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GRAIN GROWTH BEHAVIOR, TENSILE IMPACT DUCTILITY,AND WELDABILITY
OF CERIUM-DOPED IRIDIUM ALLOYS'

C. G. McKamey, E. P. George, E. H. Lee, J. L. Wright, and E. K. Ohriner

ABSTRACT

An iridium alloy doped with small amounts of cerium and thorium is being developed as a
potential replacement for the iridium-based DOP-26 aloy (doped with thorium only) that is
currently used by the National Aeronautics and Space Administration (NASA) for cladding
and post-impact containment of the radioactive fuel in radioisotope thermoelectric generator
(RTG) heat sources which provide eectric power for interplanetary spacecraft. This report
summarizes results of studies conducted to date under the Iridium Alloy Characterization and
Development subtask of the Radioisotope Power System Materia's Production and Technology
Program to characterize the properties of the iridium-based aloy (designated as DOP-40)
containing both cerium and thorium. Included within this report are data on grain growth of
sheet materia in vacuum and low-pressure oxygen environments, grain growth in vacuum of
the clad vent set cup material, weldability, and the effect of grain size and test temperature on
tensile properties. Where applicable, data for the DOP-26 aloy are included for comparison.

Both grain size and grain-boundary cohesion affect the ductility of iridium dloys. In this
study it was found that cerium and thorium, when added together, refine grain size more
effectively than when thorium is added by itself (especially at high temperatures). In addition,
the effect of cerium additions on grain-boundary cohesion is similar to that of thorium. Me-
chanicd testing at both low (~10° s?) and high (~10° s?) strain rates showed that the Ce/Th-
doped dloys have tensile ductilities that are as good or better than the DOP-26 aloy. The
generd conclusion from these studies is that cerium can be used to replace some of the radio-
active thorium currently used in DOP-26 while maintaining or improving its metalurgica
properties. The current DOP-26 aloy meets all requirements for cladding the radioactive fuel
in the RTG heat source, but the new DOP-40 aloy could serve as a back-up dloy to be used if
the costs of refining, handling, and transporting DOP-26 become prohibitively high.

* Research sponsored by the Office of Space and Defense Power Systems at the Oak Ridge National Laboratory,
managed by UT-Battelle, LLC for the U.S. Department of Energy under contract number DE-ACO05-000R22725.
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INTRODUCTION

Iridium is a face centered cubic metal with a high melting point (~2442EC), the highest shear modu-
lus of any metal [1], the second-highest elevated-temperature strength among the refractory metals[2],
good oxidation resistance [3], and the highest corrosion resistance of any element [4]. It is, therefore,
attractive for high-temperature structural applications—especidly in hostile environments. Unfortu-
nately, it has a few drawbacks. Iridium is the heaviest element in the periodic table (density, 22.7 g/cc)
and is relatively expensive. Other disadvantages include mechanical properties that are strain-rate
senditive and a brittle-to-ductile transition [5], features usually associated with bce and not fcc metals.

Monocrystdline iridium cleaves at room temperature and polycrystals undergo mixed intergranular/
transgranular fracture at temperatures to 1000EC, even at moderate strain rates [6-9]. At higher strain
rates, the brittle-to-ductile transition temperature (BDTT) shifts up; e.g., a strain rates on the order of 10°
s, brittle intergranular fracture persists to 1500EC [5]. The brittleness of iridium is intriguing given that
it deforms in the ‘normad’ fcc way, i.e., dip occurs on {111} <110> [10-13] which provides five indepen-
dent dip systems. Impurities were implicated in early studies [14,15], but it was shown later that, while
some impurities exacerbated brittleness [16], even high-purity iridium with no detectable impurities on its
grain boundaries exhibited brittle intergranular fracture [5,16-20]. This is Smilar to the Stuation in
Ni,Al, which has the ‘ordered fcc' structure, and in which brittle intergranular fracture occurs even
though the grain boundaries are clean [21,22]. However, unlike in Ni,Al where the atomic hydrogen and
oxygen generated from ordinary ambient air are the cause of grain-boundary brittleness at low [23-26]
and high temperatures [25,27,28], respectively, no environmental factors have so far been implicated in
the brittle fracture of iridium.

Liu and Inouye [17] discovered that doping with ‘ppm levels of thorium suppressed grain-boundary
fracture and increased the ductility of iridium aloys, especidly at high-strain rates. This made it possible
to use iridium in some high-temperature structura applications. Thus, during the last three decades,
iridium aloys have been used successfully as fuel cladding material in radioisotope thermoelectric
generators, the major source of onboard electric power in spacecraft sent to explore the outer planets [29].
The iridium aloy that is currently used for space-power applications is designated DOP-26 [5,30]; it has
the nominal composition 1-0.3W-0.006Th-0.005Al (al compositions by weight, unless otherwise
noted). The role of tungsten is to provide solid-solution strength and to raise the recrystallization tem-
perature so that the alloy can be warm rolled without inducing recrystalization (its formability is better in
the wrought state than in the recrystallized state, another bec-like feature). Aluminum is thought to
promote thorium segregation to the grain boundaries [17,19,20], while thorium serves two purposes: (i) it
forms fine, highly stable Ir,Th precipitates [31] which pin the boundaries and refine grain size [5] and (ii)
it segregates to the grain boundaries [18] where it enhances cohesion [5], both of which contribute to
improved ductility a high strain rates [5]. Maximum ductility is obtained when thorium is present a a
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level of about 200 ppm. Unfortunately, this level of thorium is harmful to weldability because it pro-
motes hot cracking by the formation of a low-melting Ir-Ir, Th eutectic at the fusion-zone grain boundaries
[32]. The currently used DOP-26 aloy contains nominaly only 60 ppm Th. This lower level of thorium
results in improved weldability but somewhat lower high-temperature impact ductility than the maximum
obtainable.

Since thorium is aso a radioactive eement, there are severa potential problems in using this element
as an dloying addition. Refining of the element is expensive, and if the scrap cannot be refined commer-
cidly the cost of recovery will continue to increase. Additiondly, the increasingly strict environmental,
safety, and health regulations may make it more costly to work with DOP-26 in the future. Currently, the
6030 ppm specification for thorium in DOP-26 is just under the limit at which this alloy would be
designated as radioactive. If these limits were to become stricter in the future, DOP-26 would have to be
handled as a radioactive materia and its manufacturing and handling costs would dramatically increase.
From these standpoints it is prudent to search now for a suitable aternative aloying element to replace
thorium in DOP-26, so that back-up alloys will be available when needed.

This report presents results of an ongoing research program aimed at finding substitutes for thorium
that are not radioactive and that improve weldability without reducing high-temperature impact ductility.
Physical metalurgy principles were used to select potentia aloying elements as follows. To be benefi-
cia, the selected dopant should segregate to the grain boundaries, improve grain boundary cohesion, and
refine the grain size of iridium. A driving force for grain boundary segregation is the large atomic size
misfit between the dopant and the matrix [33]. This size mismatch also causes low solid solubility of the
dopant, which results in second-phase precipitation. The second-phase particles, if they are stable at
elevated temperatures, are expected to refine the grain size by pinning the grain boundaries. Once a
dopant segregates, it must enhance the grain boundary cohesion if it is to be beneficial. Cerium, yttrium,
and lutetium were chosen as promising elements [34-36] based on the above reasoning.

In earlier studies [35,37] it was found that, of these three elements, cerium segregated most strongly
to the grain boundariesin iridium. Based on these results, cerium was selected as a replacement for
thorium. The origina goa was to replace dl of the radioactive thorium in DOP-26 iridium with non-
radioactive cerium. However, our studies showed that, although cerium was effective in refining the
grain size of iridium, it was not as effective as thorium in enhancing grain-boundary cohesion [35]. Since
grain size and grain-boundary cohesion both influence high-temperature impact ductility [5], our aloy
design strategy then changed to replacing only part of the thorium with cerium, with the former serving
mainly as a grain-boundary strengthener and the latter as the grain refiner.

The new Ce/Th-doped alloys have been designated as DOP-40 and contain 15-40 ppm Ce and 0-60
ppm Th, levels which fal within their alowable ranges in the current DOP-26 specification: 60+30 ppm
for Th and <50 ppm for Ce. One additiond aloy with 73 ppm Ce (equivaent to 100 appm Ce) contain-
ing no thorium was aso included in these studies. This report summarizes the results of studies to
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determine how the grain growth behavior, tensile impact properties, and weldability of DOP-40 iridium
change with small changes in the thorium and cerium concentrations.

EXPERIMENTAL PROCEDURES

Severd 1r-0.3 wt% W dloys, doped with the microaloying additions listed in Table |, were prepared
asfollows. [Note that duminum, which is a dopant in DOP-26 iridium [5], was not added to any of the
DOP-40 alloys used in this study. When the first cerium-doped alloys were being designed, there was a
possibility that the arc melting and drop casting steps in the iridium blank production process would be
eliminated and replaced with eectron beam meting. The addition of auminum to iridium would then
pose a problem because of extensive evaporative |osses during electron beam melting. It was therefore
decided to develop the new DOP-40 dloys without any auminum additions] Heats Ce-2 through Ce-7,
E818 through E820, and heats 1-101 through 1-107 were made using the so-called ‘ old-process.” Hest I-1
was made using the so-called ‘ new-process.” Both processes have been discussed in detail elsewhere
[30,38-40], so they will be described only briefly here. The old-process aloys were produced by arc
melting and drop casting into copper chill molds measuring 19 x 19 x 63 mm. The resulting 500-g ingots

Tablel. Nominal dopant levels of DOP-26 and DOP-40 alloys

Heat Ce concentration Th concentration Other
designation m
g wppm  appm wppm  appm (eppr)
ZR 0 0 60 50 --
D2 0 0 60 50 --
Ce-2 (13935) 36 50 60 50 --
Ce-3 (EB09) 36 50 0 0 --
Ce-4 (EB08) 73 100 0 0 --
Ce-6 (E814) 29 40 12 10 --
Ce-7 (E815) 22 30 24 20 --
E818 22 30 24 20 100 B
E819 15 20 24 20 oY
E820 15 20 24 20 10Y, 100B
-1 29 40 18 15 --
1-101 20 27 30 25 --
1-102 20 27 40 33 --
1-103 30 41 30 25 --
1-104 30 41 40 33 --
1-105 30 41 50 41 --
1-106 40 55 40 33 --
1-107 40 55 50 41 --
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were individualy clad in molybdenum plates and warm rolled at temperatures of 1200-1000EC with a
20% reduction in thickness per pass to afina thickness of ~1 mm. The sheets were electrolytically
cleaned in a KCN bath and acid-cleaned in a solution containing 3 parts HC, 1 part HF and 1 part water
to remove impurities and oxide scales from the surface. In the new process, arc-melting and drop-casting
were performed as in the old-process, after which the 500-g ingots were el ectron-beam welded together to
make an electrode for vacuum arc remelting (VAR). The VAR process produced an ingot approximately
63 mm in diameter and 64 mm long, weighing ~4 kg. The ingot was encased in molybdenum and ex-
truded at 1475EC to produce bar stock approximately 40 x 13 mm in cross-section. The extruded bar was
cut into sections, rolled to sheet, and cleaned asin the old process. The find thickness of both the old-
and new-process sheet was approximately 0.75 mm. In Table | and in many of the results presented
below, results for the old-process ZR and new-process D2 heats of DOP-26 are included for comparison
purposes [30].

