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Summary

This Technical Memorandum (TM) fulfills milestone 4.2 of SOW-112178 “VHTR TDO GRAPHITE R&D —
FY2014”, a level 2 deliverable due to the Department of Energy on September 30, 2014.

Here we report the creep strain data and the analysis of the creep strain data from the irradiation creep
capsule AGC-1 specimens that were supplied to ORNL. This is the first (prototype) of a series of five or
six capsules planned as part of the Advanced Graphite Creep (AGC) experiment to fully characterize the
neutron irradiation effects and radiation creep behavior of current nuclear graphites. The data reported
include: specimen dimensions and hence the dimensional change upon irradiation. A comparison of
these data for specimen matched pairs yields the creep strain; mass and volume, hence density. The

creep strain analysis is by graphite grade.

The AGC-1 capsule was irradiated in the Advanced Test Reactor (ATR) at INL at approximately 700°C and
to a peak dose of 7 dpa (displacements per atom). The specimens final dose, temperature and stress
conditions have been reported by INL"* are also tabulated here and used in the analysis.

Additional analysis of the AGC data will be required to allow:

1. Improved fits to the existing models of graphite irradiation induced creep strain.
With the eventual advent of temperature dependency data from the additional AGC series of
capsules, and microstructural data from piggy back specimens in AGC capsules, the
development of new and improved models for the phenomena of irradiation induced creep
strain in graphite is anticipated.

3. AnInvestigation into the effects of creep strain on the physical properties of irradiated graphite.

The derived creep coefficients have been calculated for each grade and are found to compare well to
literature data, despite the enormous spread in specimen temperatures.

xii
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1. Introduction

The graphite creep irradiation program is directed toward generating moderate dose creep data (1-8
dpa) at high temperatures (600-1200°C) for the Very High Temperature Reactor Program. The Advanced
Graphite Creep (AGC) experiment comprises five or six instrumented capsules to be irradiated in the
Advanced Test Reactor (ATR) at the Idaho National Laboratory. The AGC experimental capsules are
summarized in Table 1.

Table 1 Irradiation capsules that make up the Advanced Graphite Creep experiment

AGC Nominal Irradiation Irradiation Major Grades of Graphite in Capsule
capsule Temperature, °C dose range
number (dpa)
1 700 3-8 NBG-18; NBG-17; H-451; PCEA; 1G-110; 1G-430
2 700 1-3 NBG-18; NBG-17; PCEA; IG-110; 2114
3 800 1-3 NBG-18; NBG-17; PCEA; IG-110; 2114
4 800 3-8 NBG-18; NBG-17; PCEA; IG-110; 2114
5 1100 1-3 NBG-18; NBG-17; - PCEA; 1G-110; 2114
6 1100 3-8 NBG-18; NBG-17; - PCEA; 1G-110; 2114

In addition to the 25.4mm (1 inch) long by 12mm (0.5 inch) diameter “major” grades above which
provide creep data there are numerous 6mm (% inch) thick by 12mm (0.5 inch) diameter “minor” grades
of graphite and carbon which only provide dimensional change and thermal conductivity degradation
data. These “minor” grades include:

Highly Oriented Pyrolytic Graphite (HOPG)
A3 Carbon Matrix

Grade HLM

Grade NGB-25

Grade PGX

Grade PPEA

Grade NBG-25

Grade 2020

Grade PCIB

10. Experimental Grade BAN

L NOURWDNPRE

Each capsule contains approximately 30 samples per “major” grade (half of them stressed and half of
them unstressed). In addition there are approximately 10 of each “minor” grade in each capsule.

The creep and control specimen are contained in six channels. Two at each stress level of: 2 ksi (13.8
MPa): 2.5 ksi (17.3 MPa) and 3 ksi (20.7 MPa). The capsules unstressed center channel is where the
piggy back samples are located. All specimens take advantage of the ATR’s flux buckling to give similar
neutron doses to the matched pair creep (stressed) and control (unstressed) specimens. Similarly, by
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arranging the specimen pairs throughout the capsule a range of creep doses are attained at each of the
three stress levels for all the “major” grades in the capsule.

Each of the AGC capsules are fully instrumented, containing numerous thermocouples in axial and radial
locations, allowing the exact specimen temperature to be derived from calibrated thermal models. As a
back-up the first (prototype) capsule (AGC-1) additionally contained Silicon Carbide temperature
monitors at regular intervals along the center channel.

The creep load is applied through a series if pneumatic pistons and the load monitored via load cells.
The entire channel stack is periodically raised by a separate pneumatic pistons located at the bottom of
each channel to assure the specimens are not jammed and can move freely in the channel. Capsule
temperature control is maintained by having pre-set gas gaps and capsule gas environment control.

The first “prototype’ capsule, AGC-1, has completed irradiation, disassembly and specimen post
irradiation examination (PIE). Analysis of the creep data is complete (reported here). Capsule AGC-2 has
completed irradiation, has been disassembled and PIE is currently in progress. Capsule AGC-3 has
completed irradiation and is currently scheduled for disassembly at the end of 2014. Design and
construction of AGC-4 is currently scheduled to be completed at the end of 2014. Pre irradiation
examination of AGC-4 specimens is complete and insertion of AGC-4 test train is scheduled for 2015.
Design data (graphite swelling, etc.) for capsules AGC-5 and-6 will be obtained from the HTV capsule
(HFIR High Temperature Target Capsule) which will be irradiated in HFIR to a dose range of 2-4 dpa, at
temperatures from 900 to 1400°C. The need for capsule AGC-6 will be established later.

The pre- and post-irradiation examination (PIE) dimensions of the creep, and control specimens from
the irradiation creep capsule AGC-1 are reported here for the 160 specimens returned to ORNL. AGC-1
was the first of a series of five or six capsules planned as part of the Advanced Graphite Creep (AGC)
experiment to fully characterize the neutron irradiation and radiation creep behavior of current nuclear
graphite grades. Here the irradiation creep strain is defined as the difference between the irradiation
induced dimensional changes of the stressed and unstressed specimen under similar temperature and
dose conditions. The AGC-1 capsule was irradiated in the Advanced Test Reactor (ATR) at INL. The
temperatures achieved by the specimens ranged from = 472°C to = 710°C and to a peak dose of =7 dpa
(displacements per atom). The large spread of irradiation temperatures in the irradiation capsule
definitely complicated the creep strain data analysis. The specimen’s final dose, average temperature
and stress conditions have been reported by INL"* and are also tabulated here for completeness. The
AGC-1 Experimental Plan® and revised capsule layout” discuss the details of the AGC-1 experiment and
provide background on the capsules scope and purpose. Given that this was the prototype AGC capsule
design the problems experienced with AGC-1 are to be expected and should not reoccur.

The irradiation induced creep of graphite (dimensional change occurring under the simultaneous
influence of neutron irradiation and stress) remains one of the enduring mysteries for the nuclear
graphite community. The responsible graphite damage mechanisms at large neutron doses remain to
be fully elucidated. Stresses are induced in graphite components by temperature and/or neutron flux
gradients, and this coupled with other stresses (externally applied, design stresses, etc.) are sufficient to
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cause irradiation creep (which is fluence or time dependent) in the graphite at temperatures well below
that at which thermal creep would be observed.

Conventionally, this phenomenon has been studied by performing irradiation experiments in Material
Test Reactors (MTR’s). Small graphite specimens are kept under a constant load, and the apparent
creep strain determined by comparing the irradiation induced dimensional changes (strains) in
specimens irradiated under identical conditions, but where one is loaded and the other is not (the
control specimen). The difference between the dimensional change of the stressed and unstressed
specimen gives the creep strain.

Creep experiments of this nature, with both tensile and compressive applied stresses have been
performed for the past forty years to relatively high neutron doses. Generally, three stages of graphite
irradiation creep are recognized:

Stage 1; during the first stage of creep, strain accumulates with dose initially rapidly, but subsequently at
a diminishing rate, and has been shown to saturate at one elastic stain [O(ppiied)/ Eol, Where G(appiiea)is the
applied stress and Eg is the unirradiated Young’s Modulus.

Stage 2; during the second stage of irradiation induced creep, referred to as “steady state creep” or
“linear creep”, the creep strain is proportional to the neutron dose and applied stress. The slope of a
plot of second stage, or secondary, creep strain should be a straight line with slope K, the creep
coefficient. Typically, this stage is dominant between 1 and 10 dpa but the dose range over which
secondary creep occurs is temperature and graphite grade dependent.

Stage 3; this is the third and final stage of irradiation induced creep, occurring at higher doses, typically >
10 dpa, where the rate of accumulation of irradiation creep strain accelerates with dose.

The three stages of irradiation creep are illustrated in Fig 1.

Creep during stages | and |l are thought to be dominated by dislocation formation and flow processes
(i.e., in-crystal effects). Whereas stage lll creep (which occurs at higher doses, after the point of volume
change turn-around) is thought to be related to graphite structure changes (i.e., both in-crystal AND
pore volume effects). Research worldwide is currently directed at developing a more complete
understanding of the deformation processes in graphite at ALL stages of irradiation induced creep.

The details of any particular reactor design will dictate the peak dose to which the creep data,
accompanying mechanistic understanding and sound models are required. For example, if the Reactor
design is of the Prismatic Block type (as proposed for the NGNP design) then the data, mechanistic
understanding and creep model(s) would only be required to a peak dose of some 7 dpa but at
temperatures from approximately 300°C to 1200°C. If the reactor’s design is such that the graphite
passes through volume turnaround and into net volume swelling (as proposed for a Pebble Bed design),
the dose to which data, mechanistic understanding and creep model(s) are required (creep stage Ill) is
much higher.
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Figure 1 A schematic representation of the three stages of irradiation induced creep

The AGC-l experiment was designed to operate in a dose and irradiation temperature window were the

linear visco-elastic creep law should apply (linear stage in Figure 1). Under the linear visco-elastic creep

law. The normalized secondary creep data are linear indicating no structure effects at these (lower)

doses. Using this relationship, the total creep strain is given by:

J— [0)
crorar) = Ecprimary T Ecseconpary (%)

1= Exp(=bp)] = - (%)

€cpriMaRY = E

j— o,
Ecseconpary = KoV (%)
o

Ec(roTaL) = 5 + Koy (%)

0

Where K = K’/o(max) = secondary creep constant in %/dpa.MPa or 10*cm?*/n.Pa

4
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o = Applied Stress (MPa)
Y = neutron dose, dpa
Eo = Initial (pre-irradiation) Young’s Modulus
A and b are constants (A is usually = 1), and K is the secondary (linear) creep coefficient

The creep strain data reported here has successfully been fitted to this linear equation.
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2. Experimental

2.1. The AGC-1 Creep Capsule
A schematic of the AGC-1 Creep Capsule is shown in Figure 2.
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Figure 2 The AGC-1 Creep Capsule (refer to INL Drawing 630431)

The capsule had six channels with an applied load and a center channel with no load applied. The
sections of the outer channels above the reactor mid-plane were stressed and the sections of the
channels below the reactor mid-plane were unstressed. By pre-ordering the specimen’s axial location it
was thus possible to attain matched pairs with similar neutron fluence (due to flux buckling) at the same
stress. Three stress levels large enough to induce irradiation creep within the nuclear graphite grades
(2.0 ksi, 2.5 ksi and 3.0 ksi nominally) were chosen to ascertain the effects of stress and irradiation creep
levels on changes to the material properties in graphite. The original design of the irradiation capsule
specified two stress levels with three channels receiving a higher stress level and 3 channels receiving a
lower stress level.> However formal review of the design determined that unacceptable bending
moments could be imposed upon the entire test capsule if one of the channels could not be loaded to
the specified level. The capsule design was modified and a third stress state was added with
diametrically opposed channels carrying equal stresses”. If one of the channels was not able to be
loaded to the desired level the opposing channel would be unloaded so no bending moments would be
applied to the capsule.
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The AGC-1 capsule had a dose range of 1.4-6.9 dpa and an irradiation temperature range from 472-710
°C. The capsule mean temperatures were calculated from thermocouple inputs and corroborated with
SiC temperature monitors (located in the central channel along the capsule centerline). Doses were
calculated using MCNP models and operating conditions in the ATR core and corroborated from flux
wire data.

The graphites grades in the AGC-1 capsule can be categorized as follows.

a. Major Grades (Irradiation creep and companion specimens)

These graphites are reactor vendor’s candidates for the core structures of NGNP, and
include four new grades (NBG-17, NBG-18, PCEA, and 1G-430) as well as two historical
(reference) grades (H-451 and IG-110). These grades are most likely to receive reasonably
large neutron doses in their lifetime and were subjected to the applied loads of the AGC-1
capsule. These grades occupied the stressed and companion unstressed positions in the
AGC-1 capsule and hence make up the irradiation creep specimens.

b. Minor Grades (piggyback specimens)

These grades are NGNP relevant grades that are most likely to be used in low neutron dose
regions of the core; e.g., the permanent structure of the prismatic block very high
temperature reactor (VHTR) design and includes grades PGX, HLM, NBG-10, and NBG-25.

c. Alternate Grades (piggyback specimens)

Grades that NGNP vendors have identified as being of interest as alternate graphites for
certain components within the reactor, and includes grades PPEA, 2020, and PCIB.

d. Experimental Grades (piggyback specimens)

Two experimental graphites are included in AGC-1 (BAN and A3 matrix). BAN graphite is an
experimental grade whose manufacturing process and raw materials are such that it should
offer superior irradiation stability. A3 matrix is the blend of graphites and carbonized
phenolic resin used as the matrix in the NGNP fuel compact or fuel pebble. Samples of A3
matrix were obtained from the NGNP program and were produced at Oak Ridge National
Laboratory (ORNL).

e. Single Crystal Graphite (piggyback specimens)

The dimensional change behavior of graphite is particularly significant to the behavior of
polycrystalline (polygranular) graphite. Therefore, samples of HOPG are included in AGC-1.
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The six major grades of graphite for which the creep strain response is reported here are summarized in
Table 2 and Table 3.

