate 

The results are sumnarized in Table 4. 



P 

: to 6.7 dpa, (b) 405-C to 35.8 dpa, 
)a. 

Figure 2. 
35.8 dpa, (c) 550°C to 37.0 dpa, (d) 6700C to 28.3 dpa, and ( e )  750°C to 37.1 dpa. 

Cavity microstructure o f  F82H irradiated in FFTF/MOTA at (a) 365-C to 6.7 dpa, (b) 405-C to 

particles analyzed after 750% irradiation were tungsten-rich Laves phase with no M,,C, identified. The 
absence of carbide precipitation at 750'C is consistent with the possibility o f  decarburization during 
irradiation at high temperature. 

Tamura et al. analyzed the precipitation response of F82H to thermal aging at 400 to 650°C for times up to 
36 Msec." They identified Laves phase precipitation in aged F82H in addition to MJ, and provided the 
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Table 3 .  Quantitative Measurements for Cavity Microstructure in F82H Irradiated in FFTF 

- 
0 

0 

- 

I L 

Irradiation Parameters Cavity Parameters 
TemDeratUre ( ’ C 1  Fluence fdoal Swellina (%I Density fK31 Di ameter I nm2 

365 
405 

6.7 
35.8 

0.0073 6.8 x IO” 
0.14 2.3 x IOzn 

12.7 
22.7 

Table 4. Precipitate Compositions for F82H as Determined by Extraction Replicas 

Specimen Major Elements (wt%) 
Condition Fe Cr w Other Number 
Unirradiated 6U,6V 28.5-33.4 40.4-52.1 17.5-25.8 .. 28 

365-C 376V 27.2-32.9 40.8-47.7 19.0-26.7 _ _  24 

405°C 396V 28.6-33.8 46.0-52.2 17.5-21.0 _. 21 

550°C 4A6V 18.4-28.6 44.1-58.3 20.1-32.3 _ _  22 

670°C 27.2-32.6 44.9-55.2 16.5-23.0 18 _ _  7.0-13.451 3 28.9-35.7 57.3-57.6 
486V 

37.5-57.1 6.9- 9.8 33.2-54.7 _ _  13 
.- 21 

750-C 4E6V-1 
4E6V-2 36.1-47.4 6.9- 9.4 41.8-55.1 

Tentative 
I.D. 
MZ3C6 

MZ3C6 

M23C6 

M23C6 

!$BC6 

Laves 
Laves 

time-temperature-precipi tation behavior of Laves phase shown in Figure 3, where the shaded area represents 
Laves phase precipitation together with M 3C6.  The results obtained from irradiated specimens in this work 
are also plotted in Figure 3 as circles ai an aging time of 2.9 x l o 4  ks, which is equivalent to the 335 
effective full power days of irradiation in FFTF. 
only M,,C, or only Laves, respectively. 

The open or filled circles represent an identification o f  
It is likely that the nose temperature for Laves precipitation 

- 
Y 1000 - 
v 

a, 

3 
L - 

M l 3 ( : 6  
CJ 900.- 

a 
E - 000 

L 

W 

m - 

Aging l ime ( k s )  

Figure 3. 
specimens are indicated by open (M,,C, only) or filled (Laves only) circles at an aging time equivalent to 
the duration of the irradiation. 

Time-temperature-precipitation diagram for Laves phase in F82H. Phases identified in irradiated 
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shifts with irradiation to a temperature higher than that observed in the thermally aged condition. 
response was recently observed by Maziasz and Klueh in an Fe-gCr-Mo,V,Nb steel." 

It is worth noting that F82H exhibits better phase stability than other tungsten- or manganese-stabilized 
steels: 
case for other similar  steel^.^,'^,'^ lntermetall ic chi phase formation during irradiation was reported in 
the manganese-stabil ized steel, Fe-12Cr-6.6Mn-1Mo-0.1C-Nb,V,13~'4 and in the tungsten-stabilized steel, 
Fe-7.5Cr-1.95W-0.3V-0.15C.6 Chi phase is considered detrimental to mechanical properties in these steels. 

Tensile testing. The tensile data from the F82H tensile specimens are given in Table 5 and shown graphic- 
ally in Figures 4 and 5. Note that the temperature axis in these figures corresponds to the test tempera- 
ture for the tests on unirradiated material, while it represents the irradiation temperature for tests 
performed at room temperature on irradiated material. 
current study exhibited slightly higher strength and lower ductility than was observed in unirradiated mate- 
rial by researchers in Ja an using larger specimens (gauge length and diameter were 30 mm [1.18 in] and 6 mm 
i 0 .24  in], respectively).PO~'l No explanation is immediately forthcoming for this difference besides the 
difference in specimen sizes, which is not expected to cause such variation. 
hardening coefficients (n) that were determined by linear regression to fit the equation o = KC".  
values of n are shown graphically in Figure 6 .  
diation temperatures is consistent with the observed variations in the yield and ultimate strengths. 

Such a 

neutron irradiation produces no change in the precipitation behavior of F82H. but this is not the 

As shown in the figures, the specimens tested in the 

Table 5 also gives the strain 
The 

The large increase in n that occurred at the higher irra- 

Table 5. Tensile Data on F82H at Room Temperature 

Irradiation Neutron 
Specimen Temperature Exposure 

Unirradiated Controls 
#1-4M6U 
#2-486U 
#4-426U 
#6-XX6Ulal 
Average 

ID I'C) A L P 3 L  

Irradiated F82H SDecimens 
376U-2 365 6 .7  
376U-6 365 6 .7  
376U-8 365 6.7 

Average 

396U-0 405 35.8 
396U-07 405 35.8 
Average 

4A6U-2 550 37.0 
4A6U-3 550 37.0 
Average 

486U-1 670 28.3 
486U-2 670 28.3 
Average 

4E6U-2 750 37.1  
4E6U-3 750 37.1  
Average 

(a) 10 code not noted. 

Thickness 
(mils) 

14.3 
14.4 
16.8 

14.8 
13.9 

16.6 
16.4 

1 6 . 2  
15.7 

16.2 
16.2 
16.2 

16.4 
15.8 
16.1 

15.7 
16.5 
16.1 

15.5 
- 15.3 
15.4 

Yield 
Strength 
LMPa) 

657 
704 
706 

679 
647 

689 
704 
699 
697 

674 
668 
671 

471 
69 
470 

248 
257 
253 

203 
- 222 
213 

Ultimate 
Strength 
LMPal 

865 
826 
778 
- 776 
811 

766 
769 
- 805 
780 

777 rn 
764 

723 
- 710 
717 

437 
- 447 
442 

341 
368 
355 

Uniform Total 
Elongation El ongation 

(%) [%I 

1.5 6.0 
1.2 4.4 
1 .o 5.3 

.4 
1.4 5.0 

2.9 5.8 
1.3 7.6 
- 3.0 - 7.2 
2.4 6.9 

3.3 7.6 
LA 
3.4 7.8 

5 . 0  
- 5.0 

9.2 
9.9 

5.0 9.5 

15.0 2 5 . 4  
- 15.5 24.j 

15.3 24.8 

20.6 3 0 . 2  
26.4 

19.1 28.3 

Strain 
Hardening 
Coefficient 

.. 
0.090 
0.060 
.. 

~ 

0.075 

0.049 
.- 

o.060 
0.055 

0.062 
0.052 
0.057 

0.142 
0.142 
0.142 

0.177 
0.170 
0.174 

0.156 
0.151 
0.154 
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Figure 4 .  
ture on the abcissa. Elevated temperature tests were performed in Japan on slightly larger specimens." 
Tests on irradiated specimens were performed at room temperature following irradiation at the temperature 
indicated on the abcissa. 

Strength p,f F82H. Tests on unirradiated specimens were performed at the corresponding tempera- 

60 

40 

Total 
Elongation 

(%I 

Unlrradiated 0, 0 

637dpa 

- 

- 
+---- 
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Figure 5 .  Ductility of F82H. 
temperature on the abcissa.1° 
specimens." 
tewerature indicated on the abcissa. 

Tests on unirradiated specimens were performed at the corresponding 
Elevated temperature tests were performed in Japan on slightly larger 

Tests on irradiated specimens were performed at room temperature following irradiation at the 
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Figure 6. Work hardening of F82H. 

)O 

Despite the differences in the tensile properties between the U . S .  and Japanese specimens, the tensile 
behavior of the irradiated specimens was consistent with the observed microstructural evolution. No change 
in strength, ductility, or work hardening coefficient was observed after irradiation at 365 and 405-C, con- 
sistent with the fact that virtually no changes in the microstructure were observed at these temperatures. 
The strength dropped and the ductility increased as the irradiation temperature was increased above 550vC, 
consistent with the recovery of the lath structure observed in electron microscopy. 
responsible for the increase in the work hardening coefficient observed at the higher irradiation tempera- 
tures. 
limit the application of the alloy to temperatures below about 600°C. 

Such recovery was also 

The recovery of the microstructure and the concomitant decrease in strength would be expected to 

CONCLUSIONS 

The tempered martensite structure in F82H was quite stable during neutron irradiation at temperatures below 
405-C. 
coarsening of carbide particles. 
formation was observed only for irradiation at 405OC and below. 
as 0.14% at 405°C. Phase stability during irradiation was very good. 
M,,C, and laves, which were also identified in thermally aged conditions. 
ture was reflected in the tensile behavior o f  the alloy following irradiation. 
ductility was observed after low temperature irradiation to about 30 dpa. As the martensite structure 
recovered during irradiation at higher temperatures, the strength dropped and the ductility increased. 

At higher temperatures, recovery of the martensite lath structure occurred accompanied by the 
The tempered martensite structure was eliminated above 670°C. Cavity 

Maximum swelling was measured to be as high 
The only precipitates identified were 

The stability of the microstruc- 
No change in strength or 

FUTURE WORK 

Additional TEM disks and miniature tensile specimens are continuing irradiation in FFTF to higher neutron 
exposures, along with Charpy impact specimens. 
next discharge of specimens from the FFTF/MOTA. 

Examination of these specimens will be performed after the 
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SOME IMPLICATIONS OF RADIATION-INDUCED PROPERTY CHANGES IN AUSTENITIC STAINLESS STEELS ON 
ITER FIRST-WALL DESIGN AND PERFORMANCE -- P. J. Maziasz, k F. Rowcliffe, M. L Grossbeck, G.E.C Bell, E. E. 
Bloom, and D. C. Lousteau (Oak Ridge National Laboratory), A. Hishinuma and T. Kondo (Japan Atomic Energy Research 
Institute), and R. F. Mattas and D. L. Smith (Argonne National Laboratory) 

OBJECTIVE 

The objective of this program is to collect the property change data and the best available insight on underlying 
mechanisms to provide input on the behavior of irradiated type 316 austenitic stainless steel to the ITER project. 

SUMMARY 

New data on radiation-induced hardening, low-temperature creep and potential susceptibility (sensitization) to aqueous 
corrosion have been obtained on various heats of austenitic stainless steel (including type 316) irradiated at 60 to 400°C to 7 
to 13 dpa. The data were obtained from spectrally tailored reactor experiments, whose radiation-damage parameters are similar 
to those in the proposed International Thermonuclear Experimental Reactor (ITER) first-wall (FW) and blanket design. 
Austenitic stainless steels were found to increase significantly in strength at 60 to 330"C, to have higher irradiation-creep rates 
at 60°C than at 200 to 400"C, and to show radiation-induced changes in electrochemical properties at 200 to 400°C. These data 
on several radiation-induced property changes suggest that type 316 steel may be an adequate material for the FW of ITER. 
However, there is definitely a need for new data on fracture-toughness and on fatigue behavior below 4WC, as well as more 
data on irradiation-creep and effects of irradiation on corrosion properties, to better define temperature and dose dependencies 
for more detailed design analyses. Cold-working should remain an optional as-fabricated condition for the FW of ITER. Many 
properties of SA and CW 316 become similar after irradiation at 60 to 400°C. The higher initial yield-strength of CW 316 will 
allow higher design stress and elastic strain limits. 

PROGRESS AND STATUS 

Introduction 

The International Thermonuclear Experimental Reactor (ITER), currently in the conceptual design phase, is a 
collaborative effort between four major parties - the European Community, the Soviet Union, the United States, and Japan. 
The ITER project is an attempt to provide a common next-step in large fusion devices beyond existing large tokamak experi- 
ments that include TFTR (US.), JET (E.C.) and JT-60 (Japan). ITER has much in common with the earlier Next European 
Torus (NET) design project,'.' but ITER is more aggressive in terms of its technology phase and the demands that irradiation 
exposure will place on the first-wall (FW) and blanket structural materials. The ITER reference FW material is type 316 
austenitic stainless steel. Type 316 was chosen primarily because of the large amount of worldwide experience with this steel 
for reactor core component and structural applications in the fission reactor industry.' However, the FW irradiation conditions 
anticipated for ITER push type 316 stainless steel into a new regime of radiation damage for which only limited data are 
available to answer important design questions."' 

The spectrally-tailored experiments conducted in the Oak Ridge Research Reactor (ORR) by the US. and U.S./Japan 
Collaborative Fusion Materials Programs provide some of the most relevant data to date for ITER.',' One purpose of this 
paper is to summarize the most recent data on radiation-induced property changes in austenitic stainless steels from these 
experiments. Another purpose is to consider the implications of the available data on austenitic stainless steels for current 
materials performance requirements and critical issues emerging from the ITER design studies. Finally, this report addresses 
some of the data needed from future reactor experiments. 

ITER First-Wall Materials Parameters 

A summary of current materials parameters being assumed and specified for design and performance of the ITER FW 
is given in Table 1."'' A schematic cross-section of the first wall is shown in Fig. 1, with two sheets of steel surrounding a 
channel of cooling water. The reference FW material for ITER is type 316 stainless steel in the solution-annealed (SA) 
condition: whereas type 316L (low-carbon) was selected for NET.' Cold-worked type 316 and a manganese-stabilized austenitic 
steel are also being considered as alternate FW materials.' 
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Table 1. ITER f i r s t  wall materials 
parameters (technology phase. 

norma1 operation) 

Material  Type 316 SS 
Neutron wall loading. Mwlm' 1 

Oamage level I 
Damage rate.  dpalr (3-4) 

dpa 10-50 
appm Heldpa 10-15 
appm Hldpa 52 

Temperature. 'c 90-350 
Number o f  p u l ~ e s .  x 10.' 

Prlmary stress l i m i t  i sm)  

(Zb) 
Total burn tlme, h >21.000 

213 y i e l d  strength 
o r  113 ul t imate  
t e n s i l e  strength 

Secondary stress l i m i t  
Coolant pressure. MPa 1 -2 

3 x s, 

steel 

Fig. 1 A schematic cross-section of 
the first-wall, including double walls of 
steel surrounding a channel of cooling water. 
The temperature and related secondary stress 
gradient expected during plasma burn cycles 
are also indicated. 

The maximum limit for primary stress (Sm, Table 1) is derived 
from Section 3, Division 2 of the ASME boiler and pressure vessel 
code; the maximum secondary stress is usually limited to three times 
the primary stress (3S,). The coolant water temperatures range from 
60°C inlet to 100°C outlet. During the plasma bum cycle, heat fluxes 
will produce the temperature profile shown in Fig. 1, which in turn will 
produce a stress gradient due to differential thermal expansion. T, 
should be close to the local coolant temperature, while T, will vary 
during the plasma burn cycles. T, may be as high as 350°C.' Detailed 
neutronic, thermal and stress analyses for ITER have not yet been 
completed. However, thermomechanical studies for NET performed 
on a similar FW configuration define maximum cyclic strain limits (due 
to peak thermal stresses caused by peak FW surface heat fluxes 
ranging from 0.3-0.5 MW/m2) as about 0.4% total strain (elastic + 
plastic) during the physics phase, and about 0.2% during the technology 
phase.' These correspond to the maximum allowable strains that allow 
a fatigue life of 10' to 10s cycles for SA 316L at 425°C. 

Radiation-Induced ProDertv Chanees in Austenitic Stainless Steels 

SDectrallv-Tailored ExDeriments 

Data described here have been derived from two spectrally- 
tailored irradiation experiments conducted in the Oak Ridge Research 
Reactor (ORR), MFE-4 and MFE-6J/7J. Detailed descriptions of 
these experiments, and of the spectral-tailoring technique can be found 
elsewhere.'" Spectral-tailoring involves changing the materials that 
surround the cxperimental subassembly in mixed-spectrum fission 
reactors like ORR to change the ratio of fast to thermal neutron fluxes 
irradiating the specimens. The fast neutrons (E>0.1 MeV) produce 
displacement damage (dpa) while the thermal neutrons produce helium 
atoms via a two-step transmutation reaction with '*Ni. The ORR- 
MFE-4 experiment was conducted by the US.  Fusion Materials 
Program at temperatures of 330, 400, 500 and 600°C to a peak dose of 
13 dpa, with 12 appm Heidpa in type 316 (12-13 wt % Ni) and 18 
appm Heidpa in PCA (16 wt % Ni) austenitic stainless steels. The 
ORR-MFE-6JI7J experiment was conducted under the U.S./Japan 
Collaborative Agreement for fusion materials testing," at temperatures 
of 60, 200, 330 and 400°C to a dose of 7 dpa, with Y appm Heidpa in 
type 316 and 12 appm Heidpa in PCA.d 

Various heats of austenitic stainless steel were irradiated in these experiments, including US. and Japanese heats of type 
316 (Fe, 16-18Cr, 12-14Ni, 2.5M0, ZMn, in wt %) or Ti-modified PCA type (Fe, 14Cr, 16Ni, ZMo, 2Mn) stainless steels? 
Various kinds of specimens were irradiated, with the as-fabricated metallurgical condition usually being either solution-annealed 
(SA) or 15 to 25% cold-worked (CW). 

Hardening 

The major effect of irradiation below 500°C on the tensile properties of austenitic stainless steels tested at the irradiation 
temperature is hardening. Hardening generally describes the large increases in yield strength (YS) that correlate with reduced 
ductility [uniform elongation (UE) and total elongation (TE)]. Radiation-induced hardening is caused by the point-defects and 
microstructural evolution produced during irradiation. Hardening only produces emhrittlement when it becomes so severe that 
materials fail in the elastic regime (lower strength, no ductility). 

PloU of YS, UE and TE as functions of irradiation temperature are shown in Fig. 2; all tests were carried out at the 
irradiation temperature. After irradiation, both SA and CW austenitic stainless steels become very strong, with YS values in 
the range of 700 to 1OOO MPa at 60 to 330°C [Fig. 2(a)] and YS about the same as the ultimate tensile strength (UTS)? The 
CW material is initially much stronger than SA material, and remains 100 to 200 MPa stronger after irradiation. Steels 
irradiated in ORR-MFE-6JDJ appear to be strongest at 330°C. The data from ORR-MFE-6JDJ at 7 dpa agree reasonably well 
with design curves of the YS after 10 dpa, for many SA and CW steels irradiated in a variety of fission reactors." 
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like 25% CW PCA at 100 to 400°C.'' However, TE 
values for CW material irradiated at 60 to 330°C are 2 
to 15%, about the same as found in unirradiated CW - material [Fig. 2(c)]. The decline in TE with increasing 

I temperature at 60 to 330°C is consistent with maximum 
r hardening occurring at 330°C. Low UE values suggest 
& z 700 limited work-hardening capability in the irradiated steels. 

However, the higher TE values (Fig. 2) indicate that 
500 even after irradiation to 7 dpa, these alloys retain a 

2 w substantial capacity for plastic deformation. A ductile- 
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Fig. 2 a,) Yield stress ( Y S ) ,  b.) uniform elongalion (UE), and 
c.) total elongation (T!3) as functions of irradiation temperature for 
various heals of austenitic stainless steel irradiated in ORR-MFE- 
6.Jr7J.e The design curves for YS in a.) were generated from other data 
described elsewhere.' 

Ductility, as measured by UE, is <1% in CW 
steel after irradiation at 60 to 330°C in ORR, and is 
similar for SA steels at 200 to 330°C [Fig. 2(b)]. 
Irradiation more severely reduces UE in SA material 
because it is initially much more ductile than CW 
material. The UE of unirradiated CW steel is much 
lower than SA steel, and can be as low as 1% in steels 

Irradiation-Creeo 

Irradiation-creep generally describes deformation 
that would not occur unless the material was exposed to 
both displacement damage and stress. This radiation- 
induced phenomenon is linear with stress and weakly 
dependent on temperature. It arises from the complex 
interactions between the point defects and the 
dislocation microstructure during irradiation. The 
existing data base is derived primarily from irradiation- 
creep experiments performed in fast breeder reactors 
(FBR) at temperatures of 400°C and above and at 
Heldpa ratios of 0.5 to 1 appm Heldpa."~" 

Data from pressurized-tube specimens of CW 
PCA stainless steel irradiated at 400°C in ORR 
experiments spectrally-tailored to produce Heldpa ratios 
in the range of 12 to 18 appddpa are shown in Fig. 3. 
The ORR data clearly fall above those obtained from 
similar specimens irradiated in FFTF with a Heldpa ratio 
of about 0.3 appm/dpa.'6 These data suggest that helium 
enhances the irradiation-creep rate, although issues 
involved in the interpretation are not completely 
re~olved;'~ irradiation-creep is sensitive to damage rate, 
and possibly other spectral effects as well. 

ORNL-DWG 902-15921 
0.1 

PCA 25% C. W 

0.01 

appm ne R 
I30 

0.w1 

O.DOO1 
I IO I00 

DISPLACEMENT DAMAGE [ a p q  

Fig. 3 Iradiation-creep data from pressurized tube 
specimens of 25% CW PCA austenitic steel irradiated in ORR 
( M E - 4  and -6JPJ)' and FlTF16 at about 400°C. 
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Recent data from the ORR-MFE-6JI7J experiment show an unusual temperature dependence of in-reactor creep strains 
at 60 to 400°C (Fig. 4).18 Irradiation-creep strains at 60°C were higher than those found a t  200 to 400°C. Other steels in the 
same experiment, including a simple Fe-Cr-Ni ternary alloy, and J316 and JPCA austenitic and HT-9 martensiticlfemtic steels 
also exhibit enhanced creep at 60°C. A model based upon transient interstitial absorption by dislocations has been proposed 
to explain this phenomenon." 
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Fig. 4 Radiation-creep data from pressurized 
tube specimens of 25% CW PCA austenitic Steel 
irradiated in ORR-MFE-6JI7J at 60-400°C to about 7 
dpa (12 appm Heidpa)." 

Radiation-Induced Effects on Selected Corrosion 
Proverties 

Irradiation-assisted stress-corrosion cracking 
(IASCC) is a major form of environmental degradation for 
austenitic stainless steels in water-cooled fission  reactor^.'^ 
IASCC has also recently become a major concern for fusion 
reactors like ITER which feature a water-cooled austenitic 
stainless steel FW.'O," IASCC has been found in type 304 
stainless steel irradiated at 288°C to < I  dpa, manifesting 
itself as intergranular stress-corrosion cracking (IGSCC). 
IGSCC is suggested to be caused either by segregation of 
impurities like S, P and Si to the grain boundaries, or by Cr 
depletion at the grain boundaries so that grain boundaries 
are no longer "stainless" ( ~ 1 2 %  Cr) or "sensitized." While 
precipitation of Cr-rich carbides can cause sensitization 
during thermal aging, Cr-depletion at grain boundaries 
during irradiation is generally caused by radiation-induced 
solute-segregation (RIS). 

Inazumi and Bellm have developed a technique for 
applying the electrochemical potentiokinetic reactivation 
(EPR) method for detecting Cr-depletion to miniature 
specimens (3-mm-diam disks). The EPR technique is 
described in detail elsewhere."22 EPR quantitatively 
measures the degree of sensitization in terms (if a 
reactivation charge per unit of "active area" (Pa, Clcm'). In 
thermally aged specimens, P, is calculated using the grain 
boundary area, but in neutron-irradiated specimens, RIS 
causes attack at both grain boundary and matrix 
microstructural features, so that the entire specimen 
becomes ',active area.'' 

Recent EPR data by Inazumi and Belln on disks of 
25% CW PCA stainless steel irradiated in ORR-MFE-6Ji7J 
to 7.4 dpa show significant radiation-induced changes in 
corrosion behavior at 200 to 400°C relative to control 
material, but no change at 60°C (Fig. 5). P, is several 
orders of magnitude greater after ORR irradiation at 
400"C, and similar to that found for SA and CW PCA 
irradiated in FFTF at 420°C to 9 dpa." Subsequent X-ray 
microcompositional analysis using analytical electron 
microscopy ( E M )  confirmrd Cr depletion at grain 
boundaries which was caused by (RIS)." Surface examina- 
tion of the EPR-tested disks showed clear grain boundary 
attack after ORR irradiation at 400"C, only matrix etching 
with no attack at grain boundaries at 200"C, and no etching 
effects at 60°C (Fig. 6). 

Radiation-Induced Swelling 

Swelling due to radiation-induced voids is a major 
concern for the FW of fusion devices at temperatures of 
400°C and above, and has been the focus of considerable 
alloy development effort?"" Recent data from ORR-MFE- 
4 have shown that helium-enhanced void swelling at 500°C 
can be significant after only 11 to 13 dpa in advanced alloys 
like the titanium-modified PCA stainless steel.' Through 
the 198Os, the FW temperatures in various fusion reactor 
design concepts have progressed toward 350°C and below, 
as currently anticipated for ITER.",' Data at 7 to 13 dpa 
have been obtained for various austenitic stainless steels 
(SA and CW conditions) irradiated in spectrally-tailored 
experimrnts which reproduce the Heidpa ratio and dpa rate 
anticipated for the FW of ITER. These data have been 
used to develop the preliminary swelling equation shown in 
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Fig. 5 The reactivation charge per unit of "activated' 
area (P,), as measured by EPR testing of miniaturized 
specimens of 25% CW PCA austenitic steel irradiated 
ORR-MFE-6JI7J to 7 dpa" plotted as a function of 
irradiation temperature. The P, value for unirradiated 
control material is also shown. 
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-Reposed ITER 
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hslgn Equalbn 
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v Various ste.t,. 330% 4.0 

Fie. 7 Prooosed ITER swellinn equation for - -  
austenitic stainleis steels irradiated at fusion relevant 
Heldpa ratios and damage rates (R.E. Stoller, ORNL). 
Swelling data at 11-13 dpa is from ORR-MFE-4." 

Fig. 6 Optical microscopy of the surface of disc 
specimens of 25% CW PCA irradiated to 7 dpa in ORR- 
MFE-6JnJ after EPR testing.= a.) T,=600C no etching 
within grains or at grain boundaries. b.) Ti,=2WC, 
etching of grain interiors only. c.) TI,=4WC, etching 
within grains and at boundaries. 

Fig. 7. The incubation dose and swelling rate parameters 
of the bilinear swelling equation, developed by the US. 
Breeder Reactor Materials Program, have been adjusted so 
that the equation fits the data from the spectrally-tailored 
experiments. This proposed equation indicates that, 
provided FW temperatures do not exceed 400°C swelling 
of SA 316 or SA PCA austenitic stainless steels will be 
limited to about 2% after 35 dpa. 

If ITER FW temperatures reach 400°C or above, 
void swelling cannot be dismissed as a concern. 
Transmission electron microscopy (TEM) of PCA stainless 
steel disks irradiated in ORR-MFE-4 to 13 dpa at 400°C 
clearly show the advantage of CW material with regard to 
void swelling resistance (Fig. 8). SA PCA with large voids 
shows about 0.4% swelling, while CW PCA with only a 
dense dispersion of very small helium bubbles shows none. 
Often concerns about welding and/or sensitization to 
aqueous corrosion encourage the choice of low-carbon 
austenitic stainless steels like type 316L in the SA condition. 
However, data from both FBR and mixed-spectrum reactor 
irradiation experiments show that low-carbon austenitic 
stainless steels are much less resistant to void swelling than 
steels containing 0.4 to 0.6 wt % C, particularly in the SA 
condition.',- 

1 

lbl 

'20nrn' 

Fig. 8 TEM showing a.) large voids in SA. PCA and 
b.) tine helium bubbles in 25% CW PCA, irradiated in 
ORR-MFE-4 at 400°C to 13 dpa. 
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ORNL-LMG 9OM-15534 welded specimens were intermediate to those observed 
~ ? O X C O M . ~ ~ W ~ ~ ~ S S  I for irradiated SA and CW base-metal snecimens. 

Similar results were found for earlier experiments on 
20% CW 316 TIG-welded with 16-8-2 filler metal and 
irradiated in HFIR at 5 to 10 dpa at WC.'' Therefore, 
it appears that initially good welds will continue to 
remain good during irradiation. One concern about the 
use of CW material is that the HAZ will be softer than 
the base-metal. However, initial fatigue strains nroduwd 
during the Physics Phase will most likelv h&den the "t I 

0 0 1 0  20 30 40 50 
DwagO *vel (dpa) 

Fig. 9 Calculated fracture-toughness at 250°C using 
a modified Krafft model following Hamilton:' based on 
tensile data from 2O%CW 316 steel irradiated in various 
mixed-spectrum reactors at 250°C." 

Fabrication Issues 

Usually this topic includes specifying the physical 
metallurgical variables of alloy composition and the final 
thermomechanical condition of the as-fabricated 

softer-regions to produce more unifom strdngth. Repair 
welding of irradiated material may also be an important 
maintenance issue. Work by Lin et al." on welding of 
type 316 stainless steel preimplanted (tritium trick 
method) with various amountS of helium showed that as 
little as 2.5 appm He produced cracking in the HAZ, as 
shown in Fig. 10. Material that contained only 0.2 appm 
He was weldable. Weld repair may still be possible after 
the earliest shake-down runs of ITER, and special weld- 
overlay methods with low heat input may help avert 
intergranular helium embrittlement in the HA2 at 1 to 
2 appm He. However, such difficulties with in-service 
weld repair will place a greater emphasis on making 
good initial welds. 

iuch higher initial YS of CW austenitic steel will 
design stress limits to take advantage of the high 
$h tbat irradiated material will eventually possess. 
dition, the higher initial strength of CW material 
allow FW to be thinner. which would reduce . .  _ _  ~ .~ 

Fig. 10 a.) lower magnification op 
showing cracking in the heat-affected-zont 
magnification scanning electron micro 
intergranular cracks in as-welded type 31 

:s caused bv thermal eradients. Finallv. increased 
hould allo; the st&s produced by thermal 
ision to be elastic rather than plastic, which is 
icial for fatigue resistance. 

With regard to welding prior to irradiation, both 
nd CW J316 have been welded satisfactorily by 
on-heam (EB, autogenous) and tungsten-arc, inert 
:IG, filler-metal) techniques prior to irradiation in 

containing 2.5 appm He." 

material, as well as recommendations regarding ORNL-Photo 7263-90 
weldingljoining practice. The current choice of FW 
material for ITER is SA type 316 stainless steel, with 
CW type 316 being considered as an alternate choice.) 
In genereal, austenitic stainless steels are processed by 
various hot-, warm-, or cold-wrought steps into final 
produa form prior to the final solution-annealing 
treatment. Neither solution-annealing nor cold-working 
is a precisely defined metallurgical state. SA material 
can he "dead-soft" (minimum YS) or mill-annealed with 
some small amount of strain for straightening or final 
conditioning that corresponds to 5 to 10% CW. Boutard 
has called attention to the fact that if the FW is 
fabricated from SA 316, cyclic fatigue during the Physics 
Phase of operation will plastically deform and harden the 
FW, so that material will not be strictly in a SA or 20 to 1 mrn (b) 100 urn 

the II 
allow tical microscopy 
streng : and b.) higher 
In adi lscopy showing 

6 stainless steel may 
strew 
YS s 
expan 
benef 

SA ai 
clean 

the ORR-MFE-UDJ experiment?' Both weld-joint (EB, 
TIG) specimens [gage section consisting mainly of heat- 
affected-zone (HAZ) plus weld-metal] and weld-metal 
(TIG) specimens of SA and CW J316 were irradiated at 
60 to 400°C. The tensile properties of these various 

- - 
25% CW rnnrlitinn when irrsrlirtinn heoinc~' The me. nf 

gas (1 



F“ 
96 

SUMMARY AND PERSPECTIVE 

New data on austenitic stainless steels irradiated in spectral-tailoring experiments in ORR at 60 to 400°C to 7 to 13 dpa 
show significant effects of irradiation on properties. Irradiation causes rapid hardening of the steels at 60 to 330°C but does 
not induce brittle behavior. Irradiation induces a significant adverse change in electrochemical behavior at 2W to 400°C but 
not at 60°C Irradiation surprisingly induces higher rates of radiation-creep at 60°C than are found at 200 to 400°C Swelling 
appears to be minimal during irradiation at 350°C and below. Together, these data point to the potential for type 316 to 
perform satisfactorily as the FW material for ITER. The data further suggest that CW 316 may be better than SA 316 from 
the standpoint of higher initial YS and of better void swelling resistance if FW irradiation temperatures exceed 350°C. 

Ongoing national programs by the four major parties participating in ITER are continuing to provide the information 
needed for the conceptual design studies. During the next few years, these programs should also provide significant new 
radiation effects data on fracture toughness and IASCC, and extend the mechanical properties data base on irradiated steels 
to higher doses. The present data base on the properties of irradiated material is insufficient to allow the detailed performance 
analyses which will be required in the engineering design phase of ITER. A well coordinated, international effort will be needed 
to define the most appropriate reactor irradiation conditions, the reactor facilities, and the testing methodologies, and to develop 
a comprehensive data base on prototypic commercial heats of austenitic stainless steel. 

Although SA 316 is the logical first choice as a fabrication option, a range of alternate options should also continue to 
be studied. While the 15 to 25% CW condition provides high initial YS, intermediate CW levels of 5 to 15% might produce 
a better combination of YS and UE during irradiation. Rather than simple, conventional SA or CW treatments, specialized 
thennomechanical processing like the S A R  (strained, aged and recrystallized) treatment developed at JAERI to minimize 
JASCC may be attractive for type 316. The ultrafine grain size produced by the S A R  treatment may also provide better ductility 
and toughness at similar levels of strength after irradiation. GoSls should include both meeting minimum requirements as well 
as attempting to achieve maximum performance. 
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SWELLING AND MICROSTRUCTURAL ANALYSIS OF U.S.-PCA AUSTENITIC STAINLESS STEEL IRRADIATED 
AT 60 TO 400°C IN ORR SPECTRAL-TAILORED EXPERIMENTS -- P.J. Maziasz (Oak Ridge National Laboratory) 

OBJECTIVE 

Microstructural analysis of neutron irradiated austenitic stainless steels and correlation with changes in mechanical 
properties. 

SUMMARY 

Specimens of solutioc-annealed (SA) and 25% cold-worked (CW) PCA austenitic stainless steel were irradiated in ORR- 
MFE-4 at 330 and 400°C to 13 dpa, and in ORR-MFE-6JnJ at 60,200,330 and 400°C to 7.4 dpa. Swelling measured by the 
ORNL precision densitometer of CW PCA irradiated at 400°C was negligible after 7.4 and 13 dpa, whereas SA PCA showed 
0.3 to 0.4% swelling after 13 dpa. At 330"C, both SA and CW PCA showed about 0.2% swelling after 13 dpa. Transmission 
electron microscopy (TEM) analysis of the cavity microstructure showed many voids in SA PCA irradiated at 400"C, while only 
tiny helium bubbles were found in the other specimens irradiated at 330 to 400°C. No cavities were detectable in CW PCA 
irradiated at 60 or 200°C. Fine MC precipitates were found in SA and CW PCA specimens at 330 and 400"C, but not at lower 
temperatures. Both SA and CW PCA contained mixtures of larger Frank loops and dislocation networks at 330 and 400°C 
whereas the dislocation structure of CW PCA was dominated by tiny '%lack-dot" loops at 60 and 200°C. The CW PCA showed 
significant radiation-induced recovely of the initial dis:ocation network structure at all temperatures; no large Frank loops were 
found at WC,  while the maximum concentration of larger loops was observed at 330°C. 

PROGRESS AND STATUS 

Introduction 

Spectrally tailored experiments have comprised a major portion of the overall effort on fission reactor irradiation 
experiments by the US. Fusion Materials Program (FMP) since about 1980.' Spectral-tailoring was achieved in the Oak Ridge 
Research Reactor (ORR) by periodically changing the materials surrounding the experimental subassembly in the reactor core 
to alter the ratio of fast to thermal neutron fluxes. In nickel-bearing alloys like type 316 and PCA austenitic stainless steel, this 
has the direct effect of altering the ratio of heliuddpa generation. The He/dpa ratio achieved in the ORR experiments became 
approximately linear with dose and ranged from 12 to 18 appm/dpa, close to the values expected in a fusion reactor first-wall?' 
The spectrally tailored ORR-MFE-4 experiment was conducted by the US. FMP at temperatures of 330 to 600°C to doses of 
of 11 to 13 dpa. The subsequent ORR-MFE-6JnJ experiment, irradiated at temperatures of 60 to 400°C to a dose of 7.4 dpa, 
was conducted under the collaborative agreement between the U.S. (ORNL) and the Japanese (JAERI) fusion materials 
programs." 

A variety of new radiation-induced property changes with important implications for fusion have been observed for 
austenitic stainless steels in the spectrally tailored experiments. These include: (a) void swelling rates (measured by precision 
densitometr]: that are very sensitive to He/dpa ratio, and appear maximum at about 12 to 18 appm He/dpa at 500T,' (b) 
higher irradiation-creep rates in ORR at 400 to 500°C than those observed during fast reactor irradiations: (c) larger strains 
due to irradiation-Cree? at 60°C than at 200 to 400°C' (d) high levels of radiation-induced hardening accompanied by very low 
values of upiforn elongstior, at 60 to 330"C6 and (e) radiation-induced sensitivity to electrochemical attack after irradiation at 
200 to 400°C but not E: WC, as measured by the electrochemical potentiokinetic reactivation (EPR) method.'.* All of these 
property change data have been obtained from the titanium-modified PCA austenitic stainless steel, but as yet, there has been 
no systematic study of the microstructural evolution in this or any other related steel at this combination of low dose and lower 
irradiation temperatures, and at the fusion-relevant Heldpa ratio. Therefore, the specific purpose of this work is to characterize 
and analyze the microstructure of PCA specimens available from these spectrally tailored experiments via transmission electron 
microscopy (TEM). The broader purpose of this and follow-on work will be to correlate microstructural behavior with the data 
on property changes to reveal underlying mechanisms, and to compare the microstructural data on the US. PCA with that of 
JPCA and type 316 stainless steels. 

Emerimental 

The composition of the austenitic PCA (K-280 heat) stainless steel is given in Table 1. Standard 3-mm-diam TEM disks 
were punched from 0.25-mm-thick sheet stock that was cold rolled either 25% or 50% after a solution-annealing treatment of 
1 h at 1175°C. Disks from the 25% cold-worked (CW) condition sheet remained in that condition, while disks from the 50% 
CW sheet were given a final solution-annealing (SA) treatment for 0.5 h at 1100°C. 
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Table 1. Conpasltlon o f  PCA, Heat No. K280 ( u t  'I) SA and CW PCA specimens were 
irradiated in the spectrally-tailored ORR- 

Fe Nl C r  TI C HO Hn 51 P S E N  MFE-4 at temperatures of 330 and 400°C 
to 13 dpa and 230 appm He. Only CW 
PCA specimens were irradiated in the 
ORR-ME-6U7J experiment at 60, 200, 
330 and 400°C to 7.4 dpa and 130 appm 

aa1 16.2 14.0 0.24 0.05 2.3 1.8 0.4  0.01 0.003 0.0010.01 

He. Density change measurements were made on TEM disks prior to electropolishing using the ORNL precision densitometer. 
However, because swelling values were quite low and close to the accuracy limits for the densitometer? measurements were 
confined to the group of specimens irradiated at 330 and 400°C. Microstructural analysis was performed on the JEM 2000FX 
analytical electron microscope (AEM), using standard techniques to obtain quantitative data for the cavity. dislocation and 
precipitate components. 

Results 

The TEM data will be presented primarily in terms of temperature dependence. Data at 330 and 400°C also include 
dose dependence from 7.4 to 13 dpa and comparison of SA and CW material at each temperature. Density change 
measurements on specimens irradiated at 330 and 400°C are given in Table 2. The concentrations of the microstructural 
components are plotted versus irradiation temperature in Fig. 1 and versus dose at 330 and 400°C in Fig. 2. Quantitative data 
on sizes and concentrations of dislocation loops, cavities and precipitates from TEM analysis are given in Table 3. Quantitative 
data on the total dislocation concentration as well as the portions due to network, large Frank loop and 'black-dot" loop 
components of the dislocation structure are given in Table 4, and plotted as functions of irradiation temperature in Fig. 3 and 
as functions of dose in Fig. 4. 

Table 2 .  sunmary o f  Denslty Change Measured ORNLDWG 9OM 1- 

'BLACK-WT LOOPS 

sYe l i lng  l o r  PCA I r rad la ted  a t  330 to 400.C In 
the  spectral ly  Tai lored ORR-HFE-4A. -48. 

-&I and -75 Experlnentr 

I r r a d l a t i o n  Conditions 

Temperature Dole 
tlvv/vo, z 

Alloy ('C) (+a) 

400 13 0.38 
0.33 

SA PCA 

400 13 -0.05 

400 7.4 -0.08 

330 13 0.18 

25% N PCA 
0.02 

25% Cy PCA 
-0.03 

SA PCA 
0.24 

25% CU PCA 330 13 0.16 
0.22 

102' 
3w 4w 5w 0 loa 203 

IRRADIATION TEMPERATURE ('C) 

Fig.  1. T q e r a t U r I )  dependence Of the Concen- 
t ra t ions  of various mlcrostwcturaI  conpanents I n  
25% cy PU I r r a d l a t e d  i n  the spectral ly  t a t l o r e d  
WR WFE-W, -75 (7 .4  *a) and NFE-4 (13 *a) 
emerlments. 
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Fig. 2 .  Dose dependence of the concentrations 
of various microstructural colnponents i n  25% CW PCA 
i r r a d i a t e d  i n  the spectral ly  t a i l o r e d  M(R MFE-a, 
-75 (7.4 *a) and MFE-4 (13 +a) experiments a t  330 
and 400.C. 
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Fig. 3. T w e r a t u r e  dependence o f  the dis-  
locat ion concentration from various conponents of 
the dis locat ion microstructure i n  25% CW PCA i r r a-  
diated I n  the Spectral ly  t a l l o r e d  ORR MFE-a, -75 
(7.4 *a) and WE-4 (13 *a) experiments. 

60°C 

Only a very high concentration (4 x loz) mJ) of tiny 'black-dot" loops were produced by irradiation in CW PCA after 
7.4 dpa (Figs. 1 and 5 ) .  No cavities or precipitates were detectable, and very few large Frank interstitial loops were found (Figs. 
1 and 6). There was also significant recovery of the as-cold-worked dislocation network (over 10 times less) during irradiation 
(Fig. 3). However, the contribution made by the tiny loops to the total dislocation concentration produced only a slight net 
decrease in dis:ocation content during irradiation relative to as-cold-worked material. 

200°C 

A very high concentration of fine (1.4-3 nm) 'black-dot" loops was observed in CW PCA, together with recovery of the 
network dislocation structure, similar to the results at 60°C (Figs. 1 and 5 ) .  No cavities or precipitates were found. A modest 
density (5 x 1020 m") of larger (4-23 nm) Frank interstitial loops was found (Figs. 1 and 6). but these made only a small 
contribution to the total dislocation concentration. The total dislocation content after irradiation at 200°C was about the same 
as found at 60"C, and again was dominated by the contribution from the 'black-dot" loops (Fig. 3). 

330°C 

CW PCA irradiated at 330°C to 7.4 dpa contained a much higher concentration (1.1 x 1P m") of larger Frank loops 
than the specimens irradiated at lower temperatures to the same dose (Figs. 1 and 6). There was little change in Frank loop 
concentration or size range (smallest to largest) (Fig. 2 and Table 3) with increasing dose from 7.4 to 13 dpa, but there was a 
small increase in the size of the average loop (Table 4). The concentration of network dislocations after 7.4 dpa was higher 
than at lower irradiation temperatures, but irradiation still caused recovery of the dislocation network structure relative to as- 
cold-worked material (Fig. 3). The network concentration increased with dose (Fig. 4). No 'black-dot" loops were observed 
at 330°C at either dose. Instead, high concentrations of tiny helium bubbles and similarly tiny MC precipitate particles were 
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Table 3. summary of Microstructura1 Observations from PCA I r r a d i a t e d  a t  60 to 400.C i n  the Spec t ra l l y  Tai lored 
OUR-MFE-4A and -48 and -65 and -75 Experiments 

I r r a d i a t i o n  01 s locat ionr  c m i t i e s  
Condit ions 
pp P r e c i p i t a t i o n  

LOOPS Voids Bubbles ___ 
Temper- (diameter, Type ( d i  me te r ,  ( d i  m e t e r ,  Phase (diameter, 

concentrat ion) A l l o y  ature OOIB concentrat ion) concentrat ion) (concentrat ion] 
('C) (*a) (m-'1 

SA PCA 400 13 11.2 to 44 nn Frank 5 t o  10 nm 1.4 t o  3 nm MC 1 t o  6 nn 
1.6 x 10" m-' 5.2 x 10" m-' 1.5 x 10'1 m-3 -5 t o  7 x 10" m-3 

SA PCA 330 1 3  4 t o  23 nm Frank None 1.9 nrn MC -2 nrn 

25% CW PCA 400 13 7 t o  37 "8 Frank A few patches 1.4 t o  4 nn MC 2 to 5 nrn 

6.3 x 10" m-' Q.5 x 10'' in-3 

9 . 5  x lo2' nr3 1 .3  x IO" m-'  1.3 x 10" .-a 6 t o  10 nm 

25% CY PCA 330 1 3  2 t o  21 nm Frank Nolle 1 t o  2 nn MC -2 nm G 

1 . 2  x 10" m-3 ,2.5 x IO" m-' s . 5  x IO" m-3 

25% CU PCA 400 7.4 4 to 62 nm Frank A few patches t l  t o  2 nm MC 3 t o  4 nm 

25% CW PCA 330 7.4 2 t o  25 MI Frank N O W  1 t o  2 nm MC 2 t o  3 nm 

25% CW PCA 200 7.4 1.4 t o  3 nn "Black-dot" N O M  None N O M  N O M  

t l  x 10" m-' 5 t o  10 "In > 3  x IO" m-' 2-4 x 10" m-3  

1.2 x 10'' m-' 1.1 x 10" m-3 )8 x IO" m-' 

--4 x 10'3 m-3 

-1 x 10" m-' 
4 t o  23 nm Frank 

25% CW PCA 60 7.4 1.5 t o  3 "81 ack-&t" None 
-4 x ioz3 m-' 

NO"* None None 

14 t o  19 nm Frank 
t 2  x 10'' m-' 

Table 4.  Summary O f  Concentrat ion Data f o r  us-PCA I r r a d i a t e d  in Spectra l ly  Tai lored Experiments OUR-MFE-4A and -40 and - W  and -75 

I r r a d i a t i o n  Condit ions o i r l o c a t i o n  concentrat ion (n mlm') 
Nurber Oenrity 

A1 l o y l  Tenperatwe Dose Larger Frank Loops Total O f  Large Loops 
Condi t ion ('C) ( *a)  Network '"Black-Dot" Loops ( l i n e  lengthlm') (m-') 

SA-PCA As-annealed 4 x 10'' None None 4 x 10" 

SA-PCA 400 13 1.8 x 10'5 None 1 x 10'' (25 rm)a -3 x 10'5 1.3 x 10" 

SA-PCA 330 13 9 x 10" None 3.1 x 10" (16.5 m)' -4 x 10" 6 .0  x 10" 

25% CW-PCA As-cold worked 25 x 10" None None 25 x 10lZ 0 

25% CW-PCA 400 13 1.1 x 10" NO"* 8.4 IOL* (21 m)a < 1015 1.3 iozz 

25% CW-PCA 400 7 . 4  2 x 10'' None 9 x 101' (29 rm)a 1.1 x 10" 9.9 x 10" 

25% CW-PCA 330 13 <9 x 101' None 1 . 7  x 10" (12 .4  m ) a  4.7- 1.2 x 1021 

251 N-PCA 330 7.4 4.5 x 10" None 3.1 x IO" (9 na)' 3.5 x IO" 1.1 x IO" 

25% CU-PCA 200 7.4 2.6 x 10'' 2.8 x 10" 5 x 10" (16.5 m]' -3.6 x IO'' 9.6 x 10" 

5.6 x 10" 

(2 .2  nm]a 

25% CU-PCA 64 7 . 4  3.4 x 10'' 2.8 x 10" t l  x lo" (16.5 nm)' -3.1 x IO" 1.9 x 10" 
( 2 . 2  nm)a 

"Average diameter O f  loops i n  t h i s  s i z e  c lass 
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iniformly dispersed in the matrix; both types of tiny microstructural defects were visible during weak-beam dark-field imaging 
:Fig. 4). The total dislocation concentration aHer 7.4 dpa was ahout the same as observed at 60 and 2oo"c, hut increased after 
13 dpa to nearly the level found in as-cold-worked material, mainly due to the increase in network dislocations and the growth 
If Frank loops with dose (Figs. 2 and 4). The dislocation microstructure found in SA PCA irradiated to  13 d p  was similar to 
hat of the CW PCA, but the Frank loop structure was somewhat coarser, and there were slightly more network dislocations 
n the SA PCA (Table 4). 

Although no voids were detected, the abundant dispersions of tiny helium bubbles produced about 0.2% swelling in both 
;A and CW PCA irradiated at 330°C to 13 dpa (Table 2). Helium bubbles were barely detectable above the resolution limit 
n CW PCA at both doses, but there was a definite increase in the number of visible bubbles from 7.4 to 13 dpa (Fig. 2). Helium 
mbbles were slightly larger in SA PCA after 13 dpa (Fig. 7). The CW PCA contained a very high concentration of fine MC 
irecipitates at both doses, and there was a definite increase in the number of precipitates with increasing dose,. The MC 
)articles were detected and identified mainly hy their characteristic Moire fringe patterns visible in dynamical contrast images 
IS well as in weak-beam dark-field images. By contrast, very few fine MC particles were detected in the SA PCA. 

IO0"c 

The microstructure in CW FC! by irradiation at 400°C was clearly coarser than that found at the I m r  irradiation 
emperatures (Fig. 5) .  There was also considerable evolution of the microstructure in CW PCA from 7.4 to 13 d p .  After 7.4 
Ipa, the dislocation structure of CW PCA was comprised of many coarse Frank interstitial loops and very little Detwork (Tables 
I and 4, and Fig. 5). After 13 dpa, there were more loops in the CW PCA, hut they were smaller; the concentration of network 
lislocations was five times higher at 13 dpa compared to 7.4 dpa. The net result was that the total dislocation concentration 
)f CW PCA doubled as the dose increased, hut there were still less dislocations in the irradiated material than were found in 
he ascold-worked material (Figs. 3 and 4). SA PCA irradiated at 400°C to 13 dpa has more network dislocation, and more 
md larger Frank loops than found in CW PCA. Therefore, the total dislocation content of the SA PCA was about three times 
geater than found in CW PCA after 13 dpa (Table 4). 
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Fig. 7. 01 of tha t iny h l i u  bubbles formed tn  Y. and 2% W F U  dlrlng irradiation i n  WR 
It 330'C to 13 w. 

The CW PCA irradiated to 7.4 dpa contained many (>3  x lp mJ) fine (<1-2 nm) helium bubbles, together with a few 
sparse patches of larger (6-10 nm) voids. The fine helium hubhles were almost completely associated with a uniform and equally 
fme dispersion of MC particles. After 13 dpa, the concentrations of tiny helium bubbles and MC precipitate particles both 
increased by a factor of 10, and yet there was no detectable change in the void component of the microstructure. The bubble 
concentration at 400°C after 13 dpa was still less than half that found at 330°C. Density change measurements showed no 
detectable swelling of CW PCA at either dose (Table 2). 

The microstructure of SA PCA irradiated to 13 dpa was roughly similar to that of CW PCA, except that the SA PCA 
contained many more large voids (Fig. 8). There were slightly more and larger Frank loops, and more network dislocations 
in the SA PCA, and there were fewer fine helium bubbles and a discernibly coarser distribution of small MC particles. The 
swelling of SA PCA was 0.3 to 0.4%, more than found in CW PCA mainly because there were more voids. 

steel a id  SA and 20% CW "P7" ( 
y tailored experimenf ORR-MFl . . . . . . ̂ rn *,." 

with more limited practical resolution and viGbility at higher 1 

vork, so these data should be viewed accordingly. Likewise BI 
I P7 alloy, after irradiation at 350°C to 3 dpa, but they were nc 
.I.. -....I :.".&.e :-c ---. :-- :" ".".:,"%.,a -- .I.- "-a":-.a-." :-. 

Discussion 

While the data on the PCA austenitic stainless steel irradiated in these ORR spectrally tailored experiments at 60 to 
400°C to 7.4 to 13 dpa are unique, there are some microstructural data on other heats of austenitic stainless steel irradiated 
in other mked-SDectNm reactors in this tempcrature range that are relevant for comparison. 20% CW type 316 (heat X-15893) 
stainless 'a high-purity austenitic stainless alloy) were irradiated at 250 to 550°C in an earlier 
spectral! E-2, to c5 dpa and <40 appm He:," In the 20% CW type 316, no cavities or 
precipitates were oeiecraoie at wu, LYV, or 450°C after 5 dpa: However, these specimens were examined in 1982 using a JEOL 
100°C TEM nagnification than the modem JEOL 2000FX AEM 
used in this v :ager and Gamer found "small defect clusters'' in SA 
and 20% CM )t able to identify these?' With regard to dislocation 
structure, only quamauvc nnuIumuuu 13 avauamc ULI LUG ~ ~ G G B L K A I J  ulddiated in ORR-MFE-2. Large Frank loops were 
observed in all of the P7 and type 3 . 6  specimens. In the 20% CW 316, a similar dense mbture of large Frank loops (8-25 nm 
diam), network, and "black-dot'' loobarnage were reported for the dislocation microstructure at 250 to 450°C: However, the 
'%lack-dot" loops observed at 450°C using weak-beam dark-field imaging may have been strain around overpressurized helium 
bubbles that were too small to resolve in bright-field. It is, therefore, significant in this work on the 25% CW PCA that tiny 
bubbles and MC precipitates can be clearly resolved at 33o"c, and can be distinguished from '%lack-dot" loop damage that 
appears at 200°C and below. The previous ORR data is generally quite consistent with the data reported here, except that the 
Frank loops found in 25% CW PCA at 400°C and 7.4 dpa are somewhat larger than those found in 20%CW 316 at 450°C and 
5 dpa. 
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There is a ponsiderable amount of previous quantitative microstructural data on cavity and precipitation evolution in SA 
and CW 316 (N-lot, J316 and DO-heat), PCA and JPCA austenitic stainless steels irradiated in more recent HFIR experi- 
ments"~" at 300 and 400°C and some data on some of these steels and type 316+Ti (Rl-heat) steel irradiated in older HFIR 
experiments"." at 55 and 325-450°C. There are also some other mixed-spectrum reactor data on SA 348 (niobium-stabilized) 
stainless steel irradiated at 350°C to 33 to 39 dpa in ATR and at 300°C to 44 dpa in ETR." Although no helium bubbles or 
MC precipitates were detected in SA PCA or 20% CW 316 (N-lot) after HFIR irradiation at 300 to 400°C to 10 dpa, tiny 
helium bubbles were detected in SA and 25% CW PCA, and in 20% CW 316 (N-lot) at both temperatures after 44 dpa. Fine 
MC was observed at 400°C but not at 300°C in the 25% CW PCA irradiated to 44 dpa." In later collaborative HFIR 
experiments with the Japanese, fine helium bubbles were easily detectable at 33 and 57 dpa in SA and in 20-25% CW J316, 
JPCA and PCA steels at 300 and 400°C at least in part due to use of a better JEOL 2000FX AEM.1'" In the present work, 
bubble sizes and concentrations and MC precipitate sizes in CW PCA after ORR irradiation to 7 to 13 dpa at 330 to 400°C 
were comparable to those observed after higher dose irradiation in HFIR at 300 to 4oo"c, but many more fine MC precipitates 
were observed in the steels irradiated in ORR (1-2 x lop compared to 1-2 x 10%'). In previous HFIR experiments on CW 
316+Ti, a very high concentration of fine MC particles was detectable after 8.5 dpa at 325 to 350°C but helium bubbles were 
not." Thomas and Beeston" observed very high concentrations of very fine helium bubbles in SA 348 irradiated in both ATR 
and ETR reactors at 300 to 350°C to 33 to 44 dpa, but they found no MC precipitation. They found fine G-phase precipitation 
after ATR irradiation at 350°C but found none in the specimens irradiated in ETR at 300°C 

With regard to dislocation evolution, most steels irradiated in mixedspectrum fission reactors have large Frank loops 
after irradiation at 300 to 4oo"cpLz15~1* However, there is little systematic data on dislocation network evolution at these 
temperatures. Quantitatively, the 25% CW US. PCA irradiated in HFIR at 300 to 400°C to 34 dpa had many more Frank 
loops than similarly irradiated 20% CW JPCA,l2 and the loop data for CW US. PCA irradiated to lower doses in ORR is 
consistent with the higher dose data from HFIR. Previous data on 20% CW 316 and 316+Ti irradiated at 55°C in HFIR 
showed dense dispersions of "blackdot" loops and network dislocations, but few or no larger Frank loops,"41s consistent with 
the ORR data on 25% CW PCA in this work. Although previous HFIR data at 55°C showed recovery of the network disloca- 
tion structure in CW 316 and 316+Ti, the network concentrations observed in the current ORR experiments on CW PCA are 
much lower. The transition from low-temperature 'blackdot" loop damage at 200°C to the high-temperature microstructural 
features (Le., helium bubbles and MC precipitates) at 330°C is much clearer in this data than in previous data."" Thomas and 
Beeston observed unidentified fine defects after irradiation at 350°C but these defects did not appear to be "black-spot" loops. 

Finally, there are some recent quantitative data on the dislocation microstructure of SA 316 irradiated in RTNS-I1 (D-T 
fusion neutrons) and in OWR (mixed spectrum fission neutrons) to very low doses of 0.001 to 0.03 dpa at 90 and 29ooCLs 
Qualitatively, they observe only "blackdot" interstitial loops, with no evidence of dislocation network or larger Frank loops. 
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The concentration of tiny loops that they observe ranges from 10 times less to several times more than found in this work, with 
strong dependencies on temperature and dose but only a weak dependence on neutron energy spectrum. Their data are 
consistent with data from this work in terms of the upper temperature limit of the 'black-dot" loop regime being <330"C. 
However, quantitative differences between the data also probably reflect the fact that they observed loop nucleation in 'virgin" 
SA 316 material. Our data, particularly the dose dependencies at 330 and 400°C suggest that considerable microstructural 
evolution has occurred, even after only 7.4 dpa. It is particularly important to note the considerable (and somewhat surprising) 
recovery of the as-cold-worked network dislocation structure that has occurred during irradiation in CW PCA at 60 to 400°C. 
This most likely is an important necessary process that needs to occur prior to or while tiny loops nucleate. The dose 
dependencies, particularly at 4WC, clearly show that dislocation evolution has advanced to the stage at which Frank loops 
unfault to generate a new dislocation network structure as irradiation progresses. 

Conclusions 

1. Voids and bubbles were observed in SA and 25% CW PCA after irradiation in ORR to 13 dpa at 400°C. There is 
considerable evolution of the visible bubble microstructure at 330 and 400°C from 7.4 to 13 dpa, but there is no conversion of 
the high concentrations of tiny bubbles to voids at 330°C. No cavities were observed in 25%CW PCA after 7.4 dpa at 60 and 
200°C. 

2. Immersion density change measurements showed 0.3 to 0.4% swelling in SA PCA after only 13 dpa at 4WC, but no 

3. Both SA and 25% CW PCA contained fine MC particles after 13 dpa at 330 and 400°C. Dense dispresions of very 
fine MC particles were almost exclusively associated with the equal fine dispersions of helium bubbles in the 25% CW PCA. 
No MC was detectable at 60 or 200°C after 7.4 dpa. 

swelling in 25%CW PCA. At 330"C, both SA and 25%CW PCA showed about 0.2% swelling after 13 dpa. 

4. Both SA and 25% CW PCA had dislocation structures that were mixtures of network and larger Frank loops after 
irradiation at 330 and 400°C. The network dislocation structure in the 25% CW PCA showed considerable recovery relative 
to the as-cold-worked condition. At 400°C there was considerable evolution of the dislocation structure with dose, with both 
the concentration of loops and network dislocations increasing from 7.4 to 13 dpa. By comparison, there was little additional 
loop nucleation from 7.4 to 13 dpa at 330"C, and the modest increase in dislocation concentration with dose was due to loop 
growth and an increase in the dislocation network concentration. After 13 dpa, the SA PCA had more loops and more network 
dislocations relative to 25% CW PCA at 330 and 400°C. 

5. 25% CW PCA contained very high concentrations of tiny "black-spot" loops after irradiation at 60 and 200°C to 7.4 
dpa. Many larger Frank loops were found at 2WC, but very few were observed at 60°C. There is much more radiation- 
produced recovery of the network at 60 and 200°C than observed at 330 and 400°C. However, the total dislocation 
concentration is only slightly less than in as-cold-worked material, mainly due to the contribution of the abundant 'black-dot'' 
loops. 

Future Work 

Future work will include correlating the quantitative microstructural data with property change data to gain insight into 
mechanisms governing the properties behavior. 
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STATUS OF MOTA IRRADIATION EXPERIMENTS ON REDUCED ACTIVATION AUSTENITIC ALLOYS - F.  A. Garner and M. L .  
Hamilton [Pacific Northwest Laboratorv)(a’ C. R. Eiholzer [Westinqhouse Hanford Comoanv) R. L .  Klueh (Oak 
Ridge National Laboratory) H. Takahashi and S.  Ohnuki (Hokkaido hiversity) K. Miyahaka (Nagoya University) 
P. Schiller (Ispra Establishment) L. I. lvanov (Baikov Institute) 

OBJECTIVE 

The objective of this effort is to determine the suitability for fusion applications of austenitic steels 
based on the Fe-Cr-Mn system that result in reduced long term radioactivation. 

SUMMARY 

A number of collaborative international experiments are being conducted to assess the feasibility of 
Fe-Cr-Mn austenitic steels for fusion service. 
efforts. 

A review is presented o f  the current status o f  these various 
The first time irradiation of an Fe-Cr-Mn steel in the form of pressurized tubes is highlighted. 

STATUS AND ACCOMPLISHMENTS 

lntroduction 

Austenitic steels based on the Fe-Cr-Mn system are being explored f o r  potential application to fusion envi- 
ronments. 
conducted earlier in FFTF cycles 7-10 and the results have been published in references 1-8. 
derived from these earlier studies led to the initiation of other experiments conduced in FFTF cycles 9-12. 
The status of these experiments is presented below. All of these studies are being conducted as collabora- 
tive international studies. 

A series of experiments designed to explore the swelling and phase stability o f  these alloys were 
Conclusions 

Influence of Nickel on Radiation-Induced Evolution o f  Fe-Cr-Mn Allovs 

The results of early irradiation experiments demonstrated that Fe-Cr-Mn alloys are less stable during 
irradiation than comparable Fe-Cr-Ni alloys. This instability arises in part from the radiation-induced 
segregation of iron and the concurrent outflow of manganese from microstructural sinks. Based on the 
results of earlier studies on Fe-Cr-Ni alloys, it was hypothesized that nickel additions to Fe-Cr-Mn alloys 
would lead to simultaneous segregation of iron and nickel, the latter serving to reduce the formation of 
undesirable phases. The validity of this hypothesis was demonstrated earlier in irradiation studies of 
Fe-15Cr-15Mn-XNi and Fe-17Cr-19Mn-O.SSi-XNi alloys. Although nickel is normally avoided on the basis of low 
activation considerations, most manganese-stabilized commercial alloys that are currently available contain 
nickel at some level. 

Three separate series of irradiation experiments on Fe-Cr-Mn-Ni alloys were conducted in FFTF cycle 9, and 
microscopy analysis was performed at Pacific Northwest Laboratory (PNL) by researchers from Hokkaido Uni- 
versity. These experiments involved Fe-15Cr-i5Mn-XNi and Fe-lOCr-30Mn-XNi (X = 0, 5, 10, 15 wt%) and Fe- 
17Cr-19Mn-O.SSi-XNi ( X  = 0.03, 1.47, 5 .90 )  with O.lC, 0.OZP and 0.1N. The 15Cr and 17Cr alloys have been 
examined recently and the results reported in references 9 and 10, respectively. 
additions not only increase the phase stability as proposed, but also increase the swelling initially. This 
latter finding is a consequence of nickel causing reduced formation of the lower swelling ferrite phase. 

In the current study, the influence of nickel on radiation-induced microstructural evolution of Fe-1OCr- 
30Mn-XNi alloys ( X  = 0, 5 ,  10, 15 wt%) is being explored. Higher manganese alloys in this range are being 
studied by several groups of researchers. These alloys were irradiated in the annealed condition in FFTF at 
420-C (25 dpa), 470T (17 dpa), and 550-C (20 dpa). Density measurements, electron microscopy and EDS 
analysis were performed recently on both irradiated and thermally aged specimens. 

While this work is still in progress, it is possible to summarize its major conclusions. The austenite 
phase in these alloys was found to be relatively stable, particularly when compared with that of the 
Fe-15Cr-15Mn-XNi alloys reported earlier. This stability is due in part to both the presence and 
segregation of nickel, as well as to the higher manganese content. In the absence of nickel, small amounts 
of alpha phase formed on grain boundaries during irradiation, increasing in amount with increasing 
irradiation temperature. 
increasing in amount with increasing irradiation temperature. In addition, sigma phase often formed on the 
boundaries between the alpha and austenite phase. 
four alloys at each of the three temperatures studied, but not in either the alpha or the sigma phases. In 

It was shown that nickel 

Sigma phase also formed frequently on grain boundaries during irradiation, 

Void formation occurred i n  the austenitic phase o f  all 

(a) 
Institute under Contract DE-AC06-76RLO 1830. 

Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
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general ,  t he  vo id  dens i t y  increased w i t h  n i c k e l  content .  
r e f l e c t  the  dependence on n i c k e l  content  o f  both phase s t a b i l i t y  and vo id  swe l l i ng .  
work w i l l  cont inue w i t h  documentation occur r ing  i n  the  nex t  r e p o r t i n g  pe r i od .  

Phase S t a b i l i t v  Studies 

Researchers who conducted several ou t - o f - r eac to r  s tud ies  (3, 11-14) have reached t he  conc lus ion  t h a t  t he  
Fe-Cr-Mn phase diagram o f  Schafmeister and Ergang needed mod i f i ca t i on ,  e s p e c i a l l y  f o r  t he  format ion of 
f e r r i t e  and sigma phases. The p rev ious l y  c i t e d  s tud ies  conducted i n  r e a c t o r  have a lso  supported t h i s  
conclus ion bu t  noted t h a t  t he  inverse  K i r kenda l l  e f f e c t  opera t ing  du r i ng  neutron i r r a d i a t i o n  leads t o  
pronounced segregat ion o f  i r o n  and ou t - m ig ra t i on  o f  manganese from var ious  m i c r o s t r u c t u r a l  s inks .  
phenomenon accelerates and f u r t h e r  mod i f ies  t he  phase evo lu t i on  o f  Fe-Cr-Mn a l l o y s  compared t o  t h a t  which 
occurs ou t - o f - reac to r .  
j o i n t  U.S./Japan s tud ies  are i n  progress. 

I n  a j o i n t  study between Nagoya U n i v e r s i t y  and PNL, f o u r  Fe-12Cr-XMn a l l o y s  (X = 15, 20, 25, 30 wt%) were 
i r r a d i a t e d  i n  t he  annealed cond i t i on  i n  t he  FFTF-MOTA t o  exposures ranging from 17 t o  30 dpa a t  temperatures 
of 370, 420, 520 and 600-C. 
l e v e l  and i r r a d i a t i o n  temperature on both t he  phase s t a b i l i t y  and m ic ros t ruc tu ra l  evo lu t i on  o f  these a l l o y s .  
P a r t i c u l a r  emphasis was d i r e c t e d  toward t he  l o c a t i o n  of the  boundaries o f  t he  t h ree  phase (7+eto) regime. 
Analys is  i s  s t i l l  i n  progress, bu t  some p r e l i m i n a r y  r e s u l t s  are now a v a i l a b l e .  

A t  t he  15Mn l e v e l ,  t he  a l l o y  e x i s t s  i n  the  t h ree  phase regime a t  a l l  i r r a d i a t i o n  temperatures s tud ied ,  w i t h  
the  amount o f  b locky  i r o n - r i c h  * - f e r r i t e  phase inc reas ing  a t  lower temperatures. 
f e r r i t i c  phase w a s  n o t  observed, i n d i c a t i n g  t h a t  such manganese l e v e l s  success fu l l y  s t a b i l i z e  t he  aus ten i t e  
phase. However, sigma and sometime c h i  phases were formed a t  these h igher  manganese l e v e l s .  Voids were 
found t o  develop on l y  i n  t he  aus ten i t e  phase, bu t  t he  d e t a i l s  o f  t he  v o i d  m ic ros t ruc tu re  appear t o  be 
r e l a t i v e l y  i n s e n s i t i v e  t o  the  manganese content .  

Another j o i n t  study between PNL and the  Nat ional  Research I n s t i t u t e  f o r  Metals  (NRIM) i n  Tsukuba, Japan 
explores the  e v o l u t i o n  o f  sigma phase i n  annealed Fe-1OCr-30Mn-O.5Si a l l o y s  as a f u n c t i o n  o f  carbon conten t  
du r i ng  i r r a d i a t i o n  a t  420, 520 and 600°C i n  FFTF cyc les  11 and 12. (See Table 1 f o r  composi t ion o f  t h e  
a l l oys . )  
m i c ros t ruc tu re  i n  t he  nex t  r e p o r t i n g  per iod .  

I n  a d d i t i o n  t o  the  above experiment, a d d i t i o n a l  specimens were p laced i n  c y c l e  12 (MOTA 28) a t  365, 420, 520 
and 600°C. A l l o y  N R I M - 3  (Table 1 )  was i r r a d i a t e d  i n  bo th  t he  20% c o l d  worked and annealed cond i t i ons  t o  
exp lo re  the  i n f l uence  of c o l d  work. 
a lso  s e n s i t i v e  t o  carbon content . ’  
s t ud ies  a t  NRIM on t h i s  a l l o y  se r i es  was a l so  p laced i n  MOTA 28. I t s  composi t ion i s  Fe-10.10Cr-28.24Mn- 
1.85W-0.20V-0.20Ti-0.16C-O.OO8B and i t  i s  being i r r a d i a t e d  i n  the  annealed cond i t i on .  

The measured changes i n  bu l k  dens i t y  were found t o  
The ana lys is  o f  t h i s  

Th is  

To explore t he  impact o f  composi t ion on phase e v o l u t i o n  i n  r eac to r ,  a number o f  

The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  t o  determine t he  e f fec t  o f  manganese 

A t  20% Mn and above t he  

Cycle 11 has j u s t  been completed and t he  specimens w i l l  be examined f o r  changes i n  d e n s i t y  and 

Cold working i s  known t o  acce le ra te  format ion o f  sigma phase, which i s  
A candidate a l l o y  based on t he  r e s u l t s  o f  o u t - o f - r e a c t o r  developmental 

Table 1. Composition (wt%) o f  NRIM A l l oys  i n  FFTF Cycles 11 and 12 

L Cr Mn s i s p p p -  P cu Sb 0 1 
NRIM-1 0.003 10.09 28.4 0.46 0.010 <0.002 0.0005 0.0001 0.0064 0.0051 

N R I M - 2  0.033 10.11 28.2 0.46 0.010 <0.002 0.0005 0.0001 0.0071 0.0082 

NRIM-3 0.110 9.81 29.94 0.49 0.009 <0.002 0.0002 0.0001 0.005 0.001 

NRIM-4 0.263 9.86 30.09 0.48 0.009 t0.002 0.0002 0.0001 0.003 0.001 

NRlM-5 0.546 9.92 30.77 0.46 0.010 <0.002 0,0002 0.0001 0.002 0.002 

In the  e a r l y  FFTF i r r a d i a t i o n  s tud ies  on commercial a l l o y s  i t  was shown t h a t  AMCR a l l o y  supp l ied  by Creusot- 
Marre l  (Fe-lOCr-18Mn-0.7Ni-0.6Si-O.06N-0.2C) e x h i b i t e d  somewhat b e t t e r  performance than t he  o the r  a l l o y s  
i nves t i ga ted .  
t h i s  s t e e l  which was i n s e r t e d  f o r  i r r a d i a t i o n  i n  FFTF cyc les  11 and 12 a t  420, 520 and 600T. 
f o r  the  composi t ion of these s t e e l s . )  
i n  the  nex t  r e p o r t i n g  per iod .  

Researchers a t  t he  I s p r a  Establ ishment developed a se r i es  o f  lower a c t i v a t i o n  v a r i a t i o n s  on 
(See Table 2 

Cycle 11 has j u s t  been completed and these specimens w i l l  be examined 



111 

Table 2. Composition (wt.%) of ISPRA Second Generation AMCR A l l oys  

C r  Mn Ni Mo C N 5 1  S P Cu A I  Nb w w Ta Qb Ca 0 - - - -  
A 1 2 . 5  10 5 2 r 0 . 1  0.10 r0.05 0.5 -0.01 ‘0.02 10.1 a . 0 5  ro 001 3 .75  1.4 ~0.005 <0.001 ( 0 . 1  (0.005 

0 1 2  5 10.5 r 0  25 <O I 0.30 1 0 . 0 5  0 . 5  e0 01 ( 0 . 0 2  a 1  ‘0.05 r0.001 0.75 1 .4  a 0 0 5  rO.001 r0.1 <0.005 

C 1 2 . 5  11.5 2 ~ 0 . 1  0.10 ~ 0 . 0 5  0.S rO.01 <0.02 ~ 0 . 1  <o .OS ‘0.001 a 1  2.0  a 0 0 5  <0.001 a 1  r0.005 

0 10.0 1 7 . 5  r O . 2 S  <O.I 0 3 0  < O . O S  0 . 5  ~ 0 . 0 1  ~ 0 . 0 2  <O.L ‘0.05 r0.QQl ~ 0 . 1  2 . 0  ~0.005 <0001 (0.1 ~0.005 

E I7  0 1 0 . 5  2 e O . 1  0.10 r0.05 0 . 5  4 0 1  r 0  02 e 0 . 1  ‘0.05 rO.001 0 7 5  2.0 ‘0 005 ~ 0 . 0 0 1  a 1  (0.005 

I r r a d i a t i o n  o f  Sov ie t  Candidate S tee ls  

A j o i n t  U .S . /U .S .S .R .  development and i r r a d i a t i o n  study i s  being conducted wi th  p a r t i c i p a t i o n  o f  t h e  Baikov 
I n s t i t u t e  i n  Moscow and t he  Oak Ridge and P a c i f i c  Northwest Labora to r ies .  The Sov ie t  s ide  provided two 
groups of ma te r i a l s  t o  the  U.S.  s ide.  The f i r s t  group invo lved  sheets and rods of a s tee l  designated 
10Kh12G20V and was supp l ied  t o  Oak Ridge Nat iona l  Laboratory.  Th i s  ma te r i a l  was der ived  from a vacuum 
i nduc t i on  m e l t i n g  heat w i t h  composit ion Fe-20.10Mn-12.15Cr-0.95W-O.OlTi-O.OO5V-O.32Si-O.~OC. TEM d i s k s  
0.01- inch t h i c k  were prepared a t  Oak Ridge from t h e  o r i g i n a l l y  rece ived  0.033- inch t h i c k  sheet. The 
specimens were p laced i n  cyc l e  12 (MOTA 28) i n  both t he  20% c o l d  worked and annealed (0.5 h r  a t  11OPC) 
cond i t i ons .  I r r a d i a t i o n  w i l l  proceed a t  365, 400, 520 and 600°C. 

The second group o f  ma te r i a l  was s e n t  t o  PNL i n  t he  form of annealed 4 . 6  mm d iameter  Cubes w i t h  0.2 mm t h i c k  
w a l l s .  The composi t ion o f  t h i s  ma te r i a l  wss Fe-19.0Mn-13.0Cr-l.OW-0.32Si 0.09C w i t h  0.0125 and 0.024P. 
Before the  ma te r i a l  w a s  fabr ica ted  i n t o  p ressur ized  tubes, a b u r s t  t e s t  was conducted a t  600°C. The tube 
f a i l e d  a t  a pressure o f  2700 p s i ,  equ iva len t  t o  a midwal l  s t r ess  o f  29 k s i  (200 MPa). 
Westinghouse Hanford Company, 1.0”  long  pressur ized  tubes were f ab r i ca ted  f o r  i n s e r t i o n  i n t o  MOTA 28. 
i r r a d i a t i o n  w i l l  proceed a t  420, 520 and 600‘C a t  hoop s t resses  o f  0, 30, 60, 100 and 140 MPa. The s t resses  
were chosen based on the  b u r s t  t e s t  r e s u l t  and s t r eng th  da ta  supp l ied  by t he  Sov ie t  s ide .  Th i s  i s  t h e  f i r s t  
t ime Dressur ized tubes made from Fe-Cr-Mn s tee l s  w i l l  be i r r a d i a t e d .  

Working w i t h  

FUTURE WORK 

Based on recent  dec is ions  i n  the  U .S .  f us i on  ma te r i a l s  community and an independent dec i s i on  reached a t  a 
recent  I E A  sponsored workshop (Culham, U.K. ,  A p r i l  1991), no new i n i t i a t i v e s  i n v o l v i n g  a u s t e n i t i c  Fe-Cr-Mn 
s tee l s  w i l l  be pursued by Western and Japanese na t i ona l  l a b o r a t o r i e s .  Wherever appropr ia te ,  however, work 
i n  progress w i l l  be completed and evaluated. I t  i s  an t i c i pa ted ,  however, t h a t  some Sov ie t  l a b o r a t o r i e s  and 
Japanese u n i v e r s i t y  groups w i l l  cont inue t o  study a u s t e n i t i c  Fe-Cr-Mn s tee l s .  
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PHASE STABILITY IN THERMALLY AGED Fe-Cr-Mn ALLOYS - J. I. Cole and J .  J .  Hoyt (Northwest College and Uni- 
versity Association for Science and Washington State University) and 0. S. Ge17rs (Pacific Northwest 
Laboratory] (‘I 

OBJECTIVE 

The object of this work is to determine the thermal aging response o f  Fe-Cr-Mn alloys in order to provide 
comparison with irradiation behavior. This task is involved in the development of low activation austenitic 
steels. 

SUMMARY 

Fe-Cr-Mn alloys have been proposed as a structural material for fusion reactors that will exhibit reduced 
long-term radioactivity. However, Fe-Cr-Mn ternary equilibrium has not previously been well defined at tem- 
peratures below 650°C. The current experiment characterized phase evolution and equilibrium in three 
alloys: Fe-15Cr-lSMn, Fe-1OCr-30Mn and Fe-30Mn in the 20% cold-worked condition aged from 300 t o  700°C for 
1,000 to 30,000 hours at temperatures from 300 to 600°C. 
extremely sluggish, and cold-working and long aging times are required to initiate v phase formation in 
alloys not previously predicted t o  exhibit such precipitation. 
paths such as recrystallizing grain fronts and grain boundary triple points. 
300, 500 and 600% were constructed from the experimental data that extend the temperature range of the 
Fe-Cr-Mn ternary diagram to lower temperatures than previously published. 

Results indicate that r phase formation is 

(I phase appears to form on high diffusivity 
Three isothermal sections at 

PROGRESS AND STATUS 

Introduction 

Austenitic stainless steels play an important role in modern engineering. 
present in austenitic steels, Fe, Cr and Ni, provide a combination of corrosion resistance, strength and 
formability that is extremely desirable for many applications. Chromium induces passivation which provides 
high corrosion resistance, and nickel stabilizes the austenite phase, improving alloy formability. Because 
of their excellent properties, Fe-Cr-Ni austenitics had been considered as the material of choice for first 
wall and blanket materials in nuclear fusion reactors. However, when exposed to high fluence neutrons, 
Fe-Cr-Ni alloys produce extremely long-lived and highly radioactive transmutation products. As a result, a 
recent emphasis has been placed on the development of an Fe-Cr-Mn austenitic alloy which would exhibit 
greatly reduced long-term radioactivity. In contrast to Fe-Cr-Ni alloys, a more limited amount of informa- 
tion is available on the ternary phase equilibrium in the Fe-Cr-Mn system, mainly due to the limited appli- 
cations in which it would be superior t o  Fe-Cr-Ni. 
been realized, additional data on the ternary phase equilibrium is required. 

The purpose of this study is to characterize the phase evolution and phase equilibrium o f  two simple 
Fe-Cr-Mn ternary alloys and one simple Fe-Mn binary alloy as a function of aging time and temperature. The 
alloys in a 20% cold worked condition were aged in the temperature range of 300 t o  700% (573K to 97310 for 
times between 1,000 and 30,000 haws. These materials were aged by H. R. Brager and F.  A. Garner as part o f  
their irradiation study on reduced activation materials. The long aging times were used to ensure the 
attainment of phase equilibrium. Characterization o f  the alloys was done using optical microscopy, magnetic 
measurements, microhardness tests, and electron microscopy. The final results were compared with the known 
literature. Finally, isothermal sections based on experimental data were constructed. 

ExDerimental Procedure 

The present investigation characterized the microstructure of 3 alloys, with nominal compositions 
Fe-15Cr-l5Mn, Fe-1OCr-30Mn and Fe-30Mn; the actual compositions, determined analytically, are given in 
Table 1. The alloys were cast as button melts in a standard electric arc furnace. Following casting, the 
alloys were cold-rolled in a succession of steps, each step followed by annealing at 105OQC for 1/2 hour and 
then air cooling. The final sheets, in unannealed 20% cold worked condition, were approximately 1/2 in. by 
1 in. by 0.0012 in. The sheets were wrapped in bundles with tantalum wire and encapsulated in quartz tubes 
with 1/4 atmosphere of argon. The target aging temperatures and times were 400, 500, 600 acd 700°C for 
1,000 hours and 300, 400, 500 and 60PC for 10,000 and 30,000 hours, or approximately 3.5 years. The actual 
times varied for the individual furnaces and are given in Table 2. 
samples broke during aging; therefore the maximum aging time for the 400°C samples was around 5000 hours. 
The total test matrix contained 33 samples. 

The three major constituents 

Now that a need for low activation Fe-Cr-Mn alloys has 

The quartz tube holding the 400°C 

(a) 
Institute under Contract DE-AC06-76RLO 1830. 

Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
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Table 1. Compositions ( i n  Weight Percent) of the  Three A l l oys  Examined as Determined by the  Oregon 
M e t a l l u r g i c a l  Corporat ion,  Albany, Oregon 

Fe-15Cr-l5Mn Fe-1OCr-30Mn Fe-30Mn 

C 0.02 0.035 0.054 

N 0.007 0.003 0.005 

V 0.01 0.01 0.01 

Fe remainder remainder remainder 

C r  13.2 9.2 0.01 

N i  0.02 0.01 0.02 

S i  0 . 1  0.1 0.1 

cu 0.03 0.03 0.03 

Mn 14.5 31.6 31.8 

Table 2 .  Actual  Aging Times f o r  t he  Fe-ISCr-lSMn, Fe-1OCr-30Mn and the  Fe-30Mn A l l o y s  Aged a t  300, 400, 
500, 600 and 700°C 

Temperature 
1-c) Asinq Times ihours )  

300 9,215 and 28,653 

40G 1,000 and 5,000 

500 1,000, 8,927 and 27,384 

600 1,000, 9,231 and 27,646 

700 1,000 

Magnetic measurements w e r e  obta ined on the  aged specimens us ing  a f e r r i t e  i n d i c a t o r  t o  determine q u a l i -  
t a t i v e l y  t he  volume f r a c t i o n  o f  f e r r i t e  present  i n  the m a t e r i a l .  
microscopy (TEM) d i scs  were punched from the  o r i g i n a l  0.25 mm sheets. These d i scs  were used f o r  bo th  
o p t i c a l  and e l ec t ron  microscopy. Punching caused t he  d i scs  t o  be cup-shaped, i n d i c a t i n g  deformat ion a t  t he  
d i s c  edges. 
t i o n  and microhardness measurements, one fac ing f l a t  and one on edge. 
600 g r i t  sandpaper and po l i shed on Buehler automatic po l i she rs  us ing  standard p o l i s h i n g  procedures. 
Fe-30Mn samples had t o  be po l i shed i n  o i l  r a t h e r  than water because o f  t h e i r  tendency t o  p i t  and ox id i ze .  
Carefu l  a t t e n t i o n  w a s  pa id  t o  the  amount o f  g r i n d i n g  and p o l i s h i n g  done because t he  t h i n  TEM samples were 
e a s i l y  worn away. The etchants used were, f o r  Fe-15Cr-15Mn and Fe-lOCr-30Mn. V i l l e l a ’ s  e t ch  swabbing f o r  
5 t o  20 sec; and f o r  Fe-3OMn, ?A N i t a l  swabbing f o r  30 t o  60 sec. Microhardness measurements were made on 
t he  as-po l i shed samples because i t  was found t h a t  the  m ic ros t ruc tu re  of t he  etched samples obscured t he  
edges o f  t he  hardness i nden ta t l on .  Measurements were made on t he  samples mounted on edge t o  ensure t h e  
indenter  d i d  no t  penet ra te  complete ly  through t he  extremely t h i n  samples. 
made on each sample w i t h  a Vickers i nden te r  and a 500 g load.  
measured i n  f i l a r  u n i t s  and conver ted , to  Vickers hardness using convers ion t ab les  based on t he  system 
magn i f i ca t i on .  

Image ana l ys i s  o f  se lec ted  photomicrographs was done on an Apple Macintosh personal computer. 
phase p r e c i p i t a t e  area f r a c t i o n s  and p a r t i c l e  s izes  were determined f o r  t he  Fe-1OCr-30Mn samples e x h i b i t i n g  
p r e c i p i t a t i o n .  Th is  w a s  done by d i g i t i z i n g  the  image o f  t he  photomicrograph which cou ld  then be processed 
t o  i s o l a t e  t he  fea tu res  o f  the  image t o  be measured, i n  t h i s  case t he  second phase. 
m a t i c a l l y  computes t he  area f r a c t i o n ,  and measures t he  s i ze  o f  each f ea tu re  and generates a s i ze  d i s t r i b u -  
t i o n  p r o f i l e  based on an entered magn i f i ca t ion .  
Fe-l5Cr-15Mn a l l o y  due t o  t he  complexi ty  o f  the  m ic ros t ruc tu re .  