Specimens for grain growth studies were cut by eectrical discharge machining from the rolled shests.
Approximately 0.1 mm was ground from the edges of the specimens to remove any damage produced by
the machining. To determine general grain growth characteristics, specimens were annealed in a vacuum
of better than 7 x 10 Pa (5 x10° torr) for various times at temperatures ranging from 1300 to 1800EC.
Studies were also conducted to determine the tendency of cerium-doped iridium aloys to experience
anomaous grain growth of near-surface grains during exposure to low-oxygen environments, a type of
grain growth that has been observed in DOP-26 iridium alloys [30,41]. For heat treatmentsin low
pressure oxygen, samples were first recrystallized for 1 h at 1375EC in vacuum (10 Parange). Oxygen
anneals for times up to 3000 h were then performed in a dynamically pumped tube furnace having a base
pressure of better than 10 Pa at the test temperatures. Oxygen anneals were performed at two different
oxygen partia pressures, 1.3 and 13.3 mPa, and at temperatures of 1230, 1280, and 1330EC. The compo-
stions tested and the test conditions for the oxygen annedls are listed in Table 1. Specimens of the
iridium DOP-26 ingots designated as ZR (fabricated by the old process) or D2 (fabricated by the new
process) were included in each oxygen anneal for comparison purposes.

After annealing, the specimens were mounted in epoxy, metallographicaly polished, and then
electrolytically etched in a solution of 400 ml H,O, 100 ml HCl, and . 2.5 g NaCl, using a current of 0.9 A
at an applied potentia of approximately 10 V AC for 4-5 min. Grain sizes were measured by the linear
intercept method in a plane transverse to the rolling direction. In this plane, grain diameters were deter-
mined in the short transverse (ST) direction (i.e., perpendicular to the plane of the sheet) and occasionally
also in the long transverse (LT) direction (i.e., parald to the plane of the sheet). In the oxygen-annedled
specimens, grain sizes were also measured in the LT direction as a function of depth from the specimen
surface. Grain size measurements were recorded as the average values obtained from 2-4 fields in each
specimen. In most cases, the confidence limits of the data are indicated by the number of intercepts
counted for each data point and are recorded in parentheses in the data tables.
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Tablell. DOP-26 and Ce-doped iridium alloys tested in low-pressure oxygen

Oxygen pressure Temperature DOP-26 DOP-26

(mPa) (°C) (old process) (new process) Ce-doped
13 1330 ZR D2 Ce-2
1280 ZR D2 Ce-3
1230 ZR D2 Ce 3, Ce7
133 1330 ZR D2 I-1
1280 ZR D2 I-1
1230 ZR D2 I-1, 1-103
133 1330 -- D2 [-102, 1-103,
1-104, 1-105
13 1330 -- D2 [-102, 1-103,
1-104, 1-105

Tensile testing was performed to study the effect of grain size and test temperature on strength and
ductility of the Ce/Th-doped aloys. Specimens were first machined from the rolled sheets (after a stress
relief heat treatment of 1 h at 900EC) with gage length parale to the rolling direction. The specimen
gage section had dimensions of 11.4 x 2.5 x 0.63 mm. Some of the specimens were then vacuum an-
nealed for 1 h at temperatures between 1300 and 1800EC to produce arange of grain sizesfor a study of
the influence of grain size on tensile properties. In addition, selected specimens of both Th-doped DOP-
26 and Ce/Th-doped DOP-40 heats were annealed for 1 h at 1500EC to produce grain sizes of between 30
and 35 Fm. These specimens were used to study the effect of test temperature on tensile properties.

Grain sizes were measured in the ST direction, as described above.

Tensile tests were conducted at two different strain rates (~103s* and ~10° s1), at temperatures
ranging from -196 to 1200EC at the dower strain rate, and 800 to 1300EC at the higher strain rate. The
slow-strain-rate tests were performed on a screw-driven Instron machine. The high-strain-rate tests were
performed using a specially designed gas-powered ‘impact gun’ [5,17] consisting of four components: (1)
a 7.62-cm diameter gas gun to accelerate the projectile and its carrier at velocities to 85 m/s, (2) an impact
chamber with a controlled argon atmosphere, (3) an induction heating system to hesat the specimens to
1673 K, and (4) a specimen rig to load the impact specimens. The details of the setup and the loading
arrangement have been given elsewhere [5,17]. Impact testing was conducted at a constant bullet velocity
of 61+3 m/s (which corresponds to a tensile stain rate of approximately 5 x 10° s1) and the specimen
temperature was controlled to within 10 C. The impact gun was not instrumented to measure loads, so
yield and ultimate strengths are not reported for the high-strain-rate tests. Uniform tensile elongation was
used as a measure of ductility in this study. It was obtained by making eight uniformly spaced Vicker's
hardness indents along the specimen gage length with a 500 g load. The distance between pairs of
indents was measured before and after fracture, and the results averaged to obtain uniform e ongation.
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Reduction in area was difficult to measure because during impact the sheet specimens were often dam-
aged or distorted in the vicinity of the fracture location. The technique used for measuring uniform
elongation avoided this problem because it did not include the segment where fracture occurred.

After testing, the fracture surfaces of the samples were examined in a scanning el ectron microscope.
Quantitative analysis of the fracture surfaces was conducted using a two-dimensiona systematic point-
count method, and estimates for the area fraction of transgranular fracture were obtained.

For Sigmgjig weldahility testing, blanks (approximately 52 mm in diameter and 0.65 mm thick) were
machined from the rolled sheet and subsequently recrystallized by annealing in vacuum for 1 h at
1300EC. The Sigmagjig test (see schematic diagram in Fig. 1) is a hot cracking test in which atransverse
stress (F) is applied to a sheet specimen of the aloy to be characterized, and aweld line is produced down
the center of the specimen using autogenous gas tungsten arc (GTA) welding [42]. The magnitude of the
transverse stress is increased progressively from
one specimen to the next, until a specimen

- GTA Tarch
cracks completely (i.e., into two pieces). The
stress at which such cracking occursis called the
threshold stress for cracking (F.). Studies on
stainless steels have shown that such threshold
stresses can be used to quantitatively rank

different heats in terms of their propensity for
hot cracking [42]. Thus, the Sgmgjig testisa
useful tool to compare the weldablity of DOP-40
to that of the currently produced DOP-26.

Fig. 1. Schematic diagram of the Sigmajig
weldability test.

RESULTSAND DISCUSSION

GRAIN GROWTH BEHAVIOR IN VACUUM

Table 111 and Fig. 2 show the effect of annealing temperature on the grain size of the cerium-contain-
ing heats Ce-2, -3, -4, -6, and -7 annealed in a vacuum of better than ~10* Pa. Datafor the ZR and D2
heats of DOP-26 iridium are included for comparison [30]. All five cerium-containing alloys and the two
DOP-26 hests exhibited increasing grain size with annealing temperature and had smilar grain sizes
below about 1500EC (see Fig. 3). At higher temperatures, the observed grain growth behavior can be
divided into three different groups. Alloys doped with thorium (DOP-26) and aloys doped with cerium
plus thorium (Ce-2, -6, and -7) had the smallest grain growth, whereas Ce-3 containing only cerium (36
ppm) exhibited the highest grain growth. The grain growth behavior of Ce-4 (with 73 ppm Ce) fdl in
between the two. Both Ce-3 and Ce-4, which were doped with only cerium, had similar grain sizes
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Tablelll. Average grain size of thorium-, cerium-, and Ce/Th-doped iridium alloys after 1-h vacuum

anneals at various temperatures compared to data for DOP-26 alloys ZR and D2

Grain size (Fm)?

Temperature

() ZRP D2° Ce2 Ce3 Ced Ceb Ce7
1300 15 (268) 24 (170) 26 21 17 14 13
1400 23 (204) 29 (199) 26 25 24 18 16
1500 30 (201) 33 (60) 52 35 36 25 19
1600 45 (182) 48 (38) 64 75 65 38 32
1700 90 (124) 69 (164) 92 163 133 66 58
1800 99 (107) 117 (94) 129 329 204 97 --

2All grain sSzes measured perpendicular to the rolling direction of the sheet. Numbers in parentheses indicate number
of intercepts counted for grain Size determinations.
PZR = DOP-26, old process; D2 = DOP-26, new process. Data taken from Ref. 30.
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identified as IrSCe by electron diffraction 1-h Annealing Temperature (°C)
and energy dispersive spectroscopy

(EDS). Hence, the grain size refinement

Fig. 2. Temperature dependence of the grain size of
the cerium-doped iridium alloys Ce-2 through Ce-7.
in aloys containing only cerium is, most Data for DOP-26 are from Ref. 30.
likely, due to the grain boundary pinning
by these second-phase particles.

Table IV shows the variation in grain size of the Ce-2 heat (with 36 ppm Ce and 60 ppm Th) asa
function of annealing time in the temperature range 1300-1500EC and compares it to data for new- (heat
D2) and old-process (heat ZR) DOP-26. At all three temperatures, grain size increases with increasing
anneding time. Thereis essentially no difference in the grain size of new- and old-process DOP-26 at all
temperatures and times examined [30]. Therefore, in Fig. 4 the grain size of Ce-2 is compared against
only the old-process DOP-26. This figure shows that, for the times and temperatures studied, grain

growth in Ce-2 (containing 36 ppm Ce and 60 ppm Th) is comparable to that of DOP-26.
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Fig. 3. Microstructures of (a) Ce-2, (b) Ce-3, (c) Ce-4, (d) Ce6, (e) Ce-7, and (f) DOP-26 after a 1-h
vacuum anneal at 1500EC. (From Refs. 35 and 37)

Table V. Average grain sizes of ZR (old process), D2 (new process), and Ce-2
iridium alloys as a function of annealing time at 1300-1500°C

Grain size (Fm)®

Temperature (°C) Time (h)

R D2 Ce-2
1300 1 15 (268) 24 (322) 26
2 17 (232) -- 26
4 19 (94) 25 (166) 28
18 21 (128) 28 (289) 30
70 24 (329) 31 (340) 25
250 34 (223) 30 (404) 38
480 32 (282) 36 (274) 43
1000 34 (146) 42 (138) 47
1400 1 23 (340) 29 (397) 27
2 26 (208) 30 (134) 28
4 24 (317) 34 (300) 37
16 31 (310) 39 (283) 55
100 52 (218) 50 (210) 52
250 63 (40) 56 (153) 61
520 74 (59) 63 (73) 55
1000 99 (109) 72 (159) 73
1500 0.2 22 (367) 30 (336) 39
05 25 (331) 32 (302) 45
1 30 (225) 33 (80) 51
2 36 (310) 39 (123) 55
4 39 (233) 42 (192) 48
18 59 (165) 52 (194) 59
100 82 (127) 71 (153) 74

2All grain sizes were measured in the ST direction. Numbers in parentheses indicate number
of intercepts counted for grain Size determinations.
PData taken from Ref. 30.
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compares it to data for DOP-26 iridium aloys. SRR
In general, for both DOP-40 and DOP-26, the /’(‘a ]
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ST direction
temperature for both orientations. Also, at any e
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given temperature, the grain sizein the ST Annealing Time (h)
drrection is slighilly smaller than thet in the LT Fig. 4. Average grain size as a function of time
direction. Within experimental error, in the ST of annealing at 1300, 1400, and 1500E C for old-
direction, the grain size of the I-1 heat is E;Zf&;segop'% (ZR heat) [30] and Ce/Th-doped

amost identica to that of DOP-26 for dl the

temperatures tested. Inthe LT direction, the grain sizes of the three aloys are similar at temperatures to
1700EC. At the highest test temperature of 1800EC, however, the Ce/Th-doped aloy has a much larger

average grain size. The reason for this differencein LT grain size at the very highest temperature is not

clear, but it may be related to differences in the distribution of intermetallic stringers or to differencesin
the diffusion rates of cerium and thorium at this high temperature.

Grain sizesfor heat 1-1 annealed at 1400EC have been measured for annealing times of up to 565 h.
The data are listed in Table VI and plotted in Fig. 6 for both the ST and LT directions. For comparison,
smilar data for the DOP-26 dloy (D2 ingot) in the ST direction [30] are included. Representative
micrographs for the I-1 heat are shown in Fig. 7. The data show that grain growth at 1400EC of the I-1

Table V. Effect of annealing temperature (for 1-h anneals) on grain sizes of DOP-26
and the I-1 heat of DOP-40

Grain size (Fm)?