Table 2 The major graphite grade within the AGC-1 capsule3

Graphite Grade Forming Method Intended Purpose AGC Code Letter
NBG-17 Vibrational molded AREVA NGNP Design A
NBG-18 Vibrational molded PBMR (not currently being B

pursued)
H-451 Extruded Historical Grade (REF) C
PCEA Extruded AREVA NGNP Design D
IG-110 Isostatically Pressed PMBR-DM (China) — Under E
construction
1G-430 Isostatically Pressed Candidate Graphite F

For grades NBG-17, NBG-18 and PCEA (codes A, B & D) both with-grain (WG) and against grain (AG)
specimen orientations were included in the capsule.

Table 3 Number of stressed/unstressed samples, and their graphite grades, included in the outer peripheral channels of
irradiation capsule AGC-1°

Graphite Grade Source Number of
stressed/unstressed
peripheral column samples
NBG-17 (both WG and AG) SGL Carbon 34
NBG-18 (both WG and AG) SGL Carbon 34
H-451 (Reference Grade) WG only | SGL Carbon 20
PCEA (both WG and AG) GrafTech International 34
IG-110 (Reference Grade) Toyo Tanso 20
1G-430 Toyo Tanso 32
TOTAL 174

Following irradiation in the Advanced Test Reactor (ATR) at the Idaho National Laboratory (INL) the AGC-
1 capsule was disassembled. All specimens recovered from disassembly were visually inspected and
physically measured®. The majority of the creep and control specimens were shipped to Oak Ridge
National Laboratory (ORNL) for PIE in the Low Activation Materials Development & Analysis (LAMDA)
laboratories. Figure 3 shows the AGC-1 shipping drum used to ship the specimens to ORNL. After
removal from the transit tubes the specimens were visually examined and digitally photographed.
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Examples of the digital pictures are given in Figure 4 and Figure 5. The specimen nominal dimensions
are nominally 25.4 mm length by 12.7 mm diameter.

' e

Figure 3 The AGC-1 specimen shipping cask at ORNL
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Figure 4 AGC-1 creep specimen 35-15, DW 5-02 (PCEA Graphite)

Figure 5 AGC-1 control specimen 3U14, DW 6-10 (PCEA Graphite)

10
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2.2. Testing Methods

The experimental methods followed for dimensional and mass determination in the pre- and post-
irradiation conditions have been previously reported®®”®°. AGC-1 testing followed ASTM test methods
as prescribed in the Experimental Plan™® (Table 4).

Table 4 Physical properties determined in this work and the relevant ASTM test standards

Test Property Standard Title ASTM
Standard
General Testing Graphite and Boronated Graphite Materials for High- Cc781
Temperature Gas-Cooled Nuclear Reactor Components
Dimensions, Bulk Density by Physical Measurements of Manufactured Carbon C559
mass, density and Graphite Articles

2.3. AGC-1 Creep specimen final temperatures, doses, and stresses

The individual creep specimen’s average irradiation (mean) temperature (°C), peak fluence (dpa), and
load (Ibf) are reported in Table 5 through Table 10 for the stressed specimens®and Table 11 through
Table 16 for the unstressed (control) specimens’. The stress levels applied to the stressed creep
specimens were nominally 2 ksi (channels 1 & 4), 2.5 ksi (channels 2 & 5), and 3 ksi (channels 3 & 6)*.
Flux levels experienced by each specimen during irradiation were dependent upon its axial position
within the stack, and as a consequence within the ATR core. Specimens located at the core midplane
(COM = 0) received the highest flux levels while specimens located near the top and bottom axial core
locations received the lowest flux levels. The tabulated specimen fluence data are calculated based on
the ATR operating history (time in reactor, core power levels, and position within the core) and
corrected using flux wires and “MCNP” models. The tabulated specimen temperature data are
calculated for specimen position using TC data and thermal models.

11
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Table 5 AGC-1 fluence, temperature, and load values for channel 1 (North Channel) specimens

S-1, Compressed

(Fluence and temperature are corrected)

Initial Experiment
Drawing Specimen  Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (1bf)
-34 1512 NBG-17 19.250 589 3.47 377
-35 BW12-02 NBG-18 18.000 597 3.93 377
-33 1514 PCEA 16.750 606 4.36 377
-37 159 1G-110 15.500 621 4.75 377
-37 157 1G-110 14.250 635 511 377
-32 1515 H-451 13.000 649 5.44 377
-36 FW13-01 1G-430 11.750 662 572 377
-34 1511 NBG-17 10.500 668 5.97 377
-35 352 NBG-18 9.250 671 6.19 377
-33 451 PCEA 8.000 680 6.37 377
-34 153 NBG-17 6.750 690 6.51 377
-35 154 NBG-18 5.500 700 6.63 377
-33 152 PCEA 4.250 706 6.73 377
-36 155 1G-430 3.000 708 6.79 377
-32 158 H-451 1.750 706 6.84 377
Flux Wire MCNP PIE
Flux Wire COM Fluence, Flux Wire
Dash Flux Wire Flux Wire Elevation Corrected Fluence
No. IDMNo. Type {in) (DPA) (DPA)
-71 2 Fe+Nb 18.625 3.70 3.33
-71 3 Fe+Nb 13.625 5.28 5.04
-71 4 Fe+MNb 7.375 6.44 7.12
-78 8F Fe+Nb+Ti 2.375 6.82 7.28

12
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Table 6 AGC-1 fluence, temperature, and load values for channel 2 (North-East Channel) specimens

S-2, Compressed

(Fluence and temperature are corrected)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (I1bf)
-34 204 NBG-17 19.250 592 3.49 467
-35 5U5 NBG-18 18.000 599 3.95 467
-33 2514 PCEA 16.750 609 4.38 467
-36 2515 1G-430 15.500 625 4.78 467
-36 259 1G-430 14.250 639 5.15 467
-34 256 NBG-17 13.000 653 5.47 467
-35 2511 NBG-18 11.750 B65 5.76 467
-33 258 PCEA 10.500 670 6.02 467
-37 257 1G-110 9.250 674 6.24 467
-32 2513 H-451 8.000 683 6.42 467
-36 253 1G-430 6.750 693 6.58 467
-34 254 NBG-17 5.500 703 6.70 467
-35 252 NBG-18 4.250 709 6.80 467
-33 251 PCEA 3.000 711 6.87 467
-32 655 H-451 1.750 708 6.92 467
Flux Wire MCNP PIE
Flux Wire COM Fluence, Flux Wire
Dash Flux Wire Flux Wire Elevation Corrected Fluence
No. ID No. Type (in) (DPA) (DPA)
-71 H Fe+Nb 13.625 5.31 5.07
-71 | Fe+Nb 2.375 6.89 7.66]

13
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Table 7 AGC-1 fluence, temperature, and load values for channel 3 (South-East Channel) specimens

S-3, Compressed
(Fluence and temperature are corrected)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 COMm Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (Ibf)
-34 3513 NBG-17 19.250 594 3.42 565
-36 357 1G-430 18.000 602 3.87 565
-36 355 1G-430 16.750 612 4.30 565
-37 1U9 1G-110 15.500 628 4.69 565
-37 359 1G-110 14.250 642 5.05 565
-35 3514 NBG-18 13.000 656 5.38 565
-33 3515 PCEA 11.750 669 5.66 565
-34 AW13-02 NBG-17 10.500 674 5.92 565
-35 3511 NBG-18 9.250 678 6.13 565
-33 DW11-01 PCEA 8.000 687 6.32 565
-32 3510 H-451 6.750 697 6.47 565
-36 354 1G-430 5.500 707 6.59 565
-34 EW10-02 NBG-17 4.250 713 6.69 565
-35 3512 NBG-18 3.000 714 6.76 565
-32 351 H-451 1.750 712 6.81 565
Flux Wire MCNP PIE
Flux Wire cCoOm Fluence, Flux Wire
Dash Flux Wire Flux Wire Elevation Corrected Fluence
No. IDNo. Type (in) (DPA) (DPA)
-71 K Fe+Nb 13.625 5.21 4.92
-71 N Fe+Nb 2.375 6.78 6.21

14
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Table 8 AGC-1 fluence, temperature, and load values for channel 4 (South Channel) specimens

S-4, Compressed

(Fluence and temperature are corrected)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 CoOm Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (Ibf)
-34 4512 NBG-17 19.250 594 3.32 359
-35 4514 NBG-18 18.000 603 3.76 359
-33 456 PCEA 16.750 612 4.17 359
-32 4513 H-451 15.500 628 4.56 359
-32 452 H-451 14.250 642 4.91 359
-34 458 NBG-17 13.000 656 5.23 359
-36 4510 1G-430 11.750 669 5.51 359
-35 BW12-03 NBG-18 10.500 675 5.76 359
-33 4515 PCEA 9.250 679 5.97 359
-36 353 1G-430 8.000 688 6.15 359
-35 455 NBG-18 6.750 698 6.30 359
-37 459 1G-110 5.500 708 6.42 359
-33 4U1 PCEA 4.250 714 6.52 359
-36 453 1G-430 3.000 716 6.59 359
-37 454 IG-110 1.750 713 6.63 359
Flux Wire MCNP PIE
Flux Wire com Fluence, Flux Wire
Dash Flux Wire Flux Wire Elevation Corrected Fluence
No. IDNo. Type (in) (DPA) (DPA)
-71 5 Fe+Nb 18.625 3.54 3.11
-71 T Fe+Nb 13.625 5.07 4.86
-71 i) Fe+Nb 7.375 6.23 6.77
-78 ug8 Fe+Nb+Ti 2.375 6.61 7.40

15
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Table 9 AGC-1 fluence, temperature, and load values for channel 5 (South-West Channel) specimens

S-5, Compressed

(Fluence and temperature are corrected)

Initial Experiment
Drawing Specimen  Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (I1bf)
-36 eu7 1G-430 19.250 593 3.37 474
-37 5513 1G-110 18.000 601 3.82 474
-33 5512 PCEA 16.750 611 4.25 474
-32 6uUS H-451 15.500 627 4.64 474
-32 557 H-451 14.250 641 5.00 474
-34 358 NBG-17 13.000 655 5.33 474
-35 5515 NBG-18 11.750 668 5.62 474
-33 559 PCEA 10.500 674 5.87 474
-34 5514 NBG-17 9.250 677 6.09 474
-35 558 NBG-18 8.000 686 6.28 474
-36 5510 1G-430 6.750 697 6.43 474
-33 554 PCEA 5.500 706 6.55 474
-34 556 NBG-17 4.250 712 6.65 474
-36 552 1G-430 3.000 714 6.72 474
-37 551 1G-110 1.750 712 6.77 474
Flux Wire MCNP PIE
Flux Wire COM Fluence, Flux Wire
Dash Flux Wire Flux Wire Elevation Corrected Fluence
No. IDNo. Type (in) (DPA) (DPA)
-71 CJ Fe+Nb 13.625 5.17 Mo Data
-71 CK Fe+Nb 2.375 6.74 7.69

16
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Table 10 AGC-1 fluence, temperature, and load values for channel 6 (North-West Channel) specimens

S-6, Compressed

(Fluence and temperature are corrected)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (I1bf)
-34 6515 NBG-17 19.250 593 3.51 558
-35 457 NBG-18 18.000 599 3.96 558
-33 6511 PCEA 16.750 610 4.39 558
-36 6510 1G-430 15.500 626 4.78 558
-36 657 1G-430 14.250 639 5.14 558
-32 659 H-451 13.000 653 5.46 558
-37 6514 1G-110 11.750 666 5.75 558
-34 658 NBG-17 10.500 670 6.00 558
-35 6513 NBG-18 9.250 674 6.21 558
-33 156 PCEA 8.000 683 6.39 558
-37 255 1G-110 6.750 693 6.54 558
-34 651 NBG-17 5.500 703 6.66 558
-35 656 NBG-18 4.250 709 6.76 558
-33 654 PCEA 3.000 710 6.83 558
-36 652 1G-430 1.750 708 6.87 558
Flux Wire MCNP PIE
Flux Wire COM Fluence, Flux Wire
Dash Flux Wire Flux Wire Elevation Corrected Fluence
No. IDNo. Type (in) (DPA) (DPA)
-71 CE Fe+MNb 13.625 5.30 5.59
-71 CA Fe+MNb 2.375 6.85 6.79

The individual specimen core location, irradiation temperature (°C), and tabulated dose level (dpa) for

the unstressed specimens are reported in Table 11 through Table 16.