The samples used f o r  e l e c t r o n  microscopy were prepared as t h i n  samples. The punched d i scs  were f u r t h e r  
ground t o  approximately 0.05 mm us ing  600 g r i t  g r i n d i n g  paper. 

F ive  t o  ten,  3 mm t ransmiss ion  e l e c t r o n  

Two d i scs  f o r  each sample were prepared i n  a s i n g l e  meta l lograph ic  mount f o r  o p t i c a l  examina- 

The 
The samples were ground through 

F ive  t o  s i x  measurements were 
The l eng th  and w id th  of t he  i nden ta t i ons  were 

The second 

The program auto-  

Image ana l ys i s  was determined t o  be unusable w i t h  t he  

Fo l low ing  g r i nd ing ,  t he  samples were th inned 



115 

us ing  a Tenupol-3 j e t  e l e c t r o p o l i s h e r .  
o f  methano1:H SO,, and t he  o the r  90% pe rch lo r i c : lO% g l a c i a l  a c e t i c  ac ids.  
and 0.5 amp a t  a f low r a t e  of 6 and s e n s i t i v i t y  o f  9.5. Both s o l u t i o n s  worked w i t h  s i m i l a r  r e s u l t s .  
Approximately 5 samples were th inned f o r  each i n d i v i d u a l  specimen. 
d r y  t he  Fe-30Mn samples t o  avoid o x i d i z a t i o n .  

Charac te r iza t ion  of the  a l l o y s  was performed us ing  a JEOL 1200EX e l e c t r o n  microscope equipped w i t h  a double 
t i l t  goniometer, an energy d i spe rs i ve  X-ray (EDX) de tec to r  f o r  EDX ana l ys i s  and an acquired scanned image 
device (ASID) f o r  opera t ion  i n  scanning t ransmiss ion  e l ec t ron  microscopy (STEM) mode. Each o f  t he  samples 
were charac te r ized  us ing  EOX ana lys is ,  and se lec ted  area d i f f r a c t i o n  o f  t he  i n d i v i d u a l  phases w i t h i n  t he  
samples. Selected area d i f f r a c t i o n  (SAD) was performed i n  t he  t ransmission e l e c t r o n  microscopy (TEM) mode 
t o  determine c r y s t a l  s t r u c t u r e .  
w i t h  t he  a i d  of a computer program c a l l e d  D i f f r a c t  f o r  t he  Apple Macintosh computer. The program requ i red  
t he  en t r y  of microscope vol tage,  c r y s t a l  s t r u c t u r e  ( p o s i t i o n  of t he  atoms and type)  and t h e  camera l eng th .  
With t h i s  i n f o rma t i on  t he  program generated scaled d i f f r a c t i o n  pa t t e rns  f o r  t he  entered parameters. 
t i a l  c a l c u l a t i o n  of the  l a t t i c e  parameters was done by index ing  an actual  p a t t e r n  by hand. 
l eng th  was c a l i b r a t e d  us ing  a p o l y c r y s t a l l i n e  A1 standard. 

Two e l e c t r o p o l i s h i n g  so lu t i ons  were t r i e d .  One used a 5 : l  m i x tu re  
Po l i sh i ng  cond i t i ons  were 35 V 

Ex t ra  care was requ i red  t o  complete ly  

The d i f f r a c t i o n  pa t t e rns  generated us ing  t he  SAD technique were i d e n t i f i e d  

An i n i -  
The camera 

A se r i es  of d i f f r a c t i o n  Dat te rns  were aenerated 
f o r  low index zone axes. 
o f  the  indiv idua' l  phases, the  c r y s t a l  s t r uc tu res  were r e a d i l y  i d e n t i f i e d .  

BY comparing t he  computer generated pa t t e rns  t o  t he  ac tua l '  photographic i e g a t i v e s  

The composi t ional  ana lys is  of the  ma te r i a l s  us ing  EDX ana lys is  i n  STEM mode was performed us ing  " f r e e  l ens  
c o n t r o l "  o f  t he  f i r s t  and second condenser l ens  s t r eng th  which gave con t ro l  o f  t he  beam s i z e  and convergence 
angle, and thus,  some con t ro l  over the  i n t e n s i t y  o f  t he  c h a r a c t e r i s t i c  x- rays  emi t ted .  A p o s i t i o n  t h a t  was, 
by v i sua l  inspec t ion ,  i n  a s i n g l e  phase f i e l d  and near t he  edge of t he  sample was chosen. 
p laced on t he  se lec ted  reg ion  and t he  f ree l ens  con t ro l s  adjusted t o  achieve a count r a t e  g rea te r  than 300 
counts pe r  second (cps)  w i t hou t  over loading the  x - ray  de tec to r .  A computer program was used t h a t  c o l l e c t e d  
a spectrum fo r  a pe r i od  of 60 seconds, saved the  spectrum t o  d isk ,  and ca l cu la ted  t he  weight percentages. 

The program t h a t  determined t he  weight percentages used a mod i f ied  v e r r i o n  o f  t he  C l i f f - L o r i m e r  equat ion 

The beam was 

I A  

1 I, t I, t ... 
= K, 

CA 

c, 
- 

where t he  i n t e n s i t i e s  a f t e r  background sub t rac t i on  are used. 
t he  over lapp ing  peaks Mn-K, w i t h  Fe-K- and Cr-K w i t h  Mn-Ka. 
f o r  over lapp ing  peaks. 
t r e a t e d  f o r  2 hours a t  1150%. 
were used a long w i t h  t he  r e l a t i v e  i n t e n s i t i e s  a f t e r  background sub t rac t i on  t o  c a l c u l a t e  t he  K f a c t o r s .  
separate c a l c u l a t i o n s  o f  t he  K fac to rs  were made and averaged. 
KFe = 1.01 and Kcv = 0.89. 
ana lys is .  

One a d d i t i o n a l  d i f f i c u l t y  was c o r r e c t i n g  f o r  
A f ac to r  o f  K =(0.16)K was used t o  c o r r e c t  

The constants KMn, KFe 2nd K, were ca l cu la ted  fromaan Fe-1OCk-30Mn sample s o l u t i o n  
Th is  sample was s i n g j e  phase and the  composit ions as determined a n a l y t i c a l l y  

Ten 

The c a l i b r a t e d  f a c t o r s  were entered i n t o  t he  program and used t h roug lou t  t he  EDX 
The ca l cu la ted  K f a c t o r s  were K = 1.06, 

Results 
To c l e a r l y  p o r t r a y  t he  phase e v o l u t i o n  and phase e q u i l i b r i u m  i n  t he  t h ree  a l l o y s  inves t iga ted ,  t he  r e s u l t s  
o f  each a l l o y  w i l l  be descr ibed i n d i v i d u a l l y .  The parameters discussed w i l l  i n c l ude  m ic ros t ruc tu ra l  changes 
du r i ng  aging, recovery and r e c r y s t a l l i z a t i o n  c h a r a c t e r i s t i c s ,  and composit ions o f  t he  i n d i v i d u a l  phases 
w i t h i n  each of t he  a l l oys ,  i n  a n t i c i p a t i o n  of t h e  eventual  cons t ruc t i on  o f  isothermal  sec t ions  f o r  t h e  equ i -  
l i b r i u m  phase diagram. 

Fe-15Cr-15Mn 

The Fe-15Cr-15Mn a l l o y s  e x h i b i t e d  t he  most complex m ic ros t ruc tu res .  Op t i ca l  micrographs of t he  Fe-15Cr-15Mn 
a l l o y s  aged f o r  1,000, 5,000, 10.000 and 30,000 hours f o r  300, 400, 500, 600 and 70PC are  shown i n  F i g -  
ures 1 through 5. 
t u res )  i s  t ransforming t o  l a r g e  b l o c k - l i k e  p r e c i p i t a t e s  w i t h  aging t ime.  The micrographs when combined w i t h  
t he  magnetic and hardness measurements, shown i n  Table 3 and 4 ,  r espec t i ve l y ,  i n d i c a t e  t he  na ture  of t he  
phase e v o l u t i o n  t a k i n g  p lace.  
t he  b l o c k - l i k e  p r e c i p i t a t e s  were 0 phase. A cursory i d e n t i f i c a t i o n  of the  phases present  w i t h i n  each of t he  
Fe-15Cr-15Mn samples i s  presented i n  Table 5 and was l a t e r  confirmed by e l e c t r o n  microscopy. 

The micrographs i n d i c a t e  t h a t  mar tens i te  i s  present  i n  t he  samples aged f o r  l e s s  than 10,000 hours a t  500-C 
and below. Eps i lon  mar tens i te  forms from the  7 
phase upon quenching and then transforms t o  a' du r i ng  deformation. 
no mar tens i te  and appear t o  have reached e q u i l i b r i u m  w i t h i n  t he  f i r s t  1,000 hours o f  aging. 
these a l l o y s  lacked magnetism, i n d i c a t i n g  an absence of f e r r i t e .  
i d e n t i f i e d  a s  Y t o and t he  l i g h t e r  regions were determined t o  be s i n g l e  phase 7 .  

The micrographs i n d i c a t e  t h a t  what i n i t i a l l y  appears t o  be a l a t h  s t r u c t u r e  (darker  fea- 

The l a t h  s t r u c t u r e  was i d e n t i f i e d  as deformat ion- induced mar tens i te ,  w h i l e  

The mar tens i te  cou ld  e i t h e r  be eps i l on  (HCP) o r  a' (BCT). 
The a l l o y s  aged a t  600 and 700% con ta i n  

Thus, t he  two phase l a m e l l a r  s t r u c t u r e  was 
I n  a d d i t i o n ,  

The general consistency 
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Figure 1. 
30,000 hours at 300'C. 

Fe-15Cr-15Mn aged for 10,000 and Figure 2. 
5,000 hours at 400-C. 

Fe-15Cr-15Mn aged for 1,000 and 

~ 

Figure 3. Fe-15Cr-15Mn aged for 1,000, 10,000 and 30,000 hours at 500°C. 

-~ 
Figure 4. Fe-15Cr-15Mn aged for 1,000. 10,000 and 30,000 hours at 600°C. 

Figure 5. Fe-15Cr-15Mn aged for 1,000 at 700°C. 
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Table 3 .  Magnetic Measurements of F e r r i t e  ( i n  Weight Percent) i n  t he  Fe-15Cr-15Mn A l l oys  

Treatment Times 
TemDerature 1.000 h r s  5.000 h rs  10.000 h r s  30,000 h r s  

300°C 7.5-10.0 7.5-10.0 

400% 17.5-20.0 20-25.0 

500°C 12.5-15.0 10-12.5 7.5-10.0 

600T 0.0 0.0 0.0 

700°C 0 . 0  

Table 4. Vickers (VHN) Hardness o f  t he  Fe-15Cr-15Mn A l l oys  

Treatment Times 
TemDerature 1.000 h r s  5,000 h r s  10,000 h r s  30.000 h r s  

300°C 355 352 

400°C 380 395 

500°C 348 333 285 

600°C 340 337 344 

700°C 288 

Table 5. I d e n t i f i c a t i o n  o f  Phases Present i n  t he  Fe-15Cr-15Mn A l l oys  

Treatment Times 
TemDerature 1.000 h r s  5.000 h r s  10,000 h r s  30,000 h r s  

of  t he  hardness measurements i n d i c a t e  t h a t  a l though the  mar tens i te  i s  d isappear ing w i t h  t ime, t he  format ion 
o f  b r i t t l e  u negates any s i g n i f i c a n t  change i n  hardness due t o  t he  disappearance o f  mar tens i te .  

The 30,000 hour m i c ros t ruc tu res  and magnetic measurements, f o r  t he  temperatures i nves t i ga ted ,  i n d i c a t e  t h a t  
t he  Fe-15Cr-15Mn composi t ion i s  very  near t he  at7ta/7to phase boundary. A t  300 and 500"C, t h ree  phases, 
atyto, are  present ;  the  600°C sample conta ins on l y  0t7. Overa l l ,  i t  appears t h a t  t he  o phase forms a t  t h e  
expense of 01 and then coarsens w i t h  increased t ime and temperature, complete ly  t rans fo rming  t he  t o  a a t  
600°C. 

The composit ions of t he  i n d i v i d u a l  phases, as determined by EOX ana lys is ,  are g iven  i n  Tables 6 through 8. 
The standard dev ia t i ons  were ca l cu la ted  based on the  averages o f  10-15 measurements. 
obta ined from the  i n d i v i d u a l  phases a, 0 and 7 are shown i n  F igure  6 .  The spec t ra  f r equen t l y  e x h i b i t e d  s u l -  
f u r  peaks which were determined t o  be res i dua l  su l f u r  from the  H,SO, i n  t he  e l e c t r o l y t i c  s o l u t i o n .  

Typ ica l  EDX spec t ra  

Figure 7 shows the  e l e c t r o n  d i f f r a c t i o n  pa t t e rns  of t he  i n d i v i d u a l  phases 01 ,  v and 
se lec ted  area d i f f r a c t i o n .  

generated us ing  

The phase i d e n t i f i c a t i o n  and composit ions determined by EDX ana lys is  con f i rm  t he  observat ions made us ing  
o p t i c a l  microscopy. 
which appeared t o  be some type  o f  carbide.  
considered i n  t he  study beyond no t i ng  they ex is ted .  

I n  a d d i t i o n  t o  the  phases l i s t e d  i n  Table 5, t he re  were found extremely small  p a r t i c l e s  
Because t h e i r  volume f r a c t i o n  was so low, the  p a r t i c l e s  were n o t  

The m a r t e n s i t i c  s t r u c t u r e  i n  t he  a l l o y s  had a 
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Table 6 .  Fe-lSCr-lSMn Phase Compositions (in Weight Percent) After 1000 Hours of Aging 

Standard Standard Standard 
Cr Deviation ~ Mn Deviation ~ Fe Devi at i on 

40WC Aqinq Temuerature 

7 12.84 0.47 13.52 1.02 73.64 1.26 
CL 18.28 0.53 12.61 0.57 69.11 0.35 

500°C Aqinq Temuerature 

7 13.76 0.73 14.82 0.94 71.42 2.45 
0 19.59 1.22 12.18 1.34 68.23 1.27 

600% Asins Temuerature 

0 26.80 1.28 13.26 0.47 59.93 1.09 
7 10.95 0.72 14.11 1.20 74.95 1.46 

700% Aqinq Temperature 

0 26.66 0.59 13.36 0.81 59.97 0.81 
7 12.28 0.87 14.67 0.99 73.05 2.36 

Table 7. Fe-ISCr-15Mn Phase Compositions (in Weight Percent) After 10,000 Hours of Aging 

Standard Standard Standard 
Cr Deviation ~ Mn Deviation ~ Fe Devi ation 

300°C Aqinq Temperature 

0 27.02 1.38 17.86 1.80 55.12 1.98 ~~~~ ~ ~~~ ~~ .. 
7 13.02 0.38 15.41 0.80 71.57 3.02 
DI 10.07 1.08 3.99 0.54 85.93 1.42 

400% Aqinq TemDerature 

7 12.72 0.61 14.91 1.01 72.37 2.26 
CL 17.74 1.28 12.27 l.li 69.99 2.30 

- 500°C Aqinq TemDerature 
0 26.80 0.54 17.42 0.58 . 55.78 0.56 
7 12.51 0.34 15.36 0.44 72.13 0.54 
DI 11.99 1.49 4.69 0.92 83.32 2.34 

600% Aqinq TemDerature 

0 27.96 0.56 13.51 0.62 58.53 0.28 
-I 11.13 0.38 14.45 1.33 74.42 1.30 

composition close to that of the austenite. Figure 8 shows a TEM micrograph of the martensite structure. 
Except for the samples at 300 and 400"C, all of the samples appeared to have reached equilibrium at 
10,000 hours of aging, indicated by the negligible change in composition of the individual phases between 
10,000 and 30,000 hours of aging. 

Other deformation-induced features were present in the microstructure in addition to the martensite. 
ure 9 shows a series of stacking faults in the austenite. 
ferrite grains exhibit relatively low dislocation density compared to the austenite, particularly at the 
lower temperatures and shorter aging times. 

Overall, the electron microscopy indicated that at 1,000 hours of aging there were large regions of a ,  7 and 
martensite, and upon further aging the U. recrystallized and 
recrystallization, the a and o grains were nearly the same size. 
micrographs of the three-phase alloys aged at 300 and 500°C for 30,000 hours was identified as at-r to.  Above 
6OO"C, a had completely transformed to 0, forming a 

Fig- 
The darker particles are o phase. The o and 

formed profusely within the a .  

lamellar structure after 1000 hours. 

Following 
The lamellar structure in the optical 
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Table 8. Fe-15Cr-15Mn Phase Compositions ( i n  Weight Percent) A f t e r  30,000 Hours of Aging 

Standard Standard Standard 
Cr Deviat ion - Mn Deviat ion - Fe Devi a t  i on 

300% Aqinq Temoerature 

(I 27.56 1.14 18.41 0.82 54.03 1.67 
7 13.27 0.52 15.40 0.88 71.33 1.44 
o 9.82 1.36 4.45 1.18 85.73 3.21 

500% Aqinq Temoerature 

(I 26.47 1.22 17.71 0.77 55.82 1.02 
7 13.24 0.50 15.27 0.96 71.49 1.55 ~~ ~~ ~~~~ ~~~~~ ~ ~~ ~~~~ 

(I 10.31 2.00 4.73 1.32 84.96 3.87 

600°C Aqinq Temoerature 

(I 26.97 0.90 13.60 0.40 59.43 1.09 
7 11.84 1.94 14.35 1.28 73.80 1.73 

0 a 7 

Figure 6. EDX spectra o f  the o, 7 and o phases o f  Fe-15Cr-lSMn aged f o r  30,000 hours a t  500%. 

Figure 7 .  D i f f r a c t i o n  patterns o f  the a, 7 and (I phases o f  Fe-15Cr-15Mn aged f o r  30,000 hours a t  5 O O 0 C .  
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Martensite i n  the Fe-15Cr-15Mn a l l o y  Figure 9. Stacking f a u l t s  observed i n  the austen- 

i t e  phase of the Fe-15Cr-15Mn sample aged a t  600°C 
f o r  30.000 hours. 

I O ° C  f o r  1,000 hours. 

)Cr-30Mn 

crographs o f  the Fe-1OCr-30Mn sample are shown i n  Figures 10 through 14. The'al loys e x h i b i t  a 
it amount o f  deformation features a t  300, 400 and 500% and substant ia l  second phase p r e c i p i t a t i o n  
t in  boundaries and g ra in  boundary t r i p l e  po in ts  i n  the 600 and 700% samples. 
IMn samples were nan-magnetic. 

nation features are most l i k e l y  epsi lon martensi te and twinning which form dur ing rap id  coo l ing o r  
'ormation o f  h igh manganese i r o n  a l loys .  
i igher aging temperature. The hardness values shown i n  Table 9 ind ica te  an increase i n  hardness i n  
1s f o l l ow ing  the p r e c i p i t a t i o n  o f  (I which i s  t o  be expected. 
r s t a l l i z a t i o n  and the p rec ip i ta tes  on the boundaries were not  e x p l i c i t l y  i d e n t i f i e d  but appeared a 
Irbide. 

: l e  s ize  d i s t r i bu t ions ,  obtained using image analysis, f o r  the a l l oys  aged a t  600 and 700% exhib- 
lase p r e c i p i t a t i o n  are shown i n  Figures 15 through 17. The data ind icates there i s  n e g l i g i b l e  
I o f  the p rec ip i ta tes  between 10,000 and 30,000 hours. The uni form s i ze  and absence of p r e c i p i t a t e  
I w i th  aging t ime ind ica te  tha t  the mechanism o f  p r e c i p i t a t e  growth has slowed considerably w i t h  
' i n  the Fe-1OCr-30Mn a l loys .  A t  700°C f o r  1.000 hours o f  aging the p a r t i c l e s  are smaller than the 
formed a t  6OO0C, as i s  the volume f r a c t i o n  o f  pa r t i c les .  

, i t i o n s  o f  the a l l oys  aged f o r  30,000 hours are shown i n  Table 10. 
1se austeni te whi le  the 600°C sample contained aiict.enite and 0.  

A l l  eleven of the  

The dens i ty  o f  these features decreases w i t h  increasing 

The a l l o y  aged a t  500'C exh ib i ted  

The 300 and 5OO'C samples were 
Within experimental er ror ,  the 

Fe-IOCr-30Mn aged f o r  10,000 and cigure 11. Fe-1OCr-30Mn aged f o r  1,000 and 
i r s  a t  3000C. 5,000 hours a t  4OO0C.  



121 

Figure 12. Fe-1OCr-30Mn aged for 1.000, 10,000 and 30,000 hours at 500%. 

Figure 13. Fe-1OCr-30Mn aged for 1,000. 10,000 and 30,000 hours at 600'C. 
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c7 Figure 17. Particle size distribution of the a 
phase in the Fe-1OCr-Mn aged at 700°C for 
1,000 hours. 

.se compositions After 30,000 Hours of Aging 

Standard Standard 
Mn Deviation __ Fe Oevi at i on 

31.86 1.65 58.04 3.22 

31.23 1.12 59.92 1.20 

35.14 0.93 53.87 1.54 
30.55 1.42 61.30 2.21 

'rall composition given in Table 1. The electron diffraction 
' 18. Typical spectra of the 7 and phases are shown in 

Figure 18. Diffraction patterns of the o and 7 phases of Fe-IOCr-30Mn aged for 30,000 hours at 600%. 
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U 7 

EDX spectra of the u and 7 phases in Fe-1OCr-30th aged for 30,000 hours at 600%. Figure 19. 

The o phase was preferentially etched during electropol ishing, in the Fe-lOCr-30Hn alloys leaving many holes 
where the phase had existed. The u phase was definitely precipitating on grain boundaries as shown in the 
TEM micrograph of Figure 20. Such data would support the supposition that o is able to form only on such 
high diffusivity interfaces. Figure 21 illustrates the high density of extended stacking faults within the 
single phase austenite sample aged at 400°C for 1,000 hours. The material within the faults protruded into 
the hole produced by thinning as the surrounding material of higher energy was preferentially etched away. 

Fe-30Mn 
All thermomechanical treatment conditions produced a non-magnetic single phase in the Fe-30Mn samples. Fig- 
ures 22 through 26 illustrate the microstructures of each of the conditions. The Fe-3OMn samples exhibited 
epsilon martensite formation similar to the Fe-1OCr-30Mn alloys. In addition, recrystallizing grains appear 
i n  samples aged at 600°C and above, and for all the samples aged for 30,000 hours. 
given in Table 11 suggest such a process of recrystallization. One can see a noticeable decrease in hard- 
ness when comparing those microstructures exhibiting recrystallized grains to those that do not. 

The EDX derived compositions for the Fe-3OMn samples aged for 30,000 hours are shown in Table 12. 
for the 500°C condition, the compositions obtained are within experimental error of the overall composition 
given in Table 1. 
ure 27 shows what appears to be a recrystallizing grain within a severely deformed matrix. 

Hardness measurements 

Except 

Fig- The single phase was determined to be austenite using selected area diffraction. 

Figure 20. TEM micrograph o f  0 precipitatib,, (I Figure 21. Extended stacking faults in the austen- 
grain boundary during aging o f  an  Fe-1OCr-30Mn 
alloy aged for 1,000 hours at 700°C. 

ite phase of an Fe-1OCr-30Mn alloy aged at 400-C 
for 1,000 hours. 
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Figure 22. 
30,000 hours at 300°C. 

Fe-30Mn aged for 10,000 and Figure 23. 
at 400°C. 

Fe-30Mn aged for 1,000 and 5,000 hours 

Figure 2 4 .  Fe-30Mn aged for 1,000. 10,000 and 30,000 hours at 5OOOC. 

Figure 25. Fe-30Mn aged for 1,000, 10.000 and 30,000 hours at 600°C. 

Table 11. Vickers Hardness (VHN) of the Fe-30Mn Alloys 

Treatment Times 
Temperature 1,000 hrs 5,000 hrs 10.000 hrs 30.000 hrs 

3OO0C 226 212 

400°C 255 293 

500-C 271 213 193 

600-C 144 166 163 

700-C 114 
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Table 12. Fe-30Mn Phase Compositions ( i n  Weight Percent) A f t e r  30,000 Hours o f  Aging 

Standard Standard 
Jh- Deviat ion - Fe Devi a t  i pn 

300% Aaina Temoerature 

7 31.36 0.50 68.70 0.50 

500'C Aaina Temoerature 

7 31.05 0.41 68.95 0.42 

6000C Aaina Temoerature 

7 31.34 0.95 68.66 0.90 

Figure 26. Fe-30Mn aged for  1,000 a t  70WC. Fiaure 27.  TEM microaraoh o f  r e c r v s t a l l i z i n a  a r a i n  
w i t h i n  deformed a u s t e i i t e  mat r ix  o? the Fe-36Mi 
a l l o y  aged f o r  30,000 hours a t  500%. 

Discussion 

Fe-Cr-Mn Phase Oiaaram 

Figure 28 shows an isothermal sect ion constructed f r o m  the 600°C compositional data. Data po in ts  w i t h  con- 
nected s o l i d  t i e - l i n e s  def ine the composition measurements from the base compositions whi le  the dashed l i n e s  
are in terpo la t ions based on the Fe- Cr  and Fe-Mn binary Figure 29 i l l u s t r a t e s  the Fe-Cr-Mn d ia -  
gram derived a t  500'C. Once again, the dashed l i n e s  ind icate  i n te rpo la t i ons  based on the b inary  diagrams. 
The diagram suggests tha t  as the temperature i s  reduced, the three phase u+~+o t r i a n g l e  i s  moving towards 
higher Mn. The s ing le  phase D region has also re t reated t o  higher l eve ls  o f  chromium. The Fe-1OCr-30Mn 
sample i s  now s ing le  phase austeni te i nd i ca t ing  the 7 phase boundary has moved t o  higher l e v e l s  of C r .  The 
isotherm a t  300% i s  shown i n  Figure 30. I n  the binary Fe-Cr diagram, a eutectoid react ion D t o  a+a' occurs 
a t  approximately 420%. As a consequence, a three phase t r i a n g l e  r r + a ' + ~  should e x i s t  between the three 
phase t r i a n g l e  otlta and the Fe-Cr edge, but may s h i f t  t o  lower temperatures. The s ing le  phase austeni te 
f i e l d  extends t o  between 10 and 15% C r  a t  300%. I n  viewing the three isotherms i n  Figures 28 through 30 as 
a whole, some general comments can be made. As the temperature i s  increased, the u+7/ot7ta phase boundary 
appears t o  be moving towards lower manganese content, making u phase more s tab le  i n  higher manganese compo- 
s i t i o n s .  
expanded D phase f i e l d .  

The 7 phase f i e l d  appears t o  be cons t r i c t i ng  as temperature increases as a consequence of the 

Comparison w i t h  Previous Work I 

Overal l ,  the r e s u l t s  of the present study conf i rm t h a t  the phase diagrams developed i n  the e a r l i e s t  studies 
i n  the Fe-Cr-Mn system do not  accurately describe the  phase equi l ibr ium. A review o f  several e a r l i e r  
studies on the phase equ i l ib r ium diagrams o f  Fe-Cr-Mn was made by R i v l i n  and R a y n ~ r . ~  However, more recent 
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Mn (Wt?,) 
39106029.1 

Mn (WtX) 
39106029.2 

Figure 28. 600% isotherm derived for Fe-Cr-Mn Figure 29. 500'C isotherm derived for Fe-Cr-Mn 
system. system. 

I 

Fe 1Wb 20% 30% 40% 

39106029.3 

Figure 30. 300°C isotherm derived for Fe-Cr-Mn system. 

studies, done under the auspices of the Fusion Materials program, contradict several aspects of this earlier 
~ o r k . ~ - ~  

The binary Fe-Cr diagram has been fairly well established and is presented in Figure 31.' The austenite 
phase field is severely restricted and the o that forms congruently from O! at 820% has a fairly narrow 
coxpoiition range. Even in the binary, the long times required for formation result in an ambiguity 
concerning the eutectoid temperature due to the small difference in the Gibb's free energy of the competing 
phases.' The Fe-Mn diagram is given in Figure 32.' Increased Mn stabilizes the austenite phase field, 
while at higher manganese content an OL manganese phase forms. 

Summary and comparison of the various studies are in order. 
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Figure  31. Fe-Cr phase diagram.' F igure  32. Fe-Mn phase diagram.' 

The e a r l i e r  i n v e s t i g a t i o n s  compiled by R i v l i n  and Raynor' were f a r  from complete and gene ra l l y  l i m i t e d  t o  
t he  F e - r i c h  corner  o f  t he  phase diagram. 
i n  t he  annealed c o n d i t i o n  f o r  r e l a t i v e l y  shor t  per iods  o f  t ime. 
leads t o  a g rea t  deal o f  unce r ta i n t y  on whether t r u e  e q u i l i b r i u m  was obta ined i n  t he  s tud ies .  

One of t he  e a r l i e r  s tud ies  by Burgess and Forgeng der ived  an isothermal  sec t i on  a t  650"C, shown i n  F i g -  
u re  33.' Th is  diagram w a s  assembled from o p t i c a l  microscopy and magnetic measurements da ta  on commercial ly 
pure a l l o y s  (carbon between 0.05 and 0.16%, s i l i c o n  between 0.15 and 0.62%) aged iil the  annealed c o n d i t i o n  
f o r  an unstated pe r i od  o f  t ime.  
con ten t  of the  aus ten i t e  i s  independent o f  the  manganese content  w i t h i n  t he  two-phase T t o  reg ion .  

An i so therm a t  700% was proposed by Schafmeister and Ergang, shown i n  F igure  34.' 
phase boundaries a re  i n  c o n t r a d i c t i o n  w i t h  t he  accepted Fe-Cr b inary ,  shown i n  F igure  31. 
was made t h a t  t he  l o c a t i o n  o f  t he  t h ree  phase t r i a n g l e  utot7 i s  on l y  approximate. 

A f a i r l y  d e t a i l e d  study o f  t he  two-phase n/7 e q u i l i b r i u m  i n  these a l l o y s  was performed by K i rchner  and 
Uhrenius, and produced isotherms i n  the  temperature range of 750°C t o  95PC.l' The a l l o y s  were aged f o r  
t i m e s  rang ing  f r o m  1 week t o  7 months i n  t he  annealed cond i t i on .  Experimental r e s u l t s  were employed i n  a 
r e g u l a r  s o l u t i o n  model i n  c a l c u l a t i n g  the  phase boundary l i n e s .  
s i t i o n s  o f  i n d i v i d u a l  phases were determined us ing  an e l e c t r o n  probe microanalyzer .  
cu l a t i ons ,  a l though cons i s ten t  w i t h i n  t he  i n d i v i d u a l  isotherms, cou ld  n o t  be reasonably c o r r e l a t e d  across 
t he  whole temperature range o f  t he  study. 
measuring s t i c k  f o r  o the r  s tud ies .  It should be 
noted t h a t  t he re  was no evidence of rn phase formation i n  these a l l o y s .  

R i v l i n  and Raynor a l so  produced an isotherm a t  75PC,' shown i n  F igure  36. 
by K i rchner  and Urhenius were combined w i t h  D phase da ta  i n t e r p o l a t e d  from v e r t i c a l  sec t ions  der ived  by 
Gr igor 'ev  and Grurdeva." 
l i n e s )  were made based on the  a v a i l a b l e  data.  

As mentioned p rev ious l y ,  more recent  s tud ies  done on Fe-Cr-Mn a l l o y s  as p a r t  o f  the  Fusion Ma te r i a l s  program 
c o n t r a d i c t  t he  p rev ious  s tud ies  considerably.  
n o t  achieved i n  t he  e a r l i e r  s tud ies  o r  t h a t  t he  impu r i t y  contents were t oo  h i gh  t o  p rov ide  a v a l i d  
r ep resen ta t i on  o f  t he  s imple t e rna ry  Fe-Cr-Mn system. 

As an offshoot of t he  s tud ies  of phase evo lu t i on  i n  i r r a d i a t e d  mater ia ls ,  Garner e t  a l .  charac te r ized  t he  
m ic ros t ruc tu re  of an Fe-1OCr-30Mn a l l o y  i n  annealed and cold-worked cond i t i ons  aged f o r  t imes between 3.6 
and 3600 ks a t  923K.8 
s ta te .  The a v a i l a b l e  evidence i nd i ca ted  t h a t  t he  fo rmat ion  o f  o phase occurred on ly  a t  t he  boundaries o f  

Many o f  t he  a l l o y s  used were o f  quest ionable p u r i t y  and were aged 
Th is  combination o f  undes i rab le  f a c t o r s  

The presence o f  Mn expands t he  LT phase f i e l d .  I n  add i t ion ,  t he  chromium 

However, t he  i n d i c a t e d  o 
The conc lus ion  

I n i t i a l  m a t e r i a l s  were very  pure and compo- 

These c a l c u l a t i o n s  were assumed t o  be accurate and were used as a 

The thermodynamic c a l -  

The isotherms a t  750% and 800°C are shown i n  F igure  35. 

The ~6Fe/+e  boundaries de r i ved  

However, the  da ta  se ts  were no t  complete ly  compat ib le and i n t e r p o l a t i o n s  (dashed 

Th is  c o n t r a d i c t o r y  data i nd i ca tes  t h a t  t r u e  e q u i l i b r i u m  was 

Formation of (r on l y  occurred i n  t he  cold-worked cond i t i on  and n o t  i n  t he  annealed 
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Figure 33. Isothermal section for Fe-Cr-Mn at 
650°C derived by Burgess and Forgeng.' 
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Figure 34. 
derived hy Schafmeister and Ergang.' 

700°C isotherm for Fe-Cr-Mn system 

Figure 35. a6Fe/+e boundaries at 800°C and Figure 36. 750% \e-Cr-Mn isotherm compiled by 
75Pc.'0 Rivlin and Raynor. 

the recrystallizing grains. Once the boundary passed beyond the particle, its growth was restricted. EDX 
analysis indicated the composition of the 
condition. 
grain fronts or grain boundary triple points. From the 650% isotherm of Burgess and Forgeng, shown in Fig- 
ure 33, it can be seen that the bulk composition of the Fe-1OCr-30Mn exhibition LT phase precipitation alloy 
falls well within the single-phase austenite region, indicating a significant discrepancy. 

Further studies on cold-worked Fe-Cr-Mn alloys were performed by Okaraki et a1.5 
followed by aging at 650% for Fe-1ZCr-Mn samples were found t.o accelerate the formation of 0 .  The forma- 
tion sequence was 6 to b+7 to 6t7to for lOMn, 6 to 7to (1ame.iler structure) for 15-20%Mn, and b to o 
(direct transformation) for 25-30%Mn. Additionally, there appeared to be a consistency to the composition 
o f  o (the Mn t Cr content approximately equal to 42%). 

phase was 15-23%Cr, 47-50%Fe and 30%Mn in the 30% cold-worked 
One conclusion of the study was that formation of LT phase could only occur at recrystallizing 

Levels of 50% cold work 



129 

As a final example of the most recent studies on the Fe-Cr-Mn system, an isotherm at 650°C was developed 
experimentally by Murata et al.6 The alloys were prepared from 99.9% pure starting materials and aged in 
the 50% cold worked condition. Figure 37 depicts the isothermal section constructed for this study. In 
comparison with the diagram by Burgess and Forgeng, Figure 33, the yto phase field extends to chromium 
levels as low as about 5%. 
ever, the present study extends to lower temperatures, making direct comparisons difficult. 
investigations on the Fe-Cr-Mn equilibrium below 650°C could be found in the published literature. 
thermal section in Figure 31 indicates that the austenite phase field is much more restricted than that of 
the Burgess and Forgeng diagram at 650°C shown in Figure 33. 
Murata et al. shown in Figure 37, yet even this diagram has several discrepancies. The composition of the 
u + o / ~  boundary at the Fe-Cr binary edge is approximately 28% in the Murata et al. diagram. Looking at the 
Fe-Cr binary of Figure 31, one can see that the composition should be around 20%. 
boundary appears to extend into the three-phase at+ triangle while the y/yta phase boundary doesn't. This 
violates the phase rule. As drawn, the 600°C isothermal section derived for this study does not violate the 
phase rule. The v phase field extends to lower chromium content in the current study than the Murata et al. 
study also. However, because only one average composition, Fe-lOCr-30Mn, was investigated, not a great deal 
of certainty can be placed on the location of the v boundary. 

Although not directly related to thermal equilibrium of the simple ternary system, a study done by Klueh and 
Masiasz attempted to determine a stable austenitic phase for Fe-Cr-Mn-C based on a modified Schaeffler 
diagram.'2.13 The study provides some insight into how effective Mn is as an austenite stabilizer. The 
Schaeffler diagram was originally devised to predict the stable phases in Fe-Cr-Ni weld metal based on 
chromium and nickel equivalents given by the equations14 

Aspects of the present study correspond closely with this Japanese study. How- 

The iso- 
No previous 

The data agrees more with the diagram by 

In addition, the a+o/a 

Ni equiv. = (Ni) + (Co) + 0.5(Mn)t 0.3(Cu) t 25(N) t 30(C) 

Cr equiv. = (Cr) + 2(Si) t 1.5(Mo) t5(V) t 5.5(A1) t 1.75(Nb) t 1.5(Ti) t 0.75(W) 

where the concentrations of the respective elements in parentheses are given in weight percent. Figure 38 
shows both the original diagram developed for Fe-Cr-Ni superimposed on the diagram revised for Fe-Cr-Mn-C 
based on the experimental results. 
austenite stabilizer aqainst the formation of 6-ferrite and a stronqer stabilizer aoainst the formation of 

The overall conclusion of the study was that manganese is a much weaker 

martensite. 
tain a stabile austenite structure. 

The diagram indicates that lower chromium and higher manganese content; must be used to main. 

Phase Evolution 

The sluggish nature of the phase evolution in the alloys tends to confirm the mechanism proposed by Garner 
et al. that 0 phase formation can only occur at recrystallizing grain fronts and at grain boundary triple 
points. Only those alloys exhibiting aspects of recrystallization, also showed o phase precipitation. Fig- 
ures 4 and 5 illustrate the precipitation of o on the grain boundaries. 

h m . W l %  

Figure 37. 650°C isotherm derived by Murata 
et a1 .6 

I DELTA FERRITE 1 8 1  
0 I I I I 

0 6 1 0 1 6 2 0 2 6 3 0 3 6 4 0  

CHROMIUM EWIVLLENT I- %I 

Figure 38. 
Fe-Cr-Mn system." 

Modified Schaeffler diagram for the 
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The photomicrographs of the 33 alloys also indicate that the recrystallization process is extremely slow 
below 600% in the high Mn alloys. 
recrystallization nature of these alloys unclear. However, in the Fe-IOCr-30Mn and Fe-30Mn alloys, forma- 
tion of recrystallizing grains is evident. In the Fe-1OCr-30Mn alloys, recrystallization is only evident 
above 600% for 10,000 and 30,000 hours of aging. The recrystallizing grains appear to be initiating the 
precipitation of LT along the grain fronts. The Fe-30Mn alloy exhibits recrystallizing grains in the 300, 
500 and 600QC samples aged for 30,000 hours. Above 600°C recrystallizing grains appear starting with only 
1,000 hours of aging and grain growth is occurring. 
is slowed by the addition of chromium. 

Some important points become evident in examining the results of the present investigation. The possibility 
that prior cold-working of Fe-Cr-Mn alloys can initiate the precipitation of brittle o phase in alloys 
expected to be totally austenitic is a major concern. Such precipitation would also lead to chromium deple- 
tion of the matrix, thus reducing the alloy's corrosion resistance. 
and chi during irradiation must be prevented i f  these alloys are to be used as a reduced activation material 
in fusion reactor environments. 
thermomechanical treatment schedule that will prevent deleterious phase evolution. 

The profuse precipitation of (I in the Fe-15Mn-15Cr alloys made the 

The results suggest that the recrystallization process 

In addition, the formation of ferrite 

The challenge appears to be the development of an alloy and a feasible 

Irradiation Effects 

Studies indicate Fe-Cr-Mn exhibits tendencies to develop different secondary phases during irradiation than 
during thermal aging.15,'6 Many examples were found of ferrite formation at point defect sinks due to radia- 
tion induced segregation of iron. 
9 dpa revealed that, upon irradiation, the single-phase austenite transformed t o  OL martensite (bct) and 
retained austenite and within the OL martensite was manganese-rich chi phase (bcc) formed by radiation 
induced segregation. Also, in the more pertinent case of Fe-lSCr-ISMn, chi that was rich in chromium formed 
during irradiation. The formation 
of epsilon martensite decreased with increasing Mn. Ferrite formation decreased with increased Mn and then 
increased again at about 35% manganese. Therefore, whereas sigma phase forms during thermal aging, chi 
phase i s  found following irradiation, and radiation induced segregation leads to ferrite formation. 

However, an examination o f  an Fe-5Cr-15Mn alloy irradiated at 420% to 

Epsilon martensite (hcp) was also seen to form in the austenite grains. 

CONCLUSIONS 

1. Previous diagrams developed for the Fe-Cr-Mn system by Burgess and Forgeng and by Schafmeister and 
Ergang do not accurately predict equilibrium in the system due to the slow nature of v phase formation. 
phase can form in Fe-Cr-Mn alloys of lower chromium content than the earlier diagrams suggest. Formation is 
on recrystallizing grain boundaries and grain boundary triple points during long-term thermal aging of cold- 
worked materials. 
results. 

o 

The more recent diagram by Murata and coworkers is in closer agreement with the present 

2. The isotherms at 600, 500 and 300°C derived in the current experiment indicate that the o phase field 
The diagrams indicate that o phase expands with increased temperature while the 7 phase field constricts. 

will form in alloys whose chromium content is as low as 8.8% at 600%. 

3. In an Fe-15Cr-15Mn alloy the microstructural evolution follows a path of a+ytM to atT+o when aged 
between 300 and 500°C from 1,000 to 30,000 hours. At 600 and 700% the microstructure has attained equi- 
librium in the first 1,000 hours of aging. 

Fe-30Mn alloy aged at 500°C shows evidence of recrystallization at 1,000 hours of aging, while an 
Fe-1OCr-30Mn alloy does not exhibit recrystallization until 10,000 hours of aging. 

4 .  The addition of chromium to a Fe-30Mn alloy appears to slow the process o f  recrystallization. An 
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CORRELATION OF MICROSTRUCTURE AND SWELLING BEHAVIOR OF VANADIUM ALLOYS 
IRRADIATED IN FFTF/MOTA AT 420OC - H. M. Chung. B. A. Loorms (Argonne National Laboratory). 
and K. Abe (Tohoku University, Japan) 

OBJECTIVE 

Microstructures of vanadium-base alloys are profoundly modified during neutron irradiation. The 
objective of this work is to characterize the microstructural evolution of several candidate vanadium alloys 
after irradiation in FFl'F/MOTA and to correlate the results with welling properties of the alloys, thereby 
providing an insight to develop an optimized alloy. 

SUMMARY 

TEM after irradiation at 42OOC in FFI'F/MOTA. The results have been correlated with swelling behavior of 
the alloys to provide a better understanding of the superior resistance of some of the high-Ti heats to void 
swelling. 

INTRODUCTION 

Microstructural evolutions In V. V-Cr, V-Ti. V-Ti-Cr. and V-Ti-Si alloys have been characterized by 

The welling behavior of vanadium-based alloys (V-Ti. V-Cr. V-Cr-Ti, and V-TI-Si) after neutron 
irradiation at 420 and 600°C in the Materials Open Test Assembly (MOTA) of the Fast Flux Test Facility 
(FFF) has been reported in a series of previous papers.1-5 Results of these investigations showed that 
irradiation-induced swelling of vanadium-based alloys can be effectively inhibited by addition of >5 wt.% TI 
in the alloy. For example, swelling of V-TI alloys containing 5-20% Ti and V-15Ti-7.5Cr alloy was <l% in 
comparison with swelling as high as 3-4% for V. V-14Cr. V-15Cr-1TI. and V-?iTi-lSi alloys upon 
irradiation at 420OC up to 114 dpa (Flg. l).I However, mechanism of the superior inhibition of swelling of 
the high-Ti alloys is not well understood at present. In this investigation. microstructural evolution of 
these alloys was characterized by transmission electron microscopy (TEM). and the results were 
correlated with void-swelling behavior of the alloys to provide a better understanding of the role of Ti 
content. 

MATERIALS AND PROCEDURES 

Procedures of preparation of alloy specimens in this investigation have been described in an earlier 
report.1 Chemical composition of as-fabricated alloys investigated by TEM has been reported previously.1 
For determination of swelling [density change). disk-shaped specimens -3 mm in diameter and -0.3 mm 
in thickness were obtained from cold-worked sheets. The specimens were irradiated in FFTF/MOTA 
during y l e  7-10 at 420OC to neutron fluences (E > 0.1 MeV) ranging from 3 x 1022 n cm-2 ( 17 dpa) to 
1.9 x 10 3 n cm-2 I 114 dpa). The specimens were sealed inside Li7-filled TZM/Mo capsules during 
irradiation to prevent contamination by 0. N, and C impurities dissolved in the sodium coolant of the 
m. 

13% butyl cellosolve maintained at -5OC. TEM was conducted Wlth a JEOL lOOCX scanning transmission 
electron microscope operating at 100 kev. Vanadium reflections were used as a standard in each 
selected-area diffraction (SAD) pattern to calculate reciprocal lattice spacings of precipitates. 

Irradiated specimens were jet-thinned for TEM In a solution of 15% sulfuric acid-72% methanol- 

RESULTS 

Vanadium 

Some of the unlmdiated heats of V contained unknown, nearly spherically shaped precipitates 30- 
150 nm in diameter. This type of precipitate, designated as m e  A in Fig. 2, was obtained from Heat BL- 
12. I t  appeared that heats containing high oxygen concentrations (e.g.. BL12. 0 -1670 wt. ppm) 
developed more of this type of precipitates during solidification. In other heats. the Drecipitates were 
negligible except on grain boundaries 

Grain growth was generally exce,-..-. -----.-...., ---. yvvvasyLyJ .,;rystalllzation) was 
observed in both unirradiated V and in varlous alloys. Grain boundaries of the specimens in which 
breakaway grain growth was observed were frequently pinned by the Type A precipitates (Fig. 2). 
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Fig. 1. Density change (swelling) vs. irradiation damage for (A) V. V-Ti. and V-Ti-Si allop: 
(B) V-Cr and V-Cr-Ti alloys irradiated at 420OC. 

Fig. 2. Type A precipitates (dark-field image) and breakaway grain growth observed in 
unirradiated V (BL-12). 

Vanadium specimens from Heat BL36 that were irradiated to 38 and 73 dpa contained high density 
of very fine microvoids 3-6 nm in size. Size and density of the microvoids were similar for the two 
fluence levels. Density and size of microvoids produced in specimens of Heat BL-20 at 31 dpa were 
similar to those of the BL-36 irradiated to 38 dpa. Number density of microvoids in Heat BL-20 increased 
approximately 2.5 times as irradiation was increased to 114 dpa (Fig. 3). Voids near a grain boundary 
were -2-3 times larger than those away from grain boundaries. 

tangles, and black-dot defects in high density (Fig. 4A). Black-dot defects ranged in size from -5 to 10 
nm, i.e.. somewhat larger than microvoids. Because of these irradiation-induced imperfections, 
microstructure imaged in bright-field was usually very complex. 

The SAD patterns (e.g., Figs. 4B and 4C) that correspond to the complex structures (such as Fig. 
4) also indicate the presence of several phases. Many spurious reflections were observed in such SAD 
patterns, indicating precipitation of unknown secondary phase or phases. This type of precipitates, 
designated as Type B. were observed only in irradiated specimens of V. However, the unknown Type B 
precipitates could be artifact phases [e.g., hydrides) produced during specimen preparation. 

Besides the microvoids, V specimens irradiated to 31-1 14 dpa contained dislocations, dislocation 

i 
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Fig. 3. Microvoids (AI and dislocations (B) observed in V specimen (BL-20) irradiated at 
420oC to 114 dpa. 

Fig. 4. Complex structure containing microvoids. dislocation tangles, and unidentified plate- 
like precipitates observed in V specimen (BL-20) irradiated at 420oC to 31 dpa (A) 
and corresponding SAD pattern (B). The pattern of (B) and a similar SAD pattern 
obtained for 7 3  dpa (C) indicate precipitation of an unknown phase, designated as 
Type B precipitate. 

V-Cr Alloys 

V-1OCr alloy specimens irradiated to 114 dpa were characterized by a high density of black-dot 
defects, short dislocations, and dislocation loops (Fig. 5A). In contrast to the V specimens irradiated to a 
similar dose, dislocation tangles in the V-1OCr specimen were negligible. Also, examination of bright- 
field images and SAD patterns showed no evidence of precipitates (Fig. 5B). Microvoid size (i.e.. 4-7 nm) 
was similar to that in V specimens irradiated to a similar fluence; however, number density was lower by a 
factor of 4-5 (e.g.. smaller than that shown in Fig. 3A). 

v-n Alloys 

V-Ti alloys containing 9- (BL-34). 18- (BL-15). ana zu-wt.v/o IY {BL-IOJ were examined after 
irradiation up to 114 dpa. Swelling of these heats determined from density measurements was minimal, 
Le.. el%. In accordance with the swelling data, number density of voids in these alloys was very low. 
This is shown in Figs. 6.4 and 6B, in which the void distributions in V-ISTi and V-2O'IY specimens, 
irradlated to 46 and 114 dpa. respectively. are visible. However, void size was significantly larger (15-70 
nm) than that in the V or V-Cr alloys (3-7 nm). 
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Fig. 5. Dislocation loops. black-dot defects, and dislocation tangles (A) and SAD pattern 
indicating negligible precipitates (B) in V-1OCr (BL-35) irradiated at 4200C to 114 
dpa. Void formation was negligible. 

H 

Fig. 6. Voids in V - l m  (BL-15) (A) and voids and Type 11 precipitates in V-2OTi BL16) (B) 
irradiated at 42WC to 46 and 114 dpa, respectively. 

A high density of dislocation loops and short dislocations was observed in the V- 18Ti and V-2oTI 
specimens after irradiation to 46- 114 dpa. However, dislocation tangles and long dislocations were 
largely absent, a situation similar to that of the V-1OCr alloy. 

Each type is described below. 

’Woe I P r e c i o i t a  

by profuse precipitation of a very fine (-3-10 nm) spherical phase (Fig. 7). From bright-field imaging 
alone, it was difficult to either observe the precipitates or distinguish them from black-dot defects, which 
have similar sizes and exhibit similar contrast (Fig. 7A). merefore. it was necessary to examine SAD 
patterns (Fig. 7B) and to obtain dark-field images (Fig. 7C) to determine the size and distribution of the 
precipitates. Type I precipitates have been reported previously for V-Ti. V-Cr-Ti, V-Ti-Si alloys irradiated 
at 6000C to 21-84 dpa.2.3 although those observations were based primarily on bright-field imaging. I t  
appeared that the density of precipitates contained in the V-18Ti specimen (oxygen content 830 wt.ppm) 
irradiated to 46 dpa was higher than that of a V-2OTi specimen (oxygen content 390 wt.ppm) irradiated 
to 114 dpa. 

Four types of precipitates were obsenred in the V-18Ti and V-2OTi alloys irradiated to 114 dpa. 

Both V - l m  and V-2OTi specimens irradiated to 46 and 114 dpa. respectively. were characterized 

M e  I1 F’recioitates 
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Fig. 7.  Bright-field image of V-18'IY (BL-15) irradiated to 46 dpa, showing dense dislocation 
loops, short dislocations. relatively large voids, black-dot defects, and fine Type I 
precipitates (A): SAD pattern of (A) showing reflections from th6 Type I precipitates 
(B); and dark-field image (C) of the Type I precipitates produced from the encircled 
reflection in 03). 

The morphology of this short needle-like precipitate (-5 nm in diameter and -30 nm in length). is 
visible in Fig. 6B. In the present study, it was observed in the V-2On alloy irradiated to 114 dpa but not 
in V-18Iy alloy irradiated to 46 dpa. Similar precipitates have been also reported for V-15Cr-5Ti. V- 
10Cr-5Ti. and V-3Ti-lSi alloys after irradiation at 600OC to 21-84 dpa2.3 and for V-13Cr-5lY alloy after 
irradiation to 14-17 dpa at 600OC.6 This type of precipitate is typically observed in ConJunction with the 
fine spherical precipitates of Type 1. This suggest that Type I1 may be in fact Type I precipitates 
preferentially formed on short dislocations. 

Tvue I11 PreciDitm 

The morphology of this type of precipitate is blocky, ranging from 1 0 0  to 1000 nm in size I t  was 
observed in unirradiated and irradiated V-Ti. V-Cr-Ti. and V-Ti-Si alloys, indicating that it formed during 
alloy fabrication. Some of examples of this e redpitate in V-Ti alloys are shown in bright- and dark- 
field contrasts in Fig. 8.  In previous repo&%.fthis type of precipitate was believed to be Ti02 in V-Ti. 
V-Cr-Ti. and V-Ti-Si alloys irradiated at 600OC. Spectra obtained from energy-dispersive spectroscopy 
(EDS) of these precipitates showed a Ti-rich composition. Also, the lattice spacings of the dark-field- 
imaging reflections and SAD patterns appeared to be consistent with rutile structure of Ti02 (tetragonal. a 
= 0.4594 nm. c = 0.2958 nm) but not consistent either with brookite (orthorhombic, a = 0.925 nm. b = 
0.546 nm. c = 0.516 nm) or with anatase (tetragonal, a = 0.378 nm. c = 0.950 nm) modification of nos. 
Therefore. this type of precipitate seems to be the rutile form of Ti02. 

Tvue IV Prec iD iw  
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Fig. 8. Type 111 precipitates, believed to be rutile form of Ti02, observed in (A) unirradiated 
V - m  (BL-34): (B) V-18Ti (BL-15) irradiated to 46 dpa: and (C) V-2OTi (BL16) 
irradiated to 114 dpa. (B) and (C) are in dark-field contrast. 

Type lV precipitate was observed only on grain boundaries (e.g.. V-16Ti specimen irradiated to 46 
dpa). Examples of bright- and dark-field images of the precipitate shown in Figs. 9A and 9B, respectively. 

P ature of Preci~itate~ 

Of the four types of precipitates, it seems that m e s  1 and I1 precipitates are irradiation-induced in 
nature, while Types I11 and lV precipitates are thermally produced during solidification or annealing of 
the alloys. Type 1 precipitate seems to be influenced more by specimen chemical composition than by 
fluence (dose) at an irradiation temperature of 420OC. 

v-Ti-si Alloys 

Both unirradiated and irradiated specimens of V-3TL-O.5Si and V-3n-lSi alloys were found to 
contain another type of precipitates that apparently formed during solidification or annealing. These 
Type V precipitates (Figs. 1OA and 10B) are nearly spherical and 50-300 nm in size . EDS spectra of the 
precipitates indicated a Ti-rich composition (Fig. 1OC). Examination of several SAD patterns of the 
precipitates indicated that diffraction characteristics were consistent with those of Ti0 phase (fcc. NaCl- 
type structure, a = 0.424 nm). 

shown in Fig. 11A: size (Le.. -7-20 nm) and number density of voids in the figure indicate a significant 
swelling and seem to be consistent with the 1.5-2% swelling shown in Fig. 1. In Fig. 11A. the voids are 
denuded near Type V precipitate. indicating that precipitate/matrlx interface may act as a sink for 
vacancies and microvoids. Fig. 11B shows structure of short dislocations produced in the V-Si-IS1 
specimen irradiated to 114 dpa. 

V-Cr-TI Alloys 

be rutile Ti02 (Figs. 12A and 12B). Frequently, the precipitates were observed wrapped in dislocations 
(Fig. 12B). This feature was reported for V-2W alloy irradiated at 6000C.2.3 

Bright-fleld and SAD characteristics of V-15Cr-1Ti and V-15Cr-5Ti alloys indicated that some 
amount of Type 1 precipitates were produced after irradiation to 114 dpa (Fig. 12C). Both V-15Cr-1Ti and 
V-15Cr-5Ti alloys irradiated to 114 dpa were characterized by a high density of black-dot defects, short 
dislocations, and dislocation loops. The V-Cr alloys exhibit similar characteristics. Void formation in both 
types of alloys was negligible, which seems to be consistent with the low swelling of the specimens (i.e., 
-0.3 %for a dpa of 114. Fig. 1). 

The size and distribution of voids produced in a V-3TL-lSI specimen after irradiation to 114 dpa are 

Unirradiated and irradiated V-Cr-Ti alloys contained some Type 111 precipitates that are believed to 
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Fig. 9. Bright- (A) and dark-field (B) morphologies of Type IV precipitates observed on grain 
boundary of V-lmi (BL-15) irradiated to 46 dpa. 

FROM MATRIX 
FROM PRECIPITAT! 

X-RAY ENERGY 

Fig. 10. Dark-field images of me V precipitates in unirradiated V-3Tl-O.5Si (BL-42) (A) and 
V-m-lSi (BL-27) irradiated to 114 dpa (B). EDS spectra showing a Ti-rich 
composition of the precipitates are shown in (C). 
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Fig. 11. Voids (A) and dislocations (B) in V-3Ti-lSi (BL-27) irradiated to 114 dpa. Note 
smaller number of voids near a Type V precipitate in (A). 

Fig. 12. Type I11 precipitates in unirradiated V-7.5Cr-15TY (BL-IO) (A): similar precipitates 
"wrapped with dislocations in V-15Cr-5Ti (BL-24) irradiated to 114 dpa (B): and 
short dislocations, dislocation loops, black-dot defects, Type I precipitates, and 
negligible voids in V-15Cr-1TY (BL-26) irradiated to 114 dpa (C). 
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DISCUSSION 

The results of TEM characterization of each specimen, i.e.. volume fraction of voids estimated on 
the basis of size and number density of voids and foil thickness. are consistent with the swelling behavior 
summarized in Fig. 1. For example, significant density changes in V and V-3Ti-1Si alloys irradiated to 
114 dpa (Fig. 1A) are consistent with the relatively large volume fraction of voids shown in Figs. 3A and 
11A. respectively. The negligible swelling in V-18Ti. V-2oTi. V-1OCr. and V-15Cr-1Ti alloys irradiated to 
114 dpa is likewise consistent with the negli ible number of voids. As expected, this observation is 
similar to that for alloys irradiated at 60OoC.f3 

The very small density change and minimal void formation in V- 18Ti and V-2OTi at all damage 
levels appear to be associated with the significant precipitation of the very fine Type 1 particles (e.g.. Fig. 
7C). However, to confirm similar trend for other types of alloys 1e.g.. V-15Ti-7.5Cr). correlation must be 
obtained between void formation and dark-field distribution of Type I Precipitates. As pointed out earlier. 
Type I precipitates cannot be identified from bright-field imaging. and a misleading quantification could 
be obtained without dark-field imaging. The needle-like Type I1 precipitates were negligible in 
specimens irradiated at 420OC in comparison with those irradiated at 600OC. Void formation therefore 
does not seem to be associated with Type 11. at  least for irradiation at 4200C. Also, resistance to void 
formation does not appear to be directly associated with precipitation of either Type 111, lV. or V phases, 
i.e.. relatively large and sparse precipitates in comparison with Type I. Type Ill and V precipitates appear 
to be Ti02 and TiO. respectively. and form during solidification or annealing rather than during 
irradiation. 

In a previous investigation, the absence of void formation in ion-irradiated V-Ti and V-Ti-Cr alloys 
was attributed to precipitation of Ti30 particles,7 which may incorporate vacancy defects within the 
precipitate structure. Because of their small size 1i.e.. 3-10 nm). surface-to-volume ratio of Type I 
precipitates is extremely large. Therefore. it is expected that the large interfaces areas created by 
copious Type I precipitates can act as a sink for a large number vacancies created during irradiation, 
which suppresses nucleation and growth of voids. A n  alternative mechanism of suppression of void 
nucleation may be trapping of vacancy defects by Ti and oxygen atoms. Le.. irradiation-induced formation 
of vacancy/Ti-0 clusters, which eventually lead to precipitation of some form of titanium oxide. 

It is not clear that Type I precipitates observed in this study are indeed Tigo phase, as in the case of 
the ion-irradiated vanadium alloys. Further study is being conducted to identify.the precipitates by dark- 
field/SAD analysis and electron-energy-loss spectroscopy. If Type 1 precipitates are indeed some form of 
irradiation-induced oxides of titanium. it seems that inhibition of void swelling will be influenced not only 
by minimum titanium content (e.g.. 25 wt.%) but also by a minimum level of oxygen impurity in the alloy. 
Similar consideration suggests that the fabrication-related formation of the hlocky Type Ill and V 
precipitates believed to be titanium oxides) will also influence inhibition of void formation indirectly. 

CONCLUSIONS 

Characteristics of void formation and precipitation in V. V-Ti, V-Cr. V-Ti-Cr. and V-Ti-Si alloys were 
examined by TEM after irradiation in FFTF/MOTA at 420oC up to 114 dpa. Three types of precipitates 
(Le., Type 111. lV, VI involving blocky Ti02 or Ti0 apparently form by thermal processes. Minimal void 
swelling of vanadium alloys containing >5 wt.% Ti appears to be associated with irradiation-induced 
precipitation of a very fine particle-like (3-10 nm in size) phase. Vacancies produced during irradiation 
may be trapped by Ti and an impurity [probably 0) complex: hence. void nucleation is suppressed in such 
alloys. 

FUTURE WORKS 

The crystal structure of the very fine precipitates that suppress void swelling will be determined 
from diffraction characteristics and electron energy-loss spectroscopy. Distribution of the precipitates 
will be determined from dark-field imaging for V-Ti. V-Ti-Cr. and V-Ti-Si alloys irradiated to various 
damage levels. The number density of the precipitates will be correlated with slze and density of voids. 
Similar Correlation will be also obtained for alloys irradiated at 600% to identify mechanism of inhibition 
of void swelling. TEM microstructural characteristics will be also correlated with ductility degradation of 
the alloys irradiated at 420. 520, and 600OC. 
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TENSILE PROPERTIES OF VANADIUM AND VANADIUM-BASE ALLOYS* - 8. A. Loomis, L .  J. Nowicki, and 0. L .  Smith 
(Argonne Nat iona l  Labora to ry ) .  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  research i s  t o  determine the  composi t ion o f  a vanadium-base a l l o y  w i th  t h e  opt imal  
combinat ion of mechanical p roper t ies ,  s w e l l i n g  res is tance,  co r ros i on  res is tance ,  f a b r i c a b i l i t y ,  and welda- 
b i l i t y  f o r  use as a s t r u c t u r a l  m a t e r i a l  i n  the  environment o f  a magnetic fus ion  reac to r .  

SUMMARY 

T e n s i l e  p rope r t y  da ta  a re  presented fo r  unal loyed vanadium and 18 vanadium a l l o y s  t h a t  a re  considered 
candidates f o r  s t r u c t u r a l  m a t e r i a l  i n  a magnetic fus ion r e a c t o r .  The composit ions o f  these candidate a l l o y s  
a re  p r i n c i p a l l y  those vanadium b i n a r y  and t e rna ry  a l l o y s  w i t h  C r ,  T i ,  and Si  add i t ions .  The dependence o f  
the  t e n s i l e  p r o p e r t i e s  f o r  these m a t e r i a l s  on temperature (25-7OO0C), C r  concent ra t ion  (0-15%), T i  concen- 
t r a t i o n  (O-ZU%), and S i  concent ra t ion  (0.05-1.28%) i s  presented i n  t he  form o f  tab les ,  graphs, and parame- 
t r i c  equat ions.  The s t rengthen ing  of V by C r ,  T i ,  and S i  add i t i ons  i s  discussed w i t h  emphasis on t he  r o l e  
of i n t e r a c t i o n ' o f  these a l l o y i n g  a d d i t i o n s  w i t h  i n t e r s t i t i a l  i m p u r i t i e s  ( i .e . .  0, N, and C). 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

The t e n s i l e  p rope r t i es  of una l loyed V and V- IT i ,  V-3Ti, V-STi, V-IOTi, V-5Cr-STi, V - 7 C r - S T i ,  V - 1 O C r -  
I O T i ,  V-3Ti-0.54Si. V-3Ti-0.99Si, and Vanstar-7 a l l o y s  were determined f o r  t e s t  temperatures o f  25-7OOOC. 
These t e n s i l e - p r o p e r t y  da ta  complement t he  da ta  t h a t  were repor ted  p rev ious l y  f o r  V-ZOTi, V - 1 O C r - S T i ,  V- 
12Cr-5Ti, V-ISCr-STi, V-7.5Cr-I5Ti,  and V-3Ti-0.25Si a l l o y s  by Loomis e t  a l .  
p rope r t y  da ta  from Ref. 1 and t he  more r e c e n t l y  acquired da ta  are compiled i n  t he  form of t ab les ,  graphs, 
and paramet r i c  equat ions f o r  use as a reference resource. The s t rengthen ing  of V by C r ,  T i ,  and S i  add i -  
t i o n s  i s  discussed, w i t h  emphasis on t he  r o l e  of i n t e r a c t i o n  of these a l l o y i n g  add i t i ons  wi th  i n t e r s t i t i a l  
i m p u r i t i e s  ( i . e . ,  0, N, and C). 

M a t e r i a l s  and Procedures 

Unal loyed vanadium and vanadium a l l o y s  w i t h  nominal composit ions o f  V - I T i ,  V-3Ti, V-STi, V-lOTi, V-5Cr- 
5Ti ,  V-7Cr-STi, V-1OCr-IOTi, V-3Ti-0.54Si, V-3Ti-0.99Si, and V-9Cr-3Fe-IZr (Vanstar-7)  were obta ined i n  the  
form o f  .50% cold-worked sheet w i t h  th ickness  of -0.9 mm. Chemical analyses o f  t he  mater ia ls ,  performed by 
t he  A n a l y t i c a l  Department of t h e  Teledyne Wah Chang Albany Company, are presented i n  Table I .  Tens i l e  spec- 
imens w i t h  a gauge l eng th  of 7.62 mm and a gauge w id th  o f  1.52 mm were machined from the  as- received sheet. 
The surfaces of t e n s i l e  specimens were mechanical ly  ground and po l i shed t o  a surface f i n i s h  o f  -0.3 Nm. The 
po l i shed  t e n s i l e  specimens were r e c r y s t a l l i z e d  by anneal ing f o r  1 h i n  a vacuum o f  2 X Pa. The V - 5 0 -  
5Ti ,  V-7Cr-STi, V-1OCr-IOTi, and Vanstar-7 a l l o y s  were annealed a t  1125'C. The V-3Ti, V - S T i ,  V-lOTi, V-3Ti- 
0.54Si. and V-3Ti-0.99Si a l l o v s  were annealed a t  l l O O ° C .  and t he  unal loved vanadium and V - IT i  a l l o v  were 

I n  t h i s  r epo r t ,  t he  t e n s i l e -  

annealed a t  1050°C. 
=0.020 mm i n  t he  specimens. 

These a n k a l i n g  temperatures r e s u l t e d  i n  an average, r e c r y s t a l l i z e d  g r a i n  d iameter  of 

TFe t e n s i l e  specimens were t es ted  a t  a t e n s i l e  s t r a i n  r a t e  o f  0.0011 5.l and a crosshead speed of 0.008 
m3.s-') o f  

The temperature o f  t he  specimens was determined by use o f  a chromel-alumel thermocouple 
mm.s- . 
99.9999% p u r i t y .  
t h a t  was arc-welded t o  t he  edge o f  t he  specimen, and t h e  temperature o f  t he  specimens du r i ng  t he  t e n s i l e  
t e s t  was c o n t r o l l e d  t o  + I o C .  

ExDerimental Resul ts  

(E,) f o r  t he  una l loyed vanadium and t he  vanadium a l l o y s  (Table 1) a t  25-7OOOC are presented i n  Appendix 1. 

1. Ser ra ted  Y i e l d i n g  

d u r i n g  t e n s i l e  deformation a t  320 and 42OOC b u t  no t  a t  25,  100, and 225'C. I n  t he  case of t he  V specimen 
t e s t e d  a t  3OO0C, se r ra ted  y i e l d i n g  was observed i n  t he  load-e longat ion  curve. 
V-T i -S i  a l l o y s  con ta i n i ng  1, 3, 5, and 10% T i  (nominal composi t ion)  underwent se r ra ted  y i e l d i n g ,  whereas un- 

*Work supported by t he  Off ice of Fusion Energy, U.S. Department of Energy, under Cont rac t  W-31-109-Eng- 
38. 

A l l  o f  t h e  t e n s i l e  t e s t s  were conducted i n  an environment o f  f l ow ing  argon (3 X 

The t e n s i l e  specimens were heated t o  t he  t e s t  temperature a t  a r a t e  o f  
0. Z Y .  5 . ' .  

The y i e l d  s t r eng th  (YS), u l t i m a t e  t e n s i l e  s t r eng th  (UTS), un i fo rm e longat ion  ( E " ) ,  and t o t a l  e longat ion  

The load-e longat ion  curves f o r  t h e  unal loyed V and t h e  V a l l o y s  (Table 1) e x h i b i t e d  ser ra ted  y i e l d i n g  

A t  520°C, V-Ti, V-Cr-Ti,  and 
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Table 1. Vanadium and Vanadium A l l o y  Compositions 

Nominal ANL Concentrat ion Concentrat ion 
Composition No. ( w t . % l  (DDm) 

C r  T i  Fe 0 N C S i  

V BL -51 570 49 56 3 7 0  
V - l T i  
V-3Ti 
V-5Ti 
V-1OTi 
V-20Ti 
V-5Cr-5Ti 
V-7Cr-5Ti 
V-1OCr-5Ti 
V-12Cr-5Ti . . 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V - 1 O C r - 1 O T i  
V-7.5Cr-15Ti 
V-3Ti-0.25Si 
V-3Ti - 0.54Si 
V-3Ti-0.99Si 
Vanstar-7' 

EL-47 
BL-49 
BL-43 
EL-40 
BL-23 
BL-24 
EL-41 
BL-44 
BL - l o  
EL-27 
BL-42 
BL-45 
EL-28 

4.1 
7.9 
9.2 

10.9 
12.9 
13.5 
14.5 
9.9 
7.2 

9.7 

1.0 
3.1 
4.6 
9.8 

17.1 
4 . 3  
5.7 
4.9 
5.0 
5.9 
5.2 
5.0 
9.2 

14.5 
3.1 
3.1 
2.5 

0.04 

0.63 
0.04 

0.02 
0.04 
0.04 
0.05 
0.02 
0.04 
0.09 
0.04 
0.02 
0.01 
3.50 

230 
210 
300 

1670 
830 
350 ~~. 
400 
230 
470 
400 

1190 
330 
300 
~ .. 

1110 
210 
580 
345 
280 

130 235 
310 300 

53 85 
390 450 
160 380 
220 200 
150 127 
31  100 
80 90 

490 280 
360 500 

96 120 
87 150 

250 400 
310 300 
190 140 
125 90 
520 640 

1 0 5 0  
5 0 0  
1 6 0  
2 4 5  
4 8 0  
8 7 0  ~. . 
3 6 0  
3 4 0  
2 7 0  

1 2 3 0  
3 9 0  
4 0 0  
2 7 0  ~. . 
4 0 0  

2 5 0 0  
5 4 0 0  
9 9 0 0  

'Al loy con ta ins  1.3% Z r .  

a l l o y e d  V and t he  V-20Ti and Vanstar-7 a l l o y s  d i d  n o t  e x h i b i t  ser ra ted  y i e l d i n g .  A t  600°C. vanadium a l l o y s  con ta i n i ng  5% T i ,  i .e.,  V-5Ti and V-(5-15)Cr-5Ti a l l oys ,  e x h i b i t e d  ser ra ted  y i e l d i n g ,  whereas una l loyed V 
and V-Ti and V-T i -S i  a l l o y s  con ta i n i ng  1, 3, 10, 15, and 20% T i  and t he  Vanstar-7 a l l o y  d i d  no t .  A t  650°C, 
t he  V-5Cr-5Ti a l l o y  e x h i b i t e d  se r ra ted  y i e l d i n g ,  but t he  V-20Ti, V-(12-15)Cr-5Ti, and V-7.5Cr-15Ti a l l o y s  
d i d  no t .  A t  700°C, t h e  una l loyed V and t h e  V a l l o y s  d i d  n o t  e x h i b i t  ser ra ted  y i e l d i n g .  

2.  Temperature Dependence of YS and UTS 

The general  dependence o f  Y S  on temperature f o r  t he  una l loyed V and V a l l o y s  (Table 1 )  i s  shown by curve 
I V  i n  F i g .  1. The Y S  decreased w i t h  an increase of temperature from 25OC t o  .325'C and then e i t h e r  d i d  n o t  
change s i g n i f i c a n t l y  o r  underwent a small  decrease w i t h  an increase o f  temperature from 325OC t o  7OOOC. The 
general dependence of UTS on temperature f o r  t he  una l loyed V and V a l l o y s  i s  shown by curves I, 11,  and I11 
i n  F ig .  1. The UTS decreased w i t h  an inc rease of temperature from 25'C t o  -225'C and then increased wi th an 

increase o f  t e s t  temperature t o  420°C, f o l l owed  by e i t h e r  

change o r  a f u r t he r  inc rease o f  t he  UTS w i t h  inc rease o f  
temperature t o  700OC (11), o r  a subs tan t i a l  decrease of 
UTS above 42OoC (111). 

The dependence of  UTS on temperature f o r  V - lT i ,  V-3Ti- 
(0.25-0.99)Si. V-lOTi, V-20Ti, V-15Cr-5Ti (BL23). V-1OCr- 
10Ti. V-7.5Cr-5Ti. and Vanstar-7 a l l o y s  was s i m i l a r  t o  I .  
The temperature dependence o f  UTS f o r  V-3Ti. V-5Ti. and V -  
(5-15)Cr-5Ti (BL24 and BL41) a l l o y s  was s i m i l a r  t o  11, and 
t h e  temperature dependence f o r  unal loyed V was s i m i l a r  t o  
111. Hence, t he  temperature dependence o f  UTS e x h i b i t e d  
by the  V-Ti and V - C r - T i  a l l o y s  was dependent on T i  concen- 
t r a t i o n ,  i . e . ,  0-3% T i  ( I ) ,  3-5% T i  (11). and 5-20% T i  
( I ) ,  w i t h  no apparent i n f l uence  o f  t he  C r  concent ra t ion .  
Moreover, t he  temperature dependence o f  UTS e x h i b i t e d  by 
an a l l o y  was changed by so lu te  add i t ion ,  e.g., S i  a d d i t i o n  b 100 200 300 400 500 600 700 Boo t o  t he  V-15Cr-5Ti (BL23) a l l o y .  Based on t h e  da ta  i n  Ap- 
pendix 1, these d i s t i n c t i v e  types o f  temperature depen- 
dence f o r  UTS a re  shown i n  Figs. 2 ( I )  and (111), 3 (11). 

5 I " " / ' " ' l " ' ' l " ' ' l " ' ' I " ' ' " ' '  a decrease of UTS above 520-6OO0C ( I ) ,  no s i g n i f i c a n t  

Temperature ("C) 

F ig .  1. General YS and UTS temperature d e w -  
dence. 4 ( I )  and ( I I ) ,  5 ( I ) ,  and 6 ( I ) .  

3. Dependence o f  Y S  and UTS on T i ,  C r ,  and S i  Concentrat ion 

The dependence of YS and UTS on T i  concent ra t ion  (C i) i n  V-(O-ZO)Ti a l l oys ,  C r  concent ra t ion  (Ccr) i n  
V-(0-15)Cr-5Ti a l l o y s ,  and S i  concent ra t ion  (CSi) i n  V-3f1-(0-1.28)Si a l l o y s  i s  shown i n  Figs.  7, 8, and 9, 
r espec t i ve l y .  The average value o f  t h e  maximum and minimum YS and UTS da ta  (Appendix 1 )  i n  t h e  temperature 
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Fig .  2. Tempehature dependence o f  UTS f o r  V and 
V-(1-20)Ti  a l l o y s  and i n t e r n a l  f r i c t i o n  
f o r  V from Ref. 2. 
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Fig.  4. Temperature dependence of YS and UTS 
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Fig.  6. Dependence o f  YS and UTS on tempera- 
t u r e  f o r  V-base a l l o y s .  

V-5Ti (8L46) 
-t V-5Cr-5n (BL47) 
& V~lOCr-SII (8L43) 
--t V-15Cr-5II(BL41) 

5 

0 100 200 300 400 500 600 700 800 
Temperature ("C) 

Fig .  3.  Temperature dependence o f  UTS f o r  
V -  (0-15)Cr-5Ti  a1 1 oys. 
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F ig .  5. Temperature dependence o f  UTS f o r  
V-3Ti-(0.05-0.99)Si a l l o y s .  
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Fig.  7 .  Dependence o f  YS and UTS on CTi f o r  
V-Ti a l l o y s .  
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Fig. 11. Temperature dependence o f  E for 
V-STi, V-lOTi, and V-20Ti alloys. 
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5 .  Dependence of E, and E, on Ti, Cr, and Si Concentration 

The dependence of E and E, on Cli In V-(O-ZO)Ti alloys, Ccr in V-(0-15)Cr-STi alloys, and C in V-3Ti- 
(0.05-1.28)Si alloys at !OO°C is shown in Figs. 15, 16, and 17, respectively. The data for the $-Ti alloys 
show that E, and E,  for V decrease with an increase of C, to -3% and that E, and E, are essentially unchang- 
ed with increase of Cli from 3% to 20% (Fig. 15) .  
E, and E, for alloy compositions of 4% Cr and 0.5% Si (Figs. 16 and 17). 

6 .  Parametric Equations for Tensile Properties 

and vanadium alloys listed in Tabye 1 is formulated by the equations in Appendix 2. 
obtained by the use of the data in Appendix 1. The VS and UTS equations have an accuracy of t5%, and the E, 
and E, equations have an accuracy of ?lo%. 

The V-tr-5Ti and V-3Ti-Si alloys appear to have minimum 

The dependence of VS, UTS, E , and E, on temperature ( T ) ,  C , CTi, and CSi for the unalloyed vanadium 
These equations were 

DISCUSSION OF RESULTS 

The VS ofLthe V and V alloys at 25-700'C was primarily dependent on the complex interactions between 
intrinsic dislocations and stress fields associated with the substitutional alloying atoms (i.e., Cr, Ti, 
Si, Fe, and Zr), interstitial atoms (i.e., 0, N, and C), and intrinsic precipitates, e.g., VO and Ti0 (Ref. 
5 ) ,  because the VS did not change significantly at temperatures >225'C. 

225-320"C. followed by an increase of UTS with increase of temperature to temperatures in the range of 420- 
700°C, depending on the material. The increase of UTS for the unalloyed V and the V alloys was associated 
with serrated yielding in the load-elongation curves. 
ed V and V alloys is attributed primarily to stress-induced diffusion of 0 and N (and possibly C) to dislo- 
cations because of serrated rielding and internal friction peaks reported for 0 and N (at 181 and 265OC, 
respectively) in V (Fig. 2). G6 

Moreover, in addition to solution strengthening of the V alloys by Ti, it seems evident that the 
stress-induced diffusion of 0 and N atoms and their interaction with Ti atoms to form Ti-(0,N) complex 
and/or precipitates contributed significantly to the UTS for V-Ti, V-Ti-Si, and V-Ti-Cr alloys. 
have not completed comprehensive analyses of the intrinsic and/or stress-induced precipitates i n  the alloy 
microstructures, we cannot elucidate on the different temperature dependence of UTS for the alloys, i.e., 
the general dependence in Fig. 1. It is our expectation that the average diameter, average spacing, com- 
position, and crystallographic compatibility (i.e., coherency or noncoherency) of the Ti-0 precipitates were 
significant factors in determining the temperature dependence of UTS for the alloys. An understanding of 
the necessity for 3-5%Ti in V-Ti and V-Ti-Cr alloys for high temperature (>52OoC) tensile strength (and 
creep strength) is of paramount importance for the selection of a V alloy for use in a fusion reactor. 
contrast t o  Ti solute, it is believed that the effect of Cr and Si on the UTS for V-Ti-Si and V-Ti-Cr alloys 
was to provide an increment of solid solution strengthening. 

The dependence of UTS on temperature for the unalloyed V and the V alloys exhibited a minimum UTS at 

Therefore, the increase of UTS at >325OC for unalloy- 

Because we 

In 

CONCLUSIONS 

1. The temperature dependence of UTS for V-Ti and V-Ti-Cr alloys is dependent on Ti concentration with no 
apparent influence of Cr concentration. 
2.  The increase of YS and UTS for V-(l-ZO)Ti alloys i s  -16 MPa/l% Ti and -19 MPa/l% Ti, respectively. 
3. The increase of VS and UTS for V-(0-15)Cr-5Ti alloys is -10 MPa/l% Cr and 13 MPa/l% Cr, respectively. 
4. The increase of YS and UTS for V-3Ti-(0.05-1.28)Si alloys is -84 MPa/l% Si and -64 MPa/l% Si, respec- 
tively. 
5. The presence of relatively high (1230 ppm) Si concentration in V-15Cr-5Ti alloy resulted in significant 
strengthening of the alloy to -6OOOC. 
6 .  The V-(0-15)Cr-5Ti and V-3Ti-(0-1.3)Si alloys have minimum E, and E, for alloy compositions of -5% Cr and 
0.5% Si, respectively. 

FUTURE WORK 

The average diameter, average spacing, composition, and crystallographic compatibility (i.e., coherency 
or noncoherency) of the intrinsic and stress-induced precipitates will be determined. 
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i 
800 

-A- BL41 
t I 20 , 1 1 1  I l l / \  I I I I  I I  1 1 1  1 I ) ( ' ,  

b 100 200 300 400 500 600 700 800 
Temperature ("C) 
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Fig .  16. Dependence of E, and E, on Ccr for 
V-(0-15)Cr-5Ti alloys. 

F ig .  13. Temperature dependence o f  E, for 
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F ig .  15. Dependence of E, and E, on Cli for 
V-  (0-20)T i  a1 loys. 

F ig .  17. Dependence o f  E and E, on CSi for 
V-3Ti-(0.05-1.3YSi alloys. 
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Appendix 1. Tensile Properties for V and V Alloys. 

A1 1 oy ANL Test Strenqth El onqat ion 
I.D. TemD. Yield Tensile Uniform Total 

(%) ("cj (MPa) 

V EL 51-1 
V EL 51-10 
V EL 51-5 
V EL 51-9 
V EL 51-4 
V B i  51-8 
V EL 51-2 
V EL 51-7 
V BL 51-3 
V EL 51-6 

V-lTi EL 50-2 
V-1Ti EL 50-8 
V-1Ti EL 50-4 
V-IT1 8L 50-7 
V-1Ti EL 50-3 
V-1Ti EL 50-6 
V-1Ti EL 50-5 
V-1Ti EL 50-9 

V-3Ti EL 52-1 
V-3Ti EL 52-7 
V-3Ti EL 52-6 
V-3Ti BL 52-5 

~~ ~~~ ~ 

V-3Ti EL 52-2  
V-3Ti BL 52-3 
V-3Ti EL 52-4 
V-3Ti EL 52-8 

V-3Ti-0.25Si EL 27-1 
V-3Ti-0.25Si Bi 27-i4 
V-3Ti-0.25Si EL 27-6 
V-3Ti-0.25Si EL 27-5 
V-3Ti-0.25Si EL 27-2 
V-3Ti-0.25Si BL 27-3 
V-3Ti-0.25Si EL 27-4 
V-3Ti-0.25Si EL 27-10 

V-3Ti-0.54Si EL 42-1 
V-3Ti-O.54Si EL 42-6 
V-3Ti-0.54Si BL 42-2 
V-3Ti-0.54Si EL 42-3 
V-3Ti-0.54Si BL 42-4 
V-3Ti-0.54Si BL 42-5 
V-3Ti-0.54Si BL 42-8 
V-3Ti-0.54Si EL 42-9 

25 
100 
225 
300 
325 
350 
420 
520 
600 
700 

25 
120 
225 
325 
420 
520 
600 
700 

25 
100 
225 
325 
420 
520 
600 
700 

25 
100 
225 
325 
420 
520 
600 
700 

25 
100 
225 
325 
420 
520 
600 
700 

259 
220 
175 
181 
153 
138 
167 
134 
124 
124 

268 
236 
188 
174 
198 
181 
174 
157 

295 
210 
180 
177 
183 
170 
177 
183 

367 
300 
235 
227 
242 
228 
230 
224 

473 
405 
317 
300 
328 
312 
308 
291 

(MPa) - __ 
309 
290 
279 
348 
335 
310 
283 
187 
134 
124 

343 
317 
275 
396 
402 
398 
351 
317 

409 
340 
298 
350 
404 
405 
410 
405 

465 
410 
344 
386 
431 

43 5 
413 

545 
519 
410 
436 
463 
466 
470 
452 

428 

28 
24 
21 
26 
24 
24 
25 
34 
28 
28 

23 
23 
20 
23 
22 
28 
24 
21 

24 
22 
22 
20 
20 
19 
21 
19 

24 
22 
22 
20 
20 
19 
21 
19 

20 
19 
18 
21 
16 
18 
18 
17 

49 
32 
28 
32 
32 
32 
36 
65 
64 
64 

34 
34 
28 
29 
28 
37 
32 
33 29 

27 
28 
24 
26 
23 
25 
23 

33 
27 
28 
24 
26 
23 
25 
23 

26 
22 
23 
27 
20 
23 
21 
20 
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Appendix 1 ( c o n t ' d )  

A1 1 oy ANL Test  S t r e n a t h  E l  onaa t i  on 
Temp. Y i e l d  T e n s i l e  Un i fo rm T o t a l  
("C) (MPa) (MPaJ (%I 

1 . D .  