Annedling
temperature DOP-40 (I-1 ingot) DOP-26 (ZR ingot)® DOP-26 (D2 ingot)®

(C)

ST direction LT direction ST direction LT direction ST direction LT direction
1300 16 30 15 (268) 33 (126) 24 (170) 46 (90)
1400 19 42 23 (204) 39 (122) 29 (199) 59 (159)
1500 36 54 30 (201) 45 (102) 33 (60) 55 (67)
1600 42 60 45 (182) 59 (143) 48 (38) 70 (66)
1700 65 85 90 (124) 94 (98) 69 (164) 97 (122)
1800 124 184 99 (107) 111 (83) 117 (94) 156 (76)

aNumbers in parentheses indicate number of intercepts counted for grain sSize determinations.
bZR and D2 data were taken from Ref. 30.
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Fig. 5. Effect of annealing temperature on the (a) short transverse (ST) and (b) long transverse (LT)
direction grain sizes of the I-1 heat of DOP-40 iridium. Data for DOP-26 are from Ref. 30.

Table VI. Effect of annealing time at temperatures of 1400 and 1500°C on grain sizes
of DOP-26 and the |-1 heat of DOP-40

Grain size (Fm)*

Atirr‘n”f('g)‘g DOP-40 (I-1 ingot) DOP-26 (ZR ingot)® DOP-26 (D2 ingot)®
1400°C 1500°C 1400:C 1500°C 1400°C 1500°C
1 19 36 23 (340) 30 (225) 29 (397) 33 (80)
4 22 (458) - 24 (317) 39 (233) 34 (300) 42 (192)
16 28 (356) - 31 (310) - 39 (283) -
18 - 68 - 59 (165) - 52 (194)
100 - 90 52 (218) 82 (127) 50 (210) 71 (153)
110 35 (283) - - - - -
240 ~ 212 - - - -
250 45 (223) - 63 (40) - 56 (153) -
520 - - 74 (59) - 63 (73) -
565 55 (184) - - - - -
1000 - - 99 (109) - 72 (159) -

aNumbers in parentheses indicate number of intercepts counted for grain Size determinations.
bZR and D2 data were taken from Ref. 30.

heat is comparable to that of the DOP-26 aloy (both fabricated by the new-process) at al annealing times
used in this study.

Figure 8 illustrates the effects of annealing time at 1500EC on the grain sizes of the I-1 hesat in the ST
direction. The data are compared to smilar data from new- and old-process DOP-26 iridium aloys [30]
and to the Ce-2 heat containing 36 ppm Ce and 60 ppm Th. In generd, for dl aloys, the grain size
increases with increasing annealing temperature. Within experimental error, grain growth at 1500EC of
the I-1 ingot is comparable to that of the DOP-26 alloy fabricated by ether the old- or new-process. The
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Fig. 7. Optical micrographs showing
grain size of the I-1 heat of DOP-40 (a) in the
as-recrystallized (1 h at 1375°C) condition
and after heat treating in vacuum at 1400E C
for (b) 4 h and (c) 565 h.

Fig. 8. Grain size of heat I-1 in the ST direc-
tion as a function of time in vacuum at 1500E C.
For comparison, similar data for the D2 (new process)
and ZR (old process) heats of DOP-26 [30] and for
the Ce-2 Ce/Th-doped heat are included.

dightly larger grain sizes of the I-1 heat compared to Ce-2 and DOP-26 are probably aresult of the lower
amount of Cet+Th in that alloy (47 ppm for 1-1 and 96 ppm for Ce-2).

Table VII and Fig. 9 illustrate the grain growth in vacuum as a function of temperature for aloys 1-101
through 1-107 which contain various concentrations of cerium plus thorium. For comparison, data for
new-process DOP-26 iridium containing thorium but no cerium (from Ref. 30) are included. The data
show that, for the range of cerium and thorium additions used in these aloys (20-40 wppm Ce and 30-50
wppm Th, see Table 1), no difference in grain growth behavior was observed and grain sizes were compa-
rable to that of DOP-26. One hour at 1300EC resulted in grain sizes of gpproximately 15-18 Fm. Grain
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Table VIIl. Grain size of DOP-40 alloys annealed for 1 h at different annealing temperatures

Grain Size (Fm)2 after annealing at temperatures (°C) of

Alloy
1300 1400 1500 1600 1700 1800

[-101 15 (1234) 18 (969) 21 (915) 36 (1296) 66 (773) 126 (431)
[-102 17 (1140) 20 (1331) 22 (848) 40 (1290) 72 (740) 97 (545)
[-103 17 (1134) 17 (1440) 22 (882) 41 (1240) 78 (700) 132 (409)
[-104 16 (1187) 19 (890) 22 (869) 40 (1267) 70 (755) 102 (527)
[-105 16 (1199) 21 (1299) 23 (815) 43 (1190) 81 (645) 117 (449)
[-106 18 (1069) 22 (1543) 22 (809) 42 (1177) 75 (708) 144 (430)
[-107 17 (1123) 20 (1335) 23 (823) 38 (1299) 70 (745) 101 (519)

aNumbers in parentheses indicate number of intercepts counted for grain size determinations
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Fig. 9. Effect of annealing temperature on the
As the Ce/Th-doped iridium alloys have been greai_npg : ;/tSthgPI?ZCE);F’[-;g)] i;siit:]rg u?j”egy;r thrﬁpf ;rir-
developed, they have been included in oxygen son.
compatibility studies that were being conducted
on DOP-26 iridium aloys [30]. These tests indicate whether a tendency exists for the anomalous growth
of near-surface grains (NSGs) in low pressure oxygen environments. More rapid growth of near-surface
grains indicates that the thorium and/or cerium are diffusing out of the materia resulting in dissolution of
Ir,Thor Ir,Ce precipitates which therefore become unavailable for pinning of the grain boundaries
[41,43]. The conditions of the various oxygen competibility tests conducted to date and the aloys tested
are shown in Table Il. The earliest cerium-doped alloys produced in this development program were
denoted as Ce-1 to -7, which were fabricated using the old process as described above. From this series
of dloys, samples of heats Ce-2, -3, and -7 were included in the first set of oxygen compatibility studies
which was conducted at an oxygen partial pressure of 1.3 mPa at temperatures of 1230, 1280, and
1330EC. The beginning microstructures of these aloys (recrystallized by annealing 1 h at 1375EC),
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Fig. 10. Optical micrographs showing typical microstructures of Ce/Th-doped iridium: (a,b) heat 1-102
and (c,d) heat 1-106 after 1-h anneals at 1500 and 1800EC, respectively.

Fig. 11. Optical micrographs of (a) the ZR heat of DOP-26 and the DOP-40 heats (b) Ce-2, (c) Ce-3,
and (d) Ce-7 in the asrecrystallized condition (1 h at 1375EC).
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shown in Fig. 11, were very similar to that of the DOP-26 alloys containing no cerium. The starting grain
Sizewas 14-16 Fm in the ST direction and 22-35 Fmin the LT direction.

Table VIII shows the grain sizes of these three aloys in both the ST and LT directions as afunction
of exposure time and temperature. The Ce-3 dloy containing 36 ppm Ce (no thorium) and the Ce-7 dloy
containing 22 ppm Ce and 24 ppm Th were annedled at 1230EC in 1.3 mPa oxygen. Grain sizes for these
aloys as afunction of time are plotted in Fig. 12. For comparison purposes, the grain size data for the
old-process DOP-26 dloy (ZR) [30] are dso included in Fig. 12. These data show no significant differ-
ence between the DOP-26 aloy and the cerium-doped aloys in the average grain size perpendicular to
the rolling direction (ST direction) as a function of time [Fig. 12(3)]. Inthe LT direction [Fig. 12(b)], the
grains of the Ce-7 alloy started out dightly more elongated than either the Ce-3 or ZR heats (see Fig. 11),
but itsrate of grain growth was about the same as that of the ZR heat (both ZR and Ce-7 contain thorium.

Table VIIIl. Grain size of the Th/Ce-doped Ce-2, Ce-3, and Ce-7 alloys as a function of exposure time
and temperature in an oxygen partial pressure of 1.3 mPa

Annedling temperature Grain size Fm)?

Alloy C) Anneding time (h)
ST direction LT direction
Ce-3 1230 0 14 (1006) 22 (1262)
768 24 (600) 34 (848)
1512 30 (475) 44 (647)
2252 27 (529) 41 (726)
3000 37 (396) 64 (449)
Ce-7 1230 0 16 (884) 35 (818)
768 25 (580) 43 (658)
1512 27 (541) 48 (586)
2252 29 (502) 49 (573)
3000 28 (509) 50 (567)
Ce-3 1280 0 16 (405) 28 (1022)
144 26 (385) 45 (641)
380 30 (422) 48 (595)
764 40 (244) 57 (510)
1508 44 (277) 62 (454)
2250 59 (339) 79 (365)
3000 74 (271) 96 (307)
Ce-2 1330 0 16 (414) 32 (868)
166 26 (270) 48 (569)
340 31 (228) 61 (451)
760 33 (199) 54 (508)
1524 50 (256) 64 (430)
2265 43 (164) 66 (414)
3000 52 (132) 70 (390)

aNumbers in parentheses indicate number of intercepts counted for grain size determinations

27



a b
()100_....,....,....,....,....,....,..._ ()100'....,....,....,....,....,....,..._
r | —@—zR 1230C, 1.3 mPa Oxy A —&— 7R 1230C, 1.3 mPa Oxy A
80 [ m Ce3 ST direction ] m Ce3 LT direction ]
- & Ce7 1
’g 60 [ T ’g T
@ Y
N N
7] - (7] -1
£ -m £
8 SEE g
V] . ]
U T N T T N B BN 1
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Time at Oxidation Conditions (h) Time at Oxidation Conditions (h)

Fig. 12. Comparison of grain sizesin the (a) ST direction and (b) LT direction for iridium heats ZR [from
Ref. 30], Ce-3, and Ce-7 after exposure to 1.3 mPa oxygen at 1230°C.

The Ce-3 heat containing no thorium, however, exhibited signs of grain growth, especialy for the 3000 h
anneal. The difference in the microstructures of these three heatsis evident in Fig. 13 which shows ZR,
Ce-3, and Ce-7 after 3000 h. This result is substantiated by recrystallization studies that suggest that
Ir.Ce precipitates may not be as stable as I, Th precipitates at higher temperatures or for longer annealing
times [35].

Table IX and Figure 14 show the grain size as a function of depth into the specimen for the Ce-3 and
Ce-7 dloysannedled at 1230EC in 1.3 mPaoxygen. In these plots, alarger grain size near the surface (at
~50-100 Fm from the surface) would indicate a tendency for growth of anomal ous near-surface grains
(NSGs). Although the grain size at zero time was dightly larger for Ce-7, grain sizes in that dloy did not
increase as much as in the Ce-3 alloy during the 3000 h of testing. The data indicate that the NSGs of
aloy Ce-3 increased from approximately 20 Fm to 80 Fm, while the NSGs of Ce-7 increased from
approximately 35 Fmto 55 Fm. The larger NSGsin aloy Ce-3 doped only with cerium are evident in the
microstructure shown in Fig. 13(b). The Ce-7 aloy behaved much like the ZR aloy, whose grain size
increased from approximately 25 Fmto 40 Fm [30]. This seems to indicate that the Ce-7 aloy containing
both cerium and thorium was more resistant to grain growth, particularly for the near-surface grains
(approx. 60 Fm for Ce-7 versus 80 Fm for Ce-3). Grain sizes at al depths below the surface in the Ce-7
aloy were ailmost identical to those of the ZR DOP-26 dloy that was included in this test [30].