17
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Table 11 AGC-1 fluence and temperature values for channel 1 (North Channel) control specimens

S-1, Uncompressed

(Fluence and temperature correction negligible)

Initial Experiment
Drawing Specimen  Averaged Power

Drawing 630431 coMm Specimen Averaged

630431 Specimen Graphite Elevation Temperature Fluence Load

Dash No. ID No. Type (in) (C) (DPA) (1bf)
-64 1PB16 NBG-17 -1.625 677 6.86 No Load
-68 1PB17 PCEA -2.125 678 6.85 No Load
-66 1PB18 NBG-18 -2.625 678 6.83 No Load
-69 1PB19 1G-430 -3.125 678 6.82 MNo Load
-66 BW15C05 NBG-18 -3.625 678 6.80 MNo Load
-67 1PB21 1G-110 -4.125 677 6.78 No Load
-46 1PB22 BAN -4.625 676 6.75 No Load
-52 ius H-451 -5.500 674 6.70 No Load
-51 1U5 1G430 -6.750 672 6.61 No Load
-49 1u2z PCEA -8.000 672 6.49 No Load
-48 1U4 NBG-18 -9.250 664 6.34 No Load
-50 1U3 NBG-17 -10.500 650 6.17 No Load
-49 356 PCEA -11.750 632 5.96 No Load
-48 3U2 NBG-18 -13.000 611 5.72 No Load
-50 1u11 NBG-17 -14.250 592 5.44 MNo Load
-51 1u10 1G430 -15.500 580 5.12 MNo Load
-52 1U14 H-451 -16.750 580 4.76 No Load
-53 1U7 1G-110 -18.000 562 4.36 No Load
-49 1U13 PCEA -19.250 533 3.91 No Load
-48 1u1 NBG-18 -20.500 504 3.41 No Load
-50 1ui2 NBG-17 -21.750 468 2.87 No Load
-69 1PB23 1G-430 -22.625 438 2.46 No Load
-68 1PB24 PCEA -23.125 426 2.22 No Load
-66 1PB25 NBG-18 -23.625 409 1.98 No Load

Flux Wire PIE

Flux Wire com MCNP Flux Wire
Dash Flux Wire Flux Wire Elevation Fluence Fluence

No. IDNo. Type (in) (DPA) (DPA)

-71 & Fe+Nb -7.375 6.55 7.41

-71 7 Fe+Nb -13.625 5.58 5.87

-71 F Fe+Nb -21.125 3.14 3.45

18
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Table 12 AGC-1 fluence and temperature values for channel 2 (North-East Channel) control specimens

S-2, Uncompressed

(Fluence and temperature correction negligible)

Initial Experiment

Drawing Specimen Averaged Power
Drawing 630431 COM Specimen Averaged

630431 Specimen Graphite Elevation Temperature Fluence Load

Dash No. ID No. Type (in) (C) (DPA) (Ibf)
-64 2PB16 NBG-17 -1.625 679 6.94 Mo Load
-68 2PB17 PCEA -2.125 681 6.93 Mo Load
-66 2PB18 NBG-18 -2.625 681 6.92 Mo Load
-69 2PB19 1G-430 -3.125 681 6.90 Mo Load
-65 2PB20 H-451 -3.625 680 6.88 Mo Load
-67 2PB21 1G-110 -4.125 679 6.86 Mo Load
-46 2PB22 BAN -4.625 678 6.83 Mo Load
-52 412 H-451 -5.500 677 6.77 Mo Load
-49 201 PCEA -6.750 674 6.68 Mo Load
-48 202 NBG-18 -8.000 675 6.55 Mo Load
-50 1513 NBG-17 -9.250 667 6.40 Mo Load
-51 2U3 G430 -10.500 653 6.22 Mo Load
-52 2U12 H-451 -11.750 635 6.00 Mo Load
-53 207 1G-110 -13.000 613 5.76 Mo Load
-49 2U8 PCEA -14.250 594 5.47 Mo Load
-48 2011 NBG-18 -15.500 582 5.15 Mo Load
-50 2U6 NBG-17 -16.750 582 4.78 MNo Load
-51 209 G430 -18.000 564 4.37 Mo Load
-49 2013 PCEA -19.250 534 3.91 Mo Load
-48 eU3 NBG-18 -20.500 505 3.41 Mo Load
-50 2U10 NBG-17 -21.750 470 2.86 Mo Load
-67 2PB23 1G-110 -22.625 439 2.46 Mo Load
-66 2PB24 NBG-18 -23.125 427 2.22 Mo Load
-69 2PB25 1G-430 -23.625 411 1.97 Mo Load

Flux Wire PIE
Flux Wire COM MCNP Flux Wire
Dash Flux Wire Flux Wire Elevation Fluence Fluence

No. ID No. Type (in) (DPA) (DPA)

-71 J Fe+Nb -13.625 5.61 6.61
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Table 13 AGC-1 fluence and temperature values for channel 3 (South-East Channel) control specimens

S-3, Uncompressed

(Fluence and temperature correction negligible)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (Ibf)
-64 3PB16 NBG-17 -1.625 683 6.83 No Load
-68 3PB17 PCEA -2.125 684 6.82 No Load
-66 3PB18 NBG-18 -2.625 685 6.80 Mo Load
-69 3PB19 1G-430 -3.125 685 6.79 No Load
-65 3PB20 H-451 -3.625 684 6.77 No Load
-67 3PB21 1G-110 -4.125 683 6.74 Mo Load
-46 3PB22 BAN -4.625 682 6.72 No Load
-52 3U1 H-451 -5.500 681 6.66 Mo Load
-48 2512 NBG-18 -6.750 678 6.56 Mo Load
-50 EW10-03 NBG-17 -8.000 678 6.43 No Load
-51 3u4 1G430 -9.250 670 6.28 No Load
-52 3U10 H-451 -10.500 657 6.09 Mo Load
-49 3Ue PCEA -11.750 638 5.88 No Load
-48 3U11 NBG-18 -13.000 617 5.63 Mo Load
-50 3us NBG-17 -14.250 597 5.35 No Load
-49 3U14 PCEA -15.500 585 5.02 No Load
-48 3U13 NBG-18 -16.750 585 4.66 No Load
-53 3U9 1G-110 -18.000 567 4.25 Mo Load
-51 3Us 1G430 -19.250 537 3.80 No Load
-51 3U7 G430 -20.500 508 3.32 Mo Load
-50 3U12 NBG-17 -21.750 472 2.79 No Load
-68 3PB23 PCEA -22.625 441 2.40 No Load
-69 3PB24 |G-430 -23.125 430 2.17 Mo Load
-68 3PB25 PCEA -23.625 413 1.93 No Load
Flux Wire PIE
Flux Wire COM MCNP Flux Wire
Dash Flux Wire Flux Wire Elevation Fluence Fluence
MNo. IDNo. Type (in) (DPA) (DPA)
-71 0 Fe+Nb -13.625 5.49 5.76
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Table 14 AGC-1 fluence and temperature values for channel 4 (South Channel) control specimens

S-4, Uncompressed

(Fluence and temperature correction negligible)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (I1bf)
-64 4PB16 NBG-17 -1.625 684 6.65 No Load
-68 4PB17 PCEA -2.125 686 6.65 No Load
-66 4PB18 NBG-18 -2.625 686 6.63 No Load
-69 4PB19 1G-430 -3.125 686 6.62 No Load
-65 4PB20 H-451 -3.625 685 6.60 No Load
-67 4PB21 IG-110 -4.125 684 6.58 No Load
-46 4PB22 BAN -4.625 683 6.55 No Load
-53 4U4 IG-110 -5.500 682 6.49 No Load
-51 4U3 1G430 -6.750 679 6.40 No Load
-49 4U6 PCEA -8.000 679 6.27 No Load
-53 4U9 1G-110 -9.250 671 6.13 No Load
-48 4U5 NBG-18 -10.500 658 5.95 No Load
-51 3u3 1G430 -11.750 639 5.74 No Load
-49 4U14 PCEA -13.000 618 5.50 No Load
-48 4U7 NBG-18 -14.250 599 5.22 No Load
-51 4U10 1G430 -15.500 587 4.91 No Load
-50 4U8 NBG-17 -16.750 587 4.55 MNo Load
-52 4uU12 H-451 -18.000 568 4.16 MNo Load
-49 5511 PCEA -19.250 538 3.72 MNo Load
-48 4U13 NBG-18 -20.500 509 3.24 MNo Load
-50 4U11 NBG-17 -21.750 473 2.73 MNo Load
-66 4PB23 NBG-18 -22.625 442 2.34 MNo Load
-68 4PB24 PCEA -23.125 431 2.11 MNo Load
-66 4PB25 NBG-18 -23.625 414 1.88 No Load
Flux Wire PIE
Flux Wire com MCNP Flux Wire
Dash Flux Wire Flux Wire Elevation Fluence Fluence
No. IDNo. Type (in) (DPA) (DPA)
-71 X Fe+Nb -7.375 6.34 7.30
-71 XX Fe+Nb -13.625 5.36 6.39
-71 Y Fe+Nb -21.125 2.98 3.32
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Table 15 AGC-1 fluence and temperature values for channel 5 (South-West Channel) control specimens

S-5, Uncompressed

(Fluence and temperature correction negligible)

Initial Experiment

Drawing Specimen  Awveraged Power
Drawing 630431 COM Specimen Averaged

630431 Specimen Graphite Elevation Temperature Fluence Load

Dash No. ID No. Type (in) (C) (DPA) (Ibf)
-43 5PB16 NBG-25 -1.625 683 6.79 Mo Load
-44 SPB17 S-2020 -2.125 684 6.78 Mo Load
-45 S5PB18 PCIB -2.625 685 6.76 Mo Load
-46 S5PB19 BAN -3.125 685 6.75 Mo Load
-47 SPB20 NBG-10 -3.625 684 6.73 Mo Load
-68 DW15C04 PCEA -4.125 683 6.70 Mo Load
-39 5PB22 A3 -4.625 682 6.68 Mo Load
-53 5U1 1G-110 -5.500 681 6.62 Mo Load
-51 5U2 1G430 -6.750 678 6.52 Mo Load
-50 5U6 NBG-17 -8.000 678 6.40 Mo Load
-49 5U4 PCEA -9.250 670 6.24 Mo Load
-51 5U10 1G430 -10.500 656 6.06 Mo Load
-48 5U8 NBG-18 -11.750 638 5.85 Mo Load
-50 5U13 NBG-17 -13.000 617 5.61 Mo Load
-49 5U9 PCEA -14.250 597 5.33 Mo Load
-48 5U14 NBG-18 -15.500 585 5.01 Mo Load
-50 4511 NBG-17 -16.750 585 4.65 Mo Load
-52 5U7 H-451 -18.000 567 4.24 Mo Load
-49 5U11 PCEA -19.250 537 3.80 Mo Load
-53 5U12 1G-110 -20.500 507 3.21 Mo Load
-51 2014 1G430 -21.750 472 2.78 Mo Load
-46 S5PB23 BAN -22.625 441 2.38 Mo Load
-43 S5PB24 NBG-25 -23.125 430 2.15 Mo Load
-42 S5PB25 PPEA -23.625 413 1.91 Mo Load

Flux Wire PIE

Flux Wire COM MCNP Flux Wire
Dash Flux Wire Flux Wire Elevation Fluence Fluence

Mo. IDNo. Type (in) (DPA) (DPA)
-71 CcC Fe+MNb -13.625 5.47 Mo Data
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Table 16 AGC-1 fluence and temperature values for channel 6 (North-West Channel) control specimens

5-6, Uncompressed

(Fluence and temperature correction negligible)

Initial Experiment
Drawing Specimen Averaged Power
Drawing 630431 COM Specimen Averaged
630431 Specimen Graphite Elevation Temperature Fluence Load
Dash No. ID No. Type (in) (C) (DPA) (Ibf)
-69 FW19C04 1G-430 -1.625 679 6.89 No Load
-39 6PB17 A3 -2.125 681 6.88 No Load
-40 6PB18 HLM -2.625 681 6.87 No Load
-41 6PB19 PGX -3.125 681 6.85 No Load
-42 6PB20 PPEA -3.625 680 6.83 No Load
-65 6PB21 H-451 -4.125 679 6.81 MNo Load
-39 6PB22 A3 -4.625 678 6.79 No Load
-51 6U2 1G430 -5.500 677 6.73 MNo Load
-49 6U4 PCEA -6.750 674 6.63 No Load
-48 6U6E NBG-18 -8.000 674 6.51 No Load
-50 5U3 NBG-17 -9.250 667 6.36 No Load
-53 2U5 1G-110 -10.500 653 6.18 No Load
-49 1Ue PCEA -11.750 634 5.96 No Load
-48 6U12 NBG-18 -13.000 613 5.72 No Load
-50 6U8 NBG-17 -14.250 594 5.43 MNo Load
-53 6U13 1G-110 -15.500 582 5.11 MNo Load
-52 6uU9 H-451 -16.750 582 4.74 No Load
-51 6U10 1G430 -18.000 564 4.34 No Load
-49 6U11 PCEA -19.250 534 3.88 No Load
-48 555 NBG-18 -20.500 505 3.39 MNo Load
-50 6U14 NBG-17 -21.750 470 2.85 No Load
-44 6PB23 5-2020 -22.625 439 2.45 No Load
-40 6PB24 HLM -23.125 427 2.21 No Load
-45 6PB25 PCIB -23.625 411 1.97 No Load
Flux Wire PIE
Flux Wire COM MCNP Flux Wire
Dash Flux Wire Flux Wire Elevation Fluence Fluence
No. IDNo. Type (in) (DPA) (DPA)
-71 CH Fe+MNb -13.625 5.58 6.15
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3. Creep Strain data by Grade

In this sub-section we report the creep strain data by graphite grade. Table 17 reports the individual
grade code letters, the graphite grades and the tables in which the creep strain data are reported.