V-3Ti -0.99Si  
V-3Ti -0.99Si  
V-3Ti-O.99Si 
V-3Ti -0.99Si  
V-3Ti-0.99Si 
V-3Ti-0.99Si 
V-3Ti-0.99Si 
V-3Ti-0.99Si 

V-5Ti 
V-5Ti 
V-5Ti 
V-5Ti 
V-5Ti 
V-5Ti 
V-5Ti 
V-5Ti 
V-5Ti 

V-IOTi 
V-1011 
V-1011 
V - 1 O T i  
V-lOTi 
V-1011 
V-1OTi 
V-1011 

V-20Ti 
V-20Ti 
V-20Ti 
V-20Ti 
V-2OTi 
V-20Ti 
V-20Ti 
V-20Ti 
V-20Ti 

V-5Cr-5Ti 
V-5Cr-STi 
V-5Cr-5Ti 
V-5Cr-5Ti  
V-5Cr-5Ti 
V-5Cr-5Ti 
V -  5Cr- 5T i 
V-5Cr-5Ti  
V-5Cr-5Ti 

V-7Cr-5Ti 
V-7Cr-5Ti 
V-7Cr-5Ti 
V-7Cr-5Ti 
V-7Cr-5Ti 
V-7Cr-5Ti  
V-7Cr-5Ti  
V-7Cr-5Ti 

V-1OCr-5Ti 
V-1OCr-5Ti 
V-1OCr-5Ti 
V-1OCr-5Ti 
V-1OCr-5Ti 
V-1OCr-5Ti 
V-1OCr-STi 

BL 45-10 
EL 45-5 
BL 45-4 
BL 45-2 
BL 45-6 
EL 45-6 
BL 45-1  
BL 45-3 

EL 46-1 
BL 46-6 
BL 46-10 
BL 46-3 
BL 46-5 
BL 46-2 
BL 46-8 
BL 46-7 
BL 46-4 

BL 12-1 
BL 12-8 
BL 12-6 
BL 12-5 
BL 12-2 
EL 12-7 
BL 12-3 
BL 12-4 

BL 15-1 
BL 15-4 
BL 15-6 
BL 15-5 
BL 15-3 
EL 15-2 
BL 15-4 
BL 15-8 
EL 15-7 

BL 47-9 
8L 47-10 
BL 47-5 
BL 47-3 
BL 47-2 
BL 47-0 
BL 47-4 
BL 47-7 
BL 47-6 

BL 49-3 
BL 49-9 
BL 49-10 
BL 49-8 
BL 49-6 
BL 49-4 
BL 49-5 
BL 49-7 

BL 43-9 
BL 43-10 
BL 43-3 
EL 43-6 
BL 43-1 
BL 43-4 
BL 43-5 

25 
105 
225 
325 
420 
520 
600 
700 

25 
108 
160 
225 
330 
420 
520 
600 
700 

25 
100 
225 
325 
420 
520 
600 
700 

25 
100 
225 
325 
420 
520 
600 
650 
700 

25 
100 
225 
337 
420 
520 
600 
650 
700 

25 
108 
175 
225 
325 
420 
600 
700 

25 
100 
225 
325 
420 
520 
600 

421 
355 
286 
259 
274 
274 
241 
260 

336 
294 
259 
217 
214 
215 
195 
195 
203 

435 
314 
326 
310 
308 
303 
298 
262 

628 
525 
437 
436 
443 
445 
417 
400 
393 

387 
325 
272 
254 
250 
244 
256 
264 
266 

425 
393 
318 
236 
261 
287 
285 
271 

440 
387 
334 
312 
300 
297 
297 

480 
430 
392 
405 
447 
447 
446 
437 

412 
366 
342 
317 
342 
334 
350 
388 
376 

532 
477 
463 
479 
496 
529 
538 
466 

692 
640 
588 
636 
658 
678 
667 
554 
496 

454 
420 
379 
388 
405 
423 
434 
453 
414 

521 
489 
404 
347 
429 
470 
486 
487 

541 
482 
448 
452 
467 
463 
512 

25 
26 
26 
21 
24 
24 
21 
17 

22 
16 
20 
23 
22 
15 
20 
19 
17 

25 
25 
23 
21 
21 
21  
23 
19 

22 
22 
20 
24 
24 
29 
20 
20 
15 

25 
25 
26 
20 
21 
19 
16 
19 
17 

26 
23 
12 
17 
18 
20 
19 
21 

23 
20 
22 
21 
20 
18 
21 

34 
33 
32 
26 
29 
29 
26 
21 

35 
24 
25 
28 
28 
19 
24 
25 
19 

33 
32 
28 
27 
27 
25 
25 
24 

32 
30 
25 
29 
30 
33 
28 
29 
23 

34 
33 
31 
28 
25 
24 
21 
23 
20 

36 
30 
13 
23 
26 
25 
22 
26 

33 
32 
29 
30 
25 
23 
25 
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Appendix 1 (cont'd) 

Alloy ANL Test Strenqth 
1.0. Temp. Yield Tensile 

BL 43-7 

("cj (MPa) (MPa) 
V-1OCr-5Ti 

V-12Cr-5Ti 
V-12Cr-5Ti 
V-12Cr-5Ti 
V-12Cr-5Ti 
V-12Cr-5Ti 
V-12Cr-5Ti 
V-12CV-5Ti 
V-12Cr-5Ti 
V-12Cr-5Ti 

V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 

V-l5Cr-5Ti 
V-15Cr-STi 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 

V-15Cr-5Ti 
V-1%-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 
V-15Cr-5Ti 

V-1OCr-1OTi 
V- 10Cr- lOTi 
V-1OCr-1OTi 
V-1OCr-1OTi 
V-1OCr-1OTi 
V-1OCr-1OTi 
V-1OCr-1OTi 
V-1OCr-1OTi 

V-7.5Cr-15Ti 
V-7.5Cr-15Ti 
V-7.5Cr-15Ti 
V-7.5Cr- 15Ti 
V-7.5Cr-15Ti 
V-7.5Cr-15Ti 
V-7.5Cr-15Ti 
V-7.5Cr-15Ti 
V-7.5Cr-15Ti 

Vanstar-7 
Vanstar-7 

BL 40-12 
BL 40-13 
BL 40-14 
BL 40-5 
BL 40-2 
BL 40-3 
BL 40-4 
BL 40-2 
BL 40-1 

BL 23-15 
8L 23-14 
BL 23-6 
BL 23-5 
BL 23-12 
BL 23-3 
BL 23-4 
BL 23-10 
BL 23-13 

BL 41-L1 
BL 41-12 
BL 41-1 
BL 41-5 
BL 41-2 
BL 41-3 
BL 41-4 
BL 41-3 
BL 41-2 

BL 24-18 
BL 24-31 
BL 24-12 
BL 24-1 
BL 24-11 
BL 24-15 
BL 24-13 
BL 24-26 
BL 24-25 

BL 44-7 
BL 44-12 
BL 44-8 
BL 44-5 
BL 44-9 
BL 44-10 
BL 44-11 
BL 44-3 

BL 10-12 
BL 10-13 
BL 10-6 
BL 10-5 
BL 10-T1 
BL 10L-2 
BL 10-3 
BL 10-10 
BL 10T-2 

BL 28-1 
EL 28-i2 

Vanstar-7 BL 28-5 

700 

25 
100 
225 
325 
433 
520 
600 
650 
700 

25 
100 
225 
325 
420 
520 
600 
650 
700 

25 
100 
225 
325 
420 
520 
600 
650 
700 

25 
100 
225 
325 
420 
520 
600 
650 
700 

25 
100 
225 
325 
420 
520 
600 
700 

25 
100 
225 
325 
420 
520 
600 
650 
700 

25 
105 
225 

277 

491 
402 
347 
304 
321 
303 
299 
310 
299 

533 
483 
407 
368 
379 
360 
384 
373 
355 

570 
494 
399 
348 
346 
350 
335 
356 
339 

545 
439 
370 
317 
341 
326 
342 
342 
337 

534 
469 
387 
367 
364 
349 
352 
328 

636 
556 
490 
487 
471 
468 
469 
441 
404 

411 
337 
279 

488 

573 
500 
464 
448 
501 
488 
519 
529 
513 

627 
589 
548 
522 
571 
567 
610 
573 
519 

674 
579 
525 
500 
524 
538 
560 
575 
564 

634 
545 
478 
449 
518 
502 
555 
559 
544 

628 
571 
516 
532 
570 
560 
565 
492 

717 
647 
618 
682 
695 
730 
738 
661 
584 

571 
501 
462 

. .  
I 

El onqat i on 
Uniform Total 

(%) - - 
21 

23 
21 
21 
17 
18 
17 
22 
20 
25 21 

25 
23 
23 
21 
21 
25 
22 
21 

26 
23 
22 
19 
20 
19 
21 
22 
22 

23 
22 
17 
17 
21 
17 
21 
25 
21 

24 
24 
21 
23 
23 
23 
23 
20 

20 
21 
20 
21 
22 
24 
26 
23 
18 

25 
28 
24 

~ 

31 27 

27 
26 
24 
24 
22 
26 
25 
26 

37 
37 
29 
30 
27 
27 
31 
30 
33 32 

29 
27 
26 
26 
25 
25 
27 
28 

32 
31 
25 
23 
27 
23 
26 
30 
26 

34 
36 
29 
30 
30 
29 
30 
28 

28 
28 
25 
25 
29 
28 
27 
28 
30 

37 
35 
31 
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. .  
Alloy ANL Test Strenath El onaati on 

1.0. Temp. Yield Tensile Uniform Total 
("C) (MPa) (MPa) (%I 

Vanstar-7 EL 28-10 325 249 455 23 29 
Vanstar-7 EL 28-2 425 240 467 27 33 
Vanstar-7 EL 28-9 520 239 450 27 33 
Vanstar-7 EL 28-4 600 251 413 26 34 
Vanstar-7 EL 28-3 700 219 355 20 35 

Appendix 2. Parametric Equations f o r  Tensile Properties of V and V Alloys. 

- Vl 
Y S  = 280.5361 - 0.9310 T t 3.0696 x lo'' TZ - 5.0275 x 
UTS = 318.1652 t 0 0420 T - 1.0887 x 10.' T' t 9.4389 x 

E, = 28.7597 - 0.0258 T . 3.6173 x 10.' T2 t 2.3309 x 
E, = 51.6945 - 0.2133 T t 4.2811 x 10.' T' t 3.7401 x 10.' T3 - 7.2051 X lo-'' T4. 

YS = 277.9337 - 0.2050 T - 3.5612 x 
UTS = 348.8706 t 0.6850 T - 2.2112 x 

E, = 23.3521 t 0.0246 T - 4.7876 x 10.: 1; t 2.0429 x 10.' T3 - 3.1249 x IO-' T' t 1.5761 x 10"' T5. 

T3 t 2.9672 x 10.' 1'. 
T' - 2.9203 x 1' t 3.7539 x T5 - 

1.7195 x IO.'' T6. 
T' - 4.1639 x lO.'T4 t 2.3513 X 10.'' T5. 

V-1Ti: 
Tz t 1.7758 x 
T2 t 1.4430 x 10.' T3 - 3.7135 x 10.' T4 t 4.2220 X 

T' - 2.8609 x 10.' T4 t 1.5118 x 10." T5. 
T5 - 

1.7822 x IO.'' 1'. 

E, 
v-3Ti: 
YS 
UTS = 452.3741 - 1.6660 T t 4.7036 x 
E, = 24.9571 - 0.0479 T t 3.2117 x 10.' 1' - 1.1513 x 
E, 1' - 1.2177 x 

VS 
UTS = 433.6693 - 0.7653 T t 1.8555 x IO" 1' t 7.4088 x 10.' T' - 1.4475 x 10.' 
E, 

E, = 36.3672 - 0.0084 T - 3.4774 x 10.' T' t 3.8201 x 10'' T3 - 1.6593 x 

= 34.7157 - 0.0119 T t 1.7919 x 10- T - 2.9519 x T3 t 1.2072 x 10.' T4 - 1.8329 x IO-'' T5 t 
9.4216 x 1'. 

= 346.9919 - 2.2804 T t 1.1814 x 10.' 1' - 2.9158 x T' t 3.4116 x 10.' T4 - 1.5171 x IO-'' T5. 
T2 t 2.5825 x 10.' T3 - 1.7670 x 10.' T4 t 1.2786 x 10.'' T5. 

T3 t 1.8343 x 10'' T* - 1.0395 x 10.'' T5. 
T3 t 1.4665 x IO-' T4 ~ 6.7836 x 10.'' T5. = 34.3398 - 0.0974 T t 4.8241 x 

V-5Ti: 
= 365.6995 - 1.0681 T t 2.7639 x lo" 1' - 3.3882 x T3 t 1.6123 x IO-' 1'. 

12 5 t 7.8862 10- T . 
= 24.4427 - 0.2368 T t 2.9157 x T' - 1.4176 x 10.' T3 t 3.2307 x 10.' T4 ~ 3.4788 x 10." T5 t 

T4 t 3.4850 x IO"' T5 - 
1.4298 x T6. 

3.5319 x IO"' T6 t 1.3852 x T'. 
Y-IOT1: 
VS 
UTS - 556.1722 - 1.0022 T t 2.8386 x lo-' T2 - 9.7134 x 
E, = 25.7510 - 0.0181 T t 2.1923 x lo'& 1' - 1.7848 x 10.' T' t 5.3763 x 10.' T4 - 6.6679 x 10." T5 t 

E, = 34.1689 - 0.0285 T t 4.8961 x 
VS = 678.5068 - 2.2060 T t 7.1177 x lo" 1' - 9.4733 x 
UTS = 727.5363 - 1.4861 T t 4.9091 x IO-' Tz - 3.2259 x 
E, = 22.7197 - 0,0081 T - 1.6138 x 

E. = 32.7755 - 0,0018 T - 5.4265 x 

= 474.6698 - 1.2694 T t 3.4138 x 10.' 1' - 3.5874 x IO'* T' t 9.8045 x 10." 1'. 
T3 - 1.8422 x 10.' 1'. 

1' t 7.6127 x 10.' T' - 7.7651 x 10." T4. 

T' t 4.2350 x 10.' 1'. 
T3 - 2.0458 x IO-' T4. 

1' - 4.0723 x IO.' T' t 3.5996 x lo'' T* - 7.4898 x 10"' T5 t 

1' t 2.8059 x 10.' T' - 4.7104 x 10.' T' t 2.5382 x 10.'' T5. 

z.9020 x IO+ i6. 

v-2oTi: 

4.5893 x 1 0 - l ~  i6. 

V!SC~-ST~: 
YS = 417.5058 - 1.1834 T t 3.1426 x 1' 
UTS = 469.1526 - 0.4914 T - 1.1537 x 10.' T2 
E, = 25.4657 - 0.0083 T t 1.7387 x 10.' TZ - 

= 34.8165 - 0.0326 T t 2.1877 x loe4 T' - 
k7Cr-5Ti : 
YS = 431.8805 t 0.4110 T - 1.4031 x 10" T2 
UTS = 509.1205 t 2.0489 T - 3.9845 X 10" 1' 

E, = 27.0407 - 0.0284 T - 3.3045 X 10.' 1' 4 
E, = 36.7240 t 0.0188 T - 1.6886 x IO-' T' t 

1.9692 X T6. 

1.4258 x T6. 

- 3.7434 x T3 t 1.7062 x T'. 
t 1.0563 x 10'' T' - 1.8035 x IO-@ 1' t 9.4017 x 10.'' T5. 
1.0392 x 10'' T' t 1.8711 x IO-' T* -1.0732 x 10.'' T5. 
1.0407 x T3 t 1.8034 x IO-' T4 - 1.0372 x IO-'' T5. 

5.7204 x io+ 

. 1.8948 10-6 - 
1.0893 IO+ - 

t 2.0835 x T' 
- 8.5862 x 10.' 1' t 4.4159 x lo-" T5. 

3.2819 x IO" T* t 1.8622 x 10.'' T5.  
2.8338 x 10.' T' t 3.3014 x 10'" TL - 

- 4.7235 x 10.' P 4.9498 x io.1o i5 
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Appendix 2 (cont 'd)  

V-1OCr-5Ti: 
YS = 459.3969 - 0.8836 T + 1.6721 x 
UTS = 572.4420 - 1.2367 T t 3.9440 x 
E, = 24.3990 - 0.0923 T t 8.4192 x 10.' T' - 3.1271 x 10.' T3 t 5.0581 x IO.' p - 3.3081 x lo-'' T' t 

T' - 1.2942 x 
T2 - 4.5781 x 

T3 t 2.9462 x 10." T'. 
T3 t 1.7865 x 10.' T'. 