Alloy Ce-3 was aso exposed to 1.3 mPa oxygen at 1280EC. Grain sizes as afunction of time at this
temperature are shown in Table VIII and plotted in Fig. 15. At this temperature, grain growth of the Ce-3
aloy in both the ST and LT directions was comparable to that of the ZR DOP-26 dloy for times up to and
including 1500 h. In the ST direction both aloys increased from their as-recrystalized grain size of
gpproximately 15-20 Fm to a diameter of about 40-45 Fm. Above 1500 h, the grain size of the Ce-3 dloy
increased significantly with time in both the ST and LT directions with respect to the rolling direction.
After 3000 h its average grain size was determined to be about 74 Fm in the ST direction and 96 Fm in
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Table IX. Averagegrain size (in Fm) as a function of depth below the surface for Ce-2, Ce-3, and Ce-7
specimens exposed to an oxygen partial pressure of 1.3 mPa

Tamp.  Exposure Depth below surface (Fm)?

All ° .
Y e me 50 100 150 200 250 300

Ce3 1230 0 20(236)  21(225)  24(193) 22(207) 21 (216)  25(185)
768 43(107)  38(130)  40(123) 31(148) 27(173) 28 (159)
1512 60 (77) 47 (98) 44(106) 39(118) 37(124) 37 (159)
2052 66 (70) 46 (101)  36(128) 36(128)  31(147)  30(152)
3000 81 (57) 68 (68) 56(84)  59(83)  56(8%) 66 (69)

Ce7 1230 0 35 (134) 28(163) 36(126) 30(153) 37(119) 39 (123)
768 49 (94) 42(112)  40(115) 40(113) 45(105) 39 (159)
1512 51 (91) 48(96)  45(102) 43(107) 56(81) 43 (159)
2052 51 (90) 50(92)  42(109) 44(106) 55(84) 52 (92)
3000 58 (80) 52(89)  54(87)  48(97)  43(106) 43 (108)

Ce3 1280 0 33 (144) 37(127) 28(171) 27(176) 25(190) 22 (212)
144 49 (98) 51(95)  46(104) 36(131) 45(106) 42 (114)
380 62 (74) 48(95)  53(86)  37(124) 43(109) 45 (107)
764 77 (61) 64(73)  51(91)  49(95)  53(88)  47(%9)
1508 94 (43) 70(60) 59 (71)  43(101) 56(76) 41 (105)
2950 89 (54) 10247 77(61) 63(74) 69(68)  77(61)
3000 107 (45) 100 (44)  92(52) 113(42) 85(56) 67 (70)

Ce2 1330 0 31 (158) 34 (141) 32(147) 3R (147) 3R (142)  35(133)
166 54 (87) 50(91)  43(106) 47(98)  47(99) 56 (88)
340 69 (67) 65(73)  58(82) 63(73) 59(79) 63 (77)
760 74 (62) 52(89)  46(100) 61(80) 55(87) 52 (90)
1524 85 (54) 78(59) 69 (68) 53(88) 58(80)  58(80)
2065 108 (45) 95(49) 68 (69) 60(78) 51(91)  57(82)
3000 130 (36) 128(38) 94 (50) 51(89) 49(94) 56 (83)

aNumbers in parentheses indicate number of intercepts counted for grain Size determinations.
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clearly in Fig. 17. Datafor both the Ce-3 and ZR aloys annedled at 1230 and 1280EC in 1.3 mPa oxygen
areincluded. For annealing times longer than approximately 1500 h, the rate of grain growth of the Ce-3
aloy is much higher than for the ZR dloy. A comparison of data from the 1230 and 1280EC annedls for
heat Ce-3 as a function of depth into the sample (Fig. 18) shows the larger grain sizes for the higher
1280EC annealing temperature.

The Ce-2 dloy containing 36 ppm Ce and 60 ppm Th was exposed to 1.3 mPa oxygen at 1330EC.

The results are shown in Tables VIII and IX. The data plotted in Fig. 19 and the micrographsin Fig. 20
show that as a function of annealing time, grain growth in the Ce-2 aloy was comparable to that of the
DOP-26 ZR aloy. At this higher temperature, grain growth was more rapid and pronounced than that
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Fig. 17. Effect of annealing time on the grain size of the Ce-3 alloy annealed at 1230 and 1280EC in 1.3
mPa oxygen, (a) ST direction and (b) LT direction. Data for the ZR alloy are from Ref. 30.
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observed at 1230 or 1280EC. After 3000 h of
exposure, both aloys had ST grain size of about
50-55 Fm and LT grain diameters of about 70
Fm. Within expected experimenta variability,
Ce-2 was also comparable to the DOP-26 ZR
aloy as afunction of depth into the specimen
(Fig. 21), indicating that the tendency for
anomalous growth of near surface grains
(shown for Ce-2 in the micrographs in Fig. 20)
was approximately the same for both aloys.
This is not unexpected since both aloys contain
60 ppm Th.

The next Ce/Th-doped aloy prepared for
testing was designated as the |-1 heat (fabri-
cated using the new-process) and contained 29
ppm Ce and 18 ppm Th. Its grain growth
behavior was studied by annedling in a partia
pressure of oxygen of 13.3 mPa at temperatures
of 1230, 1280, and 1330EC. Table X shows the
average grain sizesin both the ST and LT
directions for samples of the 11 aloy exposed
for up to 3000 h. The data are plotted in Fig. 22
where it is compared with smilar data for the
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Fig. 19. Grain size as a function of time of
exposure to 1.3 mPa oxygen at 1330EC for the old-
process DOP-26 ZR heat [30] and the Ce/Th-doped
Ce-2 heat.

Fig. 20. Optical micrographs showing grain size of

iridium heat Ce-2 after exposure to 1.3 mPa oxygen at
1330EC for (a) 760, (b) 1524, and (c) 3000 h.
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Fig. 21. Grain size as a function of depth below the surface for samples of (a) the cerium-doped heat Ce-2
and (b) the DOP-26 ZR heat [30] after exposure to 1.3 mPa oxygen at 1330°C.

Table X. Grain size of the Ce/Th-doped I-1 heat as a function of exposure time at 1230, 1280, and 1330°C
in an oxygen partial pressure of 13.3 mPa

1230°C 1280°C 1330°C
Length of Grain size (Fm)? Length of Grain size (Fm) Length of Grain size (Fm)?
aved () gt LT annedl (h) ST LT aned () gt LT
0 21(686) 50 (583) 0 19(818) 47 (606) 0 22 (661) 59 (527)
170 23 (674) -- 166 27 (575) 57 (487) 170 35(411) 71 (409)
338 24 (629) -- 332 30 (514) 66 (471) - - -
674 28 (549) 56 (516) 696 38 (414) 70 (403) 720 54 (819) 87 (653)
1370  30(518) 54 (521) 1494 40 (348) 74 (385) -- - -
2186 31(486) 66 (440) 2285 38 (370) 69 (432 -- - -
3000  36(403) 70 (404) 3000 52 (291) 92 (335) 3000 82 (341) 112 (520)

aNumbers in parentheses indicate number of intercepts counted for grain size determinations.

D2 DOP-26 material [30] that was a so fabricated using the new process. The microstructures of the I-1
heat after oxygen annealing for 696 and 3000 h at 1280EC are shown in Fig. 23 and can be compared with
the as-recrystdlized condition shown in Fig. 7(a). In the ST direction, the grain growth rate of the I-1
materia appears to be higher than the DOP-26 materia only for the test performed at the highest tempera
ture of 1330EC where grain sizes of the I-1 and D2 heats after 3000 h were 82 and 47 Fm, respectively.
This difference is easily seen in the micrographs shown in Fig. 24, comparing DOP-26 D2 and DOP-40 |-
1 after 3000 h at 1330EC. IntheLT direction, the grain sizeswere 112 and 65 Fm, with the I-1 heat again
being larger. Some of this differencein the LT grain sizes can be explained by the different starting grain
sizes of the two aloys. Starting grain sizes were measured in both the ST and LT directions on three
different 1-1 specimens, one for each series at the three different temperatures (see Table X). Averaging
that data gives a starting grain size for the I-1 material of 21+2 um in the ST direction and 52+6 um in the
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oxygen partial pressure of 13.3 mPa for the Ce/Th-doped 1-1 heat and the new-process DOP-26 D2 heat [30]
in the (a) ST and (b) LT direction with respect to the rolling direction.

Fig. 23. Optical micrographs of Ce/Th-doped
heat |11 after (a) 696 and (b) 3000 h of exposure to
13.3 mPa oxygen at 1280EC.

Fig. 24. Optical micrographs of (a) the DOP-26
D2 heat and (b) the DOP-40 |-1 heat after 3000 h of
exposure to 13.3 mPa oxygen at 1330EC.
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LT direction. The starting grain size of the D2 DOP-26 material was 22+2 pum in the ST direction and
38+2 uminthe LT direction [30]. The difference between 38 and 52 um has pushed the data curves for
the I-1 heat upward in comparison to the DOP-26 data. The difference in grain size can aso be related to
the cerium and thorium compositions of the two aloys: D2 has 60 ppm Th and no cerium, while the I-1
heat contains only 18 ppm Ce and 29 ppm Th.

The grain sizes of |-1 as afunction of depth into the specimen for tests at 1230-1330EC in 13.3 mPa
of oxygen are shown in Table XI. Figure 25 shows the 0 and 3000 h data from this table and compares it
with the results for the D2 heat of DOP-26 [30]. The scatter in the datafor the I-1 heat can be seen in the
three sets of data designated as “0 time”. These data indicate the starting grain sizeinthe LT direction
and show approximately 10-15% difference between the three sets. A comparison of the |-1 datain Fig.
25(a) to smilar data for the new-process D2 dloy [30] in Fig. 25(b) indicates that the I-1 aloy may have
ahigher tendency to grow larger grains near the surface, especialy at temperatures of 1280-1330EC. A
possible reason for this is the smaller mass of cerium relative to thorium which would result in faster
diffusion.

Heats 1-101 through I1-107 were prepared using the old-process as described previously [30,38,39].
They contain various ratios of cerium to thorium with cerium ranging from 20-40 ppm and thorium
ranging from 30-50 ppm as shown in Table |. Of this set of heats, oxygen compatibility studies were

Table XI. Averagegrain size (in Fm) as a function of depth below the surrface for specimens of the
DOP-40 |-1 heat exposed to an oxygen partial pressure of 13.3 mPa

Testtemp.  Exposure Depth below surface (Fm)?

(C) time (h)

50 100 150 200 250 300
1230 0 40 (117) 41 (114) 53 (89) 43(107) 59(85)  66(72)
674 69 (69) 59 (78) 57 (81) 45(103)  54(93)  50(93)
1370 64 (76) 56 (82) 56 (82) 50 (94) 50 (95)  51(92)
2186 86 (55) 69 (69) 65 (73) 52 (93) 60 (78) 64 (73)
3000 76 (61) 80 (59) 62 (75) 63 (75) 69 (67) 70 (67)
1280 0 51 (94) 48 (96) 46 (102)  45(107)  47(100) 43 (107)
166 57 (81) 54 (86) 59 (81) 56 (83) 66 (71)  55(85)
332 59 (80) 84 (87) 63 (82) 64 (76) 63(73) 66 (73)
696 71 (65) 68 (69) 62 (75) 69 (68) 79 (61) 74 (66)
1494 88 (53) 72 (64) 75 (61) 70 (67) 59 (78) 79 (62)
2285 102 (46) 83 (61) 69 (67) 56 (82) 56 (81) 49 (95)
3000 112 (44) 107 (47) 92 (54) 72(64)  101(57) 67 (69)
1330 0 49 (203) 56 (176) 67 (146)  70(134)  52(179) 55 (168)
170 58 (79) 70 (66) 58 (82) 70 (67) 01 (54) 79 (61)
720 100 (95) 89 (105) 88 (108)  82(114)  86(108) 76 (123)
3000 122 (78) 118 (80) 116 (82) 130(78)  104(89) 86 (113)

2Numbers in parentheses indicate number of intercepts counted for grain size determinations.
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Fig. 25. Grain sizein the LT direction as a function of temperature and depth below the surface of the
sample for the (a) Ce/Th-doped I-1 and (b) new-process D2 alloy [30] annealed for 3000 h at 1230EC in an
oxygen partial pressureof 13.3 mPa. Datafor the starting grain size (“0 time”) are included for comparison.