Table 17 Grade code letters and the Tables reporting the creep strain data

Graphite Grade Forming Method Table Numbers AGC Code Letter
NBG-17 Vibrational molded 1819 A
NBG-18 Vibrational molded 20,21 B

H-451 Extruded 22,23 C
PCEA Extruded 24, 25 D
IG-110 Isostatically Pressed 26, 27 E
1G-430 Isostatically Pressed 28,29 F

For each grade there are two data Tables, the first reports the specimen dimensions, mass, bulk density,
and volume change. The second Table reports the dimensional change, the creep strain, the specimen
loading details, and the irradiation conditions (dose and temperature). Both Tables are sorted first by
applied stress (nominally, 2 ksi, 2.5 ksi, and 3 ksi or 13.9 MPa, 16.4 MPa and 19.6 MPa, respectively) and
within each stress group by ascending neutron dose (dpa).
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3.1. Grade NGB-17 (A)
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Table 18 Specimen dimensions, mass, bulk density, and volume change for grade NBG-17
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AWi002 25377 25376 25375 2537 1276 1273 1273 12746 127 1273 12739 12748 3103 3185 067  sace | 5035 2500602 127E02 1275604 | 523495608 sasaE06 12845007 4037 1s65.42 18654
24597 2457 24610 24599 12693 12684 12678 12688 12608 12682 12678 12680 3268 3264 9245 3240 5935 2460E02 1268E02 1264E04  S40970E08 | 30304206 x 190356 19436
Awsoz 250802 127602
AW 9-02 not retumed by INL INL data for means 251E-02  1.26E-02 x
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Table 19 Dimensional change, the creep strain, the specimen loading details, and the irradiation conditions (dose and
temperature for grade NBG-17

AL8-01

AL8-02

AL6-02

AL6-01

AW1-03

AW2-03

AWE-02

AW7-01

AW1-02

AW2-02

AW1-01

AW2-01

AW6-03

AWT-02

AW4-02

AWS5-01

AW4-01

AW4-03

AW9-01

AW10-01

AWT7-03

AW9-03

AWS5-02

AWE-01

AW12-01

AW13-01

AW13-02

AWS5-03

AW10-03

AW12-03

AW10-02

AW9-02

3s8

4s11

2s4

1813

1s12

112

4s8

4u8

1s11

111

153

1U3

4512

au11

2u4

2u10

2S6

2U6

5514

5U13

5S6

5U6

3s13

3u12

6S15

6U14

SPARE

3us

658

6U8

6S1

5U3

[ socinen nee |

Companion Specimen Di ional Change, Load Details Creep Strain (cree) Iradiation Conditions
1D. L(mm) | ALi@) | D(mm) | aDDy(%) Creep | Control Load Stress Longitudanal Tem) Dose
Number Number ADIM = IRR-UNIRR Ibf ksi MPa (mm) ID No. 'C DPA channel
4s11 AL8-02 3s8 655 5.33 S5
-0.570 -2.248 -0.036 -0.286 x 474 2.40 16.58 0361 " 142 0.069 0.55
3s8 AL8-01 4s11 585 4.65 us
-0.209 -0.824 -0.106 -0.831 x 0 0.00 0.00
1s13 AL6-01 2s4 703 6.70 s2
-0.743 -2.930 -0.052 -0.405 x 467 2.37 16.32 -0.408 -1.61 0.092 0.72
284 AL6-02 1813 667 6.40 u2
-0.335 -1.321 -0.143 -1.124 x 0 0 0
12 AW2-03 1812 589 3.47 s1
-0.308 -1.215 -0.034 -0.270 x 377 191 13.15 0184 " 072 0.023 0.18
112 AW1-03 w12 468 2.87 u1
-0.124 -0.490 -0.058 -0.454 x 0 0.00 0.00
4us AW7-01 4s8 656 5.23 S4
-0.460 -1.814 -0.055 -0.435 X 359 1.82 12.54 0.266 " -1.05 0.045 0.36
4s8 AWE-02 4u8 587 4.55 u4
-0.195 -0.767 -0.101 -0.792 x 0 0 0
w1 AW2:02 1511 668 5.97 s1
-0.546 -2.151 -0.091 -0.714 X 377 191 13.16 0287 " 113 0.045 0.36
1811 AW1-02 w11 592 5.44 u1
-0.259 -1.020 -0.136 -1.070 x 0 0.00 0.00
U3 AW2-01 1s3 690 6.51 s1
-0.630 -2.481 -0.106 -0.834 X 377 191 13.17 0361 7 142 0.043 0.34
153 AW1-01 U3 650 6.17 u1
-0.269 -1.059 -0.149 -1.169 x 0 0.00 0.00
4l AW7-02 4512 594 3.32 s4
-0.283 -1117 -0.026 -0.206 X 359 182 12.55 INL data for AW 702 not sound
412 AW6-03 0 au11 473 273 u4
INL data for AW 702 not good x
2U10 AWS-01 2u4 592 3.49 s2
-0.343 -1.352 -0.023 -0.184 X 467 2.36 16.30 0228 " 090 0.033 0.26
2u4 AW4-02 2u10 470 2.86 u2
-0.115 -0.452 -0.056 -0.443 X o 0.00 0.00
2U6 AW4-03 256 653 5.47 s2
-0.546 -2.151 -0.067 -0.524 X 467 2.36 16.30 0324 " 128 0.045 0.35
256 AwW4-01 2U6 582 4.78 u2
-0.221 -0.872 -0.111 -0.875 x 0 0.00 0.00
5U13 AW10-01 5514 677 6.09 S5
-0.630 -2.483 -0.052 -0.408 X 474 2.40 16.56 0374 " 147 0.085 0.67
5514 AW9-01 5U13 617 5.61 us
-0.256 -1.008 -0.137 -1.079 x [
5U6 AW9-03 556 712 6.56 S5
-0.689 -2.715 -0.051 -0.398 X 474 2.40 16.55 0412 "7 162 0.106 0.83
556 AW7-03 5U6 678 6.4 us
-0.277 -1.090 -0.156 -1.227 x 0 0.00 0.00
3u12 AW6-01 3s13 594 3.42 S3
-0.389 -1.534 -0.010 -0.080 x 565 2.86 19.75 -0.278 -1.10 0.044 0.34
3813 AW502 3u12 472 2.79 us
-0.111 -0.437 -0.054 -0.421 x 0 0 0
6U14 AW13-01 6815 593 351 S6
-0.393 -1.552 -0.012 -0.094 X 558 2.82 19.47 -0.275 -1.09 0.036 0.28
6S15 AW 12-01 6U14 470 2.85 us
-0.118 -0.465 -0.048 -0.378 x 0 0.00 0.00
3us AWS-03 AWI13-02 674 5.92 s3
-0.703 2773 -0.040 -0.311 x 565 2.86 19.73 -0.470 -1.85 0.087 0.69
SPARE  AW13-02 3us 597 5.35 u3
-0.234 -0.921 -0.127 -0.996 x o 0 0
6Us  AWI12:03 658 670 6 s6
-0.730 -2.877 -0.054 -0.427 X 558 2.83 19.49 -0.480 -1.89 0.076 0.60
658 AW10-03 6U8 594 5.43 U6
-0.250 -0.985 -0.131 -1.026 x 0 0.00 0.00
5U3 AW9-02 6S1 703 6.66 S6
-0.775 -3.055 -0.055 -0.431 X 558 2.82 19.47 -0.509 -2.01 0.093 0.73
6S1 AW10-02 5U3 667 6.36 ue
-0.266 -1.047 -0.148 -1.159 X 0
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3.2 Grade NBG-18 (B)

Table 20 Specimen dimensions, mass, bulk density, and volume change for grade NBG-18
[

Means. Creep specimens ] [ Control specimens |

‘Specimen| Thickness mm. ] | Outside Diameter mm. ] [ Hole Diameter ,mm. | Thickness | Diameter | Cross-section [ 2- hole Volume [ Volume T Volume Change | [CSpecimen Type | [ Vvolume T Volume Change | Density | Density