5.3878 x T6. 
E, ?4:0_!;2 -.olp?5 T t 2.3972 X IO-' T' + 9.8989 X T3 - 4.9285 x IO-' T' + R 1677 v In -12 T5 ~ 

~~~ . . _ . _ l . L n I "  I - 
4.92o.i x 1u 'I I-. 

V-12Cr-5Ti: 
YS - 536.4005 - 1.7625 T t 5.1917 x 
UTS 
E, 

T' - 6.8368 x T3 + 3.3373 x 10.' p. 
618.7231 - 1.7193 T t 5.8324 x 10.' T' - 7.2205 x 1V6 T3 t 3.0146 x 10.' T'. 

T3 t 9.4966 x 10.' T' - 
1.0014 x 10'" T5 + 3.9017 x 10.'' T6 

= 24.1740 - 0.0744 T t 7.8946 x 10.' T2 - 4.0637 x 

E ,  .. . . v-.d,,-d,, i O L  c>, :  
YS T' + 6.1968 x 
UTS = 642.1572 - 0.4584 T - 1.4787 x 10.' T' t 8.2521 x 
E, = 26.1669 - 0.0530 T t 5.8246 x 10.' T' - 3.1406 x 10.' T3 + 7.7426 x 10.' T' - 8.6763 x 10.'' T' t 

E, 

= 558.1555 - 0.9369 T t 1.0829 x T3 - 1.1653 x IO-' T'. 
T3 - 7.9167 x 10.' T'. 

3.6042 x I O " '  T6. 
. .  v - , & - 4 , ,  I D L  ( 4 , :  

YS = 577.7104 - 1.7651 T t 4.7219 x T2 - 5.5200 x 
UTS = 663.0236 - 1.1326 T - 1.0901 x T' t 1.5361 x 10.' T3 - 2.6239 x 10' T t 1.3376 x 10.'' T'. 
E, = 23.3113 t 0.0512 T - 1.3537 x 10.' T' t 8.0229 x IO" T3 - 2.0702 x 10" T' t 2.4785 x 10." T' - 

T3 + 2.3873 x 10-98T'i 

1.1214 x lo-' ' T6. 
ET 

= 32.2659 - 0.0772 T t 4.3345 x-lO-'"i' - 1.4030 x T3 + 2.1049 x 10.' 1' - 1.1221 x 10." T'. 
IEP.. L T I  101 .,?>- 

= 37.9524 - 0.0067 T - 2.3498 x lo - '  T' t 7.2171 x T3 - 7.4625 x I O" '  p t 2.6945 x T' 
,KC.. ET :  101 ".>- 

= 32.2701 t 0.0525 T - 1.3020 x l o"  T' t 7.1133 x T3 - 1.7357 x 10.' T' t 2.0015 x T' - o 07i.1 ._ * n - l 5  7 6  
~ . . . . . . - - , . 

V-15Cr-5Ti (EL 41): 
YS = 601.3434 - 1.2868 T + 1.7554 x T' t 5.9653 x IO-' T3 - 9.1031 x 10." T'. 
UTS = 711.0014 - 1.5990 T + 3.9811 x 10.' T' - 3.2279 x 10.' T3 + 5.5023 x 10.'' T'. 
E, 
E, 
V-3Ti-0.25Si : 
YS = 408.4735 - 1.5563 T t 4.8229 x T' - 6.3509 x 
UTS = 494.2046 - 0.8883 T - 2.7576 x 
E, = 25.3403 - 0.0643 T + 4.9184 x 10.' T2 - 1.8284 x 10.' T3 + 2.9627 x lO".T' - 1.7046 x 10"' T'. 
E, = 35.4150 - 0.1244 T t 6.8719 x 10.' T' - 1.8712 x 10.' T3 t 2.3929 x IO-' p - 1.1597 x 10.'' T'. 
V-3Ti-0.54Si: 
YS = 519.2681 - 1.6547 T + 4.4194 x IO-' T' - 4.5625 x 10.' T3 + 1.3895 x IO-' T 4 .  
UTS = 602.8017 - 1.8894 T t 6.5021 x 10.' T' - 8.0703 x 10.' T3+3.1241 x IO-' T'. 
E, = 22.1016 - 0.0889 T + 7.2714 x 10" T' - 2.4146 x 
E, = 30.1291 - 0.1864 T t 1.5033 x T' - 4.8683 x 
V-3Ti-0.99Si: 
YS = 428.7190 - 0.2835 T - 5.1251 x 
UTS = 513.4361 - 1.2006 T t 2.5549 x 7' + 4.3093 x 
E, 

= 27.0546 - 0.0495 T t 2.2923 x 10.' T' - 7.9673 x T'. 
= 34.3628 - 0.0789 T t 3.8941 x 10" T' - 1.0786 x 1V6 T3 t 1.4192 x IO-' T' - 6.7346 x 10." T'. 

T' t 1.3356 x IO-' T' - 7.7245 x 

T3 + 3.0017 x 10-9J4i 
T' t 2.8078 x 10.' T' - 5.5458 x 10. T t 3.3216 x 10." T'. 

T3 + 3.4680 x 10.' T4 - 1.8075 x 10.'' T'. 
T' t 6.7998 x IO-' T' - 3.4484 x 10.'' T'. 

T' t 2.3242 x IO-' T' - 3.5433 x 10.' 1' + 1.8278 x 10." T'. 
T3 - 1.5163 x 10.' p t 9.9096 x 10." T'. 

T3 + 1.1512 x 10.' T' - 1.6484 x I O ' "  Ts t = 23.9030 + 0.0253 T + 1.9155 x 10.' T2 - 3.1484 x 
R 7717 Y l6 _. ,. -- 

E, = 30.8089 + O . l l i 7 . T  -1.1126 x T' + 3.6624 x 
Vanstar-7: 
YS = 452.7675 - 1.3682 T t 2.9941 x IO-' T' - 2.2686 x 
UTS = 603.5484 - 1.2726 T t 2.5941 x T' t 3.0798 x 

= 24.5940 t 0.1000 T - 1.0758 x 10.' T' t 3.8668 x 5 = 37.5226 t 0.0109 T - 5.4647 x 10'' T' t 2.2930 x 

T3 - 5.0042 x IO" T4 t 2.3985 x 10"' T'. 

T3 t 1.5111 x 10"' T'. 
T3 - 1.2964 x 10.' T4 t 8.4617 x 10'" T'. 

T3 - 5.5711 x 10.' 
T3 - 3.4305 x 

t 2.7662 x T'. 
T4 t 1.7492 x 10.'' T'. 

V-Ti A l l ovs :  
YS (0.20% T i ,  420-6OO0C) = 145 t 15.9 (c i ) .  
UTS (1.20% T i ,  42O-60O0C) = 331 + 18.5 
E, (0-20% T i ,  600'C) = 23.6 (C )- ' .06'. 

E, (0.20% T I ,  600'C) = 36.5 (C.Tzil-o.lTs. . I , .  

V X r - 5 T i  A l l o v s :  
YS (0-15% C r ,  42O-70O0C) = 204 + 10.3 (c ) .  
UTS (0-15% C r ,  420-7OO0C) = 365 t 13.3 
E, (0.16% C r ,  6OOOC) = 25.6 - 3.37 (CJ t 0.5770 
E, (0-16% C r ,  600°C) = 19.3 - 2.59 (Ca)  t 0.4985 
V-3Ti-Si A l l o v s :  
YS (0-1.3% S i ,  42O-70O0C) = 295 (C i)o.16. 
UTS (0-1.3% S i ,  420-7OO0C) = 468 (E, )'.%. 
E, (0-1.3% S i ,  600°C) = 21.4 t 17.7 I C s i )  - 114.6 
E, (0-1.3% S i ,  600'C) = 28.1 - 30.1 (Cri) - 48.6 

0.0236 ( C  ) 3 .  
0.0215 (C::)'. 

169.6 (Csi): -73.0 (CSi)'.  
21.4 (CSi) . 
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REVISED CALCULATIONS FOR THE DYNAMIC HELIUM CHARGING EXPERIMENT I N  FFTF/MOTA 28 - L. R. Greenwood, Pacific 
Northwest Laboratory(” 

OBJECTIVE 

To simulate fusion reactor-like helium-to-displacement damage ratios in vanadium-based alloys irradiated in 
FFTF. 

SUMMARY 

Calculations of the initial tritium loading, lithium isotopic ratio, and helium pressure have been revised 
for the planned dynamic helium charging experiment (DHCE) in FFTF/MOTA-ZB based on current neutronic infor- 
mation regarding the neutron flux spectrum. 

PROGRESS AND STATUS 

The basic idea of the DHCE experiment, as published previously,’ is to simulate fusion reactor-like helium- 
to-displacement damage production rates in vanadium-based alloys irradiated in the Fast Flux Test Facility - 
Materials Open Test Assembly (FFTF/MOTA]. Vanadium alloys in the form of tensile specimens and transmission 
electron microscope (TEM) disks are immersed in liquid lithium and encapsulated in TZM (Ti-Zr-Mo alloy) 
tubing. 
into the vanadium. The tritium then decays to 3He. In order that helium generation start immediately after 
reactor startup, the capsules are given an initial tritium loading. Calculations are then required to 
attempt to maintain a nearly constant rate of tritium in the vanadium alloys. This rate is dictated by the 
fusion reactor condition o f  about 5-to-1 for helium-to-dpa (displacement per atom) production in vanadium 
alloys. 

Originally. calculations were performed by the author at Argonne National Laboratory. Since that time, new 
information has become available regarding the reactor fluxes and energy spectra as well as tritium leakage 
rates, and it was decided that new calculations were required t o  ensure proper operation of the experiment. 

The calculations must provide a delicate balance between several competing factors. 
the capsule by decay and leakage. 6Li is also burned up dur- 
ing the course of the experiment and the final complication is that 3He has a high burnup cross section for 
conversion back to tritium. All of these factors must be considered over the reactor power history, which 
was assumed to be 100 days of operation at 291 MW followed by a 40-day outage. After the calculations were 
completed, a decision was made to change the schedule to 50 days of operation rather than 100. Since the 
net up and down time will be about the same, there should be only a minor effect on the overall helium 
production. 

The MOTA-26 experiment is planned to operate for 300 fuli-power days (about 1 year) at a power level of 
291 MW. 
The calculated neutron energy spectra were then used to calculate reaction rates and damage parameters, as 
listed in Table 1. A computer program was used to solve the simultaneous differential equations for these 
reactions. 

There are several additional constraints on the calculations. Since we do not have precise knowledge of the 
equilibrium ratio o f  tritium between the vanadium and liquid lithium, calculations were performed for 
several different assumed weight ratios (kJ between the values of 0.01 and 0.10. 
temperatures of the capsules are 425, 500, and 6OO0C and the tritium leakage is 5.38E-10, 4.52E-9, and 
4.37E-8 atoms/second, respectively, as calculated by H. Matsui . 3  Due t o  handling considerations in the 
preparation of the initial tritium loading at Argonne National Laboratory, an upper limit of 100 Ci was set 
on this value. 
as well as some ’He from tritium decay, is expected to come out o f  solution and collect in the capsule 
plenum, which was designed to be about one-half the capsule volume. This pressure can be considerable over 
the course of the experiment, and, based on stress calculations, it was decided to limit the pressure t o  
20 atm. 

The results o f  the revised calculations are listed in Table 2. 
in the FFTF/MOTA. 
optimal initial tritium loading is then given in millimoles and curies followed by the recommended 6Li 
isotopic content. 

Under irradiation, tritium is generated in the lithium from the 6Li(n,a)t reaction and diffuses 

Tritium is lost from 
Tritium is produced by reactions on lithium. 

The initial parameters were based on neutronics calculations performed by R. Simons and L. Carter.* 

The operating 

As tritium is generated in the lithium, an equal amount of 4He is generated. This helium, 

The subcapsule ID values refer to the level 
The design temperatures are followed by the assumed tritium weight distributions. 

The final column lists the final calculated helium pressure. 

The 

(a) 
under Contract DE-AC06-76RLO 1830. 

Pacific Northwest Laboratory i s  operated for the U . S .  Department of Energy by Battelle Memorial Institute 
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Table 1. 
V-15Cr-5Ti) 

Reaction Rates and Neutron Fluxes (Rates a re  atom/atom-second) (dpa and hel ium values a re  f o r  

Parameter rn 
' L i (n ,a ) t  (xE-9) 3.98 2.65 

'L i  ( n ,n ' t )  (xE-12) 7.89 3.51 

3He(n,p)t (xE-8) 1.31 0.964 

dpa i n  V (xE-6) 1.32 0.719 

He (appm)(xE-8) 2.99 1.53 

F lux  > 0.1 MeV (xEt15 n/cm2-2) 3.64 2.08 

Table 2.  Ca lcu la ted  Parameters f o r  t h e  DHCE 

Subcapsule Temperature, 
I d e n t i f i c a t i o n  "C 

40-1 425 

40-2 425 

5E-1 425 

5E-2 425 

50- 1 500 

50-2 500 

5C-1 600 

5C-2 600 

I n i t i a l  

&- 
0.02 

0.03 

0.10 

0.10 

0.01 

0.10 

0.03 

0.10 

T r i  t i  um. 
- mmol - C i  

1.69 99 

1.21 70 

0.32 18 

0.32 18 

1.69 99 

0.35 20 

0.97 56 

0.36 21 

%i, 
% 

5.0 

4.5 

1.0 

1.0 

6.5 

1.0 

8.0 

8.0 

- 
He Pressure, 

atm 

14.0 

12.0 

2.3 

2.3 

14.0 

2.6 

16.0 

15.0 

Kw = e q u i l i b r i u m  r a t i o  by weight  o f  t r i t i u m  i n  vanadium a l l o y  t o  t h a t  i n  t h e  
surroundina l i t h i u m  

mmol = mol =-58.3 C i  o f  t r i t i u m  (T,), 
6L i  = atomic r a t i o  of 6L i  atoms/ tota l  l i t h i u m  atoms i n  %. 

The d e t a i l e d  r e s u l t s  o f  t he  c a l c u l a t i o n s  a re  i l l u s t r a t e d  i n  F igure  1, which shows he l ium produc t ion  versus 
dpa i n  the  a l l o y  V-15Cr-5Ti, taken as a t y p i c a l  a l l o y .  
r e a c t o r  r a t i o  o f  5 : l  helium(appm):dpa. As can be seen, t he  ca lcu-  
l a t e d  r a t i o s  snake around t he  des i r ed  f u s i o n  l i n e .  The t o t a l  t ime  i s  about 300 days, which corresponds t o  
about 30 dpa i n  l e v e l  4 o f  t he  MOTA. 
t ime  o f  about 40 days. Dur ing down times, t r i t i u m  decays t o  w i t hou t  any displacement damage, thus 
accounting f o r  t he  steep v e r t i c a l  r i s e  i n  hel ium. 

These c a l c u l a t i o n s  have been used t o  guide t he  f i n a l  l oad ing  o f  t he  DHCE capsules, which i s  c u r r e n t l y  i n  
progress a t  Hanford. 

The s t r a i g h t  s o l i d  l i n e  i s  t he  des i r ed  f u s i o n  
The c a l c u l a t i o n s  a re  shown as po in t s .  

The steep r i s e  a t  10 dpa corresponds t o  t h e  scheduled r e a c t o r  down 

FUTURE WORK 

The DHCE capsules w i l l  be i n s e r t e d  i n t o  FFTF f o r  i r r a d i a t i o n  du r i ng  May 1991. 
con t inue  f o r  about one year.  
as w e l l  as f o r  var ious  experiments i n  t he  High F lux  Isotopes Reactor a t  Oak Ridge Nat iona l  Laboratory.  

The experiment should then 
Other work i n  progress inc ludes  t he  p repa ra t i on  o f  dosimetry capsules f o r  FFTF 
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Level 4D-2 
200 

150 - 

E a n ce 
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c 

n 
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Figure 1. 
assembly. 
.The solid squares are calculated values using the data in Table 2 .  
when the reactor is down for maintenance and tritium decays to helium without any disp?acement damage. 

Results o f  calculations are illustrated for a DHCE capsule located in level 4D-2 of the FFTF/MOTA-26 
The solid line represents the desired fusion ratio of 5:1 he1ium:dpa for the alloy V-15Cr-5Ti. 

The vertical rises at 10 and 20 dpa occur 
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STATUS OF THE DYNAMIC HELIUM CHARGING EXPERIMENT (DHCE) IN FFTF/MOTA - 0. L. Smith and 8. A. Loomis (Argonne 
National Laboratory), H. Matsui (Tohoku Universitvl, M. L. Hamilton (Pacific Northwest Laboratorvl. K. L. 
Pearce (WestinghoGe'Hanford Company), J. P. Kopaii.and C .  E. Johnson (Argonne National LaboratGyj, R. G. 
Clemmer and L. R. Greenwood (Pacific Northwest Laboratory) 

OBJECTIVE 

The objective of this experiment is to provide baseline irradiation data on the effects of concurrent helium 
production and neutron irradiation on the physical and mechanical properties of vanadium alloys. Effects of 
the irradiation on the alloy microstructures will also be characterized. This report documents the prepara- 
tion of the experiment for irradiation. 

SUMMARY 

Preparation of the DHCE experiment has been completed and it has been inserted into MOTA 28 for irradiation 
in FFTF. 
environment. 

The experiment will produce helium in test specimens of vanadium alloys to simulate a fusion 

PROGRESS AND STATUS 

Introduction 

The DHCE experiment' is designed to enhance helium production in specimens of vanadium alloys during irradi- 
ation in the FFTF/MOTA to simulate the simultaneous gas production and irradiation damage (dpa) that would 
be anticipated in a fusion device. In the FFTF reactor, helium is normally produced in vanadium a t  a very 
low rate, about 0.02 appm/dpa, solely by fast neutron (n,=) reactions. The ratio of helium production to dpa 
level in fusion reactors, however, is about 5-to-1 due to the presence of 14 MeV neutrons. Since helium 
will cause swelling and may influence the evolution of the microstructure, fusion simulations of helium pro- 
duction are needed to determine the importance of these effects. In the DHCE experiment, helium will be 
produced by the decay of tritium, which will be dissolved uniformly in the specimens during the irradia- 
tion. A detailed description of the technique is presented in reference 1 and nuclear parameters and calcu- 
lations are presented elsewhere in this semiannual report.' 

Experimental Procedure 

Both microscopy and mechanical test specimens were encapsulated in eight TZM subcapsules along with iso- 
topically adjusted lithium and an initial tritium source referred to as the "mother alloy." The mother 
alloy is a strip of pure vanadium that was doped with tritium to provide the initial tritium in the cap- 
sules. The initial tritium loading was designed to produce fusion-like helium-to-dpa ratios as soon as the 
irradiation starts. The lithium was enriched in 6Li to produce sufficient tritium during irradiation to 
compensate for the losses due to decay and permeation through the capsule. The lithium also serves as a 
heat conductor and an oxygen getter. 
centration in the mother alloy and the 6Li/'Li ratio. 
in equilibrium with the tritium in the specimens due to the high diffusivity of tritium. Since the equi- 
librium ratio k of tritium in the vanadium to that in the liquid lithium is not well defined, a range of 
values were asshed that span the available experimental data. Details of the calculations are presented 
elsewhere.z 

The mother alloy in each capsule was a coiled vanadium foil nominally measuring 2.5  cm x 3 . 8  cm x 0.025 cm. 
It was pretreated to allow easier absorption of the tritium. The pretreatment comprised evacuation at room 
temperature followed by heating to 900°C under vacuum and several hydrogen soak-evacuation cycles. The 
hydrogen soaks were performed at 400 - 500°C and the evacuations were performed at BOO'C. Hydrogen absorp- 
tion became increasingly more successful with repeated soaking due to the reduction of surface oxides and 
the removal of impurities trapped in the alloy during the high temperature evacuations. 

Analysis of the tritium obtained from the supplier indicated that it was contaminated with high levels of 
helium as well as various carbon- and oxygen-containing compounds. 
mother alloy, it effectively blankets the sample to be tritiated in a static apparatus, slowing the kinetics 
of the tritium absorption t o  virtually zero. The gas handling apparatus was modified to include a uranium 
bed to remove impurities other than helium, which was pumped away. 
when it was heated while the tritium and hydrogen were desorbed. 
impurities in the tritium, it did not eliminate the H,. 

The purified tritium was loaded into the pretreated mother alloy as follows: 
9OO'C under vacuum to remove the hydrogen absorbed during the pretreatment. 
minimum of 12 hours at this temperature and then quenched to room temperature. 

The helium generation rate is controlled by adjusting the tritium con- 
The tritium present in the lithium is expected to be 

While helium is not absorbed by the 

The impurities were retained in the bed 
While this method removed most of the 

The mother alloy was heated to 

Tritium was desorbed from 
It was then evacuated for a 
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t he  uranium bed i n t o  a c a l i b r a t e d  volume t o  produce t he  des i r ed  t r i t i u m  pressure and then expanded i n t o  t he  
quar tz  sample tube con ta i n i ng  t he  mother a l l o y .  The mother a l l o y  was then heated t o  500°C and t h e  pressure 
dropped as t he  t r i t i u m  was absorbed. 
i n  vanadium i s  h igher,  and t he  pressure was a l lowed t o  drop u n t i l  t he  des i r ed  amount o f  t r i t i u m  was 
absorbed. 
A f t e r  i t  reached room temperature, t he  va lve  t o  t he  quar tz  tube was opened and t he  f i n a l  pressure was 
recorded so t he  ac tua l  amount of t r i t i u m  absorbed cou ld  be ca l cu la ted .  
v i a l  f o r  ana l ys i s  t o  determine t he  hyd rogen- to - t r i t i um  r a t i o .  
t r i t i u m  was adsorbed onto t he  uranium bed. 

A f t e r  t he  bottom end cap was EB welded on to  one end o f  t he  capsules, t he  mother a l l o y  was loaded i n t o  t he  
capsules. 
added a l t e r n a t i n g  w i t h  b a l l s  o f  l i t h i u m .  The l oad ing  was performed i n  a g love  box i n e r t e d  w i t h  argon. 
capsules were mainta ined i n  an argon atmosphere u n t i l  t he  f i n a l  E8 c losure  weld was performed. 
t r i t i u m  contaminat ion was removed us ing  demineral ized water and e t h y l  a l coho l .  The capsules were l e a k  
checked t o  v e r i f y  t h a t  t he re  would be no un in ten t i ona l  t r i t i u m  re lease  and t he  requ i red  nondes t ruc t i ve  
t e s t i n g  was performed ( v i s u a l  inspec t ion ,  dye penetrant  inspec t ion ,  hel ium l e a k  check, and x ray  radiography)  
t o  v e r i f y  t h a t  t he  welds were s a t i s f a c t o r y .  

Results 

The nominal m a t r i x  f o r  l oad ing  the  mother a l l o y  and t he  l i t h i u m  i n t o  t h e  capsules i s  g iven  i n  Table 1.  
Tables 2 and 3 p rov ide  a summary l i s t i n g  o f  t he  number and types o f  microscopy and mechanical t e s t  specimens 
loaded i n t o  t he  capsules. S i g n i f i c a n t  d i f f i c u l t i e s  were encountered du r i ng  t he  capsule f a b r i c a t i o n  e f f o r t .  
Unexpected and subs tan t i a l  m o d i f i c a t i o n  o f  t h e  capsule weld ing procedures were requ i red  on sho r t  n o t i c e  t o  
avoid severe t r i t i u m  contamination. As a r e s u l t ,  on l y  seven of t he  e i g h t  capsules were completed success- 
f u l l y .  Adjustments i n  t he  m a t r i x  were there fo re  made t o  compensate f o r  t h e  l o s s  o f  one capsule. The f i n a l  
m a t r i x  t h a t  was a c t u a l l y  loaded i n t o  MOTA 28 i s  g iven  i n  Table 4. 
shown i n  F igure  1. 

The sample was cooled s l ow l y  t o  3OOmC, where t h e  s o l u b i l i t y  o f  t r i t i u m  

The va lve  t o  t he  quar tz  tube was then  c losed and t he  mother a l l o y  cooled t o  room temperature. 

The res i dua l  gas was expanded i n t o  a 
A f t e r  t h e  v i a l  was closed, any r e s i d u a l  

TEM d i s k s  were dropped i n  on t o p  of t he  mother a l l o y ,  and t he  remainder of t h e  specimens were 

Ex terna l  
The 

A photograph o f  t h e  completed capsules i s  

Table 1. Nominal Mother A l l o y  and L i t h i u m  Loading i n  DHCE 

Nominal I n i t i a l  F o i l  
Subcapsule I r r a d i a t i o n  T r i t i u m  Levels Weight 6Li (a1 

I D  Code TemD. 1 - C )  Immol)'bJ 19) Q? 
401 
402 

5c1 
5C2 

501 
502 

5E1 
5E2 

425 
425 

425 
425 

500 
500 

600 
600 

1.69 99 1.5468 5.0 0.02 
1.21 70 1.5536 4.5  0.03 

0 .97  5 7  1.5651 8 .0  0.03 
0.42 26 1.5657 7.5 0.10 

1.69 73.5 1.5727 6 .5  0 .01  
0.36 18.5 1 .5544  2.0 0.10 

0.36 16.4 1.5656 1.5 0.10 
0.36 18 1.5466 1.5 0.10 

( a )  
( b )  U n i t :  mmol mo l ) ;  1 mmol = 58.3 C i  o f  t r i t i u m  (T  ) .  
(c)  
surrounding l i q u i d  l i t h i u m .  

Atomic r a t i o  o f  'Li a toms/ tota l  l i t h i u m  atoms ( 6 L i  t ' L i )  i n .  %. 

E q u i l i b r i u m  r a t i o  by weight  o f  t r i t i u m  i n  vanadium a l f o y  t o  t h a t  i n  t h e  

Table 2. DHCE Specimen Desc r i p t i on  

Code Soecimen Tvoe Dimensions (mm) 
JaDaneSe Specimens 

A Tens i l e  (S) 16 x 4 x 0.25 
8 TEM d i s k  3 ( d i a . )  x 0.25 

U.S. SDecimens 
C Tens i l e  (SS3) 25.4 x 4.95 x 0.76 
D TEM d i s k  3.05 ( d i a . )  x 0.25 
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A1 1 ovs 
Jaoanese soe~imens '~)  

V-100 appm B 
V-500 appm B 
V-2500 appm B 
Ti-6A1-4V 
V-1Fe 
V-3Fe 
V-8Fe 
V-5Fe-15Si 
Ti-6A1-2Sn-4Zr-2Mo 
Ti-8A1-1V-IMo 
U.S. Soecimendd) 

V-5Cr-5Ti 
V-5Ti-7Cr 
V-15th-5Ti 
V-1OCr-5Ti 
V-5Cr-5Ti 
V-3Ti -0. IC 

V-3Ti-0.2Zr-0.K 
V - I O T i  
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Table 3. DHCE Specimen loading 

Specimen 
Ouantitv(bJ 

6,27 
4,27 
6,27 
6.27 
6,27 
6,27 
4,27 
18.18 

12 
4,24 
4,18 
8,18 
4.18 
4,18 
4,18 
4.18 
4,18 
12,12 
8 

9,6,6 
9,6,6 
9,5,6 
4,2 
2 
2 
2 
2 
2 
2 

2 
295 

4 
2,5 
1,s 

1,5 

3 
1.4 
2,5 
2 

1,4 
3.2.3 

Nominal 
I r r a d i a t f o n  

Temoerature IT) 

425 
425 
425 
425 
425 
425 
425 
425 
425 
425 

500,600 
500,600 
500,600 
500,600 
500,600 
500,600 
500,600 
500,600 
500,600 
500,600 

425,500,600 
425,500,600 
425,500,600 

425,600 
500,600 
500,600 
500,600 
500,600 
425,600 
425,600 

425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 
425,500,600 

(a) See Table 2. 
(b) 
(c) 
11OO'C f o r  2 hours 
(d) 
for  1 hour. 

Does not incluh.. ~, ,SLI I~O=V~> I V Y U I  L.I<LWU suucapsule (5D2). 
I den t i ca l  heat treatment for  a l l  Japanese samples: 

Iden t i ca l  heat treatment for  a l l  U.S. samples: 

vacuum annealed a t  

vacuum annealed a t  1125-C 

This segment of the experiment w i l l  be referred t o  as DHCE-I. 
MOTA 28. 
mens contained i n  the capsules w i l l  be examined. 
incorporated i n t o  the planning and fabr ica t ion of DHCE-11, which w i l l  be loaded i n t o  MOTA 2C on an as-yet- 
to-be defined schedule, pending continued FFTF operation. 

It w i l l  be i r r a d i a t e d  dur ing the e n t i r e t y  o f  
It w i l l  be disassembled a f t e r  MOTA 28 i s  discharged and the microscopy and mechanical t e s t  speci- 

Lessons learned i n  the f a b r i c a t i o n  of DHCE-I w i l l  be 
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Table 4. F ina l  DHCE Test Mat r ix  

Total 
I r r a d i a t i o n  I n i  ti a1 6 ~ i ( a )  Number of Soecimens(bl Total  

Subcapsule Temperature T r i  ti um Fract ion Japan U.S. Specimen 
k d - c i  ( X I  TS (SL 03 - I d e n t i f i c a t i o n  ( “ C )  

425 0.02 1.69 99 5.0 24 94 8 45 5.86 
5.38 

4D1 
402 425 0.03 1.20 70 4.5 16 96 8 44 

5E2 425 0.10 0.45(fl 26 1.0 16 100 8 42 5.38 

5D1 
5E1 

0.01 1.26 73.5 6.5 23 94 8 42 5.77 
5.82 

500 
500 0.10 0.98 5 1  1.0 24 102 8 43 

600 0.03 0.28 16.4 8.0 24 93 8 45 5.82 
5.95 

5C1 

5D2 191 0.10 0.32 18.5 1.0 24 108 8 42 5.96 

5c2 600 0.10 0.31 18 8.0 24 108 8 45 

(a) Atomic r a t i o  of 6Li  atoms/total l i t h i u m  atoms (6Li  + ’Li) i n .  %. 
(b) See Table 2. 
(c) Equi l ib r ium r a t i o  by weight of t r i t i u m  i n  vanadium a l l o y  t o  t h a t  i n  the surrounding l i q u i d  
1 i t h i  urn. 
(d) Unit: 
(e) Does not include mother a l l oy .  
( f )  Hydrogen i s  added. 
(9) Subcapsule not  loaded i n t o  MOTA 28 due t o  cracked tube. 

m o l  ( l o ”  mol); 1 mol = 58.3 C i  of t r i t i u m  (TJ. 

Figure 1. Seven capsules fabr icated for  i r r a d i a t i o n  i n  DHCE. 
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MICROSTRUCTURAL EXAMINATION OF PURE COPPER AND CU-5NI IRRADIATED WITH FISSION OR SPALLATION NEUTRONS - D. S .  
Gelles, Pacific Northwest Lahoratory,(al E. N. Singh and A. Horsewell, RlSg National Laboratory, Denmark, 
W .  F. Sommer, Los Alamos National Laboratory, and F. A. Garner, Pacific Northwest Laboratory 

OBJECTIVE 

The object of this effort is to quantify the effect of neutron energy spectrum on damage microstructure in 
Cu and Cu-alloys irradiated in different neutron irradiation facilities in order to determine the suita- 
bility of copper alloys for high heat flux substructure applications. 

SUMMARY 

Specimens of pure copper and a copper alloy containing 5 atomic percent nickel have been examined by trans- 
mission electron microscopy following irradiation by neutrons in a mixed thermal reactor, a fast reactor and 
a spallation neutron source. 
microstructural differences and to determine suitability of copper alloys for high heat flux substructure 
applications in a fusion device. 
defect clusters on a fine scale. 
that observed in pure copper. 
neutrons do not appear to have any significant effect on swelling at low dose. 

The results of this study confirm the need for improved temperature control of irradiation experiments in 
order to correlate radiation damage to fusion conditions. 

Radiation damage microstructures have been investigated in order to identify 

Most conditions developed void swelling, and all were found to contain 
Damage accumulation in Cu-5Ni was found to be significantly different from 

Based on limited comparisons of irradiation at 335"C, high energy spallation 

PROGRESS AND STATUS 

Introduction 

Copper alloys will be required for high heat flux components in Tokamak Fusion Reactors. 
Thermonuclear Experimental Reactor (ITER) and Next European Torus (NET) design teams have specified a copper 
alloy containing Al'O,. dispersoid as a candidate material for high heat flux applications based on recent 
fast neutron irradiation experiments that show it to develop very low swelling. Pure copper will be used to 
mate the plasma facing tiles to the dispersion-hardened alloy. 
nickel such that after five years in a fusion environment, pure copper will have transmuted to an alloy con- 
taining 5% Ni,' and therefore, studies on a Cu-5Ni alloy give some indication of the behavior in irradiated 
comer followins transmutation. The present effort is intended to facilitate Dredictions of irradiation 

The International 

A major transmutation product of copper is 

response by examining a series of simple copper alloys following irradiation in three neutron irradiation 
facilities with very different spectra. 

A large body of work exists on the effects of radiation damage on microstructure in pure copper and dilute 
Cu-Ni alloys. This is based on a range of radiation sources. It includes 14 MeV neutrons to low dose, but 
the results cannot be used to accurately predict behavior at high dose under fusion conditions. High Volt- 
age Electron Irradiation (HVEM) studies, using 1 MeV electrons, have been performed on pure copper in order 
to examine dislocation climb; and swelling re~ponse,~ and also on Cu-Ni alloys in order to examine disloca- 
t i o n  and swelling. More recently, dynamic defect cluster development in pure copper has been 
studied under dual irradiation with electrons and Xe ions.' Ion irradiation studies have included examina- 
tion of defect clusters in pure copper at low temperature using self ions,' at room temperature under Ni and 
C ion irradiation,1° He ion irradiation," and Ne ion irradiation,lz and void development in Cu-Ni alloys 
under heavy ion b~mbardment.'~ Neutron irradiation experiments in mixed spectrum reactors included exam- 
ination of  dislocation^,'^  void^'^-^' and defect ~ l u s t e r s ~ ~ ~ ~ ~  in pure c o p y  and void development'' in Cu-Ni 
alloys. 
copper and swelling in Cu-Ni a11aysZ6~'' to doses as high as 100 dpa. 
ments have included examination of defect clusters in pure copperZ0~29-36 and Cu-Ni alloy~.''~~~ 
clusters in pure copper have also been examined following high energy proton irradiation." 

ExDerimental Procedures 

Specimens of pure copper were made from 0.25 mm thick sheet stock of 99.999% pure zone refined MARZ copper 
from Materials Research Corporation (lot 29/1-598-37, major impurities: tlOppm C, 4.5ppm Zn, Zppm 0, lppm 
Al, remainder t l  ppm) and were annealed at 450% for 30 min in an argon environment and air cooled. 
copper alloy contained 5 atomic percent nickel. It was originally prepared for irradiation in RTNS-I1 in 
the form of 70 g arc melted buttons made from pure starting materials from McKay Industries. 

Fast reactor neutron irradiation studies involved dislocation' -" and voidz1-" development in pure 
14 MeV neutron irradiation experi- 

Defect 

The 

The starting 

(a) 
1nstitut.e under Contract DE-AC06-76RLO 1830. 

Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
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copper was 99.9975% purity with 4.5 ppm. oxygen and the nickel was of similar purity. Buttons were cold 
rolled to 0.25 m sheet, and were annealed at 900°C for 15 minutes. Prior to annealing, specimens were 
punched from sheet, and were engraved with unique identification codes, RO for Marz copper and VP for 
Cu-5Ni. Identical specimens were neutron irradiated in the Los Alamos Meson Physics Facility (LAMPF), 
located at Los Alamos National Laboratory, Los Alamos, NM, and in the Fast Flux Test Facility (FFTF), 
located in Richland, WA. Specimens of 99.999% pure zone refined MARZ copper annealed at 550°C for 2 h were 
also irradiated in the Danish Reactor 3 (DR-3), located at RISp National Laboratory, Roskilde. Denmark. 
DR-3 provides a typical mixed thermal reactor neutron spectrum with a thermal to fast ratio of -3:l; FFTF 
has a fast neutron spectrum, with mean neutron energy of -0.5 MeV; and the Los Alamos Spallation Radiation 
Effects Facility (LASREF) at LAMPF, a spallation neutron source, produces neutron energies that peak at 
-1 MeV but possess small numbers of neutrons with energies as high as 800 MeV. 
ZXIO’~ cm&’ (E > 1KeV) for LASREF, 3 ~ 1 0 ’ ~  cm-zs-l (E > IMeVJ for OR-3, and IxIO” cm-’s-’ (E > 0.IMeV) for 
FFTF. The O R- 3  irradiations were designed to run at 250 and 400% to doses of 0.5 dpa, LAMPF at 330 and 
400% to doses on the order of 0.25 dpa, and FFTF at 420 and 520°C to doses of 30 dpa. Irradiations in 
LASREF and FFTF were monitored by thermocouple, but during irradiation of the 82 capsule in LASREF, the 
heater failed, so that 39% of the irradiation was at 400Z * 10% and the remainder was at 220% f 30”C,” 
whereas during irradiation of the # 7  capsule in LASREF the temperature was maintained at 33PC 
throughout the whole experiment. For the FFTF irradiations, specimens were in helium filled sealed capsules 
designated LO and ME and were irradiated in the Materials Open Test Assembly (MOTA) 10 in baskets 2-CI and 
2-A4 during cycles 7 and 8 at operating temperatures of 414 and 529% +5 respectively, including a cor- 
rection of 8-C for gamma heating while the reactor operated at full power.38 
not be monitored in OR-3, but temperature monitors of Pb-Au, Ag-Pb, Al-Zn and Au-Ge alloys and pure Sn and 
Zn were located adjacent to the specimens, and visual examination of those monitors following irradiation 
indicated that temperatures had exceeded design temperatures at some time during the irradiation history, so 
that the 250% irradiation might have reached about 300% for a short time, and 400% irradiations might 
have exceeded 420°C for at least a short time, In both LASREF and DR-3 at the completion of the irradiation 
cycle, the neutron flux is reduced rapidly and the specimen temperature then drops. However, for FFTF/MOTA, 
it normally takes about 20 h for the specimen canisters to cool from operating temperature to the minimum 
in-core temperature, 225T, and the temperature is controlled by g a m a  heating so that as power is reduced, 
so is temperature. Cool down and reduction of power are approximately linear with time. Furthermore, FFTF/ 
MOTA operation during cycles 7 and 8 was not ideal. During cycle 7 ,  a temperature transient occurred for 
specimens irradiated at 529%, so that the specimens experienced an overtemperature of 201Z lasting -50 m 
when the dose was -15 dpa. Specimens irradiated at 414°C were not affected by a temperature transient. 
result of the transient in cycle 7, it was decided to proceed with various reactor tests during cycle 8 
which would not significantly change the accumulated dose, including Inherent Safety Testing, Transient 
Testing During Shutdown, Steady State Natural Circulation Testing, and finally Loss of Flow without Scram 
Testing at the end of cycle 8 .  At the end of cycle 8 during the Loss of Flow without Scram Testing, both 
the 414 and 529% conditions were held at approximately 310% at reduced power for 21 days. 
lasting about two days, power was increased for one day causing specimens in canister 2C to reach approxi- 
mately 340°C and specimens in canister 2A to reach approximately 390°C. Finally, the power was reduced fol- 
lowing normal procedures and the specimens cooled to about 225 prior to removal from reactor. Dose in dpa 

are only estimates; dosimetry measurements are continuing and only a minor adjustment is expected. 

The specimens selected for examination are listed in Table 1. Table 1 also includes a summary of irradia- 
tion histories and results of density change measurements for specimens irradiated in FFTF.” 
were reduced in thickness by hand grinding to approximately 0.1 mm and then electropolished in a solution of 
25% H PO , 25% ethylene glycol and 50% water at 11 v for about 15 s .  Examinations were performed on a JEOL 
200OFi a% RIS0 National Laboratory using either transmission or scanning modes, and compositional analysis 
was performed with a Tracor 5500 analyzer system. 

Results 
Microstructural examinations demonstrated that neutron irradiation produced coarse dislocation evolution and 
cavity formation for most irradiation conditions. 
stacking fault tetrahedra and triangular faulted loops with sizes as small as 1 nm diameter was found in all 
conditions examined. The microstructural observations will first be described, a summary of quantitative 
void and dislocation measurements will be given and then the defect cluster structure will be quantitatively 
described. 

The 

Flux comparisons are 

10’C 

Irradiation temperatures could 

As 

At intervals 

for DR-3 is based on the conversion by Muncie of 1 dpa per 5x10 % n/cmZ, E > 1 MeV.39 Doses given for LASREF 

Specimens 

However, most unexpectedly, defect clusters including 

Finally, quantitative measurements of bubbles on grain boundaries will be given. 

Microstructural observations 

The preirradiation microstructures of both the pure copper and Cu-5Ni specimen conditions, based on exam- 
ination of FFTF control specimens, were found to contain moderate dislocation densities, consisting of dis- 
location tangles tending to form cell walls. Cells were on the order of 2 pm in diameter, often disloca- 
tion free within the cells. 
clusters. Examples of the dislocation structure and defect clusters in preirradiation microstructures are 
given in Figure 1. 
and Cu-5Ni respectively, and Figures Ib and d show defect clusters in weak beam dark imaging conditions at 

Also, weak beam dark field imaging revealed images characteristic of defect 

Figures la and c show the dislocation structures at low magnification for pure copper 
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Table 1. Specimen Conditions Examined by Transmission Electron Microscopy 

Mater ia l  
- Code Condit ion Source Desian TemD. Actual Condit ions 
RO 
VP 
ROW7 
1 #7 
RO#2 
1 #2 
14 
18 
15 
ROLO 
VPLO 
ROME 
VPME 

Marz copper 
CU-5N i  
Marz Copper 
Cu-5Ni 
Marz Copper 
Cu-5Ni 
Marz Copper 
Marz Copper 
Marz Copper 
Marz Copper 
Cu-5Ni 
Marz Copper 
Cu-5Ni 

cont ro l  
cont ro l  
LAMPF 

LAMPF 

DR-3 
DR-3 
DR-3 
FFTF 
FFTF 
FFTF 
FFTF 

335% 

400% 

250°C 
400°C 
400'C 
400°C 
400°C 
520°C 
520-C 

3352, -0.25 dpa 

400/2202, -0.25 dpa 

t o  300"C, 1 . 6 9 ~ 1 0 ~ ~  n/cmZ, E>1 MeV (0.34 dpa) 
t o  420"C, 1 . 7 2 ~ 1 0 ~ ~  n/cmz, E>1 MeV (0.34 dpa) 
t o  420%. 3 . 8 6 ~ 1 0 ~ ~  n/cmZ, E>1 MeV (0.77 dpa) 
414Z, 34.1 dpa ( 5 . 5 ~ 1 0 ~ ~  n/cm2, E>0.1 MeV) 14.6, 15.51.) 
414%; 34.1 dpa 'I 22.0, 23.8(') 
529%, 31.6 dpa (5.1x102* n/cm2, E,0.1 MeV) 1.76 
529%, 31.6 dpa " 0.56 

(a) Measurements on two d i f f e r e n t  specimens gave d i f fe rent  resu l t s .  

Figure 1. Pu re  copper p r i o r  t o  i r r a d i a t i o n  i n  a) d i s loca t ion  and b)  weak beam dark f i e l d  cont ras t  t o  show 
defect  c lus ters ,  and Cu-5Ni p r i o r  t o  i r r a d i a t i o n  i n  c)  d i s loca t ion  and d) weak beam dark f i e l d  cont ras t  t o  
show defect  c lus ters .  
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high magnif icat ion.  
the pe r fec t  d is locat ions are imaged and a l l  faul ted features w i t h  Burgers vectors of the type tlll> are 
imaged. Weak beam images a l l  use 9.54, the same as i s  used by K i r i t a n i .  
examination a t  200 KeV. From these resu l t s ,  i t  i s  apparent t h a t  the annealing condi t ions used ( fo r  pure 
copper, 450% for  30 minutes and for  Cu-5Ni, 900°C for  15 minutes) were i n s u f f i c i e n t  t o  anneal co ld  work 
structure,  o r  avoid a moderate densi ty o f  defect c lus ters .  
ures l a  and c i s  t y p i c a l  of recovered d i s loca t ion  damage and not cha rac te r i s t i c  o f  damage introduced dur ing 
specimen preparation. I n  order t o  f u r t h e r  understand the defect  c l u s t e r  observations i n  p r e i r r a d i a t i o n  
microstructures, pure copper cont ro l  specimens were fur ther  annealed a t  800% f o r  30 minutes, prepared i n  
the usual manner and then imaged i n  weak beam dark f i e l d .  
c lus te r  s t ruc tu re  were s i g n i f i c a n t l y  reduced. 
mately one month of storage i n  moderate vacuum resu l ted i n  dark f i e l d  images t h a t  contained f r i nged  s t ruc-  
ture,  i nd i ca t ing  t h a t  surface ox idat ion had occurred t o  compl i ca te  i n t e r p r e t a t i o n  o f  the defect  c lus ters .  
Therefore, a l l  microscopy presented i n  t h i s  repor t  was performed on specimens examined usua l ly  w i t h i n  a 
couple of hours and c e r t a i n l y  w i t h i n  a day o r  two a f t e r  specimen preparat ion w i t h  specimens he ld  i n  vacuum 
storage i n  the in ter im.  

Following i r r a d i a t i o n  i n  LASREF a t  335% t o  0.25 dpa, voids w i t h i n  grains, bubbles on g ra in  boundaries, 
unfaul ted d i s loca t ion  loops and defect c lus te rs  were found i n  both pure copper and Cu-5Ni specimens. 
swel l ing  was greater  i n  pure copper, cons is t ing of a non-uniform d i s t r i b u t i o n  o f  voids w i t h  l a rge  d i f f e r -  
ences i n  vo id  size. 
sua l l y  shaped voids found, whereas bubbles on g ra in  boundaries were smaller i n  the pure copper specimens. 
However, unfaulted loops and defect c lus te rs  were of comparable s izes i n  the two specimen condit ions. 
p les  are given i n  Figure 2. 
respect ive ly  for  the pure copper specimen, and Figures 2d, e and f show s i m i l a r  examples for  Cu-5Ni. Care- 
fu l  inspect ion of Figure 2a w i l l  reveal a bimodal vo id  dens i ty  w i t h  the la rge  voids i n  the f i e l d  o f  view o f  
a d i f f e r e n t  shape than the high dens i ty  o f  smaller ones. The f o i l  o r i en ta t i on  i s  near (001) and the la rge  

F o i l  or ientat ions,  i n  a l l  cases, are near (001) w i t h  operat ing 4 - 200 so t h a t  2/3 o f  

Damage was not  occurr ing dur ing 

It may be noted t h a t  the s t ruc tu re  shown i n  Fig-  

Both the d i s loca t ion  dens i ty  and the defect 
Also, i t  was found t h a t  reexamination of f o i l s  a f t e r  approxi- 

Void 

The swel l ing  was much lower i n  the Cu-5Ni specimens, w i t h  only a few examples of unu- 

Exam- 
Figures 2a, b and c show voids, bubbles on a g ra in  boundary and defect  c lus te rs  

Figure 2. 
cont ras t  t o  show bubbles on a g ra in  boundary and c) weak beam dark f i e l d  cont ras t  t o  show defect  c lusters,  
and fo r  Cu-5Ni i n  d) vo id  contrast ,  e) void cont ras t  t o  show bubbles on a g ra in  boundary and f) weak beam 
dark f i e l d  cont ras t  t o  show defect  c lus ters .  

Following i r r a d i a t i o n  i n  LAMPF a t  33VC t o  0.25 dpa f o r  pure copper i n  a) vo id  contrast ,  b) void 
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voids are t runcated cubes whereas the smaller ones are octahedral. However, some l a r g e  voids i n  o ther  areas 
are also octahedral. Therefore, the more common vo id  shape i s  octahedral, but  l a rge  cuboidal conf igura-  
t i o n s  can be found. I n  comparison, the vo id  shapes i n  Cu-5Ni were q u i t e  i r regu la r ,  as shown i n  Figure Zd, 
and the vo id  dens i ty  was very low. I r r e g u l a r l y  shaped voids and changes i n  vo id  shape i n  a given specimen 
can general ly be a t t r i b u t e d  t o  so lu te  segregation of impur i t ies  t b  vo id  surfaces. The voids t h a t  form f i r s t  
are most af fected. 
examples i n  Figures 2b and e, f o r  pure copper and Cu-5Ni respect ively,  i nd i ca te  the bubbles t h a t  formed i n  
Cu-5Ni can be larger .  However, the g ra in  boundary node example i n  Figure 2e provides demonstration t h a t  
bubble s i ze  var ies  from one boundary t o  another, and conclusions on bubble s ize as a funct ion o f  composition 
may be misleading due t o  i n s u f f i c i e n t  s t a t i s t i c a l  information. Comparisons o f  defect  c lus te rs  as a funct ion 
of composition from Figures 2c and f show no s i g n i f i c a n t  di f ferences. 

Following i r r a d i a t i o n  i n  LASREF a t  400/220"C (about 0.1 dpa a t  400°C fol lowed by about 0.15 dpa a t  220"C), 
pure copper specimens were found t o  contain a moderate pe r fec t  d i s loca t ion  density, a moderate dens i ty  of 
small voids approximately 20 nm i n  diameter and a high dens i ty  o f  defect  c lus ters .  Cu-5Ni i r r a d i a t e d  under 
the same condi t ions contained no voids, a per fec t  d i s loca t ion  loop s t ruc tu re  formed i n  associat ion w i t h  
preex is t ing d is locat ions and defect  c lus te rs  a t  a lower dens i ty  t h a t  i n  pure copper. Examples are given i n  
Figure 3 .  
f i ca t i on .  Figure 3c shows d i s l o -  
cat ions i n  Cu-5Ni using 9 = 200 cont ras t  for  a (001) f o i l  o r ienta t ion,  so t h a t  2/3 o f  the per fec t  d is loca-  
t i o n s  are v i s i b l e .  
respect ively,  i n  $ - 200 weak beam dark f i e l d  cont ras t  for  f o i l  o r ienta t ions near (001) and s i m i l a r  t h i c k -  
nesses of about 70 nm. 
c lus te rs  can be iden t i f i ed .  The nature of these la rge r  features, o r  t h e i r  s igni f icance, i s  not  y e t  under- 
stood. 
e x i s t i n g  d is locat ions i n  Cu-5Ni occurred dur ing i r r a d i a t i o n  a t  400°C whereas the defect c lus te rs  are 
probably a r e s u l t  o f  i r r a d i a t i o n  a t  220%. 

Bubbles were only i d e n t i f i e d  on g ra in  boundaries o r  a t  g ra in  boundary nodes. The 

Figure 3a shows voids i n  pure copper fo l lowing i r r a d i a t i o n  t o  0.25 dpa a t  intermediate magni- 
A t  lower magnif ications, the vo id  dens i ty  was found t o  be q u i t e  uniform. 

Figures 3 b and d al low comparison o f  the defect  c lus te rs  i n  pure copper and CU-5Ni 

Figure 3b contains vo id  images marked by arrows. Nearby, groups o f  l a r g e r  defect 

It i s  ant ic ipated t h a t  vo id  development i n  pure copper and d i s loca t ion  loop development near pre- 

Figure 3. Following i r r a d i a t i o n  i n  LAMPF a t  400/220"C t o  0.25 dpa for  pure copper i n  a) vo id  cont ras t  and 
b) weak beam dark f i e l d  contrast  t o  show defect c lusters,  and for  Cu-5Ni i n  c)  d i s loca t ion  cont ras t  and d) 
weak beam dark f i e l d  cont ras t  t o  show defect  c lus ters .  
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Following irradiation in OR3 both at 250 and 400"C, the major result of 
defect cluster formation. Two regions were found containing voids in 1 
0.3 dpa. The voids were of unusual shape, and the distribution was vet 
of the initial stages of void development or of compositional inhomoger 
at 400% to 0.8 dpa, bubbles or voids were found to be uniformly distri 
7 nm in diameter, indicating the onset of swelling. Microstructural e) 
and 6. Figure 4 shows pure copper following irradiation at 250°C to 0. 
prepared to examine the same region in void and dislocation contrast. 
distributed,with large variations in size and shape. The largest voids 
shape, indicative of impurity segregation, but the foil surfaces in thi 
possibly indicating that this region of the specimen is relatively imp1 
this part o f  the specimen is typical of other regions examined. The si 
dislocation segments forming a complex network, but the imaging is diff 
contrast presumably related to defect clusters. This structure is shob 
200 contrast for a foil near (011) in Figure 4c. The dislocation segmf 
segments associated with small loops, but the contrast is very difficul 
identified by comparison with the structure following irradiation in LP 
dislocation line segments are being fragmented but the process is more 
0.3 dpa at 250%. Figure 4d provides an example of defect clusters in 
contrast for a foil near (013). Many examples of triangular and diamor 
indicating that both triangular loops and stacking fault tetrahedra arc 
Therefore, the complex dislocation structure that is observed in this s 
interaction of the cascade damage with the preexisting dislocation strt 

Microstructural examples of pure copper irradiated at 400°C in DR-3 to 
ure 5a shows the dislocation structure in the vicinity of a grain bound 
low magnification. Distinctly different dislocation configurations dev 
the boundary, with the structure near the boundary consisting of what a 
loops and the structure far from the boundary comprising a more typical 

I 

irradiation was dislocation and 
:he specimen irradiated at 250% to 
-y nonuniform, both factors indicative 
lei ties. A1 so, following irradiation 
buted, with sizes approximately 3 to 
camples are given in Figures 4, 5 
3 dpa. Figures 4a and b have been 
Voids are non-uniformly 
i show the greatest variation in 
is region contain atypical pitting, 
Ire. The dislocation structure in 
:ructure consists of climbing perfect 
'icult due to strong background 
in at higher magnification using 9 = 
!nts are found to be imaged as shorter 
t to understand. Similarities can be 
iSREF at 335-C. In both cases, the 
advanced in the DR-3 irradiation to 

= 200 weak beam dark field 
id shaped features can be identified, 
! present following irradiation. 
ipecimen may have arisen from the 
icture. 

0.3 dpa are given in Figure 5. 
lary located towards the lower left at 
'eloped near the boundary and far from 
ippear to be elongated dislocation 

Fig- 

climbing dislocation tangle. The 

. Following irradiation in DR-3 at 250% to 0.34 dpa for pure copper in a) void contrast and b) 
ion contrast for the same area, c) dislocation contrast at higher magnification and d) weak beam 
mld contrast to show defect clusters. 



Figure 5. 
near a grain boundary located at the lower left and b) weak beam dark field contrast to show defect 
clusters. 

Following irradiation in DR-3 at 400°C to 0.34 dpa for pure copper in a) dislocation contrast 

Figure 6. 
b) void contrast and c) weak beam dark field contrast to show defect clusters. 

Following irradiation in DR-3 at 400°C to 0.77 dpa for pure copper in a) dislocation contrast and 

band containing loops was about 1.5 pm wide with the direction of loop elongation approximately normal to 
the boundary. 
The dislocation structure far from the boundary was more typical of the rest of the specimen. However, it 
is of interest to note that the imaging is much more clear, unlike the example in Figure 4b, using similar 
imaging conditions. No void swelling was identified in this condition. 
Figure 5b in 9 = 200 weak beam dark field contrast for a foil near (001). 
ples of stacking fault tetrahedra can be identified and the defect density appears to be much lower. 

This structure is believed to be a result of gra.in boundary migration during irradiation. 

The defect clusters are shown in 
In this case, only a few exam- 

the microstructural changes resulting from irradiation to a higher dose of 0.8 dpa at 
wen in Figure 6. As shown in Figure 6a, the dislocation structure still contains the p 
structure, but now small loops dominate the microstructure. Therefore, the loops only 

e of 0.3 dpa in regions containing preexisting dislocations. It can be argued that the 
L . ~ .  A . 7  > 1.._ 2 LL L... > I >  __I I ..L _.____ 1- 

Examples of 400% in 
DR-3 are gi, reexisting 
dislocation formed 
after a dosi pre- 
existing disiocaiions nave ueiayeo ioop nucieanon anu growrn, DUL uio  no^ preveri~ I C ,  wnerecn i n  the grain 
boundary region in Figure 5a, preexisting dislocations were not retained and loop nucleation developed at 
lower dose. The 
voids are on the order of 5 nm or less in diameter. 
for a foil near (001). 

Figure 6b shows an example of small voids found uniformlv distributed in this specimen. 
Figure 6c show 

A number of stacking fault tetrahedra can bi 
: 200 contrast s iefect clusters in 9 = 

e identified. 
-_ A ^ _ J _ _ * _ A  L.. .._,_I -.._ The microstructures developed as a result o f  irradiation in FFTF wer-e U U I I I I I I ~ L ~ U  UJ V U I U  swelling. A wide 

range of void sizes were observed, and the largest voids were too large for standard transmission microscopy 
examination. As a result, optical and scanning techniques were employed. The dislocation structure 
consisted o f  climbing dislocation tangles, often with dislocations attached to voids. 
cases, examples of defect clusters were found following irradiation. 

However, in all 
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Examples o f  op t i ca l  and 5 
provided i n  Figure 7. F i  
Grain boundaries have bee 
1 mm i n  diameter can be i 
migration, and demonstrat 
both oure cooper and CU-E 

inning e lec t ron microscopy images o f  SI 
i res  7a and d show o p t i c a l  microscopy ( 

se lec t i ve l y  etched dur ing the e lec t ro l  
zn t i f i ed .  These micrographs were sele( 
tha t  migrat ion distances o f  up t o  0.0; 
i dur ing i r r a d i a t i o n  a t  414%. The tex 

op t i ca l  microscopy i s  found by scanning e lec t ron microscopy t o  bc 
faces, as shown i n  Figures 7b and e for  pure copper and Cu-SNi, i 
t o  be la rge r  and more facetted but  a t  lower number dens i ty  than 1 
more c l e a r l y  i n  the higher magnif icat ion scanning micrographs gi !  
voids have grown la rge r  than 1 pm i n  diameter. Examinations u s i i  
structures are very d i f f i c u l t  because specimens must be a t  l eas t  
voids. and imaoes are unclear i n  such t h i c k  soecimens. Therefort 
d i s loca t ion  an i  defect  c l u s t e r  examinations i h  l i m i t e d  t h i n  regic 
the regions immediately adjacent t o  vo id  surfaces had been removc 

Figure 8 provides examples of d i s loca t ion  and defect  c lus te r  ina! 
i r r a d i a t i o n  a t  414°C i n  FFTF. I n  both cases, the d i s loca t ion  s t r  
f e c t  d is locat ions,  often connected t o  voids, as shown i n  Figures 
t i v e l y .  However, i n  both cases, voids much smaller than those fc 
Therefore, estimates o f  vo id  dens i ty  based on scanning microscop! 
nucleat ion i s  cont inuing dur ing i r r a d i a t i o n  i n  both pure copper i 
pure copper and CU-5Ni  are given i n  Figures 8b and d. Both regic 
voids happened t o  be e i t h e r  above o r  below these regions, and thc 
electropol ishing, so t h a t  t h i s  microst ruc tura l  information i s  f o i  
t e r s  are a t  lower dens i ty  than t h a t  found fo l l ow ing  i r r a d i a t i o n  
un i r rad ia ted microstructures and t y p i c a l  o f  r a d i a t i o n  damage. E: 
diamond shaped images, suggesting tha t  both t r i a n g u l a r  loops and 
pure copper and CU-5Ni  a f t e r  i r r a d i a t i o n  i n  FFTF a t  4145. 

Iecimens i r r a d i a t e d  a t  414% i n  FFTF are 
i f  pure copper and Cu-5Ni, respect ively.  
I o l i s h i n g  procedure, so t h a t  gra ins  0.1 t o  
:ted t o  show examples of g ra in  boundary 
!5 mm occurred a t  some g ra in  boundaries i n  
: ture w i t h i n  gra ins  t h a t  i s  observed by 
? due t o  voids i n te rsec t ing  specimen sur-  
pespectively. 
those i n  pure copper. 
{en i n  Figures 7c and f. 
i g  transmission microscopy for  these micro- 
1 pm t h i c k  i n  order t o  r e t a i n  such l a r g e  

?, transmission microscopy was r e s t r i c t e d  t o  
ins near voids, w i t h  the understanding t h a t  
?d by e lec t ropo l ish ing.  

jes i n  pure copper and Cu-5Ni fo l l ow ing  
'ucture consists of tangles o f  c l imbing per-  
Ea and c f o r  pure copper and Cu-5Ni respec- 

iund by scanning microscopy are present. 
I w i l l  underestimate vo id  density, and vo id  
md Cu-5Ni. Examples o f  defect  c lus te rs  i n  
ins were t h i n  enough f o r  examination because 
:se regions were l o c a l l y  th inner  fo l l ow ing  
' regions close t o  voids. The defect clus- 
i n  DR-3, but i t  i s  q u i t e  d i f f e r e n t  from the 
tamples can even be found o f  t r i a n g u l a r  and 
stacking f a u l t  tetrahedra are present i n  

The voids i n  Cu-5Ni are found 
Void shape i s  shown 

I n  both cases, 

Figure 7.  Following i r r a d i a t i o n  i n  FFTF/MOTA a t  414°C t o  34.1 dpa fo r  pure copper using a) op t i ca l  imaging, 
b) l o w  magni f ica t ion SEM and c )  higher magnif icat ion SEM t o  show vo id  swel l ing  and f o r  Cu-5Ni using 
d) op t i ca l  imaging, e) low magnif icat ion SEM and f) higher magnif icat ion SEM t o  show void swel l ing.  
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-- 
Figure 8. 
contrast and b) weak beam dark field contrast to show defect clusters, and for Cu-5Ni in c) dislocation 
contrast and d) weak beam dark field contrast to show defect clusters. 

Following irradiation in FFTF/MOTA at 414% to 34.1 dpa for pure copper in a) dislocation 

Following irradiation at 529'C to 31.6 dpa, the major effect of irradiation was void swelling and disloca- 
tion evolution. However, no examples were found of grain boundary migration, voids did not form near grain 
or twin boundaries, and the largest voids tended to form in strings, suggesting that compositional or micro- 
structural inhomogeneities present prior to irradiation encouraged void formation. As in the case of speci- 
mens irradiated at 414'C, void sizes varied considerably, including some areas containing high densities of 
small voids. Fig- 
ures 9a and f give examples of the void structures obtained by scanning electron microscopy at low magnifi- 
cation for pure copper and Cu-SNi, respectively. Examples of larger voids are found in the Cu-SNi specimen, 
but the void density is more uniform in the pure copper condition. In both figures, towards the upper part 
of the micrograph, examples have been selected to show groups o f  larger voids in stringer arrangements. All 
void stringers were found to be parallel in a given specimen. These voids are considerable larger than 
those found following irradiation at 414%. Therefore, pure copper and Cu-SNi follows the normal sequence 
of void growth as a function of temperature, but swelling is lower at 529°C because void density is reduced. 

Figures 9b and g show the dislocation and void structure at higher magnification following irradiation at 
529Z in pure copper and Cu-5Ni, respectively. In pure copper, the dislocation structure is found to be a 
tangle of climbing perfect dislocations, often connected to voids, and examples of small voids were often 
found. In Cu-SNi, the dislocation structure included many examples of unfaulted loops up to about 100 nm in 
diameter, and examples of small voids were also often found. Even following irradiation at 529*C, defect 
clusters were found as shown in Figures 9c and h. The structures are characteristic of radiation damage and 
some of the features can be interpreted as triangular loops. Further understanding of the void development 
at 529°C is provided in Figures 9d and e, showing void and dislocation imaging (9 = 200 near (013) so that 
2/3 of the perfect dislocations should be visible), for the same area in pure copper following irradiation 
at 529°C to 31.6 dpa. The area on the left of Figure 9d is found to contain a high density of relatively 
small voids whereas the area on the right contains no voids in that size range. Dislocation imaging reveals 
that the array of small voids has formed in association with a high dislocation density. Therefore, void 
nucleation occurs in the vicinity of dislocations present in pure copper specimens. The dislocations were 
probably present prior to irradiation. These observations indicate that preirradiation microstructures will 
likely affect high temperature swelling behavior in copper alloys. 

Examples of the microstructures following irradiation at 529% are provided in Figure 9. 
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Figure 9. Following irradiation i n  FFTF/MOTA at 529°C to 31.6 dpa for pure copper in a) low magnification 
SEM, b)  dislocation contrast c) weak beam dark field contrast to show defect clusters and d) and e )  showing 
the same area in void and dislocation contrast, and for Cu-5Ni in f) low magnification SEII, g) dislocation 
contrast and h) weak beam dark field contrast to show defect clusters. 

Quantitative microstructural analysis 

Void, dislocation, bubble and defect cluster images were all taken as stereo pairs so that stereoscopic 
estimates for foil thickness could be made and microstructural features quantified. Also, defect cluster 
images were taken for foil orientations near (001) using g = 200 so that triangular loops could be differ- 
entiated from stacking fault tetrahedra (tetrahedra appear as square images and planar triangular loops as 
triangles for orientations near (OOl).) Also, defect clusters were recorded as 2% D images so that differ- 
ences in stress fields around defects could be assessed. 

The results of quantitative microstructural measurements are included in Table 2 and the results of quanti- 
tative measurements on defect cluster structures are summarized in Table 3. Table 2 includes each of the 
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Table 2. Mic ros t ruc tu ra l  Resul ts  f o r  Specimen Condi t ions Examined by Transmission E lec t ron  Microscopy 

Voids D i s l oca t i ons  
 ode (nml  0 (#/cm3) D fcm/cm3) Other 

RO 1772 6.8 x 10' 

RO#7 1140 0.265 32.7 9.2 x lOI3 

38825 8.0 x 108 
VP 1785 4.5 x 108 

1142 0.540 45.3 8.1 x 1013 
1091/3 0.123 23.9 5.3 x 1013 1.3 x io8 

1090 0.320 44.0 3.1 x 

1146 0.278 27.2 3.6 x 1013 
1144 0.179 21.4 7.0 x 1013 

RO#2 1046a 0.017 11.2 3.5 x 1014 

949/7 0.006 10.9 1.2 x 1014 8.3 x 108 
0.011 14.5 9.8 x 1013 

1 #2 989 1.2  x 109 loops: 8.9 x 10 '~/cm~, 3.5 x 1O8/cm2 
14DR3 1701 0.26 22.9 1.3 x 1014 
150R3 1751 1.2 x 10'8 

1755 0.0009 2.9 3.7 x 10" 
1239 9.1 x io9 
1215 1.02 x 10'0 

ROLO 1388 11.9 196.6 1.2 x ioL3 

b 0.015 10.4 3.6 x lOI4 

1747 0.002 2.4 6.8 x IO" 

1272 3.1 x IO1' 

1422/0 7.6 339.3 7.2 x 10" 4.2 x IO8 
1383/4 9.2 228.1 6.1 x 10" 5.3 x 10' 
1397 16.1 373.1 3.6 x 10" 2.4 x 10' 

VPLO 1456 1.6 x IO8 
1711 16.3 432.4 2.3 x 10" 1.2 x IO9 
1706 2.6 322.5 1.3 x 10" 3.4 x 10' 
1710 17.8 380.0 2.0 x 10" 8.6 x IO8 
1455 21.3 1393.3 1.2 x IO" 
1433 24.0 1336.7 2.7 x IO" 
1436 52.6 1640.7 2.6 x IO" 
1447 36.7 1523.3 2.0 x IO" 
1541 30.8 1638.9 1.5 x IO" 

ROME 1507 0.7 172.5 2.7 x 10'2 
1593/88 1.6 224.1 1.6 x 10" 2.3 x 10' 
1592/87 2.3 231.8 2.2 x IO" 3.8 x 10' 
1499 1.0 180.0 3.4 x 10'2 
1597a 8.3 267.1 2.6 x 10" 6.7 x 10' 

'I b 9.9 72.3 3.6 x 1013 1.7 x 109 
1598/5 4.3 118.9 8.5 x 10'2 4.8 x 108 
1599/6 2.0 225.4 2.5 x 10'2 4.7 x 108 
1613/5 1.5 338.5 7.5 x 10" 3.5 x 10' 
1606/4 1.2 247.5 1.8 x io12 1.1 x io9 
1614/9 0.4 66.9 1.6 x 1013 1.5 x 109 
1494 1.0 231.6 1.4 x 10" 3.1 x 10' 

1394 8.8 111.9 9.2 x 1013 8.5 x io8 

VPME 1560 0.39 218.7 4.2 x 10" 

1553 7.3 x 108 
1573 1.0 x 109 

1557 8.6 x IO8 

1509 0.41 257.7 2.6 x 10" 
1554 0.95 338.1 2.7 x IO" 
1556/7 1.73 309.7 4.5 x 10'' 7.0 x 10' 

( a )  The d g iven  i s  t he  average vo id  diameter, n o t  t he  d iameter  of t he  average vo id  volume. 

measurements made i n  o rder  t o  emphasize a rea- to-area  d i f f e rences  whereas Table 3 on l y  con ta ins  averages o f  
t h e  measurements made on a g iven  specimen, and, f o r  example, when micrograph q u a l i t y  was n o t  good enough t o  
a l l ow  unambiguous i d e n t i f i c a t i o n  o f  t r i a n g u l a r  loops o r  s t ack ing  f a u l t  te t rahedra,  measurements of those 
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Table 3. Results of Quantitative Measurements of Defect Clusters 

Stacking 
Defect Clusters Tri anqular LOOPS Fault Tetrahedra 

d Density Fract. d Fract. Oisl p d Fract. Fract. 
Irradiation Conditions u ( ~ m - ~ )  I%)  [%) ( ~ m - ~ )  & 0 

Vol. Vol . 

control 2.6 2.7~10’~. ,008 0.0 0.0 

8OO.C/30 min 4.8 1.7~10’~ .,015 0.0 0.0 

control 1.7 1.3~10” ,065 2.9 1.3 1 . 5 ~ 1 0 ~  0.0 

LAMPF 335”C, 2.6 7.4~10’~ .19 3.0 3.0 1 . 7 ~ 1 0 ~  2.3 5.3 ,003 
0.25 dpa 

2.9 1.5~10” .53 3.5 3.1 6.0~10’ 4.2 7.8 ,011 

LAMPF 400/220”C, 0.25dpa 2.6 2.9~10” .70 3.1 0.8 2.3~10’ 1.8 2.1 .OOO 

2.5 1 . 0 ~ 1 0 ~ ~  .21 3.0 3.7 3.0~109 3.5 4.8 ,002 

OR-3, 2 W C ,  0.34 dpa 2.9 7.9~10‘~ 2.4 3.3 7.3 5.5~10” 2.4 3.2 .012 

DR-3, 400”C, 0.34 dpa 2.4 1.8~10” .30 0.0 0.0 

DR-3, 40PC, 0.77 dpa 3.1 2.3~10” .84 0.0 0.0 2.9 15.4 .014 

FFTF, 414%, 34.1 dpa 2.1 5.3~10’~ .09 2.9 3.3 1 . 9 ~ 1 0 ~  4.0 1.1 .OOO 

FFTF, 414T, 34.1 dpa 2.6 6 . 6 ~ 1 0 ’ ~  .I5 4.3 1.0 7 . 6 ~ 1 0 ~  3.5 1.4 .OOO 

FFTF, 529”C, 31.6 dpa 2.5 1.4~10” .31 3.4 1.7 2 . 5 ~ 1 0 ~  3 . 5  1.0 .001 

FFTF, 529%. 31.6 dpa 2.5 2.IxlO” .40 3.6 3.3 8.1x109 4.2 1.1 ,002 

Code Condition 

RO Marz capper 

R0800 Mar2 copper 

VP Cu-5Ni 

RO#7 Marz Copper 

1 #7  1Cu-5Ni 

RO#2 Marz Copper 

1 #2 1Cu-5Ni 

14 Mar2 Copper 

18 Marz Copper 

15 Marz Copper 

ROLO Marz Copper 

VPLO Cu-5Ni 

ROME Marz Copper 

VPME Cu-5Ni 

features were ignored. 
density of features was very low. 
should be out of contrast, and therefore they underestimate the correct value by about 33%. 

From Table 2, a number of observations may be demonstrated. 
LASREF samples, two OR-3 samples and all four FFTF/MOTA conditions. 
ated in LASREF at 335°C to 0.25 dpa were between 0.12 and 0.54%, but irradiation at 400% to 0.1 dpa and 
then at 220-C to 0.15 dpa gave measurements between 0.06 and 0.17. Therefore, swelling was about three times 
higher following irradiation at 335%. The number density was higher in the 400/220 case. 
is generally inversely proportional to temperature, it is reasonable to assume that void nucleation and 
growth, during the irradiation where the temperature changed from 400 to 22o”C, is characteristic of 220-C 
and not 400-C. Therefore, the 400/220 LASREF irradiation microstructure is probably characteristic of 
irradiation at 220% to a dose less than 0.25 dpa. 
vided in Table 2 do not follow the normal trend expected for void density. 
locally higher for the 250T condition, due to larger voids at a lower number density. 
emphasized that swelling in the specimen irradiated at 2500C showed a very non-uniform distribution of 
voids, characteristic o f  a material not yet in steady state swelling, Therefore, void nucleation is 
probably not complete in the 250% condition, even in the area analyzed that contained a reasonable void 
distribution. At higher dose, further void nucleation would be expected. Measurements of swelling in FFTF/ 
MOTA irradiated specimens, gave a wide range of swelling values for a given irradiation condition, as would 
be expected for high swelling materials with large voids. However, the average values agree closely with 
density change results. 
function of temperature. Comparison of the effect of nickel addition to copper on swelling shows inconsis- 
tent trends. Following irradiation in LASREF or following irradiation in FFTF/MOTA at 52PC. nickel addi- 
tions result in reduced swelling, whereas in FFTF/MOTA at 419%, nickel additions result in higher swelling. 
Dislocation densities appear to be insensitive to irradiation, on the order of 5x10’ cm-‘, except in cases 
where small loops were present. This is likely due to the fact that the dislocation structure present prior 
to irradiation is retained and dominates the irradiation induced structure. 

In general, each entry includes measurements on about 100 features, unless the 
The dislocation densities given are not corrected for features that 

Void swelling measurements were made for two 
Swelling levels in pure copper irradi- 

As void density 

For specimens irradiated in OR-3, the measurements pro- 

However, it must be 
Void swelling is found to be 

Void densities for FFTF/MOTA irradiated specimens followed the usual trend as a 
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Table 3 provides the result that defect clusters found in irradiated copper and Cu-5Ni are insensitive to 
composition, irradiation temperature and neutron energy. Mean defect diameters vary between 2 . 4  and 3.1 nm, 
and defect densities are all in the range 5~10'~ to 3x10" cm?. In comparison with the preirradiation 
structures, this represents about two orders of magnitude increase in density of defect clusters for pure 
copper but comparable levels for Cu-5Ni. 
cantly smaller in average size, but it is not yet known what is the origin of these small defects, or 
whether they are retained following irradiation. 
found in irradiated Cu-5Ni are due to irradiation because of their similar size and density to those pro- 
duced in pure copper under identical irradiation conditions. However, some differences in the defect clus- 
ter structure can be identified as a function of composition and neutron energy. The parameter "defect 
clusters, volume fraction" given as a percent i s  intended to indicate how much of the structure is filled 
with cascade damage by assuming that spherical regions corresponding to the defect sizes have been affected. 
ISuch an assumotion mav result in an overestimation. because the defects are likelv to be 1000s.) This 

In the case of Cu-SNi, the preirradiation defects are signifi- 

It may be reasonable to speculate that defect clusters 

~,~ , ~~ ~~ 

fraction is geherally found to be about 0.4%. but significantly higher values are ?ound for DR-3 irradiated 
specimens. Why DR-3 at 250°C gives higher values is not yet understood. Measurements for triangular loops 
and stacking fault tetrahedra also varv as a function of irradiation condition. In oeneral. values for the 
fraction (tKe ratio of features compared to the total counted expressed as a percentj are on the order of 1% 
or less, which is considered to be about the uncertainty of the precision for differentiating triangular 
loops and tetrahedra from image overlaps, etc. However, values for triangular loops as high as 1% were 
found for OR-3 irradiated pure copper at 250"C, and for stacking fault tetrahedra as high as 15% were found 
for OR-3 at 400°C. (Results for specimen condition #8 in DR-3 at 400°C to 0.3 dpa are probably a conse- 
quence of insufficient image quality.) 

In order to allow further comparison of the defect cluster structure, Figure 10 has been prepared to show 
the cluster size distribution as a function o f  relative frequency for each condition analyzed. Each dis- 
tribution also includes the total defect density, the fraction of stacking fault tetrahedra andfor triangu- 
lar loops measured, and arrows showing the mean diameter measured for the entire distribution, d, stacking 
fault tetrahedra, €, or triangular loops, i. Distributions for the defect clusters present prior to irra- 
diation are included. Comparison of the size distributions in Figure 10 reveals the unexpected result that 
all irradiation conditions have similar response. However, unirradiated pure copper is markedly different 
because the defect density is lower and the unirradiated Cu-5Ni is different because the distribution is 
skewed to smaller sizes. Also, in most cases, the mean size for the entire distribution is below that for 
the faulted features (triangular loops and stacking fault tetrahedra.) This latter observation may well be 
because smaller defects could not be unambiguously identified as tetrahedra or triangular loops. 

Images of helium bubbles on grain boundaries were analyzed for pure copper and Cu-SNi following irradiation 
in LASREF at 335% to 0.5 dpa. For pure copper, two boundaries were analyzed in different regions of the 
specimen, giving mean bubble sizes of 5.2 and 5.0  nm, and corresponding bubble densities of 2 . 2 ~ 1 0 ~  and 
8.2~10' bubbles/cm2. Three boundaries about a node in Cu-5Ni gave mean bubbles sizes of 3.4, 4.2 and 3.3 nm 
and corresponding bubble densities of 5.71x109, 6.51~10' and 3.1~10' bubbles/cm2. 
were somewhat larger in the case of pure copper and the bubble densities were similar. 

Discussion 

This experiment, as originally conceived, was intended to provide results on pure copper at one temperature 
in three quite different neutron spectra that encompassed that for 14 MeV neutrons, with subsidiary inves- 
tigations on the effect of transmutation, dose rate, dose and temperature in order to extend those results 
t o  a much wider range of conditions. Unfortunately, one of the experiments had a temperature control prob- 
lem; control was lost 40% of the way through the experiment, and as a result, microstructural development 
was characteristic of a lower temperature. Also, temperature monitors indicate that a second test operated 
at temperatures significantly higher than planned. 

Comparison with previous results 

Therefore, bubble sizes 

The present results are in reasonable agreement with previously published results with regard to swelling 
and dislocation evolution. For example, Singh et al, ' and WolfendenZ1 have reported dislocation structures 
similar to those found in DR-3 following irradiation at 250°C. Wolfenden2' reported zero swelling for pure 
copper in a mixed spectrum at 175-C to about 10 dpa, but Zinkle and Farrell'' reported void swelling fol- 
lowing irradiation o f  gure copper in a mixed spectrum reactor at 250°C to 1.3 dpa at about 0.23% with a void 
density of 1.5~10'' cm- , Labbe et a1.23 reported void swelling following irradiation in pure copper in a 
mixed spectrum reactor at 250°C to about 0.5 dpa with void densities on the order of IOL4 cmP, and swelling 
between 0.03 and 0.32% and Brimhall and Kissinger" reported void swelling following irradiation in pure 
comer in a thermal reactor at 285°C in the ranoe 0.01 to 0.1 doa to as hiah as 0.4% with void densities on 
the'order of 10l4 c d .  
to about IOi3 cm-'. 
Zinkle and Farrell" reported void swelling following irradiation to 1 . 2  dpa at about 0.35% with a void 
density of 4~10'~ C I I - ~ ,  and Labbe et al.23 reported void swelling at 335°C to about 0 . 5  dpa between 0.07 and 
0.35%. with void densities on the order of ZxIOl3 cm?, in qood aqreement with results from LASREF at 335°C. 

Brimhall and Kissinger Hlso showed that' the additi'bn of 2%Ni decreased void density 
These results span the response from DR-3 at 250"C, and LASREF at 400/220". At 350"C, 

They also describe denuded zone behavior at 335°C. possibly related to grain boundary migration response 
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Figure 10. 
Cu-5Ni c o n t r o l ,  c )  pure copper i r r a d i a t e d  i n  LAMPF t o  0.25 dpa a t  33PC and d )  t o  1.0 dpa a t  420°C fo l lowed 
by 1 .5  dpa a t  ZOWC, e) Cu-5Ni i r r a d i a t e d  i n  LAMPF t o  0.25 dpa a t  335°C and f )  t o  1.0 dpa a t  420°C fo l l owed  
by 1 .5  dpa a t  Z O P C ,  9)  pure copper i n  OR-3 t o  0.3 dpa a t  250Z, h) t o  0.3 dpa a t  400°C and i) t o  0.8 dpa a t  
400 %, j) pure copper i n  FFTF/MOTA t o  34 dpa a t  414"C, k )  Cu-5Ni i n  FFTF/MOTA t o  34 dpa a t  414%, 1 )  pure 
copper i n  FFTF/MOTA t o  32 dpa a t  529%, and m) Cu-5Ni i n  FFTF/MOTA t o  32 dpa a t  529%. 

Defect  c l u s t e r  s i ze  d i s t r i b u t i o n s  f o r  a) u n i r r a d i a t e d  pure copper c o n t r o l ,  b )  u n i r r a d i a t e d  

descr ibed ' i n  t he  p resent  work, and Z i n k l e  and F a r r e l l"  repor ted  d i f f e r y \ c e s  i n  v o i d  development i n  t he  
v i c i n i t y  o f  a g r a i n  boundary. r epo r ted  v o i d  s w e l l i n g  a t  about 
0.26% with a vo id  d e n s i t y  of 2 ~ 1 0 ' ~  cW3, and f o r  435T, Labbe e t  a i z3  found vo id  s w e l l i n g  between 0.1 and 
0.25% w i t h  vo id  d e n s i t i e s  on t he  o rder  of 7 ~ 1 0 ' ~  ~ m - ~ ,  somewhat h i ghe r  and a t  somewhat lower d e n s i t y  t h a t  
r e s u l t s  from DR-3. BragerZ2 repor ted  d i s l o c a t i o n  and v o i d  development a t  450°C t o  16 dpa i n  FFTF/MOTA i n  a 
p recursor  experiment t o  the  present  t h a t  was very  s i m i l a r  t o  t he  p resent  r e s u l t s  except t h a t  t he  d i s l o c a -  
t i o n  s t r u c t u r e  d i d  n o t  appear t o  con ta i n  un fau l ted  d i s l o c a t i o n s .  Therefore, except f o r  t h e  r e s u l t s  from 
i r r a d i a t i o n  i n  OR-3 and 40PC where an unusual r eg ion  was analyzed, a l l  s w e l l i n g  response found agrees w e l l  
w i t h  pub l i shed da ta  from thermal spectra.  

For 400T t o  1.3 dpa, Z i n k l e  and F a r r e l l  

However, f i n e  s t r u c t u r e  de termina t ions  repo r ted  p rev ious l y  were e i t h e r  f o r  temperatures o r  doses below those 
o f  t he  present  study o r  are s t i l l  i n  
repor ted  a low dens i t y  (about l o L 4  cm- ) of small u n i d e n t i f i e d  de fec t  c l u s t e r s  present  i n  h i s  specimens f o l -  
lowing i r r a d i a t i o n  i n  FFTF/MOTA a t  450"C22,25 and statements by Z i n k l e  and F a r r e l l "  i nd i ca ted  t h a t  s t ack ing  
f a u l t  t e t r ahed ra  may have been present  f o l l ow ing  i r r a d i a t i o n  over t he  whole temperature range 220 t o  450*C, 
bu t  d e t a i l e d  ana l ys i s  was on l y  i n  progress, and a example of f i n e  s t r u c t u r e  has on l y  been g iven  f o r  pure 
copper i r r a d i a t e d  a t  182"C.40 However, t he  work o f  Yoshida e t  a13' shows a very  s t rong  temperature depen- 
dence o f  f i n e  s t r u c t u r e  d e n s i t y  a s  a f unc t i on  o f  i r r a d i a t i o n  temperature us ing  14 MeV neutrons a t  low dose. 
F ine  s t r u c t u r e  t h a t  formed a t  200°C t o  a dose o f  loz2  n/m2 was s i m i l a r  t o  t h a t  formed a t  room temperature 
bu t  d e n s i t i e s  o f  r a d i a t i o n  induced de fec t  c l u s t e r s  decreased drasT2ca l l y  a t  400°C. Th is  was i n  agreement 
w i t h  r e s u l t s  repor ted  by Eng l i sh  f o r  f i s s i o n  neutron i r r a d i a t i o n .  

rogress,  so  t h a t  d i r e c t  comparison i s  n o t  i n f o rma t i ve .  Brager Y 

Mic ros t ruc tu ra l  e v o l u t i o n  

The o r i g i n a l  experimental design provided f o r  four  dose l e v e l s  i n  pure copper a t  400°C: 0.25 dpa i n  LASREF, 
0.34 dpa i n  OR-3, 0.71 dpa i n  OR-3 and 34.1 dpa i n  FFTF/MOTA, and two dose l e v e l s  i n  Cu-5Ni a t  40PC: 
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0.25 dpa in LASREF and 34.1 dpa in FFTF/MOTA. However, the temperature dropped in the LASREF experiment to 
220-C after 0.1 dpa, and remained there for another 0.15 dpa, and comparison of void density information 
suggests that void structure found in pure copper irradiated during that experiment is characteristic of 
220°C. Also temperature monitors for the OR-3 irradiation indicated that the operating temperature exceeded 
420°C. 

The following summary of microstructural evolution at about 400°C is possible. After the 400/220% irradia- 
tion in LASREF, the microstructure was dominated by the 220°C irradiation, so that the effects of dose to 
about 0.1 dpa at 400°C were obscured. At a dose of 0.34 dpa in DR-3, the major effect of irradiation in 
pure copper was perfect dislocation loop evolution in regions were dislocations were not present. Voids 
were not found. 
voids or bubbles with mean diameter of 2.4 nm at a density of 7x10' cm?. By 0.77 dpa, perfect dislocation 
loop formation had spread to those regions containing dislocations prior to irradiation. 
differences in specimen composition or specimen preparation could explain delay of microstructural develop- 
ment. However, irradiation to 34.1 dpa at 414% in FFTF/MOTA produced a large increase in swelling, at a 
much lower void density, generally about IOl3 c d ,  but in one case as high as IOi4 c&. 
were found in void size suggesting that void nucleation continued as swelling developed. Dislocation dens- 
ity was at a level similar to that present prior to irradiation. It may be noted that the lower void dens- 
ity found for FFTF/MOTA would not normally be attributed to void coalescence at high dose or to a higher 
dose rate. Therefore, again minor differences in specimen composition, specimen preparation or neutron 
spectrum are most likely to provide explanation for unexpected response. 

Irradiation at a lower temperature, as was done in OR-3, or at a higher temperature, as in FFTF/MOTA, 
altered void and dislocation development. Irradiation in OR-3 at 250% to 0.34 dpa resulted in swelling in 
two regions of the specimen and reduced dislocation evolution, whereas at 400% in OR-3, no swelling was 
found and unfaulted loop nucleation and growth was clearly identified. The voids were of unusual shape and 
the distribution was characteristic of the nucleation stage of swelling possibly affected by chemical 
inhomogeneity. However, it can be concluded that the lower irradiation temperature reduced the dose needed 
for void nucleation. Irradiation in FFTF/MOTA at 529°C in comparison with 414°C resulted in less void 
swelling due to reduced void nucleation, but some regions contained voids at densities only slightly below 
levels found from 414T. Therefore, reduced swelling can be attributed to a swelling incubation effect and 
again, lower irradiation temperature reduced the dose needed for the onset of swelling. Furthermore, the 
largest voids found following irradiation at 529% are significantly larger than those formed at 4142, so 
it is possible that swelling rates may eventually be comparable at higher dose. 

Information from Cu-5Ni specimens irradiated in FFTF/MOTA follows similar trends but at lower void density. 
However, conclusions from LASREF irradiated specimens were very limited because void development was re- 
strained and omission of Cu-5Ni from the OR-3 specimen matrix limits the extent of comparisons of micro- 
structural evolution as a function of irradiation dose and temperature any further. 

Void formation occurred following a dose of 0.77 dfa, creating a uniform distribution of 

Therefore, minor 

Large differences 

Consequences of transmutation on microstructural development 

As pure copper is irradiated in a fusion environment, nickel and zinc will be created at a linear rate, so 
that initially, microstructural response will be governed by pure copper, but at higher dose, behavior will 
be more characteristic of Cu-5Ni. The above discussion indicates that microstructural evolution could be 
worse in a fusion environment than in the experimental cases studied to date. 
features occurs more rapidly in pure copper than in Cu-SNi, but voids grow more rapidly (and as a conse- 
quence, the swelling may be higher) in the Cu-5Ni alloy. Therefore, unless factors other than just the 
presence of nickel (such as starting dislocation density) cause the increased growth rate, swelling in pure 
copper in a fusion environment could be higher than that predicted by behavior in a non-fusion environment 
where transmutation does not occur. 

Nucleation of microstructural 

Explanations for unexpected defect cluster observations 

Defect clusters have been observed i n  all specimen conditions examined in this study. Defect cluster obser- 
vations were negligible in a specimen of pure copper heat treated for 30 min. at 8002, low for the pure 
copper control specimen, with a different size distribution for Cu-5Ni control specimen, and otherwise very 
similar for all irradiation conditions irrespective of spectrum, dose temperature or composition. Oescrip- 
tions of damage as a function of irradiation temperature using 14 MeV neutrons at low dose indicate that at 
4OOsC, defect cluster development is negligible. Also, irradiation damage at 400°C promotes both void 
swelling and dislocation evolution on a coarse scale so that development and retention of defect clusters 
was not anticipated. Therefore, it is necessary to identify the source of the defect clusters observed in 
the present study. Possibilities are 1) experimental procedure artifacts, 2 )  structure formed during 
reactor cool down operations as the specimen was removed from the irradiation system or 3) damage inherent 
in copper alloys even at high temperatures. 

Several specimen hand1 ing procedures could have introduced defect clusters. 
tion while the specimens were examined in the microscope, damage introduced during specimen preparation, or 
faulty imaging procedures, for example. However, during examinations, no increase in defect density was 

Damage due to electron irradia- 



182 

ever observed. 
densities err on the low side rather than being too high. 
mens of pure copper were satisfactorily examined and analyzed, giving results very different from the 
irradiated specimens that were prepared for microscopy and examined in exactly the same way, it is unlikely 
that the damage was introduced after the specimens were irradiated. 
stereoscopic examination so that we are sure that the defect clusters were definitely within the foil, and 
examples of stacking fault tetrahedra and triangular loops at densities as high as 15% of the total defect 
population were found confirming that handling and examination procedures can be eliminated as the source of 
defect clusters. 

The possibility that defect damage was created during cool down following irradiation is also thought to be 
unlikely based on LASREF and DR-3 operating conditions. At the completion of the irradiation cycle, neutron 
flux is reduced rapidly and the specimen temperature then drops in both LASREF and OR-3. 
case, neutron flux and temperature are controlled independently, so that when irradiation is completed, the 
neutron flux drops almost instantaneously, and then the specimen temperature is allowed to decrease. 
D R - 3 ,  shutdown is also rapid but the temperature is controlled in part by the neutron flux. However, reac- 
tor operators at DR-3 confirm that even though specimens from the present study were in reactor core during 
shut down, reactor cool down occurs in about 30 min., and therefore, dose accumulation below operating tem- 
peratures of 250 to 400% would be limited. 
cluster densities of 10” requires at least 10“ n/m2 or lo1’ n/cm’ 3 0 . 3 4 .  
3 ~ 1 0 ’ ~  n/cm‘s, several thousand seconds at full power is required to produce the defect cluster densities 
observed in our study. 
the creation of the defect clusters found in all irradiated specimens examined in this study. 

The defect cluster damage found in FFTF/MOTA specimens probably did not arise from irradiation at 414 and 
529%. Completion of the irradiation cycle included a hold at approximately 310°C at reduced power for 
21 days. At intervals lasting about two days, power was increased for one day causing specimens in the 
414-C canister to reach approximately 340% and specimens in the 529% canister to reach approximately 
3900C. Therefore, defect clusters found in specimens irradiated in FFTF/MOTA are probably characteristic of 
temperatures between 310 and 390% and not the reported irradiation temperatures of 414 and 529%.  
care must be taken in interpreting void and dislocation secondary nucleation behavior, as these may also be 
a consequence o f  shutdown procedures. 

Implications of defect cluster development following irradiation at temperatures as high as 400°C 

It is of interest to speculate on the consequences of defect cluster stabilization of neutron damage at tem- 
peratures on the order of 40PC. If cascade damage is able to stabilize at high temperature to densities of 
IO” crK3 at high dose, then it is unlikely that the structure is identical to that found at low dose and 
shown to consist of a large fraction of vacancy clusters. 
triangular loops were found, unlike the case at lower dose. 
in character, (not yet demonstrated in the present work) and is very different from the low dose case. 
tinued interstitial cluster development would provide an explanation for the observation of continued dis- 
location loop nucleation and growth at 529%. The loops would continue to grow from the defect clusters 
even though a well developed population of climbing dislocations was established. 
continued void nucleation may be related. In effect, stabilization of defect clusters to high temperature 
may result in an extension of the swelling regime, beyond preconceived expectations, as was found in the 
present results at 529T. 

In fact, stacking fault tetrahedra occasionally were seen to suddenly disappear, so defect 
Also, it may be argued that as the control speci- 

Microscopy procedures incorporated 

In the LASREF 

In 

Studies of damage build up have shown that to reach defect 

Therefore, cool down effects are not believed to offer a consistent explanation for 

Therefore, at a flux rate of 

Also, 

Low fractions of stacking fault tetrahedra and 
Therefore, the damage is probably interstitial 

Con- 

Also, the observation of 

Consequences of different neutron spectrum and/or dose rate on microstructure and defect cluster 
development 

A second surprising result from this work is that where it has been possible to compare the effect of neu- 
tron spectrum on microstructural development, little difference can be identified. 
ment appears to be insensitive to neutron spectrum, dose rate or composition. 

for the DR-3 400% result, and therefore appears to be insensitive to neutron spectrum. 
strated in Figure 11, showing the present results of void density as a function of irradiation temperature 
in comparison with those of Brimhall and Kissinger based on irradiation to about 0.1 dpa in the Advanced 
Test Reactor (ATR), those of Labbe et al. to about 0.4 dpa in Siloe and MBlusine, and those of Zinkle and 
Farrell based on irradiation to about 1 . 2  dpa in the Oak Ridge Reactor (ORR). 
the LASREF irradiation at 400/220 agree very well with the other data sets, and the LASREF result for 335% 
overlaps the other data sets and fits directly in line with the FFTF data for pure copper. (The FFTF data 
for Cu-5Ni is also plotted to emphasize the consequence of nickel additions to void nucleation and agrees 
well with the Brimhall and Kissinger result.) 

Therefore, irradiations in different neutron environments appear to give similar microstructural develop- 
ment, and predictions of behavior in a fusion environment may be adequately based on many irradiation 
facilities, irrespective of spectrum or dose rate, providing void nucleation is properly controlled, for 
example by maintaining the proper helium to dpa ratio for fusion. 

Defect cluster develop- 
Void number densit res onse 

This is demon- 
follows the trend identified by Brimhall and Kissinger,” Labbe et a1.23.24 and Zinkle and Farrell I J  , except p 

The DR-3 result for 250% and 
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Figure 11. 
ATR, Siloe, MBlusine and ORR.18.23.24 

Void density as a function of irradiation temperature in comparison with earlier results from 

Implications to ITER design 

Several results obtained from this work are of particular note for ITER design. 
heat treatment (or retained dislocation density) plays an important role in controlling void nucleation and 
growth in pure copper and Cu-5Ni. 
fore expected to be affected by processing parameters. 
materials in order obtain accurate dimensional stability predictions. 

However, this effort has also shown that defect cluster formation is insensitive to neutron energy, and 
therefore, the neutron spectrum selected for testing prototypic materials may not be important, as long as 
void nucleation is maintained at levels characteristic of the ITER environment. 

Swelling is found to develop at temperatures as high as 529% as a result of growth from a few very large 
voids, and evidence for continued void nucleation suggests that the swelling rate can be expected to 
increase with increasing dose. Therefore, swelling response in copper and copper based alloys may be of 
concern at higher temperatures than had previously been expected. 
than 30 dpa, further high dose tests are needed. 
swelling should be reinvestigated when a fusion irradiation environment is available. 

This work has shown that 

Void size, void distribution and total swelling accumulation are there- 
Therefore, it will be necessary to test prototypic 

If ITER applications require doses higher 
Effects due to transmutation on enhanced high temperature 

CONCLUSIONS 

Specimens of pure copper and a copper alloy containing 5 atomic percent nickel have been examined by trans- 
mission electron microscopy following irradiation in DR-3, FFTF/MOTA and LAMPF at about 400"C, in OR-3 at 
250"C, in LAMPF at 3 3 V C  and in FFTF/MOTA at 529%. Most conditions developed void swelling, all were found 
to contain defect clusters, but the initial dislocation structure controlled the irradiated dislocation 
microstructure. Also, comparisons between response in pure copper and Cu-5Ni indicate that transmutation 
will affect microstructural development and bulk properties. Based on limited comparisons of irradiation at 
335"C, high energy spallation neutrons do not appear to have any significant effect on swelling at low dose. 
The observations of defect clusters in all conditions examined and significant swelling at 529% were unex- 
pected and demonstrate the need for further research in order to predict performance in ITER. 

FUTURE WORK 

This work will be continued when specimens become available. 
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STATUS OF COPPER IRRADIATION EXPERIMENTS - F. A. Garner and M. L .  Hami l ton ( P a c i f i c  Nor thwest  Laboratory) '? 
D.  J .  Edwards ( U n i v e r s i t y  o f  M i s s o u r i - R o l l a ) ,  B. N. Singh (RISp N a t i o n a l  Labora to ry ) ,  J. F .  Stubbins 
( U n i v e r s i t y  o f  I l l i n o i s ) ,  T.  Shikama (Tohoku U n i v e r s i t y ) ,  S. J .  Z i n k l e  (Oak Ridge N a t i o n a l  Labora to ry ) ,  
P .  Sarnal, (SCM Metal Products)  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p r o v i d e  d a t a  on t h e  r a d i a t i o n  and thermal response o f  copper a l l o y s  
in tended  f o r  bo th  near  te rm and l o n g  te rm a p p l i c a t i o n s  i n  f u s i o n  systems. 

SUMMARY 

A v a r i e t y  o f  FFTF i r r a d i a t i o n  s t u d i e s  and o u t - o f - r e a c t o r  s t u d i e s  a re  i n  progress t o  determine t h e  response 
of copper a l l o y s  t o  t h e  environment a n t i c i p a t e d  f o r  f u s i o n  s e r v i c e .  
s t u d i e s  i s  Dresented. 

An updated r e v i e w  of these  v a r i o u s  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

I n  a p rev ious  r e p o r t  an overv iew was resen ted  o f  copper i r r a d i a t i o n  programs i n  progress i n  FFTF t h a t  were 
d i r e c t e d  toward f u s i o n  a p p l i c a t i o n s . r R  These i n c l u d e d  a Generat ion 1.0 e x p l o r a t o r y  exper iment  t o  -100 dpa, 
severa l  more focused exper iments (Generat ions 1 . 5  and 2.0) t o  150 dpa, a r e c e n t  PNL/RISp lower  f luence 
exper iment  t o  complement s t u d i e s  i n  o t h e r  i r r a d i a t i o n  f a c i l i t i e s ,  and ano ther  PNL/RISP exper iment  i n v o l v i n g  
a s e r i e s  of s imp le  copper a l l o y s  address ing s o l u t e  and he l ium e f f e c t s .  Considerable p rogress  has been 
achieved i n  these  s t u d i e s  i n  t h e  i n t e r v e n i n g  p e r i o d  and severa l  new s t u d i e s  have been i n i t i a t e d .  
rev iew o f  these i s  presented below. 

Generat ion 1 .0  ExDlo ra to rv  Experiment 

The i r r a d i a t e d  specimens have a l l  been examined and t h e  r e s u l t s  r e p o r t e d  i n  re fe rences  2 - 4 .  
c o n c l u s i o n  of t h i s  exper iment  i s  t h a t  i n t e r n a l l y  o x i d i z e d  d i s p e r s i o n  s t rengthened a l l o y s  appear t o  o f f e r  t h e  
most promise f o r  f u s i o n  a p p l i c a t i o n s .  The o n l y  work rema in ing  t o  be completed i s  t h e  measurement of t e n s i l e  
p r o p e r t i e s  and e l e c t r i c a l  c o n d u c t i v i t i e s  o f  c o n t r o l  specimens aged a t  temperatures f rom 300 t o  700% f o r  
t imes a s  l o n g  as 10,000 o r  30,000 hours. 
r a d i a t i o n  and temperature i n  de te rmin ing  t h e  response o f  i r r a d i a t e d  Generat ion 1.0 a l l o y s .  
be completed a t  P a c i f i c  Nor thwest  Labora to ry  (PNL) d u r i n g  t h e  summer o f  1991 by NORCUS s tuden ts  
D.  J. Edwards ( U n i v e r s i t y  o f  M i s s o u r i - R o l l a )  and M. B. To loczko ( U n i v e r s i t y  o f  C a l i f o r n i a  a t  Berke ley )  
work ing w i t h  F. A .  Garner and M. L .  Hami l ton.  

Generat ion 1.5 and 2.0 EXDerimentS 

These two exper iments focus p r i m a r i l y  on v a r i o u s  methods o f  d i s p e r s i o n  s t r e n g t h e n i n g  o f  copper. The ma jo r  
conc lus ions  t o  da te  a r e  t h a t  no d i s p e r s i o n  s t rengthened a l l o y s  y e t  t e s t e d  ou tper fo rm t h e  G l idcop  a l l o y s  
produced by SCM Metal Products and t h a t  t h e  s w e l l i n g  o f  these  a l l o y s  depends i n v e r s e l y  and s t r o n g l y  on t h e  
amount o f  d i s p e r s o i d .  
d i s p e r s i o n  s t rengthened a l l o y s .  
a p p l i c a t i o n s .  The r e s u l t s  o f  these s t u d i e s  were p u b l i s h e d  i n  r e f s .  3 and 5-8. A d d i t i o n a l  d a t a  on t h e  
behav io r  o f  pure copper and severa l  s p i n o d a l l y  s t rengthened a l l o y s  were p u b l i s h e d  i n  o t h e r   report^.(^,'^) 

A n a l y s i s  up t o  50 dpa i s  complete on these exper iments.  
and 150 dpa i n  FFTF c y c l e s  10 and 11 and i s  now undergoing examinat ion a t  t h e  100 dpa l e v e l .  
measurements a r e  complete and a re  r e p o r t e d  i n  r e f e r e n c e  6. 

Hel ium E f f e c t s  ExDeriment i n  MOTA- IF  

As shown i n  Table 1, h i g h  p u r i t y  copper w i t h  and w i t h o u t  -100 appm he l ium was i r r a d i a t e d  t o  -30 dpa a t  385-C 
and a l s o  a t  410°C. 
c y c l o t r o n  ( V E C  H a r w e l l )  a t  -50%. The o t h e r s  were i r r a d i a t e d  i n  t h e  LAMPF S p a l l a t i o n  R a d i a t i o n  E f f e c t s  
F a c i l i t y ,  a l s o  a t  -5O-C, t o  produce he l ium and o t h e r  t r a n s m u t a t i o n  p roduc ts .  Microscopy d a t a  a r e  now 
a v a i l a b l e  a t  RISp f o r  t h e  410°C i r r a d i a t i o n  exper iment  and d a t a  a n a l y s i s  i s  i n  p rogress .  The r e s u l t s  w i l l  
be presented a t  t h e  F i f t h  I n t e r n a t i o n a l  Conference on Fusion Reactor M a t e r i a l s .  Cu-SNi, Cu-SA1 and Cu-5Mn 
were a l s o  i r r a d i a t e d  i n  t h i s  exper iment  and w i l l  be examined l a t e r .  

A b r i e f  

The major  

T h i s  e f f o r t  w i l l  focus on d i s c r i m i n a t i n g  between t h e  e f f e c t s  of 
T h i s  work w i l l  

It was a l s o  shown t h a t  h i g h  oxygen l e v e l s  d e s t r o y  t h e  r e s i s t a n c e  t o  s w e l l i n g  i n  some 
Some p r e c i p i t a t i o n  s t rengthened a l l o y s  a l s o  show promise f o r  f u s i o n  

The Generat ion 2.0 exper iment  con t inued  on t o  100 
D e n s i t y  

The he l ium was i n t r o d u c e d  i n  two ways. One s e t  o f  specimens were imp lan ted  by a 

(a )  
I n s t i t u t e  under Con t rac t  DE-AC06-76RLO 1830. 

P a c i f i c  N o r t h w e s t  Labora to ry  i s  operated f o r  t h e  U . S .  Department o f  Energy by B a t t e l l e  Memorial  
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Table 1. Copper A l l oys  I r r a d i a t e d  i n  RIS0/PNL Experiment“’ on 
Pure Metals and Model A l l oys  i n  MOTA-IF 

A1  lo^(^' 

Cu (OFHC) 

cu (99.999%) 

Cu (100 appm He implanted) 

Cu (100-150 appm He produced by 
i r r a d i a t i o n  i n  LAMPF) 

Cu-5Ni 

CU-SA1 

Cu-5Mn 

Packet LM2 Packet LN3 
385°C 410°C 

I 

.. 

.. 

(a )  Other specimens are pure metal (N i ,  W, Mo, P t ,  
w i t h  hel ium p r e i n j e c t i o n .  

( b )  A l l  copper a l l o y s  are i n  t he  annealed cond i t i on .  
( c )  Number o f  TEM d i s k  specimens i n  each packet. 

I 

Marz Cu 

Cu-5Ni 
Cu-5Ni 

Cu-5Mn 
Cu-5Mn 

CuBe 
CuBe 

CuBeNi 
CuBeNi 

CuA120 
CuAl25 

Table 2.  Copper A l l o y  Specimens i n  MOTA-1G 

Cond i t ion  

Specimen 3 dpa 10 dpa 
Engraving 373T 418% 

Code(” 10EOI/OE03) Ib’ LOEOZ/OEOU) Ib) 

Annealed 1 

Annealed 
40% CW 

Annealed 
40% CW 

2 
3 

4 
5 

Sol u t i  on i  zed 6 312 
So lu t i on i zed  and Aged 7 312 

So lu t i on i zed  8 3/2 3/2 
So lu t i on i zed  and Aged 9 3/2 3/2 

20% cw 
50% cw 

CuA120 Stress Rel ieved 
CuA125 Stress Rel ieved 

10 
11 

12 
13 

312 
312 

(a)  

( b )  

( c )  

Th is  simple code i s  n o t  a standard MOTA code. These specimens w i l l  be de-encapsulated 

These des ignat ions  are packet codes. There are two i d e n t i c a l  packets a t  each ternpera- 
t u re ,  a l l ow ing  f o r  the  p o s s i b i l i t y  of n o t  on l y  reaching 3 and 10 dpa, b u t  6 and 20 dpa 
as we1 1 .  
This code means 3 TEM d i s k s  i n  each o f  two i d e n t i c a l  packets. 

and examined a t  R I S D .  

Low Fluence Studies i n  MOTA-IG and MOTA-2B 

The RISg group i s  p a r t i c u l a r l y  i n t e r e s t e d  i n  t he  r e l a t i v e l y  lower displacement l e v e l s  t h a t  a re  r e l e v a n t  t o  
NET app l i ca t i ons .  They are a l so  i n te res ted  i n  both t e c h n o l o g i c a l l y  and fundamental ly o r i e n t e d  a l l o y s .  
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A series of alloys (Cu, Cu-5Ni, Cu-SMn, CuBe, CuBeNi, CuA120, CuAlZ5) in a variety of starting conditions 
were therefore irradiated in MOTA 1G to -3 dpa at 313°C and -10 dpa at 41PC. 
will be carried on in MOTA ZB to -6 and 20 dpa respectively. 
reactor and will be examined both at PNL and RISp in the next reporting period. 

An identical set of specimens 
The MOTA 1G experiment has been removed from 

Generation 3.0 ExDeriment in MOTA-ZB 

Due to the uncertainty in continued FFTF operation beyond Cycle 12, the Generation 3.0 experiment was 
targeted for a single discharge only. This experiment explores a variety of questions that arose from 
previous irradiation experiments. One of these questions concerns the role of oxygen in radiation-induced 
microstructural evolution and uses specimens identical to those employed in an earlier ion irradiation 
study.[") 
prepared for an earlier electron irradiation study.('z) 
electron-induced swelling is not monotonic. 

The role of cold work level on swelling of pure copper will also be studied, using materials 
As shown in Figure 1, the effect of cold work on 

5 

4 

1 

0 

Displacements per Atom 39104026.1 

Figure 1 .  Effect of cold work level on electron induced swelling o f  99.999% copper.(12' 

Table 3. Braze Alloy Compositions and Braze Temperatures(a) 

Ag-Cu Eutectic: Ag-72%, Cu-ZB% 
Eutectic m.p. - 780°C 
Braze Temp. - 796°C 

Au-Cu (50/50): Au-50%, Cu-50% 
Solidus - 995%, Liauidus - 970°C 
Braze Temp. - 980% 

TiCuSil: Ti-4.5%. Cu-26.7%- Aq-68.8% 
Solidus.- B30"C, Liqiidus - 850°C 
Braze Temp. - 870°C 

TiCuNi : Ti-70%, Cu-15%, Ni-25% 
Solidus - 910sC, Liauidus - 960T 
Braze Temp. - 980°C 

(a) All brazes were performed by SCM Metal Products. 
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Figure 2. 
produced by e l e c t r i c a l  discharge machining from brazed, overlapped sheet stock. 

Another study addresses the s t a b i l i t y  o f  various brazing methods f o r  copper a l loys .  Both induct ion brazing 
and various brazing a l l oys  (Table 3) w i l l  be invest igated. 
lapped sheets by SCM Metal Products. 
specimens were produced by e l e c t r i c a l  discharge machining (EDM) from the l a t t e r .  Figure 2 shows the minia-  
t u r e  t e n s i l e  specimens. Af ter  i r r a d i a t i o n  these specimens w i l l  be tested on a prec is ion hor izonta l  t e n s i l e  
f rame used f o r  previous studies on copper and other a l loys .  

A va r ie t y  o f  new mater ia ls  w i l l  a lso be i r rad ia ted  i n  Generation 3.0. Two o f  these are composite mater ia ls  
supplied t o  Oak Ridge National Laboratory (ORNL) by the MER Corporation. 
i r r a d i a t i o n  experiment i n  Generation 3.0 w i l l  involve the Glidcop A125 a l l o y  used i n  previous studies, a new 
Glidcop a l l o y  containing both A120p and Nb " f i be rs"  and the European candidate a l l o y  supplied by the R IS0  
laboratory .  The l a t t e r  a l l o y  u t i l i z e s  Z r O  as the dispersoid. Table 4 describes both the Generation 3.0 
experiments and other copper experiments t k a t  w i l l  be i r rad ia ted  w i t h  Generation 3.0 i n  MOTA 28. 

I r r a d i a t i o n  Tes ts  i n  Other Reactors 

Since FFTF operates only a t  temperatures r36VC, i r r a d i a t i o n  t e s t s  for  ITER appl ica t ion are required i n  
o ther  reactors  w i th  lower coolant i n l e t  temperatures, 
copper i r r a d i a t i o n  studies i n  HFR (Petten, Netherlands) and SM-2 (Dimitrovgrad, USSR). 

Thermal S t a b i l i t v  Studv o f  Glidcoo CuAlZ5 

The onset o f  swel l ing  i n  Glidcop a l l oys  appears t o  be re la ted  t o  t h e i r  thermal s t a b i l i t y  and po ten t ia l  f o r  
r e c r y s t a l l i z a t i o n . @ )  A study has therefore  been i n i t i a t e d  which explores the thermal response o f  CuAlZ5 
dur ing aging a t  temperatures from 400 t o  900OC f o r  times as long as 1000 hours. 
miniature t e n s i l e  specimens made by EDM were prepared a t  PNL and are cu r ren t l y  being aged a t  the Un ive rs i t y  
of I l l i n o i s .  
J. F. Stubbins (both on NORCUS appointments), working w i t h  M. L. Hamilton and F. A. Garner. 
surements and microscopy analysis w i l l  be conducted a t  the Un ive rs i t y  of I l l i n o i s .  

Fatisue Testina o f  Comer A l l o v s  

The RISg Laboratory i s  committed t o  prov id ing fa t i gue  data on copper a l loys f o r  the European Community 
(E.C.) fusion mater ia ls  e f fo r t .  
conducted j o i n t l y .  
strengthened al loys,  and CuBeNi. 

Lapped miniature t e n s i l e  specimen (1.7 mm long, gauge sect ion 5.1 mm long by 1.0 mm wide) 

The l a t t e r  were prepared e i t h e r  as sandwiches o r  
TEM disks were then punched from the f o r m e r  and miniature t e n s i l e  

I n  addi t ion,  a comparative 

Negot iat ions are now i n  progress t o  conduct j o i n t  

Punched TEM disks and 

Tensi le t e s t s  w i l l  be conducted a t  PNL i n  the summer of 1991 by M. A. M i t che l l  and 
Hardness mea- 

I n  areas where U.S. and E. C. i n te res ts  coincide, such work w i l l  be 

Based on the resu l t s  of recent development e f f o r t s  there i s  s t i l l  Some 
The cu r ren t l y  proposed specimen matr ix  includes pure copper, one o r  more dispersion 



Lab 
PNL/SCM 

ORNL/PNL 

PNL/RISB 

PNL/RISP/ 
ORNL 

ORNL/PNL 

PNL/RISP 

Materials 

Glidcop A125 with 
CuAg, CuAu, CuTiNi, 
and CuTiAg brazes 

Glidcop All5 
induction brazes 

Ottokempu Cu-ZrO, 
Glidcop A125, 
G1 idcop-Nb 

Pure Cu, Cu binary 
a1 1 oys 

tu-graphite compos- 
ite and Cu-A1 0,-W 
fiber composite 

Pure Cu and various 
Cu alloys 
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lable 4. Copper Experiments in MOTA 28 

Experiment descriDtion 

Determine stability of 
brazes during irradiation 

Stability of induction 
brazes during irradiation 

Comparison between European 
candidate dispersion 
strengthened alloy and 
several U.S. candidate 
a1 1 oys 

Explore effect of oxygen, 
cold work, solutes, etc. on 
swell ing of pure copper 

Explore stability of new 
composite materials 

Low exposure data on alloys 
used in Eurooean/U.S. 
spectral effects' experi- 
ments in other reactors; 

SDecimen t w e s  

TEM disk 
sandwiches, 

1 apped 
minitensiles 

transverse braze 
TEM disks 

TEM disks, 
minitensiles 
(Glidcop-Nb 
only) 

TEN disks 

TEM disks 

TEM disks 

Irradiation conditions 

10-30 dpa at 365- 
6 0 P C  for discharge 
after MOTA 28 

10-30 dpa at 365, 
400% for discharge 
after MOTA 28 