conducted on samples from hests 1-102 through [-105 containing 20-30 ppm Ce and 30-50 ppm Th.
Tables XI1 and X111 show the average grain size in both the ST and LT directions for heats 1-102 through
[-105 exposed for up to 3000 h at 1330EC in oxygen partia pressures of 1.3 and 13.3 mPa, respectively.
These data are plotted in Figs. 26 and 27. Datafor the D2 (new process) heat of DOP-26 [30] arein-
cluded for comparison. Although the Ce/Th-doped aloys used here were prepared using the old fabrica-
tion process, their comparison to new-process D2 materid is justified since past studies of old- and new-
process DOP-26 at these temperatures and oxygen levels have shown no difference in their oxygen
compatibility [30]. Figures 26(a) and 27(a) show that grain growth of al four Ce/Th-doped dloys in the
ST direction is comparable to that of the DOP-26 materia. In Figs. 26(b) and 27(b), grain sizesinthe LT
direction for the Ce/Th-doped aloys are dightly higher than for the DOP-26 alloy. This result was aso
noted above for the Ce-3 (36 ppm Ce, 0 Th) [Fig. 12(b)] and I-1 (29 ppm Ce, 18 ppm Th) heats [Fig.
22(b)]. In addition, the heat with the largest amount of thorium, 1-105 with 50 ppm Th (and 30 ppm Ce),
exhibited the smallest grain sizes when exposed to 1.3 mPa of oxygen [see Fig. 26(b)]. Together these
results suggest that the substitution of cerium for thorium may not affect grain growth at the lower
temperatures and oxygen pressures, but may result in larger grain growth for the longer annealing times
and higher oxygen pressures. In terms of the grain growth rate, initialy the Ce/Th-doped aloys may
experience dightly higher grain growth rates than DOP-26 in the LT direction, but after about two weeks
time the data indicates that the rates of grain growth are comparable for both the DOP-40 and DOP-26
aloys. Theincreasein grain size as afunction of time at 1330EC for the 13.3 mPa exposure compared to
the 1.3 mPa exposure is consistent with results observed previously for the DOP-26 aloy [30]. Optical
micrographs of the [-103 and 1-105 dloys in the as-recrystalized condition and after 666 and 3000 h
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Table XII. Grain size of the Ce/Th-doped DOP-40 alloys as a function of exposure time at
1330°C in an oxygen partial pressure of 1.3 mPa

Grain size (Fm)?

Alloy Anneding time (h)
ST direction LT direction
D2 As Rxn 22 (2255) 38 (2981)
793 31 (835) 45 (525)
1486 30 (858) 46 (519)
2297 31 (824) 47 (503)
3000 31 (828) 46 (508)
1-102 As RxrP 18 (2612) 45 (1152)
168 24 (752) 54 (685)
335 26 (694) 56 (641)
793 30 (868) 64 (378)
1486 32 (799) 60 (398)
2297 30 (864) 60 (413)
3000 31 (828) 65 (371)
1-103 As RxrP 18 (1813) 45 (1154)
168 24 (774) 39 (897)
335 27 (667) 57 (629)
793 30 (853) 63 (420)
1486 30 (859) 61 (394)
2297 31 (834) 59 (408)
3000 31 (834) 66 (380)
1-104 As RxrP 17 (3013) 40 (1293)
168 24 (739) 56 (635)
335 28 (657) 69 (702)
793 30 (855) 65 (378)
1486 32 (826) 68 (350)
2297 32 (813) 66 (355)
3000 31 (834) 60 (396)
1-105 As RxrP 18 (2715) 45 (1114)
168 23 (785) 52 (744)
335 26 (698) 48 (740)
793 30 (859) 56 (443)
1486 28 (912) 49 (482)
2297 28 (911) 46 (516)
3000 30 (852) 54 (449)

aNumbers in parentheses indicate number of intercepts counted for grain Sze determinations.
bData for as-recrystalized samples were taken from the 1330°C-13.3 mPa oxygen compatibility data
of Table XIII.
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Table XIll. Grain size of the Ce/Th-doped DOP-40 alloys as a function of exposure time at
1330°C in an oxygen partial pressure of 13.3 mPa

Grain size Fm)?

Alloy Annedling time (h)
ST direction LT direction
D2 AsRxn 22 (2255) 38 (2981)
666 39 (1264) 54 (686)
1502 43 (1178) 60 (602)
2315 46 (1089) 65 (577)
3000 51 (948) 69 (533)
1-102 AsRxn 18 (2612) 45 (1152)
330 32 (1619) 66 (563)
666 37 (1393) 65 (575)
1502 43 (1179) 83 (469)
2315 48 (1248) 95 (424)
3000 48 (1041) 88 (436)
1-103 AsRxn 18 (1813) 45 (1154)
330 34 (1374) 73 (533)
666 39 (1210) 74 (431)
1502 45 (1086) 81 (507)
2315 53 (2600) 89 (348)
3000 56 (859) 90 (345)
1-104 AsRxn 17 (3013) 40 (1293)
330 31 (1599) 69 (546)
666 35 (1412) 70 (557)
1502 43 (1149) 77 (493)
2315 45 (1128) 87 (453)
3000 49 (1028) 83 (460)
1-105 AsRxn 18 (2715) 47 (1114)
330 34 (1465) 68 (560)
666 40 (1269) 74 (514)
1502 46 (1117) 74 (498)
2315 47 (1061) 86 (441)
3000 50 (978) 80 (479)

aNumbers in parentheses indicate number of intercepts counted for grain Sze determinations.

exposure to 13.3 mPa oxygen at 1330EC are shown in Figs. 28 and 29. These micrographs are typical of
the samples from the 1-102 through [-105 heats used in this study.

In addition to studies at 1330EC in two different oxygen partial pressures, samples from DOP-40 heat
[-103 (30 ppm Ce, 30 ppm Th) were also exposed to 13.3 mPa oxygen at the lower temperature of
1230EC. The results are shown in Table X1V and Fig. 30. Results at this condition are consistent with
the results described above. In the ST direction grain sizes were comparable to the DOP-26 D2 material,
but in the LT direction grain sizes of the I-103 material were dightly larger than that of the D2 materidl.
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Fig. 26. Comparison of grain size as a function of time of exposure at 1330EC in an oxygen partial
pressure of 1.3 mPa for the new-process DOP-26 D2 heat [30] and for Ce/Th-doped heats I-102 through 1-105
in the (a) ST and (b) LT direction with respect to the rolling direction.
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Fig. 27. Comparison of grain size as a function of time of exposure at 1330EC in an oxygen partial
pressure of 13.3 mPa for the new-process DOP-26 D2 heat [30] and for Ce/Th-doped heats 1-102 through |-
105 in the (a) ST and (b) LT direction with respect to the rolling direction.

Tables XV and XVI show grain size data as a function of depth into the specimen for heats 1-102
through 1-105 exposed at 1330EC to oxygen partia pressures of 1.3 and 13.3 mPa, respectively. There
was minimal grain growth in 1.3 mPa oxygen, but the data for 13.3 mPa oxygen are shown in Fig. 31,
along with results for the D2 heat [30] for comparison. The plot shows that, athough the starting grain
szesinthe LT direction (O time in Fig. 31) for all four Ce/Th-doped dloys as a function of depth into the
samples were comparable to the D2 DOP-26 aloy, after 3000 h of exposure the near-surface grains of the
Ce/Th-doped samples were larger than those of the DOP-26 dloy. A possible reason for thisis the
smaller mass of cerium relative to thorium which would result in faster diffuson. Considering the data at
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Fig. 28. Optical micrographs of iridium heat |- Fig. 29. Optical micrographs of iridium heat

103 (a) in the as-recrystallized condition and after [-105 (a) in the asrecrystallized condition and
(b) 666 h and (c) 3000 h exposure to 13.3 mPa after (b) 666 h and (c) 3000 h exposure to 13.3
oxygen at 1330EC. mPa oxygen at 1330EC.

1330EC in oxygen partial pressures of both 1.3 and 13.3 mPa (and considering the standard deviations of
the data), there does not appear to be any difference between these four Ce/Th-doped alloys in terms of

their tendency for near-surface grain growth.
The grain size versus depth data for heat 1-103 exposed to 13.3 mPa of oxygen at atemperature of
1230EC are shown in Table XVII and the 3000 h data are plotted in Fig. 32, along with the data for the
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Table XIV. Grain size of the cerium-doped 1-103 alloy as a function of
exposure time at 1230°C in an oxygen partial pressure of 13.3 mPa

Grain size Fm)?

Length of anned (h)
ST direction LT direction
0 17 (848) 38 (751)
170 19 (730) --
338 21 (690) --
674 25 (570) 56 (515)
1370 23 (603) 49 (578)
2186 26 (542) 53 (528)
3000 28 (497) 64 (453)
aNumbers in parentheses indicate number of intercepts counted for grain size
determinations.
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Fig. 30. Comparison of grain size as a function of time of exposure at 1230 and 1330EC in an oxygen
partial pressure of 13.3 mPa for the new-process DOP-26 D2 heat [30] and for cerium-doped heat 1-103 in
the (@) ST and (b) LT direction with respect to the rolling direction.

3000-h exposures at 1330EC. The datain Fig. 32 show very little grain growth at 1230EC, but it does
show a difference in the grain growth at 1330EC of near-surface grains exposed to 1.3 mPa oxygen versus
those exposed at 13.3 mPa oxygen. Indications are that growth of near-surface grainsin the Ce/Th-doped
samples was much faster in the higher oxygen leved than in the lower oxygen level. All of our tests on
DOP-26 aloys have shown no difference in the grain growth of near-surface grains for these two oxygen
levels[30]. The smaller size of the cerium atom and resulting faster diffusion rates may explain the
difference between near-surface grain growth of the DOP-26 and DOP-40 alloysin the two different
oxygen levels.
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Table XV. Average grain size (in Fm) as a function of depth below the surface for DOP-40 specimens

exposed to an oxygen partial pressure of 1.3 mPa at 1330°C

Depth below surface (Fm)?

Alloy Exposure time
®) 50 100 150 200 250 300
D2 0° 44(108)  43(106)  39(120) 39(118)  35(132) 40 (114)
793 51 (75) 53 (75) 42(91)  48(8l)  40(99) 38 (104)
1486 59 (65) 50 (77) 45(88)  46(83)  42(92)  35(114)
2297 55 (70) 52 (74) 45(85  44(90)  45(86) 39 (9%8)
3000 49 (78) 45 (85) 48(81)  46(84)  40(100) 49 (80)
1-102 o 52(163)  47(184)  42(205)  45(190)  41(205) 42 (205)
168 72 (93) 56 (105)  44(133) 54 (109) 47(122) 48 (123)
335 54(108)  63(96)  58(102) 50(117)  62(99) 49 (119)
793 88 (44) 65 (65) 60 (65  60(64)  5L(75) 60 (65)
1486 76 (51) 64 (61) 57(71)  60(67)  48(8l)  57(67)
2297 79 (49) 61 (66) 72(59)  49(8l)  52(76) 47 (82)
3000 80 (49) 61 (66) 72(56)  64(60)  53(73) 59 (67)
1-103 0 50 (172)  46(189)  47(182) 44 (195) 46 (192) 38 (224)
168 46(129)  38(154)  40(147)  38(152) 36(161) 38 (154)
335 63 (95) 70 (88) 50(118)  54(111) 51(113)  55(104)
793 112 (42) 68 (61) 50(77)  50(77)  50(77) 44 (86)
1486 72 (54) 69 (57) 54(74)  6l1(64)  51(78) 60 (67)
2297 69 (61) 58 (74) 70(54)  55(70)  52(74)  51(75)
3000 95 (46) 72 (56) 50(78)  68(59)  56(72) 56 (69)
1-104 o 45(187)  42(214)  37(228)  42(206)  36(239) 39 (219)
168 56 (102)  59(98)  53(109)  56(106)  55(109) 53 (111)
335 72(110)  59(133)  73(107) 77(107)  65(124) 70 (121)
793 76 (52) 69 (58) 68(61)  56(71)  62(68)  58(689)
1486 79 (49) 65 (60) 67(57  68(58) 56(72)  71(54)
2297 75 (52) 58 (66) 73(52)  66(38)  69(60) 57 (67)
3000 69 (55) 66 (59) 61(63)  52(73)  62(63) 49 (83)
1-105 0 50 (174)  51(169)  42(205)  46(186)  40(212) 52 (168)
168 52 (116) 38(151)  58(105) 72(109) 47 (127) 44 (136)
335 63 (96) 48(123)  46(134)  46(128)  46(125) 43 (134)
793 77 (56) 56 (72) 60(70)  46(82)  50(80) 46 (83)
1486 52 (78) 46 (85) 51(79)  51(78)  44(87)  52(75)
2297 60 (64) 50 (80) 45(86)  46(84)  40(98) 37 (104)
3000 72 (54) 50 (77) 46(83)  46(84)  58(76) 54 (75)

2Numbers in parentheses indicate number of intercepts counted for grain Size determinations.