Number |11 2 B a | |oo o2 bs o ] [ Joo* o0 o ] [ e w. e ] m m o e [ w [ w [ ewow ] [ceeplcomo] [ ms | ms | @nown | | kgm | gem
Pre-madiation  BL701 25368 25368  25.367  25.366 12743 12738 12738 12741 12743 12742 12739 12742 3241 3246 3246 3249 5.9751 2537602 1274E02 1275E-04  5.46333E-08 3.1795E-06  -6.17444E-08 “Leaz 1879.26 18793
Post-imadiation 24.946 24966  24.947  24.950 12732 12720 12718 12723 12737 12725 12722 12713 3264 3264 3246 3246 597459 2495602 1272602 127204  5.49548E-08 311776606 x 191631 19163
Preradiation  BL7-02 25363 25364 25366 25368 12734 12742 12741 12738 12738 12736 12741 12734 3244 3241 3246 3246 5.9591 25376-02 1274E-02  1274E-04  5.45905E-08 317785E-06  -5.32845E-08 1677 187520 18752
Post-iadiation 25218 25218 25219 25219 12665 12670 12675 12672 12670 12676 12674 12669 3204 3203 3269 3246 595809 2522602 1267E:02 1261E:04  5.56548E-08 x 3.12457E-06 1906.85  1.9069
Pre-adiation  BL603 25370 25375 25372 25373 12741 12739 12739 12741 12741 12730 12738 12742 3239 3241 3230 3239 5.9625 2537602 1274E02 1275E-04  5.44197E-08 317996E-06  -1.25068E-07 3.961 187502 18750
Post-imadiation 24535 24536 24540 24541 12710 12699 12698 12701 12708 12698 12694 12703 3274 3266 3247 3247 596165 2454E02 1270E02 1267E-04  5.50838E-08 3.05399E-06 x 195208 19521
Pre-madiation  BL602 25372 25367 25368 25371 12741 12738 12737 12728 12743 12736 12736 12728 3241 3244 3239 3239 5.9668 2537602 1274E-02  1274E-04  5.44624E-08 317738E-06  -1.22503E-07 -3.855 1877.90 18779
Postradiation 25053 25063 25067  25.061 12563 12570 12572 12578 12573 12573 12573 12578 3203 3203 3298 3301 596582 2506602 1257E-02 1241E-04  5.6357E-08 x 3.05488E-06 195288 1.9529
LOAD CHANGE
Premadiation  BW7-03 25356 25366 25362 25364 12732 12734 12727 12744 12730 12720 12727 12739 3204 3244 3204 3244 5.9619 2536E-02 127302 127304 5.45692E-08 317518E.06  -5.22751E-08 1646 1877.66 18777
Post-imadiation 25061 25063 25069  25.068 12717 12712 12704 12698 12718 12707 12702 12689 3255 3261 3272 3265 596118 2507602 1271E02 1268E-04  552336E-08 3.1229E-06 x 1908.86  1.9089
Pre-iradiation  BW8-03 INL Means 2537602 1.274E-02 x
Post-imadiation 2523602 1267E-02
Predradiation  BW1202 25377 25375 25377 25380 12738 12739 12742 12742 12739 12738 12742 12741 3246 3246 3236 3236 5.9721 2538E02 127402 1275E-04  5.44839E-08 318050E-06  -5.95444E-08 872 1877.67 18777
Post-imadiation 25045 25050 25050 25048 12708 12705 12707 12700 12712 12711 12708 12703 3250 3261 3254 3259 597036 2505602 1271E02 1268E-04  5.50617E-08 312104606 x 191294 19129
Preadiation | BW102 25372 25364 25367 25372 12737 12739 12744 12743 12742 12742 12746 12746 3228 3208 3233 3233 5.9715 2537602 1274E-02  1275E-04  5.41427E-08 3181E-06  -5.37177E-08 1689 1877.24 18772
Postiradiation 25222 25222 25221 25221 12676 12675 12674 12675 12673 12677 12676 12674 3269 3255 3255 3263 597086 2522602 1268E-02 1262E:04  5.51367E-08 x 3.12729E-06 1909.28  1.9093
Predradiation  BW1203 25350 25358 25363 25364 12748 12742 12746 12744 12751 12746 12747 12743 3208 3228 3231 3231 5.9791 2536602 1275602 1276E-04  5.41001E-08 31818506  -1.01801E-07 3109 187913 18701
Post-imadiation 24587 24852 24.857 24.854 12700 12686 12684 12686 12697 12695 12,684 12685 3245 3249 3264 3249 597738 2479E02 126002 1265E04  5.483G5E-08 3.08005E-06 x 194068 1.9407
Premadiation  BW802 25378 25372 25371 25376 1273 12739 12737 12732 1273 12741 12738 12733 3204 3206 3204 3244 5.9649 2537602 1274E-02 1274E-04  5.45905E-08 3.17818E-06  -7.98179E-08 2511 187683 18768
Post-iadiation 25150 25181 25191 25174 12623 12630 12634 12632 12620 12623 12641 12631 3284 3280 3202 3289 596354 2518602 126302 1253E:04  5.6021E-08 x 3.09836E-06 192474 1.9247
Pre-radiation  BW7-02 25375 25375 25375 25373 12738 12738 12741 12741 12739 12738 12739 12741 3246 3246 3233 323 5.9578 2537602 1274E-02 1.275E-04  5.44625E-08 3.17984E-06  -1.12411E-07 3535 187362 18736
Postrradiation 24784 24787 24790  24.790 12668 12658 12663 12658 12670 12668 12662  12.669 3255 3246 3269 3265 595707 247902 1266E-02 1260E-04  5.50834E-08 3.06743E-06 x 194204 19420
Premadiation | BW8O01 25381 25380 25383  25.385 12742 12738 12736 12737 12739 12736 12736 12738 3246 3246 3244 3246 5.9639 2538E02 1274E02 127404 5.46333E-08 3.17979E06  -111014E-07 3401 187556 18756
Post-imadiation 25007 25102 25096  25.101 12500 12586 12502 12593 12590 12589 12595 12590 3201 3202 3288 3202 596327 2510602 1250E-02 1245E-04  5.61617E-08 x 3.06878E-06 194321 19432
Preradiation | BW3.02 25378 25376 25380 25381 12728 12729 12730 12732 12727 12728 12729 12733 3241 3246 3239 3241 5.9512 253BE-02 1273602 1273E-04  5.45051E-08 317537E-06  -1.27388E-07 -4.012 187418 18742
Post-imadiation 24791 24793 24789 2479 12631 12624 12622 12617 12634 12620 12621 12624 3201 3270 3282 3274 595069 2479E-02 1263E:02 1252E:04  5.57719E-08 3.04798E-06 x 195234 1.9523
Predradiation  BWS502 25370 25368  25.364 25372 12744 12741 12741 12738 12741 12730 12737 12737 323 3236 3230 3239 5.9594 2537602 1274E02 1275604 5.43557E-08 317938E.06  -112378E-07 3535 187439 18744
Post-imadiation 25076 25083 25086  25.087 12567 12587 12503 12503 125688 12589 12505 12504 3203 3287 3284 3280 595867 2508E02 1250E02 1245E04  5.60101E-08 x 3.067E-06 104283 19428
Preadiation  BW1-01 25372 25371 25376 25376 12741 12741 12738 12733 12737 12741 12738 12737 3204 3201 3204 3244 5.9653 2.5376-02 1274E-02  1274E-04  5.45478E-08 317903E-06  -1.31258E-07 4129 187645 18765
Post-imadiation 20721 20725 24724 24721 12645 12641 12642 12644 12639 12636 12643 12649 3204 3288 3258 3288 596433 2472602 1264E-02 1255E-04  5.58693E-08 3.04777E-06 x 195695  1.9569
Predradiation  BW103 25367 25368 25373  25.367 12728 12732 12734 12737 12720 12733 12737 12734 3236 3233 3246 3.240 5.9608 2537602 127302 1273E-04  5.44839E-08 317501606  -119343E-07 3758 187688 1.8769
Post-imatiation 25068 25064 25060  25.061 125683 12575 12571 12570 12582 12576 12573 12571 3208 3289 3201 3294 595053 2506E-02 1258E02 1242E-04  5.62484E-08 x 3.05656E-06 104975 10407
LOAD CHANGE
Preradiation  BW9.03 25376 25377 25383 25381 12725 12725 12730 12723 12723 12727 12727 12725 3241 3241 3233 3236 5.9693 2538E-02 1273E-02  1272E-04  5.43771E-08 317364E-06  -5.80113E-08 1828 1880.90  1.8809
Postradiation 25008 25013 25015 25018 12713 12700 12701 12698 12711 12706 12700 12701 3242 3242 3260 3266 596865 2501602 1270E-02 1268E-04  5.48799E-08 3.11563E-06 x 191571 19157
Preadiation  BW11.02 25373 25370 25377 25376 1273 12739 12744 12733 12.73 12737 12746 12733 3231 3226 3261 3241 5.9666 2537602 1274E02 127404  5.42706E-08 317927606 -5.14738E-08 1619 187672 18767
Post-imadiation 25235 25235 25234 25238 12669 12677 12673 12673 12670 12676 12674 12670 3269 3274 3258 325  5.96569 2524602 1267E02 1261E04  5.5266E-08 x 3.12779E-06 1907.32 10073
Preadiation  BW9.02 25368 25361 25367 25372 12725 12722 12729 12728 12730 12720 12730 12728 3241 3201 3201 3241 5.9530 2537602 127302 1272E-04  5.44837E-08 317244E.06  -9.61158E-08 -3.030 1876.47 18765
Post-iadiation 24791 24789 2479 24784 12690 12684 12677 12680 12689 12684 12676 12681 3260 3265 3250 3259 595168 2479E-02 1268E-02 126304  5.52228E-08 3.07633E-06 x 193467 1.9347
Pre-rradiation  BW10.02 25375 25373 25377 25377 12737 12718 12727 12736 12737 12715 12727 12736 3246 3246 3236 3236 5.9621 2538E-02 1273602 1.273E-04 5.44839E-08 317466E-06  -8.30326-08 2615 1878.03  1.8780
Postirradiation 25144 25145 25140 25146 12624 12619 12620 12630 12619 12619 12629 12631 3279 3275 3203 329 596113 2514602 1263E-02 1252604  5.59996E-08 x 3.09163E-06 192815 19282
Pre-madiation | BW202 25368 25368  25.363  25.366 12746 12744 12744 12737 12744 12742 12743 12736 3244 3244 3264 3246 5.9706 2537602 1274E02  1275E-04  5.45905E-08 318007E-06  -116981E-07 3679 187751 18775
Post-imadiation 20761 20769 24.764 24770 12662 12662 12660 12664 12666 12662 12661  12.660 3261 3277 3274 3274 597009 2477602 1266E-02 1250E-04 55513208 3.06309E-06 x 1949.04  1.9490
Preradiation  BW3.01 25367 25364 25367 25366 12746 12743 12741 12739 12743 12742 12741 12739 3244 3246 3241 3241 5.9657 2537602 1274E-02  1275E-04  5.45478E-08 317991E-06  -0.84956E-08 -3.007 1876.06 18761
Post-imadiation 25115 25116 25117 2511 12609 12608 12613 12614 12616 12610 12614 12614 3203 3287 3208 3203 596511 2511602 1261E:02 1249E:04  5.62376E-08 x 3.08142E-06 193583 1.9358
Prednadiation  BW.OL 25373 25380 25381 25380 12738 12742 12720 12733 12739 12741 12727 12732 3249 3251 3228 3228 59733 2538602 1274E02 1274E-04  5.44203E-08 317823606  -105357E-07 3315 1879.44 18704
Post-imadiation 24715 24728 24718 24728 12704 12685 12687 12697 12693 12689 12693 12689 3246 3242 3264 3272 5097195 2472602 1269E02 1265E04  5.49873E-08 3.07287E-06 x 194344 10434
Pre-madiation  BW10.01 25382 25376 25378 25.382 12742 12741 12741 12742 12741 12739 12738 12742 3244 3244 3204 3246 5.9741 253BE-02 1274E-02  1275E-04  5.45905E-08 3.18104E-06  -1.07461E-07 187803 1.8780
Post-iadiation 25008 25102 25100  25.103 12597 12508 12602 12604 12600 12508 12594 12601 3202 3285 3280 3269 597249 2510602 1260E-02 1247E-04  5.58588E-08 x 3.07358E-06 194317 19432
Preradiation  BW201 25371 25364 25363  25.363 12742 12742 12741 12738 12743 12730 12742 12741 3239 323 3230 3239 5.9707 2537602 1274E02 1275604  5.43984E-08 317958E-06  -135141E-07 -4.250 1877.83 18778
Post-imadiation 20611 24630 24.631 24614 12660 12654 12654  12.660 12672 12650 12,656  12.662 3254 3266 3275 3265 596075 2462602 1266E02 1250E04  5.5298E-08 3.04444E-06 x 1960.87  1.9600
Pre-madiation  BW203 25362 25370 25359 25364 12730 12733 1273 12732 12730 12732 1273 12732 3241 3244 3204 3241 5.9744 2536602 1273E02  1273E-04  5.45264E-08 3.1749E-06  -1.25645E-07 3.957 188176 18818
Post-imadiation 25058 25086 25052  25.06 12557 12567 12566 12563 12558 12564 12561 12563 3208 3203 3288 3208 597338 2506602 1256E-02 1239E-04  5.62918E-08 x 3.04925€-06 195897 1.9590
LOAD CHANGE
Predadiation | BWS01 25366 25363  25.362 25364 12738 12741 12739 12730 12739 12741 12742 12730 3246 3249 3246 3249 5.9693 2536602 1274E02 127404 5.46974E-08 317738E-06  -1.03425E-07 3255 1878.68 18787
Post-imadiation 24723 24724 24731 24745 12691 12685 12690 12696 12699 12690 12601 12700 3260 3272 3260 3268 596794 2473602 1269E02 1265E04  5.52871E-08 3.07396E-06 x 104145 10415
Pre-adiation | BW7-01 25371 25370 25366 25.370 12739 12737 12738 12737 12739 12738 12738 12737 3246 3246 3228 3228 5.9624 2537602 1274E-02  1274E-04  5.43561E-08 317854E.06  -8.6211E-08 2712 187583 18758
Post-imadiation 25153 25153 25153  25.152 12618 12622 12622 12628 12623 12624 12624 12629 3266 3268 3293 3203 596184 2515602 1262E-02 1252E-04  5.58055E-08 x 3.09233E-06 1927.95  1.9279
Predrradiation  BW303 25364 25371 25368 25368 12734 12742 12741 12746 12733 12743 12742 12748 3251 3251 3241 3241 5.9714 2537602 1274E-02  1.275E-04  5.46548E-08 317972606 -1.18985E-07 3.742 1877.96  1.8780
Postirradiation 24639 24641 24638  24.633 12689 12687 12684 12702 12689 12683 12680 12699 3260 3269 3260 3268 597072 2464E02 1269E-02 1265E-04  552657E-08 3.06074E-06 x 195074 1.9507
Predradiation | BW503 25354 25362 25368 25.367 12739 12738 12741 12737 12739 12739 12738 12737 3241 3244 3230 3241 5.9704 2537602 1274E02  1274E-04  5.44837E-08 317820E.06  -1.08355E-07 -3.400 187850 18785
Post-imaiation 25100 25100 25097 25004 12587 12505 12508 12593 12589 12501 12504 12507 3274 3203 3287 3208 596579 2510602 1250E-02 1246E-04  560315E-08 x 3.06993E-06 194330 1.9433
Preradiation  BW11-01 25373 25371 25375 25373 12739 12742 12738 12739 12738 12741 12738 12742 3246 3246 3239 3239 5.9612 2537602 1274E-02  1275E-04 545265608 317977E-06  -1.42205E-07 -4.472 187472 18747
Post-iadiation 24.647 24647 24.652 24654 12590 12501 12594 12592 12698 12684 12682 12682 3265 3259 3256 3259 596049 2465602 1264E-02 1255E-04  5.51153E-08 3.03757E-06 x 196226 1.9623
Premadiation  BW1201 25372 25368 25371 25372 12737 12743 12742 12736 12738 12741 12741 12738 3241 3241 3201 3241 5.9644 2537602 1274E02 1275E-04  5.44837E-08 317937E.06  -1.03179E-07 -3.245 187597 18760
Post-imadiation 25108 25107 25108  25.105 12508 12606 12604  12.606 12600 12608 12610 12602 3208 3208 3200 3289 596324 2511602 1260E02 1248E04  5.63569E-08 x 3.07619E-06 103851 1385
Pre-madiation  BW10.03 25377 25373 25377 25377 12737 12720 12734 12739 12733 12728 12734 12738 3204 3244 323 3236 5.9708 253BE-02 127302 1274E-04  5.44411E-08 317744E-06  -1.26438E-07 3,979 187912 18791
Post-iadiation 24.560 24565 24.578 24564 12700 12680 12678 12683 12704 12681 12685 12601 3246 3260 3265 3259 596974 2457602 1269E-02 1264E-04  5.50402E-08 3.05101E-06 x 1956.65  1.9566
Pre-iradiation  BW11-03 Not retumed by INL INL Means 254E02  127E-02
Post-imadiation 25102 126E:02 x
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Table 21 Dimensional change, the creep strain, the specimen loading details, and the irradiation conditions (dose and temperature) for grade