10-30 dpa at 365- 
600°C for discharge 
after MOTA 28 

10-30 dpa at 365- 
500°C for discharge 
after MOTA 28 

10-20 dpa at 365, 
400% for discharge 
after MOTA 28 

3-10 dpa at 373- 
418-C after MOTA 2A; 
for discharge after 
MOTA 28 at 6-20 dpa 

also solute segregation to 
enable extrapolation of 
transmutation effects to 
other spectral environments 

flux in the choice of a European candidate dispersion strengthened alloy. Working with PNL, researchers at 
RIS0 and the University of Illinois have agreed to c o v h c t  tests of fatigue (room temperature to 400°C) and 
fatigue-creep interaction (hold times up to one hour at 250°C). 
Denmark. Assistance will be provided to the University of Illinois by PNL and the NORCUS program for that 
fraction o f  the work conducted in the U.S. 

Most of the specimens will be made in 

FUTURE WORK 

This effort will continue with a strong emphasis on planning for irradiation in other reactors at 
temperatures below 35WC. 
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NEUTRON-INDUCED CHANGES IN DENSITY OF COPPER ALLOYS - F. A. Garner, Pacific Northwest Laboratory,(") and 
H. R. Brager, Westinghouse Hanford Company 

OBJECTIVE 

The objective of this effort is to identify those copper alloys which offer promise as high heat flux 
materials for fusion applications. 

SUMMARY 

Density change measurements have been completed on the Generation 2.0 copper alloy experiment at 411°C after 
reaching 100 dpa. 
Welding and high oxygen levels both degrade the swelling resistance of oxide dispersion- strengthened 
alloys. 
formation of the transmutant nickel. 

The Glidcop alloy CuA125 continues to exhibit excellent resistance to void swelling. 

The alloy Cu-2.0Be also resists swelling and appears to be densifying in response to the continued 

PROGRESS AND STATUS 

Introduction 

In an earlier report, the neutron-induced swelling was reported for a number of copper alloys included in a 
first generation exploratory program designed to assess the suitability of such alloys for high heat flux 
diverter applications.' These allays reached 16, 47, 63 and 98 dpa in FFTF/MOTA at a reported temperature 
of -450-C. This temperature assignment included an upper bound estimate of 30°C gamma heating above the 
ambient coolant temperature of 420%. More recent calculations now yield 8-10°C gamma heating such that 
430% is a better temperature assignment for that experiment. 

As documented in a separate report, the earlier results of the first generation experiment led to two 
successively more focused experiments, designated Generation 1.5 and 2.0.' 
irradiation of some but not all of the Generation 1.0 alloys, but also included a wider variety of alloys 
hardened either by dispersed oxides of various types or by spinodal decomposition. 
reached 34 dpa at 414T and 32 dpa at 529%, Generation 2.0 has reached 50 and 100 dpa at 411% and is still 
being irradiated. The last specimens of Generation 2.0 alloys at -400°C and 150 dpa will be discharged from 
the current MOTA cycle. 

An earlier report presented the results of density change measurements for the Generation 1.5 and 2.0 alloys 
for displacement levels of 50 dpa or 10wer.~ Measurements are now complete for the Generation 2.0 specimens 
at 411°C and 100 dpa. 

These experiments involved the 

While Generation 1.5 

A list of the alloys and their processing conditions is presented in Table 1. 

Figures 1 and 2 present the accumulated swelling data for all fluences and temperatures measured in Genera- 
tions 1.5 and 2.0. 
to 70%. 
known to have high oxygen levels, while the lowest swelling alloy is the dispersion-strengthened Glidcop 
alloy CuA125, which has a relatively low level of oxygen. 

Figure 3 compares the swelling observed in pure copper and Cu-5Ni in five separate irradiation tests con- 
ducted in three different reactors at -400°C. Adding the most recent datum for pure copper at 100 dpa 
confirms the reproducibility of the swelling phenomenon at -400°C. Both Cu and Cu-5Ni swell at a rate of 
-O.S%/dpa. 

As shown in Figure 4, the swelling of Glidcop alloys depends on the oxide content and possibly on the cold 
work level. These alloys are designated by their aluminum content. CuA125 contains 0.25 wt.% o f  aluminum 
in the form of Al,?, and CuA115tB contains 0.15 wt.% aluminum and -100 appm boron. The progressive densi- 
fication observed in CuA125 may represent the influence of accumulating transmutants, primarily nickel and 
zinc. Laser welding was found to completely destroy the swelling resistance of the Glidcop alloy and accel- 
erate the swelling of the ODs alloy. Sev- 
eral other ODs alloys prepared by mechanical alloying (CuCr and CuHf) were found to swell at levels interme- 
diate to those of the Glidcop and ODs alloys, as shown i n  Figure 6. The post-irradiation microstructures of 
all the dispersion-strengthened allays are discussed in reference 4. 

While some alloys have yet to show swelling at 100 dpa, others have reached levels o f  50 
The highest swelling levels were reached by a group of oxide dispersion-strengthened (00s) alloys 

The behavior of the welded Glidcop alloy is shown in Figure 5. 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under 
Contract DE-AC06-76RLO 1830. 
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Table 1 
Composition and Final Processing Conditions of Copper Alloys 

Allov 

Mar2 Cu 
Cu-5Ni 
Cu-Be 

CuNiBe 
CuNiBe 
CuNiBe 

MZC 
MZC 
MZC (MIT #2) 
MZC (MIT X3) 

CuAl25 
CuAl25 
CuAl20 
CuAl15tB 

CuCr 
CuHf 

ODS-l 
00s-l 
00s-2 
005-3 
ODs-4 

CuNiTi (VK)  
CuNiTi ( V L )  

ComDosition fwt%) 

99.99 cu 
Cu - 5% Ni 
Cu - 2% Be 

Cu-I.B% Ni-0.3% Be 
Cu-1.8% Ni-0.3% Be 
Cu-1.8% Ni-0.3% Be 

Cu-O.9% Cr-0.1% Zr-O.O5% Mg 
Cu-O.9% Cr-0.1% Zr-0.05% Mg 
Cu-0.9% Cr-0.1% Zr-0.05% Ma 
Cu-O.9% Cr-0.1% Zr-O.05X MG 

0.25% A1 as Alumina 
0.25% A1 as Alumina 
0.20% A1 as Alumina 
0.15% A1 as Alumina 
t200 ppm Boron 

3.5% Cr as Cr Oxide 
1.1% Hf as H f  Oxide 

0.25% Mg, 1% Alumina 
0.25% Mg, 1% Alumina 
0.25% Mg, 1% Alumina 
0.5% Mg, 1% Zr Oxide 
0.5% Mg, 1% Alumina 

Cu-5.0% Ni-2.5% Ti (MIT #3) 
Cu-5.0% Ni-2.5% Ti (LASL) 

Final Processina Condition 

Annealed 
Annealed 
Annealed, Aged 2 hr 320% 

Annealed, Aged 3 hr 482% 
20% CW, Aged 3 hr 482% 
20% CW, Aged 9 hr 54PC 

90% CW, Aged 1/2 hr 475% 
90% CW, Aged 1 hr 500°C 
50% CW. Aaed 1 hr 500% 
Annealed,-Aged 1 hr 500°C 

50% CW 
50% CW + welded 
20% cw 
Annealed 

20% CW, 112 hr 4 5 P C  
20% CW, 1/2 hr 450°C 

40% CW 
40% CW t welded 
40% CW 
40% CW 
40% CW 

Solutionized and Aged 
Solutionized and Aged 

Figure 6 also shows the swelling behavior for those alloys involving solute modification and precipitation- 
strengthening. 
actually increases swelling. 
influence of cold work on precipitation.’ 
additional precipitation of Be from solution as nickel is formed via transmutation. 
observed in the Generation 1.0 e~periment.~ 

Note in some precipitation strengthened alloys that cold working prior to irradiation 
This behavior was also observed in the Generation 1.0 study and reflects the 

Densification of Cu-2.0Be at higher fluence probably reflects 
The phenomenon was also 

CONCLUSlONS 

Density change measurements at 411°C and 100 dpa confirm the superiority of the Glidcop alloys for resist- 
ance to void swelling. Welding or lowering of the oxide dispersoid level leads to higher swelling in the 
Glidcop alloys. There may also be some influence of the cold work level. 

FUTURE WORK 

This work will continue, focusing on measurements o f  radiation-induced microstructure, changes in electrical 
resistivity, and changes in tensile properties and fracture mode. 
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Figure 1. Swelling observed in various copper alloys irradiated in Generations 1.5 and 2.0 .  
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Figure 2. Swelling observed in various copper allays irradiated in Generations 1.5 and 2.0. 
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Figure 3. 
irradiation experiments. 

Comparison of swelling behavior at 385-43O'C o f  pure copper and Cu-5 wtX Ni in various 

CuA125 50% Cold-Worked / C u A I 2 0  
20% Cold-Worked 

I I I I 
0 25 50 75 loo 

Displacements per Atom 

-2 ' 
Figure 4. Dependence of swelling of Glidcop alloys at 411-414°C on A1,0, content and starting condition 
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Figure 5 .  
the Generation 2.0 experiment. 
from 19 to 43% while the unwelded alloy densified, as shown in Figure 4 .  

Loss of swelling resistance in CuA125 upon laser welding prior to irradiation. MOTA-1E refers to 
The swelling at 100 dpa of the welded alloy was rather variable, ranging 

REFERENCES 

1. H. R. Brager and F. A. Garner, "Neutron Induced Swelling of Copper Alloys at 98 dpa and 450"C," in 
Fusion Reactor Materials Semiannual Progress Report, DOE/ER-0313/3 (September 30, 1987) pp. 254-259. 

2 .  F. A. Garner, M. L. Hamilton, K .  R. Anderson, J. F. Stubbins, 6. N. Singh, A. Horsewell and 
W .  F. Sommer, "Overview of Copper Irradiation Programs," in Fusion Reactor Materials Semiannual Progress 
Report, DOE/ER-0313/6 (March 31, 1989) pp. 351-356. 

4. K .  R. Anderson, F. A. Garner, M. L. Hamilton and J. F .  Stubbins, in this Semiannual report. 

5. F. A. Garner, "The Influence of Transmutation and High Neutron Fluence of Materials Used in Fission- 
Fusion Correlation Experiments," J. Nucl. Mater. 175 (1990) in press. 



198 

14 

12 

10 

Density 8 
Change 

% 6 

4 

2 

Extruded Copper Alloys 
- 

~~ 

MZC Variants (SAA) 

MZC 

20% Cold-Work 
112 hr at 450 "C - 

- 

- 

0 '  
0 25 50 75 0 25 50 75 100 

h 

Displacements per Atom 

2.0 
Cu-2.0 Be 
41 1 "C 

D ity 
Change 

% 

1 .o 

0 

Solutionired 
and Aged t / 

41 4°C Cu-0.3 Be-1.8N 

20% Cold-Workec 
and Aged 

Solutionized 
and Aged 

41 4°C 

. .- 
25 50 75 io0 o 25 50 75 100 0 

Displacements per Atom 

Figure 6. Swelling observed in various copper alloys irradiated in the Generation 1.5 and 2.0 experiments. 



199 

RADIATION-INDUCED CHANGES I N  ELECTRICAL CONDUCTIVITY OF A WIDE RANGE OF COPPER ALLOYS - F. A. Garner, 
Pac i f ic  Northwest Laboratory,(") K. R. Anderson, Univers i ty  o f  I l l i n o i s ,  and 1. Shikama, Tohoku Univers i ty  

OBJECTIVE 

The ob jec t ive  of t h i s  e f f o r t  i s  t o  i d e n t i f y  those copper a l l oys  tha t  o f fe r  promise as high heat f l u x  
mater ia ls  f o r  fusion app l ica t ion.  

SUMMARY 

A wide v a r i e t y  o f  radiat ion- induced changes i n  e l e c t r i c a l  conduct iv i ty  was observed i n  a ser ies  of 
i r r a d i a t i o n  experiments conducted on copper a l l oys  i n  FFTF/MOTA. 
depend on the a l l o y  composition, s t a r t i n g  state,  i r r a d i a t i o n  temperature, and the sometimes complex 
in te rac t ion  o f  three rad ia t ion-dr iven processes. These processes are transmutation, void swel l ing,  and 
so lu te  r e d i s t r i b u t i o n .  

PROGRESS AN0 STATUS 

In t roduct ion 

A v a r i e t y  o f  copper a l l oys  have been proposed f o r  high heat f l u x  app l ica t ions f o r  both near-term and long- 
t e r m  fusion goals. I n  response t o  these proposals, a ser ies o f  exploratory i r r a d i a t i o n  experiments are 
being conducted i n  FFTF/MOTA.[') One property being measured i n  t h i s  experimental ser ies  i s  the e l e c t r i c a l  
conduct iv i ty ,  a property tha t  o f ten  changes subs tan t ia l l y  i n  response t o  the combined in f luence of vo id  
swel l ing,  transmutation, and solute red is t r i bu t ion .  

Several generations o f  FFTF copper i r r a d i a t i o n  experiments have been conducted, and the l a t e s t  o f  these, 
designated Generation 2.0, continues t o  accumulate exposure i n  FFTF. 
not  a l l  a l l oys  measured i n  Generations 1.0, 1.5, and 2.0, have been reported p r e v i o ~ s l y , ~ ~ ~ ~ ~  and 
conduct iv i ty  measurements continue t o  be performed on a l l oys  tha t  were bypassed i n  the f i r s t  ser ies  of 
measurements. Measurements of conduct iv i ty  f o r  a l l  a l l oys  i r r a d i a t e d  i n  the 430% Generation 1.0 ser ies a t  
16, 41, 63, and 98 dpa, the Generation 1.5 experiment a t  414%, 34 dpa and 529"C, 32 dpa, and the 411% 
Generation 2.0 experiment a t  50 dpa have now been completed and are reported here. 

Measurements of the 411% Generation 2.0 a l l oys  a t  100 and 150 dpa w i l l  be performed dur ing 1991. 
e t  a1 .I2) present the d e t a i l s  o f  the experimental technique and Garner e t  a1 . ( ' I  provide a de ta i l ed  
descr ip t ion o f  the mater ia ls  studied. 

Some data presented i n  t h i s  repor t  are reevaluat ions o f  prev ious ly  reported data, based on refinements i n  
the measurement technique and invo lv ing changes usua l ly  on the order of 10% o r  less .  A t  the higher fluence 
leve ls  of the Generation 1.0 experiment i t  was a lso found t o  be necessary t o  remeasure some prev ious ly  
reported specimens a f t e r  mechanically removing a surface laye r  o f  aluminum. This l a y e r  had formed on 
c lose ly  packed specimens by d i f f u s i o n  bonding w i t h  aluminum spacers inser ted between the specimens.(') This 
problem became more pronounced as void swel l ing  caused an increas ing ly  t i g h t e r  packing of the specimens. 
A f t e r  removing the aluminum, a s i g n i f i c a n t  improvement was observed i n  the r e p r o d u c i b i l i t y  of the 
measurements and i n  t h e i r  consistency w i th  data taken a t  lower f luence levels.  

Results and Discussion 

A compi lat ion o f  the new and revised conduct iv i ty  data measured i n  the various generations of the FFTF/MOTA 
copper i r r a d i a t i o n  experiments i s  presented i n  Tables 1 and 2. 

Pure copper has been used as a standard reference mater ia l  i n  the various generations o f  the FFTF copper 
i r r a d i a t i o n  program as wel l  as i n  programs conducted i n  other reactors. F o r  t h i s  purpose, we have chosen t o  
examine the r e p r o d u c i b i l i t y  o f  i t s  e l e c t r i c a l  conduct iv i ty  i n  these FFTF studies and i n  another fas t  reactor  
i r r a d i a t i o n  experiment conducted i n  EBR-I I . ( ' )  The major transmutation product i n  copper i s  n i cke l  and i t s  
production r a t e  i s  very dependent on neutron spectra. Nickel  add i t ions t o  copper have a substant ia l  impact 
on the e l e c t r i c a l  and thermal conduct iv i t ies .  Both n i cke l  and the second major transmutant, z inc,  s t rong ly  
depress the conduc t i v i t i es  o f  copper.(',51 Void swel l ing  also decreases both types o f  conduct iv i ty .  

Figure l a  shows t h a t  fas t  reactor  i r r a d i a t i o n s  o f  pure copper a t  385-43WC y i e l d  e l e c t r i c a l  conduc t i v i t y  
changes t h a t  are very consistent.  
consistency i s  not  unexpected. Also shown i n  Figure l a  i s  e l e c t r i c a l  conduc t i v i t y  data for  pure copper 

The behavior of each a l l o y  was found t o  

Changes i n  conduct 'v i ty  o f  some but  

Anderson 

Since the neutron spectra o f  EBR-I1 and FFTF are very s imi lar ,  t h e  

(a) Operated f o r  the U.S. Department of Energy by B a t t e l l e  Memorial I n s t i t u t e  under Contract DE-AC06-76RLO 
1830. 
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Table 1. 
Electrical Conductivities (%IACS) of Generation 1.0 Copper Alloys Irradiated as TEM Disks in FFTF/MOTA at 
-430°C 

Material 
A1 1 oy Code 0 dpa 16 dpa 47 dpa 63 dpa 98 dpa 

MARZ Cu (SA) RO 

Cu-5Ni (SA) R7 

CuBe (HTB) R3 

CuBe (HTA) R1 

CuNiBe (HTB) RT 

CuNiBe (HTA) RR 

CuAg (SA) RX 

CuAgP (SA) RV 

MZC (CWA) RU 

CU-SA1 (SA) R9 

CuA125 (CW) R4 
CuA125 (CWA) RS 

100.9 

29.2 

20.2(') 

19.3l') 

54.51") 

66.8l') 

94.1(') 

86. 4Ia1 

83.3(') 

(C) 

85.5Ia1 

-79 

88.0 

23. O l a )  
25.01') 

32. O(al 

31.1(') 

64.0") 

75.91') 

74.51b) 

71 .9Ia1 

71.1 

27.7 

-14 

61.1 55.0Ib) 32.7Ib1 

19.8 13.9Ib) 

32.61b1 29.1(') 32.81b1 
32.6Ib) 

29. 27.3Ib1 

54.2 45.71b) 

53.0 47.3Ib1 24.1Ib1 

46.6 45.2Ib1 29.0Ib1 

42.8 - 27.51') 

59.6 

12.6(b1 

-50 -61Ib1 36.4Ib1 

-59Ib1 58.2Ib1 

(a) Reevaluation of previously published data. 
(b) Value measured after removing aluminum-contaminated surface. 
(c) Not yet measured. 

derived from FFTF irradiation at 529'C. 
factor of ten lower than at -400%) most of the observed conductivity loss arises from transmutation to 
nickel and zinc, a process that is independent of temperature. 

In pure copper it was found that the effects of transmutation and voidage on electrical resistivity were 
directly additive in accordance with Matthiesson's rule, indicating that no significant interaction between 
the two processes has o~curred.(~.~) Two other alloys in the Generation 1.0 study involved relatively low 
levels of solute and one might expect a similar lack of interaction. Note 
in Figure Ib that the addition of solutes in CuAg and CuAgP lowered the preirradiation conductivity from the 
101% IACS of pure copper to 94 and 86% IACS, respectively. This difference in conductivity was maintained 
relative to that of pure copper with little change throughout the first generation experiment, indicating 
that these solutes probably stayed in solution. The initially low conductivity of Cu-5Ni reflects the 
influence of nickel and decreases further with irradiation, as is also shown in Figure Ib. 
radiation-induced decrease in Cu-SNi is due to void swelling, the development of which appears to be 
unaffected by the presence of the nickel.16) 

There are some kinds of nonadditive behavior that can occur, however. In most solute-modified alloys, 
radiation-induced redistribution of initial solutes also leads to modifications in conductivity, 
particularly if the solute levels are relatively large. A previous paperI5) showed that the electrical 
conductivity of Cu-2.OBe initially increased slightly with irradiation, but remained constant thereafter 
(see Figure 2 ) .  The initial increase might be attributed to radiation-induced acceleration of precipitation 
and aging, but the constant conductivity thereafter was thought to be inconsistent with the continued 
accumulation of nickel and zinc via transmutation. It now appears that the transmutant nickel drives some 
of the beryllium out of solution as it forms, and the two effects compensate. 
solubility of beryllium in copper-containing nickel is the principle on which the higher conducting CuBeNi 
(Cu-O.3Be-1.8Ni) alloy was developed to replace Cu-2.0Be. In CuBeNi, the lower level of beryllium compared 
to that of Cu-2.0Be leads to a much higher level of initial conductivity. 
slightly by solute redistribution in the early stages of irradiation, but this trend is reversed at a 
relatively low exposure by accumulating levels of transmutants and swellin 
show that CuBeNi swells relatively easily and that CuBe does not 

Since the swelling at this dose and temperature is only 1.8% (a 

These alloys are CuAg and CuAgP. 

Much of the 

The strongly reduced 

The conductivity is increased 

Microstructural observations 
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Table 2 

E l e c t r i c a l  Conduct iv i t ies  (% IACS)lal of Generation 1.5 and 2.0 Copper A l l oys  I r r a d i a t e d  i n  

A l l o y  Code 0 dpa 34 dpa 50 dpa 32 dpa 

MARZ Cu RO 100.9 70.4 58.1 82. 7Ib) 

CuA125 R4 85.7 83.2 
85.2 81.6 

CuA125 (welded) 3N 77.7 59.6 
73.9 57.7 
88.5 81.6 72.7Ib) 84.0 
88.4 85.4 76. 3Ib) 86.4 
84.9 82.0 

Ma te r i a l  414% 411T 529°C 

100.9 70.1 58.1 90.81bl 

91.6 80.0 74.71b) 85.81b) 
83.6 73.8Ibl 88.6Ib1 

80.6 63.7 

E l e c t r i c a l  Conduct iv i t ies  (% IACS)lal of Generation 1.5 and 2.0 Copper A l l oys  I r r a d i a t e d  i n  

A l l o y  Code 0 dpa 34 dpa 50 dpa 32 dpa 

MARZ Cu RO 100.9 70.4 58.1 82. 7Ib) 

CuA125 R4 85.7 83.2 
85.2 81.6 

CuA125 (welded) 3N 77.7 59.6 
73.9 57.7 
88.5 81.6 72.7Ib) 84.0 
88.4 85.4 76. 3Ib) 86.4 
84.9 82.0 

Ma te r i a l  414% 411T 529°C 

100.9 70.1 58.1 90.81bl 

91.6 80.0 74.71b) 85.81b) 
83.6 73.8Ibl 88.6Ib1 

80.6 63.7 

CuA120 UX 

CuA120 UZ 
CuA115B VO 

00s-1 3F 

00s-I (welded) 

00s - 2 

ODs-3 

ODs-4 

CuCr 

CuHf 
CuNiTi 

CuNiTi 

CuNiSn 

3K 

3L 

3M 

3A 

36 
VK 

VL 

VN 

CuBe (HTB) 

Cu-5Ni VP 

CuNiBe (AT) 

CuNiBe (KHT) 

CuNiBe U4 

MZC U6 

MZC u7 

MZC (MIT #2) 

MZC (MIT #3) 

3H 
88.5 

91.3Ib) 
86.0 
89.0 
79.8 
78.5 
89.4 
90.2 
88.8 
40.4Ib’ 
40. 9Ib1 

42.0 
40.5 
40.8 
31.4 
32.9 
31.0 

85.71b) 
88.7Ib) 

37.51b) 

15.8 
16.5 
16.5 
18.01bl 
18.2(b) 
18.6Ib) 

R3 

29.2 

88.4 

52.3 
52.9 

56 
59 

40.8 

20.7 

18.4 
17.3 

59.3 

64.9 
67. 2Ib) 
73.61b1 
68.0Ib) 
59.0Ib1 
57.0Ib1 
67.4 
72.0 
77.9 
79.4 
77.6 
48.71b’ 
47.3Ibl 
46.2Ib) 

48.6Ib1 
49.8Ib) 

67.9 

68.7Ib) 
65.01b1 

67. 2Ib) 
68. 91b) 

27.9(b) 
25.3Ib) 
27.71b1 
31.8 

30.8 

73.6 

88.2 

86.7 

u9 

VB 

. 
82.5 
74.5 
88.0 
77.9 
88.0 
85.1 

88.6 

86.1 

84.3 

87.3 

85.7 
71.9 
85.2 
78.7 

90.5 
91.1 

81 ,083.6 
86.2 
80.391.8 
90.5 

FFTF/MOTA 

(a) M u l t i p l e  values represent measurements from separate specimens. 
(b) I nd i ca tes  TEM d isks ;  no no ta t i on  denotes measurements made on gage sec t ion  o f  m in ia tu re  t e n s i l e  

specimen. 
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Figure 1. 
Irradiation Experiments in FFTF and EBR-11, b) Changes Observed in Cu-SNi, CuAg, and CuAgP Irradiated in 
FFTF. 

a) Neutron-Induced Changes in Electrical Conductivity o f  Pure Copper in Various Fast Reactor 

Cu-0.3 Be-1.8Ni 

Cu-5Ni-2.5T1 

0 20 40 60 80 100 0 20 40 60 80 100 120 
Displacements per Atom 

39m6065.11 

Figure 2. 
Illustrating the Range o f  Interactions Between Precipitation , Solute Redistribution, Transmutation, and 
Void Swelling. The designations HTA, HTB, SAA, CWA denote Cold-Worked, Annealed, Annealed and Aged, and 
Cold Worked and Aged, respectively. 

Wide Variety of Electrical Conductivity Behavior Observed in Five Alloys Irradiated in FFTF, 
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The complexity and variety o f  solute-related changes in conductivity for various copper allays is also 
illustrated in Figure 2. The large increases in conductivity observed in the CuNiTi and CuNiSn spinodally 
strengthened alloys are due to the dominant effect of radiation-induced and temperature dependent overaging 
o f  precipitates formed by spinodal decomposition, but at higher fluence the influence of void swelling and 
precipitation eventually begins to overwhelm the influence of solute redistribution and the conductivity 
begins to decline.(g1 

Internally oxidized alumina alloys exhibited the best overall performance in the Generati n 1.5 and 2.0 
experiments retaining the largest fractions of their electrical conductivity,(') and swelling 
resistance.(6.10,11) Swelling in this class o f  alloys was found to be very low, dependent on oxide content, 
and possibly dependent an cold work level. There is essentially no dependence o f  the electrical 
conductivity of these alloys on irradiation temperature since, in the absence of substantial void swelling, 
transmutation accounts for the majority of the decrease in condu~tivity.~'~~) The conductivity behavior of 
this class of alloys was covered in more detail elsewhere.(') Some of these data are reproduced in Figures 
3 and 4 for comparison with. the behavior of the solute-strengthened alloys. 

Conclusions drawn in this report concerning the origin of the conductivity change of a given alloy are 
derived not on1 from microstructural observations but also from changes in mechanical properties and dens it^.('-^,^'-^^ At higher exposure levels in alloys that do not resist swelling, microstructural 
examination is not always feasible, and the behavior must be inferred from changes in the macroscopic 
properties. 
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Figure 3. 
32 dpa at 529%) Dispersion-Strengthened and Spinodally-Strengthened Alloys from Generation 1.5. 

Measurement of Electrical Conductivity of Both Unirradiated and Irradiated (34 dpa at 411% and 
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Pre-lrradlation 50 dpa at 411 'C 
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Man Cu CuA115+B CuA120 CuA125 CuA125+weld 
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Figure 4. 
Dispersion-Strengthened and Spinodally-Strengthened Alloys from Generation 2.0. 

Measurements of Electrical Conductivity of Both Unirradiated and Irradiated (50 dpa at 411%) 
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CONCLUSIONS 

A wide variety of radiation-induced behaviors was observed in the electrical conductivity of various copper 
alloys irradiated in FFTF/MOTA. 
tion, starting state and temperature on three competing processes: 
redistribution. 
transmutation i n  general decrease the conductivity. In some cases these various contributions to 
conductivity can interact strongly to yield unanticipated results. 

This complexity arises from the sometimes interactive effects of composi- 
transmutation, void swelling, and solute 

The latter process can either increase or decrease the conductivity, while swelling and 

FUTURE WORK 

Conductivity measurements will proceed on Generation 2.0 alloys irradiated at 411°C to 100 and 150 dpa. 
Specimens for irradiation in Generation 3.0 are now being prepared. 
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BRAZING OF COPPER-ALUMINA ALLOYS 
National Laboratory), and R. C. Wilcox (Auburn University) 

- B. A. Chin, C. K. Lee (Auburn University), S. J. Zinkle (Oak Ridge 

OBJECTIVE 

The objective of this research is the development of an induction brazing process for GLIDCOP AI-15 using a silver-base 
brazing alloy. This objective centers on minimizing the time required at elevated temperatures during the brazing process in 
order to eliminate two major problems of furnace brazing. 

SUMMARY 

An induction braze has been developed to join copper-alumina alloys to eliminate the requirement for either plating the 
joining surfaces prior to brazing or the use of an inert cover gas or a vacuum pump to prevent excessive oxidation. Preliminary 
tensile tests of induction lap joints and fatigue tests of induction brazed butt joints have been conducted. A theoretical study 
of the diffusion of silver into the alloy has been compared to experimental EDX analysis. 

PROGRESS AND STATUS 

Introduction 

The economic feasibility of generating electricity using tokamak fusion reactors requires an increase in the ratio of energy 
output to the energy input of the reactor.' This increased ratio will require minimizing energy losses associated with particle 
drift and sputtering. These losses are associated with the method used by tokamaks to confine the plasma. The energy losses 
associated with particle drjft and sputtering are significant!.' Currently, Oak Ridge National Laboratory (ORNL) is investigating 
the design and material selection for three components that help combat these energy losses: magnets, limiters, and diverters. 
ORNL has established design criteria for the materials being considered for use. In addition, ORNL has targeted cold-worked 
GLIDCOP AI-15 as a possible structural material for all three devices because of the outstanding properties of this alloy? 

GLIDCOP AI-15 contains 0.15 wt % AI in the form of aluminum oxide particles4 60 to 200 Ain diameter. The particles 
are evenly dispersed and incoherent with the copper matrix. The ability of GLIDCOP AI-15 to retain a cold-worked 
microstructure (and the high strength associated with this structure) is due to the presence of the aluminum oxide particles. 
The alloy has an extremely stable microstructure, and can withstand extended periods of time at high temperatures w'thout 
recrystallization? The ability to retain a cold-worked high-strength microstructure after high temperature braze cycles, coupled 
with their high thermal and electrical conductivities, makes the alloy attractive for tokamak limiters6 as well as for other fusion 
enerw-related applications.',8 

Previous attempts for brazing GLIDCOP AI-15 have centered on furnace brazing techniques. The heat for this process 
is provided by placing the entire assembly to be brazed in a furnace. Several problems have arisen due to this method of 
brazing. The amount of time at elevated temperatures causes excessive oxidation of the base metal. Thus, in furnace brazing, 
either an inert cover gas must be blown through the furnace to displace the oxygen or a vacuum furnace must be used. Both 
methods are troublesome and time-consuming, requiring the monitoring of another set of parameters while brazing. 

If a silver-based filler material is used during furnace brazing, the joining surfaces of the cold-worked GLIDCOP AI-15 
must first be plated with annealed copper or nickel to prevent loss of filler material. Silver diffuses very rapidly through cold- 
worked copper alloys at high temperatures. Enough silver may actually diffuse away from the joining surfaces, if they are not 
plated, so that an insufficient amount of tiller would be left for brazing. 

Experimental procedure 

Brazed joints of GLIDCOP AI-15 using the BAg-5 brazing alloy (45 wt % Ag, 30% Cu, 25% were produced by using 
a 50-kW induction furnace with an oval-shaped helical coil. A range of braze times and power settings for consistent brazing 
were developed. Lap joints required 2.5 s to reach the melting point (745°C) of BAg-5 and 4 s to obtain 1ooo"C. For butt 
joints, the melting point of BAg-5 was reached in 9 s, and 12 s was required to obtain 1ooo"C. Several furnace-brazed joints 
were produced using the standard Ticusil cycle" which was utilized for the Tore Supra limiter program. This qcle is as follows: 
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1. Heat at 25"Umin to 815"C, hold at 815°C for 20 min 
2. Heat at 5"Umin to 87OoC, hold for 5 min. 
3. Cool at 2.5"CImin to room temperature. 

Overlap SS-1 type tensile specimens were machined from rectangular strips of GLIDCOP 4-15 obtained from ORNL 
in the form of cold-worked plates 0.762 mm thick. An Instron testing machine (crosshead speed was 0.254 mmlmin) was used 
to evaluate tensile properties." 

Subsize cantilever type fatigue specimens were prepared by cutting rectangular pieces from butt joints with dimensions 
slightly greater than the actual dimensions. Each piece was then milled to size. The specimens were 0.762 mm thick and had 
two circular notches of 6.35 mm radius. The gage length was 6.35 mm. Because the endurance at room temperature is sensitive 
to the surface finish, the subsize fatigue specimens were polished by hand using polishing papers and then electropolished using 
a 50% phosphoric acid, 50% water electrolyte at room temperature. The results yielded a polished surface completely free from 
machining effects. 

Recent Results 

SS-1 specimens were tested for evaluating the strength of brazed joints in shear. For each specimen, the average unit 
shear stress in the filler metal at failure and the average unit tensile stress in the base metal at failure were calculated as 
follows:'2 

Average u n i t  shear stress = Break ins  l o a d  
Length of o v e r l a p  * Width 

Average u n i t  t e n s i l e  stress = Break ins  l o a d  (2) 
Thickness  of base metal * Width 

I 

I 

I 
I 
I 

-1 1- -1- 

Average unit shear stress and average unit tensile 
stress as a function of overlap distance for SS-1 
specimens are shown in Fig. 1. For an overlap length of 
less than 1.5 times the thickness of the base metal, the 
samples failed in the braze or in the joint. For an 

base metal, all specimens failed outside the joint. 

400 I--+--- A overlap length larger than 1.5 times the thickness of the 

The preliminary results of fatigue testing of butt 
I A  

350 1 
1 
i 300 t I 

4 

I 

joints are shown in Fig. 2. On a log-log plot the fatigue 
results can be represented by a straight line. The two 
fatigue tests shown as solid circle data points in the 
figure were terminated after 20 and 45 days without 
failing. The fatigue results were calculated using the 
moment-deflection relationship for a cantilever beam 
and the value of 2.76 x 10' MPa (4 x lob psi) for the 
modulus of elasticity for the BAg-5 filler alloy. The 

Tensile Stress 
A 

i 
i 

! 

A 

i 

VI 

1 z 
3 I 

I 
major cause of concern is the presence of about 40% 
voids in the brazed butt joints. Experimentation is being 

2 

conducted to determine the origin of these voids. 
Additional butt joints are being designed in an effort to 
possibly eliminate the majority of these voids. Shear Stress i 

10 15 
0 t-----, ' ' ' , ' ' 

The following assumptions were made to estimate 
the amount of silver filler that diffuses into the 0 5 
GLIDCOP AI-15 microstructure. 

OVERLAP/THICKNESS 

Fig. 1. Average unit shear stress and average unit tensile 
stress as a function of the overlap distance for SS-1 specimens. 



208 

CYCLES 

Fig. 2. Fatigue data for induction brazed butt joints. 

1. The diffusion condition may be approximated 
as silver impurities in pure copper. 

2. The original concentration of silver in 
GLIDCOP AI-15 is 0.0%. 

3. The concentration of silver in the BAg-5 

4. Fick's second law applies and can be simplified 
brazing alloy is 45% (ref. 9). 

to 

(3) & / a t  = J(D  J c / J x ) / a x ,  

where c is the concentration of diffusing species, t is 
time, and x is the distance from the interface, and D is 
the diffusion coefficient. The diffusion coefficient was 
assumed to be independent of concentration gradient 
and time so Fick's second law reduces to: 

(4) amt = D J2c/aX2 , 

where D is calculated from: 

D = Do exp(-Q/RT). (5)  

Do is 0.63 cm2/s (constant for Ag in CU)," Q is the 
activation energy for diffusion, R is the ideal gas constant 
(1.987 calImoleK), and T is the absolute temperature. 

5. The activation energy for surface diffusion may be taken as one half of the activation energy for volume diffusion 
which is 46.5 KcaUmole (a constant for Ag impurities in Cu)." 

6. The effective temperature at which diffusion occurs is in the 800 to 1 W C  range. So, calculations were made for 
constant temperature diffusion at 1ooo"C. The brazing times were 3.5 to 4.5 s for the overlap tensile test samples, 14 s for butt 
joint fatigue samples, and 69 min for furnace brazing. Thus, diffusion times of 2, 4, and 943 s, respectively, were used in the 
calculations. 

7. The silver diffusion is a relaxation of an initial rectangular pulse of the form C, = 45% for -a<x<a and 0 elsewhere. 
At t = 0, the Fourier integral transform for this function is sin(pa)/p. Thus, the solution for Fick's second law can be written.'' 

m 
C ( X , t )  = [CO/Ir] 1 I [ s i n ( p a ) / p l  rcoS(PX)expl-S2Dt) I )  dS 

J -  
co = s o u r c e  Aq c o n c e n t r a t i o n  (45%) 
C ( x , t )  = A q  c o n c e n t r a t i o n  at a d i s t a n c e  x from the  interface. 

A scanning electron microscopy examination of the brazed interface revealed a small diffusion zone adjacent to the 
interface in both the induction brazed overlap and butt joints. On the other hand, a furnace brazed sample contained a large 
interdiffusion zone at the GLIDCOP AI-15 -- BAg-5 interface indicating considerable diffusion of silver into the copper alloy. 

Figures 3 to 8 show the results of real and theoretical diffusion measurements made for the diffusion of silver impurity 
atoms into copper. The calculations were made to get an estimate of the amount of silver filler that diffused into the GLIDCOP 
AI-15 microstructure. The calculations for pure volume diffusion indicated that practically none of the silver would diffuse into 
the GLIDCOP AI-15. Calculations based on pure surface diffusion suggested significant amounts of surface diffusion could 
occur. Figure 3 shows that the real diffusion (real line), the theoretical pure volume diffusion (sharp peak), and the theoretical 
pure surface diffusion for a furnace brazed sample. Figure 4 shows the theoretical silver diffusion based on the maximum silver 
concentration at the joint center being dropped to the same value as that of real measurement for the furnace brazed sample. 
This calculation utilized Eq. (6). The calculated diffusion coefficient at 1000°C from Fig. 4 is 2 x IO" cm%. Figures 5 and 6 
show the silver concentration at the center of the lap joint is still 45 wt % and the diffusion distance is less than 0.1 mm because 
only small amounts of silver could diffuse in the short time of 4 s. The calculated diffusion coefficient at 1ooo"C for the 
induction lap joint was 6 x lo' cm'ls. Figures I and 8 show the silver concentration at the center of a butt joint has dropped 
to 30 wt %; however, the diffusion distance is very small (0.05 mm). The diffusion coefficient calculated at 1ooo"C for a butt 
joint was 6 x 10.' cm%. 
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Fig. 3. The real diffusion (solid line) of silver, the theoretical pure volume diffusion (sharp peak) and the theoretical 

pure surface diffusion within a furnace brazed joint. 
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Fig. 4. Theoretical diffusion for a furnace brazed joint compared to the real diffusion of silver. 
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Fig. 5. The real diffusion (solid line) of silver, the theoretical pure volume diffusion (sharp peak) and the theoretical 
pure surface diffusion within an induction brazed lap joint. 
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The calculated diffusion coefficients at 1 W C  based on Figs. 3 through 5 are between 2 to 6 x 10" cm%, which are 
between the pure volume diffusion coefficient of 6.3 x 10" cm'/s and the pure surface diffusion coefficient of 6.3 x 10.' Cm'h. 
Therefore, grain boundary diffusion must play an important role during the diffusion process. 

Discussion 

The results indicate that a satisfactory induction brazing process can be achieved. Satisfactory tensile and fatigue 
properties can be obtained through the use of a silver filler alloy and induction brazing techniques. These mechanical properties 
are obtained without the use of a protective atmosphere. EDX composition analysis supported the idea that only a minor 
amount of silver diffusion occurred during induction brazing. 
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ENVIRONMENTAL EFFECTS ON S I C / S I C  COMPOSITES FOR FUSION STRUCTURAL APPLICATIONS - R. H. Jones, Pac i f i c  
Northwest Laboratory(a)  

OBJECTIVE 

The purpose of t h i s  study i s  t o  eva lua te  t he  da ta  base and i d e n t i f y  c r i t i c a l  da ta  needs on h i gh  temperature 
co r ros i on  and environment- induced crack growth o f  S i C / S i C  composites i n  r e l a t i o n  t o  t h e i r  p o t e n t i a l  use as 
s t r u c t u r a l  ma te r i a l s  i n  fus ion reac to rs .  

SUMMARY 

The chemical s t a b i l i t y  of S i C / S i C  composites i n  fus ion re l evan t  environments has been evaluated f rom the  
database a v a i l a b l e  i n  t he  l i t e r a t u r e  f o r  mono l i t h i c  S i c .  The r e s u l t s  of t h i s  assessment suggests t h a t  t h e  
pr imary chemical r eac t i ons  t h a t  w i l l  l i m i t  t he  s t a b i l i t y  of these ma te r i a l s  are:  
face and g r a i n  boundary g l ass  phases i n  a l i q u i d  L i  coolant ,  2) impu r i t y  e f f e c t s  on o x i d a t i o n  and t h e  o x i -  
d a t i o n  o f  the  f i be r /ma t r i x  i n t e r f a c i a l  l a y e r  i n  a He coo lan t  and 3) H, r educ t i on  of t h e  ' "passive" SiO, l a y e r  
and t he  r e a c t i o n  o f  t he  H, w i t h  S i c  t o  form gaseous r e a c t i o n  products.  
observed f o r  each o f  these reac t i ons  under c e r t a i n  cond i t ions ,  bu t  t h e  database i s  i n s u f f i c i e n t  t o  p r e d i c t  
whether s i m i l a r  p rope r t y  changes w i l l  occur i n  fus ion re l evan t  environments. 
da ta  i s  needed t o  eva lua te  t he  s t a b i l i t y  of S i C / S i C  composites f o r  long- term exposures i n  f us i on  r e l e v a n t  
environments. 

1) t i  reduc t i on  o f  sur-  

S t rength  degradat ion has been 

C lear ly ,  more experimental 

I n t r o d u c t i o n  

Ceramic m a t r i x  composites (CMC) are  being evaluated f o r  t h e i r  p o t e n t i a l  use as a s t r u c t u r a l  m a t e r i a l  i n  
f us i on  reac to rs .  
and low a c t i v a t i o n ;  however, p o t e n t i a l  l i m i t a t i o n s  a re  ma te r i a l  cost ,  f a b r i c a t i o n  complexi ty ,  l a c k  o f  design 
experience and t he  l a c k  of da ta  on r a d i a t i o n  s t a b i l i t y  a t  r e l evan t  temperatures and f luences.  
proposed on t he  assumption t h a t  CMCs have s u f f i c i e n t  s t r eng th  and toughness t o  meet t h e  design requirements; 
t h i s  assumption holds f o r  u n i r r a d i a t e d  ma te r i a l  bu t  remains t o  be demonstrated f o r  i r r a d i a t e d  m a t e r i a l .  

Recommendations f o r  t he  use of S i c  as a low a c t i v a t i o n  ma te r i a l  i n  f us i on  reac to r s  have been presented by 
Hopkins e t  a1 . ( ' I  More recen t l y ,  the  ARIES 11') design was based on t he  use of S i C / S i C  composites f o r  t h e  
d i v e r t e r  and f i r s t  w a l l .  The ARIES I design considered t he  use of S i C / S i C  composite a t  cond i t i ons  t h a t  a re  
w e l l  w i t h i n  t h e i r  s t r ess  and temperature l i m i t s .  
121 MPa and 70PC, r espec t i ve l y ,  w h i l e  t he  maximum f i r s t  w a l l  s t r ess  and temperature would be 77 MPa and 
94PC, r espec t i ve l y .  F rac tu re  t e s t s  conducted r e c e n t l y  a t  PNL a t  800% on S i C / S i C  composites obta ined from 
several  vendors showed them t o  have s t rengths  rang ing  from 302 t o  589 MPa i n  t he  u n i r r a d i a t e d  c o n d i t i o n  and 
120 t o  303 MPa f o r  ma te r i a l  i r r a d i a t e d  a t  800°C t o  loz2 n/cm2. 
f r ac tu re  behavior .  
S i C / S i C  composite ma te r i a l  exh ib i t ed  p rope r t i es  t h a t  meet t he  ARIES I design requirement. 

A recent  DOE workshop(3) t o  address t he  f e a s i b i l i t y  issues associated w i t h  s t r u c t u r a l  a p p l i c a t i o n s  of CMCs 
i n  fus ion reac to r s  r a i s e d  t h e  f o l l ow ing  issues:  1) hermet ic  and vacuum p r o p e r t i e s  r e l a t e d  t o  m a t r i x  
p o r o s i t y  (10.15%) and m a t r i x  microcracking from design s t r ess  and thermal cyc les,  2)  chemical c o m p a t i b i l i t y  
w i t h  coo lan t ,  t r i t i u m  and breeder a.:d m u l t i p l i e r  mater ia ls ,  r a d i a t i o n  e f f e c t s  on c o m p a t i b i l i t y ,  3)  r a d i a t i o n  
s t a b i l i t y  and i n t e g r i t y  and 4)  a b i l i t y  t o  j o i n  CMCs i n  t he  shop and a t  t h e  r e a c t o r  s l t e  and r a d i a t i o n  
s t a b i l i t y  o f  t he  j o i n t s .  A number o f  o the r  issues we-? considered gener ic  t o  t h e  developing o f  CMCs whereas 
those l i s t e d  above are  considered s p e c i f i c  t o  f us i on  and t he re fo re  shoulu be addressed by t he  fus ion com- 
muni ty .  Rad ia t ion  induced microcracking o f  t he  m a t r i x  i s  a more r e c e n t l y  i d e n t i f i e d  i ssue  t h a t  must a l so  be 
considered. D i f f e r e n t i a l  r a d i a t i o n  induced dimensional changes i n  t he  f i b e r s  and m a t r i x  cou ld  induce t h i s  
m i  c roc rack i  ng . 
The purpose of t h i s  r e p o r t  i s  t o  present  t he  r e s u l t s  o f  a survey of t h e  co r ros i on  c h a r a c t e r i s t i c s  o f  S i c  i n  
fus ion re l evan t  environments. 
chemical r eac t i ons  inc lude  S i c  w i t h  l i t h i u m  ( s o l i d  and l i q u i d ) ,  oxygen, water  vapor, hydrogen and be ry l l i um .  
Data on t h e  s t a b i l i t y  o f  S i c  i n  these environments i s  being evaluated f o r  o the r  programs such as t h e  
Nat iona l  Aerospace Plane (HJ, t he  ceramic S t i r l i n g  engine (H,) and t h e  Advanced Gas Turbine (molten s a l t ) .  
Data on S i C / S i C  composite ma te r i a l  i s  n e g l i g i b l e  so i t  i s  necessary t o  ex t rapo la te  da ta  from m o n o l i t h i c  
ma te r i a l .  
be repor ted .  

The c l e a r  advantages f o r  t he  use o f  CMCs such as S i C / S i C  a re  h i gh  temperature ope ra t i on  

T h e i r  use i s  

The maximum d i v e r t e r  s t r ess  and temperature would be 

The i r r a d i a t e d  ma te r i a l  r e ta i ned  R curve 
Therefore, a t  fluences about 1/10 of t h a t  needed f o r  f us i on  f i r s t  w a l l  design, t he  

Environments o f  i n t e r e s t  i nc l ude  l i q u i d  l i t h i u m  and he l ium gas. P o t e n t i a l  

Recent research on molten s a l t  co r ros i on  of S i C / S i C  composite ma te r i a l  conducted a t  PNL w i l l  a l s o  

(a) Operated f o r  t h e  U.S. Department of Energy by B a t t e l l e  Memorial I n s t i t u t e  under 
Cont rac t  DE-AC06-76RLO 1830. 
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PROGRESS AND STATUS 

p 
Silicon carbide will chemically react with 0,, H,, and H,O according to the following reactions: 

SiC(s) t O,(g) = SiO(g) + CO(g): Low Po, (la) 

SiC(s) + 3/20,(g) = SiO,(s) + CO(g): High Po, (Ib) 

SiC(s) t 2 H,(g) = Si + CH,(g) ( 2 )  

SiC(s) t 2 H,O(g) = SiO(g) t CO(g) + 2 H,(g) (3) 

Silicon carbide is thermodynamically unstable in 0 ,  H,, and H,O environments under certain conditions. 
However, the kinetics of these reactions can be affected by the formation of a protective layer of SiO, at 
high Po, such that Sic is stable in many corrosive environments. 
becomes critical to the stabilit of Sic. 
mined by Gulbransen and Jansson(4 as shown in Figure 1. At fusion relevant temperatures (800-lO00.C) this 
transition occurs at 0 pressures of lo-'' to 10.' atm. 
between SiO, and specific gaseous or molten salt environments, except in molten Li with a low 0, activity 
where SiO, i s  unstable. 

The stability of this "passive" layer then 
The 0, pressure for the Sic active-passive transition was deter- 

Therefore, the pertinent reactions then become those 

Relevant reactions with SiO, are given below: 

xSiO,(s) + Na,SO,(I) = Na,O . x(SiO,)(l) t SO,(g) ( 6 )  

where M is an alkali element such as Na and Li. A phase diagram for Na,O-SiO, system is shown in Figure 2 
and a phase diagram for the Li,O-Si0 system is shown in Figure 3. Both diagrams are given since most of 
the corrosion data i s  for Sic in Na bearing environments while Li is of interest for the application of Sic 
in a lithium cooled fusion reactor. Alkali elements such as Na and Li cause a breakdown of the "passive" 
SiO, film by forming low melting alkali silicates such as those that occur at 800% in the Na,-SiO, system 

Temperature 'C 
1000 11W 1200 13M)14001MO 

-2 t 
-4 

E - -6 
L 

0 
0 

/ 0 

-1 0 

Passlve Oxidallon 

0 
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Active Oxidation 
psi0 + CO' Po2 

1 
0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 

i r r ~  103 
39102004.2 

Figure 1. 
and Jansson. 14'  

Transition pressures for Sic active-passive oxidation versus temperature, according to Gulbransen 
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F igure  2. Phase diagram f o r  t he  system Na,0-Si0,.(’8) 

and 1024% i n  t he  L i  0-SiO, system. The e u t e c t i c  temperature i n  t he  Li,O-SiO, system i s  about 250% h ighe r  
than t h a t  i n  t h e  Na$-Si0 system and, there fo re ,  L i  i s  expected t o  have l e s s  e f f e c t  on t h e  “passive“  f i l m  
on S i c  a t  temperatures be5ow 1000°C than i s  Na. 

A summary of t he  behavior  of S i c  i n  gas-molten s a l t  environments as presented by McKee and Chat te r j i i 5 )  i s  
shown i n  F igure  4. Pass iva t ion  occurs a t  h i gh  Po, w h i l e  a c t i v e  o x i d a t i o n  ( fo rmat ion  of gaseous SiO) occurs 
a t  l o w  Po . A bas i c  s a l t  o r  s a l t  m e l t  w i t h  low Po, a t  t he  sa l t /S iC i n t e r f a c e  w i l l  cause a c t i v e  co r ros i on  as 
dep ic ted  by r e a c t i o n  scheme 4 and 5 .  McKee and C h a t t e r j i  suggest t h a t  S i c  w i l l  n o t  r e a c t  w i t h  H ; however, 
more recent  ana l ys i s  by Herbe l l  e t  a1.I6) i n d i c a t e s  t h a t  t he  e q u i l i b r i u m  p a r t i a l  pressure of CH6 [Eq. 2) i s  

t he  sample weight  change i n  t h e  t e s t  environment as a func t ion  o f  t ime i n  1 atm of H, a t  9OOi, they  
observed no r e a c t i o n  between S i c  and H, (scheme 1-F igure  4 ) .  However, t h e i r  gas may have had s u f f i c i e n t  0 
o r  H,O t o  cause pass i va t i on .  
atm of H con ta i n i ng  1 ppm of H,O t o  be 10.’ atm. Therefore, i t  would appear t h a t  a very  small  amount o f  H,O 
mixed wi$h 0, t o  promote SiO, formation would be s u f f i c i e n t  t o  s i g n i f i c a n t l y  reduce t h e  r e a c t i o n  r a t e  o f  
S i c .  

S t a b i l i t y  o f  S i c  i n  L i a u i d  L i t h i u m  

The co r ros i on  and f r a c t u r e  behavior  o f  S i c  i n  mol ten L i  has been evaluated by Curran and Amateaul’) and Cree 
and Amateau.(81 Both s tud ies  were conducted on a - S i c  exposed t o  a t h i n  l a y e r  of mol ten L i  on t he  sample 
surface. 
the  upper ho r i zon ta l  sur face of t he  sample p r i o r  t o  t h e i r  placement i n  a furnace w h i l e  a f l o w i n g  argon 
atmosphere was mainta ined i n  t he  quar tz  tube con ta i n i ng  t he  sample. Th i s  sur face  was then used as t h e  
t e n s i l e  sur face  i n  a four p o i n t  bend t e s t .  A decrease i n  t h e  room temperature f r a c t u r e  s t r eng th  f rom about 
350 MPa t o  about 150 MPa was found i n  both s tud ies  f o r  exposures exceeding 500°C. 
r e l a t e d  t o  L i  pene t ra t i on  down S i c  g r a i n  boundaries. 
d a r i e s  was considered t o  be t h e  pr imary cause o f  t he  r a p i d  i n t e r g r a n u l a r  penet ra t ion .  
r a t e s  were repor ted  as being extensive bu t  w i t h  no apparent e f fec t  on t he  f r a c t u r e  s t reng th .  

atm a t  temperatures o f  850 t o  1400% fo r  a H, pressure o f  1 atm. While McKee and C h a t t e r j i  measured 

Herbe l l  e t  a1.@) ca l cu la ted  t he  SiO(g) p a r t i a l  pressure f o r  r e a c t i o n  4 w i t h  5 

Frac tu re  s t reng ths  and toughness were determined a t  room temperature. A L i  sheet was p laced on 

The s t r eng th  l o s s  was 

Uniform co r ros i on  
Reaction w i t h  t h e  g l ass  phase i n  t h e  S i c  g r a i n  boun- 

I n  t h e  study 
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Figure  3. Phase diagram fo r  t he  system Li,O-SiO,. 

by Cree and Amateau,(81 they  found a bi-modal d i s t r i b u t i o n  i n  t he  f r a c t u r e  s t reng ths  where t h e  low s t r eng th  
group was r e l a t e d  t o  i n t e r g r a n u l a r  L i  pene t ra t i on  and t h e  h i gh  s t r eng th  group associated wi th  t h e  absence of 
g r a i n  boundary pene t ra t i on .  
s l i g h t l y  w i t h  i nc reas ing  exposure temperature t o  a value o f  about 300 MPa a f t e r  exposure a t  800 and 1000°C. 

Frac tu re  toughness values were a1 so repo r ted  by Curran and Amateaul') us ing  t h e  direct-crack-measurement 
i nden ta t i on  method. 
produced by i nden ta t i on  of t he  surface. Th is  method i s  very  s e n s i t i v e  t o  changes i n  t he  p r o p e r t i e s  of t h e  
ma te r i a l  near t h e  surface and i s  sub jec t  t o  e r r o r s  associated w i t h  t h e  compressive s t resses  c rea ted  by t he  
i nden ta t i on  process. 
s e n s i t i v e  t o  t he  e f f e c t s  o f  sur face  co r ros i on  reac t i ons .  They observed a decrease i n  t he  room temperature 
f r a c t u r e  toughness from about 4 MPaJm t o  about 2 MPaJm f o l l o w i n g  exposure t o  mol ten L i  f o r  30 min a t  600°C. 
A 30 min exposure t o  A r  a t  800°C caused a decrease t o  about 3 MPa./m, so t h e  e f f e c t s  o f  L i  a re  n o t  due s o l e l y  
t o  a co r ros i on  r e a c t i o n  b u t  t o  changes i n  t h e  p r o p e r t i e s  o f  t h e  near sur face  m a t e r i a l .  

The s tud ies  by Curran and Amateau('1 and Cree and Amateau@) were conducted f o r  r e l a t i v e l y  sho r t  exposure 
per iods  o f  30 t o  60 min. I t  was concluded i n  bo th  s tud ies  t h a t  exposure t ime  w i t h i n  these l i m i t s  d i d  n o t  
a f f e c t  t he  p rope r t i es ;  however, these exposure t imes are  t oo  sho r t  t o  suggest t h a t  f u r t h e r  changes w i l l  n o t  
occur du r i ng  extended f u s i o n  r e a c t o r  opera t ing  t imes. Also, t h e  repor ted  s tud ies  were conducted wi th  t h e  
S i c  exposed t o  a l i m i t e d  supply of l i q u i d  L i .  Exposure t o  a f l o w i n g  l i t h i u m  coo lan t  would l i k e l y  produce a 
h i ghe r  co r ros i on  r a t e  because t h e  co r ros i on  r a t e  would be expected t o  decrease as t h e  L i  became sa tura ted  
w i t h  SiC/SiO,.  

The r e s u l t s  r epo r ted  by Curran, Cree and Amateau are use fu l  f o r  es t ima t i ng  t he  p o t e n t i a l  e f f e c t  of Mo l ten  L i  
on mono l i t h i c  S i c ;  hokever, mol ten L i  coo lan t  i n  a f u s i o n  r e a c t o r  environment would be ma in ta ined  a t  a very  
low 0, a c t i v i t y  N h i l e  t he  da ta  o f  Curran, Cree and h a t e a u  was no t .  I n  low 0 a c t i v i t y  L i ,  L i  reduced SiO, 
so t h a t  r e a c t i o n  5 i s  n o t  appropr ia te  f o r  a L i  coo lan t  i n  a f us i on  reac to r .  $t i s  l i k e l y  t h a t  L i  i n  a low 
a c t i v i t y  0, environment would reduce t he  g r a i n  boundary g lass  phase and produce i n t e r g r a n u l a r  pene t ra t i on  
and c rack  growth. Therefore, da ta  on S i C / S i C  composite ma te r i a l  i n  a f us i on  ve levant  mol ten L i  environment 
i s  needed f o r  a c o r r e c t  assessment. Also, t he  repor ted  da ta  does n o t  cons ider  dynamic s t r ess  co r ros i on  

I n  t h e  absence of i n t e r g r a n u l a r  penet ra t ion ,  t he  f r a c t u r e  s t r eng th  decreased 

The f r a c t u r e  toughness was determined f rom t h i s  method by measuring t h e  c rack  l e n g t h  

The i nden ta t i on  f r a c t u r e  toughness measurements made by Curran and Amateau were 
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F i g u r e  4. P o s s i b l e  modes o f  behav io r  o f  S i c  i n  g a s- m o l t e n - s a l t  environments. 

processes b u t  o n l y  c o r r o s i o n  induced ( f l aw- induced)  s t r e n g t h  decreases. Examples o f  t h e  t y p e  o f  r e a c t i o n s  
t h a t  a r e  though t  t o  be s i g n i f i c a n t  i n  s t r e s s  c o r r o s i o n  o f  ceramics and ceramic composites a r e  shown i n  F i g -  
u r e  5. React ions w i t h  0, a r e  shown, b u t  o t h e r  r e a c t i o n s  such as those  g i v e n  by Equat ions 1-6 c o u l d  induce 
c r a c k  growth.  For  a composite m a t e r i a l ,  r e a c t i o n s  w i t h  t h e  f i b e r s  o r  whiskers b r i d g i n g  t h e  c r a c k  behind t h e  
c r a c k  t i p ,  t h e  f i b e r / m a t r i x  i n t e r f a c e  of these  b r i d g i n g  f i b e r s  and t h e  g r a i n  boundar ies ahead o f  t h e  c r a c k  
t i p  a re  a l l  i m p o r t a n t .  A l though d a t a  on t h e  c o r r o s i o n  r a t e s  o f  composite m a t e r i a l s  i n  f u s i o n  r e l e v a n t  e n v i -  
ronments i s  l i m i t e d ,  s p e c i f i c s  on t h e  r a t e  l i m i t i n g  c o r r o s i o n  s t e p  i s  even more l i m i t e d .  I n f o r m a t i o n  on t h e  
s p e c i f i c  r a t e  de te rmin ing  r e a c t i o n s  i n  S i C / S i C  composites w i l l  be needed t o  develop m a t e r i a l s  t h a t  a r e  
s t a b l e  i n  s p e c i f i c  fus ion  r e l e v a n t  environments. 

Data on t h e  e f fec t  of environments c o n t a i n i n g  Na on t h e  c o r r o s i o n  and c r a c k  g rowth  behav io r  o f  S i c  i s  con- 
s i d e r a b l y  more p l e n t i f u l  than  t h a t  f o r  mo l ten  L i  o r  L i  c o n t a i n i n g  environments. T h i s  d a t a  i s  u s e f u l  f o r  
e s t i m a t i n g  t h e  e f f e c t s  o f  L i  c o n t a i n i n g  environments on t h e  c o r r o s i o n  and c r a c k  g rowth  o f  SiC/SiC composites 
because t h e  phase diagrams f o r  Na 0 and Li,O w i t h  SiO, a r e  q u i t e  s i m i l a r ,  F igures  2 and 3. T h i s  suggests 
t h e i r  e f f e c t s  on t h e  ' "pass ive"  Sib, l a y e r  and g r a i n  boundary g l a s s  phase w i l l  be s i m i l a r .  As mentioned p r e -  
v i o u s l y ,  Na i s  expected t o  be more d e t r i m e n t a l  than L i  because o f  t h e  lower  temperature e u t e c t i c  formed i n  
t h e  Na 0 - S i 0  system. Jacobson(g1 eva lua ted  t h e  k i n e t i c s  and mechanisms o f  t h e  c o r r o s i o n  of s i n t e r e d  e-SiC 
i n  mol ten sa?ts a t  1000°C. 
f i r s t  few hours w i t h  t h e  f o r m a t i o n  of a p r o t e c t i v e  SiO, l a y e r .  
r e s u l t s  showing t h e  t o t a l  weight  o f  t h e  c o r r o s i o n  p r o d u c t s / u n i t  area r e a c h i n g  6 mg/cmz (SiO, t Na,O- x (SiO,) 
a f t e r  a few hours and rema in ing  cons tan t  up t o  20 h rs .  

However, as i n  t h e  s tudy  by Curran and Amateau,(') a l i m i t e d  amount o f  s a l t  was added t o  t h e  sur face.  
t y p e  o f  exper iment  i s  l i k e l y  t o  
c o o l a n t .  Jacobson and Smialek('Og a l s o  no ted  t h a t  S i c  i s  s u b j e c t  t o  p i t t i n g  c o r r o s i o n  i n  mo l ten  s a l t s .  P i t s  
occur red  a t  s t r u c t u r a l  d i s c o n t i n u i t i e s  and bubbles formed d u r i n g  t h e  f o r m a t i o n  o f  S i 0  . 
i s  d e t r i m e n t a l  because i t  demonstrates t h a t  t h e  ' "passive" SiO, l a y e r  has been degrade8 and because t h e  p i t s  
a c t  as f l a w s  r e s u l t i n g  i n  reduced f r a c t u r e  s t r e n g t h .  

I n  t h e  r e a c t i o n  o f  Na,SO/O, w i t h  S i c ,  t h e  r e a c t i o n  occur red  p r i m a r i l y  i n  t h e  
T h i s  o b s e r v a t i o n  was demonstrated w i t h  

T h i s  
i v e  much lower  c o r r o s i o n  r a t e s  t h a n  i s  p o s s i b l e  i n  a f l o w i n g  l i q u i d  L i  

P i t t i n g  c o r r o s i o n  
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4) Deformation rate of film at matrix-whisker interface 

Figure  5. 
r e i n f o r c e d  m a t e r i a l .  

Corros ion measurements o f  S i c  immersed i n  a c r u c i b l e  o f  mol ten Na SO, were conducted by T ress le r  e t  a l . ( " )  
Weight change r e s u l t s  f o r  bo th  S i c  and Si,N, i n  100% Na SO a t  l O O 6 T  a re  g iven  i n  F igure  6 where i t  i s  
ev ident  t h a t  considerable co r ros i on  occurs f o r  bo th  m a i e r f a l s  w i t h  S i c  showing a h i ghe r  co r ros i on  r a t e  than  
Si,N,. , Both m a t e r i a l s  e x h i b i t e d  a weight  loss because t he  r e a c t i o n  product  was removed p r i o r  t o  measuring 
t he  weight  change. 
r e a c t i o n  product  s p a l l a t i o n  occurs. These r e s u l t s  i l l u s t r a t e  t h e  concern expressed e a r l i e r  t h a t  a l a r g e r  
q u a n t i t y  o f  L i  o r  Na,SO, cou ld  r e s u l t  i n  a h i ghe r  co r ros i on  r a t e .  C lea r l y ,  if t h e  co r ros i on  r a t e  of S i C / S i C  
composites i n  l i q u i d  L i  approach t h a t  of t h e  mol ten s a l t ,  then these m a t e r i a l s  would be uns tab le  i n  a l i q u i d  
L i  environment a t  1000°C. 
co r ros i on  da ta  on S i C / S i C  must be obta ined a t  t he  r e l e v a n t  use temperature. 

Corrosion da ta  obta ined a t  PNL on SiC/Si,N, and S i C / S i C  composite m a t e r i a l s  i s  a l s o  presented i n  F i gu re  6. 
The co r ros i on  r a t e  o f  t he  composite m a t e r i a l  was found t o  exceed t h a t  o f  t h e  mono l i t h i c  m a t e r i a l  f o r  a 
N ica lon-S ic  r e i n fo r ced ,  hot-pressed Si,N, and a N ica lon  S i c  re in fo rced ,  CY1 S i c .  A S i c  whisker  re in fo rced ,  
hot-pressed Si,N, e x h i b i t e d  a co r ros i on  r a t e  s i m i l a r  t o  t h e  unre in fo rced  hot-pressed Si,N . The a c t i v a t i o n  
energy f o r  t he  co r ros i on  o f  t he  f i b e r  r e i n f o r c e d  m a t e r i a l  was 880 kJ/mol, w h i l e  t h e  whisker  r e i n fo r ced  and 
m a t r i x  m a t e r i a l  had an a c t i v a t i o n  energy o f  1280 kJ/mol, F igure  7. 
a c t i v a t i o n  energy f o r  t he  f i b e r  r e i n f o r c e d  m a t e r i a l  was associated w i t h  p r e f e r e n t i a l  co r ros i on  o f  t he  N ica-  
l o n  f i b e r .  The f i b e r  r e i n f o r c e d  ma te r i a l  had a carbon i n t e r f a c i a l  l a y e r  between t h e  f i b e r  and m a t r i x  w h i l e  
t he  whisker  r e i n f o r c e d  ma te r i a l  had a t h i n  amorphous g l ass  l a y e r .  However, t he  d i f f e r e n c e  i n  co r ros i on  
behavior  i s  n o t  thought  t o  be associated w i t h  t he  i n t e r f a c i a l  l a y e r  b u t  t h e  s t r u c t u r e  o f  t h e  N ica lon  f i b e r  
f o l l ow ing  hot-pressing,  F igure  8. 
pressed s t r u c t u r e  was c r y s t a l l i z e d  w i t h  evidence f o r  a Mg s i l i c a t e  i n  t h e  g r a i n  boundaries. The source o f  

Schematic o f  p o t e n t i a l  environment-crack t i p  r eac t i ons  i n  m o n o l i t h i c  Si,N, and Sic-whisker  

An i n  s i t u  measurement would p robab ly  e x h i b i t  a weight  ga in  up t o  t h e  t ime  a t  which 

It i s  n o t  l i k e l y  t h a t  L i  would be used a t  a temperature as h i gh  as 1000'C, so 

The d i f f e r e n c e  i n  co r ros i on  r a t e  and 

As produced, N ica lon  has an amorphous/microstryalline s t ruc tu re ;  t h e  h o t -  
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Figure 6. 
e t  al.) and S iC /S iC  composites (PNL data). 

Molten s a l t  corrosion data f o r  a) monol i th ic Si,N, (PNL data) and b) monol i th ic S i c  (Tressler 

the Mg was the MgO s in te r ing  a id  used for the hot-pressing process. Corrosion of the Nicalon f iber  along 
the glass enriched gra in  boundaries probably accounted for the h igh corrosion r a t e  of the Nicalon f i b e r  
reinforced composite material. 

The corrosion r a t e  of a S i C / S i C  composite produced by the C V I  process was also greater than tha t  o f  mono- 
l i t h i c  S i c ,  Figure 6. 
DuPont process, Figure 10, show the poros i ty  tha t  ex is ts  i n  mater ials made by t h i s  process. The corrosion 
tes ts  were conducted on mater ial  w i th  poros i ty  s im i la r  t o  tha t  shown i n  Figure 10 but w i th  var iab le  f i be r  
coatings. Composites containing f ibers coated w i th  C, BN, C-B,C-EN and no coat ing were evaluated. The 
corrosion r a t e  was highest for the material made w i th  f ibers wi th  no coating and the BN coating whi le 
composites made w i t h  C and C-B,C-BN coatings exhibi ted smaller corrosion rates. 
of these mater ials a t  900°C was considerably greater than tha t  o f  monol i th ic mater ial  a t  10005. Matr ix 
corrosion contributed t o  the major i ty  o f  the weight change whi le some f ibe r  corrosion was noted although 
t h i s  was a r e l a t i v e l y  small factor compared t o  the matr ix  corrosion. The open poros i ty  and penetration o f  
the molten s a l t  i n t o  the composite are considered the primary factors causing the h igh corrosion ra tes f o r  
the SiC/SiC. The extrapolat ion of these resu l t s  t o  tha t  of l i q u i d  L i  i s  d i f f i cu l t ,  especial ly since L i  
would be used a t  lower temperatures. However, these resu l t s  demonstrate the need t o  measure the corrosion 
r a t e  of composite mater ials and t o  make these measurements under condit ions relevant t o  fusion reactors. 

Fox, Jacobson and Smialek(12' found resu l t s  i n  burner r i g  corrosion studies o f  CMCs s im i la r  t o  those obtained 
i n  the PNL molten s a l t  studies sumnarized above. The burner r i g  tes ts  u t i l i z e  a hot combustion gas and 
would be expected t o  d i f f e r  from a molten L i  o r  He gas environments; however, molten deposits are only one 
mechanism f o r  corrosion i n  hot combustion gas studies. Fox e t  a l .  evaluated Si,N, reinforced w i th  30 volX 
S i c  whiskers and f ibers .  The method o f  processing f o r  the whisker re in forced mater ials was not reported; 
however, i t  was probably hot-pressed whi le the f i b e r  reinforced mater ial  was react ion bonded and had a 
residual poros i ty  o f  30%. Tests were conducted f o r  40 h a t  1000°C i n  an environment containing 2 ppm Na 
added as NaC1. Monol i th ic S i  N exhibi ted a lG% decrease i n  the f racture stress while the whisker re in-  
forced mater ial  exhibi ted a 392 decrease. The f i b e r  reinforced mater ial  exhibi ted an excessive corrosion 
rate, but no f rac tu re  studies were conducted. The high residual poros i ty  i n  the react ion bonded mater ial  
and the f ree  C from the carbon coated f i be r s  were postulated as the cause f o r  the high corrosion r a t e  i n  the 
f i b e r  reinforced material. 
composite mater ial  also exhibi ted a higher corrosion r a t e  than d i d  the hot-pressed Si,NJfiber o r  whisker 
reinforced mater ial .  

Microstructures o f  C V I  S i C / S i C  composites made by the ORNL process, Figure 9, and the 

However, the corrosion r a t e  

I n  the molten s a l t  corrosion studies conducted a t  PNL, the more porous C V I  



Figure 7 .  Molten salt corrosion data for Sic fiber and whisker reinforced Si,N,. 

The effect of corrosion on the mechanical integrity of SiC/SiC structural components is an important factor 
in the durability of a fusion reactor first wall constructed of SiC/SiC. Decreases in the fracture strength 
would be possible by corrosion penetration along grain boundaries as noted for Li corrosion of monolithic 
Sic. Smialek and Jacobson[131 also found that molten salt induced pits were responsible for up to 50% of the 
observed strength reduction of Sic after 48 hr at 100WC in Na,S04/S0,. 
stress and (pit illustrated the flaw induced fracture process. Henshall et a1 demonstrated 
that combustion gases containing alkali salts also contribute to accelerated subcritical crack growth of 
monolithic Sic, Figure 11. The crack velocity in the hot combustion gas was several orders of magnitude 
faster at a 50 K lower temperature than in air. The primary mechanism for this accelerated crack velocity 
is penetration of alkali ions into the grain boundary glass phase and the reduction in the viscosity of this 
phase. The reduced viscosity causes increased crack tip creep rates and creep damage. 

During this review, no data was found in the literature on radiation effects on molten salt corrosion, 
although some information on radiation effects on the active-passive transition was available. 
induced phase changes of Sic or phases present in grain boundaries or interfaces could alter the stability 
of these materials in molten Li, although any discussion of this topic would be speculation without further 
experimental data. 

A relationship between fracture 

Radiation 

The stability of SiC/SiC composites in a He coolant will depend primarily on the 0 and H,O partial pres- 
sures. A partial pressure of lo-'' to 
temperatures. The He coolant in a fusion reactor will undoubtedly have far more 0, than lo-' atm so that 
the primary corrosion issue will be the stability of this "passive" film. 

atm of 0, will stabilize a "passive" S i 4  layer at fusion blanket 

However, many SiC/SiC composites 
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Figure 8. Transmission electron micrograph of a Sic fiber following consolidation in a SiC/Si,N, composite 
produced by hot-pressing 

rely on a fiber/matrix interfacial layer such as C, B,C or BN for their fracture resistance, SO the stabil- 
ity of this layer in 0, and HI0 will also be important. Also, in the tritium breeding sections of the reac- 
tor, where He will be a carrier gas, the reaction of tritium with the SiC/SiC composite must be considered. 
Hydrogen formed by (n,p) reactions within the SiC/SiC will also react and contribute to mechanical property 
changes and subcritical crack growth. So reactions with hydrogen and its isotopes are potentially very 
significant for these materials. 

Spear et a1.(15) measured the oxidation rate of hexagonal, *-Sic platelets with both (0001) C and (0001) Si 
faces. The only solid corrosion product observed was Si0 , as given by equation lb, with CO(g) formed at 
the Sic-SiO, interface. The 0 pressure was to 1 at 1200 to 1500°C which is above the active-passive 
transition so the presence of siO(g) would not be expected. An activation energy of 120 kJ/mol was found 
for Sic which is very comparable to the value of 112 kJ/mol found for Si. Silicon nitride has a much higher 
activation energy of 486 kJ/mol because of the formation of a silicon oxynitride phase between the Si,N and 
the SiO, phases. A growth rate of 1.1 nm/min was determined for Sic at 1300Z in 1 atm of 0,. Oxygen h f -  
fusion was postulated as the rate limiting process up to 1350°C whereas above 1350°C ionic oxygen diffusion 
was rate controlling. 

The protective properties of the "passive" Si0 film are very sensitive to the impurities of the SIC from 
which the film is formed. 
to that of very high purity Sic produced by chemical vapor deposition; these authors observed an activation 
energy of 142 kJ/mol for CVD Sic and 217 kJ/mol for sintered =-Sic. This compares with the value of 
120 kJ/mol reported by Spear et al. for single crystal Sic platelets. 
much higher purity than the sintered =-Sic to which sintering aids were added. Vaughn and Maahs7"l in a 

Fergus and Worrell(*) compared the oxidation behavior of several batches of Sic 

Both the CVD and Sic plat lets are 
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Figure 9. Transmission optical micrographs o f  SiC/SiC composite material produced by CY1 (ORNL material) 

review of the active-passive transition for Sic showed that this transition was quite variable depending on 
the source of the Sic and other experimental conditions such as the gas flow velocity. The Gulbransen data, 
Figure 1, was very close to that determined theoretically, but most other materials exhibited much higher 
transition temperatures, presumably caused partially by variable impurity concentrations in the materials. 
Therefore, it will be necessary to obtain chemical compatibil ity data for material -environment combinations 
at fusion-re1 evant conditions. 

Results of oxidation studies of ceramic composites have not been reported, although Luthra('81 has presented 
some theoretical concepts on the oxidation of ceramic composites. 
of oxygen through microcracks, the solid state diffusion of oxygen through protective oxide layers, the for- 
mation of gaseous reaction products and the combined reaction of the matrix/reinforcement and oxygen. While 
the specific details of Luthra's analysis are not germane to SiC/SiC composites being proposed for fusion 
reactor applications, the concepts are relevant. In particular, the diffusion of oxygen through microcracks 
to react with the reinforcing fiber or the interface between the fiber and matrix is likely since SiC/SiC 
composites produced by the CY1 process will have at least 10% residual porosity and there is evidence that 
irradiation and/or the design stresses will induce matrix microcracks. Thermal cycling is also likely to 
induce matrix microcracking because of the thermal expansion mismatch between the reinforcing fiber and the 
matrix. For Sic fibers in a CVI Sic matrix, this mismatch will be small but is not zero. Luthra's analysis 
applies primarily to oxide matrix composites, where the oxygen will not react with the matrix. 
where the oxygen could react with the matrix, the transport would be considerably slower. 
SiC/SiC, Luthra's analysis should be extended to consider the reaction of oxygen with the matrix. 

The formation of gaseous reaction products is a definite concern for SiC/SiC composites in an 0, bearing 
environment such as a He coolant. The 0, pressure will be maintained sufficiently high to passivate the 

Luthra assessed the gas phase diffusion 

For SIC, 
In the case of 



Figure 10. Reflected light optical micrographs of a) longitudinal and b) transverse cross-sections of a 
SiC/SiC composite produced by CVI 
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surface of the SiC/SiC composite, but the atriviry wirnin microcracks or ahead of a diffusion profile will 
likely drop below the active-passive transition. The formation of Si0 or CO gas would then be possible at 
the interface between subsurface fibers and the matrix. Oxygen reacting with a carbon interfacial layer or 
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free carbon is another possible route by which CO could form. 
posite properties by causing debonding of the fiber from the matrix or adding residual internal stresses. 

Radiation could alter the corrosion properties of SiC/SiC composites by changing the stability of the 
material or by enhancing chemical reactions. 
on the active-passive transition of Sic containing 16% free Si. They concluded that a fast neutron flux of 
10" n/cmz did not cause a shift in the active-passive transition. 

The structural behavior of CMCs in a He environment will depend on: 
active or passive oxidation, 2) the stability of the fiber-matrix interfacial layer in 0 and 3) the stabil- 
ity of the fiber in 0,. Kim and Moorhead(261 have recently evaluated the flexural strengh of =-Sic at room- 
temperature following a IO-hr exposure to Ar-0 at '1400°C. Flexural strengths following exposure to Ar-0, 
mixtures with 0, partial pressures of 7 x 10.' 50 2 x MPa showed a strength reduction with increasing 
PO, up to about 2 x MPa, 
Figure 12. The minimum strength (60% of unexposed material) at 2 x lo+ MPa was the resu5t of active cor- 
rosion creating strength reducing flaws along grain boundaries and at pits. Easler, Bradt and Tressler(21) 
found that the room temperature flexure strength both increased and decreased upon exposure to air at 137U'C 
with and without an applied load. The strength increases were thought to result from oxidative blunting, 
while the decrea es that occurred under load were caused by subcritical crack growth producing larger flaws. 
Minford et al.(,,f also found that stress enhanced the uptake of 0 into Sic. Oxygen penetration occurred 
along cation enriched grain boundaries. A stress intensity threshold of about 1 MPaJm below which crack 
blunting occurred and above which crack extension occurred was found. At fusion relevant temperatures, 
active oxidation is not expected because the PO, in the He coolant is expected to exceed the active-passive 
transition. However, 10-hr exposure tests, as conducted by Kim and Moorhead, are an insufficient basis for 
determining the stability of SiC/SiC composites for a power plant that must operate for 1000s of hours. 

Oxidation can alter the dynamic crack growth behavior of Sic as well as reduce the fracture strength caused 
by corrosion induced flaws. A reduction in the K of =-Sic after being loaded to different stress intensi- 
ties for 4 hr at 1200 and 1400°C was reported by hinford et al.(") They reported a reduction in the Kt 
from 2.25 in the unoxidized condition to 1.75 MPaJm in the oxidized conditions at 12Oo'C and from 1.75io 
1.25 MPaJm at 1400°C for samples tested in air or pre-oxidized. They concluded that 0, caused a change from 
diffusion controlled crack growth to viscous cavity growth and linkage with a corresponding reduction in 
K was defined as the transition between crack blunting and growth as determined from the fracture 
skyength fo%owing the 4-hr static loading at various K values. McHenry and Tres~ler(~~) found that the Kt 
and subcritical crack growth rate was independent of the PO, for pressures ranging from lo-* to atm ana 
temperatures of 900 to 1100°C. The crack growth rate exhibited an Arrhenius temperature dependence with an 
activation energy of 20 kcal/mol that is consistent with viscous flow of a grain boundary glass phase. The 
lack of a dependence on PO, does not necessarily indicate that 0 did not induce crack growth, but that the 
effect of 0, was saturated at pressures above lo-' atm. Again, these results suggest a possible concern for 

This gas formation could degrade the cm- 

Bennett and Chaffe~('~) have examined the effect of radiation 

1) whether the material is undergoing 

MPa and a complete restoration of the as-polished strength at PO > 2 x 

The K 

Figure 12. 
atmospheres with various PO,. 

Room-temperature flexural strength of sintered a-Sic after exposure for 10 h at 1400'C in Ar 
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the use of SiC/SiC CMCs in a He environment, but the temperatures are higher than expected for a He cooled 
reactor (probably < lOOO.C), the tests were conducted for relatively short times and the data i s  for 
monolithic Sic and not for CMCs. 

Stability of Sic in He/H,,&i,O Mixtures 

As mentioned previously, H and H 0 will be present in some quantities in certain sections of the reactor 
blanket. Water will resul? from $he reaction of H with residual 0 , while H, will be present as an addi- 
tive to the carrier gas in the breeding blanket an8 from (n,p) reactions and the plasma in the first wall 
materials. 
in the National Aerospace Plane and in a ceramic Stirling engine where the H, chemical activities are con- 
siderably greater than expected in a fusion blanket. 

Herbell, Eckel, Hull and Mi~ra('~) have evaluated the thermodynamic stability o f  Sic in pure H at 1 atm as 
shown in Figure 13. 
reactions that produce SiH, and SiH are also possible at temperatures a s . 1 0 ~  as 900°C. At fusion relevant 
temperatures (9OO-lOOo"C), the reaction to form CH is 100 times greater than that for SiH and lo6 times 
greater than for SiH. A small amount of H 0 can after the phase stability such that at l h P C ,  and about 
1000 ppm of H,O, the dominant gaseous reaction products become Si0 and CO, Figure 14. Results for lower 
temperatures were not reported but the reaction of H 0 with Sit occurs at much lower temperatures so similar 
reaction products would be expected at lower temperaiures. 
strength of sintered Sic was noted by Herbell et a1.(25) for samples exposed to H saturated with H 0 for 
100 h at temperatures from 800 to 1400%. 
decrease i n  the fracture strength of sintered Sic after exposures of 500 h at 1100 and 1300°C. 
tically significant decrease in flexural strength was also observed after 50 h at lOOO*C. 
Sic in an Ar/H,O/S% H, mixture was calculated by Jacobson, Eckel, Misra and Humphreyi2" in the same manner 
as the H,/H,O mixtures, with the result shown in Figure 15. 

Studies on the stability of Sic in H, environments have been conducted primarily for application 

The primary gaseous reaction product is CH, as described by Equation 2 w h l e  other 

No loss in the room-temperature flexural 

In dry H, (25 ppm H,O), Hallum and Herke11(26) noted a 3& 
A statis- 

The stability of 

Except for the lower gas pressures and the 
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Figure 13. Partial pressures for gases i n  equilibrium with Sic in pure H, at 1 atm. 
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Figure 14. Stability o f  Sic at 1400Z in H, t H,O at 1 atm. 
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Figure 15. Thermodynamic analysis of Sic t 5% H,/Ar at 130WC. All pressures are in atmospheres. 

shift in the relative activities of Si0 and CH, in region 111, the results are essentially identical. 
13OWC, Jacobson et a1.(261 measured a weight loss of around 1 mg/cmz after 24 h in a region I 1  Ar/H,/H,O 
mixture. 

At 

CONCLUSIONS 

SiC/SiC composites have very attractive high temperature properties and fracture resistance coupled with low 
activation characteristics. However, there are a number of issues related to the application of these mate- 
rials for structural applications in a fusion reactor first wall and blankets. The chemical stability of 
these composites in the reactor coolants and in H, i,s a key question that must be answered before further 
development of these materials for fusion reactors i s  warranted. The data base available in the literature 
is inadequate to provide a quantitative assessment but is adequate to provide some guidance. 
ments evaluated in this review include: 
relates to a liauid lithium cooled svstem. the second to a He cooled svstem and the third to a varietv of 

The environ- 
1) liquid Li, 2) He/O, and 3) He/HJH,O. The first environment 

environments to 'which the composite haterial could be exposed including D/T from the plasma, internal-H from 
(n,p) reactions and T,/T,O/HTO in a sweep gas in the T breeding blanket. Essentially all of the available 
corrosion data is for monolithic Sic with little data available for comoosite materials. This assessment 
was therefore based on this data for monolithic materials with suggestibns made for composite behavior where 
possible. However, before StC/SiC composites can be utilized, it will be necessary to obtain chemical 
compatibility data for the desired material (from a specific vendor) in the fusion relevant environment. 

Corrosion and strength degradation of monolithic Sic has been observed after only short exposures to liquid 
Li at temperatures exceeding 500%; however, these studies were conducted in an environment with a rela- 
tively high PO . A low melting silicate, formed by reaction of Li,O and surface and grain boundary glass 
phases, could kave caused this reduction in strength. A liquid Li coolant in a fusion reactor will be main- 
tained at a very low PO, so that the primary reaction with a SiC/SiC composite will be with grain boundary 
or surface glass phases, since Sic is relatively stable in liquid Li at fusion relevant temperatures. Also,  
the effects of corrosion-induced flaws on fracture strength has been evaluated but the synergistic effects 
of stress corrosion cracking have not been determined. Data from molten salt corrosion studies, shows that 
SiC/SiC composites are more severely degraded than monolithic Sic at temperatures of 900% and above. How- 
ever, this result must be viewed skeptically with respect to application in liquid Li because molten salt 
corrosion is expected t o  be far more severe than liquid Li at low PO,. 

Oxidation of Sic in a He coolant is another possible reaction that could degrade its properties. 
it is expected that a reactor He loop will contain sufficient 0, that Sic will be in the "passive" oxidation 
range in which oxidation is kinetically limited. 
of the composite material will depend on the impurities in the material and the stability of the fiber/ 

However, 

Under these conditions it is expected that the stability 
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matrix interfacial layer. One study showed that radiation did not alter the PO, necessary for passive oxi- 
dation of Sic t 16% Si at temperatures up to 950%. A carbon interfacial layer will be unsuitable since it 
will readily oxidize, while other compounds used for the interfacial phase, such as B C and BN, will be 
unsuitable from a He transmutation or activation standpoint. Selection or development of this interfacial 
layer that is crucial to the toughness of these materials will be very crucial to the qualification of Sic/ 
Sic composites for fusion applications. Strength reductions have been reported for monolithic SIC at PO, 
values below the active to passive transition while strength increases were noted for pressures above the 
transition. However, these were short-term exposures on the order of hours and the effect of long-term 
exposures (1000s of hrs), such as in a reactor, must be evaluated before SiC/SiC composites will qualify for 
these applications. 

The stability of these materials in hydrogen is important because of the prevalence of hydrogen in a fusion 
reactor. 
products. A weight loss of 1 mg/cm2 was measured after 24 h in a Ar/H,/ZO environment at 130WC. Although 
this temperature is somewhaf high for a fusion blanket, thermodynamic calculations predict that similar 
reactions will occur at temperatures as low as 900%. No loss in the room temperature flexural strength was 
found for water saturated H, after an exposure of 100 h at temperatures ranging from 800 to 140WC, but a 
33% decrease was found for a 500 h exposure to dry H, at 11OOZ and 1300°C. Under certain conditions, H, 
could reduce the protective SiO, layer and cause active oxidation of Sic. 
SiC/SiC composites in H, bearing fusion reactor environments must be carefully assessed. 

FUTURE WORK 

Assessment of the suitability of SiC/SiC composites for fusion reactor applications will continue as time 
permits. Data on the oxidation, hot-gas crack growth, and radiation effects on fracture of SiC/SiC compo- 
sites being conducted for other programs will be evaluated in terms of its relevance for fusion applica- 
tions. Also, assessment of the leak rate of gases through SiC/SiC composites is being considered and will 
be undertaken if possible. 

Sic will react with H, under a variety of conditions with the formation of gaseous reaction 

Therefore, the stability of 
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EFFECT OF GAMMA IRRADIATION ON STRESS-CORROSION BEHAVIOR OF AUSTENITIC STAINLESS STEEL UNDER ITER-RELEVANT 
CONDITIONS--R. H. Jones and C. H. Henager, Jr., Pacific Northwest Laboratoryla) 

OBJECTIVE 

The objective of this research was to evaluate the role of radiolysis on stress corrosion of austenitic 
stainless steels under conditions typical of those expected in a water-cooled ITER. 

SUMMARY 

This study coupled with other published data supports the conclusion that g a m a  irradiation will not induce 
stress corrosion cracking if the oxygen activity in the ITER water coolant is maintained at a low level. 
This conclusion is based owstress corrosion cracking tests conducted at 1OPC in deionized water with 
10 ppm Cl- on solution annealed and sensitized Type 316 SS and PCA. The material was sensitized to about 
5 C/cm2 and fatigue crack growth tests were conducted in an autoclave exposed to a 60Co source with tests 
conducted at 0, 2 . 3  x 10' and 6.5 x lo5 rad/h. The material and water chemistry conditions were chosen to 
represent the worst case condition expected in an ITER resulting from poor welding and water chemistry con- 
trol. Crack growth rates were found to decrease by about a factor of 2 in the presence of both gamma 
fluxes. Average crack velocities were 2.0 and 1.5 x mm/cycle for Type 316 SS and PCA, respectively, in 
the absence of gamma irradiation and 1.3 and 0.74 x mm/cycle at both gamma fluxes. These results 
suggest, for the limited conditions examined in this study, that radiolysis alone will not cause stress cor- 
rosion cracking of slightly sensitized Type 316 SS or PCA in water with 10 ppm C1- at 100°C. 
tions that have not been examined and may cause crack growth include: 
activity water, hydrogen induced cracking of radiation hardening Type 316 SS and PCA and irradiation- 
assisted stress corrosion'cracking (IASCC). 

Other condi- 
radiolysis effects in high 0, 

PROGRESS AND STATUS 

Backsround 

Stress corrosion cracking occurs when specific combinations of material microchemistry, material micro- 
structure, environment chemistry and mechanical stress occur simultaneously. In austenitic stainless 
steels, the most severe material condition occurs when the precipitation of chromium-rich carbides at the 
grain boundary produce a condition known as sensitization. Important environmental variables include the 
concentration of oxygen, chloride, fluoride and sulfur ions in the water; temperature and pH. The mechani- 
cal stress may be static or cyclic resulting from externally applied loads or static stresses from residual 
stresses caused by welding or cold work. 
sion cracking is negligible or non-existent, exist. 

In previous 
occur at ITER temperatures if: 1) the material is sufficiently sensitized during fabrication and 2 )  the 
water chemistry is not controlled such that impurities such as C1- are allowed to exist in the coolant. 
Other processes such as the presence of radiolysis, hydrogen generation and uptake, IASCC are also important 
in stress corrosion of austenitic stainless steels; however, these processes have not been previously 
assessed for ITER relevant conditions. The effect of gamma radiolysis on the stress corrosion cracking of 
thermally sensitized Type 304 SS has been examined in water at 288"C.3 This study found that the strain to 
failure in a slow strain rate test was about 1/2 in the presence of gamma radiation relative t o  the non- 
irradiation environment. This suggests that radiolysis increased the crack growth rate by a factor o f  2 .  
Although this is not a major increase, the temperature dependence o f  this response was unknown, therefore 
tests were conducted at 100°C to assess the effect of radiolysis under more ITER-relevant conditions. 

IASCC is a phenomenon that results from an irradiation-assisted change in the grain boundary microchemis- 
try. 
enhanced diffusion mechanism are two processes considered to be the rimary microchemical changes responsi- 
ble for IASCC. Electrochemical experiments performed by Bell et al.'to estimate the onset of IASCC in 25% 
CW PCA irradiated to 7 dpa at 60 to 40PC, found no response in material irradiated at 60% but a signifi- 
cant response at 200°C. Therefore, IASCC may occur at temperatures between 60 and 200°C; however, there was 
some evidence that the increased corrosion current in these irradiated materials resulted from a bulk cor- 
rosion phenomenon and not a grain boundary process. Since ITER is expected to operate around 70°C, IASCC is 
not expected to be a major problem; however, thermal gradients and alterations in operating conditions could 
result in temperatures exceeding 70-C. Additionally, with the uncertainties in the temperature threshold 
for this phenomenon, experimental verification is necessary. 

Stress or stress-intensity thresholds, below which stress corro- 

it was shown that stress corrosion cracking o f  austenitic stainless steels will 

Chromium depletion by an inverse Kirkendall process or impurity segregation by a point-defect binding/ 

(a) 
Institute under Contract DE-AC06-76RLO 1830. 

Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
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Exoer imenta l  ADDrOaCh 

Crack growth t e s t s  were conducted i n  a s t a i n l e s s  s t e e l  au toc lave ,  F i g u r e  1,  immersed i n  a 60Co source. 
Constant K specimens, F i g u r e  2, were c y c l i c a l l y  loaded a t  1 Hz w i t h  a s i n e  waveform. 
and t h e  AK was 11 MPah.  The wate r  was d e i o n i z e d  and deaerated b e f o r e  be ing  p laced  i n  t h e  au toc lave  w i t h -  
ou t  water  r e c i r c u l a t i o n .  The t e s t  temperature was 100°C and a C1- c o n c e n t r a t i o n  of 10 ppm was added. T h i s  
was done t o  s i m u l a t e  t h e  "wors t "  case s i t u a t i o n  should t h e  ITER exper ience a p e r i o d  o f  poor  wa te r  chemis t ry  
c o n t r o l .  
gamma f l u x e s  were achieved by t e s t s  conducted i n  t h e  same au toc lave  a t  v a r y i n g  d i s t a n c e s  away from t h e  60Co 
source. 

The m a t e r i a l  used i n  t h i s  s tudy  was ob ta ined  f rom ORNL and was fus ion  heats,  X-15893, Type 316 SS and K-280, 
PCA. 
t ime  t o  develop an EPR v a l u e  o f  5 C/cm2. 

The R r a t i o  was 0.5 

Tests  were conducted a t  3 gamma f l u x  l e v e l s  of 0, 2.3 x 10' and 6.5 x IO5 rad/h. The v a r i a b l e  

;he samples were s o l u t i o n  annealed a t  11OPC, quenched and s e n s i t i z e d  a t  625% f o r  a s h o r t  p e r i o d  o f  

p 

Water c o o l a n t  i n  an I T E R  b l a n k e t  w i l l  undergo r a d i o l y s i s  p r i m a r i l y  f rom e n e r g e t i c  neu t rons  and gamma/betas. 
A l t h o u  h t h e  r a d i o l y s i s  p roduc ts  f a r  t h e  I T E R  b l a n k e t  spectrum have n o t  been a c c u r a t e l y  determined, Fox 
e t  a1 .' have made some c a l c u l a t i o n s  f o r  an aqueous environment under ITER-type c o n d i t i o n s .  They concluded 
t h a t  t h e  d i s s o l v e d  0, c o n c e n t r a t i o n  f rom gamma and neu t ron  r a d i o l y s i s  were 30 and 50 ppb, r e s p e c t i v e l y .  

CYCLIC LOAD AUTOCIAVE FOR RADIOLYSIS EXPERIMENTS IN 
THE GAMMA IRRADIATION FACILITY 

R HYORAULIC ACTIVATOR 

TO HYORAULIC 
PUMP &NO CONTROL 
SYSTEM 

PULL ROD 

6 LIFTING RAIL 

- PULL ROD SEAL 
L-)  

F i g u r e  1. Exper imenta l  apparatus t o  conduct f a t i g u e - c r a c k  p ropaga t ion  t e s t s  i n  an aqueous environment 
undergoing gamma r a d i a t i o n .  
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Figure  2 .  Constant K specimen f o r  gamma p i t  t e s t i n g  

They a l so  noted s i m i l a r  values f o r  t h e  H 0, concentrat ions.  
g e t i c  neutrons a t  producing e-, H' and Otf, but  s l i g h t l y  l e s s  e f f i c i e n t  a t  producing H,O,, H and H,, Table 1. 
The d i f f e rences  between t he  p roduc t ion  r a t e  fo r  these chemical species from i r r a d i a t i o n  w i t h  gannna/beta and 
18 MeV neutrons i s  r e l a t i v e l y  smal l ,  so i t  i s  expected t h a t  t he  water chemistry  o f  t h e  t e s t s  conducted i n  a 
68Co source c l o s e l y  approximate those t h a t  w i l l  be present  i n  an ITER b lanke t .  

The major e f f e c t  of r a d i o l y s i s  on gor ros ion  and s t r ess  co r ros i on  i s  expected t o  be t h e  s h i f t  i n  e l ec -  
t rochemical  p o t e n t i a l .  
Type 304 SS w i t h  t h e  a d d i t i o n  of 5 ppm H,O, t o  a i r  sa tu ra ted  water a t  25°C t o  which a small  q u a n t i t y  o f  H SO, 
was added. 
core  of an LWR a t  28W r e l a t i v e  t o  i t s  ou t - o f - reac to r  open c i r c u i t  p o t e n t i a l .  These s h i f t s  i n  e l e c t r o -  
chemical p o t e n t i a l  are i n  a d i r e c t i o n  t h a t  cou ld  make t he  ITER s t r u c t u r a l  ma te r i a l  more suscept ib le  t o  
s t r ess  c o r r o s i o n  c rack ing .  

Results 
Crack growth r a t e  r e s u l t s  f o r  t he  t h ree  t e s t  cond i t i ons  a re  g i ven  i n  Table 2 .  
unce r ta i n  because t he  c rack  grew ou t- o f - p lane bu t  t h e i r  r e s u l t s  a re  repor ted  f o r  completeness. 
were conducted f o r  each cond i t i on .  
(PCA-8 shows t he  l a r g e s t  e f f e c t )  t he  average crack growth r a t e s  a re  1.5 x 
PCA w i t hou t  and w i t h  gamma i r r a d i a t i o n  and 2.0 x 
w i t h  gamma i r r a d i a t i o n .  
r a te ,  a l though t he re  i s  a p o s s i b i l i t y  t h a t  i t  suppressed t he  c rack  growth r a t e  by about a f a c t o r  o f  2. 

Gamma r a d i a t i o n  i s  more e f f i c i e n t  than ener- 

Fox e t  a l .  observed s h i f t s  of up t o  100 mV i n  t he  open c i r c u i t  p o t e n t i a l  of 

S h i f t s  o f  up t o  300 mV i n  t he  open c i r c u i t  p o t e n t i a l  have been repor ted 6 f o r  Type 304 SS i n  (he 

A few o f  t h e  t e s t  r e s u l t s  a re  

and 0.74 x mm/cycle f o r  

C lea r l y ,  t he re  i s  no evidence f o r  gamma i r r a d i a t i o n  acce le ra t i ng  t h e  c rack  growth 

Two t e s t s  
I f  the  poss ib l e  ef fects of t he  ou t  o f  p lane  c rack  growth i s  ignored  

and 1.3 x mm/cycle f o r  Type 316 SS without and 

Table 1. 
Temperatures 

Gamma (and Beta) and Fast  Neutron (H+ + D+) Rad io l ys i s  Y ie l ds  (#/lOOeV) a t  Low (25-90°C) 

w curl wg21 m!U Lx!Q,l L(Hl W& 
Gamma 2.7  2.7 0.61 2.8 0.03 0.61 0.43 

18 MeV Neutron 1.48 1.48 0.91 1.7 _ -  0.64 0.68 
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Table 2. Results of Crack-Growth-Rate Tests in DI Water with 10 ppm C1- at 100°C 

Crack Radiation 
Specimen Growth Rate, AK Intensity, 
Number mm/cvcl e Rad/h 

PCA-2 2.3 x 10-5 10.8 0 
PCA-8 0.74 x 10.5 0 
ORNL-9 1.9 x 10-5 10.9 0 
ORNL-12 2.1 x 9.5 0 

PCA-4 0.71 x 10-5 10.9 2.3 x lo2 
PCA-5 0.86 10-5 10.5 2.3 x 10' 
ORNL-7 1.2 x 11.1 2.3 x IO2 
ORNL-8 0.99 x 10-~(~) 10.8 2.3 x lo2 

PCA- 1 0.61 x 10.6 6.5 x 105 
PCA-3 0.79 x 10.5 6.5 105 
ORNL-5 1.22 10-5 10.5 6.5 x 105 
ORNL-6 1.75 10-5 11.0 6.5 x 105 

(a) May be invalid due to off-planar cracking. 

DISCUSSION 

The stress intensity, water C1- concentration and material sensitization used in the gamma irradiation tests 
are expected to be more extreme than those encountered in the ITER structural first wall. 
coolant will be maintained below boiling, the coolant channels will be non-pressurized. The primary 
stresses will result from component loads, thermal strains, and residual stresses and vibrational stresses 
from the coolant. 
relationship: AK = Kmax (I-R). For a AK of 11 M P a h  and R of 0.5 as used in these tests, the Kmx was 
22 MPah. The fracture toughness of unirradiated Type 316 SS at 100% exceeds 100 M P a h  but is expected to 
decrease with irradiation. Tensile property data reported by Grossbeck showed uniform tensile elongations 
of less than 1% and total elongations of about 1% following irradiation to 10-15 dpa at 50% in HFIR. The 
total elongation of unirradiated, cold worked Type 316 SS is about 30% at 15%; thus, ITER irradiation con- 
ditions caused a decrease of about a factor of 4 in the total elongation. This decreases in elongation was 
accompanied by an increase in the yield strength. Similar .decrease in the fracture toughness are expected, 
but the magnitude of the fracture toughness following irradiation at ITER conditions has not been reported. 
I f  the fracture toughness decreases by a factor o f  4 ,  then a fracture toughness of about 25 M P a h  is pos- 
sible. 
ation test conditions, with Km 
end-of-life toughness for the R E R  structural first wall. The ITER design will be sufficiently conserva- 
tive that stress intensities within the structural first wall will be a small fraction of the end-of-life 
toughness. 
10 ppm C1- was added to the water to simulate the "worst" case conditions resulting from poor fabrication 
and water chemistry control. Because an enhancement in the crack growth rate was not observed for g a m a  
irradiation for these '"worst" case conditions, it is expected that gamma irradiation will not enhance the 
crack growth rate for more conservative material, water chemistry, and stress intensity conditions. 

Crack velocities can be estimated from fatigue crack growth rates by multiplying da/dn times the test fre- 
quency. 
the stress corrosion crack growth rates. The stress corrosion crack growth rates calculated in this manner 
for the PCA and Type 316 SS are plotted along with other stress corrosion data for Type 304 SS in Figure 3. 
The range o f  crack velocities of 0.75 to 2.0 x mm/s covers the PCA and Type 316 SS data both with and 
without gamma irradiation. The results are consistent with those expected for sensitized austenitic stain- 
less steel with C1- impurities, although the results are slightly on the high side for 15 ppm C1- at 100%. 
This is likely due to the more dynamic crack tip conditions existing in a corrusion fatigue test compared to 
a statically based stress corrosion test. 
squares is for 0, saturated and deionized water with low impurity concentrations. 
on the crack velocity at ITER-relevant temperatures is clearly demonstrated by this data as the crack growth 
velocity decreases drastically at 100°C in high-purity water. 
require only 28 hrs to penetrate a 1-mm thick structure. 
eliminate sensitization and water chemistry control to maintain impurities well below 1 ppm are clearly 
needed to ensure the structural integrity of the ITEK structural-blanket components. 

Since the ITER 

The maximum stress intensity is related to the delta stress intensity by the following 

If the ITER structural first wall reaches a fracture toughness of 25 MPahii, then the gamma irradi- 
equal to 22 MPah, would represent a test conducted very close to the 

As discussed previously, the material used in this study was moderately sensitized and 

In this case, the test frequency was 1 cycle/s so the corrosion fatigue crack growth rates equal 

In the figure, the data represented by the solid circles and 

A crack growth rate of 

The effect of impurities 

mm/s would 
Material selection and fabrication procedures to 
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0.24.002 ppm O2 

as crack 
Extends 

- 
- 

““0 A I I I I I  
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U-Bend-IGSCC 

0 25 ppm CC 34785, 
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304 SS, 0.07% C, 107-10~6 s.’ 

A 15 ppm CC Sensitized 
304 SS, 0.07% C 
Constant Load =by 

A 2 x 6’.  8 ppm 0,. 
15 ppm CI- 

15ppmNazS14, 
Sensitized 304 SS, 0.065% C 
Constant Load=l.Zby 

io 

Compact Tension Specimen 
3a910045.1 

Figure 3 .  
showing the effect of impurities in the water. 

Stress-corrosion crack growth rate versus water temperature for austenitic stainless steel 

Fatigue loading will occur in the ITER from start-up/shut-down cycl.?s, plasma cycles and coolant flow. How 
these cycles correspond t o  those used in the gamma stress corrosion tests is uncertain, but the cyclic load- 
ing from the plasma cycles and coolant flow will be high R ratio type loading while start-up/shut-down 
cycles are low R ratio type cycles. A comprehensive data set for ITER should include tests at a range of 
frequencies, R values and AK’S since this study only considered one value for each o f  these variables. 

Fujita et a1 . 3  and Saito et a1 .’ observed a decrease in the crack velocity in tests conducted in deoxy- 
genated water with gamma irradiation relative to tests conducted without gamma irradiation. 
increase was observed for tests conducted in oxygenated water with gamma irradiation relative to tests with- 
out gamma irradiation. 
304 SS was observed for deoxygenated water in a gamma f lux relative to tests without the gamma flux. 
oxygenated water, gamma irradiation caused a decrease in the total elongation. 
the water was controlled by bubbling H,, N or 0, through the water before circulation through the auto- 
clave. 
deoxygenated water as a result of gamma irradiation. 

However, an 

A 25%-increase in the elongation of a constant extension rate test specimen of Type 

The oxygen concentration in 
In 

Saito et al. used a RADIOLYSIS Modit to calculate the chemical apecies expected in oxygenated and 
These calculaiims suggested that deoxygenation of the 
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water w i t h  H, r e s u l t e d  i n  a reducing environment du r i ng  i r r a d i a t i o n  w i t h  gamma i r r a d i a t i o n  w h i l e  t h e  oxy- 
genated system became more o x i d i z i n g .  and H 
w i t h  a s i g n i f i c a n t  r educ t i on  i n  t he  0, concentrat ion,  whereas t he  o x i d i z i n g  environment r e s u l t e d  t$om t h e  
increase i n  H,O,. 
water had been deoxygenated p r i o r  t o  s t a r t i n g  t he  t e s t .  
system w i t h  H, bubb l ing  through water f lowing through t he  autoclave.  
v e l o c i t y  i s  cons i s ten t  w i t h  t he  c a l c u l a t i o n  o f  S a i t o  e t  
o x i d i z i n g  i n  t he  presence o f  the  gamma i r r a d i a t i o n  than i n  i t s  absence. 

A comprehensive database on s t r ess  co r ros i on  f o r  ITER must i nc l ude  t e s t s  conducted a t :  
concent ra t ions  a t  which gamma i r r a d i a t i o n  cou ld  cause more o x i d i z i n g  cund i t i ons  and 2) a w ider  range o f  tem- 
perature,  AK and R values. Hydrogen-induced, s u b c r i t i c a l  crack growth o f  s t a i n l e s s  s t e e l s  i s  a g rea te r  con- 
cern f o r  t he  i n t e g r i t y  of I T E R  s t r u c t u r a l  ma te r i a l s  than aqueous s t r ess  co r ros i on  c rack ing .  Polusuhin 
e t  a1.9 demonstrated t h a t  H d i f f u s i v i t y  i s  g r e a t l y  enhanced i n  a u s t e n i t i c  s t a i n l e s s  s tee l  du r i ng  neut ron  
i r r a d i a t i o n .  Ex t rapo la t i on  o f  t h e i r  da ta  t o  100°C suggests a f a c t o r  of IO3 i nc rease du r i ng  i r r a d i a t i o n  
r e l a t i v e  t o  t he  n o n i r r a d i a t e d  m a t e r i a l .  Since H-induced crack arowth i s  a f u n c t i o n  o f  H d i f f us i on  t o  t he  

The reducing environment r e s u l t e d  from the  p roduc t ion  of e 

The present  t e s t  r e s u l t s  were conducted w i t h  a s t a t i c  autoclave environment i n  which t h e  
Th is  i s  no t  t he  same as a dynamical ly  deoxygenated 

However, t he  suppression i n  t he  c rack  
which suggests t h a t  the  environment was l e s s  

1) h ighe r  oxygen 

crack t i p ,  t he  H-induced c rack  v e l o c i t y  a t  ITER-relevant  cond i t i ons  cou ld  be s u b s t a n t i a l l y  h i ghe r  than 
values obta ined ou t  o f  r eac to r .  
l i shed .  
than t h i s  value a t  200°C. Therefore, t he re  i s  a c r i t i c a l  need t o  i d e n t i f y  t h i s  l i m i t i n g  t h resho ld  s ince  t h e  
ITER opera t ing  cond i t i ons  i nc l ude  ma te r i a l  temperatures of up t o  350°C and f luences  o f  30 dpa. These param- 
e t e r s  a re  g rea te r  than those needed f o r  IASCC o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  which has been thorough ly  docu- 
mented t o  occur  i n  1 dpa a t  28PC. 

The f luence f o r  t he  onset o f  IASCC a t  70 t o  100°C has a l so  n o t  been estab-  
The r e s u l t s  of Bell e t  a l . '  suggest t h a t  t h i s  t h resho ld  exceeds 10-15 dpa a t  60% b u t  may be l e s s  

FUTURE DIRECTION 

Fur ther  experimental work on t h i s  task  i s  on ho ld  pending an increase i n  t he  neut ron  i n t e r a c t i v e  m a t e r i a l s  