PData taken from Ref. 30.
°Data for as-recrystallized samples were taken from the 1330°C-13.3 mPa oxygen compatibility datain Table XVI.
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Table XVI. Averagegrain Size (in Fm) as a function of depth below the surface for DOP-40 specimens
exposed to an oxygen partial pressure of 13.3 mPa at 1330°C

Depth below surface (Fm)?2

Alloy Exposure time
) 50 100 150 200 250 300
D2 o 36 (386) 40 (355) 38 (367) 36 (395) 36 (387) 35 (393)
666 53 (114) 63 (98) 51 (119) 52 (114) 51(121) 51 (120)
1502 67 (90) 68 (88) 57 (106) 55(109) 60 (101) 56 (108)
2315 65 (92) 72 (71) 67 (90) 56 (107) 56 (107) 57 (110)
3000 73 (83) 72 (84) 68 (89) 68 (89) 65 (96) 67 (92)
1-102 0 52 (163) 47 (184) 42 (205) 45(190)  41(205) 42 (205)
330 69 (89) 69 (93) 60 (101) 68 (93) 68 (90) 64 (97)
666 76 (81) 65 (95) 66 (92) 63(100) 62 (96) 57 (111)
1502 117 (56) 104 (62) 63 (95) 76 (80) 75 (82) 65 (94)
2315 125 (53) 109 (57) 9 (67) 98 (72) 68 (92) 73 (83)
3000 98 (65) 108 (62) 98 (54) 80 (77) 73 (84) 66 (94)
1-103 0 50 (172) 46 (189) 47 (182) 44 (195) 46 (192) 38 (224)
330 83 (81) 78 (80) 76 (85) 67 (93) 73 (89) 60 (105)
666 93 (66) 79 (85) 65 (92) 66 (93) 66 (95) --
1502 114 (46) 87 (67) 78 (85) 62(101) 59 (102) 57 (106)
2315 9 (63) 101 (61) 88 (72) 86 (71) 75 (81) --
3000 106 (57) 100 (62) 85 (70) 80 (79) 80 (77) --
1-104 0 45 (187) 42 (214)  37(228)  42(206)  36(239) 39 (219)
330 73 (84) 62 (97) 76 (82) 57 (108) 70 (90) 73 (85)
666 106 (61) 63 (95) 63 (97) 53 (114) 62 (101) 70 (89)
1502 104 (61) 86 (72) 66 (91) 64 (94) 75 (81) 64 (94)
2315 117 (53) 100 (65) 91 (67) 73(91) 65 (94) 74 (83)
3000 88 (71) 107 (57) 91 (71) 72 (87) 67 (92) 74 (82)
1-105 0 50 (174) 51 (169) 42 (205)  46(186)  40(212) 52 (168)
330 68 (90) 69 (89) 76 (88) 69 (94) 66 (95) 59 (104)
666 81 (77) 83 (75) 65 (94) 76 (83) 76 (87) 61 (98)
1502 80 (78) 86 (71) 68 (89) 64 (95) 68 (90) 81 (75)
2315 83 (73) 103 (59) 88 (71) 77 (84) 77 (82) 88 (72)
3000 87 (71) 108 (58) 88 (71) 69 (87) 67 (89) 60 (103)
aNumbers in parentheses indicate number of intercepts counted for grain Size determinations.
bData taken from Ref. 30.
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Table XVIIl. Averagegrain size (in Fm) as a function of depth below the surface for 1-103
specimens exposed to an oxygen partial pressure of 13.3 mPa at 1230°C

Depth below surface (Fm)?

Exposure time
0 50 100 150 200 250 300
0 40(116)  34(136)  34(138) 39(126) 39(117) 39 (118)
674 50 (95) 52(89)  54(87)  60(79)  69(72) 50 (93)
1370 48 (97) 49(94)  50(94)  50(93)  50(98)  46(102)
2186 60 (78) 60(80)  46(99)  46(99)  57(81)  51(91)
3000 81 (57) 58 (81) 60(79)  56(84)  68(69 59 (89)

aNumbers in parentheses indicate number of intercepts counted for grain sSize determinations.
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TENSILEIMPACT PROPERTIES

Table XVIII and Fig. 33 show the variation in impact ductility (at 980EC) as a function of the annedl -
ing temperature for the first series of cerium-doped aloys listed in Table | (Ce-2 through Ce-7) [37]. The
graph shows that the data can be grouped into two categories. Within experimental scatter, the aloys
doped with only cerium (Ce-3 and Ce-4) exhibited ductilities that were lower at all anneding tempera
tures than the aloys doped with thorium or thorium plus cerium. There does not appear to be any differ-
ence in ductility between the Ce-3 and Ce-4 heats containing 36 ppm Ce and 73 ppm Ce, respectively.
Likewise, there is no discernable difference in ductility between the Ce/Th-doped heats Ce-2 containing
36 ppm Ce and 60 ppm Th and Ce-6 containing 29 ppm Ce and 12 ppm Th. Both of these heats dso have
ductilities comparable to that of the DOP-26 dloy.

Figure 34 shows the impact ductility as a function of the grain size of these six dloys. All exhibited
a decrease in ductility with increasing grain size. All the dloys failed, in generd, in a ductile
transgranular mode at low annealing temperatures (i.e., below ~1400EC) and in a brittle intergranular
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Table XVIII. Effect of annealing temperature on tensile impact ductility of
Ce/Th-doped heats Ce-2 through Ce-7

Annedling temperature Elongation to fracture (%0)*

°C K DOP-26° Ce-2 Ce-3 Ce-4 Ce-6 Ce-7
1200 1473 -- -- 33.7 34.7 -- --
1300 1573 54.9 -- 30.8 21.2 485 44.8
1350 1623 337 384 -- -- -- --
1400 1673 359 384 14.0 16.5 40.0 4.7
1500 1773 354 250 128 125 26.5 16.8
1600 1873 16.9 19.8 55 6.8 19.2 10.8
1700 1973 1.7 9.2 49 3.8 10.2 11.0
1800 2073 4.7 25 25 0.8 38 --

aTendle impact tested at 980°C at a Strain rate of ~10° s*.
Data for DOP-26 was taken from Refs. 30 and 37.
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980EC).

mode at high annedling temperatures (i.e., ~1700EC and above). Figure 35 shows the typical fracture
surfaces of al six alloys after a 1-hour anneal at 1500EC and tensile impact testing at 980EC. In the
intermediate temperature range, the fracture mode for al the aloys changed from mixed intergranular and
transgranular cleavage to predominantly intergranular fracture with increasing annealing temperature.

Figure 36 is a plot of the change in the amount of transgranular fracture with impact ductility. It
shows a broad correlation between fracture mode and impact ductility. In generd, higher ductilities at
low annealing temperatures were associated with transgranular fracture, and lower ductilities a high
annealing temperatures were associated with intergranular fracture.
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Fig. 35. Fracture surfaces of (a) Ce-2, (b) Ce-3, (c) Ce-4, (d) Ce-6, (€) Ce-7, and (f) DOP-26 annealed for
1 h at 1500EC and impact tested at 980E C.
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As shown earlier in Fig. 3, DOP-26, Ce-3, Ce-4, and Ce-6 had similar grain sizes after a 1-hour
anneal at 1500EC. The measured vaues of grain size (transverse to the rolling direction) ranged from 25
to 36 Fm. Figure 37 and Table XIX show the variation of impact ductility with test temperature for these
aloys. The two cerium-doped aloys (Ce-3 and Ce-4) exhibited smilar variations in ductility with
temperature (although Ce-4 had somewhat higher ductilities than Ce-3). For both aloys there was a steep
increase in ductility with test temperatures between 1000 and 1200EC (i.e., aBDTT at around 1000EC).
The impact ductility became less sensitive to test temperatures below ~1000EC and above ~1200EC. A
broadly similar behavior was observed in the thorium-doped aloy (DOP-26), and the (Cet+Th)-doped

aloy (Ce-6); however, the BDTT in these
aloys occurred at approximately 800EC,
about 200EC lower than that of the cerium-
doped dloys. Below this trangtion tem-
perature, the ductilities of DOP-26 and Ce-6
were comparable to that of the cerium-
doped Ce-3 and Ce-4 iridium. Above the
trangtion temperature, the ductilities of
DOP-26 and Ce-6 were consistently higher

than those of Ce-3 and Ce-4.

Figure 38 shows the typical fracture
surfaces of the four aloys at low and high
test temperatures. In general, the fracture
mode changed from predominantly inter-
granular at low temperatures (800EC and

Table XIX. Effect of test temperature on tensile impact ductility of Ce/Th-doped alloys
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Fig. 37. Variation of impact ductility with test
temperature for cerium-, thorium-, and Ce/Th-
doped alloys (all alloys possess a similar grain size
of 30 to 35 Fm).

Test temperature Elongation to fracture (%)
°C K DOP-26 DOP-26° Ce-3 Ce-4 Ce-6
(new process) (old process)

600 873 10.0 -- -- -- 8.8
800 1073 16.4 10.5 115 16.0 10.6
850 1123 16.5 13.0 -- -- --
980 1253 35.9 20.7 12.8 175 26.0
1050 1323 322 27.9 -- -- --
1100 1373 39.9 432 354 30.7 36.6
1200 1473 50.0 -- 370 48.0 55.8
1300 1573 59.8 -- 44.0 48.0 --

aTendle impact tested a a Srain rate of ~10° s*.
®Data for DOP-26 was taken from Refs. 30 and 37.
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DOP-Ca3, 1473 K

DOP-Ced, 1073 K |

DOP-Cag, 1373 K

Fig. 38. Fracture surfaces of (a,b) Ce-3, (c,d) Ce-4, (ef) Ce-6, and (g,h) DOP-26 at low and high test
temperatures, all annealed 1 h at 1500E C.

below) to transgranular at high temperatures (1200EC in DOP-26, Ce-3, and Ce-4, and 1100EC in Ce-6).
In the intermediate temperature range, the fracture mode changed from mixed intergranular and
transgranular cleavage to predominantly transgranular cleavage with increasing test temperatures. Figure
39 shows this change in the amount of transgranular fracture with test temperature. Thereisagood
correlation between fracture mode and test temperature. As observed before, low ductilities were associ-
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ated with intergranular fracture at low test
temperatures and high ductilities with
transgranular fracture at elevated temperatures.
Figure 40 summarizes the temperature
dependence of the yield and ultimate strengths
of the -1 dloy (containing 29 ppm Ce and 18
ppm Th) tensile tested at a conventional strain
rate of ~10° s . Alsoincluded in the figure are
datafor DOP-26 iridium [20] which, as men-
tioned before, is the currently used dloy.
Within experimental scatter, the temperature
dependencies of the strengths of the two aloys
aesmla. Belov~208C, the yied and
ultimate strengths are roughly independent of
temperature. The work hardening rate is high,
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Fig. 39. Amount of transgranular fracture area as
a function of test temperature.

as evidenced by the large difference between the yield and ultimate strengths. Above 200EC, the yield
strength drops only moderately, but the ultimate strength drops sharply. As aresult, the work hardening

rate decreases dramatically with increasing temperature.