Specimen Companion Specimen Dimensional Change, Specimen Type oad Details Creep Strain (creep-control) Irradiation Conditions
Number | Number 1.D. L (mm) AL/Ly(%) | D (mm) | ADID, (%) Creep | Control Load Stress Longi Lateral Temp Dose
Number Number | | | | [ |
ADIM = IRR-UNIRR Ibof ksi_ | MPa mm | % mm) [ % ID No. c DPA | channel
BL7-01 4s7 BL7-02 5S5 3.96
-0.415 -1.636 -0.01705 -0.13381 X 558 2.82 19.47 0.268 7 -1.06 0.049518 0.39 487 559 S6
BL7-02 5S5 BL7-01 4s7 3.39
-0.147 -0.579 -0.06657 -0.52258 X 0 0 0 552 505 ue
BL6-03 3s12 BL6-02 2812 6.76
-0.834 -3.289 -0.03863 -0.30322 X 565 2.86 19.72 0.526 " -2.07 0.124589 0.98 3512 714 S3
BL6-02 2812 BL6-03 3s12 6.56
-0.309 -1.216 -0.16322 -1.28158 X 2512 678 u3
BW7-03 4514 BW8-03 4u13 3.76
-0.299 -1.180 -0.02699 -0.21194 X 359 1.82 12.54 0158 7 -0.62 0.041414 0.33 4S14 603 sS4
3.24
BWS8-03 4u13 BW?7-03 4514 X 0 0 0 4u13 509 U4
-0.141 -0.556 -0.0684 -0.53706
BW12-02 SPARE 1W BW1-02 11 3.93
-0.329 -1.296 -0.03404 -0.26718 X 377 191 13.15 0182 " 072 0.033348 0.26 BW12-02 597 S1
BW1-02 1 BW12-02  SPARE 1W 3.41
-0.147 -0.581 -0.06739 -0.52884 X 0 0 [ 11 504 U1
BW12-03 3PARE 2W BW8-02 4u7 5.76
-0.574 -2.262 -0.05625 -0.44135 X 359 1.82 12.52 0376 " -1.48 0.049725 0.39 BW12-03 675 S4
BW8-02 au7 BW12-03 SPARE 2W 5.22
-0.198 -0.780 -0.10598  -0.8321 X 0 0 0 4u7 599 23
BW7-02 4S5 BWS8-01 4Us 6.3
-0.587 -2.312 -0.07487 -0.58771 X 359 1.82 12.53 0303 " 120 0.072129 0.57 485 698 sS4
BW8-01 4us BW7-02 485 5.95
-0.283 -1.116 -0.147 -1.15405 X 0 0 0 4Us 658 23
BW3-02 3s2 BW5-02 3U3 6.19
-0.586 -2.311 -0.10428 -0.81918 X 377 191 13.18 0301 7 119 0.04466 0.35 3s2 671 S1
BW5-02 3U2 BW3-02 3s2 5.72
-0.286 -1.126 -0.14894 -1.16908 X 0 0 0 3u2 611 U1
BW1-01 1s4 BW1-03 1U4 6.63
-0.649 -2.559 -0.09572 -0.75149 X 377 1.91 13.16 0344 " 135 0.06217 0.49 1s4 700 S1
BW1-03 14 BW1-01 1s4 6.34
-0.306 -1.205 -0.15789 -1.24004 X 0 0 0 1U4 664 Ul
BW9-03 5U5 BW11-02 6U3 3.95
-0.366 -1.442 -0.02197 -0.17262 X 467 237 16.33 0227 7 090 0.043224 0.34 5U5 599 s2
BW11-02 6U3 BW9-03 5U5 3.41
-0.138 -0.546 -0.06519 -0.51179 X 0 0 0 6U3 505 U2
BW9-02 5815 BW10-02 5U14 5.62
-0.578 -2.280 -0.04404 -0.34608 X 474 2.40 16.57 0347 7 137 0.059847 0.47 5515 668 S5
BW10-02  5U14 BW9-02 5815 5.01
-0.232 -0.913 -0.10389 -0.81619 X 0 0 0 5U14 585 us
BW2-02 2811 BW3-01 2U11 5.76
-0.600 -2.367 -0.07994  -0.6274 X 467 2.36 16.29 0349 " -1.38  0.049557 0.39 2s11 665 S2
BW3-01 2U11 BW2-02 2511 5.15
-0.251 -0.991 -0.1295 -1.01635 X 0 0 0 2u11 582 u2
BW9-01 558 BW10-01 5U8 6.28
-0.656 -2.586 -0.04296 -0.33733 X 474 2.40 16.55 -0.377 -1.49  0.098431 0.77 558 686 S5
BW10-01 5U8 BW9-01 558 5.85
-0.279 -1.099 -0.14139 -1.10976 X 0 0 0 5U8 638 us
BW2-01 2S2 BW2-03 202 6.8
-0.744 -2.933 -0.08021 -0.62952 X 467 2.36 16.29 -0.436 -1.72  0.089802 0.70 282 709 S5
BW2-03 202 BW2-01 2s2 6.55
-0.308 -1.216 -0.17001 -1.33526 X 0 0 0 202 675 us
BW5-01 3s14 BW7-01 3u13 5.38
-0.633 -2.496 -0.04487 -0.35229 X 565 2.86 19.72 -0.417 -1.64 0.06933 0.54 3514 656 S3
BW7-01 3u13 BWS-01 3514 4.66
-0.216 -0.852 -0.1142 -0.89656 X 0 0 0 3u13 585 us
BW3-03 3511 BWS5-03 3u11 6.13
-0.730 -2.878 -0.05137 -0.40315 X 565 2.86 19.71 -0.463 -1.82  0.094223 0.74 3s11 678 S3
BW5-03 3u11 BW3-03 3s11 5.63
-0.268 -1.055 -0.14559  -1.1429 X 0 [ 0 3U11 617 u3
BW11-01  6S13 BW12-01 6U12 6.21
-0.723 -2.850 -0.10056 -0.78936 X 558 2.82 19.47 -0.458 -1.80  0.034557 0.27 6513 674 S6
BW12-01  6U12 BW11-01 6S13 5.72
-0.265 -1.045 -0.13512 -1.06065 X 0 0 0 6U12 613 ue
BW10-03 6S6 BW11-03 6U6 6.76
-0.809 -3.190 -0.04638 -0.36423 X 558 2.83 19.49 -0.514 -2.03 0.103519 0.81 6S6 709 S6
BW11-03 6U6 BW10-03 6S6 6.51
-0.295 -1.163 -0.1499 -1.17707 X 0 0 0 6U6 674 ue
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3.3. Grade H-451 (Code C)

Table 22 Specimen dimensions, mass, bulk density, and volume change for

Thickness mm. 1 [ Outside Diameter mm. 1 [ Hole Diameter ,mm. 1
| number [T Jr B 14 oz o2 B [ o Jo2°  o° o | [ e . w2
Pre-Irradiation CW11-01 25.357 25.357 25.357 25.368 12.717 12.719 12.720 12.722 12.722 12.715 12.715 12.709 3.246 3.246 3.249 3.254
Post-Irradiation 24.781 24.790 24.790 24.801 12.675 12.676 12.676 12.670 12.665 12.665 12.664 12.663 3.266 3.274 3.261 3.265
Pre-Irradiation CW12-01 not returned from INL
Post-Irradiation
Pre-Irradiation CW11-02 25.364 25.354 25.362 25.367 12.727 12.733 12.733 12.729 12.734 12.730 12.729 12.724 3.249 3.249 3.254 3.256
Post-Irradiation 24.798 24811 24.797 24.791 12.685 12.686 12.684 12.684 12.674 12.679 12.680 12.683 3.278 3.265 3.259 3.269
Pre-Irradiation CW12-01 Not returned from INL Not Returned by INL
Post-Irradiation
Pre-Irradiation CW7-03 25.361 25.358 25.363 25.366 12.718 12.725 12.720 12.718 12.719 12.727 12.723 12.725 3.244 3.244 3.236 3.233
Post-Irradiation 24.704 24.692 24.718 24.715 12.669 12.658 12.666 12.654 12.648 12.657 12.660 12,651 3.236 3.250 3.261 3.268
Pre-Irradiation Cw8-03 25.344 25.370 25.363 25.362 12.720 12.725 12.723 12.723 12.728 12.728 12.724 12.720 3.251 3.254 3.246 3.246
Post-Irradiation 25.045 25.052 25.050 25.045 12.598 12.609 12,616 12,615 12.605 12.616 12.615 12.623 3.302 3.308 3.289 3.302
Pre-Irradiation CW7-01 25.348 25.373 25.361 25.339 12.713 12.709 12.709 12.711 12.718 12.717 12.717 12.713 3.251 3.251 3.256 3.259
Post-Irradiation 24.398 24.409 24.410 24.433 12.630 12.632 12,631 12.630 12.629 12.631 12.646 12.634 3.274 3.283 3.298 3.277
Pre-Irradiation Ccws-02 25.361 25.368 25.340 25.367 12.719 12.725 12.722 12.711 12.715 12.724 12.718 12.722 3.251 3.249 3.256 3.254
Post-Irradiation 24.894 24.899 24.892 24.902 12.557 12.563 12,570 12.559 12.561 12.566 12.565 12.554 3.301 3.293 3.293 3.284
STRESS CHANGE
Pre-Irradiation Cw14-01 25.352 25.348 25.347 25.354 12.717 12.723 12.725 12.729 12.729 12.732 12.733 12.736 3.246 3.246 3.241 3.241
Post-Irradiation 24.737 24.735 24.722 24.736 12.703 12.690 12.687 12.681 12.708 12.695 12.694 12,691 3.244 3.241 3.269 3.268
Pre-Irradiation Cw13-01 25.359 25.357 25.333 25.354 12.727 12.725 12.713 12.723 12.723 12.723 12.710 12.718 3.259 3.256 3.251 3.251
Post-Irradiation 25.086 25.099 25.098 25.094 12.614 12.620 12.627 12.623 12.617 12.621 12.627 12.628 3.297 3.298 3.285 3.275
Pre-Irradiation Cw12-02 25.352 25.367 25.359 25.359 12.703 12.713 12.715 12.715 12.695 12.705 12.708 12.708 3.244 3.246 3.256 3.256
Post-Irradiation 24.644 24.650 24.646 24.651 12.682 12.673 12.673 12.674 12.678 12.674 12.665 12.664 3.261 3.256 3.260 3.275
Pre-Irradiation CwW13-01 25.359 25.357 25.333 25.354 12.727 12.725 12.713 12.723 12.723 12.723 12.710 12.718 3.259 3.256 3.251 3.251
Post-Irradiation 25.086 25.099 25.098 25.094 12.614 12.620 12.627 12.623 12.617 12.621 12.627 12.628 3.297 3.298 3.285 3.275
Pre-Irradiation CW9-01 25.368 25.367 25.368 25.368 12.700 12.717 12.723 12.727 12.718 12.720 12.720 12.722 3.259 3.261 3.256 3.251
Post-Irradiation 24.354 24.377 24.368 24.361 12,675 12.656 12.660 12.642 12.670 12.662 12.658 12.660 3.266 3.274 3.280 3.274
CW9-02 Not returned, specimen lost in hot cells

Pre-Irradiation Cw13-02 25.363 25.361 25.352 25.364 12.718 12.725 12.728 12.728 12.720 12.729 12.727 12.727 3.261 3.261 3.246 3.244
Post-Irradiation 24.344 24.343 24.363 24.347 12,675 12.659 12.666 12.657 12.676 12.668 12.672 12.668 3.266 3.277 3.275 3.283
Pre-Irradiation CW11-03 Not returned INL Data for ave dimensions
Post-Irradiation
STRESS CHANGE
Pre-Irradiation CwW13-03 25.354 25.364 25.363 25.370 12.722 12.722 12.717 12.715 12.720 12.715 12.714 12.704 3.246 3.246 3.249 3.249
Post-Irradiation 24.495 24.495 24.490 24.496 12.683 12.665 12.662 12.674 12.673 12.675 12.676 12.693 3.269 3.269 3.259 3.255
Pre-Irradiation CwW14-02 25.353 25.348 25.349 25.353 12.730 12.727 12.722 12.713 12.725 12.725 12.724 12.723 3.241 3.239 3.251 3.249
Post-Irradiation 25.047 25.055 25.052 25.056 12.596 12.614 12.621 12,618 12.608 12,611 12.608 12,610 3.287 3.269 3.279 3.265
Pre-Irradiation CW10-01 25.366 25.356 25.372 25.363 12.700 12.705 12.711 12.699 12.723 12.719 12.715 12.706 3.254 3.254 3.256 3.259
Post-Irradiation 24.269 24.295 24.283 24.269 12.689 12.677 12.684 12.687 12.697 12.692 12.692 12.710 3.282 3.282 3.260 3.265
Pre-Irradiation CW10-03 25.353 25.362 25.358 25.354 12.725 12.724 12.715 12.713 12.725 12.724 12.723 12.710 3.261 3.261 3.259 3.251
Post-Irradiation 24.929 24.931 24.933 24.938 12.558 12.569 12.564 12.563 12.551 12.555 12.559 12.562 3.321 3.298 3.316 3.324
Pre-Irradiation CW9-03 25.354 25.349 25.354 25.349 12.720 12.732 12.722 12.725 12.717 12.730 12.725 12.720 3.246 3.246 3.254 3.254
Post-Irradiation 24.120 24.118 24.114 24.113 12.714 12.720 12.709 12.714 12.713 12.708 12.708 12.700 3.278 3.283 3.236 3.255
Pre-Irradi n CW10-02 25.367 25.359 25.358 25.354 12.713 12.720 12.724 12.720 12.722 12.723 12.724 12.710 3.261 3.261 3.254 3.254
Post-Irradiation 24.909 24.903 24.905 24.912 12.563 12.563 12.556 12.550 12.542 12.556 12.561 12.551 3.320 3.325 3.321 3.324