budget. Analys is  of I A S C C  and hydrogen induced c rack  growth w i l l  be continued. Model c a l c u l a t i o n s  of C r  
dep le t i on  by t he  inverse  K i r kenda l l  process w i l l  be conducted f o r  temperatures o f  60 t o  200°C t o  eva lua te  
the  temperature and f luence th resho ld  f o r  IASCC f o r  ITER-relevant  cond i t i ons .  These c a l c u l a t i o n s  w i l l  be 
conducted a t  PNL i n  c o l l a b o r a t i o n  w i t h  a EES/DOE funded program on IASCC.  
neutron enhanced d i f f u s i v i t y  o f  H on c rack  growth r a t e  w i l l  be evaluated us ing  e x i s t i n g  models of H-induced 
c rack  growth f o r  f c c  metals. 

Also, t h e  poss ib l e  i n f l uence  of 
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RADIATION-INDUCED SEGREGATION IN IRRADIATED TYPE 304 ALLOYS FOR THE ICG-IASCC ROUND ROBIN 
-- E. A. Kenik (Oak Ridge National Laboratory) 

OBJECTIVE 

Comparative studies of radiation-induced segregation (RIS) produced in two type 304 allo by low temperature (288' C) 
irradiation are under way utilizing analytical electron microscopy for comparison with the observe r propensity toward irradiation- 
assisted stress corrosion cracking in austenitic stainless steels. 

SUMMARY 

Grain boundary RIS in two neutron-irradiated e by X-ray microanalysis. 
and enriched in silicon, 

similar width (56 nm) RIS zones 
at reduced magnitudes relative 

In the conventional alloy (LC), narrow (55  nm width) 9t 
phosphorus, and nickel were observed near grain boundaries. For the 
depleted in chromium and iron and enrichment in nickel were 
to those in the LC material. No si ificant se re ation of silicon or phosphorus was observed in the QC material. RIS zones 
associated with faulted dislocation Fops in they8material were detected and shown to be depleted in chromium and enriched 
in nickel and iron relative to the matrix. 

PROGRESS AND STATUS 

Introduction 

The International Cooperative Group on Irradiation-Assisted Stress Corrosion Cracking (ICG-IASCC) is concerned with 
the ossihility of irradiation-enhanced sensitization and stress corrosion cracking in commercial nuclear ower reactors. While 
IASEC is a current materials problem for fission reactors, it has ramifications for proposed water-coolei fusion machines such 
as the International Thermonuclear Experimental Reactor LFER). One of the concerns is that radiation-induced segregation 
(RIS) could result in sensitization and stress corrosion crac ng of austenitic stainless steels. The relationship between grain 
boundary chemistry and the pro ensi toward IASCC is being studied. The analytical techniques being applied to the 
measurement of near-grain bauniary xemistry include analytical electron microscopy (AEM), Au er electron spectroscop 

he studied. The current report is based on the preliminary g r a y  microanalysis study of two irradiated materials. 

Experimental Procedure 

(AES), and atom probe field ion microscopy. Grain bounda chemistry of both thermally aged an! irradiated materials wi r 1 

steel; the QC material is a hig[er purity version o r a  type 304 stainless steel with lower levels of siicon, 

microscopy mode with a probe diameter of <! nm.' Subtraction of 'in-hole" spectra from the measure % EDS spectra corrected 

radiation associated with the radioactivity of the specimen induced by neutron irradiation (predominantly Mn k X ra s) A 

Table 1 gives the com ositions of the allo s studied. The LC material is a commercial urity 

carbon with some nitrogen added to offset the reduced carbon level. The two alloys were irradiated 
boiling water reactors at 288'C nominally to the same fast neutron fluence [2.0 x 10" m-* (E > 1 MeV)]. 

Analytical electron microscopy was erformed on a Philip EM400TFEG in the scannin transmission electron 

for (1) the normal "in-hole" counts associated with uncollimated radiation from the microscope illumination s stem and (2 

liquid nitrogen cooled specimen holder was employed for X-ray microanalysis in order to minimize contamination the 
focussed spot. The quoted compositions are in atomic % as measured, and no attempt has been made to deconvolute the effect 
of excited volume size on the actual composition or rofiles. However, X-ray microanalysis was generally performed in foil 
thicknesses 550 nm, in order to minimize the effect o f  beam broadening on the measured composition at the grain boundary. 
Manganese is not included in the analyses as a result of the interference of Mn X rays associated with the decay irradiation- 
produced "Fe. The presence of a surface film enriched in chromium resulted in measured matrix levels of chromium that were 
-2.5 at. % high relative to the alloy composition. In addition, the presence of sulfur in that surface film associated with 
electropolishing in a sulfuric acidlmethyl alcohol electrolyte interfered with the measurement of sulfur segregation to grain 
boundaries. 

Figure 1 illustrates the composition profiles measured near a grain bounda in the irradiated commercial purity LC 
zone of RIS was observed at 

of chromium and iron 
material. Similar profiles were observed for other boundaries. A very narrow (2.53 nm 

at. %. The average composition ctanges for the boundaries measured 

the boundary with fast-diffusing chromium exhibiting the widest profile. The grain 
by -4.5 and -3.5 at. %, respective1 whereas silicon, phosphorus, and nickel were 

% (Ni), where positive values indicate enrichment at the boundary and 
significant segregation of sulfur was detected. 

Increased beam broadening associatcd with increased foil thickness has a strong effect on ihe ccim sitions measured 
at grain boundaries, which is especially pronounced as a result of the very narrow width of the observed prt&s. As the excited 
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Table 1. Alloy Composition ( a t .  %) 

Heat Cr Ni M n  S i  C N P 

19.95 8.60 1.99* 1.94 0.36* 0.08* 0.05* 67.03 LC 
QC 19.73 8.88 1.23 0.04 0.08 0.15. 0.004 0.005 69.88 
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FR 1. (a,b) RiSgrofiles measured by X-ray microanalysis at grain boundary in LC material irradiated to nominal fast 
neutron ux of 2.0 x 0 ni2 (E > 1 MeV) at 288 C. Dotted lines indicate average matrix composition away from boundary. 

volume increases in sizc (either from beam hroadcning or larger 
incident probe size), regions further from the ain huundary 
are included in the measured comg~)sition~ T E s  rcsults in a 
lower degree of segregatiiin Ling indicated hy the 
measurements. Table 2 illustrates the magnitude of the effect 
for a 25% decrease in foil thickness frnm -60 nm to -45 nm. 
The measurements made in foil thicknesses n f  - 45 nm more 
closel dp roximate the actual compositiun at the grain 
houn l a i  i tan  do thme made at -60 nm foil thickness. The 
enrichment of silicon. phosphorus, and nickel and the de letion 
of chrmnium and iron arc more priinounced for the smaler foil 
thickness 

Table 2 .  Measured Grain Boundary Composition (at. I) 
Versus F o i l  Thickness 

~~ ~ 

Fot 1 
Thlckners C r  N i  S i  P S FB 

(nml 

45  17.95 13.07 3.59 0 .77  0 .33 64.29 
60 18.75 11.90 2.33 0.53 0.14 66.35 

Figure 2 illustrates composition profiles typical of grain boundaries in the irradiated higher purity QC material. A narrow 
(4-6 nm width) RIS zone is observed with chromium aeain exhibitine the widest orofile. Thoueh the measurements were 
performed in similar fuil thicknesses and under similar exFerimental cohtions. the OC material exhhits a lower degree of KIS 
to grain houndanes than does the LC material. No statistically significant segregation [if silicon, phosphorus, or sulfur was 
detected. The average composition changes for the boundaries measured were 0.0 (Si), 0.0 (P). 0.0 ( S j ,  -1.7 (Cr). -0.Y (Fej. 
and 2.6 at. % (Ni), where positive valuesindicate enrichment at the boundary and negative valiues indicate depletion. 

Another difference between the 1x3 and OC materials was noted durine the AEM examination. a marked difference in ~~~~ ~~ ~~~~ ~~~~ ~ ~~~~ ~~ ~~~~~ -~ ~~~ ~~~~~~~ ~~ ~~~ ~~~~~~ ~~ ~~~ ~~~~~~~~ ~~~~~ 

ain size. One might e ect the higher purity QC alloy to exhibit the larger grain size for equivalentheat ueatmentsy 
Bowever, the QC material T ad an average grain size of -8 Wm (linear intercept method), whereas the LC material had a grain 
size of -16 pm. This difference in grainsue may indicate a difference in prfor cold-workingheat treatment between the two 
materials or some less obvious effect of the difference in alloy composition. 

As a result of the relatively low irradiation dose at 288'C, both materials exhibited moderate densities of small faulted 
dislocation loops (diameters ranging from 8 to 40 nm and other extended defects too small to be identified by bright-field 
imaging. Figure 3 illustrates the microstructure of the b C material, which is also typical of the LC material. Little or no grain 
boundary denuding was observed for these defects. X-ray microanalysis of edge-on faulted dislocation loops in the irradtated 
LC material was performed in foil thicknesses <20 nm, in order to minimize the effect of beam broadening on the diameter 
of the excited volume. Table 3 gives the avera e composition (Cr + Fe + Ni = 100 at. %) for several dislocation loops with 
diameters 225 nm, and the adjacent matrix. ?he measured chromium levels are high as a result of the chromium enriched 
surface film present and the small foil thickness of the analyzed regions. RIS to the faulted dislocation loop results in depletion 
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Fi .2. (ap) RIS rofiles measured by X-ray microanalysis at grain boundary in QC material irradiated to nominal fast 
neutron l u x  of 2.0 x l@m-' (E > 1 MeV) at 288 C. Dotted lines indicate average matnx composition away from boundary. 

Fi 3 Microstructure of QC material irradiated to 
nominal kst neutron flux of 2.0 x lp m-* (E > 1 MeV) at ~~~~~~~~~ ~ 

288.C. Kote both moderate density of small f h t e d  dislocaiion 
loops and other extended defects in matrix and the absence of 
significant denuding uf extended defects at grain boundary. 

Table 3. Awrage Conpositlon Near Faulted 
Dislocation Loops (a t .  X) 

(Cr  + Fe + N i  I 100 at. %) 

Cr Fe Nl 

Dirlocatfon LOW 21.57 65.94 12.49 
Adjacent Matrix 24.64 64.52 10.84 

of chromium -3 at. % and enrichment of nickel 
and iron by -7 5 at. %. There is an indication of 
silicon segre tion to some of the dislocation loops. 

segregation was poor as a result of the low X-ray 
count rate associated with the small foil thicknesses 
analyzed, and both the high background and poor 
energy resolution (-250 ev) associated with the 
induced radioactivity of the specimen. 

Discussion and Conclusions 

Thou h both materials exhibit very narrow (-5 
nm width) $IS profiles at grain boundaries, the 

LC material is more pronounced than in the hig x magnitude of the segregation in the commercial pun 

purity QC material. Depletion of chromium and iron 
and enrichment of silicon, hosphorus, and nickel are 
ohvious in the LC materiaf whereas less oronounced 

However, t e;. e detection limit for small silicon 

depletion of chromium and iron and the'enrichment 
of nickel are observed in the QC material with no 
significant segregation of silicon or phosphorus. 
Detection of sulfur segregation was hampered hy the 

presence of a surface film enriched in sulfur and chromium. When the influence of this surface film is eliminated, the averake 
chromium levels indicated at the grain boundaries are -15 at. % for the LC material and 18 at. % for the QC material. While 
these values are upper hounds for the actual grain boundary compositions as a result of relative sizes of the actual composition 
profiles and the excited volume, it is evident that the boundaries in the LC material are more depleted of chromium and as 
such should he more sensitive to irradiation-assisted stress corrosion cracking. 

Two obvious differences between the two materials are the higher urity and smaller grain size of the QC material. It 

irradiation tern erature. This concfusion is consistent with the absence of any significant denudin of extended defects near 

be the actual origin of the difference in RIS observed between the two materials. 

seems unlikely that a difference in rain size of the magnitude observed s R ould have any effect of RIS, especially for the low 

the grain houngries. This observation indicates that the mean free path of oint defects is less than % 0 nm, significant1 smaller 
than the grain sizes. However, the difference in grain size may simply re R ect the difference in alloy composition, wlich may 
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Certainly the reduced levels of silicon, hosphorus, and sulfur in the QC material eliminate significant RIS of silicon and 
eosphorus and presumably sulfur) to grain goundaries. However, the reason is less clear for the reduced magnitude of grain 

at. % oysilicon and phosphorus segregated to boundaries in the LC material would reduce the levels of tge other elements 
present, as the sum of all elements is constrained to 100%. While this effect could explain the reduced magnitude of RIS of 
chromium and iron in the QC material, it does not explain that of nickel. If silicon and nickel com ete for RIS to the 
boundaries, it would be expected that the absence of silicon segregation in the QC material would resufin increased nickel 
segregation (which is not observed). As such, there appears to be some synergism between RIS enrichment of silicon and 
possibly other elements and that of nickel. The enhanced enrichment of silicon and nickel in a material 
elements would result in enhanced depletion of chromium and iron relative to that observed in a material 
nickel. 

RIS obsemed in the irradiated LC material and the low irradiation dose prompted the The pronounced 
investigation of possible IS to faulte dislocation loops in the same material. RIS to dislocation loops has been observed for 
both ion and neutron irradiations at hi her temperatures.’2 The current study she? that RIS to b o t h p h  boundaries and 
dislocation loo s is still detectable by Zray  microanalysis for materials neutron-irradiated as low as 288 C. It IS possible that 
the zone of R P S around each dislocation loop may affect the pinning strength or tendency toward unfaulting of such small 
dislocation loops. As such, RIS to dislocation loops may affect the mechanical properties of stainless steels irradiated at such 
low temperatures. 

unda R IL for chromium, iron, and nickel in the QC material relative to that in the LC material. The resence of -3.2 

Fin 

FUTURE WORK 

Different specimen preparation is required to minimize the thickness of the surface film associated with electropolishin 
and to eliminate sulfur from the film. The possibility of defecting se egation of silicon and other minor elements to bot 
dislocation loops and grain boundaries will be investigated wth paralleydetection electron energy loss spectrosco (PEELS) 
in order to avoid the problems of high back ound, poor ener resolution, and extraneous sipals associatepwth X-ray 

boundarygIS in these two afoys. 

I! 

microanal is of radioactive s ecimens These P urther studies will aimed at understanding the origin of the difference in grain ’ 
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AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS FOR ITER STRUCTURAL 
APPLICATIONS - A. B. Hull and T. F. Kassner (Argonne National Laboratory) 

OBJECTIVE 

The corrosion resistance of the structural material to be used in an aqueous environment characteristic of 
candidate first wallhlanket systems in the International Thermonuclear Experimental Reactor (ITER) has not 
been quantified. Information obtained on the stress corrosion cracking (SCC) susceptibility of several candidate 
stainless steels under ITER-relevant conditions will help to  identify an optimal combination of structural mate- 
rials, coolant chemistry, and operational conditions for the ongoing ITER design work. The objective of this task 
is to provide baseline information on the SCC susceptibility of these candidate stainless steels in high-purity oxy- 
genated water that simulates many important parameters1 anticipated in ITER first wallhlanket systems. This 
particular evaluation has been done to assess the role of hydrogen in environmental cracking of austenitic 
stainless steels in an ITER-relevant aqueous environment. Material chemistry, threshold stress conditions, and 
irradiation-assisted stress corrosion cracking (SCC) could influence the performance of structural materials. 

SUMMARY 

Hydrogen embrittlement of candidate first-wall materials (e.g., stainless steel, or SS) is a key issue for ITER 
because of hydrogen production due to h p )  transmutation reactions; hydrogen generation of up to 2500 appm is 
anticipated. Material composition, changes in composition caused by transmutation reactions, irradiation 
damage, environment, and expected loading conditions were reviewed to assess the relative importance of vari- 
ous degradation processes for a fusion reactor first wall. The stability of austenite with regard to creation of 
deformation- or stress-induced martensite, a', was considered in relation to SCC and hydrogen-assisted crack 
growth in SSs at low temperatures (c15O0C). 

PROGRESS AND STATUS 

Earlier work focused on developing criteria to define the simulated ITER water chemistry for SCC testa on 
candidate steels.23 Interim results from a series of experiments to evaluate SCC susceptibility of Types 316NG. 
316, and 304 SS have been reported previously.4 No indication of SCC was observed in testa conducted at a strain 
rate of 3 x 10-7 s-1 in oxygenated water with sulfate additions (0.1-1.0 ppm) at  temperatures of 95 and 150°C. 

Additional testa5 were performed on these steels under more severe conditions, namely, lower strain rates 
and the addition of hydrogen peroxide to the oxygenated water. Predominantly ductile fracture was observed in 
crevice specimens of Type 316NG SS strained to  failure in a reference ITER water chemistry. The failure 
behavior of Type 304 SS crevice specimens heat-treated to yield sensitization values of 2,3, or 20 C/cmz by the elec- 
trochemical potentiokinetic reactivation technique demonstrated that the degree of sensitization had a dramatic 
effect on susceptibility to intergranular SCC (IGSCC). Type 304 SS specimens sensitized to  the higher value 
exhibited shorter failure times, lower maximum stresses, and lower reduction in area values than did less- 
sensitized Type 304 SS or Type 316NG SS specimens. 

Susceptibility of the steels, including weldments, to SCC under conditions that cause radiolysis of the 
coolant6 and embrittlement by hydrogen from n,p transmutation reactions in the steel during irradiation are 
currently being investigated. Crevice and noncrevice base metal and weldment specimens are being strained at  
rates of 1 to 3 x 10-7 s-1 in oxygenated water with H,02 and/or H2S04 at temperatures between 60 and 288°C. 
Ultimate strength, total elongation, reduction in area, and fracture surface morphology are being evaluated to 
determine the nature and extent of SCC. 

. .  on Mechanical Prouerties of Austen- 

Hydrogen effects on the properties of austenitic SSs and ferritic steels have been the topic of considerable 
research over the past 30 years. Some of the work7.8 is relevant to materials selection and long-term perfor- 
mance of fusion reactor components such as the first wall. Irradiation-enhanced diffusion of hydrogen and 
hydrogen-assisted crack growth in austenitic SSs may be of interest in assessments of tritium containment and 
integrity of irradiated structural components in a fusion reactor. 
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Regarding degradation of austenitic SS, many properties and failure mechanisms must be considered in a 
performance analysis of the first wall.9 Hydrogen production due to (n,p) transmutation reactions, primarily in 
Fe and Ni, occurs a t  a rate of =540 a p p d y r  in Type 316 SS for a time-averaged neutron wall loading of 1 MW/m2 
(14 MeW.9 The corresponding helium production rate from the h a )  transmutation reaction is =240 appdyr .  
Other transmutation products are formed a t  significant rates (e.g., Mn a t  =1200 appdyr).  Hydrogen and helium 
in the steel could influence mechanical properties10 and make welding repair of the structure difficult. 

Stress Znte itv Thres rac ' a d 

Stress intensity thresholds for crack growth are  useful in assessing maximum mechanical loads for a com- 
ponent containing a small crack or flaw such that failure of the component will not occur over the design life. 
SCC is ubiquitous because the threshold stress intensity factors, Kth, for crack growth are, in many instances, 
much lower than those for other modes of crack propagation. The implication is that under nominal loading 
conditions Le., tensile stresses well below allowable code values), small flaws (weld cracks, weld overlaps, corro- 
sion pits, crevices, etc.) can provide both the local environment and stress intensities for crack initiation and 
growth. For example, K a  for intergranular SCC of sensitized Type 304 SSll in oxygenated water at 289°C is =10 
MPamv2 and the value for transgranular SCC of Type 316NG SS12is higher by a factor of only 2 (e.g., -20-22 
MPamvz) under constant load or high-R cyclic loading. Crack propagation rates for SSs and nickel-base alloys 
are similar in light-water reactor (LWR) environments; consequently, efforts are made to control cracking by 
modifications in water chemistry and reduction of residual (and applied) stress levels.13 

A- 1 ss eels 

Another material parameter that can influence SCC and hydrogen-assisted crack growth in SSs at low 
temperatures (<15OoC) is the stability of austenite with regard to formation of deformation- or stress-induced 
martensite, a'. The transformation from austenite to martensite ( y  a') occurs almost instantaneously by a 
diffisionless nucleation and homogeneous shear process brought about by mechanical stresses and strains, 
where the composition of the resulting martensite is identical to that of the predecessor austenite but the trans- 
formation involves -2 % increase in volume. Because of the higher diffusivity of hydrogen in the bcc phase (by 6 
orders of magnitude at -25"C), transport of hydrogen in martensite is rapid and this could facilitate hydrogen- 
assisted cracking,10 fatigue crack pmpagation,'4 and SCC. 

As in the case of forecasting the probability of austenitic SSs to bot-crack and fissure during welding on the 
basis of material chemistry (ratio of Cr,,/Ni,,, where Creq and Ni,, are the chromium and nickel equivalents on 
a Schaeffler diagram),15 a correlation has been developed to predict the stability of austenite at low temperatures 
from the composition of the steel.16 

and D- 

Both bot-cracking and a' formation must he considered in the selection of a "nuclear-grade" steel for the 
ITER first wall; the carbon concentration must he <0.025% in order to mitigate sensitization (grain-boundary C r  
depletion) of the heat-aEected zone of welds and IGSCC. The degree of sensitization (DOS) has been demon- 
strated to be a key parameter correlating grain-boundary microchemistry to SCC resistance. A high DOS corre- 
sponds to  high susceptibility to IGSCC at temperatures <1OO0C.5J7 

When the correlations discussed above are used to assess the susceptibility of commercial heats of AIS1 300- 
series SSs to bot cracking and a' formation as described in actual chemical analysis reports (Table l), one finds 
that most low-sulfur, low-phosphorus (S + P <0.02 wt.%) heats have a Creq/Nieq >1.48 and consequently will 
exhibit good weldability (Fig. 1). In contrast, austenite stability a t  low temperatures (arbitrarily defined as the 
characteristic temperature at which 50% of the austenite transforms to martensite under a tensile true strain of 
0.30 and termed Md30)16 varies over a surprisingly wide range (Fig. 2). Because carbon, nitrogen, and molyb- 
denum are more effective in stabilizing austenite at low temperatures than are nickel, silicon, and manganese, 
Types 301,304, and 304L SS (with lower nitrogen) have a higher susceptibility for a' formation. Types 316L and 
304LN (low carbon, high nitrogen) and 316NG SS exhibit relatively good stability, as does Type 317LN SS (0.1% N 
and 4% Mo). However, nitrogen is not a good alloying element to provide strength or austenite stability in SSs 
exposed to a faskneutron flux because of the h a )  transmutation reaction. 



Table 1. Austenite stability of different heats of AIS1 300-8eries stainless steels 

Composltlon (wt.96) Cr,/N4, Md13ol 
Grade Heat C N P S SI NI Cr M o  M n  IP + SI (wt.96) IT) 

30 1 -12) 0.052 0.038 - 0.009 0.48 7.25 17.10 0.24 1.28 1.91 0,009 49.1 

304 -(e1 0.060 0.024 - - 0.39 8.60 18.40 0.06 0.33 1.80 - 33.0 

304 9T2796 0.046 0.038 0.026 0.012 0.47 9.30 17.70 0.33 1.17 1.66 0.038 23.4 

304 -I2) 0.061 0.041 0.025 0.010 0.58 8.54 18.00 0.18 1.72 1.70 0.035 15.5 

304 82103 0.050 0.028 0,022 0.008 0.45 9.80 18.28 0.09 1.52 1.58 0.030 15.3 

304 -I2] 0.061 0.027 0.023 0.020 0.59 9.42 18.20 0.14 1.33 1.61 0.043 14.7 

304 53319 0.060 0.029 0.024 0.013 0.59 8.88 18.33 0.14 1.69 1.68 0.037 14.7 

304 30956 0.060 0.100 0,019 0.007 0.48 8.00 18.70 0.20 1.63 1.91 0.026 -22.1 

304LN - 6 1  0.025 0.139 0.014 0.009 0.78 9.55 18.54 0.20 1.77 1.80 0.023 -30.9 

304L 05895 0,011 0.075 0.024 0.029 0.36 9.53 18.03 0.11 1.80 1.74 0.053 15.8 
304L V70200 0.023 0.079 0.03 0.018 0.39 8.25 18.15 0.30 1.79 1.94 0.048 15.2 
304L -I5] 0.024 0.074 0.021 0.010 0.51 8.64 18.7 0.20 1.63 1.93 0.031 7.9 

304L 18491 0.016 0.090 0.028 0.013 0.46 8.87 18.42 0.35 1.67 1.91 0.041 3.2 

304L G351 0.016 0.089 0.028 0.028 0.30 9.82 18.41 0.35 1.78 1.72 0.054 -4.7 

316L 92106 0.015 0.040 0.022 0.002 0.49 11.15 16.33 2.06 1.59 1.54 0.024 2.4 

316L 16650 0,018 0.054 0.026 0.013 0.43 10.39 16.50 2.09 1.78 1.63 0.039 -2.1 

316NG P91576 0.015 0.088 0.020 0.010 0.42 10.95 16.42 2.14 1.63 1.57 0.030 -11.0 

316NG 13198 0.013 0.085 0.022 0.017 0.64 10.70 16.51 2.08 1.63 1.64 0.039 -17.7 

316NG 18474 0,009 0.110 0.029 0:002 0.39 10.20 16.31 2.07 1.75 1.67 0.031 -18.4 

316NG 467958 0.020 0.069 0.029 0.008 0.64 12.74 17.14 2.43 1.51 1.46 0.037 -47.0 

316NG D442604 0.014 0,100 0.018 0.002 0.46 12.85 17.29 2.52 1.66 1.45 0,020 -62.9 

316NG D440104 0.015 0.098 0.011 0.002 0.49 13.25 17.91 2.48 1.75 1.45 0.013 -75.0 

316NG NDE-28 0.014 0,110 0.020 0.0002 0.52 13.58 17.79 2.59 1.77 1.42 0.020 -84.1 

317LN - 0.025 0.140 0.016 0.010 0.61 13.66 19.32 4.54 1.69 1.62 0.026 -161.0 

0 . 1 ' , ,  , I , ,  , ; ,  , , I , ,  , I 

AIS1 300-Series l Stalnless Steels 
0 304 
8 316t WN 1 
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o'08{ 
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Fig. 1. Hokracking susceptibility of various heats of SSs. 
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Regarding the effect of hydrogen on crack growth in Types 301,304, and 310 SS,'o the conclusions are: (1) the 
amount of deformation-induced a' in Type 304 SS is not affected by hydrogen concentration up to 4 0  wppm 
(-2230 appm), (2) second-stage crack growth rates increase with hydrogen concentration and austenite instability, 
(3) threshold stress intensity for slow crack growth and the critical stress intensity for rapid ductile fracture 
decrease with increasing hydrogen concentration and decreasing stability of the austenite phase, and (4) a 
threshold hydrogen concentration exists below which embrittlement does not occur. 

These results have several implications in an assessment of hydrogen-induced cracking of a fusion reactor 
first wall. 

304 
304LN $ 304L - 

0 316L 
316NG 
317LN 

I ,  I I I I I ,  I 1  I , -  
I 

1. 

2. 

3. 

Although the two heats of Type 304 SS used in the crack growth study'" were very susceptible to a' formation 
(as quantified by magnetometer measurements and substantiated by calculated Md30 values from the alloy 
compositions in Table l), a Type 316 SS for the ITER first wall would'have a greater austenite stability a t  low 
temperatures by controlling the alloy composition. (Cold working for strength or stability under f a s k  
neutron irradiation is not necessarily consistent with a low a' content in the steel.) 

Although there is a threshold hydrogen concentration below which embrittlement of Type 304 SS does not 
o a r  (-7 wppm, or =390 appm),lO this threshold value would be exceeded before end-of-life of the first wall 
a t  a hydrogen production rate of =540 appm/MW-y/mz. The threshold hydrogen value for less-susceptible 
materials must be defined. 

The decrease in the threshold stress intensity, Kth, to an asymptotic value of =65 MPamuz as the hydrogen 
concentration increases to values >50 wppm in Type 304 SS has interesting implications for the integrity of a 
first wall subjected to static and cyclic stresses. The ASME code limits the primary stress for an  SS compo- 
nent to 0.9 times the yield stress or 0.33 times the ultimate strength of the steel, whichever is lower (Le., 
=ZOO MPa). Although the peak thermal stress for a 5-mm-thick Type 316 SS fusion reactor first wall 
(approximated by a long cylinder with free ends) at a neutron wall loading of 2 MW/m2 is =544 MPa,g this 
occurs only in a thin surface layer and the stresses are relieved by small amounts of plastic deformation and 
cracking. Thus the crack is driven by the primary stress. A simple analysis indicates that a crack must be 
approximately one-half the wall thickness to exceed the threshold stress intensity for hydrogen-induced 
slow crack growth a t  a design stress of 200 MPa. This implies that relatively deep cracks (a significant 
fraction of the wall thickness) must be present initially, or must grow by other mechanisms (e.g., fatigue or 
SCC), before the cracks could grow by a hydrogen-induced mechanism. In other words, because of the 
relatively high threshold stress intensity (=65 MPamWz), the first wall would be flaw-tolerant from the 
standpoint of "failure" by hydrogen-induced cracking even at high hydrogen concentrations (=2800 appm) in 
the material. 

, 
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4. 

5. 

6. 

I. 

Because second-stage crack growth rates are so high (-10-6 ms-l), the time required for a crack to  penetrate 
the remaining ligament is very short, <1 h. Consequently, efforts to further quantify crack growth rates of 
that magnitude in stainless steels would not contribute significantly to assessments of component perfor- 
mance. For comparison, stress corrosion crack growth rates in SSs are lower by 4 to 6 orders of magnitude, 
and consequently are an important consideration in evaluating the remaining useful life of flawed compo- 
nents. 

In this analysis, a thumbnail-shaped through-wall crack from SCC or a hydrogen-induced cracking 
process would produce a small water leak into the vacuum chamber that would be readily detected; the loca- 
tion of the leak would be more difficult to determine. To determine whether a catastrophic failure could 
occur, the resistance of the steel to tearing (JR curve) must be determined for use in safety analyses. It is 
likely that hydrogen and neutron damage will decrease the fracture toughness properties of the steel. 
Accelerated crack growth associated with stage-2 crack growth under high loads would also lead to a 
further apparent decrease in the JR curve under most loading rates. JR-curve data on steels with a range of 
hydrogen concentrations, a' content, and loading rates are needed to assess the resistance to  fracture under 
various plant loading conditions, including dynamic (seismic) loading. 

Crack growth tests should be performed on hydrogen-eharged SS specimens with different compositions 
(austenite stability) in oxygenated water to confirm that the aqueous environment does not significantly 
decrease the threshold stress intensity values compared to those in air. 

Austenitic SSs in LWR components are susceptible t o  irradiation-assisted stress corrosion cracking 
(IASCC) at  very low stress intensity values after accumulation of a critical fluence (>5 x 1020 dcrnz, 
E >1 MeV). IASCC has been associated with radiation-induced segregation (RIS) of alloy and impurity 
elements at grain boundaries in the materials. RIS is strongly dependent on fast-neutron flux and 
temperature. The fldtemperature conditions in LWRa are conducive for RIS and may contribute to IASCC 
of the steels (Fig. 3). However, the first wall m a y  be less susceptible to IASCC because the lower tempera- 
tures and higher flux in ITER may decrease the degree of RIS. Further testing and evaluation will be 
required to determine if this is in fact the case. 

CONCLUSION 

An analysis was made of hydrogen effects and transport in austenitic stainless steels. Experience and 
understanding gained from fission reactor technology were applied to fusion reactor conditions. 

0.8  

0 . 7  

0.6 
RADIATION-INOUCEO 
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tr 
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Fig. 3. Radiation response as a function of temperature and fast 
neutron flux. 
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FUTURE WORK 

SCC susceptibility of selected austenitic steels (such as Types 316,316L, and 316NG SS) in the solution- 
annealed, solution-annealed and cold-worked, and solution-annealed and moderately sensitized conditions will 
be determined for ITER materials selection. The data base will be extended from 95 to = 250°C. 

Crack growth testa will be initiated on fracture-mechanics-type specimens under cyclic loading conditions. 
Crack growth tests will also be conducted on H-charged specimens with a range of austenite stability in oxy- 
genated water to determine threshold stress intensity values. JR-curve data will be obtained on steels with a 
range of hydrogen concentrations and a' contents to  assess resistance to fracture. 
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PRELIMINARY ASSESSMENT OF AQUEOUS CORROSION OF NIOBIUM ALLOYS FOR STRUCTURAL 
APPLICATIONS IN THE ITER DIVERTOR - A. B. Hull, B. A. Loomis, and L. J. Nowicki (Argonne National 
Laboratory) 

OBJECTrVE 

The objective of the program is to obtain information on baseline mechanical properties, chemical com- 
patibility, and radiation damage of selected niobium alloys under conditions of interest for fusion reactors. The 
purpose of this task is to asaess the compatibility of niobium alloys with high-temperature water for the divertor 
in ITER. 

SUMMARY 

Niobium and Nb-base alloys are under consideration as candidate materials for the ITER divertor structure. 
Unalloyed Nb and binary alloys of Nb-2.5Ti, Nb-2.5Zr, Nb-2.5Hf, Nb-2.5V, Nb-2.5Ta, Nb-2.4Mo. Nb-2.5W, Nb-2.5Fe, 
Nb-2.5Ni. Nb-2.5Ti. and ternary alloys of Nb-2.5Ti-2.5Ta. Nb-2.5Ti-2.5M0, Nb-2.5Hf-2.5M0, (expressed in terms of 
atomic percent alloy addition) were exposed to high-purity water with <30 ppb dissolved oxygen in a refreshed 
stainless steel autoclave (with a 1300-psi overpressure) to determine the extent of oxidation as a function of time at  
3OOOC. Corrosion data are presented for pure Nb and for ten binary and three ternary Nb-base alloys exposed for 
up to 2906 h. All alloys exhibited weight gains exeept Nb-2.5Ni, Nb-2.5Ta, and Nb-2.5Fe, which lost weight &r 0, 
1500. and 2200 h, respectively. Of the alloys that gained weight, the V and Mo additions were the most effective in 
minimizing weight gain. The ternary alloys incorporating Mo were superior in terms of both resistance to 
weight gain and embrittlement. 

PROGRESS AND STATUS 

The recommended divertor concept for the technology phase of the ITER consists of a water-cooled Nb alloy 
divertor plate with a relatively thin W coating as the plasma facing material. The divertor plate in ITER will be 
subjected to high heat loads, radiation damage, and surface erosion. Niobium alloys. along with Cu and Mo 
alloys, have been selected as primary candidate materials for the divertor structure.' 

Niobium alloys offer considerable advantages over Cu and Mo alloys for firsewall and high heat-flux 
applications. Serious limitations of Cu alloys are their low melting temperature and their susceptibility to 
accelerated erosion-corrosion where high water velocities are encountered.2 A Nb alloy allows a better thermal 
expansion match between the thin (4 mm) W coating and the substrate; thus, interfacial stresses are reduced. 
Niobium (~41)  has advantageous thermophysical properties similar to those of Mo (2x42): low thermal 
expansion coefficient. and high melting point (2467°C). In addition, Nb alloys are more easily fabricated and 
appear to be much less susceptible to radiation-induced embrittlement than are the Mo alloys. 

On the basis of a more extensive data base, Nb-1Zr waa considered as the lead Nb-base alloy option for the 
divertor structure material. The fusion-relevant properties of Nb-1Zr were reviewed in detail earlier.3 

Because low-temperature water (-6O'C) has been selected as the reference coolant, most of the divertor 
structure will operate at temperatures below 200OC. Temperatures of several hundred degrees will be reached in 
areas exposed to peak heat fluxes of 10-15 MW/m2. Hydrogen embrittlement due to hydriding as a result of the 
aqueous corrosion is a major concern. Erosiodcorrosion is also a concern because of the high coolant velocities 
required for heat removal.4 Tritium permeation into the coolant and tritium inventory in the alloy are also of 
concern. 

-8 

Sheet material5 was sheared into test specimens -7.4 x 25.4 x 0.1 mm. The specimens were annealed at 
1000°C for 1 h to remove any intrinsic H. To avoid reintroduction of H, the samples were not polished but used in 
the as-received condition after 30-8 ultrasonic cleaning with methanol. 

Because of the individual variations in specimen geometry and through-hole dimensions, the surface area 
was determined by image analysis techniques. The images were transferred to a Macintosh I1 computer by 
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means of the Image 1.35 pmgram.5 Surface area values computed by this technique deviated little fmm the 
values obtained by the standard technique, based on multiple measurements with a sensitive micrometer. 

The corrosion exposures were conducted in a refreshed autoclave system. The tests were conducted at  300% 
(k2"C) and a system pressure of 1300 psi, well above the 1250-psi equilibrium pressure corresponding to saturated 
steam. The water flow rate through the system was -11 cm3/min. 

The dissolved oxygen content of the exit stream from the reservoir was monitored with an Orbisphere oxygen 
indicator, Model 26075, sensor 21152. The oxygen level in the inlet water was also checked intermittently, and 
adjustments to this inlet oxygen level were made to maintain a constant outlet level of 4 0  ppb 02. The corrosion 
specimens were supported from wires of matching composition to avoid the possibility of any galvanic action 
between Nb and stainless steel wire in high-temperature water. A more complete description of the experimental 
procedure and a schematic diagram of the autoclave system were presented earlier.6 

The corrosion tests, which extended for a total of 2906 h, were interrupted after approximately 168,736,1453, 
and 2189 h for removal of the specimens from the test (Table 1). Weights were determined to i 0.001 mg with a 
Mettler microbalance. A modified bend test was performed to screen the samples for variations in ductility. 

The weight-change data from the tests are summarized in Table 1. Weight gains were observed in all alloys 
for exposure times up to 1500 h except for the Nb-2.5Ni, which lost weight immediately. 

The fracture susceptibility upon bending the specimens is shown in Table 2. When the ductility of a speci- 
men was considered good, i.e., when the specimen fractured only after unbending a fold, did not fracture on 
unbending, or exhibited neither fracturing or cracking of the corrosion layer (fracture index <4), the surface layer 
was microscopically examined. Severity of corrosion-layer cracking can be defined in terms of the depth of corro- 
sion scale; in decreasing order, cracking indexes 4 to 1 signify deep cracking to no cracking. 

As can be seen in Table 2, the ternary Nb-alloys exhibited good resistance to embrittlement. As shown in 
Fig. 1, next in fracture resistance were the binary Nb alloys including Group IVa elements. The relative corro- 
sion layer cracking of the better alloys is shown in Fig. 2 for exposures up to 120 days. In both Figs. 1 and 2, an 
average was plotted from Table 2 of the fracture and corrosion layer cracking index. 

The oxidation and corrosion susceptibilityB of niobium and niobium alloys are complex phenomena with 
various rate-determining processes. These can include a chemisorption reaction at the metal surface, anion or 

Table 1. Influence of alloy composition and time on weight change (g/m2) in Nb-base specimens 

163 3.14-b 1.85 1.97 1.73 1.69 1.99 3.03 2.16 --b -b .-b -b 

736 12.50 9.77 4.96 5.75 3.03 11.62 4.85 10.34 5.39 -1.43 5.27 2.20 2.85 

1453 --e 14.49 8.87 9.04 3.61 19.29 6.68 --e 8.85 -2.58 8.31 2.81 3.58 

2189 -_ __ 9.73 10.72 3.79 16.72 8.96 -- 9.27 -- 9.64 3.23 3.40 

2906 -b -- 10.58 12.34 3.66 --b 9.93 -b 4.70 --b 9.90 3.15 3.58 

acontaining 2.5 at.% of the additional alloying element. 
b No test was run under these conditions. 
C Specimen fragmented. 
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Table 2. Phenomenological observations of fracture susceptibility and corrosion-layer cracking 

Exposure Time (days) 
I 30 el 90 120 

Structural Fract. Crack. Fract. Crack. Fract. Crack. Fract. Crack. Fract. Crack. 
Material Index* Indexb Index Index Index Index Index Index Index Index 

Nb 
Binary Alloys 

Nb-2.5Ti 
Nb-2.5Zr 
Nb2.5Hf 
Nb-2.5V 
Nb-2.5Ta 
Nb-2.4MO 
Nb2.5W 
Nb-2.5Fe 
Nb-2.5Ni 

Ternary Alloys 
Nb-2.5Ti-2.5Ta 
Nb2.5Ti-2.5Mo 
Nb-2.5Hf-2.5Mo 

__ __ 2 3 3 3 3 3 3 4 
2 3 3 4 3 4 3 4 
2 2 2 3 3 4 3 4 

-- __ 
-- __ 

8Fracture susceptibility can be defined by the mechanical response upon bending specimens: a fracture index of 6 
indicates brittleness and breakage before bending test began: 5, fracture at 90' bend; 4, fracture after 180' bend 
3, specimen fractured only &r unbending of a fold; 2, ductility was such that no fracture occurred even on 
unbending of a fold; 1, there was neither fracturing nor surface cracking of the corrosion layer. 

microscopically examined. Severity of corrosion-layer cracking can be defined in terms of depth of corrosion 
scale: a cracking index of 4 indicates deep cracking: 3, moderate cracking: 2, minor cracking; and 1, no 
cracking. 

bWhen the ductility of a specimen was considered good, Le., fracture index of <4, the surface layer was 

cation diffusion through the bulk oxide, and interfacial mass or  electron transport.9 If an over-all reaction 
proceeds through two consecutive steps. e.g., diffusion-induced metal oxidation followed by interface reaction, the 
step with the smaller activation energy will be rate-limiting at higher temperatures. The linear oxidation rates 
observed for Ti, one of the alloying elements in the present study, represent a phase boundary reaction at a metal- 
oxygen interface.10 

Alloys in which both the base metal and the alloying metal are oxidizable, as is the case in this study, may 
form either a single-phase or  composite oxide. The presence of small amounts of alloying elements can signifi- 
cantly reduce the oxidation rate of the base metal because of the retarded diffusion through the oxide of the 
alloying element.11 On the other hand, an unstable composite scale with an outer homogeneous oxide and an 
inner heterogeneous layer consisting of oxide and base-metal enriched alloy may occur when the oxidation rate of 
the more reactive alloying component considerably exceeds that of the more stable base metal.12 

Although acknowledging the importance of the governing processes discussed briefly above, the niobium 
alloys are grouped in the following discussion, primarily for simplification, in the context of the electronic con- 
figuration of the alloying elements. 

The Group N a  metals, as defined by IUPAC notation,13 Ti, Zr, and Hf, have an outer electronic configura- 
tion of d2s2 and although possessing multiple oxidation states, the most common and important valence, espe- 
cially in aqueous chemistry, is +4. In general, the Group N a  metals are subject to greater reactivity with both 0 
and H than metals with higher valency.14 As shown in Fig. 3, Ti is intrinsically very reactive in the presence of 
0 and forms a tenacious passivating film, giving it corrosion resistance in a range of media. The corrosion 
mechanisms for Zr and Hf are very similarl5 but Hfis considered superior to Zr in corrosion resistance in both 
water and steam.16 
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Fig. 1. Fracture susceptibility index for Nb-base 
alloys. The closed symhols represent an average value 
for the ternary alloys under consideration: Nb-2.5Ti- 
2.5Ta, Nb2.5Ti-2.5M0, Nb-2.5Hf-2.5Mo. The open 
symbol represents an average value for the Group IVa 
binary alloys under consideration: Nb2.5Tii, Nh-2.5Zr, 
Nb-2.5Hf. Notation is defined in Table 2. 
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Fig. 2. Corrosion layer cracking index for Nb-base 
alloys. The closed symbols represent an average 
value for the ternary alloys under consideration. 
Nb-2.5Ti-2.5Ta. Nb-2.5Ti-2.5Mo. Nb2.5Hf-2.5Mo. 
The open symbol represents an average value for the 
Group IVa binary alloys under consideration: 
Nb-2.5Ti, Nb2.5Zr, Nb-2.5Hf. Notation is defined in 
Table 2. 
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Fig. 3. Weight gain versus time for binary Nb-base alloys containing 
Group IVa alloying elements exposed to pure water at  300°C. Each 
symbol represents weight gain for a single specimen after a specific 
exposure time. 

The Group Va metals V, Nb, and Ta), with d3s2 outer electronic configurations and valences defined as 5, 
react exothermally with H and easily form hydrides. In general, the corrosion rate is determined hy the defect 
structure of the oxide film; for this reason, as shown in Fig. 4, the corrosion resistance of Nb is slightly less than 
that of Ta. The superior oxidation resistance of V in Fig. 4 can be attributed to its low ionic radius. Vanadium 
has m ionic radius of 0.59A, compared to 0.69A for Nb and 0.68A for Ta.13 Unalloyed Nb has rather poor resis- 
tance to gaseous oxidation and corrosion by high-temperature water.17 
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Fig. 4. Weight gain versus time for binary Nb-base alloys containing 
Group Va alloying elements exposed tu pure water at  300°C. 
represents weight gain for a single specimen aRer a specific exposure 
time. 
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The Group VIa metals (Mo and W), with d5s1 outer electronic configurations, may be hypothesized to be not 
as subject to oxidation or H embrittlement as the Group IVa or  Group Va metals. However, in reality, Mo is very 
oxidation-prone with its corrosion-resistance decreasing in oxidizing environments.18 Both Mo and W have ionic 
radii smaller than that of Nb, but the difference is not as great as with V. The main effect observed in Fig. 5 is 
oxide stability. Both the the W and Nb oxides are more stable than the Mo oxide. As can be seen in Figs. 4 and 5, 
the general corrosion of Mo is lower than that of Nb and significantly less than that of Ta.19 

The Group VIII metals (Fe and Ni) are characterized by valences of 3 and 2. respectively. The addition of Ni 
and Fe have a pronounced deleterious effect on Nb-base alloys (Fig. 6).  The adverse effects of Ni can be related to 
its valence of +2, lower than that of the other alloying elements. The film formation in the Nb-2.5Fe alloy was ini- 
tially stable, but after 2200 h, the adherent film apparently degraded. This may involve the formation of internal 
oxidation12 in which the faster growing iron oxide buries the niobium oxide. The instability of the oxidation film 
may be due to slow diffiion in the Nb relative to diffusion in the iron oxide. There was apparently no protective 
film forming on the Nb-2.5Ni alloy. 

Generally, the corrosion behavior of most ternary systems appears to be an average of the corrosion behav- 
iors in the respective binary systems. In terms of both weight change (Fig. 7) and fracture and surface cracking 
(Figs. 1 and 2). the ternary alloys are considerably better. An earlier study20 indicated that although none of the 
commercial alloys met all of the requirements for fusion, a combination of a solid-solution strengthener (Mo, W, 
or V) and a reactive metal (Ti, Zr), for oxidation resistance and creep rupture strength, would yield the best alloy 
for fusion applications. It was suggested that strengtheners be kept to -3-5 w/o to improve fabricability. 
Zirconium, although a potent strengthener, reduces the solubility of interstitials by acting as an interstitial sink; 
thus, it should be kept to <2 w/o. Within these concentrations of alloying elements, NbdMo-1Zr and Nb-5V-1Zr 
were considered particularly applicable. Our results are consistent with these findings. 
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Fig. 5. Weight gain versus time for binary Nb-base alloys containing 
Group VIa alloying elements exposed ta pure water at 300'C. Each symbol 
represents weight gain for a single specimen after a specific exposure 
time. 
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Fig. 6. Weight gain versus time for binary Nb-base alloys 
containing Group VI11 alloying elements exposed to pure water 
at 300°C. Each symbol represents weight gain for a single 
specimen after a specific exposure time. 
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Fig. 7. Weight gain versus time for ternary Nb-base alloys exposed to 
pure water at 3OOOC. Each symbol represents weight gain for a single 
specimen after a specific exposure time. 

CONCLUSIONS 

A preliminary corrosion study of various Nb-base alloys in high-temperature deoxygenated water indicates 
that the ternary Nb-2.5Mo-2.5Ti alloy was the most promising of the 13 alloys examined. Binary alloying addi- 
tions that improved the high-temperature oxidation resistance of Nb included Ti, Zr, Hf, V, Mo. and W. Because 
of instability of the protective oxide film, alloying additions of Ni and Fe produced weight loss in the corrosion 
specimens. 

FUTURE WORK 

After exposure to high-temperature water, the surface layers will be microscopically characterized and the 
depth of internal penetration will be determined. Alloy specimens will be analyzed for oxygen and hydrogen con- 
centration. 

The alloys Nb-2.5M0-2.5Ti. Nb-6V-BTi, and Nb-5V-1.25Zr will be investigated further. Tensile and ductile- 
brittle-transition-temperature properties will he evaluated before and after long-term corrosion testing. 
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IRRADIATION EXPERIMENT DESIGN FOR IN SITU TRITIUM RECOVERY FOR Li,O ANU L i  ZrO,: BEATRIX-11, Phase I 1  - 
0. 0. Slagle,  P a c i f i c  Northwest Laboratory,(') Richland, Washington, USA; 1'. Takahashi, Japan Atomic Energy 
Research I n s t i t u t e ,  Tokai-mura, Ibarak i - ken ,  Japan; J. 0. Su l l i van ,  AECL Research, Chalk River ,  Ontar io,  
Canada; R. C. Knight ,  Westinghouse Hanford Company, Richland, Washington, USA 

OBJECTIVE 

To design and f a b r i c a t e  t he  BEATRIX-11, Phase I 1  can i s te r s  f o r  i r r a d i a t i o n  i n  t he  FFTF/MOTA Cycle 12. 

SUMNARY 

BEATRIX-I1 i s  an i r r a d i a t i o n  experiment designed t o  study t he  i n  s i t u  t r i t i u m  re l ease  behavior  from se lec ted  
ceramic s o l i d  breeder ma te r i a l s .  The second i r r a d i a t i o n  c y c l e  o f  t he  experiment, Phase 11, w i l l  i n c l ude  a 
temperature change capsule wi th  a r i ng  specimen o f  L i  0 and a temperature g rad ien t  capsule w i t h  L i  ZrO, 
spheres. The temperature change capsule i s  designed i o  achieve temperatures i n  t he  range f rom 48f t o  650% 
w h i l e  t he  temperature g rad ien t  capsule w i l l  i n c l ude  a temperature range from 450 t o  1200°C. The e f f e c t  o f  
specimen temperature, sweep gas composit ion, i r r a d i a t i o n  damage, and sweep gas f l o w  r a t e  on t he  t r i t i u m  
recovery behavior  w i l l  be determined i n  a f a s t  neutron f l u x  t o  burnups of 8%. 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

The BEATRIX-I1 i r r a d i a t i o n  experiment i s  an i n  s i t u  t r i t i u m  re lease  experiment t o  eva lua te  t he  t r i t i u m  
re lease  c h a r a c t e r i s t i c s  o f  fus ion s o l i d  breeder ma te r i a l s  under f a s t  neutron i r r a d i a t i o n . ' , '  The p a r t i c i -  
pants i n  t h i s  I n t e r n a t i o n a l  Energy Agency (IEA] sponsored experiment a re  t h e  Japan Atomic Energy Research 
I n s t i t u t e  (JAERI), AECL Research, Canada, and t he  Un i ted  S ta tes  Department o f  Energy (US/OOE]. The expe r i -  
ment i s  being c a r r i e d  ou t  i n  t he  Ma te r i a l s  Open Test  Assembly (MOTA] w i t h i n  t he  FFTF reac to r .  A s o p h i s t i -  
cated t r i t i u m  gas hand l ing  system has been developed t o  con t inuous ly  mon i to r  t he  t r i t i u m  re lease  r a t e  from 
the  specimens and f a c i l i t a t e  t r i t i u m  removal from the  r e a c t o r .  

The prev ious  phase o f  t he  experiment, Phase I, cons is ted  of 300 E f f e c t i v e  F u l l  Power Days (EFPO) o f  neutron 
i r r a d i a t i o n  and was c a r r i e d  ou t  from January 1990 t o  March 1991.3,' Th is  phase o f  t he  experiment conta ined 
two Li,O i n  s i t u  t r i t i u m  recovery specimens: a temperature change c a n i s t e r  con ta i n i ng  a t h in  annular  r i n g  
specimen opera t ing  a t  nea r l y  a un i fo rm temperature and a temperature g rad ien t  capsule con ta i n i ng  a s o l i d  
p e l l e t  specimen. The specimens were i r r a d i a t e d  under var ious  temperature and sweep gas cond i t i ons  t o  a 4% 
l i t h i u m  burnup. 
base obta ined i n  Phase I t o  h igher  burnups and poss ib l y  lower temperatures. The temperature g rad ien t  can- 
i s t e r  w i l l  cons ider  an a l t e r n a t i v e  s o l i d  breeder ma te r i a l ,  Li,ZrO, t h a t  cou ld  be a candidate f u s i o n  b lanke t  
m a t e r i a l .  

Phase I1 o f  t h e  BEATRIX-I1 experiment w i l l  extend t h e  Li,O i n  s i t u  t r i t i u m  recovery da ta  

ExDeriment Desc r i o t i on  

Phase I 1  o f  t he  BEATRIX-I1 experiment con ta ins  a Li,O r i n g  specimen and a L i  ZrO s o l i d  specimen. 
Phase I Li,O r i n g  specimen was prepared i n  t h e  U.S. w h i l e  t he  r i ng  specimen +or %hase I1  was prepared i n  
Japan. 
which would a l l ow  f a b r i c a t i o n  of a r i n g  specimen w i t h  a t h i n n e r  w a l l .  L i  ZrO, was chosen as t h e  a l t e r n a t i v e  
t e r n a r  breeder ma te r i a l  most s u i t a b l e  f o r  a d d i t i o n a l  cha rac te r i za t i on .  t n  prev ious  vented5 and non- 

have r e l a t i v e l y  &or? t r i t i u m  residence t imes.  The m a t e r i a l  used was 1-1.5 mm diameter  Li,ZrO, spheres p r e -  
pared by AECL, Research. 
designs. 

Temperature Chanse Can is te r  

The Phase I1  temperature change c a n i s t e r  i s  very  s i m i l a r  t o  t he  Phase I temperature change c a n i s t e r .  
p r imary  emphasis i s  t o  reach h igher  burnups. 
necessary du r i ng  t he  opera t ion  of Phase I, presented a cha l lenge t o  t h e  designer.  

The 

Improved f a b r i c a t i o n  techniques were expected t o  g i v e  a h i ghe r  dens i ty ,  l a r g e r  g r a i n  s i z e  m a t e r i a l  

vented Y t es t s ,  L i  Z r O  had been found t o  be d imens iona l l y  and chemica l l y  s t a b l e  du r i ng  i r r a d i a t i o n s  and t o  

Th is  form of s o l i d  breeder i s  a p o t e n t i a l  candidate f o r  use i n  f u t u r e  b lanke t  
An a d d i t i o n a l  o b j e c t i v e  f o r  Phase I 1  was t o  reach burnups o f  8% o r  tw i ce  t h a t  o f  Phase I. 

The 
Th is  requirement toge ther  w i t h  some des i r ed  improvements found 

(a )  
I n s t i t u t e  under Cont rac t  DE-AC06-76RLO 1830. 

P a c i f i c  Northwest Laboratory i s  operated f o r  t he  U.S. Department o f  Energy by B a t t e l l e  Memorial 
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Design Requirement s 

The design requirements for the Phase I 1  temperature change specimen were very similar to those for Phase I 
and included considerations such as the sensitivity of tritium measurements, minimizing the loss of tritium 
to the reactor, and the temperature of the specimen. 
lithium burnup from 4 to 8%. 
95 at%. 

The temperature of the ring specimen is controlled by changing the thermal conductance of a gas gap by vary- 
ing the mixture o f  helium and argon in the gap. The design objectives of both Phase I and Phase I1  were to 
achieve temperatures in the range from 450 to 650%. 
had predicted temperatures in the range from 468 to 645%. 
range from 510 to 680%. The reason for these higher temperatures was attributed to the existence of larger 
than expected gaps between the capsule and the specimen wall. 
specimen was given a high priority in Phase 11. 

Figure 1 is a schematic diagram of the temperature change canister for Phase 11. The tritium sweep gas 
enters and exits at the bottom end of the canister after flowing along the inner diameter of the specimen. 
A perforated inner stainless steel sleeve insures that if the specimen should fracture during testing, the 
cylindrical geometry would be maintained. 
perature in the specimen is controlled by varying the conductance of thermal gap in which the conductance is 
varied by the composition of the argon-helium gas in the gap. 
allows temperature control continuously throughout the 300 day irradiation. 

Figure 2 is a simplified cross section of the Phase I temperature capsule showing the individual components 
and possible thermal gaps. 
the operating temperature (500°C) the specimen would be in contact with the outer wall. 
temperatures higher than the design temperatures in Phase I was attributed to several factors: 

A major change in the requirements was the increase in 
This was partially achieved by increasing the 6Li enrichment from 61 to 

The pre-test thermal analysis for the Phase I design 
The actual temperatures achieved were in the 

Achieving lower temperatures for the ring 

This sleeve also positions the inner thermocouples. The tem- 

A computer controlled gas blending system 

The specimen to inner capsule gap at room temperature was designed so that at 
The occurrence of 

1 .  A gap between the outer specimen diameter and inner capsule wall could have existed at certain 
areas along the length of the specimen. 
design dimension and hence was expected to close by thermal expansion. 
diameter along the length of the specimen could have resulted in a specimen to capsule wall gap 
at positions where the specimen diameter was at its minimum. 

The inner capsule wall was treated with a barrier coating to reduce the permeation of tritium and 
then a layer of nickel was put into place to prevent interaction of the capsule and the specimen. 
Nickel has a lower thermal expansion than stainless steel and as the temperature was increased 
the nickel layer would not increase in diameter as much as the capsule. 

The maximum outer specimen diameter was within the 
The 0.013 cm variation in 

2 .  

If the specimen pressed 

Figure 1. Schematic diagram of the temperature change canister for Phase 11. 



261 

Outer TIC 

Wall 

Li20 

'NI Sleeve 
39103099.1 

Figure 2. S imp l i f i ed  cross sect ion of the temperature change canister.  

f i rmly against the outer wal l  o r  i f  the n i cke l  was s t rong ly  bonded t o  the capsule, the n i cke l  
l i n e r  was s o f t  and would be expected t o  deform t o  remain i n  contact w i t h  the capsule. However 
because o f  the po ten t ia l  gap expected i n  case (1) above, the n i cke l  l a y e r  may not  have been held 
i n  contact w i t h  the inner  capsule wal l  and an add i t iona l  thermal gap could have resul ted.  

The specimen design was based on a thermal conduct iv i ty  f o r  an 85% TD specimen. 
specimen dens i ty  was 80% and the thickness was increased t o  g i ve  the same t o t a l  amount o f  6Li. 
The increase i n  thickness and the decrease i n  dens i ty  would cont r ibute  t o  the temperature 
increase. 

3. The actual  

The actual temperature increase i n  Phase I due t o  fac to rs  1 and 2 cannot be determined q u a n t i t a t i v e l y  
because the gap width i s  not known. 
l e n t  t o  2.5"C/0.001 cm o f  gap. The lower dens i ty  and l a r g e r  specimen thickness was expected t o  cont r ibute  
approximately 10%. 

Design o f  Phase I 1  

The 8% burnup f o r  the L i  0 r i n g  specimen f o r  Phase I 1  compared t o  4% f o r  Phase I was p a r t i a l l y  achieved by 
increasing the 'Li e n r i c k e n t  from 61 t o  95 at%. However, t h i s  increase i n  enrichment and subsequently i n  
the heating r a t e  makes i t  even more d i f f i c u l t  t o  a t t a i n  lower temperatures desired i n  Phase 11. To o f f s e t  
such an increase i n  heating r a t e  the t o t a l  amount o f  6Li, and, thus the heat ing rate, i n  the specimen was 
kept constant by decreasing the volume. S p e c i f i c a l l y  the thickness was decreased from 0.15 cm i n  Phase I t o  
0.10 cm i n  Phase 11. 

A major goal of Phase I1 was t o  achieve temperatures as low as possible for  the r i n g  specimen. The three 
previous problem areas were addressed i n  the fo l lowing manner: 

The specimen-capsule gap was minimized by p lac ing a c loser  to lerance on the specimen outer diam- 
eter.  The previous tolerance o f  0.013 cm was reduced t o  0.005 cm. The inner diameter o f  the 
capsule was machined 0.010 cm l a r g e r  than the la rges t  specimen diameter. This r a d i a l  gap 
(0.005 cm) i s  predicted t o  close a t  500% due the d i f f e r e n t i a l  expansion between the capsule and 
the specimen. F ina l  machining on the capsule was done t o  f it the as- fabr icated specimen. This 
required tha t  the t r i t i u m  b a r r i e r  coat ing previously appl ied t o  both sides o f  the inner capsule 
be appl ied on ly  on the outer diameter o f  the capsule. 

2. The po ten t ia l  gap between the capsule and the n i cke l  l i n e r  was el iminated by removing the  inner  
n i cke l  l i n e r .  This l i n e r  was used Dreviouslv as a comoat ib i l i t v  b a r r i e r  between the soecimen and 

However any gaps are calculated t o  g i ve  a temperature increase equiva- 

1. 

the capsule. The expected in te rac t ion  was ei t imated t o  be 2-10~microns o f  general suPface cor-  
ros ion and possibly 25 microns o f  in tergranu lar  a t t a ~ k . ~ . ~  

3 .  The temperature drop across the specimen w i l l  be subs tan t ia l l y  l ess  than i n  Phase I because the  
dens i ty  of the specimen w i l l  be greater than 85% TD and the thickness o f  the specimen has been 
reduced by 1/3. 
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Specimen Fabri ca t  i on/Loadi ng 

A descr ip t ion o f  the f i n a l  Phase I1  r i n g  specimen i s  given i n  Table 1. The Phase I1  r i n g  specimen was a 
s ing le  sect ion of tube, 8.85 cm long i n  cont ras t  t o  the Phase I specimen which consisted o f  two sections. 
The f i na l  dens i ty  was determined t o  be 87.3% TD w i t h  a g ra in  s i ze  of 22 microns. The v a r i a t i o n  i n  diameter 
along the specimen was only 0.003 cm which i s  w i t h i n  the speci f ied range o f  0.005 cm. The w a l l  thickness 
was 0.10 cm, as specif ied. 

The Li,O r i n g  specimen was fabr ica ted by decomposing 95 at% 6Li enriched Li,CO, t o  a Li,O powder. The powder 
preparations and s in te r ing  procedures were s i m i l a r  t o  those used f o r  preparing the temperature grad ient  
specimen i n  Phase I."." The Li,CO, powder was decomposed t o  the oxide by heat ing t o  700% i n  a vacuum of 
6 x Pa i n  the i n i t i a l  stage and t o  5 x The r i n g  specimen was fabr icated by 
s in te r ing  a c y l i n d r i c a l  shaped compact from which the f i n a l  specimen was machined. The compact was formed 
by hydrosta t ic  pressing a t  200 MPa and s i n t e r i n g  a t  1170% f o r  8 h r .  The as-sintered compact was a 2.1 cm 
diameter cy l i nde r  w i t h  a 1.15 cm inner annulus and a length o f  9.43 cm. A "rock la the"  was used t o  machine 
the f i n a l  t h i n  wal l  specimen i n  an atmosphere o f  dry a i r .  Because o f  the inherent ly  f r a g i l e  nature of the 
t h i n  r i n g  specimen, a second specimen o f  the same dimensions was a lso prepared t o  serve as a backup. 

Figure 3 shows the capsule w i th  the specimen i n  place, the "backup" specimen, and the inner  perforated 
sleeve p r i o r  t o  f i n a l  loading. 
1.863 cm o r  a 0.010 diametral clearance. The Phase I capsule used an inner sleeve o f  n i cke l  screen but  for  
Phase I1  t h i s  was replaced by a perforated s ta in less s tee l  tube. 
i n te rac t ions  of the metal surfaces w i th  the purge gas. A perforated tube was chosen over the screen because 
o f  problems i n  Phase 1 w i t h  thermocouple locat ion.  The tube was a more r i g i d  s t ruc tu re  than the screen used 
prev ious ly  and allowed a more d e f i n i t e  pos i t i on ing  o f  the thermocouples. 

Figure 4 i s  a radiograph of the capsule a f t e r  loading. This shows c l e a r l y  the  re la t i onsh ip  o f  the  d i f fe rent  
components. The pos i t i on ing  o f  the inner  thermocouples i n  the s l o t s  provided by the inner  sleeve can be 
seen. 

Pa i n  the f i n a l  stage. 

The specimen s l i d  e a s i l y  i n t o  the capsule which had an inner diameter o f  

Stainless s tee l  was used t o  minimize the  

The thermocouple i n  the center o f  the radiograph i s  the outer thermocouple which measures the  

Table 1. Descr ipt ion o f  BEATRIX-11, Phase I 1  Ring Specimen 

6Li  Enrichment 95 at% 
Outer Diameter 1.850 - 1.853 cm 
Inner Diameter 1.651 - 1.653 cm 
Straightness 0.003 cm 
W a l l  Thickness 0.10 cm 
Length 8.85 cm 
Weight 8.103 g 
Density 87.3% TD 
Grain Size 22 microns 

2 u n  
r,m* 

Figure 3. Temperature change capsule w i t h  the loaded specimen, the "backup" specimen, and the inner  
perforated tube p r i o r  t o  f i n a l  assembly. 
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Figure 4. X-ray radiograph o f  the temperature change can is ter  as- fabricated. 

temperature i n  the sodium used as a thermal contact. The assembly shown i n  Figure 4 was thermal ly  bonded 
ins ide  the gas-gapped thermal ly con t ro l l ed  can is ter  w i t h  sodium. The sodium a lso serves t o  minimize a x i a l  
temperature gradients. 

Predicted Performance 

The thermal and neutronic performance o f  the r i n g  specimen was ca lcu la ted on the  basis o f  the expected neu- 
t r o n  f l ux  i n  the MOTA cycle 12 and the heat generation i n  the Li,D r i n g  specimen (110 W/g). Using t h i s  heat 
generation ra te ,  the specimen temperatures were ca lcu la ted f o r  two d i f f e r e n t  cont ro l  gases i n  the can is te r  
temperature cont ro l  gap. The r e s u l t s  are summarized i n  Table 2. The ninimum temperatures were ca lcu la ted 
for  100% helium and the temperature range across the  specimen was determined t o  be 485-503%. This i s  sub- 
s t a n t i a l l y  l e s s  than the temperatures achieved i n  Phase I which were 500 t o  540°C across the specimen. The 
upper temperature i n  our current t e s t  mat r ix  i s  650T and t h i s  temperature was found t o  be achievable w i t h  a 
1:7 r a t i o  o f  He:Ar temperature cont ro l  gas. 

Table 2. Thermal and Neutronic Performance of BEATRIX-I1 Ring Specimen i n  FFTF/MDTA Cycle 12 

Thermal Heat Generation 110 W/gm 

Specimen-Capsule Diametral Gap 0.005 cm 

Specimen Minimum Temperature (100% He) 
Outer Diameter 485% 
Inner Diameter 503% 

Specimen Maximum Temperature (l:l, He:Ar) 
Outer Diameter 632% 
Inner Diameter 654% 

T r i t i u m  Generation (300 EFPD) 

Total  L i th ium Burnup 

1250 C i  

7.8 at% 
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A t o t a l  t r i t i u m  generation of 1000 C i  fo r  the 300 EFPD cycle was desired i n  order t o  achieve tritim con- 
cent ra t ion l e v e l s  compatible w i t h  the flow ra tes  and ion iza t ion  chambers c u r r e n t l y  being used i n  the tritium 
measurement system. 
gradient can is ter  was placed i n  a h igher f l u x  pos i t ion,  nearer the center o f  the reactor  core than the tem- 
perature cont ro l  can is ter ,  t o  increase the t r i t i u m  production ra te .  

Canister Design 

The design o f  the temperature gradient can is ter  i s  shown schematically i n  Figure 5. The L i  Z r O  sphere bed 
was contained i n  a s ta in less  s tee l  capsule between porous n i cke l  end screens. The porous nfcke? screens 
a l low the passage o f  sweep gas i n t o  and out o f  the bed. A h igh temperature spr ing was used t o  ho ld  the 
sphere bed i n  place dur ing handling operations p r i o r  t o  loading the MOTA i n t o  the reactor.  The spr ing was 
designed t o  withstand the 600% outgassing o f  the can is ter  p r i o r  t o  i r r a d i a t i o n .  A center tube i s  used for 
i n s e r t i n g  the thermocouple i n t o  the cen te r l i ne  o f  the specimen a f te r  the sphere bed has been loaded t o  the  
required dens i ty  by v ibra t ing.  

Because o f  the lower l i t h i u m  dens i ty  i n  L i  ZrO, r e l a t i v e  t o  Li,O, the temperature 

ugm, Sphere  ea 
External Thermocouple 

Figure 5. Schematic diagram of the temperature gradient can is te r  for  BEATRIX-11, Phase 11. 
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Type K thermocouples have performed wel l  up t o  f luences equivalent t o  300 EFPD i n  FFTF but have a l i m i t e d  
l i f e t i m e  as temperatures approach and exceed 12005. A type K thermocouple was chosen for  one of the 
thermocouples w i th  an a l te rna t i ve  higher temperature thermocouple f o r  the  other end o f  the canister.  A Hb- 
1%Zr/Mo thermocouple has been under development and appeared t o  o f f e r  good s t a b i l i t y  i n  a neutron f i e l d  p lus  
r e l i a b i l i t y  a t  the higher temperatures. This thermocouple was used as the a l t e r n a t i v e  thermocouple f o r  the  
s o l i d  specimen can is ter .  
thermocouple f o r  h igh temperature app l ica t ions i n  a high f luence neutron environment. 

Calculated Performance 

From the pred ic ted heat generation and the thermal conduct iv i ty  o f  the sphere bed, a sphere bed diameter was 
determined t h a t  would r e s u l t  i n  the desired cen te r l i ne  temperatures. The specimen parameters and the 
r e s u l t i n g  operational pred ic t ions are given i n  Table 3. The thermal conduct iv i ty  o f  the ind iv idua l  Li,ZrD, 
spheres was taken from the data f o r  80 %TD po lyc rys ta l l i ne  Li,ZrO, obtained by Hollenberg e t  a l l z  and 
Kennedy.13 The data were in terpo la ted t o  the ant ic ipated expenmental condi t ions using the expression." 

The experiment w i l l  provide add i t iona l  conf i rmat ion of the a p p l i c a b i l i t y  o f  t h i s  

where p i s  the f rac t i ona l  poros i ty  of the spheres, i n  t h i s  case 20%. The thermal conduc t i v i t y  o f  the pre- 
dominantly helium sweep gas was calculated from the fol lowing expression from Gandhi and S a ~ e n a : ' ~  

3 0.688 kg - 3.36 x 10- T 

Packing t e s t s  were performed using a P lex ig las  model of the capsule, employing both s tee l  and z i r con ia  
spheres. It was found t h a t  both sphere types packed t o  a packing f r a c t i o n  o f  60% i n  t h i s  geometry. 

The thermal conduc t i v i t i es  o f  the packed bed were ca lcu la ted using the model proposed by Ha l l  and Martin.16 
The r e s u l t s  o f  these ca lcu la t ions ind icated t h a t  f o r  a can is ter  inner diameter o f  33.5 mm, a cen te r l i ne  ten- 
perature i n  the range from 1030 t o  1160% would be expected. The uncer ta in t ies  include both thermal con- 
d u c t i v i t y  and neutronic heating. 

The ca lcu la ted t r i t i u m  generation for  the temperature gradient can is te r  dur ing the 300 EFPD cyc le  was 
828 C i .  This t r i t i u m  production i s  l ess  than one- fourth the t r i t i u m  generated i n  the Phase I L i  D s o l i d  
specimen. The fac to rs  tending t o  increase the t r i t i u m  production such as higher neutron f l u x  an% 6Li  
enrichment are not  s u f f i c i e n t  t o  o f fse t  the smaller volume and lower l i t h i u m  dens i ty  i n  the Li,ZrO sphere 
bed. However, the t r i t i u m  generation r a t e  i s  not  much smaller than t h a t  o f  the temperature contro? capsule, 
and i t  should be adequate t o  a l low character iza t ion o f  the t r i t i u m  recovery from the temperature gradient 
can is ter  dur ing the Phase I 1  i r r a d i a t i o n .  

Specimen Fabrication/Loading 

The L i  ZrO, spheres are shown i n  Figure 6(a) as received from AECL p r i o r  t o  loading. The diameters o f  the 
s l i g h t f y  non-spherical L i  ZrO, spheres f a l l  approximately i n  the range o f  1 t o  1.5 nm w i t h  a nominal diam- 
e te r  o f  1.2 mm. 

Table 3. 

Figure 6tb) shows the top of the sphere bed as loaded i n t o  the  temperature change canister.  

Predicted Thermal and Neutronic Performance o f  the BEATRIX- I1  Li,ZrO, Sphere Bed Canister 

Thermal Heat Generation 27.3 U/gm 

Propert ies o f  the Sphere Bed 
Sphere Diameter 1-1.5 n 
6Li Enrichment 85 at% 
Sphere Matr ix  Density 80% TD 
Sphere Packing dens i ty  60% 
Outer Diameter 1.32 cm 
Inner Diameter 0.23 cm 

Specimen Center l ine Temperature 
Maximum 11601: 
Minimum 1030°C 

T r i t i u m  Generation (300 EFPD) 828 c i  
Total L i th lum Burnup 8.9 at% 
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Figure 6. Li,ZrO, spheres (a) As-fabr icated by AECL, (b) As-loaded i n  the temperature gradient canister.  

The center tube This view gives an ind ica t ion  o f  the sphere diameters r e l a t i v e  t o  the capsule dimensions. 
i s  the thermal wel l  i n t o  which the upper thermocouple was inser ted t o  complete the assembly. 

The sphere po ros i t y  was characterized by a mercury porosimeter analysis. Thq dens i ty  o f  the ind iv idua l  
spheres was 80-82% TO and of the t o t a l  po ros i t y  of 18-20%, approximately 4.5% was closed. Open po ros i t y  was 
found t o  be i n  the range o f  0.03 t o  2.0 microns. Two SEM microstructures (See Figure 7) o f  a f r a c t u r e  
surface i n  an ind iv idua l  Li,ZrO, sphere ind icates t h a t  the g ra in  s ize i s  approximately 10 microns w i t h  an 
in tergranu lar  po ros i t y  consistent w i th  the 2 microns upper l i m i t  determined from the porosimetry resu l t s .  

P r i o r  t o  loading, the spheres were v ibra ted i n t o  volumes from 2.0 t o  6.0 c d .  As ind icated above, packing 
dens i t ies  o f  60% are expected f o r  these spheres i n  the volumes involved. The r e s u l t i n g  packing dens i t ies  
ranged from 2.03 t o  2.08 g /cd .  
volume. The resu l tan t  dens i ty  was 2.143 g/cn?. Assuming the dens i ty  o f  the ind iv idua l  spheres i s  8U% TD 
(TO = 4.112 g/cm3) impl ies tha t  a packing dens i ty  o f  65.1% was achieved. Such a h igh packing dens i ty  may be 
a t t r i b u t a b l e  t o  the dev ia t ion o f  the mater ia l  from perfect  spheres and/or t o  the sphere dens i ty  being l a r g e r  
than 80% TD. 

The higher dens i ty  o f  Li2Zr03 i n  the capsule i s  not  expected t o  s i g n i f i c a n t l y  change the  r e s u l t i n g  tempera- 
t u r e  d i s t r i b u t i o n .  The increase i n  heat generation from the higher 6Li  loading i s  o f f s e t  by the  ant ic ipated 
increase i n  thermal conduct iv i ty .  The r e s u l t i n g  cen te r l i ne  temperatures achieved dur ing the  i r r a d i a t i o n  
t e s t i n g  w i l l  be a check on the e f f e c t  o f  t h i s  increased packing dens i ty  and on the assumptions made i n  the 
design ca lcu la t ions.  

Figure 8 i s  an x- ray  radiograph o f  the f i n a l  assembled canister.  
the r e l a t i v e  s ize o f  the spheres r e l a t i v e  t o  the t o t a l  sphere bed dimension can be seen. 
small s i ze  and b r i t t l e  nature o f  the W-Re thermocouple sheath, it i s  t o  be noted t h a t  the alignment o f  t he  
thermocouples r e l a t i v e  t o  the end caps was a very c r i t i c a l  operation t o  assure t h a t  the thermocouple 
sheathes remained i n t a c t  dur ing assembly. 

CONCLUSIONS 

Phase I1  o f  the BEATRIX- I1  experiment w i l l  extend the data base f o r  i n  s i t u  t r i t i u m  recovery establ ished i n  
Phase I t o  higher burnups and t o  a l te rna te  fus ion s o l i d  breeder forms and mater ia ls.  

The capsule was loaded by v i b r a t i n g  29.471 g of spheres i n t o  the 13.754 cc 

The sphere bed nature o f  the specimen and 
Because o f  the 
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Figure 7. SEM microstructures o f  a fracture surface for the Li,Zr03 spheres as-fabrlcated by AECL. 

- drr me! 
- Hlgh TempweWn 

Sprlng - Nlckel Senen9 
(Top and Bottom) 

Whtl lne  
Thermocouple# 

/ sweep aer hlM 

"*M... . 
Figure 8. X-ray radiograph of the temperature gradient canister as-fabricated. 
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In the temperature control specimen minimizing the thermal gaps between the Li,O specimen and the capsule is 
expected to result in lower temperatures than achieved in Phase I. A higher lithium burnup is achieved by 
using a higher 6Li enrichment and the higher thermal generation density is offset by using a thinner-walled 
specimen. 

For the ternary capsu1.e the diameter of the capsule was limited by the low thermal conductivity of the 
Li,ZrO, sphere bed together with the maximum temperature limit. These constraints resulted in the volume o f  
the temperature change specimen being nearly half that of Phase I. This smaller volume, together with the 
lower lithium density in a Li,ZrO, sphere bed results in a tritium generation rate that is only 25% of the 
rate for the Phase I temperature gradient canister. 
smaller than that of the temperature control canister and it should be adequate to allow characterization of 
the tritium recovery during the Phase I 1  irradiations. 

However, the tritium generation rate is not much 

FUTURE WORK 

The irradiation of BEATRIX-11, Phase I1 will begin with the start of FFTF Cycle 12 scheduled to start in 
June 1991. 
tron intensity, sweep gas composition, sweep gas flow rate, and burnup. 

The in situ tritium recovery will be detetmined as a function of the specimen temperature, neu- 
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I N  SITU TRITIUM RECOVERY FROM Li,O IRRADIATED UNDER A LARGE TEMPERATURE GRADIENT: 
SPECIMEN - T.  Kurasawa, Japan Atomic Energy Research I n s t i t u t e ,  Tokai-mura, Iharak i - ken ,  Japan; 0. 0. S lag le  
and G. W. Hol lenberg, P a c i f i c  Northwest Laboratory,(a) Richland, Washington, USA; and R. A. V e r r a l l ,  AECL 
Research, Chalk R iver ,  Ontar io ,  Canada 

BEATRIX-I1 SOLID 

OBJECTIVE 

To charac te r ize  t he  i n  s i t u  t r i t i u m  recovery behavior  o f  Li,O i r r a d i a t e d  under a temperature g rad ien t  i n  
Phase I o f  t he  I E A  sponsored experiment BEATRIX-11. 

SUMMARY 

BEATRIX-I1 i s  an i n  s i t u  t r i t i u m  recovery experiment t o  determine t h e  t r i t i u m  re l ease  c h a r a c t e r i s t i c s  of 
Li,O i n  a f a s t  neu t ron  f l u x .  
t u r e  g rad ien t  t o  4% burnup i n  a v a r i e t y  of sweep gas composit ions and f l o w  ra tes .  
hydrogen i n  t he  sweep gas s i g n i f i c a n t l y  decreases t h e  t r i t i u m  recovery r a t e .  
pera tu re  o f  t he  specimen has remained s tab le  and t he  r e s u l t s  suggest t h a t  Li,O i s  a v i a b l e  f u s i o n  s o l i d  
breeder m a t e r i a l .  

A l a r g e  d iameter  specimen o f  LirO has been i r r a d i a t e d  under a steep tempera- 

Dur ing i r r a d i a t i o n  t h e  tem- 
Decreasing t he  amount o f  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

BEATRIX-11, Phase I i s  an I n t e r n a t i o n a l  Atomic Energy (IEA) sponsored i r r a d i a t i o n  experiment t o  eva lua te  t h e  
t r i t i u m  re lease  c h a r a c t e r i s t i c s  of Li,O and i t s  s t a b i l i t y  under f a s t  neutron i r r a d i a t i o n  t o  extended 
burnups.',' 
(FFTF) as a c o l l a b o r a t i v e  e f f o r t  by t he  Japan Atomic Energy Research I n s t i t u t e  (JAERI), t h e  Atomic Energy o f  
Canada, L td . ,  (AECL) and t h e  Un i ted  S ta tes  Department o f  Energy (US/OOE). The f i r s t  c y c l e  o r  Phase I which 
cons is ted  o f  300 e f f e c t i v e  f u l l  power days (EFPD) of opera t ion  has been completed. 

The experiment inc luded two capsules con ta i n i ng  d i f f e r e n t  Li,O specimens each w i t h  a separate sweep gas and 
t r i t i u m  measurement system. 
c y l i n d e r  o f  p e l l e t s  operated under a temperature g rad ien t .  The o the r  specimen was i n  t he  form o f  a t h i n  
annular  r i n g  operated a t  a n e a r l y  un i fo rm temperature. 
have been descr ibed e l ~ e w h e r e . ~  The experiment used a soph i s t i ca ted  t r i t i u m  gas hand l ing  system t o  bo th  
mon i to r  t he  re l ease  o f  t r i t i u m  from t h e  two s o l i d  breeder specimens and recover t he  t r i t i u m  i n  s p e c i a l l y  
designed g e t t e r  beds.4 

I t  i s  an i n  s i t u  t r i t i u m  recovery experiment being c a r r i e d  o u t  i n  t he  Fast  F lux  Test  F a c i l i t y  

Th is  paper descr ibes t h e  r e s u l t s  obta ined from one of these specimens: a s o l i d  

The i n i t i a l  r e s u l t s  obta ined from t h i s  r i n g  specimen 

ExDeriment Desisn 

The i r r a d i a t i o n  was c a r r i e d  ou t  i n  t he  Ma te r i a l s  Open Test  Assembly (MOTA) of FFTF. 
capsule was pos i t i oned  near t he  bottom o f  t h e  core i n  l e v e l  1 of t he  MOTA. 
achieve a lower sample temperature s ince  t h e  r e a c t o r  coo lan t  was a t  a minimum a t  t h i s  p o i n t .  
t i o n  t he  p red i c ted  l i t h i u m  burnup f o r  a 300 EFPD c y c l e  was approximately  4%. 

A t r i t i u m  measurement system prov ided cont inuous mon i t o r i ng  of t he  sweep gas recovered f rom each capsule. 
Th i s  inc luded t he  f l o w  r a t e ,  t o t a l  moisture,  and t r i t i u m  concent ra t ion .  S p l i t t i n g  t he  f l o w  i n t o  two i n d i -  
v i dua l  f low streams al lowed de termina t ion  o f  t he  amount o f  t r i t i u m  i n  t he  ox id i zed  versus t h e  reduced form. 
The sweep gas i n l e t  system prov ided f o r  t h e  s e l e c t i o n  o f  t he  sweep gas composi t ion which inc luded he l ium 
w i t h  var ious  l e v e l s  o f  hydrogen. Hydrogen l e v e l s  were 0, 0.01, 0.1 and 1.0%. A complete d e s c r i p t i o n  o f  t he  
system has been presented elsewhere.' 

F igure  1 i s  a schematic diagram o f  t he  capsule. 
d iameter  o f  1.70 cm. 
and bottom o f  t he  s tack  have a 0.27 cm center  ho le  f o r  accommodating c e n t e r l i n e  thermocouples. 
o f  t he  i n d i v i d u a l  p e l l e t s  va r i ed  from 84.5 t o  92.6 %TO. The g r a i n  s i z e  increased w i t h  i nc reas ing  d e n s i t y  
from 25 t o  45  micron^.^ Depleted Li,O p e l l e t s  were used t o  t he rma l l y  i n s u l a t e  t he  ho t  c e n t e r  sec t i ons  o f  
t he  p e l l e t s  columns from the  metal end caps. A porous n i c k e l  l i n e r  i n  t he  capsule served as t h e  p r imary  
pathway f o r  t he  sweep gas from the  bottom t o  t he  t op  o f  t he  capsule. 

The temperature d i s t r i b u t i o n  c a l c u l a t e d  f o r  t he  i n i t i a l  design o f  t he  specimen p red i c ted  a surface tempera- 
t u r e  o f  440°C and a c e n t e r l i n e  temperature of 900°C. 

(a) 
I n s t i t u t e  under Contract  DE-AC06-76RLO 1830. 

The s o l i d  specimen 
Th i s  p o s i t i o n  was se lec ted  t o  

A t  t h i s  p o s i -  

The specimen was a 8.9 cm l ong  s tack  o f  11 p e l l e t s  w i t h  a 
Table 1 i s  a l i s t i n g  of t he  important  design parameters. The f o u r  p e l l e t s  on t h e  t o p  

The d e n s i t y  

The observed c e n t e r l i n e  temperature was on t h e  o rder  

P a c i f i c  Northwest Laboratory i s  operated f o r  t h e  U.S. Department o f  Energy by B a t t e l l e  Memorial 
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Figure 1. BEATRIX-11, Phase I temperature gradient capsule. 

Table 1. Materials and Environmental Conditions for BEATRIX-I1 

Dimensions 
Length 
Outer diameter 
Inner diameter 
Weight 

Density (%TO) 
Minimum 
Maximum 

Grain Size 

6Li enrichment 
Sol id Breeder 
Insulator 

Temperature 
Center 
Edge 

Total Tritium Generation 

8.92 cm 
1.70 cm 
0.27 im 
34.31 g 

84.5 %TD 
92.6 %TO 

25-45 um 

61 at% 
t0.5 at% 

1000-c 
440°C 

3640 Ci (300 EFPD) 

of 1000°C and the higher temperatures were attributed to higher neutron flux than originally predicted and 
pellet densities greater than the design density of 85 %TD. The higher temperatures were not expected to 
result in any damage to the capsule and will actually provide a test o f  the operation of Li,O under more 
stringent thermal conditions. An axial temperature gradient also existed along the capsule and the 
temperature of the upper thermocouple was typically 40-50% higher than the temperature of the bottom 
thermocouple. 
the core center. 

Experimental Test Plan 

The two primary experimental parameters available for studying the performance o f  the solid specimen were 
the neutron flux which changed during reactor startup/shutdown and the sweep gas which has variable compo- 
sition and flow rate. 

The experimental test plan for the solid specimen is summarized in Table 2.  
change represents a change from the reference condition which was a sweep gas composition of He-0.1% H, at a 

Such a temperature gradient was due to the increase in the neutron flux at positions closer 

In this table the parameter 
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Table 2.  
ence state of He-0.1% H, sweep gas at a flow rate of 100 mL/min. 

Experimental Test Plan for the Solid Specimen. Parameter changes indicate changes from the refer- 

Test No. 

Cycle 11-8.1 
1 
2 
3 

Cycle 11-8.2 
A 
5 
6 
7 
8 
9 
10 
11 

Cycle 11-C 
12 
13 
14 
15 

50 mL/min (7d) 
He-0.01% H. (2d) 

I .  He (2d) 

He-0.01% H, (26) 
He-0.01% H, (4d) 
He (2dl 
He (4dj 
He (4d) plus He-0.01% H, (2d) 
He (2d) plus He-0.01% H, (4d) 
He (4d) plus He-0.01% H, (2d) 
He (2d) followed by reactor shutdown 

Reactor startup followed by He (Id) plus He-0.01% H, (2d) 
He (4d) plus He-0.01% H. (6dl 
He (Bdj plus He-0.01% Hf (2dj-reactor shutdown 
He-1.0% H, (Id) 

flow rate of 100 mL/min. 
(85 EFPD), 11-8.2 (134 EFPD) and 11-C (81 EFPD) provided essentially constant reactor power levels. 

The first parameter change for the solid was a change in the flow rate from 100 to 50 ml/min. The remaining 
tests were changes in gas composition. The initial tests (Tests # 2 - 7 )  were changes from the reference sweep 
gas (He-0.1% H2) to an alternate gas (He and He-0.01% H,) for a pre-determined period of time and then a 
return t o  reference gas. Later tests (Tests #8-10, 13 and 14) involved changes between alternate gases (He 
to He-0.01% H,) ,before returning to the reference state. The last test was a change t o  He-1.0% H, to deter- 
mine the effectiveness of higher H, levels in the recovery of tritium. 

During reactor startup at the start of each new cycle, the reactor power was successively increased to 
higher power levels before reaching full power. This gave the opportunity to study the tritium recovery 
under different tritium generation rates and specimen temperature. 
shorter time period than startups but also provided conditions of rapidly changing neutron flux. 
different gas compositions during individual startups/shutdowns, the additional effect of sweep gas could be 
observed. 

Results and Discussion 

A primary objective of this experiment was to determine viable operating parameters for a solid breeder 
blanket and the associated tritium inventories. 
recovery rates for the total system, interpretation of the results in terms of tritium release from the 
sol id breeder involved a number of uncertainties. 
and the shape of the recovery peaks did permit general observations to be made concerning the tritium 
recovery from Li,O. 

Throughout the test sequence there was a slow buildup of background on the ionization chambers. 
of Cycle 11-C this buildup resulted in a background on the order of 30-35 Ci/m3 on the ion chamber measuring 
total tritium from the solid specimen. 
those measured, including the backgrounds. For any given measurement in the reference sweep gas, the amount 
of background can be estimated by assuming that the recovery rate is equal to the recovery rate determined 
early in the test when the background correction was small. At later times in the operational cycle after 
larger backgrounds had developed, background levels were more difficult to determine. The tritium recovery 
rate, determined early in the test sequence, was equivalent to a tritium concentration of 84.2 Ci/d at the 
reference flow rate of 100 mL/min. 
provides a means for estimating the effect of background and furthermore provides a first approximation for 
comparing the recovery behavior for data taken at different times in the experiment with different back- 
grounds. 

The measured tritium recovery rate was equivalent t o  a total tritium generation of 3640 ti for a 300 EFPD 
cycle. 

Cycle 11 of FFTF consisted of 300 EFPD of irradiation. Three subcycles: 11-8.1 

Reactor shutdowns were typically over a 
By using 

Because the results of the experiment reflect the tritium 

However, the observed steady state tritium recovery rates 

At the end 

Throughout this paper the tritium concentration levels listed are 

Using this as the steady state recovery rate for the reference condition 

An analysis based on the reactor core configuration in Cycle 11-8.1 was carried out to calculate the 
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t r i t i u m  genera t ion  o f  t he  temperature g rad ien t  specimen. 
t he  measured recovery  r a t e .  
c a l c u l a t i o n s .  

Form o f  t h e  Recovered T r i t i u m  

The t r i t i u m  measurement system al lowed t he  de termina t ion  of t h e  d i s t r i b u t i o n  o f  t h e  recovered t r i t i u m  
between i t s  chemical forms, s p e c i f i c a l l y  t h e  ox id i zed  (HTO o r  T,O) o r  reduced form (HT o r  T,). 
determina t ion  requ i red  us ing  t he  d i f ference between two i o n  chambers, t he  background changes occu r r i ng  
du r i ng  t he  experiment i n t e r f e r e d  w i t h  determining t he  absolute q u a n t i t i e s  of t he  two forms o f  t r i t ium.  
However l a r g e  o r  r e l a t i v e  changes were s t i l l  d iscernable.  

Dur ing t he  i n i t i a l  stages of t he  experiment i t  was determined t h a t  f o r  t he  reference sweep gas o f  He-0.1% 
H,, g rea te r  than 95% o f  t he  recovered t r i t i u m  was i n  t h e  reduced form. Th is  i s  t he  same t ype  o f  behavior  
noted f o r  t he  temperature change specimen operated i n  t h e  temperature range from 500 t o  640"C3. 

Temperature H i s t o r y  

One o f  t he  observable i n d i c a t o r s  of t he  phys ica l  s t a b i l i t y  of t he  specimen was t h e  l ong  te rm s t a b i l i t y  o f  
t he  specimen temperature du r i ng  i r r a d i a t i o n .  F igure  2 i s  a p l o t  of t he  two measured c e n t e r l i n e  temperatures 
f o r  t he  f i r s t  85 EFPD. The t op  thermocouple was c l o s e r  t o  t h e  cen ter  of t h e  r e a c t o r  core  and was a t  a l e v e l  
of  h igher  neutron f l u x .  I n i t i a l l y  t he  r e a c t o r  operated a t  95% power before a s tep  r i s e  i n  power t o  100%. 
Dur ing t he  f i r s t  t e n  days o f  opera t ion  a f t e r  reach ing  95% power t i l e  temperature o f  bo th  thermocouples 
appeared t o  drop, w i t h  t he  t op  thermocouple temperature dropping as much as 30%. Other  than  t h i s  i n i t i a l  
drop t he re  was, i n  general ,  on ly  a slow steady drop i n  t he  temperatures throughout  t he  r e a c t o r  c y c l e  bo th  a t  
95% and 100% power. 
f l u x  a t  t he  capsule as t he  r e a c t o r  c o n t r o l  rods were p u l l e d  o u t  t o  ma in ta in  constant  power w i t h  f u e l  
burnout. 

For t he  f i r s t  opera t iona l  cyc le,  Cycle 11-8.1 (F igure  2), when t he  r e a c t o r  reached 100% power, t he  average 
i nne r  temperature was 99@C, dropping t o  952% a t  t he  end of t he  cyc le .  
cyc les  a s i m i l a r  t ype  o f  behavior  was observed. 
power dropped from an i n i t i a l  temperature o f  1006% t o  961°C a t  t he  end of t h e  134 EFPD cyc le .  
11-C t he  temperature dropped from an i n i t i a l  temperature of 1027% t o  995% a f t e r  an 81 EFPD cyc le .  
temperature d i f f e r e n c e  between cyc les  r e s u l t e d  from t h e  change i n  neutron environment brought  about by t h e  
re fue l i ng  t h a t  occurred between cyc les .  

F rac tu r i ng  of  t he  specimen due t o  thermal g rad ien t s  would increase t he  temperature d i f f e r e n c e  across t h e  
specimen and r a i s e  t he  cen ter  temperatures. 
may i n d i c a t e  some r e s t r u c t u r i n g  i n  t he  specimen has occurred b u t  i s  n o t  i n d i c a t i v e  o f  any i n t e r n a l  f r a c t u r -  
ing .  From the  o v e r a l l  s t a b i l i t y  o f  t he  temperature i t  i s  i n f e r r e d  t h a t  t h e  m ic ros t ruc tu re  o f  t he  specimen 

The c a l c u l a t e d  genera t ion  r a t e  was 12% l e s s  than 
Th is  i s  w i t h i n  t he  expected u n c e r t a i n t i e s  of t h e  measurements and t h e  

Because t h i s  

Th is  temperature drop can be p a r t i a l l y  a t t r i b u t e d  t o  a slow decrease i n  t h e  neutron 

I n  t h e  two successive r e a c t o r  
I n  Cycle 11.6-2, t he  average i nne r  temperature a t  100% 

The 
For Cycle 

The i n i t i a l  drop i n  temperatures a t  t h e  s t a r t  o f  t he  experiment 

Reactor Power Level 

Time (month?.] -., 

F igure  2. 
BEATRIX-11. 

Center temperatures f o r  t he  temperature g rad ien t  capsule du r i ng  t h e  f i r s t  ope ra t i ona l  c y c l e  of 
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has remained r e l a t i v e l y  s t ab le  and has n o t  undergone any d r a s t i c  changes such as thermal shock f r ac tu r i ng .  
P o s t i r r a d i a t i o n  examination w i l l  p rov i de  t he  f i n a l  assessment o f  t he  m i c r o s t r u c t u r a l  changes t h a t  have 
occurred du r i ng  t he  experiment. 

Sweep Gas Flow Rate 

The change i n  t he  recovered t r i t i u m  du r i ng  t h e  changes i n  sweep gas f l o w  r a t e  between 100 and 50 mL/min a re  
shown i n  Figure 3 .  
cou ld  be es tab l i shed and t he re fo re  changing t o  100 mL/min r e s u l t e d  i n  a sharper t r a n s i e n t  recovery curve 
than the  change t o  50 mL/min. 
of F igure  3)  was 1% l e s s  than t he  i n i t i a l  recovery r a t e  f o r  t he  re fe rence f low r a t e  o f  100 mL/min. A s im i -  
l a r  t ype  behavior  was observed f o r  t he  temperature change ~ p e c i m e n . ~  Whether t h i s  change i n  recovery  r a t e  
was r e l a t e d  t o  a dynamic i n t e r a c t i o n  between t he  sweep gas f l o w  r a t e  and t he  specimen o r  was due t o  permea- 
t i o n  losses  through t he  c ladd ing  cannot be determined a t  t h i s  t ime.  

Sweep Gas Composition E f f e c t s  

Sweep gas composit ion, i n  p a r t i c u l a r  t he  amount o f  H, i n  He, was found t o  have a major  e f f e c t  on t he  steady- 
s t a t e  t r i t i u m  recovery.  

The i n i t i a l  gas composi t ion changes invo lved  a change i n  sweep gas from the  reference gas o f  He-0.1% H, t o  
an a l t e r n a t e  gas con ta i n i ng  l e s s  H,. 
f i r s t  t e s t  cyc l e  t he  a l t e r n a t e  gases were used f o r  a d u r a t i o n  o f  two days. 
t e s t s  were repeated and then extended t o  f o u r  days. 

F igure  4 compares t he  observed recovered t r i t i u m  concent ra t ion  f o r  t h e  four-day t e s t s  i n  He-0.01% H, and i n  
He (Tests # 5  and 7 ) .  I n  general t he  change from reference t o  t he  a l t e r n a t e  gas w i t h  l e s s  hydrogen r e s u l t e d  
i n  a sharp drop i n  t he  t r i t i u m  recovery.  The t r i t i u m  concent ra t ion  then increased t o  a pseudo-equ i l ib r ium 
r a t e  where t he  t r i t i u m  re lease  r a t e  was inc reas ing  very  s low ly .  The r a t e  of increase was i n i t i a l l y  f a s t e r  
f o r  He-0.01% H, than He bu t  a f t e r  f o u r  days t he  recovery r a t e s  appeared t o  be n e a r l y  equal. The recovery  
r a t e s  a f t e r  four days i n  the  a l t e r n a t e  gases we re  compared t o  t he  i n i t i a l  recovery r a t e  i n  re fe rence gas. 
The r e s u l t a n t  r a t i o s  were 2/3 pr He and 3/4 f o r  He-0.01% H,. 
c a r r i e d  ou t  f o r  sho r t e r  t imes, t he  recovery r a t e s  were found t o  be approximately  one - ha l f  and t w o - t h i r d s  
f o r  He and He-0.01% H respec t i ve l y .  
recovered t r i t i u m .  A f t e r  t he  f o u r  day pe r i od  i n  he l ium the  change t o  reference gas r e s u l t e d  i n  a t r i t i u m  
recovery peak he igh t  o f  1400 Ci /m3.  Th i s  recovery peak was equ i va len t  t o  19 C i  o f  t r i t i u m .  

The nex t  se r i es  o f  t e s t s  (Tests No #E-10) invo lved  a combination o f  a l t e r n a t e  gases i n  t he  sequence of 
He-0.1% H,, He, He-0.01% H, t o  He-0.1% H,. 
gases (He and He-0.01% H2) was va r i ed  from two t o  f o u r  days. 
these t e s t s  i s  shown F igure  5 .  

The shape of t h e  t r a n s i e n t  recovery curve was dependent on t he  r a t e  a t  which e q u i l i b r i u m  

The recovery r a t e  a t  t he  lower f l o w  r a t e  o f  50 mL/min a f t e r  7 days ( l e f t  s i de  

Determining t h i s  e f f e c t  was t he  p r imary  o b j e c t i v e  o f  t he  t e s t  p l an  i n  Table 2.  

I n  t h e  These a l t e r n a t e  sweep gases were He-0.01% H and pure He. 
For t h e  second c y c l e  t h e  two day 

For t he  r i n g  specimen s i m i l a r  t e s t s  were 

Return t o  t he  re fe rence gas r e s u l t e d  i n  a la rge ,  sharp peak i n  t h e  

Dur ing Cycle 11-6.2, t he  d u r a t i o n  t imes i n  t he  two a l t e r n a t e  
The t r i t i u m  concent ra t ion  versus t ime f o r  

The t r i t i u m  recovery behavior  f o r  t he  f i r s t  p o r t i o n  o f  t h e  t e s t s  i n  He i s  
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Figure  3 .  T r i t i u m  recovery r a t e  du r i ng  t he  change i n  sweep gas f l o w  r a t e s  i n  Tes t  #I .  
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Figure 4. Tritium recovery concentrations during sweep gas composition changes in Tests #5 and #7. 

similar to that observed previously in the two and four day tests (Figure 4 ) .  
He-0.01% H, results in a lower, longer peak than the transition from He to He-0.1% H,. The height and dura- 
tion of He to He-0.01% H, peaks after both 2 and 4 day periods in helium were similar. The transition from 
He-0.01% H, to He-0.1% H, resulted in a sharp transition peak similar to that seen previously in Tests #2, 4 
and 5 (Figure 4 ) .  However the size of the observed peaks did not seem to increase with increasing time in 
the alternative gases. 
suggests that for longer times the tritium inventories may have been saturating for the given gas composi- 
tion. 
similar for the three different tests. 

The other characteristic of these curves in Figure 5 is that, if ttle recovery peaks from the sweep gas 
changes are neglected, the recovery rate appears to hdve been increasing with increasing time even through 
the transition from He to He-0.01% H,. This suggests that with longer times the recovery rate in He-0.01% 
H would have approached the recovery rate in He-0.1% H,. To test this hypothesis, two additional tests, 
# I 3  and #14, were carried out for extended times in alternate gases. 
tritium are shown in Figure 6. The 
resulting recovery rate in He-0.01% H, at the end of this run (after subtracting the background) was 78% the 

The transition from He to 

This independence of tritium recovery peak size with time in the alternate gases 

Thus the changes in tritium inventories that were occurring for specific gas composition changes were 

The resulting curves of recovered 
Test #13 was run 4 days in helium and then for 6 days in He-0.01% H,. 

0 20 40 60 80 100 120 140 180 

Time (h) 
IO 

Figure 5. Tritium recovery concentrations during sweep gas composition changes for Tests #8, #9, and #lo. 
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F igure  6 .  T r i t i u m  recovery concent ra t ions  du r i ng  sweep gas composi t ion changes i n  Tests #13 and #14. 

recovery r a t e  i n  re fe rence gas a t  t he  s t a r t  o f  t h i s  t e s t .  
extending t he  t ime t o  8 days. 
re fe rence gas a t  t he  s t a r t .  

I t  i s  concluded from the  r e s u l t s  of these t e s t s  (Tests #13 and 14) w i t h  t he  a l t e r n a t e  sweep gases t h a t  f o r  
t ime per iods  up t o  10 days t he  observed recovery r a t e s  were always l e s s  than t he  recovery  r a t e s  i n  re fe rence 
gas. Poss ib le  exp lanat ions  are t h a t  t he  re lease  r a t e  from the  specimen was l e s s  than t he  genera t ion  r a t e  
and t h a t  a bu i l dup  of t r i t i u m  was occu r r i ng  i n  t he  specimen o r  t h a t  t r i t i u m  was accumulat ing i n  o the r  
reg ions  o f  the  system. The con t i nua t i on  of t h i s  low recovery r a t e  f o r  an i n d e f i n i t e  pe r i od  o f  t ime  would 
suggest t h a t  a change i n  t he  specimen t r i t i u m  i nven to r y  was occur r ing .  
lower concent ra t ions  o f  hydrogen i n  t he  sweep gas has a l so  been observed i n  t he  VOM experiment.6 
CRITIC-1 t e s t  on Li,O,' t h i s  e f f e c t  was n o t  seen d i r e c t l y ,  bu t  was i n f e r r e d  from a bu i l dup  i n  t he  t r i t i u m  
i nven to r y  over long  per iods  o f  t ime us ing  low H, concent ra t ions  i n  t he  sweep gas. 

The s i g n i f i c a n t  changes i n  t r i t i u m  recovery observed by decreasing t h e  hydrogen i n  t h e  sweep gas t o  l e s s  
than 0.1% H, suggested t h a t  an inc rease i n  t he  hydrogen should be considered. 
us ing  He-1% H, as t he  sweep gas. 
He-1.0% H, t he re  was an i n i t i a l  decrease i n  t h e  recovered t r i t i u m  concent ra t ion  fo l lowed by a small  peak and 
an approach t o  steady s ta te .  
t he  i n i t i a l  measured recovery r a t e  (cor rec ted  f o r  background) i n  t he  re fe rence sweep gas. 

Taken a t  face value,  t he  increase i n  t he  recovery r a t e  i n  He-1.0% H, versus t he  re fe rence gas has s i g -  
n i f i c a n t  imp l i ca t i ons .  
He-0.1% H, was l e s s  than t he  genera t ion  r a t e .  Another poss ib l e  exp lanat ion  i s  t h a t  t he  response o f  t h e  
i o n i z a t i o n  chambers i s  n o t  independent of t h e  H, content  of t h e  gas and t h e  a d d i t i o n  o f  H, r e s u l t s  i n  a 
h igher  i n d i c a t e d  concent ra t ion  of t r i t i u m .  
r a t e s  i n  t he  a l t e r n a t e  gases t o  reach t he  recovery  r a t e  i n  t he  reference gas. 
i o n i z a t i o n  chamber response being a f f e c t e d  by t he  gas composi t ion w i l l  be charac te r ized  i n  f u tu re  t e s t i n g .  

I n  a d d i t i o n  t o  changes i n  t he  t r i t i u m  recovery r a t e  f o r  a sweep gas of He-1.0% H,, t h e  mo is tu re  i n  t he  
recovered sweep gas increased from 25 ppm f o r  t he  reference gas t o  440 ppm f o r  He-1.0% H,. 
l e v e l  was much h igher  than observed p rev ious l y  i n  t he  experiment. 
r a b l e  increase and was p ropo r t i ona l  t o  t he  t o t a l  recovered t r i t i u m  curve. 
amount o f  hydrogen compared t o  t r i t i u m  (2OO:l). i t  i s  d i f f i c u l t  t o  draw any conclus ions as t o  whether t h i s  
mo is tu re  was re leased from the  specimen o r  from o the r  components of t he  system. 

Reactor Startup/Shutdown 

Reactor s t a r t u p  and shutdown prov ide  oppo r tun i t i es  t o  study t he  e f f e c t  o f  changes i n  t he  t r i t i u m  genera t ion  
r a t e  and temperature on t r i t i u m  recovery from t h e  s o l i d  specimen. 
re fe rence gas, t he  observed t r i t i u m  re lease  behavior  was as expected, w i t h  increasing/decreasing r e a c t o r  
power t he  temperature and t r i t i u m  recovery increased/decreased almost p ropo r t i ona te l y .  
r e l a t e d  d i r e c t l y  t o  heat  genera t ion  and t r i t i u m  recovery r e l a t e d  d i r e c t l y  t o  t r i t i u m  genera t ion .  

Test #14 was r u n  w i t h  an even longer  t ime  i n  He 
A f t e r  2 days i n  He-0.01% H, t he  recovery r a t e  was 83% o f  t he  recovery  r a t e  i n  

The reduc t i on  i n  recovery  r a t e s  w i t h  
I n  t he  

Tes t  #15 was c a r r i e d  ou t  
For t he  change from He-0.1% H, t o  The r e s u l t s  a re  shown i n  F igure  7. 

Th is  increase i n  t he  apparent steady s t a t e  recovery i n  He-1.0% H, was 21% of 