Figure 41 shows the temperature dependencies of the ductilities of the I-1 and DOP-26 dloys. For

comparison, ductilities of pure iridium and 1r-0.3W dloys, measured in earlier studies [20], are also
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Fig. 40. Temperature dependence of the
yield and ultimate tensile strengths of Ce/Th-
doped alloy 1-1 (squares) and DOP-26
(circles), tensile tested at a conventional strain
rate(~103s?).
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[20], tensile tested at a conventional strain rate
(~103s?).

49



included. Below ~200EC the ductilities of all four aloys are comparable; they are al relatively brittle,
independent of temperature and composition. Above this temperature ductility increases sharply, from
<10% at temperatures below 200EC to ~60% at temperatures above 700EC, with the I-1 and DOP-26
aloys exhibiting somewhat more ductility at elevated temperatures than pure iridium and Ir-0.3W. Pure
iridium and Ir-0.3W behave smilarly, indicating that macroalloying with 0.3% W does not degrade the
ductility of iridium. However, since the ductilities of I-1 and DOP-26 are higher, it suggests that
microalloying with thorium (DOP-26) or thorium plus cerium (I-1) is beneficia for ductility. Below the
BDTT, fracture is mixed intergranular/transgranular [as shown in Fig. 42(a) for I-1 tested at 400EC],
whereas above it there is a change in the fracture mode to amost 100% transgranular [Fig. 42(b)], aong
with some necking of the cross section. This brittle-to-ductile trangition we believe is a result mainly of
the dramatically lower work hardening rate at elevated temperatures, rather than the modestly lower yield
strength (especially since much of the ductility improvement takes place above the temperature at which
most of the yield strength drop occurs).

Figure 43 and Table XX show the temperature dependence of the ductilities of the cerium-doped 1-
101 through I1-107 heats of DOP-40 tensile tested at the high strain rate (~10° s) after 1-h anneals at
1500EC. At tensile test temperatures <900EC, the alloys are al relatively brittle and fracture predomi-
nantly intergranularly [Fig. 44(a)]. At elevated temperatures (above ~1100EC) the alloys are ductile and
fracture transgranularly with considerable necking [Fig. 44(c)]. In the intermediate temperature regime,
the alloys undergo a brittle-to-ductile transition and fracture by mixed intergranular/transgranular cleav-
age [Fig. 44(b)]. Theincreaseinthe BDTT is~400EC for a 10° increase in strain rate (cf. Figs. 41 and
43).

Figure 45 and Table XXI show the effect of annealing temperature on the ductility of the 1-101 to I-
107 hests of DOP-40 tensile tested at 1000EC and DOP-26 alloys tensile tested at 980EC [30] at a strain

Fig. 42. Fracture surface of 1-1 alloy tensile tested at the conventional strain rate (~102 s1) at (a) 400 and
(b) 700EC.
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rate of ~10° s1. The sharp drop in ductility is the result of increasing grain size with increasing annedling
temperature. For both DOP-26 and DOP-40 significant grain growth begins at approximately 1400EC .
For annealing temperatures below 1500EC, ductility of the DOP-26 dloy falls roughly within the scatter
band of the DOP-40 data but, at higher temperatures, its ductility is at the lower end of the ductility range
of the DOP-40 dloys.

Liu et d. [5,44] derived the following expression for fracture strain using a didocation pile-up model
for the stress concentration at grain boundaries:

e =(s,—s)k+ (sC/k)(s,/d)l’2 70
Annealed 1h/1500°C

(510 [ U —

where g, isthetruefracturestrain, s isthe !

frictiona stress against the motion of *°

didocations on dip planes, k and s, are

a0r

1-101 (20Ce-30Th)
1-102 (20Ce-40Th)
1-103 (30Ce-30Th)
1-104 (30Ce-40Th)
I-105 (30Ce-50Th)
1-106 (40Ce-40Th)
1-107 (40Ce-50Th)

pile-up, and s _ is the grain-boundary ; DOP-26 (27 um)

materias constants in the condtitutive 20

stress-strain relationship, d isthe grain

Elongation to Fracture (%)

BEOd4pPO@O

diameter, s is the distance to the tip of the

cohesive strength.  According to this Ql SRR
1300 1400

700 éOOI 900' iOOE) l ilO'O Y lIZOd
expression, a plot of fracture strain versus Impact Test Temperature (°C)
the reciprocal square root of grain size will _

i i i Fig. 43. Temperature dependence of the
be a straight line whose slope is propor- ductilities of DOP-40 alloys and DOP-26 [30] tensile

tiona to the grain-boundary cohesive tested at the high strain rate (~10° s).

Table XX. Effect of test temperature on tensile impact ductility of
Ce/Th-doped heats |-101 through 1-107

Test temperature Elongation to fracture (%)
C K DOP-26° 1-101 [-102 1-103 [-104 1-105 1-106 1-107
800 1073 16.4 16.5 16.1 16.1 139 15.3 20.0 12.2
850 1123 165 -- -- -- -- -- -- --
900 1173 196 16.2 231 343 253 210 189 21.2
980 1253 35.9 -- -- -- -- -- -- --
1000 1273 -- 21.0 44,0 39.7 45,0 28.8 36.3 31.8
1050 1323 322 -- -- -- -- -- -- --
1100 1373 39.9 56.0 58.0 40.0 50.0 370 47.0 --
1200 1473 50.0 49.0 47.0 55.0 -- 51.0 49.2 50.0
1300 1573 59.8 58.0 52.0 50.0 -- 45.0 475 54.0

aTendle impact tested a a srain rate of ~10° s™.
Data for DOP-26 (new process) was taken from Refs. 30 and 37.
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N ' Fig. 44. Fracture surfaces of the 1-106 alloy
% tensile tested at high strain rate (~10% s1) at

= = (a) 800, (b) 1000, and (c) 1300E C (the other DOP-
40 alloys looked similar).

strength. In addition, the effectiveness with
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which different dopants affect the grain bound- g s O Lo
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Fig. 45. Effect of annealing temperature on the

2, Ce-6, and Ce-7). Thisindicates that cerium ductility of DOP-40 alloys and DOP-26 [30] tensile
tested at 1000EC at a strain rate of ~10° s,
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Table XXI. Effect of annealing temperature on tensile impact ductility of

Ce/Th-doped heats 1-101 through 1-107

Anneding . o\
temperaiure Elongetion to fracture (%0)
°C K DOP-26"  1-101 [-102 1-103 1-104 1-105 1-106 1-107
1300 1573 56.0 439 474 51.1 49.3 46.8 425 377
1400 1673 35.9 439 47.8 48.8 47.2 50.1 327 29.2
1500 1773 35.4 21.0 44.0 39.7 45.0 28.8 36.3 318
1600 1873 16.9 25.6 22.0 230 18.1 21.2 21.0 20.5
1700 1973 77 12.7 10.6 16.1 12.3 10.6 12.2 132
1800 2073 47 119 6.2 7.3 8.0 8.9 8.6 8.0
aTendle impact tested a 1000°C at a strain rate of ~10°s™.
bData for DOP-26 was taken from Ref. 30 for specimens tested at 980°C.
is not as effective as thorium in improving the B o T I
grain boundary cohesion of iridium. The dopes of oo
Ce-2, Ce-6 and Ce-7 are comparable to that of orf.- ’Af,; ° ]
g o9 .
DOP-26. Therefore, variations in the thorium s . “
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have no significant effect on the grain boundary £ owf T ]
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iridium [45]. Thus, additiona thorium beyond
that needed for saturating the grain boundaries
may not significantly improve the grain boundary
cohesion. The role of additiona thorium (or
cerium) beyond the saturation limit is principally
to refine the grain size. In DOP-26, thorium
performs both functions [5,18,31]. In the DOP-40
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Fig. 46. Tensile ductility of DOP-26 and the
Ce-2 through Ce-7 cerium-doped iridium alloys as
a function of the inverse square root of grain size
(tensile tested at 1000EC and a strain rate of
~103sY).

aloys, thorium is il required to provide adequate grain boundary cohesion, but, as shown in Fig. 46, its
level can be reduced to as low as 12 wppm (10 appm). Grain refinement results mainly from the addition

of cerium, which precipitates as Ir,Ce and pins the grain boundaries.

Table XXII gives the impact results obtained from testing of heats Ce-6 and Ce-7 under conditions
used for qualifying the current generation of DOP-26 iridium aloys. Also included in the table are the
data previoudy obtained on DOP-26 (with 60 wppm Th) [46]. All test samples were given a 19-h annea
at 1500EC and were impact tested at 980+10EC with a bullet velocity of 61+3 m/s. The average impact



Table XXII. Results from impact testing of Ce/Th-doped iridium alloys®

Bulk Dopant Concentration Avg. Impact Ductility

Alloy Number of Tests %)
wppm appm
Ce-6 29Ce+12Th 40Ce+10Th 9 20+ 4
Ce-7 22Ce+24Th 30Ce+20Th 6 18+3
DOP-26 60Th 50Th 31 23+5

aTedt conditions: specimens vacuum annealed 19 h at 1500°C, tested at 980°C, bullet velocity of 61 m/s.

ductilities of Ce-6 and Ce-7 are comparable to that of the DOP-26 aloy, consistent with our conclusion
that as little as 12 wppm (10 appm) This al that is needed for adequate grain boundary cohesion and that
grain refinement can be achieved by cerium additions.

Figure 47 shows a separate plot of grain size versus elongation to fracture for the 1-101 through 1-107
heats of DOP-40 containing 20-40 wppm Ce and 30-50 wppm Th. Within experimental scatter, asingle
draight line can be used to fit the data for these seven DOP-40 dloys. The dope of thislineis smilar to
that for DOP-26 iridium [30], suggesting (as above) that the grain-boundary cohesive strength of DOP-40
issmilar to that of DOP-26. In these most recent DOP-40 alloys, the radioactive thorium content in
DOP-26 has been reduced (by a third), without sacrificing high-temperature strength or ductility. Cerium
additions provide the beneficia effect of grain refinement, which compensates for the reduced thorium in
these alloys. Based on these results, DOP-40 alloys containing 30 £10 wppm Ce and 40 £ 10 wppm Th
are expected to behave comparably to currently used DOP-26 iridium.

Table XXIII givesthe results of Auger
analyses from the grain boundary segregation

studies conducted by earlier investigators [34- T T T T T T T T
37] of heats Ce-2, Ce-3, Ce-6, and Ce-7. The _ w0 § 10
grain boundary concentrations of cerium and 35? 50 b o e poP-28 Boy, E
thorium given in Table X X111 show that the E wl § :[3)%85_26 - © ;
cerium level at the grain boundaries drops 2 . S ]
significantly with small additions of thorium, £ °
wheress the thorium level is not affected by s 20 ¢ E
adding cerium. Cerium was found to segregate 10 §EE N cedoped aoys ‘
more strongly than thorium to the grain bound- ob— v v 1
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aries. In addition, cerium, when added together Grain size ™)

with thorium, segregates and saturates the grain

_ o Fig. 47. Tensle ductility of the 1-101 through I-
boundaries at alower level than when it is 107 DOP-40 alloys and DOP-26 as a function of the

added alone. In contrast, thorium segregates inverse square root of grain size (tensile tested at
_ _ B _ 1000EC and a strain rate of ~10° s1).
independently irrespective of the bulk cerium
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Table XXIII. Resultsfrom Auger analysis of grain boundariesin variousiridium alloys

Bulk dopant concentration Hest trestment Grain boundary concentration

Alloy

wppm appm Duration (h) Temperature (°C) Th (at.%) Ce (at.%)

DOP-26 60 Th 50 Th 24 1227 20+04 --

Ce-3 36 Ce 50 Ce 24 1227 -- 124+ 25
Ce-2 36Ce+60Th  50Ce+50Th 10 1327 09+0.3 83+11
Ce-6 29Cet+12Th  40Cet+10Th 21 1227 12+03 76+12
Ce-7 22Cet+24Th  30Cet+20Th 21 1227 17+04 74+16

concentration. Results of the Auger analyses, in conjunction with the impact results, show that as little as
12 wppm of thorium in the bulk is sufficient to saturate the grain boundaries, and that thorium concentra-
tion at the grain boundaries of around 1 at.% is sufficient to obtain adequate grain boundary cohesion.