5.4335
5.43215

5.4356
5.43396

5.4328
5.4316

5.4286
5.42704

5.4271
5.42503

5.4300
5.42857

5.4557
5.45483

5.4562
5.45485

5.4069
5.40484

5.4562
5.45485

5.4090
5.40747

5.4695
5.46742

5.4530
5.45086

5.4374
5.4353
5.4191
5.41762

5.4368
5.43593

5.4137
5.41216

5.4214
5.41927
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ans Creep specimens [ Control specimens. |
Thickness | Diameter | Cross-section| 2- hole Volume Volume Volume Change. Specimen Type | |__Volume Volume Change 1 Density | Density
m m m m m m? (8VIV0).% Control | | m3 m3 (S| kgm® | glem®
2536E-02 1272E-02 1.270E-04  5.47402E-08 3.167E-06  -9.66626E-08 -3.053 171593 17159
2479E-02 1267E-02 1261E-04  5.53518E-08 3.07E-06 176952 17695
2.537E-02  1.274E-02 x
2511E-02 1263602
2536E-02 1273602 1273504  5.48473E-08 171301 17130
2.480E-02 1.268E-02 1.263E-04 5.5384E-08 3.077E-06  -3.07715E-06 -100.000 1765.90 1.7659
0
2.54E-02  1.274E-02 x
251E-02  1.263E-02
2.536E-02 1.272E-02 1.271E-04 5.44198E-08 3.169E-06 -1.15244E-07 -3.636 1714.12 1.7141
2471E-02 1266E-02 1258E-04  54912E-08 3.054E-06 177840 17784
2.536E-02 1.272E-02 1.272E-04 5.47617E-08 X 3.16987E-06  -9.71149E-08 -3.064 1712.56 1.7126
2505E-02 1261E-02 1249604  5.64982E-08 3.072756-06 176618 17662
2.536E-02 1.271E-02 1.269E-04 5.4933E-08 3.164E-06 -1.59664E-07 -5.047 1715.45 1.7154
2441E-02 1263602 1253604  5.59016E-08 3.004E-06 180594  1.8059
2536E-02 1272602 1271604  5.48687E-08 x 316743606 -1.38046E-07 -4.358 171432 17143
2.490E-02 1.256E-02 1.239E-04 5.62376E-08 3.02938E-06 1791.97 1.7920
2535E-02 1273602 1272604  5.45602E-08 3171606 -0.50281E-08 -3.025 172057 1.7206
2473E-02 1260E02 1266E-04  5.4966E-08 3.075E-06 177397 17740
2535E-02 1272602 1271E-04  5.4933E-08 x 316664E-06  -8.2742E-08 -2.613 172303 17230
2.509E-02 1.262E-02 1.251E-04 5.61078E-08 3.0839E-06 1768.82 1.7688
2536E-02 1271602 1268E-04  5.48046E-08 3.162E-06 -LO7753E-07 -3.408 172023 17102
2.465E-02 1.267E-02 1.261E-04 5.52334E-08 3.054E-06 1769.90 1.7699
2.535E-02  1.272E-02 1.271E-04 5.4933E-08 x 3.16664E-06 -8.2742E-08 -2.613 1723.03 1.7230
2509E-02 1262602 1251E-04  5.61078E-08 3.0839E-06 176882 17688
2.537E-02 1.272E-02 1.270E-04 5.50188E-08 3.168E-06 -1.56094E-07 -4.928 1707.51 1.7075
2437E-02 1266E-02 1250E-04  5.55888E-08 3.0126-06 179550  1.7955
x
2536E-02 1273602 1272604  5.48905E-08 317E-06  -157279E-07 -4.961 172516 1.7252
2.435E-02 1.267E-02 1.260E-04 5.56427E-08 3.013E-06 1814.52 1.8145
2.537E-02  1.274E-02 x
2.511E-02 1.256E-02
2.536E-02 1.272E-02 1.270E-04 5.46974E-08 3.166E-06  -1.3085E-07 -4.133 1722.19 1.7222
2449E-02 1268E-02 1262604  5.52220E-08 3.035E-06 179573 17957
2535E-02 1272602 1271E-04  5.4612E-08 x 31687306 -9.52277E-08 -3.005 171596 17160
2505E-02 1261E-02 1249E-04  5.56316E-08 3.0735E-06 1768.44 17684
2.536E-02 1.271E-02 1.269E-04 5.49759E-08 3.163E-06 -1.47359E-07 -4.659 1713.25 1.7132
2428E-02 1260E-02 1265604  5.55353E-08 3.016E-06 1796.47 17965
2.536E-02 1.272E-02 1.271E-04 5.50617E-08 X 3.1672E-06 -1.34962E-07 -4.261 1716.60 1.7166
2493E-02 1256E-02 1239E-04  5.69882E-08 3.032236-06 179272 17927
2.535E-02 1.272E-02 1.272E-04 5.47831E-08 3.169E-06 -1.63911E-07 -5.173 1708.42 1.7084
2412E-02 1271E02 1260E-04  5.52241E-08 3.005E-06 180109 18011
2536E-02 1272E-02 1271E-04  5.50403E-08 x 3.16734E-06  -1.40922E-07 -4.449 171166 17117
2.491E-02 1.256E-02 1.238E-04 5.72507E-08 3.02642E-06 1790.66 1.7907



Table 23 Dimensional chan
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ge, the creep strain, the specimen loading details, and the irradiation conditions (dose and temperature) for grade H-451

Specimen
Number Number

CW11-01 482

Cw12-01 4U12

CW11-02 4813

Cw12-01 4U12

CW7-03 1S15

CW8-03 1u14

CW7-01 1S8

CW8-02 1u8

Cw14-01 6U5

CWwW13-01 5U7

Cw12-02 557

Cw13-01 5U7

CW9-01 2S13

CW9-02 2U12

CW13-02 6S5

CW11-03 4U2

Cw13-03 659

CW14-02 6U9

CW10-01 3s10

CW10-03 3u10

CW9-03 3S1

CW10-02 3U1

[Companion Specimen|
1.D.
Number | Number

CW12-01

CW11-01

CW12-01

CW11-02

Cws-03

CW7-03

CWwW8-02

Cw7-01

Cw13-01

CW14-01

CW 13-01

CW 12-02

CW9-02

CW11-03

CW13-02

CW14-02

CW13-03

CW10-03

CW10-01

CW10-02

CW9-03

4U12

4U12

4813

114

1815

1u8

1S8

5U7

6U5

2U12

6U9

6S9

3U10

3s10

3s1

shared
Control

shared
Control

Dimensional Change, Specimen Type oad Details Creep Strain (creep-control) Irradiation Conditions
L (mm) | AL/Ly(%) | D (mm) | AD/Dy(%) Creep Control Load Stress Longitudanal Lateral Temp Dose

[ [ [ | [ [

ADIM = IRR-UNIRR Ibf ksi_ | MPa mm) | % mm) | % ID No. C DPA__| channel
-0.569 -2.244 -0.04805 -0.37786 X 359 1.82 12.57 482 642 4.91 S4
-0.261 -1.030 -0.1131 -0.88782 X 0 0 0 0308 7 -1.21 0.065046 0.51 4U12 568 4.16 u4
-0.563 -2.218 -0.04813 -0.37807 X 359 1.82 12.55 4513 628 4.56 S4
-0.261 -1.030 -0.1131 -0.88782 X 0 0 0 0301 7 -1.19  0.064971 0.51 4u12 568 4.16 u4
-0.655 -2.581 -0.06403 -0.50332 X 377 1.91 13.19 1S15 649 5.44 S1
-0.312 =1.229 -0.11185 -0.87902 X 0 0 0 0343 7 -1.35 0.047814 0.38 1U14 580 4.76 U1
-0.943 -3.718 -0.0803 -0.63164 X 377 1.92 13.21 1s8 706 6.84 S1
-0.462 -1.823 -0.15765 -1.23944 X 0 0 0 0480 7 -1.89 0.07735 0.61 1us 674 6.7 Ul
-0.618 -2.436 -0.03432  -0.2696 X 474 2.40 16.57 6US 627 4.64 S5
0361 7 -142 0.063721 0.50
-0.257 -1.012 -0.09804 -0.77072 X 0 0 0 507 567 4.24 us
-0.712 -2.806 -0.03474 -0.27342 X 474 2.41 16.62 587 641 5 S5
0455 7 -1.79  0.063291 0.50

-0.257 -1.012 -0.09804 -0.77072 X 0 0 0 5U7 567 4.24 us
-1.003 -3.954 -0.05788  -0.4551 X 467 2.37 16.35 2513 683 6.42 S2

Not returned from INL X 0 0 0 Not returned by INL 2U12 635 6 u2
-1.011  -3.986  -0.05762 -0.45277 x 467 2.37 16.33 6S5 708 6.92 s2
-0.261 -1.030 -0.1843 -1.44662 X 0 0 0 0750 7 -2.96  0.126684 1.00 4u2 677 6.77 u2
-0.869 -3.426 -0.04091 -0.32171 X 558 2.83 19.54 6S9 653 5.46 S6
-0.298 -1.177 -0.1129 -0.88735 X 0 0 0 0571 7 225 0.071995 0.57 6U9 582 4.74 ue
-1.085 -4.278 -0.01884 -0.14825 X 565 2.87 19.81 3510 697 6.47 S3
-0.424 -1.672 -0.15988  -1.2569 X 0 0 0 0661 7 -2.61 0.141035 111 3uU10 657 6.09 u3
-1.235 -4.873 -0.01322 -0.10391 X 565 2.87 19.77 3s1 712 6.81 S3
-0.452  -1.784  -0.16428 -1.29153 X 0 0 0 0783 7 -309 0151055 1.19 3U1 681 6.66 u3
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3.4 Grade PCEA (D)

Table 24 Specimen dimensions, mass, bulk density, and volume change for grade PCEA