One poss ib l e  exp lanat ion  i s  t h a t  t he  recovery r a t e  f o r  t he  reference sweep gas of 

Th i s  exp lanat ion  would a l so  exp la i n  t he  f a i l u r e  f o r  t h e  recovery  
The p o s s i b i l i t y  of t he  

Th i s  mo is tu re  
The recovered HTO d i d  n o t  show any compa- 

Because o f  t h e  overwhelming l a r g e  

Dur ing r e a c t o r  startup/shutdown i n  

Temperature be ing  
However 
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Figure  7. 
sweep gas (Test  #15) .  

us ing  he l ium as sweep gas du r i ng  reac to r  shutdown was found t o  s i g n i f i c a n t l y  e f f e c t  t h e  t r i t i u m  recovery 
behavior .  
H, and He sweep gas. 
specimen a l so  decreased i n  d i r e c t  response t o  t h e  decrease i n  neutron i n t e n s i t y .  The t r i t i u m  recovery  f o r  a 
shutdown i n  He-0.1% H, was as expected, w i t h  a steady decrease i n  t he  t r i t i u m  concent ra t ion  as t he  power was 
reduced. 
t r i t i u m  genera t ion  r a t e  and specimen temperature decreased bu t  t he  recovered t r i t i u m  concent ra t ion  
increased.  

Dur ing r e a c t o r  s t a r t u p  i n  hel ium, t h e  recovered t r i t i u m  w i t h  i nc reas ing  neutron i n t e n s i t y  was a l so  found t o  
be d i f f e r e n t  than observed f o r  He-0.1% H,. F igure  9 i s  a p l o t  o f  recovered t r i t i u m  and neut ron  f l u x  du r i ng  
a r e a c t o r  s t a r t u p  i n  hel ium. 
' . r i t i um  genera t ion  and specimen temperature increased. When t h e  r e a c t o r  had reached f u l l  power, t h e  sweep 
gas was changed t o  He-0.01% H,. Before t h e  peak 

T r i t i u m  recovery concent ra t ions  and sweep gas mo is tu re  f o r  a change from He-0.1% H, t o  He-1% H, 

F igure  8 i s  a p l o t  o f  t r i t i u m  concent ra t ion  and neutron l e v e l  f o r  r e a c t o r  shutdown i n  a He-0.1% 
Although t he  neutron i n t e n s i t y  i s  shown here f o r  comparison, t h e  temperature of t h e  

For He sweep gas, t he  behavior  was d r a s t i c a l l y  d i f f e r e n t .  As t he  neutron l e v e l  decreased, t h e  

A f t e r  increases i n  neutron i n t e n s i t y  t h e  recovered t r i t i u m  decreased as t h e  

Th is  change r e s u l t e d  i n  t h e  t y p i c a l  t r i t i u m  re l ease  peak. 
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Figure  8. 
sweep gases. 

T r i t i u m  recovery concent ra t ions  and neutron f l u x  du r i ng  a r e a c t o r  shutdown i n  He and He-0.1% H, 
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Figure 9. Tritium recovery concentrations and neutron flux during a reactor startup in He sweep gas. 

was finished, the reactor power decreased. This power decrease/increase was accompanied by an increase/ 
decrease in the recovered tritium, similar to the behavior observed for helium sweep gas. 

One possible explanation for the behavior of the specimen during power changes in a helium sweep gas is 
related to hydrogenltritium solubility in LizO. 
with increasing temperat~re.~.~ 
tritium/hydrogen inventory and a possible decrease in the tritium recovery rate. 

The difference between the reference sweep gas and helium sweep gas was the relative amounts of tritium and 
hydrogen in the sweep gas. The recovered tritium concentrations in He-O.l% H, sweep gas were equivalent to 
approximately 65 ppm of tritium atoms. For the He-0.1% H sweep gas, the concentration o f  hydrogen atoms is 
2000 ppm. For He as the sweep gas, 
the hydrogen concentration would theoretically approach zero. Hence for He-0.1% H2 sweep gas, any dissolved 
hydrogen/tritium will be predominately hydrogen while for a helium sweep gas the dissolved hydrogen/ tritium 
will be predominately tritium. Thus an increase in the tritium release rate due to the dissolution of 
hydrogen/tritium from the Li 0 matrix would be most likely to be observed when tritium is a significant 
proportion of the dissolved kydrogen/tritium as is the case when the sweep gas contains a low concentration 
of H,. Such an effect could be contributing to the difference in startup/shutdown tritium recovery behavior 
observed for He versus He-0.1% H, sweep gases. Since the tritium recovery in a helium sweep gas is opposite 
to that anticipated from the change in generation rate, surface controlled release or a diffusional con- 
trolled mechanism, the observed anomalous recovery during startup/shutdown may be related to the behavior of 
tritium dissolved in the Li,O. 

CONCLUSIONS 

The BEATRIX-11, Phase I experiment provided data for in situ tritium recovery from a Li,O specimen irradi- 
ated under a large thermal gradient typical of fusion blanket designs. 
verification of the viability of Li,O as a candidate for a fusion solid blanket. 
of operation can be summarized as follows: 

The amount of hydrogen/tritium dissolved in Li,O increases 
An increase i n  reactor power effects an increase in the dissolved 

Thus the ratio of tritium to hydrogen is roughjy 1:30 at steady state. 

This test has provided additional 
Results from the 300 EFPD 

1. 

2 .  

3. 

Throughout the 300 EFPO of irradiation, the temperature of the specimen was nearly constant or 
decreasing slowly throughout the cycle. 
that the microstructure and the thermal properties of the specimen have also remained stable and 
that the specimen has remained physically intact. 

The composition of the sweep gas was found to be a critical parameter in the recovery of tritium 
from Li,O., 1,n general, decreasing the amount of hydrogen in the sweep gas decreased the recovery 
rate of tritium. The conclusion is that for sweep gases having smaller amounts of H, than the 
reference gas the recovery rates are always less than the recovery rates in reference gas for 
time periods up to 10 days. 

During reactor startup/shutdown the composition of the sweep gas has been found to be an 
important factor in the tritium recovery. 

From the stability of the temperature it is inferred 
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FUTURE WORK 

The tritium recovery data will be more extensively analyzed to characterize the tritium release behavior 
during sweep gas composition changes. Postirradiation examination of the specimen will be used in coor- 
dination with the in situ tritium recovery data to characterize the operational behavior of Li,O during the 
300 EFPD irradiation cycle. BEATRIX-11, Phase I 1  is a follow-on experiment which will involve the irradia- 
tion of a Li,O temperature change specimen and a Li,ZrO, sphere bed. 
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INVESTIGATION OF TRITIUM RELEASE AND RETENTION IN LITHIUM ALUMINATE - J. P. Kopasz (Argonne National 
Laboratory). S. Tistchenko and F. Botter (Comnisariat a L'Energie Atomique, Centre de Saclay, Gif-sur- 
Yvette, CEOEX, France) 

SUMMARY 

Tritium release from single crystal lithium aluminate has been investigated by a series of 
isothermal anneal and constant rate heating experiments. 
after anneals at low temperature, a large fraction of the tritium present before the anneal remains in 
the Sample. We have modeled this behavior based on first order release from three types of sites. At low 
temperature the release is dominated by one site, while the tritium in the other sites is retained in the 
solid. Dopants appear to alter the distribution of tritium between the sites. Adding MgO decreases the 
fraction of tritium released at 777OC, while increasing the fractions released at 538 and 950OC. 

PROGRESS AN0 STATUS 

Introduction 

tritium breeding material in a fusion device. Several previous experiments have investigated tritium 
release from lithium aluminate, however, there is little agreement in the data.1~283 In addition, the 
rate controlling mechanism is still under debate, with some claiming diffusion is rate controlling while 
others claim desorption is rate controlling.4.5 

In an attempt to increase our understanding of tritium release from lithium aluminate we have 
performed several postirradiation annealing experiments on pure lithium aluminate and lithium aluminate 
doped with Magnesium. Magnesium should substitute for lithium in the lattice and increase the number of 
lithium vacancies present in the crystal. If tritium release is diffusion controlled and tritium 
diffusion iS correlated with lithium diffusion as has been postulated, the magnesium dopant should 
improve tritium release. The results of these anneals have indicated that the tritium is released from 
several different sites, with different activation energies and that tritium release was not diffusion 
limited under the conditions studied. 
dominated by release from one type of site while the tritium from the other sites remained in the solid. 
Doping appears to alter the distribution of tritium between the different types of sites. We have 
analyzed tritium release based on first order kinetics from three types of sites. 

Experimental 

method. The details of the preparations have been reported previously.6 
doped aluminate were prepared by B. Rasneur.7 
those reported in reference 6. Two types of tritium release experiments were performed. 
of experiment is a series of isothermal anneals, performed on the same sample. 
to temperature 11, and the sample is moved into the heated portion of the apparatus. 
is recorded as a function of time, for a fixed time or until the release approaches the baseline. 
temperature is then raised to a new temperature 12, and the tritium release observed as a function of 
time. The temperature may be increased again to a third temperature after a specified time. The second 
type of experiment is a constant rate heating or temperature programed desorption experiment. In this 
experiment the sample is placed in a furnace under flowing purge gas (Ar t 0.1% H2). The temperature is 
then raised to give a linear temperature versus time profile, while the tritium released is detected 
downstream by a proportional counter. 

Results and Discussion 

Successive thermal anneals were performed on single crystals of LiA102 with a radius of 1 mn. A 
typical example is illustrated in Figure la. The anneals are at 538, 777, and 950OC. The rapid initial 
release at 538OC followed by a return to baseline, suggests that the majority of tritium has been 
released. 
The tritium released at 5380C is only a small fraction of the total tritium in the sample. This type of 
release is inconsistent with a diffusion controlled release mechanism and with a simple desorption 
mechanism with one activation energy. 
function of time to determine the effective diffusion coefficient at the initial anneal temperature. 
This treatment resulted in an effective diffusion coefficient which varied by up to an order of magnitude 
over the time of an anneal at a single temperature, indicating the tritium release was not diffusion 
controlled under these conditions. Similar analyses of the fraction released at the temperature of the 
anneal result in effective first order desorption rate constants which are fairly constant over the time 
of the anneal. However, the values at the same temperature differ depending on the history of the 
anneal. These results suggest that tritium is released from several types of sites on the surface, each 
exhibiting a different activation energy. 

The results of these experiments indicate that 

Tritium release from lithium aluminate is of interest due to the potential use of the aluminate as a 

In the single crystal samples at low temperature, release was 

Pure single crystals and single crystals doped with magnesium were prepared using the Czochralski 
Sintered pellets of pure and 

The annealing apparatus and procedure are identical to 
The first type 

The tritium release 
The furnace is preheated 

The 

However, when the temperature is increased to 777OC, a large tritium release peak is observed. 

The fraction of the total tritium released was analyzed as a 

Work supported by the U.S. Department o f  Energy, Office 
of Fusion Energy, under Contract W-38-109-Eng-38. 
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Constant ra te  heating experiments were performed on the samples t o  invest igate  the hypothesis tha t  
t r i t i u m  i s  released from several types o f  s i tes .  The r e s u l t s  show the presence of several overlapping 
peaks, again suggesting t h a t  the t r i t i u m  i s  released from several types o f  s i t e s  w i th  d i f f e r e n t  
ac t i va t i on  energies. 

heating experiments performed a t  two heating ra tes  using equation 1 below. 
Act iva t ion energies f o r  desorption o r  other f i r s t  order processes can be obtained from constant ra te  

EalRT = ln(Tm2/p)-ln(EalAR) (1) 

where p = heating r a t e  
Ea = ac t i va t i on  energy 
E = temperature degrees Kelv in  
A = preexponential 
T,,, = temperature o f  peak maxima 
R = gas constant 

For the pure s ing le  c rys ta l ,  peak maxima appear a t  approximately 666O and 78OOC fo r  a heating r a t e  
o f  20C/min, whi le the maximum fo r  the largest  peak has not  been reached a t  9500C. A t  a heating r a t e  o f  
O.S°C/min, these peaks appear a t  6020 and 706OC, and the main maxima appears a t  904OC. These data 
provide ac t i va t i on  energies o f  132.6 Kj/mol (31.7 k c a l i m l )  and 143.5 kj/mol (34.3 k c a l / m l )  f o r  the two 
lower temperature peaks. These values are i n  ood agreement w i t h  ac t i va t i on  energies determined f o r  the 
desorption of water f r o m  LiA102 by A. Fischer.! Analysis of constant r a t e  heating experiments for  Mg 
doped s ing le  c rys ta l s  a t  heating rates o f  1.0 and O.SoC/min r e s u l t  i n  ac t i va t i on  energies of 150 and 181 
k j lmol  (36.3 and 43.2 kcallmol). The ac t i va t i on  energy f o r  the l a s t  peak could not  be determined f o r  
e i t h e r  the pure o r  doped mater ia l .  A t  the higher heating rates, the maximum o f  the peak was not  reached 
before the maximum temperature of the experiment. 

were modeled as combinations o f  several f i r s t  order processes. 
was f i t  t o  a l i n e a r  combination o f  two f i r s t  order release processes. The r a t e  constants calculated from 
the ind iv idua l  anneals were used t o  ca lcu la te  ac t i va t i on  energies and preexponential terms. 
plus a t e r n  descr ib ing the d i s t r i b u t i o n  of t r i t i u m  between the three types of s i t e s  were then used t o  
ca lcu la te  the release fo r  an experiment w i th  three successive anneals of 538, 777, and 950OC. The f i t  t o  
the experimental data was optimized by varying the d i s t r i b u t i o n  t e n  and making small adjustments i n  the 
r a t e  constants. The resu l t s  are shown i n  Figures l a  and 2a ( pure and Mg doped s ing le  crys ta ls ,  
respect ively) .  The bes f i t s  e r  ob ained w i t h  fo l lowing r a t e  constants ( calculated as d sop t i o n  r a t e  
co s t  t s  : Ha= 0.039 e1-63 kj7WT/RTf fo r  the low temperature r t pe s es Hb-16.25 ef-13s 
k j y m o f y d  fo r  the type B s i  es i n  t e r e  mater ia l ,  Hb= 32.5 e?-133 kJ9mojhTI fo r  the type B s i t e  i n  
t h  d ed mater ia l ,  Hc= 70 ej-142 kJymhT) f o r  the type C s i t e s  i n  the pure mater ia l  and H - 164 ef-181 k J h O ? h  f o r  the  type C s i t e s  i n  the  doped mater ia l .  The same d is t r i bu t ion ,  preexponentiai-terms and 
ac t i va t i on  energies were then employed t o  model the resu l t s  f r o m  experiments w i th  successive anneals o f  
777 and 95OoC. The resu l t s  are i l l u s t r a t e d  i n  Figures l b  and 2b. The ac t i va t i on  energy o f  62.8 k j lmol  i s  
i n  good agreement w i t h  the lowest ac t i va t i on  energy reported for  desorption of H20 f r o m  LiAlOz, whi le  the 
values of 133 and 142 kj/mol are i n  agreement w i th  energies obtained f o r  desorption f r o m  a higher energy 
site.8 The values o f  133. 142 and 181 kj lmol are a lso i n  agreement w i th  those obtained f r o m  the constant 
r a t e  heat ing experiments. Attempts t o  f i t  the release f r o m  samples annealed only a t  95OoC w i th  these 
same parameters fa i l ed .  The 950OC f i r s t  anneal curves were b e t t e r  f i t  by a s ing le  f i r s t  order r a t e  
constant. This may be due t o  tritium being released dur ing the time the sample i s  heating up t o  950OC 
and t o  a r e d i s t r i b u t i o n  o f  the t r i t i u m  between the d i f f e r e n t  s i t e s  a t  the 

doped samples, a s l i g h t l y  l a r g e r  f rac t i on  of the t o t a l  t r i t i u m  was released a t  538% and 950OC than f o r  
the pure mater ia ls,  wh i le  less  t r i t i u m  was released a t  777OC than was observed i n  the pure samples (see 
Table 1 and Figures l a  and 2a). This 

To fu r the r  t e s t  our hypothesis, the t r i t ium release curves f r om the isothermal anneal experiments 
The t r i t i u m  release a t  each temperature 

These terms 

higher temperature. 

The magnesium doping was found t o  have a small e f f e c t  on the t r i t i u m  release. For the magnesium 

Table I 
Comparison of Fract ion o f  T r i t i u m  Released a t  

Various Temperatures for  Pure o r  Mg Doped LiA102 

Pure DoDed OC 
Fract ion Released Temperature 

.035 .085 

.920 .635 

.045 .280 

538 
777 
950 
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ind i ca tes  t h a t  t h e  magnesium doping changes t h e  d i s t r i b u t i o n  o f  t he  t r i t i u m  between t he  t h ree  types of 
s i t es ,  decreasing t he  amount a t  t ype  B s i t e s  w h i l e  i nc reas ing  t he  amounts a t  t ype  A and C s i t e s .  
add i t i on ,  t h e  doping increased t he  t r i t i u m  re lease  r a t e  a t  777OC. 
the  preexponent ia l  term f o r  t he  re lease  f r o m  s i t e  B, from 16.25 t o  32.5. 
re lease  r a t e  a t  950OC and increases t he  a c t i v a t i o n  energy f o r  re lease  from type  C s i t es .  
a c t i v a t i o n  energy i s  observed i n  t he  constant  r a t e  heat ing  experiments and t he  isothermal  anneals. 

t r i t i u m  s i t e s .  
s i ng le  c r y s t a l s  o r  l a r g e  g r a i n  s i z e  ma te r i a l .  

t r i t i u m  re leased increases w i t h  decreasing g r a i n  s i z e  according t o  t he  equation: 

I n  
The inc rease appears as an increase i n  

Doping a l s o  decreases t he  
The increased 

Recent r e s u l t s  w i t h  small  g r a i n  s i z e  s i n t e r e d  p e l l e t s  a l so  suggest t he  presence of several d i f f e r e n t  
However, re lease  from small  g r a i n  s i z e  samples occurs a t  lower temperatures than f o r  t he  

For  desorp t ion  c o n t r o l l e d  re lease  t he  f r a c t i o n  of Th is  i s  a l s o  cons is ten t  w i t h  a desorp t ion  model. 

f = l -exp(-3Ht/a)  

f = f r a c t i o n  o f  t r i t i u m  removed 
H = desorp t ion  r a t e  constant  and 
a = g r a i n  rad ius .  

where 

CONCLUSION 

Tr i t i um re lease  from l i t h i u m  aluminate i s  a complex process. The re lease  was n o t  d i f f u s i o n  
c o n t r o l l e d  under t h e  cond i t i ons  inves t iga ted .  
from th ree  s i t e s .  A t  low temperatures (538% and below), re lease  i s  dominated by re lease  from type  A 
s i t e s ,  wh i l e  re lease  from the  t ype  B and C s i t e s  i s  very low. 
type  C s i t e s  i s  e f f e c t i v e l y  r e ta i ned  i n  t he  s o l i d .  A t  h igher  temperatures t r i t i u m  re lease  f r o m  t he  type  
B and C s i t e s  dominates. 
types o f  s i t e s  and can change t he  a c t i v a t i o n  energy o r  preexponent ia l  te rm f o r  t he  re lease  r a t e  constant  
f o r  re lease  from a p a r t i c u l a r  s i t e .  

FUTURE WORK 

f unc t i on  o f  g r a i n  s i z e  t o  determine t he  r e l a t i o n s h i p  between t he  var ious  t r i t i u m  s i t e s ,  t he  re lease  r a t e  
constants and t he  g r a i n  s ize.  Of p a r t i c u l a r  i n t e r e s t  i s  whether t he  a c t i v a t i o n  energies remain t he  same 
when changing g r a i n  sizes. Th is  would i n d i c a t e  t h a t  re lease  i s  occu r r i ng  from the  same types of s i t e s  f o r  
t he  d i f f e r e n t  g r a i n  s i zes  and and o n l y  t h e  preexponent ia l  terms which p rov ide  in fo rmat ion  on t he  number 
o f  s i t e s  i s  changing. 
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Fig. la.  Calculated and Observed Release of Fig. lb. Calculated and Observed Release o f  
T r i t i um from "pure" LiA102 fo r  Successive Anneals 
a t  777 and 950OC. 

T r i t i um from "pure" LiA102 for  Successive Anneals 
a t  538, 777 and 95OOc. 
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Fig. 2a. Calculated and Observed Release o f  Fig. 2b. Calculated and Observed Release o f  
T r i t i um from Magnesium Doped LiAlO2 during 
Successive Anneals a t  538. 777 and 95OOC. 

T r i t i um from Magnesium Doped LiAl02 dur ing 
Successive Anneals a t  777 and 95OOC. 
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DESORPTION CHARACTERISTICS OF THE LiA102-H2-H20(g) SYSTEM - A. K. F ischer  and C. E. Johnson (Argonne 
Nat ional  Laboratory) 

OBJECTIVE 

The o b j e c t i v e  i s  t o  descr ibe  t he  energe t ics  and k i n e t i c s  o f  desorp t ion  o f  H20(g) and H2 from the  sur face o f  
ceramic t r i t i u m  breeders (LiA102 i n  t h e  present  case) i n  a form t h a t  enables p red i c t i ons  o f  t he  
c h a r a c t e r i s t i c s  o f  tri t i  um re1  ease. 

SUMMARY 

The energet ics and k i n e t i c s  o f  t he  evo lu t i on  o f  H20 and H2 fmm LiA102 have been s tud ied  by the  
temperature p rogramed desorp t ion  technique. A f t e r  t r e a t i n g  t he  sample w i t h  hel ium conta in ing  990, 495, or 
247 vppm H2 a t  923 K, HzO and H2 evo lu t i on  was observed dur ing  473 t o  1073 K (200 t o  8OOOC) ramps a t  r a tes  
o f  5.6 Klmin. 
p re l im ina ry  treatment. 
which had reproduc ib le  a c t i v a t i o n  energies and pre- exponent ia l  terms. For H 0 desorpt ion,  these peaks, o f  
types l a b e l l e d  8. C,  and 0 had a c t i v a t i o n  energies of 22, 28, and 32 kcal lmof .  
t ype  A peaks w i t h  an a c t i v a t i o n  energy o f  18 kcal lmol . )  
q u a n t i t y  by H2 i n  t he  sweep gas was confirmed. I t  appears t h a t  t he  ef fect iveness o f  H2 i n  t h i s  enhancement 
i s  n o t  i n  mod i fy ing  t he  a c t i v a t i o n  energy and pre- exponent ia l  te rm f o r  a g iven  k i nd  o f  s i t e ,  b u t  r a t h e r  i n  
changing t he  popu la t ions  o f  s i t e s  p a r t i c i p a t i n g  i n  t he  desorp t ion  processes so t h a t  s i t e s  w i t h  lower 
a c t i v a t i o n  energies a re  i nc reas ing l y  involved.  Only C and D subpeaks were invo lved  i n  H2 desorp t ion  and 
they  had a c t i v a t i o n  energies c l ose  t o  and perhaps on ly  1 kcal/mol h i ghe r  than t he  analogous peaks f o r  H2 
evo lu t ion .  

PROGRESS AN0 STATUS 

I n t r o d u c t i o n  

(TPD) technique f o r  measuring t he  a c t i v a t i o n  energy and pre- exponent ia l  terms f o r  t he  desorp t ion  r a t e  
equat ion and a l so  presented r e s u l t s  f o r  TPD runs on LiA102 t h a t  had been p re t rea ted  w i t h  H2 a t  673 K. 
was n o t  c l e a r  whether H2 i n  t he  gas stream f a c i l i t a t e d  desorp t ion  under those pretreatment  cond i t ions ;  a 
h i ghe r  pretreatment  temperature was seen as poss ib l y  necessary t o  revea l  the  enhanced re lease  t h a t  was 
observed w i t h  i r r a d i a t e d  samples. 
was p re t rea ted  w i t h  H2 a t  923 K. 

Experimental 

The sweep gas was e i t h e r  pure he l ium o r  t he  same He-H2 mix tu re  t h a t  was used i n  t he  
The H20 and H2 desorp t ion  peaks were shown t o  be t he  sums o f  f i r s t  o rde r  subpeaks 

( E a r l i e r  work i d e n t i f i e d  
Enhancement o f  desorp t ion  of H20 i n  r a t e  and 

E a r l i e r  r epo r t s  i n  t h i s  se r i es  discussed t he  background f o r  t he  temperature programmed desorp t ion  

I t  

I n  t h e  p resent  repor t ,  r e s u l t s  a re  presented f o r  TPD runs on LiA102 t h a t  

TPD experiments were run  on LiA102 t h a t  had been p re t rea ted  a t  923 K (650OC) overn igh t  or, i n  a few 
cases, f o r  a week or 12 days i n  a gas stream conta in ing  H2 a t  concentrat ions o f  990, 495, and 247 vppm. 
The system was cooled q u i c k l y  t o  473 K wh i l e  ma in ta i n i ng  t he  e q u i l i b r a t i n g  gas composit ion. 
temperature ramp was from 473 t o  1073 K a t  a ramp r a t e  o f  5.6 Klmin. The sweep gas du r i ng  t h e  TPD run  was 
e i t h e r  pure he l ium o r  the  same He-Hz mix tu re  t h a t  was used i n  t he  preceding t reatment .  
was t o  be t he  sweep gas, t he  gas composit ion was switched from the  He-Hz m ix tu re  t o  pure he l ium j u s t  be fo re  
o r  as t he  ramp began. D i f fe rences  i n  t he  desorp t ion  peaks a l lowed comparisons t o  be made t h a t  express t he  
impact o f  H2 i n  t he  sweep gas on t he  desorp t ion  processes. 

The gas conpos i t ion  was monitored w i t h  a mass spectrometer t o  p rov ide  cont inuous t r aces  f o r  H2, H20, 
N2, and 02. 
a t  basel ine.  A t  t he  end o f  t he  ramp, t he re  was a soaking p e r i o d  o f  10 min a t  1073 K fo l lowed by cooldown 
t o  923 K. 
the  nex t  run. 

The 

When pure hel ium 

The N2 and 02 data provided ongoing evidence f o r  t he  absence o f  leaks. The 02 t r a c e  remained 

Th is  was t he  temperature du r i ng  t he  succeeding e q u i l i b r a t i o n  w i t h  t h e  des i r ed  He-Hz m ix tu re  f o r  

TPO peaks f o r  the  evo lu t i on  of bo th  H2 and H20 were ob ta ined du r i ng  t h e  runs o f  desorp t ion  i n t o  pure 
helium. 
aga ins t  t h e  s t rong  background o f  H2 i n  t he  sweep gas mix tu re .  
e f fec ts  were observed. 

Resul ts  and Discussion - Desorpt ion o f  H$ 

ti20 i n t o  a He-Hz mixture; i n  a g iven  f igure ,  t he  pretreatment  gas composit ion was t he  same whether t he  
desorp t ion  was i n t o  he l ium o r  i n t o  t he  mix tu re .  
sample i n  u n i t s  o f  nml/min-m2. 
ev ident  i n  each case t h a t  t h e  ra tes  and amounts of desorp t ion  of H20 a re  enhanced s u b s t a n t i a l l y  over  t he  
values f o r  desorp t ion  i n t o  pure helium. 
processes r e f l e c t i n g  desorp t ion  from d i f f e r e n t  k inds  o f  s i t e s  on t he  sur face o f  t he  LiA1OZ.l 
desorpt ion peaks were analyzed t o  de r i ve  values f o r  t he  k i n e t i c  parameters o f  t he  c o n t r i b u t i n g  subpeaks. 

During runs of desorp t ion  i n t o  He-H2 mix tu res ,  peaks due t o  desorp t ion  o f  H2 would be obscured 
Nevertheless, some s i g n i f i c a n t  hydrogen 

Figures 1-3 show TPD curves from runs f o r  desorp t ion  o f  H20 i n t o  pure He sweep gas and desorp t ion  o f  

The y- ax i s  g i ves  t he  r a t e  o f  evo lu t i on  from t h e  p a r t i c u l a r  

E a r l i e r  i t  was shown t h a t  t he  desorp t ion  process invo lves  m u l t i p l e  

The areas under the  curves r e f l e c t  t he  amounts o f  evolved ma te r i a l .  I t  i s  

The 

This work supported by t he  U.S. Department o f  Energy, 
Of f ice o f  Fusion Energy, under Cont rac t  W-31-109-Eng-38. 
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Figure 1. TPD o f  HzO from LiAlO2 t r e a t e d  
wi th  247 vppm H2; i n t o  helium o r  i n t o  same 
gas mixture. 
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Figure 2. TPD of H20 from LiAlOZ t reated  
wi th  495 vppm H2; i n t o  helium o r  i n t o  same 
gas mixture. 

Figure 3 .  TPD of H20 from LiA102 t r e a t e d  
wi th  990 vppm H2: i n t o  helium o r  i n t o  same 
gas mixture. 
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The method of analyzing the peaks was t o  synthesize them from the subpeaks o f  the funct ional  form f o r  
a f i r s t  order desorption process: 

r = hjajeXp(-Edi /RT) 
(1) 

where r i s  the overa l l  ra te  of desorption of H20(g) expressed by the measured curves i n  mollmin and i s  
comprised o f  the sum o f  desorption from the ind iv idua l  types o f  s i t e s  i d e n t i f i e d  by subscr ipt  1, ui, i s  the 
pre-exponential term f o r  a given type of s i t e  i n  u n i t s  o f  mol H20Iminlmol occupied s i t e ,  i. a i  i s  the 
amount i n  mol o f  H20 adsorbed on a given type o f  s i t e  a t  a given time, and Edi i s  the ac t i va t i on  energy of 
desorption i n  u n i t s  of kcallmol. 

Figures 4 and 5 show deconvoluted TPD spectra fo r  an example o f  desorption i n t o  He and i n t o  He-495 
vppm H2. 
B and C, and the curves fo r  desorption i n t o  pure helium contained C and D peaks. ( I n  e a r l i e r  work deal ing 
w i th  desorption from sanples soaked a t  4000C. A, B, and C peaks were ident i f ied.)Z Results f o r  a l l  runs 
are shown i n  Table 1 which also l i s t s  the pre-exponential terms. The ac t i va t i on  energies o f  the B,  C, and 
D peaks are close t o  23, 28, and 32 k c a l h l .  
kcallmol.) The data ind icate  t h a t  the H2 i n  the sweep gas causes precursors o f  desorbed H20, namely the 
OH- population, t o  s h i f t  and t o  b u i l d  up i n  the B and C s i tes,  which provide an ac t i va t i on  energy mixture 
tha t  I s  lower than tha t  which p reva i l s  i n  the absence of H2 when the higher ac t i va t i on  energy combination 
o f  C and 0 s i t e s  i s  involved. 
change s ign i f i can t l y .  

Consistently. the curves fo r  desorption i n t o  He-H2 mixtures contained two types of peaks labe l l ed  

(The A peaks have a desorption ac t i va t i on  energy of 18 

It i s  important t o  note tha t  the ac t i va t i on  energies of the s i t e s  do not 
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Figure 4.TPD of HzO i n t o  495 vppm H2: 
deconvolution i n t o  B and C subpeaks. 
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Figure 5. TPD o f  H20 i n t o  pure helium 
f r o m  LiA102 
deconvolution i n t o  C and D subpeaks. 

t reated w i th  495 vppm H2: 

The pre-exponential terms are not  as constant as the ac t i va t i on  energies. Standard deviat ions of the 
sets o f  ui range from 13 t o  52% o f  the respect ive mean values. 
determine the e f f e c t  o f  H2 on pre-exponentials, namely f o r  the C peaks, the values of (2.22 f 1.16)E5 vs 
(8.91*1.14)E4 f o r  pure He and f o r  the gas mixture, respectively, can j u s t  about be ca l l ed  d i f fe rent  a t  the 
l o  leve l .  I t  appears, therefore, t h a t  the e f f e c t  o f  H2 makes a small change i n  the pre-exponential term 
f o r  the C s i t es ,  which i s  i n  the d i r e c t i o n  o f  reducing the overa l l  desorption rate:  however, t h i s  e f f e c t  i s  
overcome by the ent ry  of substant ia l  coverage i n  the lower ac t i va t i on  energy B s i t e s  when H2 i s  i n  the 
sweep gas. 

Where the u values may be compared t o  
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Table 1. Kinet ic  Parameters f o r  F i r s t  Order Desorption o f  H20 
from B, C. and D S i tes  on LiAlOZ. Duration o f  soak 
i n  h: H2 concentration i n  soak and i n  sweep gases i n  vppm. 

Soak t ime Soak gas Sweep gas UB EdB uc EdC VD EdD 

20 247 0 - 1.90E5 28.2 3.51E5 32.3 
170 495 
20 990 

0 - 
0 - 1.25E5 28.0 9.91E5 32.0 

3.51E5 28.0 7.51E5 32.0 

20 247 247 2.22E4 23.0 8.82E4 28.0 - - 
20 495 495 1.07E4 22.0 7.62E4 28.0 - - 
20 495 495 1.6ZE4 23.0 8.78E4 28.0 - - 

290 990 990 2.75E4 22.8 1.04E5 28.0 - - 

These data are sumnarized i n  the form of the mean values o f  the ui and Edi values i n  Table 2. 

Table 2. Averaged Kinet ic  Parameters f o r  6, C, and D Peaks fo r  H20 Desorption 
from LiA102 i n t o  H2 Mixtures and i n t o  He 

He - - 2.22E5 28.1 6.9E5 32.1 
Mixture 1.91E4 22.7 8.91E4 28.0 - - 

U t i l i t y  fo r  Desiqners and Modelers 

D peaks, were converted t o  values o f  f rac t i ona l  surface coverage, 9 ,  on the assumption of 1E19 s i t e s  per 
m2 of surface. 
respect ive He-Hz mixtures o r  i n t o  pure He. 
s i t e s  tha t  might be covered but which d i d  not pa r t i c ipa te  i n  the desorption processes tha t  were measured. 
Such s i t e s  are those tha t  would have been act iva ted only a t  temperatures higher than those i n  the range o f  
the experimental temperature ramp. The H2 adsorption process ( leading t o  surface OH- groups which combine 
bimolecular ly on reversal t o  adsorption) was regarded as disassociat ive chemisorption so t h a t  i t  and the 
HzO coverage should vary as the square root  of the HZ p a r t i a l  pressure. 
evolvable HzO coverage, 9 ,  was p l o t t e d  against the p a r t i a l  pressure o f  H2 i n  Pa112. 
l i n e a r  re la t ionsh iD followed. 

The areas under the HzO desorption curves, represented by the sums o f  the B and C peaks or the C and 

This 8 value i s  f o r  the t o t a l  evolvable H20 under the given condit ions, e i t h e r  i n t o  the 
It i s  dist inguished f r o m  a 9 value tha t  would include a l l  

Therefore, the observed t o t a l  
Figure 6 shows the 

As an example, a designer in terested i n  t h e  ra te  o f  desorption o f  H20 a t  steady s ta te  from a breeder 

To ca lcu la te  the desorption r a t e  requires knowledge o f  
a t  650OC i n t o  a helium stream car ry ing HZ i n  the measured range would be deal ing w i th  a steady s ta te  
coverage of desorbable H 0 ind icated by Figure 6. 
the values o f  ag and ac ?or the r a t e  equation. These may be calculated from: 

a i  = 1.66x10-5mos9i 

where the factor 1.66~10-5 = 1019/6.02~1023, m i s  the mass of the breeder i n  g, u i s  the speci f ic  Surface 
area i n  dig, and 9 i  i s  the f rac t iona l  surface coverage by evolvable H20 on s i t e s  of type i. 
quant i ty  i s  derived from the curve i n  Figure 6 by a l l oca t ing  por t ions o f  the indicated t o t a l  8 t o  the B 
and C s i tes.  The exact re la t i onsh ip  between B and C s i t e  populations s t i l l  requires study, but fo r  the 
present purpose i t  i s  useful t o  assume the r a t i o  of B t o  C s i t e s  as approximately 0.5; the observed r a t i o s  
ranged from 0.38 t o  0.79. 
peak. 
The r a t e  of desorption can be calculated by subs t i t u t i on  o f  these values i n t o  equation 1. 

The l a s t  

That i s ,  113 of the 8 from Figure 6 i s  assigned t o  the B peak and 213 t o  the C 
(For desorptions i n t o  pure helium, the r a t i o  of C t o  D peaks was i n  the range from 0.24 t o  1.18.) 
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Results and Discussion - Desorption o f  H2 

peaks which were deconvoluted. 
Some data f o r  the TPD o f  H2 were also obtained. Desorption i n t o  pure helium provided desorption 

The resu l t s  from t h i s  analysis are presented i n  Table 3. 

Table 3. K ine t i c  Parameters f o r  F i r s t  Order Desorption of H2 i n t o  He 
from C and D Si tes  on LiA102. Duration o f  soak i n  h and HZ 
concentration i n  soak gas i n  vppm. 

~ 

Soak t i m e  Soak gas "C EdC vg Edn 

20 247 1.61E5 28.2 6.35E4 33 .5  
170 

20 

~~.~ 
495 1.30E5 28.5 5 .065  32.5 
990 4.68E5 28.5 8.91E5 33.0 

Average 2.5E5 28.4 4.8E5 33.0 

I t  i s  s t r i k i n g  tha t  the k i n e t i c  parameters are very s i m i l a r  t o  those f o r  HzO. The subpeaks are 
l abe l l ed  C and D t o  i nd i ca te  t h e i r  s i m i l a r i t y  t o  the ones fo r  H20, though i t  i s  not  impl ied a t  t h i s  t ime 
tha t  the s i t e s  are the same. 
excel lent  f i t  of the data. However, there are s t i l l  puzzl ing aspects fo r  which fur ther  study i s  planned. 
For example, Figure 8 compares the evolut ion o f  H2 i n  a pure helium stream and the changes i n  H2 leve l  i n  
the sweep gas tha t  i s  introduced i n i t i a l l y  w i th  a concentration of 247 vppm. 
o r  so, which i s  a warmup per iod f o r  a mass spectrometer, the droop i n  the upper curve ind icates tha t  H2 i s  
being taken up by the system u n t i l  a temperature o f  approximately 1080 K (710oC) i s  reached whereupon H2 
evolut ion camnences. 
question i s  how much o f  the H2 i n  the gas stream a f t e r  passing the sample or ig inates from the sample and 
how much from the input  stream. 
sample) and He-containing sweep gas should cast l i g h t  on th i s .  
for  questions o f  t r i t i u m  behavior. 

Figure 7 shows the deconvolution fo r  the must prominent H2 peak observed wi th  

Ignor ing the f i r s t  10 minutes 

This behavior roughly p a r a l l e l s  the lower curve fo r  desorption i n t o  pure He. One 

The forthcoming work w i th  deuterium-loaded samples (but w i th  L iz0 as the 
I t  would provide a d i r e c t  iso top ic  analog 
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Figure 7. TPD of H2 i n t o  pure helium Figure 8. TPD o f  H2 i n t o  pure helium or 
from LiA102 t reated w i th  247 vppm H2; 
deconvoluted i n t o  C and D subpeaks. 

i n t o  247 vppm H2 mixture from LiAlO2 treated 
wi th  247 vppm H2. 

Other matters may be developed by examination of Figure 9 i n  which the coplot ted H2 and H20 peaks fo r  
a s ingle run are shown fo r  desorption i n t o  a stream of 247 ppm H2. 
been replaced by the H20-into-mixture curve.) 
of H2 uptake. Adsorbed H2 bu i l ds  up before H20 appears. A question i s  whether t o  regard the process as 
reduction by H t o  make H20 o r  as displacement of H20 from the surface. Along wi th  t h i s  i s  the question o f  
the oxygen and?or water source, since H2O peaks are observed repeatedly on the same sample. I t  has been 
suggested tha t  an experimental approach t o  i d e n t i f y  the oxygen source i s  t o  perform the TPD measurements on 
a sample labe l l ed  w i t h  180. However, the p r a c t i c a l i t y  o f  t h i s  i n  terms of expense and s e n s i t i v i t y  has not 
been explored yet. 

A t  the time of wr i t ing ,  fur ther  numerical analyses o f  the data are s t i l l  possible. 
compare the areas o f  H2 uptake and the areas of H2 and H 0 desorption; they appear s i m i l a r  i n  size. 

a large-number var iable.  Though the program p lan  c a l l s  f o r  no fur ther  experimental work with LIA102, the  
issues raised here ind icate  the need i n  the forthcoming work w i th  L i  0 not on ly  f o r  the new innovations i n  
experimental technique (use o f  deuterium f o r  sure and possible use o? '80) but  a lso fo r  extension of the 
basic experimental var iables o f  changes i n  ramp r a t e  and the temperature l i m i t  o f  the ramp, var iables tha t  
form the core o f  a comprehensive TPO study. 

FUTURE WORK 

(The H2-into-He curve i n  Figure 8 has 
Here, i t  appears tha t  H20 desorption lags behind the onset 

One task i s  t o  

However, some inexactness i n  the  comparison i s  expected f rom uncertainty due t o  the  small-number changes i n  

The next phase o f  the TPO measurements w i l l  center on the breeder, LizO, i n  order t o  provide data tha t  
are of cur rent  i n t e r e s t  fo r  ITER. 
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MICROSTRUCIURE OF M203 AND MgA120, P R E I M P W E D  WITH H, He, C AND IRRADIATED WITH Art IONS - 
Reiji Yamada [Japan Atomic Energy Research Institute (JAERI)], Steven J. Zinkle (Oak Ridge National Laboratory), and G. 
Philip Pells (Hanvell Laboratory) 

OBJECTIVE 

To examine the microstructural changes in ceramic insulators following irradiation at fusion-relevant transmutation 
products (H, He, C) per dpa ratios. 

SUMMARY 

Polycrystalline spinel (MgAI,O,) and alumina (AI,O,) were irradiated under three different sets of ion irradiation 
conditions in order to examine the effects of displacement damage and transmutation product formation on their microstructural 
evolution. Specimens were implanted with H, He and C alone, or irradiated with 4 MeV Ar' ions alone, or preimplanted with 
H, He, C and subsequently irradiated with 4 MeV Art ions. Irradiated specimens were observed with transmission electron 
microscopy following irradiation to damage levels of 0.6 to 30 dpa at 260 to 630°C for spinel and 0.6 to 18 dpa at 260 to 810°C 
for alumina. In both spinel and alumina, no radiation effects were observable in specimens implanted with H, He and C alone, 
and the preinjected transmutation products did not have a significant effect on dislocation loop size or density in Art irradiated 
specimens. In alumina, cavities were formed in all of the observed Art irradiated specimens for both the preimplanted H, He 
and C case and the Art alone case. In spinel, cavity formation was only observed in preimplanted specimens irradiated with 
Art ions at relatively high temperatures and/or doses. 

PROGRESS AND STATUS 

1. Introduction 

Ceramic materials have been proposed for fusion applications as special purpose materials like insulators, rf windows, 
etc., from the point of view of their insulating and dielectric properties. In addition, the advantages of low activity materials in 
future fusion reactors like DEMO are so attractive that ceramic and/or composite materials may he applied not only for a 
specialized purpose but more broadly for first wall and structural materials. 

Concerning the radiation damage of ceramics, most of the experiments so far have utilized fission reactors or ion 
accelerators. One of the largest differences between fission and fusion reactors in radiation damage on ceramics is that, in the 
case of fusion reactors, a fairly large number of transmutation products will be produced. For example, the amounts of H, He 
and C production in units of atomic concentration per displacements per atom (appddpa) were each estimated as 
approximately 100 appm/dpa for alumina (A120,) and for magnesium aluminate spinel (MgAI,O,) due to irradiation with 14 
MeV neutrons.'.' Compared to other ceramics, microstructural evolution of alumina and spinel during neutron or ion irradiation 
have been fairly well studied.''' Related phenomena such as hardening and amorphization have also received attention."'6 
These studies have revealed that spinel has higher resistance to aggregate damage accumulation than alumina under fast neutron 
(>0.1 MeV) (refs. 3-5) or self-ion irradiation."," For irradiation relevant to fusion reactors, the effects of helium-doping in 
alumina was investigated under 4 MeV Ne' and Art ion irradiation; helium-doped specimens exhibited an increased number 
and diameter of voids as well as total swelling.' The presence of a sufficient concentration of helium can lead to the formation 
of a dense dislocation network as well as of a cavity array along the c axis of alumina during 0' plus He+ irradiations! A 
similar alignment of cavities is observed following simultaneous irradiation of AI', 0' and He+ ions: and coimplantation of 
helium assists the development of cavity formation.'2 Cavity alignment in alumina is also seen in other ion and neutron studies 
(e.g., refs. 3.7). In spinel, cavity formation occurs preferentially at dislocation loops and grain boundaries following irradiation 
at fusion-relevant Heldpa ratios? As far as the authors know, however, there is still a lack of knowledge on how the multiple 
transmutation products of H, He and C affect the radiation damage of alumina and spinel. 

In order to examine the effect of multiple transmutation products on microstructural evolution, we performed three types 
of irradiation on Al,O, and MgA120,: (1) Pre-implantation of H', He', C' ions and successive Ar* ion irradiation; (2) Ar+ ions 
alone; and (3) H, He and C ions alone. 

In this report we present the results of the temperature and dose dependence of the cavity and dislocation loop 
microstructure which were examined in cross-section with a transmission electron microscope (TEM). 



294 

\ '. 

2. Exnerimental 

The 99.9% pure, polycrystalline alumina, trade name Vitox, was supplied by Anderman & Ryder. Vitox was of near 
theoretical density with an average grain size of 1.5 pm. The 99.9% pure polycrystalline spinel was supplied by Baikowski 
International Corporation and had an average grain size of 0.6 pm. 

The targets of alumina and spinel, mechanically polished to a 1 pm finish, were irradiated using the Harwell Van de 
Graaff accelerator. The irradiation of 4 MeV Art ions was used to create collisional displacement damage to simulate the 
damage due to neutron irradiation. For simulating the effects of transmutation products on radiation damage, H, He and C 
ions were pre-implanted at room temperature. The ion energies of preimplantation were adjusted to be equivalent to the range 
of 4 MeV AI': 580 keV Hi, 820 keV He' and 3.0 MeV C', and they were implanted in the order of H, He and C. The ratios 
of atomic concentration of H, He and C to displacements per atom were each set at 100 appddpa,  which is nearly equal to 
the calculated ratios for 14 MeV neutron irradiation.',2 The value of the displacement threshold used in the calculations was 
53 eV. 

In order to obtain a uniform damage profile of 4 MeV Ar' ions as well as a uniform implantation profile of Hi, He' 
and C+ ions, the targets were irradiated at several angles: The angles through which the sample was tilted for pre-implantation 
as well as 4 MeV Art irradiation, starting with the sample normal to the beam, were 0, 24, 33.5, 40, 46, 50, 54, 58, 61, 61, 66, 
68, 70 deg. The same dose was given at each angle. The damage profiles of 4 MeV AI' irradiation in alumina were calculated 
by using the EDEP-1 code" as well as the TRIM code." Tilting at the above angles gave a uniform distribution of dpa for 
depths from 0.4 to 1.4 pm, as shown in Fig. 1. This figure was taken from Pells et 

The target size was 10 x 10 mm. Selective masking was used to produce three different irradiation conditions on each 
target: (1) implantation of transmutation products alone, (2) 4 MeV AIf ions alone, and (3) preimplantation of transmutation 
products plus 4 MeV AI' ion irradiation. The target area exposed to each irradiation condition was approximately 3 x 3 mm. 
The implantation of transmutation products for (1) and (3) was first carried out at room temperature at the same time, and 
then the 4 MeV Ar' ion irradiation for (2) and (3) was performed together. Different targets were irradiated at 260 to 630°C 
to damage levels of 0.66 to 30 dpa for spinel and at 260 to 810°C to damage levels of 0.66 to 18 dpa for alumina where the 
damage levels were taken from a flat-top position of Fig. 1. During the 4 MeV Art ion irradiation the whole target for 
conditions (1)-(4) was annealed at that higher temperature. Table 1 summarizes the experimental conditions for the TEM 
specimens irradiated in this study. 

1 0  

4 
L 
0 

0.5 

ORNL-DWG 91-229 
I I I 

Table 1. Ion l r r a d l a t l o n  condi t lont  f o r  T M  study 

H. He. and C prelnplantat lan*  + 4 MeV AT+ lon  l r r a d l a t l o n  

Tempera- 
Mate r ia l  t u r e  Damage Level ( * p a )  

( 'C) 

MgAI,O, 260 0.6 3.2 4 6 .2  12 
MgAl,O, 420 2 .6  12.5  
M g A I A  630 3 6 12 30 

12.5 
12 18 
12 

A I  20, 810 3 

4 MeV Art ion  i r r a d l a t i o n  alone 

Tmpera- 

('C) 
Ma te r ia l  t u r e  Damage Level ( *a)  

MgAI&J, 260 12 

HgAlaO, 630 3 

41 A 420 3 12 18 
A 1 A  620 3 12 
A l A  810 3 

MgA1,0, 420 2 .6  12.5  

A1 A 260 0.66 2 .7  

*Prelmplanted concentration i s  100 appm/*a f o r  each H, ~ e .  
and C 
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The cavity and dislocation loop microstructure of the irradiated specimens was examined with a Philips CM 12 
transmission electron microscope operating at 120 keV. The TEM specimens were prepared by the cross-sectioning method. 
An irradiated target was cut into four parts, the piece containing the preimplanted transmutation products plus Art irradiation 
condition was glued face-to-face with the piece exposed to the transmutation products alone, and similarly the piece exposed 
to argon irradiation alone with the unirradiated piece. These sandwiched specimens were sliced perpendicular to the irradiated 
surface, mechanically dimpled and ion-milled using procedures described elsewhere.'" 

3. Results 

The general cross-section microstructure of spinel preimplanted with H, He, C and subsequently irradiated with &MeV 
Art ions to 3 dpa at 630°C is shown in Fig. 2. Since the target was tilted at several angles during irradiation, the microstructure 
was distributed rather uniformly. Evidence of radiation damage extends to a depth of 2 pm, which is in good agreement with 
the theoretical calculations of EDEP-1 and TRIM codes. 

3.1 Cavity formation 

The cavity observation was performed as a function of temperature and dose and the results are summarized in Table 
2. In order to observe cavities, we examined areas of the near-surface, midrange and end of range. If the range is not specified, 
TEM micrographs were taken from near the middle range. 

3.1.1. &&.& 

The TEM examination revealed that cavities were only observed in specimens preimplanted with H, He, C and 
subsequently irradiated with 4 MeV Ar' ions at a higher dose and/or higher target temperature. Within the present 
experimental conditions, the cavities were not observed at a dose less than 12 dpa over the temperature range of 260 to 420°C 
but at 630°C cavities were observed even at 3 dpa. Figure 3 shows cavities at under- and over-focus conditions for a specimen 
after H, He, C preimplantation and subsequent Art ion irradiation to 3 dpa at 630°C. For this irradiation condition the cavities 
were uniformly distributed, and their diameter was approximately 1.5 nrn. At a higher dose of 30 dpa at 630°C the cavities were 
not distributed uniformly, but had a tendency to line up along grain boundaries, as shown in Fig. 4. The size of cavities at this 
irradiation condition increased slightly to be about 2.4 nm. In general, the effect of temperature and dose on the size of cavities 
was not significant. 

We could not observe any cavities within the resolution of TEM in any of the observed specimens irradiated with Art 
ions alone, as summarized in Table 2 Although it is not listed in Table 2, the specimens irradiated with H+, He+ and C+ ions 
alone also did not show any cavities. 

Depth ( 

Table 2. The results  o f  cav i ty  formation 

H, He. and C p r e i m l a n t a t l o n  + 4 MeV Ar+ ion i r r a d i a t i o n  

Damage leve l  (@a) 

A1.A Spinel fIklA1,O.) _ _  . . . .. 
12 

12.5 
260'C &63* 2;1 260°C 0.6 3.2 4 - 

- 12 18 420-c 2.6 _ _  420.C 
620°C - 3 1 z .  630.C 3 - 6 1 2  

3 810'C - 
4 MeV Ar+  ion  i r r a d i a t i o n  alone 

Damage leve l  (@a) 

A 1 A  Splnel (HgA1,O.) 
26o.C 0.65 2.7 260.C 12 
420.C 3 12 420.C 2.6 12.5 
620% - 3 l - 2  630.C 3 
81O'C 3 - 

*cavities were observed a t  underlined *ses. Fig. 2. Cross section microstructure of M&O, 
preimplanted with H, He and C and subsequently 
irradiated with 4 MeV Art ions to 3 dpa at 630°C. 
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We observed depthdependent cavity formation in 
spinel following H, He, C preimplantation and 4-MeV 
Art ion irradiatiop to 3 dpa at 630°C as shown in Fig. 5.  
In the middle of the damage region (about 1.2 pm 
depth; the cavity density is much larger than that at a 
depth of 0.5 pm, in agreement with the calculated 
irradiation profile (Fig. 1). The size of cavities, however, 
did not vary with depth by any significant amount. 

3.1.2. &Q 

In A1,0,, cavities were formed in all of the 
observed specimens with and without pre-implantation of 
H, He and C. However, no cavities were observed in the 
specimens implanted with H, He and C alone. Figure 6 
shows the TEM observation of cavities for an mer-focus 
condition for implanted and non-implanted specimens 
irradiated with Art ions to 3 dpa at 810°C. Contrary to 
the results for spinel, the size and density distribution of 
cavities did not show any significant difference between 
preimplanted H, He and C specimens and 
non-preimplanted ones. The cavity size was 
approximately 1.5 nm for both cases. 

The cavities in alumina also showed a tendency to 
line up along grain boundaries in the case of high 
temperature and high dose irradiation. Similar to spinel, 
cavities form preferentially near a grain boundary in the 
specimen irradiated with Ar' ions alone, as shown in Fig. 
7. It should be noted that cavities only lined up near the 
grain boundary of the grain on the left-hand side of Fig. 
7. There is a denuded wne of cavities next to the grain 
Ownday of width 5 nm. In order to investigate how the 
orientation of grain boundary affects cavity formation, 
tilting experiments were performed at several grain 
boundaries. The left-hand side of Fig. 8 shows the same 
grain boundary as Fig. 7, and the right-hand side of Fig. 
8 shows another grain boundary in the same specimen. 
The diffraction vectors drawn in the fieure aive the 

Fig. 3. TEM micrographs of cavities in MgAI,O, 
at under-(bottom picture) and over-(upper picture) focus 
condition. The specimen was preimplanted with H, He 
and C and subsequently irradiated with 4 MeV Ar' ions 
to 3 dpa at 630°C. 

Fig. 4. TEM micrograph of cavities in MgAI,O, 
preimplanted with H, He and C and subsequently 
irradiated with 4 MeV Art ions to 30 dpa at 630°C. 

information of orientation of grains. Theiesul; of Fig. 
8 indicate that if a grain boundary lies nearly parallel to 
the basal plane (hexagonal crystal structure), cavity 
formation is enhanced adjacent to the grain boundary, 
and that if a grain boundary lies nearly parallel to a 
prism plane, the lining-up of cavity formation along the 
grain boundary is much less pronounced. 

3.2 Dislocation  loo^ microstructure 

3.2.1 &4JQ, 

Figure 9 s h m  the effect of dose on the 
microstructure of spinel preimplanted with H, He and C 
and subsequently irradiated with Art ions at 630°C The 
left-hand side gives the result after 3 dpa, and the 
right-hand side 30 dpa. The specimen was tilted to 
observe the dislocation loops in an edge-on 
configuration. For both doses the habit planes of the 
dislocation loops were {llO} and {lll} planes, and the 



0 u.5 1 0  
O.pth (m)  

Fig. 5. Depth-dependent cavity foi 
upper pictures) and microstructure (bottoi 
MgAlz04 preimplanted with H, He i 
subsequently with 4 MeV Art ions Io 3 dp, 

ORNL-P 

Fig. 7 Cavity formation near a grain bi 
A&03 irradiated with 4 MeV Art ions alone tc 
620°C. 
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ORNLPHOTO IOmSl 

Fig. 9. Effect of dose on the microstructure of 
M&O, preimplanted with H, He and C and 
subsequently irradiated with 4 MeV Ar' ions at 630°C 
(centered dark field image). The dose of Ar irradiation 
is 3 dpa (left) and 30 dpa (right). 

density of { l l O }  loops w 
loops. The average loop d 
{110) loops and 15 nm fc 
about 16 nm for {IIO} Iw 
at 3 dpa. The loop densitic 

Figure 10 shows the effect of irradiation 
temperature on the microstructure in spinel. The 
left-hand side gives the microstructure irradiated with 
Art ions alone at 260°C and the right-hand side shows 
a specimen preimplanted with H, He and C and 
subsequently irradiated with Art ions at 630°C The 
habit planes at 260°C were also { l l O }  and {lll} planes, 
and the density of {IlO} loops was larger than that of 
{111} loops. The average loop diameters were about 21 
nm for { l l O }  loops and 12 nm for {ill} loops at 260°C; 
and 22 nm for {]lo} loops, and 15 nm far {111) loop 
at 630°C. The number density of dislocation loop was 
almost same as those in Fig. 9. We also examined many 
other specimens to confirm the results implied by Fig. 
10, which revealed that the target temperature did not 
significantly affect the loop diameter or size. Contrary to 
the void formation results, Fig. 10 also implies that there 

is no significant effects of the preinjected transmutation products on loop size or density when spinel was irradiated with Art 
ions to a dose of 3 dpa or more. 

Low dose irradiations resulted in a different type of microstructure, as shown in Fig. 11, where spinel was preimplanted 
with H, He and C and subsequently irradiated with Ar' ions to 0.6 dpa at W C .  The dislocation loops were very small after 
this low dose, with an average diameter of about 2 nm. Because of the small loop size, their habit planes were not identified, 
but it seems that habit planes other than {IlO} and {lll} planes may exist during irradiation to a small dose. 

ORNLPHOTO 107781 

ORNL-PHOTO 107891 

Fig. 10. Effect of irradiation temperature on the 
microstructure of MgAI,O, (centered dark field image). 
The specimen was irradiated with Ar' ions alone to 12 
dpa at 26U'C (left), and preimplanted with H, He and C Fig. 11. Weak beam (& 5g) microstructure of 

MgAI,O, preimplanted with H, He and C and 
subsequently irradiated with Art ions to 0.6 dpa at 260°C 

and subsequently with Art ions to 30 dpa at 630°C 
(right). 
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3.22. &Q 

In the case of AI,O,, the dislocation loop structure induced by preimplantation of H, He and C and subsequent Art 
irradiation was similar to that for Art irradiation alone. This suggests that the preinjected transmutation products do not have 
a significant effect on loop size or density, which is the same as the results for spinel. 

Figure 12 shows the microstructure of alumina irradiated with Ar' ions alone to 12 dpa at 6 2 W  where the specimen 
was tilted to observe the dislocation loops in an edge-on configuration. It is seen that the habit planes of dislocation loops are 
(Oool) and {lTOO} planes, and that the (OOO1) habit plane is preferred. 

4. Discussion 

Cavity formation did not occur in any of the observed specimens of spinel irradiated with Art ions alone for the 
experimental conditions that we employed, whereas cavities were observed in H, He, C preimplanted spinel following high dose 
or high temperature Art irradiation. This indicates that the transmutation products may have a significant effect on cavity 
swelling in ceramics. The enhancement of cavity formation and void swelling due to helium-doping or coimplantation of helium 
has already been studied in alumina and   pin el."^^^" In the case of spinel, the transmutation products of H, He, C seem to play 
a much more vital role on the formation of cavities. In this connection it should be noted that the specimens irradiated with 
HI, He+ and C' ions alone did not show any cavities. Since the doses of implantation of H, He and C and also their masses 
were smaller than those of Art ions, the displacement damage due to transmutation products was negligible compared with that 

of areon irradiation. In this emeriment, the implantation 

ORNL-F'HOTO 1320-91 

Fig. 12. Centered dark field microstructure of 
403 irradiated with Ar' ions alone to 0.6 dpa at 620°C. 

due to 4 MeV Ar' ion irradiatic 
previously mentioned we have I 
spinel irradiated with 4 Me' .----..-...--- .̂  L J W  n.. 

of Gansmutation products 'has only an kffect of 
introducing light impurity atoms into the specimens. It is, 
therefore, indicated from the lack of cavities in the 
preimplanted-alone specimens that displacement damage 
is also necessaly and a dominant factor for cavity 
formation. It should be mentioned here that Knight et 
al. reoorted that cavities are formed in spinel at 800°C 

in alone to 1 dpa." As 
lot observed cavities in 
? Art ions alone at 

rcmpcrarurcs up LV om L. wmpared to the size of 
1.4 
is 

iat 
'aY 

caviiies observed for our preimpianted spinel (1.54 
nm), the size of cavities observed by Knight et al. 
much larger (about 25 nm). The above results imply ti 
a critical temperature for cavity growth in spinel m 

I exist at a temperature between 630 to 800°C. 

i The result of depthdependent cavity formatic 
as shown in Fig. 5, is also evidence that a certain amou 
of displacement damage as well as transmutatit 
products are necessary for the formation of cavities 
spinel. -In our experimental condition- the amount 
displacement damage decreases around a depth of ( 
gm, as shown in Fig. 1 (Fig. 1 actually gives the dams 
profile of alumina, but almost the same profde 
obtained for spinel). The amounts of implanted H, H 
C atoms also decrease around a depth of 0.5 pm. n 
depth-dependent cavity formation can be ascribed to tl 
decrease of both displacement damage ai 

i 
I 

I 
~ 

i 

I transmutation products. 
~ 

The orientation dependence of grain bounda 
cavity formation in alumina in Fig. 8 may originate fro 
the anisotropy of the hexagonal crystal structure. It h 
nlrendv heen rpnortd that raViti.-x an- alimerl Ani 
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, .-r _..__ __..___I -..DI."- -.-ng 
[OOOl] axis in irradiated al~mina?~.'.~ The present results 
reveal another feature that cavity swelling is enhanced 
adjacent to grain boundaries in grains with grain 
boundaries nearly parallel to the basal plane. The 
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otropic diffusion of vacancies and interstitials should be taken into a m u n t  to explain these phenomena, and further study 
:eded. 

As for microstructure, the dislocation loop formation in both spinel and alumina is not influenced by preinjected 
smutation products, which is very different from void formation. Target temperature also has a minor effect on dislocation 
B for the temperature range studied here. There is a dose dependence at a small dose (less than 3 dpa) although it is 
rated by 3 dpa, judging from the similar loop microstructures hetween 3 and 30 dpa (Fig. 9). It appears that damage level 
an effect on loop size, density or habit planes in spinel and alumina only during low dose irradiation. 

We observed defect-free and/or nearly defect-free grains in spinel irradiated with Art ions alone to 12 dpa at a nominal 
perature of 420°C and also preimplanted with H, He and C and subsequently irradiated with Art ions to 12 dpa at 630°C. 
ire 13 shows the results at 420°C. We can see that the denuded wne at grain boundaries is about 100 nm, and that there 
defect-free grain whose size is comparable to the size of denuded zone. On the other hand, the typical denuded zone at 
n boundaries was about 10 to 15 nm for spinel irradiated at temperatures between 260 and 63U'C, as shown in Fig. 14. 
!se two observations of extended defect-free zones at grain boundaries are rather unusual, and it is still unclear under what 
ditions we can observe such a defect-free grain. Moreover, in those two specimens, there is a possibility that a '%ot spot" 
occurred at some time during the argon ion irradiation, which would give a localized increase in dose rate and probably 
perature. It can be said, nevertheless, from the result of Fig. 13 that if the grain size is small and the temperature is high, 
xt-free or nearly defect-free grains can be expected in spinel. 

..I 

b o U  
12 I 

5. f 

dun 

Fig. 14. A typical defect-free zone adjacent to a 
grain boundary in MgAlzO, preimplanted with H, He, C 
and subsequently irradiated with Art ions to 3 dpa at 
630°C. 

Fig. 13. Defect-free regions adjacent to grain 
indaries in MgAI,O, irradiated with Art ions alone to 
ipa at a nominal temperature of 420°C. 

hmmmv and Conclusions 

The effect of the transmutation products of H, He and Con microstructural evolution in A&O, and M&O, specimens 
ng irradiation can be summarized as f o l l m  

1. No radiation effects were observable in specimens implanted with H, He and C alone. 
2. The preinjected transmutation products did not have a significant effect on loop size or density for Ari irradiated 

h e n s .  
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3. In Al,O, cavities were formed in all of the observed Ar' irradiated specimens for both the preimplanted H, He and 
C case and the Ar' alone case. 

4. In MgAl,O,, cavities were not observed unless the specimens were preimplanted with €I, He and C and irradiated with 
Art ions at relatively high temperatures or doses. 

5. Larger cavities occur preferentially near grain boundaries after high dose irradiation at elevated temperatures for both 
MgAl,O, and Al,O,. For Al,O, its preference depends on grain orientation, which should originate from the anisotropy of the . .  . 
hexagonal crystal siructure. 

6. MgAI,O, forms loops preferentially on {lll} and {HO} planes at a dose of more than 3 dpa, and also other habit 
planes may exist at lower doses. 

7. A1201 forms loops on (0001) and {]TOO} planes, and the (0001) habit plane is preferred. 
8. The denuded zone at grain boundaries in MgAI,O, is about 10 to 15 nm, but in some cases becomes 100 nm which 

may be due to a higher irradiation temperature than the nominal value. 

Fission reactor irradiation of spinel does not accurately simulate its swelling response during fusion neutron irradiation 
due to the low concentration of H, He and C produced. For A1203, the microstructure changes following fission and fusion 
irradiation might be similar since H, He, and C apparently have a small effect on the irradiated microstructure. 
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MICROSTRUCTURAL CHANGES IN OXIDE CERAMICS FOLLOWING LIGHT ION IRRADIATION - S. J. Zinkle (Oak Ridge 
National Laboratory) 

OBJECTIVE 

The objective of this study is to investigate the microstructure of oxide ceramics following irradiation with various ligM 
ions, in order to determine if the ObSeNed radiation effects can be correlated with heavy ion and neutron irradiation results. 

SUMMARY 

Irradiation of ceramics such as 40J and MgAl,O, with energetic ligM ions causes a suppression in the nudeation 
of dislocation loops. The results of recent electron microscope studies on ion irradiated oxide ceramics are summarized. 
tl is proposed that the anomalous suppression of dislocation loop formation may be associated with the high pcoportion 
of energy lost to electronic ionization events compared to displacement damage events during light ion irradiation. 

PROGRESS AND STATUS 

Introduction 

It has become increasingly apparent in recent years that radiation effects in ceramics will have a significant impact 
on the design of D-T fusion plasma physics machines. Large fluxdependent changes in electrical properties will m r  
during irradiation,' which may cause modification in the design and operation of even near-term, low fluence machines such 
as the Burning Plasma Experiment (BPX). Recognition of the need for in situ measurements of various physical properties 
of ceramics during irradiation has stimulated a modest amount of worldwide activity in this radiation effects area.'." Many 
of these studies have utilized accelerator-based sources due to the obvious difficuities associated with in situ electrical 
property measurements in fission reactors. 

The present study was initiated in order to gain a better understanding of the fundamental processes that m r  
during particle irradiation of ceramics. There are two distinct differences between light ion irradiation sources and heavy 
ion or neutron-based sources. First, the mean energy imparted to primary knockon atoms (PKAs) is signficantly smaller 
for light ion irradiation compared to heavy ion or neutron irradiation.12 For example, the mean PKA energy for 1 MeV 
neutrons or AI+ ions incident on AI,O, is -10 keV. whereas the mean PKA energy for 1 MeV protons is -300 eV (assuming 
a displacement energy of 40 ev). In essence, ligM ions produce isolated Frenkel defects whereas heavy ions and energetic 
neutrons produce displacement cascades. A second consideration is that proportionately more energy is lost to electronic 
excitation events during light ion irradiation compared to heavy ion or neutron irradiation. Table 1 compares the ratio of 
ionizing to displacive energy losses for several different irradiation sources. 

There is a surprising lack of microstructural studies on ceramics irradiated with protons or alpha partides-only three 
open-literature p~blications'"'~ were found during a computer literature search. Small dislocation loops were Observed in 
the He-implanted region of AI,O, following He' ion irradiation to 0.3 dpa at Z~IYC.'~ and 75C-9WC." Loops were alSo 
observed at depths midway between the surface and the He-implanted region in the Al,03 specimen irradiated at Z30"C." 
Lee et ai.'' reported the formation of a low density of large interstitial loops in AI,O, following He' irradiation to a damage 
level of -0.04 dpa. Unpublished research by KnigM" indicated that no detectable loop formation occurred in MgAI,O, 
following irradiation at 600°C with 3 MeV protons to 0.1 dpa. In this study." the sample thickness was less than the proton 
range so that the protons were transmitted through the specimen. 

ExDerimental Procedure 

Polycrystalline blocks of AI,OJ (GE Lucalox), MgO (Ube) and MgAI,O, (Ceradyne) were sliced into foils of 
0.5 mm thickness, and Smm-diam TEM disks were cut from the foils. The disks were mechanically polished with 0.5 pm 
diamond paste, and then bombarded in a 3 x 3 array at 650°C in the triple ion beam accelerator facility" ai Oak Ridge 
National Laboratory. The irradiation temperature was determined from a thermocouple spot-welded to the face of a 
stainless steel specimen that occupied one of the positions in the 9-specimen array. The thermocouple reading at this 
position during irradiation was about 5°C higher than the recorded temperature from a thermocouple embedded in the base 
of the sample holder. 
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Tabla 1. &pppmxi.ste ratios of ioniziw to displacive 
nnnrgy for A1.0, exposed to d i f fnnnt  irradiation sources 

I-NeV H+ (4 )a dapth) 
24nV A l +  (0.6 )a dapth) 
T R I M  t h e m 1  reactor 

2Boo 
10 

Unshieldad 19 1W 
1-in. lead shield 1.3 10-20 

Fast reactor ^2 -20 
Fusion reactor (BPX) 

F i rst  wall 0.6 15 
Behind magnnts 2 14 

Four different specimens arrays were exposed to either 
1-Mev H' or He' ion beams. A masking slit was used to 
cover the top row of specimens at the beginning of the 
irradiation of each specimen array. The masking sit was 
removed when -90% of the total fluence was achieved. This 
resulted in a factor of 10 lower fluence for the top row of 
specimens compared to the bottom two rows. Specimen 
arrays were irradiated at two different ion fluxes for both the 
proton and helium irradiations. Table 2 summarizes the 
irradiation conditions. The damage levels shown in Table 2 
were calculated for AI,O, from the EDEP-1 Code" using a 
threshold displacement energy of 40 eV. It should be noted 
that the calculated damage level (and damage rate) for 1 MeV 
protons and alpha particles varies by a factor of 35 and 22, 
respectively between the damage peak vs midway between 
the surface and damage peak. The calculated mean ion 
range for 1 MeV H' and He' in AI,O, is 8.57 pm and 2.14 pm, 
respectively. 

Table 2. Ion irradlation COnditiOnS for the Al*Oz. )go. and W1.0. spprimens i r r a d i a t d  a t  650-c 

Midrawe Pnak Inplanted 

Ion Spectar (lols/ml-s) (1oz0/m') Dose Dose Radiation COKentration 
Flux Flunnce Hidrangn Pnak Ionizing Ion 

(@a) (*a) Flux (at. X )  

l+V H* €4 im 0.09 3.2 3 E4 
W 20 0.01 0.4 3 8 

8 3 0.0016 0.06 0.k 1 

l+V Hat 40 100 1 21  10 50 
40 10 0.1 2.1 10 5 
4 10 0.1 2.1 1 5 
4 1 0.01 0.2 1 0.5 

(10. G Y l S )  

8 15 0.008 0.3 0.4 6 

The ceramic specimens displayed luminescence during the ion irradiations (the target assembly could be viewed 
through a quamwindow). The spinel specimens exhibited a green color, MgO was pink or orange (depending on the flux), 
and A120J was white. The luminescence intensity decreased almost instantaneously when the ion beam was shuttered. 

Following irradiation, the specimens were examined with an optical microscope and selected specimens were 
prepared as cross-section TEM specimens using techniques that are described elsewhere." The TEM specimens were 
examined with a Philips CM-12 electron microscope, operating at 120 keV. 

RESULTS 

Optical examination of the as-irradiated disks revealed blister formation and exfoliation in specimens subjected to 
H* or He+ ion fluences 2 1  x lo"/m'. A small fraction of the grains in spinel were exfoliated following He* ion irradiation 
to 1 x ld'/m'. Blister formation was not Observed by optical microscopy in the other ceramic specimens irradiated to H+ 

or He* ion fluences 5 2 x 102'/m2. Figure 1 shows low-magnification examples of the blistering and exfoliation in MgAI,O, 
and AI,O, specimens subjected to high-fluence irradiation. Exfoliation was generally limited to individual grains in the He- 
implanted specimens, whereas the blister formation and exfoliation extended over many grains in the H-implanted 
specimens (Fig. 1). This difference may be attributable to the deeper range of the H' ions compared to the He' ions. 
Several previous studies have examined blistering and exfoliation in ceramics implanted with gaseous ions (e , 19-22). 
The present results agree with these studies that the critical fluence for the onset of blistering occurs near 3 x 1 8  ions/rn2. 



P 
304 

Fig. 1. Blister formation and exfoliation in MgAl,O, and Al,O, following high-flux 1 MeV H' or He' ion irradiation at 
650°C. Left to right: spinel, 1.7 x 10" H+/m2. AI,O,, 1.7 x 10" H'/m2; spinel, 1.0 x lop He*/m2. 

Preparation of the cross-section TEM specimens required special care due to the blistered and exfoliated surface. 
Fortunately, intact grains were located and Observed in all of the specimens selected for TEM examination. 

SDinel TEM observations 

Figure 2 shows the cross-section microstructure for spinel following high-flux Ha' irradiation to a peak damage level 
of 2.1 dpa (cf Table 2). A moderate density of medium-sized dislocation loops occurred in the region where the implanted 
ion and damage peaks nearly coincide. The damage range was in fair agreement with that predicted by the Al2OJ EDEP-1 
calculation (after correcting for density differences between N,O, and MgN,O,). There was no observable defect formation 
at irradiation depths up to 2.0 fim. The radiation damage level in these regions was -0.1 dpa (Table 2). 

The microstructure of spinel following high-flux He' ion irradiation to a peak damage level of 21 dpa is shcwn in Fig. 
3. Many of the near-surface regions of this specimen had spalled off due to the implantation of -50 at. % He. Extensive 
cracking and cavitation were observed at depths corresponding to the implanted He region (-2.3 pm). Dislocation loops 
ware Observed in the peak damage region. However, dislocation loops did not occur at irradiation depths up to 2.0 pm 
despite radiation damage levels of -1 dpa. 

The depth-dependent microstructure of the proton-inadiated spinel specimens was qualitatively similar to the He- 
irradiated specimens. with the exception that the damage peak occurred at depths of 10.5 pm. The obselved damage peak 
occurred at a depth -10% larger than the predicted peak calculated by EDEP-1. Figure 4 shows the cross-section 
microstructure of spinel following low-flux proton irradiation to a peak damage level of 0.3 dpa (c.f. Table 2). Once again, 
dislocation loop formation was only observed in regions close to the implanted ion and displacement damage peaks. 
Similar results were obtained from spinel specimens irradiated following high flux proton irradiation to a peak damage level 
of 3 dpa, except that the amount of cavitation in the H' implanted region was substantial. 

ALO. TEM observations 

Figure 5 shows the cross-section microstructure of AI,O, following high-flux He' ion irradiation to a peak damage 
level of 21 dpa. Substantial subsurface cavitation and cracking occurred at a depth of -2.3 pm as a resut of the injection 
of 50 at. % He into the specimen. As shown in Fig. 6, dislocation loop formation occurred at all depths within the irradiated 
region. The loops in the midrange region ware larger and of lower density compared to the loops formed in the peak 
damage region. Similar results were obtained on N,O, specimens following either high-flux or low flux He+ ion irradiation 
to a peak damage level of 2.1 dpa (c.f. Table 2). However, in these lower dose specimens (0.1 dpa @? midrange), the 
dislocation loop sue was about haif that of the high-dose specimens (1 dpa @ midrange). The Observed extent of 
displacement damage was in good agreement with the value calculated by EDEP-1. 
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Fig. 2. Microstructure of spine! follovd~g low-flux 
1 MeV He' ion irradiation to 1 x 10'' He+/m . 

Fig. 4. Microstructure of spinel following low-flux 
Droton irradiation to 1.5 x IO" Htlmz. 

Fig. 3. Microstrmtwe of spinel following high- 
He'/m2 flux irradiation with 1 MeV He+ ions to 1 x 1 

at 650°C. 

ORNL PHOTO 1758-91 

Irradiation at 650°C with He' ions to 1 x 16" He'/m' 

Dislocation loop formation was confined to regions dose to the implanted ion and displacement damage peaks for 
AhO, irradiated with high-flux H' ions to a peak damage level of 3 dpa. Figure 7 shows the cross-section microstructure 
for this irradiation condition. The observed damage peak occurred at a depth -10% larger than the value calculated by 
EDEP-1. The absence of resolvable dislocation loop formation in the midrange regions of the proton irradiation is in stark 
contrast to the copious amounts of dislocation loops observed in AhO, specimens irradiated with He' ions to the same 
midrange dose (0.1 dpa). A very low density of large dislocation loops was observed in the midrange regions of N,O, 
following low-flux proton irradiation to a midrange damage level of 0.008 dpa. This Observation suggests that s@me physical 
process associated with proton irradiation is inhibiting the nucleation of dislocation loops in AI,O,, but does not suppress 
their subsequent growth. 
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Fig. 6. MicrostructureofAI,O,following high-flux He+ ion irradiation to 1 x le He+/m2 at 650°C. 

Figure 8 shows an example of the cavity formation that occurred near the implanted ion region of A1203 irradiated 
wkh high-flux protons to e peak damage level of 3 dpa. A high density of cavities are present in this region. Subsurface 
cracking associated with the interconnection of these cavities was observed in some parts of the E M  foil. The cavities 
tended to nucleate at dislocation loops. 

0 4 6 8 10 
DEPTH ( p m )  

Fig. 7. Microstructure of A120, following high-flux Fig. 0. Cavty formation in the2implanted H' ion 
proton irradiation at 650°C to 1.7 x 10" H'lm'. region of AI,O, after 1.7 x 10" H'lm . 

Ma0 TEM observations 

High flux proton irradiation of MgO to a peak damage level of 3 dpa (Table 2) produced dislocation loops near the 
implanted ion and damage peaks, but no effects of displacement damage were visible at other irradiated depths. High flux 
irradiation of MgO with 1-MeV He' ions to a peak damage level of 21 dpa produced small dislocation loops at depths near 
the implanted ion and peak damage regions. A moderate density of loops was observed in midrange regions. Therefore, 
the behavior of MgO to light ion irradiation may be classified as intermediate between that of AI,O, and spinel. 

DISCUSSION 

As mentioned in the introduction, the displacement cascade density (mean PKA energy) and fraction of energy lost 
to ionization events is significantly different for light ion irradiations compared to heavy ion or neutron irradiations. The lack 
of observable dislocation loop formation in the midrange regions of AI,O, and spinel specimens following light ion irradiation 
suggests that these differences may be suffkient to alter the microstructural development of ceramics during irradiation. 
The resutts obtained on H+ and He' ion irradiated AI?O, specimens (Figs. 6 and 7) also suggests that there is a significant 
dfference m the radiation damage processes associated with 1-MeV protons vs I-MeV He' ions. A simple calculation of 



307 

the mean PKA energy'' for these two irradiation conditions (assuming a threshold displacement energy of 40 ev) yields 
-325 eV and 370 eV for 1-MeV H' and He' ions, respectively. This small difference suggests that it may be worthwhile to 
concentrate on differences in the amount of ionization energy deposited during irradiation. 

Figures 9 and 10 show the depth-dependent energy losses of various energetic ions in Al,Os as a result of elastic 
collisions (displacements) and electronic interactions (ionization), respectively. The specific energy loss for both processes 
increases with increasing mass of the bombarding particle?3 The partitioning of energy loss between the two processes 
can be seen more clearly by examining the ratio of ionizing to displacive energy losses, as shown in Fig. 11. It is clear from 
this figure that a substantially higher fraction of energy from the incident ion is transferred into ionization events during light 
ion irradiation compared to heavier ion irradiation. From Table 1, the ratio of ionizing to displacive energy losses that is 
relevant for fusion reactor irradiations, dE/dX)ddE/d&, is IJ 15. Medium-weight ions such as Z-MeVAi' and 4-MeV Art 
achieve this ratio in AI,O, near the midpoint of their ion range. However, light ions such as 1 MeV H' and He' do not 
approach this value until near the ion end of range. 

10-4 I 
0 2 4 6 8 10 

DEPTH (urn1 

Fig. 9. Energy losses to atomic recoil 
processes during ion irradiation as calculated by the 
TRIM-90 (ref. 23) code. 

0 2 4 6 8 10 

DEPTH lum) 

- 

Fig. 10. Energy losses to electron ionization 
during ion irradiation as calculated by the TRIM-90 (ref. 
23) code. 

lg' ions produces a defect-free region within -0.8 pm of<he surface?' Dislocation loops i 
layers within the irradiated region (0.8 to 2.0 pm). Irradiation of spinel at the same dar 
Dduced a defect-free region within -0.4 fim of the surface (Fig. 13).= The extent of these! 
+n b inrl.,nnnrlmnt ,.' A*...*,-.- I,....., k* i^^ a. .^^^^I i- .L̂  ----- - c .. .A20 1- I r 1 

Further insight into the radiation effects assodated with light vs heavy ion irradiation can be obtained by comparing 
the microstructural response of spinel following irradiation with Ma' and AI' ions."25 As shown in Fig. 12, irradiation with 
2.4 MeV M and tangles are created 
at deeper nage rate with 2.0 MeV 
A+ ions pri surface-denuded zones 
was found ... - ~ ~ ~ u ~ y . " ~ u ~ ~ ~ L  u - ~ n ~ ~ y -  uuv-~ IVV IVUI IIUW'IIWJ III LIIW I U I I ~ W  ur o A IU 

shows the depthdependent ratio of ionizing to displacive energy losses (calcula lev Mg' and 2 MeV 
AI' ions. This ratio has a value of about 10 at irradiation depths of 0.8 pm and 1 )r the 2.4 MeV Mg' 
and 2 MeV AI' ions, which is in reasonably good agreement with the observed uxLu,llJ C ~ I W  aurlaw-denuded zones in 
spinel following irradiation with these two ions. This empirical relationship suggests that the ratio of ionizing to displacive 
energy losses must be less than -10 to produce a significant concentration of resolvable defect aggregates in spinel during 
ion irradiation at 650°C. On the other hand, the light ion results for AI,O, suggest that defect aggregates in this material 
will be produced for ionizing to displacive energy ratios up to -1OOO. These Observations may partially explain the relative 
resistance of spinel to defect aggregate formation during neutron irradiation as cornpared to A120,: the ratio of ionizing to 
displacive energy during neutron irradiation of ceramics is -10 to 20 (Table l), which is close to the empirical critical value 
for defect aggregate formation in spinel but well below the corresponding value for AI'O,. 

IO 5.3 x id' ionslm 2 . Figure 14 
Zed for A120J for 2.4 M 
0.5 pm. respectively, fc -' .I-- 

Several researchen have pointed out the potential influence of electronic excitation effects on radiation damage 
processes in metals and ceramics.- In some ceramics, ionization can directly lead to the formation of additional Frenkel 
defects." Other studies have noted that electronic excitation events can lead to an annealing of preexisting cascade 
damage."?g Several analyses have suggested that energy transfer between ionized electrons and ions within the 
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surviving Frenkel defects assodated with the 
cascade.- If is also well-known" that ionization 
causes enhanced ionic diffusion in insulators during 
irradiation. it is clear that further research is needed to 
develop a better fundamental understanding of the 
importance of ionizing vs displacive radiation on 
damage accumulation in various ceramics. 

We have observed that the development of 
observable defect aggregates in ceramics during light 
ion irradiation is strongly dependent on the irradiation 
temperature. Irradiations with 'He' ions performed 
near room temperature did not produce observable 
damage even in the implanted ion regions of spinel or 

Fig. 12 Microstructure of spinel following 2.4 Fig. 13. Microstructure of spinel following 
2-MeV AI' ion irradiation at 650°C to a thence of 
5 x 10" AI+/m2 (from ref. 25). 

MeV Mg' ion irradiation (from ref. 24). 

it should be emphasized that another feature associated with most ion irradiation studies on ceramics involves the 
implantation of the bombarding ions. This can produce space charge effects and stimulate an electrical current associated 
with radiation-inducedcondu~~i~.~,' Experiments are presently being performed to determine if these effects may be 
contributing to the anomalous suppression of dislocation loop formation in ceramics irradiated with light ions. 

FUTURE WORK 

Ceramic specimens will be irradiated with 3 MeV C' ions and +MeV Zr' ions during the next reporting period. Some 
of the specimens will be C-coated prior to irradiation. Plans are also underway for transmission irradiations of ceramic 
specimens with 10-MeV protons and 28 MeV He' ions. 
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PREPARATION OF MgAl,O, SPINEL CONTAINING CONTROLLED AMOUNTS OF "0 ISOTOPE -- Hyoun-Ee Kim, 
Steven J. Zinkle, and William R. Allen (Oak Ridge National Laboratory) 

0BJECI.IVE 

The objective of this study was to determine if magnesium aluminate spinel (MgAI,O,) could be prepared with a 
controlled amount of "0. This would allow fusion-relevant He:dpa ratios to be achieved during irradiation in a ISIiXed-SpeCtNm 
reactor such as HFIR. 

SUMMARY 

Magnesium aluminate spinel (MgAI,O,) with an "0 enrichment ('7010T0,) of about 23 at. % was prepared by reacting 
fine mixtures of aluminum hydroxide (enriched with "0) and MgO of normal isotopic content. The material was prepared for 
experiments in which the radiation damage produced in a fusion reactor is simulated by fission reactor exposures. The powder 
mixtures were obtained by hydrolyzing, with water containing the "0 isotope, a mixture of aluminum isopropoxide and MgO 
powder. The mixture was converted into pure spinel by a series of heat treatments and grindings. Essentially fully dense bodies, 
which contained about 45% of the "0 isotope initially present in the water, were successfully fabricated provided that all 
thermal treatments were conducted in argon or vacuum atmospheres. 

PROGRESS AND STATUS 

Introduction 

Ceramic materials will be required in several locations within proposed fusion reactors, where they may be subjected to 
appreciable doses of 14-MeV fusion neutrons.'.' Unfortunately, at the present time there are no 14-MeV neutron sources 
available that have sufficient intensity to perform high-dose tests on candidate fusion reactor materials. Nuclear fission reactors 
have been used to expose various ceramic materials to high-dose irradiation.'" However, these exposures are inadequate for 
estimating the degree of degradation to be expected in fusion reactors because the amount of transmutation products formed 
during fission neutron irradiation is generally much lower than that generated during deuterium-tritium (d-T) fusion neutron 
irradiation. For example, the amount of helium generated in a ceramic such as A,O, is, for irradiation to the same 
displacement damage level, more than an order of magnitude higher for d-T fusion neutron irradiation than for fission neutron 
irradiati~n.~ 

One technique that can be utilized to investigate helium effects in fission neutron irradiated oxidt? ceramics is to take 
advantage of the high helium production rate associated with the "0 (n, a)l4C thermal neutron reaction? Oxygen of natural 
abundance contains only 0.04% "0, so this reaction does not produce significant amounts of helium during fission neutron 
irradiation of standard oxide ceramics. The (%a) thermal neutron reaction cross section is very small for the other two stable 
oxygen isotopes, l60 and '80. A technique has been recently developed for producing "0-enriched AI,O, from aluminum 
isopropoxide and water containing enriched concentrations of the '70 isotope? 

Studies on magnesium aluminate spinel have indicated that this material has superior swelling resistance compared to 
most metals and ceramics during fission neutron irradiation.'' Because of this behavior, spinel is considered a prime candidate 
insulator for fusion reactor applications. However, a recent ion irradiation study found that co-implantation of fusion-relevant 
amounts of helium during the irradiation of spinel resulted in the formation of large cavities on the grain boundaries.' Cavity 
formation did not occur in ion-irradiated spinel in the absence of helium co-implantation. Because of these mixed results on 
such a promising material, experiments are being conducted to evaluate the behavior of this ceramic material under conditions 
that will simulate the damage induced by fusion neutron irradiation. The technique developed for producing "0-enriched AI@, 
was modified to produce "0-enriched magnesium aluminate spinel from MgO powder, aluminum isopropoxide, and water 
containing enriched concentrations of the "0 isotope, The material was evaluated for isotope enrichment using a nuclear 
reaction analysis technique and was characterized by transmission electron microscopy. 

EXPERIMENTALPROCEDURES 

Samples of isotopically tailored spinel were prepared by hydrolyzing a mixture of submicron MgO powder and aluminum 
isopropoxide [Al(OqH,),] dissolved in isopropyl alcohol with "0-isotope enriched water (Monsanto Research Corp., 
Miamisburg, OH). The aluminum isopropoxide was ground to produce a fine-grained powder that dissolved more readily in 
the isopropyl alcohol. The measured levels of the various oxygen isotopes in the enriched water were: 12.95% I6O, 51.48% I7O, 
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and 35.57% l80 (it is difficult to completely separate "0 from the l6O and l8O isotopes using present-day enrichment 
techniques). The hydrolysis reaction was conducted at 60°C in a flowing argon atmosphere while the solution was vigorously 
stirred. The apparatus used for this operation has been shown previously! A fine mixture of MgO and aluminum hydroxide 
(y-AlOOH, boehmite) enriched in "0 and l 8 0  was obtained by the following reaction: 

2 Al(OGH,), + MgO + 4 HzO - 2 AlOOH + MgO + 6 &H,OH(t) . (1) 

After the hydrolysis, the isopropyl alcohol was removed from the slurry by vacuum evaporation. The dried mixture was heat 
treated to induce the calcination of AlOOH into Al,O, and the subsequent reaction to form spinel. All the heat treatments 
were performed in flowing argon to prevent the exchange of "0 and "0 with oxygen of normal abundance. The calcination 
was performed at a temperature higher than 1300°C to produce complete transformation6 of Al,O, polytypes into a-Al,O,. 
Formation of spinel was confirmed by X-ray diffraction. After the presence of pure MgAI,O, was confirmed, 0.5 wt % CaO 
was added to the powder as a sintering aid. The powder mixture was milled with alumina halls as milling media for 3 h in 
isopropyl alcohol for mixing and particle size reduction. The size of the milled powder was measured with a particle size 
analyzer. Compacts were fabricated by uniaxially pressing the powders in a steel die at a pressure of 140 MPa. Sintering was 
performed by heating the compacts for 3 h in vacuum at 1800°C. Control specimens were fabricated using the identical 
synthesis and densification procedures but using non-enriched water. 

After sintering, the densities of the samples were measured by the immersion technique. A specimen for examination 
by transmission electron microscopy was cut from the sintered 3 mm-diam cylinders of the enriched spinel. These specimens 
were mechanically ground and ion milled to perforation. The enrichment levels of "0 and I8O were determined from nuclear 
reaction analysis and Rutherford backscattering measurements. For the former technique, targets from the spinel specimens 
were bombarded with 750-keV protons ('H) to promote nuclear reactions with the "0 and "0 isotopes. Details of the 
measurement technique have been previously reported! A recently published excitation curve7 for the I8O (p,a)"N reaction 
was used to calculate the I8O concentration profile. 

RESULTS AND DISCUSSION 

Formation of magnesium aluminate spinel by the reaction between MgO and "0-enriched AlOOH was verified by X-ray 
diffraction with the results shown in Fig. 1 (A)-(C). As expected, before heat treatment only MgO peaks were detected [Fig. 
l(A)]. After heat treatment for 20 h in argon at 1300"C, strong magnesium aluminate peaks were detected. However, as shown 
in Fig. 1 (B), there were still appreciable amounts of unreacted alumina and MgO. lipon repeated regrinding and heat 
treatments for longer periods of time at 1300"C, the intensities of the alumina and M g 0  peaks were weaker, but they still 
persisted. Pure MgAI,O, phase was obtained only when a powder that had been heat treated at 1300°C and reground was 
pelletized and heat treated at 1400°C for -20 h. The X-ray diffraction pattern of the powder prepared with the latter 
procedure, Fig. 1 (C), shows that the powder has pure MgAI,O, phase. After heat treatment, the pellets were again crushed, 
and milled in isopropyl alcohol with alumina halls as the grinding media. Small amounts (-0.5 wt %) of CaO were added during 
milling as a sintering aid.' The average particle size of the powder after milling was 2.4 t 0.7 pm. Sintering of the samples 
was performed by heating for 3 h in vacuum at 1800°C. The densities of the sintered bodies were consistently higher than 99% 
of theoretical. 

The "0 isotope concentration as a function of depth in the sintered MgAI,O, specimens was measured for regions within 
1.5 pm of the surface by collecting and analyzing the energies of alpha particles created by the 750-keV proton reaction 
l80 (p,a)"N. The "0 enrichment level was deduced from the "0 concentration measurements by assuming that the probability 
of replacement of the oxygen isotopes in the enriched material with levels of normal abundance was independent of isotope 
mass. The validity of this assumption was proved in our previous experiments6 with isotopically tailored Al,O,. The measured 
ratio of "0 to total oxygen atoms in the enriched MgAI,O, is shown in Fig. 2, along with measurements made on spinel 
prepared using non-enriched water ("control MgAI,O,") and single crystal Al 0 This graph shows a slight depletion of "0 
in the enriched spinel within 0.5 pm of the surface. The depth-averaged ratio of 0 to tot;d atoms was 9.24 ? 1.7 at. %,which 
corresponds to an oxygen ratio (180/OTo,) of 16.2 ? 3.2 at. % in the enriched MgAI,O,. The hydrolysis reaction used to prepare 
the spinel (Eq. 1) shows that the enriched oxygen isotopes present in the water will be diluted with natural-enrichment oxygen 
present in the MgO and aluminum isopropoxide powders. A previous measurement on y-AIOOH powder prepared from the 
hydrolysis of aluminum isopropoxide6 indicated that the (OGH,) radical is efficiently replaced by the enriched H,O (Le., about 
62% of the enriched oxygen isotopes in the water were transferred to the y -NOOH powder for hydrolysis performed in an 
argon environment). [The data presented in ref. 6 have been reduced by 20% to allow for the revised cross-sections for the 

O(p,a)"N reaction in ref 7.) Assuming that the MgO powder does not react with the H,O during hydrolysis, and that a similar 
fraction of enriched oxygen isotopes are transferred from the H,O to the v-Al00H powder in the present case, then the 
maximum fraction of enriched oxygen isotopes retained in spinel would be 50%. The measured I8O ratio in the sintered spinel 
was 16.2 ? 3.2 at. % ("0/OT,), which corresponds to 45 ? 9% of the I8O initially present in the enriched water. This indicates 

?a 

18 
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Fig. 1. X-ray diffraction patterns of the mixture of 

AlOOH and MgO; (A) before heat treatment showing 
only MgO peaks, (B) after heat treatment in Ar at 
1300°C for 20 h, showing the peaks of magnesium 
aluminate as well as those of unreacted alumina and 
MgO, (C) after heat treatment at 14WC for 20 h 
after pelletizing the powder which had been heat 
treated at 1300°C and reground, showing only 
MgAI,Q peak .  ( A )  MgO, (-1 A2OS, (*) MgAI,O* 

ORRL-OWG 91-8209 

l o o  l------ 

Fig. 2 Depth profile of the ratio of ''0 to total 
atoms for enriched and control MgAI,O, and single 
crystal A1,Os measured with the "O(p,a)"N nuclear 
reaction using 750-keV protons. The "0 enrichment 
level was deduced from the I8O concentration 
measurements. 

that only minimal replacement of the enriched isotopes by natural oxygen occurred during calcination and sintering of the spinel. 
Assuming the same retention ratio for "0, then 23 at. % ("O/OT,) was present in the MgAI,O,. An enrichment ratio of 17 
at. % ("O/OT,) was desired for the study on the simulation of damage in nuclear fusion reactor environments: This ratio could 
he achieved by simply diluting the enriched H,O with normal H,O. A slightly higher than expected ratio of "O/O,, was 
observed in the control MgAI,O, specimens, as shown in Fig. 2, apparently due to the contamination of containers from prior 
fabrication of the enriched alumina or spinel specimens. The amount of "0 present in the control spinel deduced from the 
0 measurement is still too low to produce significant amounts of additional helium during fission neutron irradiation. 18 

Transmission electron microscopy revealed that the microstructure of the sintered spinel consisted of single-phase grains 
with a typical diameter of 15 to 20 fim. A moderate density (- 5  x 1OL6/mS) of sintering pores with a mean sue of -0.7 fim was 
observed in the interior of the grains. There was no evidence of pore formation at the grain boundaries. The volume fraction 
of the intragranular pores was -l%, which agrees with the measured bulk density of -99% theoretical. An amorphous (glassy) 
intergranular phase was observed at many of the grain boundaly triple point junctions in the spinel. Energy dispersive x-ray 
spectroscopy measurements indicated that the intergranular phase was enriched in calcium and aluminum. Figure 3 shows an 
example of this intergranular phase at a triple point. 

SUMMARY 

Polycrystalline magnesium aluminate spinel enriched in "0, necessary for the simulation of the nuclear fusion helium 
generation rate in a fission reactor, was successfully prepared. About 45% of the "0 and I8O isotopes initially present in the 
water used to prepare the spinel were retained in the sintered material, with most of the oxygen replacement likely occurring 
during hydrolysis of aluminum isopropoxide. 
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The isotopically tailored MgAlzO, 
and A&03 specimens will be irradiated in 
the HFIR to fast neutron fluences of 2.4 
and 7.2 x Id6 n/m2 (E > 0.1 MeV). The 
irradiation is scheduled to bcgin in early 
summer 1991 (see elswhere in this 
volume for further details about the 
irradiation). 
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Fig. 3. Transmission electron micrograph of 
sintered spinel showing an amorphous intergranular 
phase. The inset electron microdiffraction pattern 
shows a diffuse ring surrounding the center 
transmitted beam spot, characteristic of an amorphous 
phase. 
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IRRADIATION OF CONVENTIONAL AN0 ISOTOPICALLY TAILORED CERAMICS I N  HFIR - S. J. Zink le  (Oak Ridge National 
Laboratory), and L. L. Snead (Rensselaer Polytechnic I n s t i t u t e ,  on assignment a t  ORNL), and E. H. Farnum 
(Los Alamos National Laboratory) 

OBJECTIVE 

The ob jec t ive  of t h i s  report  i s  t o  summarize the i r r a d i a t i o n  condi t ions for ceramic specimens being 
i r r a d i a t e d  i n  the High Flux Isotope Reactor i r r a d i a t i o n  capsules MFE CTR-60 and -61. 

SUMMARY 

~ 1 ~ 0 3  and MgA1204 specimens containing 170 isotope concentrations of o t o  25 at .  x ('70/OTOT) have been 
prepared f o r  i r r a d i a t i o n  i n  HFIR i n  order t o  invest igate  the ef fects of helium formation on t h e i r  microstruc- 
tu re  and d i e l e c t r i c  and mechanical propert ies.  
c o m r c i a l  ceramics TEM disks have also been included i n  the i r r a d i a t i o n  capsules. 
i r r a d i a t e d  a t  temperatures o f  100, 350, and 600OC i n  two i r r a d i a t i o n  capsules tha t  w i l l  receive respective 
maximum neutron fluences of 2.4 x l oz6  and 7.2 x loz6 n/m2 (E > 0.1 MeV). 

S i C l S i C  f lexure bars, ceramic f ibers  and a wide range Of 
The specimens w i l l  be 

PROGRESS AN0 STATUS 

In t roduct ion 

fusion reactors. 
( d o z 5  n/m2, E > 0.1 MeV),' but there are r e l a t i v e l y  few studies on the behavior of ceramics fo l lowing high- 
fluence neutron i r r a d i a t i o n  (>loz6 n/mZ, E > 0.1 MeV).'*2 

as A1203 i s  more than an order o f  magnitude higher dur ing i r r a d i a t i o n  i n  a 14-MeV fusion neutron spectrum 
than the corresponding f i s s i o n  neutron He:dpa rate. A recent dual-beam ion i r r a d i a t i o n  study has found ev i -  
dence tha t  i r r a d i a t i o n  of MgA1204 a t  a fusion- relevant He:dpa r a t i o  caused severe cav i t y  Swelling, par- 
t i c u l a r l y  along grain b o u n d a r i e ~ . ~  Cavi ty formation d id  not occur i n  spinel specimens i r r a d i a t e d  without 
helium coimplantation. As proposed by Clinard,6 helium ef fec ts  i n  oxide ceramics can be studied dur ing 
i r r a d i a t i o n  i n  a mixed-spectrum reactor  such as HFIR by I7O i so top ic  t a i l o r i n g  techniques. A j o i n t  i r r a -  
d i a t i o n  program has been established invo lv ing  LANL and ORNL research s t a f f  members t o  pursue the pre ara 
t i o n  and pre-  and pos t- i r rad ia t i on  character iza t ion o f  170 i so top ica l l y  t a i l o r e d  A1203 and MgA1 204.  ge ta r l s  
of the fabr ica t ion technique and the p r e i r r a d i a t i o n  character iza t ion o f  the i s o t o p i c a l l y  t a i l o r e d  specimens 
are given el~ewhere.~- 'O 

Each HFIR i r r a d i a t i o n  capsule was designed t o  accomnodate near ly 100 ceramic TEM disks i n  add i t ion t o  
the  i s o t o p i c a l l y  t a i l o r e d  ceramic specimens. Addi t ional  space was a lso made ava i lab le  for  f l e x u r a l  bars i n  
the lower f l u x  top and bottom ends o f  the i r r a d i a t i o n  capsule. A representat ive cross sect ion of advanced 
ceramic TEM disks (comnercial and non-commercial) was selected for  HFIR i r r a d i a t i o n  a t  temperatures of 100 
t o  600°C. This study complements a p a r a l l e l  study o f  the same ceramic mater ia ls i n  the FFTF," which spans 
i r r a d i a t i o n  temperatures from 420 t o  800°C. The overlap of i r r a d i a t i o n  temperatures i n  the two experiments 
al lows a determination t o  be made whether the higher amount of i on i z ing  rad ia t i on  i n  the HFIR compared t o  
FFTF has a s ign i f i can t  ef fect  on the i r r a d i a t e d  microstructures of ceramics. 

Ceramic insu la tors  and d i e l e c t r i c s  have several po ten t ia l  appl icat ions i n  high neutron f l u x  regions of 
A wide var ie ty  o f  ceramics have been examined fol lowing low-fluence neutron i r r a d i a t i o n  

It i s  wel l  documented3*.' t ha t  the helium production ra te  per u n i t  displacement damage i n  ceramics such 

Mater ia ls and I r r a d i a t i o n  Conditions 

Two i d e n t i c a l  i r r a d i a t i o n  capsules (MFE-CTR-60 and -61) w i l l  be u t i l i z e d  for  the i r r a d i a t i o n s  i n  HFIR 
ta rge t  posi t ions.  The capsules w i l l  both be inser ted i n  May or  June 1991, and w i l l  be i r r a d i a t e d  t o  h o r i -  
zontal midplane fluences o f  2.4 x loz6 n/m2 and 7.2 x loz6 n/m2 (E > 0.1 MeV), respect ively.  
corresponds t o  i r r a d i a t i o n  times of about 8 and 24 months. The temperature a t  d i f fe rent  regions i n  the  
i r r a d i a t e d  capsule w i l l  be con t ro l l ed  by gama heating; s i x  S i c  temperature monitors from each capsule W i l l  
be examined a f t e r  i r r a d i a t i o n  t o  v e r i f y  tha t  the design i r r a d i a t i o n  temperatures were achieved. 
dosimetry packets are included i n  each capsule t o  measure the ax ia l  dependence o f  the neutron fluence. 

The 170 concentration i n  the specimens varies from natural  enrichment (0.04% I 7 O / O r  T) t o  -25% l 'o /o~f~-  
These enrichment l eve ls  bracket the 170 concentration of 18% 17O/O T tha t  i s  calcu?ated4 t o  produce t e 
fusion f i r s t  wal l  He:dpa r a t i o  i n  A1203 dur ing HFIR i r rad ia t i on .  % disks (0.25 mn thickness), f lexura l  
strength bend bars of dimensions 1.25 by 2.5 by 35 mn, and disks o f  dimensions 7.7 mn.diam by 0.5 mn 
thickness are included f o r  the nonenriched and f u l l y  enriched (25% 17C+3r) A1203 condlt lons. 
and indenta t ion disks were not fabr icated for  the spinel  specimens due t o  t ime and budgetary constraints.  

This 

Six neutron 

Table 1 s u m r i z e s  the experimental mat r ix  for  the i s o t o p i c a l l y  t a i l o r e d  A1203 and MgA1204 S ecimens. 

Flexure bars 
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Table 1. Summary o f  170 i s o t o p i c a l l y  t a i l o r e d  A1203 and MgA1204 specimens 
conta ined i n  each of t he  two i r r a d i a t i o n  capsules 

TEM Disks I nden ta t i on  Disks F lexure  Bars 

100°C 350'C 600'C 100QC 6 0 I  100°C 600°C 
3 3 3 3 5 8 9 
3 3 3 0 0 0 0 
3 3 3 3 5 8 9 
3 3 3 0 0 0 0 

2 2 0 0 0 0 
1 1 0 0 0 0 