WELDABILITY

The results of Sigmagjig weldability tests on cerium-doped dloys are given in Table XXIV. Also
included for comparison are the results for average values of threshold stresses for old- and new-process
DOP-26 [47]. The Ce-3 heat, which has nominally the same atomic percent of cerium (50 appm or 36
wppm) as the amount of thorium in DOP-26 (50 appm or 60 wppm), has a threshold stress for cracking in
excess of 170 MPa. This compares very favorably with the average threshold stresses obtained for old-
and new-process DOP-26 (100 and 130 MPa, respectively). A possible explanation for this can be found
by comparing the iridium-cerium and iridium-thorium phase diagrams (Fig. 48 [31]), which are quite
smilar a the iridium-rich end. Therefore, one would expect the microstructures of cerium-containing
and thorium-containing aloys to be smilar: both would contain Ir,X (X=Ce or Th) intermetallic precipi-
tates in the recrystallized state, and both would form Ir-Ir X eutectics during welding. And, indeed,
transmission eectron microscopy has identified the precipitates in an Ir-0.3W alloy doped with 50 appm
Ce (36 wppm) as Ir,Ce [34]. Itislikely, therefore, that the mechanism of hot cracking in cerium-doped
iridium dloys is smilar to that which has been proposed for thorium-doped iridium aloys, namely the
formation of alow-melting eutectic. Thus, a possible explanation for the better weldability of heats Ce-3,
-6, and -7 (each containing little or no thorium) as compared to DOP-26 is that the Ir-Ir,Ce eutectic
temperature is higher than the corresponding Ir-Ir, Th eutectic temperature. Unfortunately, these tempera-
tures are not currently known (see dotted linesin Fig. 48), and we can only speculate at this time.

Interestingly, increasing the amount of cerium to 100 appm (73 wppm) dramaticaly lowers the
threshold stress for cracking to below 70 MPa (Ce-4 in Table XXI1V). A smilar drop in weldability is
seen in heat Ce-2 when 50 gppm Ce (36 wppm) is added in combination with 50 appm Th (60 wppm). In
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Table XXI1V. Threshold stresses for weld cracking in cerium- and Ce/Th-doped iridium alloys

Ce concentration Th concentration Threshold stress for
Alloy .
wppm appm wppm appm cracking (MPe)
Ce-2 (13935) 36 50 60 50 <70
Ce-3 (E809) 36 50 0 0 >170
Ce-4 (E808) 73 100 0 0 <70
Ce-6 (E814) 29 40 12 10 >210
Ce-7 (E815) 22 30 24 20 >210
E818 (+100 appm B) 22 30 24 20 >10,<100
E819 (+10 appm Y) 15 20 24 20 <140
E820 (+10 appm Y + 15 20 24 20 >10,<100
100 appm B)
1-101 20 27 30 25 85-100
1-102 20 27 40 33 ~75
1-103 30 1 30 25 ~75
1-104 30 1 40 33 >70,<100
1-105 30 1 50 41 ~70
1-106 40 55 40 33 <55
1-107 40 55 50 41 >55,<80
DOP-26 (old process) 0 0 60 50 100
DOP-26 (new process) 0 0 60 50 130

other words, although cerium is better than thorium at levels of around 50 appm (which is the level of
thorium in DOP-26), at higher levels of around 100 appm it appears to become deleterious (like thorium
[48]). To have good weldability, therefore, cerium plus thorium should be kept around 50 appm. And,
indeed, when that is done (heats Ce-6 and -7), the threshold stress for cracking is found to be >210 MPa,
which is significantly higher than that for DOP-26. These results, along with the effects of thorium
content on weldability, are plotted in Fig. 49. While the same trend appears to hold at higher dopant
concentrations, additional data are required before the precise dependence of threshold stresses on cerium
(and cerium plus thorium) content can be determined. Clearly, however, aloys doped with cerium and
thorium should be investigated further, especially since their impact ductilities are comparable to those of
DOP-26.

Only one or two blanks were available for weldability testing of the [-101 through 1-107 series of
DOP-40 hests. The results on these compositions are aso included in Table XX1V and Fig. 49. Arrows
in Fig. 49 indicate the trends of the data at compositions where there were not enough blanks available to
pinpoint accurately the range of the threshold cracking stress. The results on this series of aloys were
qualitatively in agreement with the results described above for the Ce-2 to Ce-7 series.

Finally, consder the weldability of Ir-0.3W dloys doped with Ce+Th+Y, CetTh+B, and
CetTh+Y+B (E819, E818, and E820, respectively, in Table XXIV). The threshold stress for cracking in
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the latter two aloysis less than the average

cracking stress for both old- and new-proces
DOP-26 dloys. Inthe case of ES19, we did
not have enough materia to determine a

—O— Th-doped
[d Ce-doped
---Q-= (Ce+Th)-doped

precise cracking stress; al we can conclude at
present isthat F; < 140 MPa. Based on these
preliminary results, it appears that boron at a

level of 100 gppm is quite harmful and its
level in the aloy needs to be reduced. How-
ever, 100 gopm B in the iridium dloys is only

Threshold Cracking Stress (MPa)

6 ppm by weight, and it would be difficult to 3 40 50 60 70 8 90 100 110
Dopant Concentration (appm)

consistently make (and chemically analyze)

aloys containing lower boron concentrations. Fig. 49. Effect of doping with cerium and thorium,

Therefore, boron-doped aloys should prob- individually and together, on weldability of iridium alloys.
ably not be considered further. In the case of

yttrium, athough additiona data are needed before its effect on weldability is definitively known, it is
clearly inferior to cerium. Therefore, unless its effect on impact ductility is far superior to that of cerium,
it should probably not be considered further.

SUMMARY AND CONCLUSIONS

This report summarizes results of studies conducted to date to characterize the properties of Ir-0.3%
W dloys doped with cerium or cerium plus thorium. The properties investigated included grain growth in
both vacuum and low-pressure oxygen environments, weldability, and the effect of grain size and test
temperature on tensile properties.

Grain sizes were determined for eleven Ce/Th-doped aloys and two cerium-doped aloys after
annealing at temperatures of 1200 to 1800EC. All of the Ce/Th-doped alloys have essentially identical
grain sizes after 1-h anneals at these temperatures and their grain sizes are comparable to grain sizes for
DOP-26 annealed under the same conditions (see Figs. 2, 5 and 9). The alloys doped only with cerium
also have grain sizes comparable to DOP-26 for annealing temperatures below 1600EC. However, at
temperatures above 1600EC, they show greater grain growth than the thorium-doped or Ce/Th-doped
aloys. In general, the greater the amount of dopant (cerium or cerium plus thorium) the smaller the grain
Size, especidly at higher temperatures. The grain growth kinetics (for anneals up to 1000 h) of dloys
containing both cerium and thorium are comparable to those of new- and old-process DOP-26 containing
60 ppm Th (see Figs. 4, 6, and 8).
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Oxygen compatibility studies were conducted on specimens taken from severa cerium-doped hests of
the DOP-40 iridium aloy. These heats contained various combinations of cerium and thorium ranging
from 20 ppm Ce-40 ppm Th and 29 ppm Ce-18 ppm Th to 36 ppm Ce-60 ppm Th and included one hest
with only 36 ppm Ce (no thorium). The tests were conducted in oxygen partial pressures of 1.3 and 13.3
mPa at temperatures of 1230, 1280, and 1330EC for times up to 3000 h. Specimens from the ZR and D2
heats of DOP-26 material (containing nominaly 60 wppm Th but no cerium) were included for compari-
son purposes. In terms of average grain size and grain growth rates as a function of time, the DOP-40
aloys are comparable to DOP-26 as long as the aloys contain at least gpproximately 20-30 ppm Th.
Heats that contained only cerium (no thorium) experienced greater grain growth than DOP-26, especidly
at longer times and higher temperatures. In addition, the data suggest a dight difference between DOP-26
and Ce/Th-doped DOP-40 dloys in their tendency to form larger near-surface grains under these anneal-
ing conditions. This difference may be related to the possible faster diffusion rate of cerium in iridium as
compared to thorium. The data also show a difference in the grain growth of near surface grains exposed
to 1.3 mPa oxygen versus those exposed to 13.3 mPa oxygen, with grain sizes of the specimens exposed
to 13.3 mPa oxygen being larger. All of our tests on DOP-26 aloys have shown no difference in the grain
growth of near surface grainsin these two oxygen levels.

The effects of cerium and thorium microaloying additions on the mechanical properties of iridium
alloyswereinvestigated. The base aloy to which the dopants were added was Ir-0.3W. At low strain
rates (~10 s1), the strength and ductility of aloys doped with thorium were similar to those of aloys
doped with both thorium and cerium. The dloys dl exhibited high work hardening rates and brittle
mixed-mode fracture (intergranular + transgranular) at low temperatures and low work hardening plus
ductile transgranular fracture at elevated temperatures. The brittle-to-ductile transition occurred at
around 600EC. Both thorium and Ce/Th additions produced a dight improvement in ductility compared
to the undoped dloys.

At high strain rates (~10° s?), the Ce/Th-doped aloys exhibited brittle intergranular fracture at low
temperatures and ductile transgranular fracture at elevated temperatures. The brittle-to-ductile transition
occurred at around 1000EC. Compared to the lower strain rate, there was an increasein the BDTT of
~400EC at this higher strain rate. For a fixed tensile test temperature (1000EC), ductility dropped sharply
with increasing annealing temperature because of increasing grain size. The Ce/Th-doped aloys ap-
peared to have somewhat higher ductilities than the thorium-doped alloy when annedled at temperatures
higher than 1500EC. The grain-boundary cohesive strengths of the Ce/Th-doped aloys were smilar to
that of the thorium-doped aloy. Based on the results of the present study, 1r-0.3W aloys containing
3010 ppm Ce and 40+10 ppm Th are expected to behave smilarly to the currently used DOP-26 aloy
(containing nominaly 60 ppm Th plus 50 ppm Al) in space power gpplications.

Threshold cracking stresses for severa cerium-doped aloys were determined using the Sigmajig
weldability test. At dopant levels of around 50 appm, cerium or combinations of cerium and thorium
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were significantly better for weldability than thorium by itself. We speculate that the reason for thisis
that the Ir-Ir,Ce eutectic temperature s higher than the Ir-Ir, Th eutectic temperature. At higher dopant
levels (around 100 appm), cerium aso becomes deleterious to weldability, but preliminary indications are
that it is not as harmful as thorium. Yttrium, boron, and a combination of the two, when added to Ir-0.3W
aloys containing cerium and thorium, lower the threshold stresses considerably. Therefore, unless these
elements are found to improve impact ductility dramatically, they should probably not be considered
further.

The genera conclusion from these studiesis that cerium can be used to replace some of the radioac-
tive thorium currently used in DOP-26 while maintaining or improving its metallurgica properties. The
recommended doping levels are 30+10 wppm Ce and 40+10 wppm Th. Using these doping levels, flight-
quality clad vent set cups were fabricated and were shown in this study to have the necessary metallurgi-
ca properties. Quadlification of DOP-40 for encapsulation of Pu-238 should be completed by conducting
impact tests of severa fud clads. The current DOP-26 alloy meets al requirements for cladding the
radioactive fuel in the RTG hesat source, but the new DOP-40 dloy could serve as a back-up aloy to be
used if the costs of refining, handling, and transporting DOP-26 become prohibitively high.
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