~~~ ~ __ -~ 
TOTALS 15 15 15 6 10 16 18 

The use o f  r m l t i p l e  specimens f o r  each i r r a d i a t i o n  cond i t i on  a l lows several d i f f e r e n t  p o s t i r r a d i a t i o n  analy-  
s i s  techniques t o  be u t i l i z e d .  P o s t i r r a d i a t i o n  t e s t s  t h a t  a re  planned inc lhde  chemical ana l ys i s  (hel ium con- 
t e n t ) ,  dens i ty ,  d i e l e c t r i c  p rope r t i es  a t  -100 GHz, f l exu ra l  s t reng th ,  i nden ta t i on  f r ac tu re  toughness, and TEM. 

Table 2 shows t h e  i r r a d i a t i o n  ma t r i x  f o r  t h e  o the r  ceramic TEM d isks  ((1.25 mn th ickness)  inc luded i n  
t h e  HFIR capsules. 
t a t i o n  f r a c t u r e  toughness measurements cou ld  be e a s i l y  performed. The experimental ma t r i x  inc ludes  advanced 
comnercial ceramics, na tu ra l  diamond and CVD diamond f i lms ,  and several types o f  transformation- toughened 
z i r c o n i a  and S i c  wh isker- re in fo rced  ceramics. The phys ica l  p rope r t i es  o f  t he  commercial ceramics are tabu-  
l a t e d  i n  an accompanying report."  TEM d i sks  prepared from the  same stock ma te r i a l  are being i r r a d i a t e d  i n  
F F T F . ~ ~  

One o f  t he  faces o f  each d i sk  was mechanical ly  po l i shed so t h a t  p o s t i r r a d i a t i o n  inden- 

Table 2. Ceramic TEM d i sks  loaded i n t o  each o f  t he  low-dose 
and high-dose HFIR capsules 

Number of Disks a t  
Each I r r a d i a t i o n  Temperature 

Ceramic and vendor 1 o o o c  350°C 600'C 

A1203 (Wesgo 995) 2 
MgO (Ube UMP-0505) 2 
MgAl2O4 (Ceradyne) 1 
S i  3N4 (Kyocera SN733) 2 
A l N  (Cercom) 2 
E- S i c  (Cercom, d i r e c t  s i n te red )  2 
a-Sic (Carborundum, Hexoloy-SA) 2 
MgO-Si02 (Kyocera S-211) 2 
2MgO.Si02 (Kyocera F1123) 2 
T i 0 2  (Kyocera T-792) 2 
Z r O y S i 0 2  (Kyocera 2-381) 1 
Sia lon,  A l l S i  = 0.33 (ORNL) 1 
Macor (Oow Chemical) 0 
Graphite-3% B (Toyo Tanso Co.) 0 

1 
0 
0 

3Ai&2SiO+?O% S i c  whiskers (ORNL) 0 
0 
1 

S i  3N44%Y20&% A1 203 (ORNL) 
S i  3N~,d%Y20&% A1 20&O% S i c  

Z r D r l 2 %  CeO? (ORNL) 0 
whiskers (ORNL) 

2 
2 
2 
3 
2 
2 
2 
2 

0 
1 
2 
2 
2 
1 

2 
2 

2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
1 
1 
0 
0 
1 
1 
0 
0 
0 
0 
1 

0 
1 

A t o t a l  o f  20 S i C / S i C  composite 
bend bars o f  dimensions 1.88 by 2.5 
by 35 mn have been i n s e r t e d  i n t o  t he  
low f l u x  end regions of both HFIR cap- 
sules.  The composites were fabr ica ted  
a t  ORNL us ing  t he  Forced Chemical 
Vapor I n f i l t r a t i o n  (FCVI) process 
t o  depos i t  t he  m a t r i x  i n t o  t h e  
Nicalcm f i b e r  preform. There are 
two i n t e r f a c i a l  th icknesses being 
loaded o f  0.25 and 0.35 um, both 
deposi ted from propylene p r i o r  t o  
S i c  i n f i l t r a t i o n .  A lso  be ing  loaded 
i n t o  t h e  end regions w i l l  be two 
aluminum holders each con ta i n i ng  
f i v e  chambers for  ceramic f i be rs .  
The types of f i b e r s  being loaded are  
l i s t e d  i n  Table 3. The i r r a d i a t i o n  
temperature i n  t he  end regions w i l l  
be -350"C, and t he  neutron f luence 
w i l l  be about h a l f  t h a t  of t he  cap- 
su le  center  region. 

FUTURE WORK 

P o s t i r r a d i a t i o n  examination o f  
t he  specimens i r r a d i a t e d  t o  a f luence 
o f  -2.4 x l o z6  n/m2 (E > 0.1 MeV) w i l l  
be i n i t i a t e d  i n  l a t e  sumner 1992. 

0 2 0 

TOTALS 25 43 25 
_ _ ~  ~ ACKNOWLEDGMENTS 

The i s o t o p i c a l l y  t a i l o r e d  A i 2 0 3  
and MgAlZ0, ceramics were prepared by 
H-E K-m. Most o f  t h e  f i n a l  specimen 
c u t t i n g  and p o l i s h i n g  was performed 
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Table 3. Ceramic f i b e r  bundles loaded i n t o  HFIR Capsules MFE CTR-60 and -61 

F ibe r  Tens i l e  
Vendor Composition Diameter 

(urn1 
S i c ,  S i O z ,  C 12-20 -3000 

3200 
3000 

Nippon Carbon Nicalon 
Sic ,  C ( s i zed )  3-5 

MER CorD. (#0706901) S i c ,  C ( s i zed )  s 5  
MER Corp. (i0711901) 

Texton iy ranno 
DuPont (#E 105) 

E- S i c ,  T i ,  0, C 
Graphi te 

&lo 
15 

2970 _ _  

by A. M. Wi l l iams,  J. W. Jones, and C. P. Haltom. H. M. F ros t  and F.  W. C l inard ,  Jr. of Los Alamos Nat ional  
Laboratory provided valuable assis tance on t he  o u t l i n i n g  of the  t e s t  ma t r i x  f o r  t he  i s o t o p i c a l l y  t a i l o r e d  
specimens. The water used t o  prepare t he  " 0-enriched specimens was purchased by LANL. 
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IRRAOIATION OF CERAMICS I N  FFTF - 5.  J. Z ink le  (Oak Ridge Nat iona l  Laboratory)  and L. L. Snead (Rensselaer 
Po ly techn ic  I n s t i t u t e ,  on assignment a t  ORNL) 

OBJECTIVE 

This r epo r t  summarizes the  i r r a d i a t i o n  cond i t i ons  fo r  ceramic specimens be ing  i r r a d i a t e d  i n  FFTF 
MOTA-28. 

SUMHARY 

A wide range o f  advanced s t r u c t u r a l  ceramics have been prepared and shipped t o  FFTF f o r  i r r a d i a t i o n  t o  
a nominal f luence of -6 x loz6 n/m2 ( E  > 0.1 MeV) a t  temperatures o f  420 t o  800°C. 
w i l l  be i r r a d i a t e d  as TEM disks,  but  S i C I S i C  f l e xu ra l  bars, e l e c t r i c a l  c o n d u c t i v i t y  d isks,  and bundles of 
commercial ceramic f i be rs  w i l l  a l so  be i r r a d i a t e d  i n  separate i r r a d i a t i o n  capsules. 

Most of the  ceramics 

PROGRESS AND STATUS 

In t r oduc t i on  

Informat ion on t he  p rope r t i es  of n o n f i s s i l e  ceramics f o l l o w i n g  high-dose neutron i r r a d i a t i o n  i s  r a t h e r  
The most extensive s tud ies  have l i m i t e d  compared t o  t he  data base t h a t  has been accumulated f o r  

been confined t o  a few mater ia ls ,  no tab ly  A1203, MgO, and MgAlzOb (e.g.,  r e f .  3) and t o  a l esse r  ex ten t  S i3Nr ,  
BeO, etc. I n  add i t i on ,  ceramic processing techniques cont inue t o  evolve. Th is  suggests t h a t  i r r a d i a t i o n  
r e s u l t s  obta ined on ceramics of 1960s o r  even 1970s v in tage may not  accura te ly  represent  t h e  i r r a d i a t i o n  
response o f  ma te r i a l s  made w i t h i n  t h e  l a s t  few years.  

toughness, dens i ty ,  and m ic ros t ruc tu ra l  changes of a wide range o f  advanced ceramics, i n c l u d i n g  represen- 
t a t i v e  mono l i t h i c  ox ides,  carb ides,  and n i t r i d e s .  A spectrum o f  advanced s t r u c t u r a l  ceramics ranging from 
whisker-  and transformation- toughened ceramics t o  S i C I S i C  composites has been inc luded a long w i t h  r ecen t l y  
developed chemical vapor-deposited (CVO) diamond f i l m s  and commercial ceramic f i be rs .  

The purpose of t he  present i r r a d i a t i o n  program i s  t o  ob ta i n  i n f o rma t i on  on t he  s t reng th ,  f r ac tu re  

The r e s u l t s  obta ined on specimens i r r a d i a t e d  a t  420 and 600°C w i l l  be compared t o  t he  r e s u l t s  obta ined 

A comparison of ceramics i r r a d i a t e d  i n  t h e  two 
from HFIR i r r a d i a t i o n  o f  t he  same specimens. The HFIR has a h igher  component o f  i o n i z i n g  r a d i a t i o n  than t h e  
FFTF due t o  an o rder  of magnitude h igher  gamma ray f lux .  
r eac to r s  w i l l  he l p  determine whether changes i n  t h e  r a t i o  o f  i o n i z i n g  t o  d i s p l a c i v e  r a d i a t i o n  have a s i g n i f i -  
cant e f f e c t  on t he  i r r a d i a t i o n  response o f  ceramics. 

Ma te r i a l s  and I r r a d i a t i o n  Condi t ions 

Table 1 sumnarizes t he  i r r a d i a t i o n  cond i t i ons  f o r  t h e  ceramic TEH d isks .  A l l  of t h e  d i sks  w i l l  be 
i r r a d i a t e d  t o  a nominal f a s t  f luence of - 6 x loz6 n/m2 (E > 0.1 MeV). 
ceramics have been prepared, along w i t h  na tu ra l  diamond, two types of CVO diamond f i lms,  and several  types 
o f  transformation- toughened z i r c o n i a  and S i c  whisker-toughened ceramics. 
420, 600, and 800°C. One o f  t he  faces of each d isk  (except f o r  diamond) was mechanical ly po l i shed t o  a l l ow  
i nden ta t i on  f r a c t u r e  toughness measurements t o  be performed. 
0.25 mn th ickness.  

A t o t a l  of 13 d i f f e r e n t  commercial 

Specimens w i l l  be i r r a d i a t e d  a t  

The TEM d i sk  dimensions are 3 mn diam by 

Table 2 compares t he  room temperature phys ica l  p rope r t i es  quoted by t he  manufacturer f o r  t he  p a r t i c u l a r  
grades of each commercial ceramic inc luded i n  t he  i r r a d i a t i o n  capsules. 
nominal s t r eng th  and thermal c o n d u c t i v i t y  values spans a f a c t o r  of 10 o r  mor? f o r  t h e  chosen ceramics. Th i s  
produces a corresponding wide range o f  thermal shock res is tance  f o r  the  non i r r ad ia ted  mater ia ls .  The e lec-  
t r i c a l  r e s i s t i v i t y  ranges from a t y p i c a l  semiconductor ( S i c )  t o  very good i nsu la to r s .  

It can be seen t h a t  t he  range of 

Table 3 summarizes t he  i r r a d i a t i o n  cond i t i ons  and nominal i n i t i a l  s t r enq th  f o r  t he  bundles of ceramic 

The l eng th  of the  f i be rs  i s  about 2.5 cm. 
f ibers .  
n/m2 ( E  > 0.1 MeV). 

Table 4 l i s t s  the  ceramic e l e c t r i c a l  c o n d u c t i v i t y  d i sks  t h a t  w i l l  be i r r a d i a t e d  a t  800°C t o  a f luence 
o f  - 6 x l o z 6  n/m2 (E > 0.1 MeV). 
Fo l l ow ing  neutron i r r a d i a t i o n ,  t he  e l e c t r i c a l  c o n d u c t i v i t y  of t he  d isks  w i l l  be measured du r i ng  x- ray i r r a -  
d i a t i o n  and compared t o  t he  behavior o f  specimens not  subjected t o  neutron i r r a d i a t i o n .  

A l l  o f  t he  ceramic f i b e r s  w i l l  be i r r a d i a t e d  a t  420 and 800°C t o  a iominal  f luence of - 6 x loz6 

The d i sks  have nominal dimensions o f  6 mn diam by 0.9 mn th ickness.  



31 8 

Table 1. Type and number of ceramic TEM d i sks  loaded i n t o  MOTA 28 

Cera 

Number of Disks a t  Each I r r a d i a t i o n  Temperature 
420°C 600°C 800°C 

10 m i l  20 m i l  10 m i l  20 m i l  10 m i l  20 m i l  
c and Vendor 

2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 
2 2 2 2 2 2 
2 0 2 0 2 0 
2 1 2 1 2 1 
2 1 2 1 2 1 
2 1 2 1 2 1 
2 1 2 1 2 1 
2 0 2 0 2 0 
1 0 1 0 1 0 
1 0 0 0 1 0 
0 0 0 0 1 0 

0 1 0 1 0 1 
2 0 1 0 2 0 
2 0 2 0 2 0 
2 0 1 0 2 0 
0 0 1 0 1 0 

1 0 2 0 1 0 
2 0 2 0 2 0 
1 0 2 fl 1 0 

A1203 (Wesgo 995) 
MgO (Ube UMP-0505) 
MgA1204 (Ceradyne) 
S i  3N4 (Kyocera SN733) 
A l N  (Cercom) 
6 - S i c  (Cercom, d i r e c t  s i n te red )  
a-Si C (Carborundum, Hexol oy-SA) 
MgO. s i02  (Kyocera 5-211) 
2MgD.Si02 (Kyocera F1123) 
T i02  (Kyocera T-792) 
Zi rcon,  Z rOySi02  (Kyocera 2-381) 
Macor (Daw Chemical) 

CVD diamond (ORNL 

3Al2O3*2Si0+?O% S i c  whiskers (ORNL) 
S i  3N+&%Y209% A1203 (ORNL) 
S i  , N 4 4 % Y 2 0 d %  A120+?0% S i c  

whiskers (ORNL) 
Z rOr12% CeOZ (ORNL) 
ZrO+% Y203 (ORNL) 
Z r O d %  MgO (ORNL) 

TOTALS 53 53 55 

Table 2. Physical  p rope r t i es  of commercial ceramics being i r r a d i a t e d  i n  MOTA 28 
(vendor 's  quoted values! 

Ceramic 

E l e c t r i c a l  
4-Point C o e f f i c i e n t  Thermal Resis- 

Densi ty  F lexura l  F rac tu re  Young's of Thermal Conduc- t i v i t y  
(9/cm3) Strength Toughness Modulus Expansion t i v i t y  a t  25°C 

(MPa) (MPa fi) (GPa) (lO+'/'C) (W/m- K) (n-m) 

3.86 310 -360 6.9 29 ,1012 
,1012 
,1012 
,1012 
,1012 

A 1 2 0 3  (Wesgo 995) 
MgO (Ube UMP-0505) 

S i  3N4 (Kyocera SN733) 3.2 980 304 2.5 
A1N (Cercom) 
8-Sic (Cercom, d i r e c t  s i n te red )  3.10 
a-Sic (Carborundum, Hexoloy-SA) 3.10 
Mg0.SiD2 (Kyocera 5-211) 3.1 157  

T i02  (Kyocera T-792) 
S i Z r O k  (Kyocera 2-381) 
Macor (Daw) 
Graph i te3%B (Toyo Tanso) 
Diamond (Drukker, Type I I A )  

sources). 

3.54 300 275 13.8 42 

29 
3.25 300 300 5.7 115 

460 4.6 410 4.0 126 

MgAlzOi, (Ceradyne)a 3.51 200 8.1 18 150 

-100 
-1 

3.8 ,1012 
3.3 ,1012 

1010 

1012 

1014  

550 400 4.4 110 4 

8.1 
2Mg0.Si02 (Kyocera F1123) 3.0 142 147 8.8 

4.3 147 176 9.6 3.3 
3.5 167 157 3.7 

3.515 -10,000 1050 0.8 2000 

5.0 > l o "  
2.52 100 65 13 1.3 - 40 

aOata product  sheet not  a v a i l a b l e  fo r  sp ine l  ( l i s t e d  values a re  nominal p r o p e r t i e s  taken from var ious 
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Table 3. Ceramic f i b e r  bundles loaded i n t o  MOTA 28 f o r  i r r a d i a t i o n  a t  420 and 800°C 

F ibe r  Tens i le  
Vendorllradename Composition Diameter Strength 

( m )  (MPa) 

Textron Tyranno (LOX) 8-Sic, T i ,  C ( low oxygen) &IO >zoo0 
Textron Tyranno E- S i c ,  T i ,  0, C & lo 2970 

MER Corp. (X0722590) S i c ,  C 3-5 3000 
MER Corp. (#071190Z) S i c ,  C (s ized)  3 4  3200 
MER Corp. (#0706902) S i c ,  C (s ized  ?A 3400 
Textron AVCO (XSCS2) CVO S i c  on C core 140 3450 
Textron AVCO (XSCS9) CVD S i c  on C core 143 3920 
Nippon Carbon Nicalon S i c ,  S i O 2 ,  C 12-20 -3000 
LANL VLS whiskersa E - S i c  4-7 8300 
3M Nextel ( t440)  M u l l i t & %  8203 1&12 1900 
OuPont (#E 130) Graphi te 15 -- 
DuPont (#E 105) Graphi te 15 _ _  
OuPont (#E 75) Graohi te 15 -- 

aFiber  bundles inc luded f o r  F. W. C l inard ,  Jr. (LANL). 

Table 4. Radiat ion- induced c o n d u c t i v i t y  d i sks  loaded i n t o  MOTA 28 f o r  i r r a d i a t i o n  a t  800°C 

Vendor Ceramic Vendor Ceramic 

Kyocera 8-Sic C rys ta l  Systems ~ ~ 1 2 0 3  COO011 o r i e n t a t i o n  
ORNL S i c  (CVO)/SiC (N ica lon)  Coors A1203 (A0 994) 
ORNL 0.17 vm C coated f i b e r s  Bor ide  Products S i  3Nlt 
Thermoelectron CY0 S i c  (commercial grade) Cercom A1 N 
Thermoelectron CVO Sic (h i gh- pu r i t y  grade) 
Carborundum a-Sic (Hexol oy-SA) 

A t o t a l  of seven S i C I S i C  f l e x u r a l  s t r eng th  bars were encapsulated fo r  i r r a d i a t i o n  a t  6OO0C t o  a f luence 
o f  - 6 x n/m2 ( E  > 0.1 MeV). 
coated w i t h  0.35 wn g raph i t e  w i t h  a chemical vapor i n f i l t r a t e d  (CVI) m a t r i x  o f  S i c .  
bend bars a re  1.88 by 2.5 by 35 mn. 

The composite was prepared a t  ORNL from a 30 weave of Nicalon f i b e r s  
The dimensions of t he  

FUTURE WORK 

Measurements w i l l  be made on t he  mic ros t ruc tu re ,  densi ty ,  i nden ta t i on  f r a c t u r e  toughness, f l e x u r a l  
s t reng th ,  t e n s i l e  s t reng th ,  and e l e c t r i c a l  c o n d u c t i v i t y  o f  t he  i r r a d i a t e d  specimens s t a r t i n g  i n  t h e  summer 
o f  1992. 
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CROSS SECTIONAL MEASUREMENT OF  ELASTIC MODULUS FOR ION BEAM DAMAGED SILICON 
CARBIDE - Lance L Snead, Steven J. Zinkle (Oak Ridge National Laboratory), and Don Steiner (Rensselaer 
Polytechnic Institute) 

OBJECTIVE 

The purpose of this work is to demonstrate that elastic modulus can be measured over very short distances and with 
such accuracy as to allow measurement of the material moduli along the damage path of an ion beam. 

SUMMARY 

The application of a microindentation technique to measure the elastic modulus of carbon beam implanted silicon 
carbide is presented. Samples of Chemically Vapor Deposited (CVD) Silicon CarbideINicalon composites have been 
implanted to a damage level of 30 dpa at room temperature. The samples were then prepared in cross section and the 
microstructure was analyzed and modulus was measured along the damage path of the carbon ions. Both CVD silicon 
carbide and Nicalon silicon carbide was seen to amorphize at room temperature with the threshold for the CVD being 
approximately 15 dpa. Amorphmtion of Nicalon silicon carbide fiber was seen to occur over the entire range of the 
carbon path implying a much lower threshold for amorphization. Elastic moduli were seen to decrease significantly (from 
440 GPa to 280 GPa) for the CVD material with the minimum modulus corresponding to the maximum damage region of 
the carbon beam. The modulus of Nicalon showed the opposite behavior. The modulus for the fiber was increased over 
most of the damaged region from an undamaged value of 170 GPa to a maximum of 210 GPa. 

PROGRESS AND STATUS 

Introduction 

The use of microindentation for the measurement of hardness and modulus is becoming a useful tool for material 
scientists. It has become possible to measure material properties with applied force and depth measurement sensitivities of 
0.3 pN and 0.16 nm, respectively.’ By taking advantage of this sensitivity, along with submicron accuracy in the placement 
of indents, it is possible to measure the modification of material properties over very short distances. The application of 
this method to ion beam implanted materials (which have been prepared in cross section) can yield material properties 
along the damage path of the ion. 

1. Microindentation Modulus Measurement 

The modulus of a material can be obtained from the unloading portion of the load-displacement curve generated 
during indentation. Figure 1 shows the Nanoindenter load displacement curve for CVD silicon carbide. The figure shows 
four separate loadings and unloading depths of 20, 40, 80 and 160 nm. 

From such a curve it is straightfonvard’ to calculate the depth of plastic deformation caused in loading to a specified 
depth by extrapolating a tangent line from the unloading curve to its intersection with the load axis. For metals, nearly all 
the unloading curves are linear. For materials such as ceramics, with high hardness to modulus ratio, there is substantial 
curvature to the unloading curve caused by the loss in indenter contact area. Even for materials such as silicon with a very 
high hardenss to modulus ratio, however, the first 113 of the unloading curve is linear, thus an accurate determination of 
plastic depth can still be obtained. 

For the elastic deformation of isotropic materials, Loubet’ used the solution of Sneddon4 for a flat-ended cylindrical 
punch. Relating the projected area of the flat punch to that of a Vickers pyramid the following relation was obtained for 
the slope of the unloading curve 
dPIdh: 

where 
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Fig. 1. Microindentation Load-Displacement 
Curves. 

2. Sensing Distance 

Elastic moduli calculated from unloadine curves re 

with D being the Vickers diagonal length, E and v the 
Young's Moduli and Poisson ratios for the sample and 
indenter. 

By then assuming an ideal pyramidal geometry 
for the Nanoindenter Berkovich diamond tip and using 
the relation between the D and the plastic depth (hp), 
the equation for the modulus is found to be: 

'h 

ct an average modulus integrated over a volume mu rger 
than the indenter imprint. There are therefore limits to how close successive indents can be to each other and how close 
an indent can come to a material discontinuity, such as an edge, without interference. Svlluels and Mulhearn' 
experimentally quantified these limits using Vickers-pyramid and Brinell-ball indentations for 7030 brass. Even though the 
Berkovich pyramid is a three sided pyramid, the results of Samuels and Mulhearn will apply as the iso-strain contours are 
independent of indenter geometry away from the plastic imprint. 

- L ~~ I 

Figure 2 shows the elastic-plastic boundaries for an infinite and semi-infinite material? The indenter geometry is 
that of the Berkovich pyramid which has an imprint diagonal to depth ratio of 6.5. From the figure it is apparent that for 
the infinite medium the elastic plastic boundary is spherical and extends radially approximately ten times the indenter 
depth. For the second unloading curve of Fig. 1, which corresponds to an unloading depth of 0.04 pm, this means that the 
plastically deformed region is 0.4 pm. 

To avoid overlap of the plastically deformed zone, the infinite medium results in Fig. 2 indicate that the minimum 
distance between adjacent indents should be twice the radius to the elastic-plastic boundary (i. e., twenty times the indent 
depth apart.) When making successive loadings, however, the plastic depth of the final loading of the (previous) adjacent 
indent must be taken into account. For this case the minimum distance is 17.6 times the (current) indent depth plus the 
adjacent indent diagonal corresponding to the final loading. 

The iso-strain contours are deformed 
significantly for indents close to the edge of a sample. 
From Fig. 2 it is seen that the elastic-plastic boundary 
for a semi-infinite sample is skewed such that the 
boundary contacts the edge of the sample at a 
distancehndenter depth ratio of 11.7, or as a distance 
of 0.47 pm for an indent depth of 0.04 pm. The 
minimum approach distance to an edge is therefore 
11.7 times the depth of the indent. 

This minimum distance between indents and 
minimum distance !?om an edge is given in Table 1 for 
the unloading depths of Fig. 1. For the case of 
unloading number two of Fig. 1 (0.04 pm), the 
minimum distance between successive indents is 0.79 
pm and the minimum distance to the sample edge is 
(11.7 x Depth) 0.47 Nm. 

OWL-DWG 91-9235 
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(dlstancrllndentor dep tn )  
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Fig. 2. Elastic Plastic Boundaries for 
Indentations on Infinite and Semi-Infinite Media. 
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Table 1. Indent  Parameters 

Minimum Distance, W 
Indent  Indent  Sensing 
Depth Diagonal Radius Center- Center- (w) (W) (pm) to-Center to-Edge 

0.02 0.13 0.35 0.396 0.235 
0.04 0.26 0.70 0.791 0.470 
0.08 0.52 1.40 1.582 0.940 
0.16 1.04 2.80 3.165 1.880 

3. Sensine on Curved Surfaces 

In the process of polishing a cross section 
sample, a certain degree of curvature is caused near 
the interface. This is primarily due to the difference in 
polishing rates between the S ic  sample and the 
interface adhesive, Because the adhesive is more 
easily polished than the Sic, the surface of the 
adhesive will be lower than that of the silicon carbide, 
causing some polishing of the edge, therefore a 
negatively sloping interface. 

A downward sloping interface will have the effect of causing an underestimate of material hardness and modulus. 
This is brought about because the contact area is calculated directly from the indenter depth as measured from the point of 
tip contact with the surface. Therefore, for a sloping surface the actual area will be greater than the calculated area and 
the modulus will be underestimated. This effect becomes significant for a negative slope of greater than 5% (underestimate 
of 5%)  and has only a 1% underestimate in modulus for a -2.5% slope! 

4. Uniformitv of Material Proverties 

In order to measure the radiation-induced changes in modulus from consecutive indents, it is first necessary to 
determine if the material is locally uniform. In many ceramic fibers (such as graphite for example), the modulus and 
hardness can he strongly dependent on the radial position of the fiber. It is also conceivable that for the case of CVD 
matrix material, which grows radially away from the fibers, that the modulus and hardness properties would be a function of 
the distance from the fiber. 

To determine the uniformity of the silicon carbide composite materials, a matrix of indents was applied to fiber and 
matrix material for a fiber oriented normal to the polished surface (Fig. 3) and for a transverse fiber orientation (Fig. 4.) 
Moduli from unloading at a depth of 125 nm were calculated and shown in Figs. 5 and 6. From Fig. 5 it is seen that the 
modulus is radially constant for the fiber within an accuracy of less than 4%. This small difference could be due to material 
non-uniformity but is within the experimental error in measuring the moduli. Also seen from this figure is that the matrix 
material is fairly uniform and also shows no radial dependence of the modulus. 

The moduli for the fiber oriented in the transverse direction also shows no radial dependence in either the fiber or 
matrix material. Both figures show sharply decreased modulus for indents close to the interface. This is caused by an 
averaging of the properties of the fiber (or matrix) with that of the low modulus interface. 

Fig. 3. Indentation Matrix for CVD 
SiUNicalon Composite for a Normally Oriented Fiber 

Fig. 4. Indentation Matrix for CVD 
SiCMicalon Composite for a Transverse Oriented 
Fiber. 
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Fig. 5. Moduli Matrix for CVD Sic/Nicalon 
Composite with Normally Oriented Fiber. 
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Fig. 6. Moduli Matrix for CVD SiWicalon 
Composite with Transverse Oriented Fiber. 

5. Amomhization of Silicon Carbide 

Ion implantation of silicon carbide6 has revealed that amorphization of the crystal structure occurs at a relatively low 
dose level and remains to relatively high temperatures as is typical of covalently bonded compounds. Early studies have. 
shown that the threshold for this amorphous transformation occurs at about 0.2 dpa for chromium and nitrogen 
implantation With an associated volume change of +30%. At damage levels lower than the threshold the crystal structure 
was found to be highly disordered but not randomized. Recrystallization of the amorphized structure is seen to occur 
rapidly at temperatures above 1ooo"C.' 

CVD silicon carbide, which is the structure of composite matrix material, is made up of heavily faulted ctystalline 
silicon carbide. Silicon carbide structure is generally characterized as being a (hexagonal) or ,3 (cubic), though there are 
over 60 polytypes of B with the most common being the 6H structure. CVD silicon carbide is made up of both u and 8. 

excess carbon. Very little work has been published on the radiation induced microstructural evolution of N idon  fiber. 
Some recent work has suggested, however, that crystallization of the Nicalon structure occurs following nickel ion 
implantation at room temperature." The evidence supporting this work shows an increase in grain size as found by analysis 
of TEM dark field images. If this were true, it would be in contradiction to previous work on single and polynystalline 
silicon carbide as well as what is generally seen in covalently bonded solids. 

Nicalon Gbcrs are made up of a mixture of ,3 silicon carbide with approximately 25% by weight SiO, and 10% 

ExDerimental P d u r e  

Samples of Nicalon fiber intiltrated wth cvu  smcon caraiae were warered with a low speed saw and then polished 
ta a In pm polish. The samples were then mounted and implanted with 3 MeV carbon ions in the Triple Ion Beam 
Facility at ORNL to a dose of 30 dpa (peak) at ambient temperature. The EDEP code was used to calculate the peak 
damage and the damage profile. The thickness of the implanted sections was 500 pm. Irradiated specimens were prepared 
in cross section' for TEM and microindentation. A Nano-Instruments Nanoindenter with a Berkaich indenter tip was 
used. 

AU transmission electron micrographs were taken at 300 keV in a Philips CM-30 microscope. 
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Results and Discussion 

The r w m  temperature carbon implantation of the Sic composite caused amorphhtion in both the CVD matrix and 
Nicalon material. Shown in Fig. 7 is a E M  micrograph of a cross section sample. In this micrograph the glue which 
bonds the polished ion irradiated surface to the unirradiated section is intact. The entire range of the carbon beam is 
therefore imaged and an amorphous band occurs starting at a 2.25 pm to a depth of 2.59 pm. The CVD material was 
grown radially from a fiher which is partially intact at the right of the photo. The blackened area to the right of the 
amorphous band is part of the interfacial carbon layer which was deposited on the fiber prior to CVD infiltration. 

The amorphous CVD is shown at higher magnification in Fig. 8. The path of the carbon was from left to right in 
the photo causing a amorphous band of 0.34 pm in thickness. From EDEP calculations, this thickness band would 
correspond to a damage level greater than 15 dpa. 

YE-14541 

-~ GLUE 

Fig. 7. Cross Section Bright Field Micrograph Fig. 8. Bright Field Micrograph of Amorphized 
Band caused by Carbon Ion Implantation in CVD Sic. of Carbon Implanted CVD Sic. 

Figure 9 shows the microstructure of the Nicalon fiber at three depths : beginning of range (0.1 pm), at the peak 
damage region, and well past range of the implanted carbon. The middle micrograph in this figure shows the maximum 
damage region where the incoming carbon ion has come from the left of the photo and caused peak damage near the 
center of the micrograph. The micrograph suggests that the damaged Nicalon material has become finer grained in 
structure. At the center of the middle picture of this figure, which corresponds to the point at which the carbon beam has 
stopped, the structure goes from a fine-grained material to the coarser grained material of the undamaged (past range) 
Nicalon. Recrystallization was not found to occur anywhere in the carbon damaged region. Both dark field and diffraction 
pattern analysis likewise supported this observation. 

Also of note in Fig. 9 is that the microstructure has been significantly changed even at the relatively low doses 
occurring near the implantation surface. This is seen by comparison of the beginning of range and end of range pictures. 

A series of indents were taken for both the Nicalon and CVD silicon carbide implanted regions. Figures 10 and 11 
show the pattern of indents taken in the matrix and fiber, respectively. It is apparent from these figures that a white band 
has appeared at the sample edge corresponding to the damaged region. A small difference in range between CVD Sic and 
Nicalon is also seen by inspection of Fig. 11. It is further seen that for the CVD silicon carbide of Fig. 10 that the region 
corresponding to the amorphized zone has greater contrast. The indents were spaced at a distance of 1.5 pm apart at an 
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Fig. 9. Bright Field Micrograph of Structural Changes in Nicalon Fibcr caused by Carbon Ion Implantation. 

Fig. 10. Series of Indentations Across 
Irradiated Zone in CVD Silicon Carbide. Fig. 11. Series of Indentations Across Irradiated 

Zone in Nicalon Fiber. 

angle to the surface so that the sample edge was approached at approximately 1/10 pm per indent. Four unloadings were 
taken at 0.02,0.04,0.08 and 0.16 pm depth. Referring to Table 1 it is apparent that a 1.5 pm spacing is too close for the 
0.16 pm spacing without interference from the plastically deformed region of adjacent indents. The deeper indent was 
required for imaging of the imprints, however. 

The radiation degraded modulus for the matrix silicon carbide is shown in Fig. 12. This data is taken from the 
0.04-pmdepth unloading curve which has an area-sensing radius of about 0.4 pm. At well beyond the implanted range the 
modulus is relatively constant at approximately 400 GPa. As the indents approach the amorphized region, which 
corresponds to the peak damage of 30 dpa given in the figure, the modulus degrades to a minimum of 280 GPa. 
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The behavior of the Nicalon silicon carbide fiber was significantly different from the CVD material. From Fig. 13 it 
is Seen that the material modulus increased in the damaged region from a undamaged value of 170 GPa to a maximum of 
215 GPa in the damaged region. It is also interesting to note that the maximum damaged Nicalon modulus was not found 
to oeeur at the peak damage area. There was a broad peak just inside the maximum damaged repion. The reason behind 
this is unclear, though Fig. 9 has suggested that the Nicalon morphology has been changed at a relatively low threshold 
damage level in which case the modulus would be constant above this threshold. 

It is difficult to ascertain the material properties for this sample for distances of less than 1 pm from the sample 
edge. This may be attributed to the difficulties in sensing on a CUNed surface and the problems of the sensing volume 
becoming distorted approaching the edge. In the case of the CVD material of Fig. 13, it would be expected that the 
modulus would increase as the surface was approached and the damage was reduced. The modulus is Seen to decrease for 
distances less than 1.0 pm, however. This is most likely attributed to the sloping interface effect as the sensing dbtance of 
the 0.04 pm indent is only 0.4 pm. 
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Fig. 12. Cross Sectional Modulus Profile for 
Carbon Ion Implanted CVD Silicon Carbide. 
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Fig. 13. Cross Sectional Modulus Profile for 
Carbon Ion Implanted Nicalon Fiber. 

Conclusions 

Microstructural changes in both CVD silicon carbide and Nicalon silicon fiber have been induced by 3 MeV carbon 
implantation at rwm temperature. The general effect is an amorphization of the silicon carbide. The CVD material has a 
fairly high threshold for amorphization of approximately 15 dpa while the Nicalon structure was seen to become much finer 
over the entire range of carbon beam damage. 

The elastic modulus for both CVD and Nicalon materials was measured along the damage path of the carbon beam. 
The modulus of the CVD material decreases from 400 to 280 GPa inside the amorphized region. The Nicalon fiber show 
the opposite effect. The modulus increases from a nominal value of 170 GPa to a maximum value in the damaged region 
of 215 GPa. 

FUTURE WORK 

This technique of measuring hardness and modulus is being applied to SiC/Nicalon composite samples implanted to 
1, 10 and 30 dpa (peak) with carbon beams as well as dual beam irradiated samples at the same damage levels with helium 
injection of 0.01. 0.1 and 1 at.%. The temperature range of implantation is from rwm temperature to 1100°C This data 
will then be compared with neutron modified material irradiated to 1 dpa (300°C HFIR, 600°C FFW) and 15 dpa (6ooDC 
m.) 
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IN-SITU MEASUREMENT OF RADIATION INDUCED CONDUCTIVITY IN CERAMICS---E. H. Farnum. J. M. Kennedy 
and F. W. Clinard (Los Alamos National Laboratory) 

OBJECTIVE 

The objective of this work is to develop a data base and understanding of radiation-induced changes in the electrical 
properties of ceramic insulators, and then use this information to identify or design new ceramic materials that will 
improve the performance of magnetic fusion reactors. 

SUMMARY 

Recent data by E.R. Hodgson1.2 and by G. P. Pells3p4 shows enhanced dielectric loss and electrical breakdown in 
ceramics during irradiation with protons and electrons and while subject to an externally applied DC electric field. 
We have investigated this radiation-induced conductivity effect at frequencies between 100 Hz and 10 MHz by 
irradiating sapphire with 3 MeV protons at 300 K. Calculations of energy deposition and displacement damage in the 
sapphire were made using TRIM 90 on an IBM-AT. Results show an immediate increase in loss tangent at onset of 
irradiation that depends on both frequency and time. 

PROGRESS AND STATUS 

Method 
A general description of this experiment was presented in the last Fusion Reactor Materials Semi-AnnLal Progress 
Report (for period ending September 30, 1990). We are using proton irradiation to study in-situ rad.arion-induced 
conauctivity in ceramics The main advantage of proton irradiation is tnat tne flux can be widely varied both above 
and below that expected in a fusion reactor. Additional advantages are that tne beam can be turned on and off 
quickly at will, and that irradiation temperature is easily varied. While the ratio of ionizing to displacing radiation is not 
similar to that expected in a fusion reactor, both are present and effects from both are observable. 

During the past reporting period we conducted two experiments with proton irradiation. We polished single Crystal 
sapphire disks with face plane of (1 120) to 25-sm-thickness and attached them to a copper block that kept the 
temperature between 298 and 302 K during the experiment. Electrodes were applied to the top surface to form a 
guard-ring capacitor that was measured with a frequency-swept impedance analyzer. The dielectric constant and 
loss tangent were calculated from complex-impedance measurements made auring the irradiation. We calculated 
ionization and displacement rates for the protons using tne TRIM 90 code on an IBM-AT. In our first aata we used a 
proton current ot 45 nA ( 1 sNcm2 )that created an ionization flux of 107 Radls and a displacement flux of 10-7 
displacements per atom per second (dpds). During one of the irradiations, a DC eectric field up to 1000 Vlmm was 
app.;ed tor about 2 hours. 

The proton irradiation caused a large immediate increase in the loss tangent (tan 6)  that then decayed wdh increasing 
Ruence. At 100 Hz. tan 6 changed from 2 x 
tan 6 is not as large at higher frequency. Figure 1 shows the measured tan 6 vs irradiation time for several frequencies. 
After about 1500 seconds, the decay can be characterized with a time constant t that is between 3000 s and 7000 s and 
is weakly dependent on frequency . We fit the Figure 1 data to the formula tan 6 = A e-uT and the results for A and T are 
shown in Table 1. In addition, the beam-on-minus-beam-& change in tan 6. A tan 6 , is inversely proportional to 
frequency between 1 kHz and 10 MHz ( A tan 6 = 2.5 x 103 F - l  ) where F is the frequency in Hz. Figure 2 shows 
A tan 6 times frequency vs. frequency for three irradiation times at a flux of 1 cdcm2. The ohmic part of the AC 
conductivity. (I. may be obtained from A tan 6 = (I (u c  EO).^, where L EO is the dielectric permittivity, and c,! = 2nf. This 
equation fits our data between 1 kHz and 10 MHz. and shows a purely resistive, frequency-independent, in-situ 
radiation-induced conductivity for the 1 p d c m 2  flux. Measured values for (I from the fig 2 data at various times are 
shown in Table 2. 

After the beam is turned off. the material recovers with a time constant much longer than 7000s. Preliminary data show 
that after five days, the increase in tan 6 observed at the onset of re-irradiation has returned to its' large initial values. At 
early time. tan6 from 100 Hz to 1 krlz is nearly independent of frequency with a value of 2.1. but this effect scan moves 
to frequencies lower than 100 Hz. Appkation of a 1000Vlmm DC electric field for up to two hours during the irradiation 
had no effect on the aielectric loss between 100 rlz and 10 MHz. 

to 2.1 within seconds after onset of irradiation. The initial increase in 
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FUTURE PLANS 

We intend to explore these prompt effects further by varying flux and also the beam-off time to determine flux 
dependence and recovery rates at rmm temperature. In addition, similar experiments will be conducted on sapphire 
doped with 150 ppm of titanium to explore the possible effect of additional trapping sites for the electron-hole pairs 
created by the ionizing part of the radiation. 

E l  

Irradiation time seconds ) 

fig. 1 Sapphire, 300 C. 3 Uev Rotons. 1 w m 2  ,no bias 

- I  time = 100 s I 

TABLE 1 
Data fmed to tan 6 - A  e-vT 

for t > 1500s 
freauencv 'I (s) A .  
100 Hz 7000 4.7 
1 kHz 3100 1 2  
lOkHz 4200 ii 
1OOkHz 5600 0.009 

I 

llnirradiated 
tan6 = 2 x  1~74 

Data fittedto u= F tan 6 (2 T E E , )  

E = 10.5, €0 = 8.85 x 10-12 FA4 
time (5) u(a M r 1  

100 1.45 x 10-6 
2203 3.5 x 10-7 
6000 1 . 5 ~  10-7 

* ", I 

L L ?  Y Y Y I 

fig. 2- Sapphire. 300 C. 3 MeV PTotonS. 1 r M m 2 ,  no bias, beam oft and on 
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CORROSION AND ELECTRICAL PROPERTIES OF CERAMIC INSULATORS AFTER EXPOSURE TO 
FLOWING LITHIUM AT 400'C - M. R. Fox, A. B. Hull, J-H. Park, J-H. Hsieh, and G. Dragel (Argonne National 
Laboratory) 

OBJECTIVE 

T w o  major concerns for liquid metal blankets in magnetic fusion reactor designs are the corrosion resis- 
tance of the structural material and the magnetohydrodynamic (MHD) force and its subsequent influence on 
thermal-hydraulics and corrosion. The objective of this study is to develop stable ceramic coatings at the liquid 
metdstructural material interface, with emphasis on electrically insulating coatings that  prevent adverse 
MHD-generated currents from passing through the structural walls. 

SUMMARY 

Based on a preliminary survey of more than 15 oxides and nitrides, four ceramic materials (CaO, MgO, 
Y203, and BN) were identified as candidates for insulator coating development. These compounds were 
fabricated by a variety of techniques and exposed to flowing lithium a t  400°C to assess chemical compatibility. 
Yttrium oxide exhibited excellent corrosion resistance in flowing liquid Li a t  400°C; its corrosion rate was 
calculated to be 0.042 p/y. Resistivity measurements were taken before and after Li exposure to determine the 
effects of Li on the electrical properties of Y203. No deterioration in the resistivity could be measured; in both 
cases the resistivity was >lo12 Rm.  Boron nitride coatings on V-2OTi substrates were fabricated by the newly 
developed ion-beam-assisted-deposition process. These coatings are expected to exhibit better compatibility with 
liquid Li than the previously RF-sputtered coatings. The resistivity of in-situ-formed W,Ti),N reaction-product 
layers on various V-base alloys, including V-7Cr-5Ti, V-2.5Ti-lSi, and V-ZOTi, is being determined. 

PROGRESS AND STATUS 

Introduction and Backmound 

MHD forces and their effects on corrosion rates, heat transfer, and pressure drop are a key concern with a 
V h i  system for first-wall applications in a magnetic fusion reactor (MFR). The MHD effects could be signifi- 
cantly reduced by placing an electrical insulator coating a t  the V/Li interface.' For a material to work as 
an insulator coating in this environment, it must first meet two criteria: high corrosion resistance and electrical 
resistivity >lo2 C2.m when exposed to Li and a radiation field. Preliminary evaluations of candidate 
coatinghbstrate combinations2 were conducted on the basis of chemical stability in liquid Li and electrical 
resistivity of the coatings after exposure to Li. The coating materials include BN, Y2O3, C q O 3 ,  MgO, CaO. 
Si3N4, V2O5, and in-situ coatings of calcium vanadate and a V-Ti-N reaction-product layer formed in flowing Li. 

Lithium compatibility studies indicated that failure resulted from one of three causes: (1) thermodynamic 
instability (SigNq), (2) incomplete densification (CaO, MgO), or (3) impurity content in the ceramic (BN). 

Currently, one of the most promising materials being considered for this application is Y2O3. Previous work 
has shown that Y20, has a low corrosion rate2.3 and no gross loss of resistivity in static Li.3 

and Results 

1. Compatibility of YzO3 with Liquid Lithium 

The Y203 was prepared by hot-pressing and sintering, as described previously by Wang et al.2 The surface 
area was determined by micrometer, and weight was obtained with an Ohaus GAllO balance. The Y2O3 wa8 
then exposed in the Li fatigue and failure testingloop 3 (FFTL-3)4 for 675 h at 405'C. Weight loss was measured 
and corrosion rate was determined. One specimen with 2.34 x 10-4 m2 surface area showed no weight loss, and 
the other specimen, with 6.04 x 10-5 mz surface area, had a weight loss of 0,0001 g and a corrosion rate of 
0.042 pnJyr. 

2. Resistivity Measurement 

Resistivity of Yz03 was measured in air a t  room temperature by a four-probe technique.5 Both exposed and 
unexposed samples were carefully sectioned, and four platinum electrodes were attached to notched specimens 
using silver paint, as shown in Figs. 1 and 2. A current (I) was passed through the outside two electrodes using a 
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Fig. 1. Lithium- 
exposed Yz03 specimen 
viewed by optical 
microscopy. 

Fig. 2. Resistivity measurement i i i 1  
by fouriprobe technique. 

KeiUey 263 Calibratorlsource, and the voltage drop (V) was measured across the two inside electrodes with a 
Data Precision 3500 voltmeter. Resistance (R) and resistivity (p) were calculated from Eqs. 1 and 2. 

R=VA (1) 

p = Wa'bYc (2) 

As determined by the extrapolation of high temperature values to calculate lower temperature values, the 
resistivity of Y203 at mom temperature is -1016 Dm.6 Because of equipment and sample size limitations, the 
highst resistivity that could be measured was lou Q-m. Yttrium oxide specimens both before and after 400°C Li 
exposure had resistivities 11012 Qm. 

DISCUSSION AM) CONCLUSIONS 

Ceramic electrid innulator coatings have great potential for MFR applications. Because of the high 
thermal 8tresses. coatings on the surface of the V-bese alloys may tend to crack or spall. If this happens, the 
insulating and corrosion benefits are lost. 

An ideal coating would regenerate in-situ by forming compounds with interstitial impurities in the Li andh 
alloying elements in the V-base alloy. One coating of interest is the (V,TiLN reaction-product layer that forms in 
V-Ti alloys exposed to Li.7 Results suggest that this layer is brittle, but that it seems to be adherent. 
Conduetivity/resistivity tests are being performed8 on V-?Cr-STi, V-2.5Ti-lSi. and V-2OTi substrates before and 
after exposure to flowing Li at  450°C for 2000 h. These measurements will be correlated with the thickness and 
composition of the dewsited surface laver. 

ions of conitituents in the diffusion zone of the alloy and in the liquid m, 
1 is one of the  material^ being considered for diffusion coating. 

Reactive lude oxidation and diffueion coating. 
A schematic ot m e  waruuz ana me m a o n  zone 18 anown in rig. J. If the surface layer cracks or spalls, 
chemical read etal could repair the 
coating. Y@s 

In earlier wurq- ~ u - p - u n c a  DI'I wannga were aeposicea oy m -sput.cenng. 'I'nese coatings completely 
dissolved in Li after 1 h exposure. New BN coatings have been formed on V-base substrates by ion-beam-assisted- 
deposition (BAD). By combining ion implantation and thermal evaporation, IBAD optimizes the best features of 
these more conventional surface modification processes.$ Adhesion is not a problem because there is no discrete 
interface; because of fast deposition, the BN coating thickness was 5 p. 
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Fig. 3. In-situ-formed diffusion zone 
coating on a diffusion-coated .*... . 

substrate material. 

I I 
Boron nitride crystallizes in two forms, hexagonal and cubic. The two polymorphs are frequently 

compared10 to the graphite and diamond forms of carbon, with which they are isoelectronic. The IBAD 
technique causes the BN to form a high-density, highly ordered cubic11 crystal structure that is more stable in Li 
than the hexagonal crystal structure that forms during RF-sputtering. 

Reaction of Li with BzO3 is another source of instability. Earlier studies3 indicated that after the BN (with 
BzO3 contaminants) was subjected to a 1700°C nitrogen atmosphere for 12 h, the BzO3 contaminants reacted with 
N to form BN, and subsequently the BN was entirely stable in Li. 

FUTURE WORK 

Yttrium oxide will be exposed to flowing Li for longer times at  higher temperatures. Attempts will be made 
to form a Yz03 coating in-situ by diffusing Y into a V substrate. Resistivity of Y203 will be measured in-situ at 
high temperature. 

The resistivity of in-situ-formed (V,Ti),N reaction product layers on various V-base alloys immersed in 
flowing Li is being investigated at  450°C. 

The stability of BN coating on V-base substrates is being readdressed in light of the advantages implicit in the 
new IBAD coating technology. The problem of BN purity will be avoided by heat-treating the BN-coated V-base 
substrates in a N atmosphere at  800°C for several days12 to remove any BzO3 impurities. 

Ceramic discs of AIN, Y3A15012, MgAI2O4, CaO, Ca0.Vz05, Tic, Sic, and TiN will be immersed in flowing 
Li to determine their chemical compatibility with Li. 

REFERENCES 

1. Y. Y. Liu and D. L. Smith, Ceramic Electrical Znsulators for Liquid Metal Blankets, J. Nucl. Mater., 141- 
143,38 (1986). 

2. D. Y. Wang, A. B. Hull, M. R. Fox and C. E. Campbell, Development of Ceramic Znsulator Coatings for 
Liquid Metal Blanket Applications, Fusion Reactor Materials Semiannual Report for the Period Ending 
September 30,1990, DOE/ER0313/9, Oak Ridge National Laboratory (1991). 

3. J. E. Battles, Materials for Advanced High Temperature Secondary Batteries, Int. Mat. Rev., 34.1 (1989). 

4. 0. K. Chopra and A. B. Hull, Influence of Carbon and Nitrogen Impurities on the Corrosion ofStructuml 
Materials in a Rowing-Lithium Environment, Fus. Tech., 15,309 (1989). 

5. J. H. Park and K. Natesan, Electronic Tmnsport in Thermally Grown Cr203, Oxid. Met., 33,31(1990). 

6. W. D. Kingery et al., Introduction to Ceramics, 2nd ed., John Wiley and Sons, New York p. 905 (1976). 

7. H. Borgatedt, M. Grundmann, J. Konys and Z. Peric', A Vanadium Alloy for Application in a Liquid 
Metal Blanket of a Fusion Reactor, J. Nucl. Mater., 156-157,690 (1988). 



333 

8. A. B. Hull, M. R. Fox, and J.-H. Hsieh, Vanadium-Base-Allgy Surface Modification for Liquid Metal 
Blankets and First-Wall in Magnetic Fusion Reactors, accepted for presentation at 5th Intl. Conf. on Fusion 
Reactor Materials, Nov. 17-22, 1991, Clearwater, FL. 

9. G. Fenske and R. Erck, Ion Beams 'Nail' Thin Films, Ceramic Industry, March,25-28 (1991). 

10. C. R. Aita, Sputter Deposited Boron Nitride: A Review in The Synthesis .and Properties of Boron Nitride, 
J. J. Pouch and S. A. Alterovitz, eds., Trans Tech Publications, Aedemannsdorf, Switzerland, 1990. 

11. Y. Andoh et  al., Properties of Boron Nitride Coating Films Prepared by the Ion Beam and Vapor 
Deposition Method (IVD), Nucl. Instrum.& Meth. in Phys. Res. B19/20 (1987) 787-790. 

12. J. Battles, Argonne National Laboratory, personal communication, 1991, 





335 

DISTRIBUTION 

1-16. Argonne Nat iona l  Laboratory ,  9700 South Cass Avenue, Argonne, I L  60439 
M. C. B i l l o n e  P. A. F i n n  8. A. Loomis 
P. E. B lackburn A. K. F i s h e r  R. F. Mat tas 
0. K. Chopra A. E. H u l l  L. A. Neimark 
R. G. Clemner C. E. Johnson 0. L. Smith 
D. R. D ie rcks  F. Kassner S. W. Tam 

H.  W i  eders i ch 

17. Argonne 
F a l l s ,  

Na t iona l  Laboratory ,  
IO 83403-2528 

EBR-I1 D i v i s i o n ,  Reactor M a t e r i a l s  Sect ion,  P.O. Box 2528, Idaho 

D. L. Por te r  

18. Auburn U n i v e r s i t y ,  Department of Mechanical Engineer ing,  201 Ross H a l l ,  Auburn, AL 36849 
B. A. Chin 

19-34. B a t t e l l e - P a c i f i c  Northwest Laboratory,  P. 0. Box 999, Rich land,  WA 09352 
M. D. F resh ley  M. L. Hami l ton J. M. McCarthy 
F. A. Garner (5 )  H. L. He in isch  B. 0. Shipp 
D. S. G e l l e s  G. W. Ho l lenberg  D. D. S l a g l e  
L. R. Greenwood R. H. Jones J. L. S t raa lsund  

3 5 3 6 .  Carnegie I n s t i t u t e  o f  Technology, Carnegie-Mellon U n i v e r s i t y ,  Schenley Park, P i t t s b u r g h ,  PA 15213 
W. M. Garr ison,  Jr. J .  C. W i l l i a m s  

37. Department o f  Energy, R ich land  Operat ions O f f i c e ,  Federa l  Bldg., MS A590, Richland, WA 99352 
Paul Pak 

38. EG&G Idaho, Inc., Fus ion Sa fe ty  Program, P.O. Box 1625, Idaho F a l l s ,  I D  83415-3523 
0. F. Ho l land  

39. GE Astrospace D i v i s i o n ,  San Jose Operat ions, 6835 v i a  Deloro, P.D. Box 530954, San Jose, CA 
95153-5354 

Mike K a n g i l a s k i  

40-43. General Atomics, P.O. Box 85608, San Diego, CA 92138 
J. Baur 0. 1. Roberts 
T. A. Lechtenberg K. R. Schu l t z  

T. L. Cookson 
44. General Dynamics Corpora t ion ,  5001 Kearny V i l l a  Road, San Diego, CA 92138 

45. Georgia I n s t i t u t e  of Technology, School of T e x t i l e  Engineer ing,  A t l a n t a ,  GA 30332 
D. S. Tucker 

46. Grand Canyon U n i v e r s i t y ,  Department o f  Na tu ra l  Science, 3300 W. Camelback Rd., Phoenix, A2 85017 
W. A. Coghlan 

47-48. Hokkaido U n i v e r s i t y ,  F a c u l t y  of Engineer ing,  K i t a  13, N ish i  8, Ki ta- ku,  Sapporo 060, Japan 

4 M 2 .  Japan Atomic Energy Research I n s t i t u t e ,  Tokai Research Establ ishment ,  Tokai-mura, Naka-gun, 

Professor H e i s h i c h i r o  Takahashi P ro fessor  A k i r a  Okada 

Ibarak i- ken  319-11, Japan 
D r .  Tatsuo Kondo O r .  Ak im ich i  Hishinuma (3)  

53. Kyushu U n i v e r s i t y ,  Research I n s t i t u t e  f o r  App l ied  Mechanics, 6-1, Kasuga-Koen, Kasuga-Shi, 
Fukuoka-Ken 816, Japan 

Professor  Takeo Muroga 

E.C.N. Dalder  J. Perk ins  
M. Guinan 

54-56. Lawrence L ivermore Nat iona l  Laboratory ,  P.O. Box 808, Livermore, CA 94550 

5 7 6 5 .  Los Alamos Nat iona l  Laboratory ,  P.D. Box 1663, Los Alamos, NM 87545 
J. L. Anderson D. J. Dudziak C. D. K ise  
L. 0. C a u d i l l  H. M. F r o s t  R. Liepens 
F. W. C l i n a r d  G. Hur ley  T. Zocco 



336 

66. Manlabs, Inc., 231 E r i e  S t ree t ,  Cambridge, MA 02139 
0. Togna re l l i  

67. Massachusetts I n s t i t u t e  o f  Technology. Department of Meta l lu rgy  and Ma te r i a l s  Science, 

L. W. Hobbs 
Cambridge, MA 02139 

6 H 9 .  Massachusetts I n s t i t u t e  of Technology, Room 13-4069, Cambridge, MA 02139 
N. J. Grant K. C. Russel l  

7h7-71. Massachusetts I n s t i t u t e  of Technology, Plasma Fusion Center Headquarters, Cambridge, MA 02139 
H. 0. Becker 0. 8. Montgomery 

72. McOonnell-Douglas M i s s i l e  Systems Company, Ma i l  Code 306 4204, P.O. Box 516, S t .  Louis,  MO 
63166 
J. W. Davis 

7 3 7 4 .  Nagoya Un i ve rs i t y ,  I n s t i t u t e  of Plasma Physics, Furo-Cho, Chikusa-ku, Nagoya 464-01, Japan 

75. Nagoya Un i ve rs i t y ,  Department of Nuclear Engineering, Furo-Cho, Chikusa-ku, Nagoya 464-01, 
Japan 

Professor  Aki r a  Miyahara Dr. Chusei Namba 

Professor  Mich io  K i r i t a n i  

16777. Nat ional  I n s t i t u t e  of Standards and Technology, Boulder, C0 80302 
F. R. F i c k e t t  J. R. Reed 

78. Nat ional  Ma te r i a l s  Advisory Board, 2101 C o n s t i t u t i o n  Avenue, Washington, DC 20418 
K .  M. Zwi lsky 

7!%80. Nat ional  Research I n s t i t u t e  fo r  Metals, Tsukuba Branch, Sengen, Tsukuba-shi, Ibarak i- ken 305, 
Japan 
Or. Masatoshi Okada Dr.  Haruki Sh i r a i sh i  

81. Naval Research Laboratory,  Washington, DC 20375 
J. A. Sprague 

Centra l  Research L i b r a r y  T. D. Burche l l  A. F. Rowcl i f fe  (10) 
Document Reference Sect ion R.  H. Goulding R. L. Senn 
Laboratory Records Department (2 )  M. L. Grossbeck J. S h e f f i e l d  
Laboratory Records-RC E. A. Kenik L. Snead 
Patent  Sect ion R. L. Klueh R. E .  S t o l l e r  
D. J. Alexander Ea1 Lee K. R. Thorns 
C. C. Baker A. W. Longest P. F. T o r t o r e l l i  
G.E.C. B e l l  L. K. Mansur S. J. Z i n k l e  
J. Bent ley P. J. Maziasz R. Yamada 
E. E.  Bloom T. C. Reuther 
0. N. Braski  T. K. Roche 

8F1-122. Oak Ridge Nat ional  Laboratory, P.O. Box 2008, Oak Ridge, TN 37831 

123124.  Pr ince ton  Un i ve rs i t y ,  Pr ince ton  Plasma Physics Laboratory, P.O. Box 451, Pr inceton,  NJ 08540 
H. Fu r t h  Long-Poe Ku 

125-126. Rensselaer Po ly techn ic  I n s t i t u t e ,  Troy, NY 12181 
0. Ste ine r  David Duquette 

127. Rockwell I n t e r n a t i o n a l  Corporation, NA02, Rocketdyne D i v i s i o n ,  6633 Canoga Avenue, Canoga Park, 
CA 91304 

D. W. Knef f  

12&129. Sandia Nat ional  Laborator ies,  P.O. Box 5800, Albuquerque, NM 87185-5800 
M. J. Davis W. B. Gauster 

131E131. Sandia Nat ional  Labora to r ies ,  Livermore D i v i s i o n  8316, Livermore, CA 94550 
W. Bauer W. G. Wolfer 



337 

132. San Oiego S ta te  Un ivers i ty ,  Mechanical Engineer ing Dept., San Oiego, CA 92182-0191 
L. 0. Thompson 

133. Tohoku Un i ve rs i t y ,  I n s t i t u t e  f o r  Ma te r i a l s  Research, Ka tah i ra  2-1-1, Sendai 980, Japan 

134. Tohoku Un i ve rs i t y ,  I n s t i t u t e  f o r  Ma te r i a l s  Research, Orai Branch, Oarai, Higashi- Ibaraki- gun,  

Professor  H idek i  Matsui 

I ba rak i  -ken 311-13, Japan 
Professor Hideo Kayano 

135. Tohoku Un i ve rs i t y ,  Department of Nuclear Engineering, Tohoku Un i ve rs i t y ,  Aoba, Aramaki, 
Sendai 980, Japan 

Professor  Katsunor i  Abe 

136137.  U n i v e r s i t y  of C a l i f o r n i a ,  Department o f  Chemical and Nuclear Enginei?ring, Santa Barbara, CA 
93106 

G. E. Lucas G. R. Odette 

139140.  U n i v e r s i t y  o f  C a l i f o r n i a ,  Department o f  Chemical, Nuclear and Thermal Engineering, 
LOS A n g e l s ,  CA 90024 

M. B. Abduo N. M. Ghoniem 
R. W. Conn 

T. Kammash 

A. Kumar 

141. U n i v e r s i t y  o f  Michigan, Department of Nuclear Engineering, Ann Arbor, M I  48109 

142. U n i v e r s i t y  o f  Missour i ,  Department of Nuclear Engineering, Rol la ,  MO 65401 

143. U n i v e r s i t y  of Tokyo, Oepartment o f  Ma te r i a l s  Science & Technology, 2641 Yamazaki Noda City, 
Chiba Pre fec tu re  278 Japan 

N. I ga ta  

144-145. U n i v e r s i t y  o f  Tokyo, Department of Nuclear Engineering, 3-1, Hongo :-Chome, Bunkyo-ku, Tokyo 113 
Japan 

Professor  S h i o r i  I s h i n o  (2 )  

146-147. U n i v e r s i t y  o f  Tokyo, Department of Ma te r i a l s  Science, 3-1, Hongo 7-Chome, Bunkyo-ku, Tokyo 113, 
Japan 

Professor  Ak i ra  Kohyama 

G. L. Ku l c i nsk i  

149-154. Westinghouse Hanford Company, P. 0. Box 1970, Richland, WA 99352 
H. R. Brager F. M. Mann 
A. M. Ermi R. J. Puigh 
G. D. Johnson R. L. Simons 

Ass i s tan t  Manager f o r  Energy Research and Oeveloprnent 

5. D. Frey 

S. E. Berk R. J.  Dowling 
M. M. Cohen R. E. P r i c e  
N. A. Davies F. W. Wiffen 

Professor Yutaka Kohno 

148. U n i v e r s i t y  of Wisconsin, Nuclear Engineer ing Dept., 1600 Johnson Orive, Madison, W I  53706 

155. Department o f  Energy, DOE F i e l d  Office, P.O. Box 2001, Oak Ridge, TN 37831-8501 

156. Department o f  Energy, Oak Ridge Operations Off ice,  P. 0. Box 2001, MS 6269, Oak Ridge, TN 37831 

157-162. Department o f  Energy, Of f i ce  of Fusion Energy. Washington, DC 20585 

16S213. Department of Energy, O f f i c e  of S c i e n t i f i c  and Technical In fo rmat ion ,  O f f i c e  of In format ion 
Services, P.O. Box 62, Oak Ridge, TN 37831 

For d i s t r i b u t i o n  as shown i n  DOEITIC-4500, D i s t r i b u t i o n  Categories UC-423 (Magnetic 
Fusion Reactor Ma te r i a l s )  and UC-424 (Magnetic Fusion Energy Systems) 