rm | I ooy specimens ]
[Specimen] Thickness Me nts, mm. 1 [ Outside Diameter Measurements.mm. 1 [ Hole Diameter ,mm. | Thickness | Diameter | Cross-section | 2- hole Volume [Volume | [—SpecimenType | [ Volume Volume Change ] DOSE Density | Density
oo [ T Jn Ju ] i Jr Tor o ] Pt oo o o ] e e e ] m o o i - T o | [Geop T como | [ m3 T —ma [ wwm ] oea gt | gom
Prowadaion | OATOL 253w 2saw0 53w asam s iams i iarss i iams 1270 G278 a1 8105 3is5  aiss  sews  aswEez 1279602 LoBEO4 5280908 simoeos  ooesizess | 2es a wsir e
Postinadaton Gama cassy came e lzess lsem lao laen  laew 126n 1ases laeer 216 sas  Sas o2 seas  s4meds Loweos iseos  senmeos Soatade o6 X RASHA
Prewadaion | OATZ 2535 asae asyis s vt iy it 1270 a7t ias 1279 1272 a2z ame 3195 310 s7es  oswEez 12e02 LoSEO4  53sareos sisicos  sosweos 2167 s isiie Lens
Postinaiaion Ji6 i min mie  lsew Iaes Iaees Iaess  laew iaess 12663 Ioees 32  9am a6 o6 o7 2emE0s Lasseos issaecs ssrorecs X aiseos s Less
Prowadaion oAz ssam asw0 a0 ssams e w i e ime @ws | amo 3195 awe 3103 | sewsi | 25wEez 1219600 LosEos | 52500se0n siweos  amzeer | s 6w s 17768
Postinadiaion Gis aass aasw 2ams  lzels lsset latel Is6  laelo 1260 12601 1s610 o oo  9als o8 e  s4e0s Lovieos 1suE0i 542106508 Sooesre 0 X R
Prewadaion oAl ssam asami s amsaw bz i my s dams a2 2t a195  aies 3195 3195 seell  oswEez 1213602 Lomeod | 529sdeds simeieos  Adswesr s 5o s L7
Postinaaion Jase mow s mos  izew issw lasw lass  Issso lasd las 12%s 324 o  sme o2 sewer  sa0e0s Loeos isweci ssissseos X soseeos loesds  Loess
Prewadaion | OWLGS  ssam sams s msams  lris iam i it dario iams iamw G2t a5 szu 3a0 8195 s7eoi  assez 1279602 Lomeos | S3iieds sireseos  soioaeos | 2606 3 ioise L6
adon Jaols das casol 2ases  lzewm oo laees Iaesr 1269 Ise lases Iaese  32% 926 Al 23 s7sl  s4weds Looteos iseiee: ssserecs Soanore 06 X loesrs  Lasss
Prowasaion | OW2Gs  2s3s osas sy sy aaw s i s irw s @me s 520 3195 3105 s osmEe2 1213602 LoDEOH | 53006608 susmecs  asuoEes et 301 1oom10  Laon
Postinadaion Jas Zuo muw mim  en 1260 126 a6 126w 126w 126 laes 328 e a8 sa 7  26uEGs Laseos isci sewerecs X aoomaccs iosass  Las
Prewadaion OWsoz  2sam sar asaw  asa  larsl i i s daras iars iame iama a0 a0 305 3105 s7en  aswEor 1213602 LomE0d | 53izmEde simmeos  vmeor | 4 sor ioiss Lo
adiion Gacih dasis cae cases  lzew lse laes lses  lzess Ises 126 1261 828 2%  sols  sam  soms  sdmeds Looweos iseeod  saderoe Sossoie 06 X Ioner  Looer
Prowasaion  OWrG2  2sam0 osais s asam o iams it i lama iama i el a0 8108 3203 3105 s7es  osamEez 1213602 LOEOA  S306NE0S simmoeos  Aimeeor | ass ss isi3s0 Lo
Postinaiaion J0 mos mom moel  izee Iass lass om0 Iases Ias I1ossr 183 oM 920 3 om0  S7m 2600600 LowEos 1omEci satsoseos X soewees ieies Laens
Prowadaion  OWows 25w ssa s e s e iz s ias e i ms a5 aie  a1e 8105 | s7aw | 2sEez 12iece Loueos | 52senseos swcos | Aeweer | a2 052 10001 Laoio
Postinadiaion Da%05 2aslo 2asis 2ase  lze 1268 laces 1268 loels 1268 1260 1a66s 3287 926 90 o8 570z 24sie0s Lowoeos 1ssiE0i  540000m08 Sotztor 06 X loosar  Looss
Prewadaion | OWroL ssais asam asam amsam  lams iams iy e dam iam iaie e a5 a3 a0 a0 s7eso  asmEez 1279602 Loseod | ssismceos simeieos s sk oz isiazs Lo
Postinatiaion Jas cas caow 2es  lzees lasso lasw Iass  loes lass 1os Iass a8 91 Sme oo oieM  s4c0s Loscos iswees ssoeweos X aommeos L% Lo
Prowasaion | OWLOL samy sam ssams sams  irio iy me w0 pas pme 7es | ams  ams a0 a0 | sraes | asmEez 1219602 LomEos | S3imweos suseos  isuues | a7 s 1o0ess Lo
Postinadaion Giate aass aaay 2ads1  lzeol lsses la&m oS lael) Issel oS lases a2 920 97 om0 SMs1  sue0s Loseos 1ssseon 5ax017e0s prima X loi027  Loies
Prewadaion | OWoor 53T asar asaie s lamio i i a7 lamo i 2wy 2t a1 5195 3209 8108 s7es  assee 1213602 Lomeos | 5andieeds sieos  Aswseo | sist as w320 Lo
o Dames cames camo sams  lzew losw lasi lasiy  lss isss laws a5 Sa 920 w0 a0 7 sae0s Loweos 1sweei 5080 X soomeos loitre Loy
STRESS LeveL cranee
Prowataion  OWsd2 2sami ssame ssam mam | L2 nms  irw s e s mawr aws a8 awe 3108 sas | osmEcz 1219600 LoEOH | 525606e00 simscos  sosrEss | 280 azs it Leies
Postinadaion Giew s aaees aasss izt izeos 12ess li7is e izl lze a6 a2lo 210 a0 5716 oMo Laeos Laseod  Sasereds Soanaor 06 X P
Preinadaion  OWS02 o emed by L Usio N mean i dta 2swecr 1o7sE02 a8
Postinadaion Seieos 1ssaeos X
Prowasaion  OWSas  2ssn sai ssan s | Lo L iams pam | e L iame 7w s s aas a0 | sis  2sweer iomEey 1260t | ssiceeas susiees  oamees | 2o s o106 1o
Postinadaion Jams cami cass cass 12708 1as Iae7 126 12701 Iaeen 12610 1aees 328 am6 Ay a2 stevs  sdeleds Laweos iseEer  S40siede Sososse6 X iorods  Leos
Prowadaion | oWsor ssss2 osamr osams asam i iamd iams it im0 i iame 2t si 503 a0 3105 sews  assmeo 1272600 Lomeod | saoadieds sieos | qssseos | 2de sot imaze 17
Postinadaion Deie miss it seis  lzew ioe% laew 1268 loew 126w oo a6 3299 a0 s  osm  sewms  2eise0s Laseos 1ss0i  samieos X aossieos Inwss  Laws
Prowadaion  OWSOL ssam ssam asaw ssam  lamz iams i7sy a3 dama e 12799 e 3205 3203 3198 3103 s7e2  osmEqz 1219602 LOTSEOH | 5300608 sveeos  dazme | 4 ser a2 Lo
Postinaain Jases 2asm caswe s Izess lasse laem laest  Ise Iae 126w a6 326 920 321  ame  siesw  sde0o Lasseos issaEci sIoEos Soane0s X 1era Lo
Prowataion  OWo0L  ssams ssams ssamy ssam s i iz e im0 i ps a0 a0 e awe | s asmEez 1219602 Locos | Sa0aweon simmeos  Avaeor | a0 sm seass | vaos
Postinadiaion De0% moss s oo lzee 1o loted 12889 12ses 1269 lats 12584 3280 9o 90 90 570 266e0s Losomos 1ssse0r 54895008 X sosmeos loress  Lees
Prewataion  owsoz  sssis asas s msam  lrw aw iams s drm it w2 a0 ai9s 320 320 57 aswEez 1279602 Loseos | saoaweds sieweos  Asoiseesr | a7o 3 11320 1619
Postinataion Jases cams sas casel  Izess lsew laew iaess  loeds 1aer laew laess 30 26 a6 o8  smen  sdeds Lo issee: ssisseecs Sozstor 0 X loas Lo
Prowasaion  OWEOL 2539 sw0 s san  lavio i 7w 7 im0 7o 2ms s a5 3198 320 3200 S0 o5wEG2 1219602 LomEOH | S3MTE0S avesscos  izessor | aser sar w027 1aors
Postinadaion ol ol mols mois | lzs lssn 2t Lases 1267 1267 1afs 12566 3266 920 90 o 5724  260lc0s Losieos 1sME0H 55000608 X sowiseos ismzer  Loaze
Prewadaion | OWros  ssasi sas  ssam msam s s i el i i s aie  sie 3209 8108 s7e  asswee 121360 Loseos | saoameds simmeos  Assszeor | s oss soiies  veus
Postinadaion Dade aas1 cado sam1  lzee 126 laes laen 12663 126 laew a6 327 S0 sw  emp  smess  sawe0s Losieos isees  5ssoreos Soonsee 06 X i Lo
Prowasaion | OWSG3  osamy osam ssam ssas Lo g s i arm 27w @ a9 a1 a5 3108 s7m0  oswEez 1219600 LoEOH  S3MIE0 smoieos | Aswes | armi 2 ioinie Lo
Postinadaion Jiss aasw cases case  Izsw 1asw laew lase  Issk Iaes Iasss Iassr a4 sae a0 a2 S7ons  siseds Loeos isweci sensieeds X aonecs 10083 Lo
Prowataion  OWs0L 2530 2sa0 a3 e Lo e i nme i wm pm o ame  ame  ams  am | s aswEcz 1zeee Lomeos | Saizuess simecos  siceseor | seo a8 o206 1610
Postinadaion Gasio aasee casi 2ass  lzew 1scs lacod 1268 loeds Iaein 1o lscor 3ol a8 9o o0  s7es  s4we0s Loeos 1ssoeci  seeioreos frivad X lozmss  Looss
Proadaion  OWsGs  ssam osams asass ssass  lmis o i sy lavis s i2mo 270 3205 3203 a5 aies  s7a0  oswEe 12602 Lovieos | s3ioceos siweos  Aesweeor | s ses iooess Lo
Postinaaion Jasss casm camo camw  Izew Iasls lasio lase  12es Iosl2 12ss Iasol 3o a8 Sws a5 v sdme0s Loweos isweei sseireos X soomieos loiies  Lons
Preadaion OWIOOL 25383 sams sas sams L iarir i s s iy ians iz aies 500 30 3208 s7ars  assseor 1272602 L2004 S3i0MsEDe simisieos  osmoess 4 a3 wiz2a 1e
Postinadaion Gaves aams aames save  lzew lsem laes Iaerl  laee 1ae7 laoT lao 28 sais  smi  ems v s4noeds Loweos issees  5smeeecs Sorzame 06 X iomoss Lo
Prowataion  OWioe ssam sams asaw asam  Law iamis 7 s darw e 27w @m0 a0 a1 320 3200 s7ws  osmEe 127600 Lo70E04 | S3ioAseos suisees  aesices s 3o ioosen Lo
Postinadaion s s w0 mis  2es Iasls len iaew  Isew 126 1ew 1em 3 sae a6 sap  smes  seieeds Loseos isceor sseoisecs X aowmeos 15428 Less
Prowataion  OwsG2 | 25 ssam s mam s i s nw  ams wms nme nw ams a0 awe  awe | s7as | 2smEez 129602 LomEos | S30aE0s simeos | ssrEer | ases ses so0as2 | vaos
Postiradaion Gads aaas aaars saams  lzew lsees laeeo lses  126os isees a6t Ia6ed o1 s  eals o8 573l saiE0s Looreos iseieo 5.9%0ee08 Sosorae 06 X Imios  Lewtt
Prewasaion  OWsor 2ssai sam ssai asas Lo i iame it  lama iams it s a9 aie 3195 3200 s7eiz  asswEer 1213600 Lo7seos | saoadieds simoseos  dosseor s s0 ioiss  Leis
Postiradaion J0m mo o mom  Izeos 1os0s laseo 12 12607 lass Iase7 12891 3o 32 92 a8 70  s6edc Loweos 1seEei sseiseecs X someeos s Leas
Prowasaion  OWILOL 253 sams ssams ssam  Lma wavis 7w pms  ma b 27w @iy sis  si8 3195 3105 S7ase  25wE02 1272602 LOT0EOH | S2o7aRE08 aumess  isecor | s e wwiiar  veus
iraciodon s aawr 4w came e 1aen oo Iae  1oess Ias oo 1es 3z a8 amr  amo  snon  siweds Laseor is7Eer  s4seorece Sooseacos x ey
Prowadaion  OWso3  ssss ssam ssaw sam Lz i i et Loz i i e a0 a0 320 820 57 asswEor 12130 Loseod | 53izseeds swmseos  asmEor 4w se w277 Les
Postinadaion Jioss moos sases sases  Izsei 1260 loem lasds  Izsey losse lasea Ias  SoM  Sm1 a1 ea0  s7wsl  s4we0s Loweos 1swEes  ssrioseos X sosmeecs Rl
Prowasaion oWz osam osam ssams asam Dm0 iams i it lario s 1270 27 a200 a1 3205 3108 s7sie  o5mEe 1213602 LoMEOH | 53260608 susees  ArseEer | 54 s seiion 160
Postinadaion Jaswy camo came 2ass 126w Ias laew aew  Isem 1aew 1ew 126w 321 a8 a0 sme  s7oes  siweds Losios imeeer  ssnecs o0m3E.06 X o508 Loise
Prowataion  OWaa2 253 asas s mam s s im nme s mma im0 pme | amo 3 aas e s 2swEcz 1zece Lomeod | S3aecos ausweos Lo -asss 5o om0 Laowo
Postiradaion Gicso aaws 2aeei 2aes1  lzseo lsses looas lasi  losss losi lass Ia%8 S0 926 o on6  S7M  sdwe0s Loweos 1sEer 5480608 X sosseecs lmass Lo
Prewadaion  OWsas s sam ssam asam s iams iams s  lams i iams ms  aies  ams 3 8105 siei  oswEer 1213602 Lomeos | Ssoedeeds simmeeos  Asssieor a7 ass o0 Leie
Postinataton Jasia aaxto dase sase  Izesy 1sew oo laseo  Izee 1aen laen e 3207 e o samr  s7mes  sameds Losios iseci sseouecs s X 10 Lo
Pronadaion  DWI003 NOT RETURNED 6Y INL Using I maan dimesions daia sswcor 1oneos &
Postinadaion pr e x

31



ORNL/TM-2014/255

Table 25 Dimensional change, the creep strain, the specimen loading details, and the irradiation conditions (dose and
temperature) for grade PCEA

Specimen]1.D, [ Companion Specimen Diment | Change, [specimen Type: | Load Details Creep Strain (creep-control Iradiation Conditions
Number Number |Number Lmm) | o) | D(mm) | aDDo(%) |_creep [ control | Load |[Stress L Lateral ID No. Temp | Dose |channel
[ [ I I I
|ADIM = IRR-UNIRR Ibf__ | ksi_| MPa (mm) | % mm) | % °C DPA

DA701  4S6 DA702 5511

-0.502 1978 -0.0523925 -0.41 X 359 182 1255 0207 " 1168 0030 0239 456 612 417 s4
DA702 5511 DA701 456

-0.206 0810  -0.0828225 -0.65 X 0 0 0 5S11 538 372 U4
DAG02  4S1 DAG01 356

-0.865 3405 -0.1229262 -0.97 X 377 191 1318 0477 " 1878 0063 0497 4s1 680 6.37 s1
DAGOL 356 DA602 4s1

-0.388 1527 -0.1862 146 X 0 0 0 356 632 5.96 u1
DW1-03 1814 DwW2-03 w13

0.479 1887  -0.0554637 -0.44 X 377 191 1318 0242 " 0953 0038 029 1514 606 436 s1
DW203  1U13 DW103  1S14

-0.237 0934 -0.09318 -0.73 X 0 0 0 1013 533 391 u1
DW6-02  4S15 DW7-02  4Ul4

0.731 2882 -0.0992837 0.78 X 359 185 1274 0408 " -1.608 0044 0343 4s15 679 5.97 s4
DW7-02  4ul4 DW602  4S15

-0.323 1273 -0.1429125 112 X 0 0 0 4u14 618 55 ua
DW6-03  4Ul DW7-01  4U6

-0.869 3423 -0.114945 -0.90 X 359 185 1276 0422 " 1661 0077 0603 au1 714 6.52 sS4
DW7-01  4U6 DW6-03  4Ul

-0.447 761 -0.1917738 151 X 0 0 0 . U 679 6.27 U4
DW1-01 152 DW2-01 102

-0.900 3546 -0.1366025 107 X 377 195 1347 0413 " 1629 0066 0521 152 706 673 s1
DW2:01 102 DW1-01 152

-0.487 -1.918 -0.20291 159 x 0 0 0 102 672 6.49 s1
DW8-02 5512 Dwgo2  5ull

0535 2108 -0.0420775 033 X 474 242 1667 0316 7 1245 0052  0.408 5512 611 425 s5
DW902 5U11 DW8-02 5512

0.219 -0.863 -0.094 -0.74 X 0 0 0 sull 537 38 Us
DW3.03 2514 DW501 2013

-0.566 2229 -0.044295 -0.35 X 467 239 1644 033 " 1321 0051  0.401 4s14 609 438 s2
DW501  2U13 DW303 2514

-0.230 0907 -0.0953225 075 X 0 0 0 2013 534 391 u2
DW8-01 559 DW9-01 509

-0.806 3175 -0.075375 059 X 474 243 1676 -0.469 " -1.849 0071 0556 559 674 5.87 S5
DW9-01 509 DW8-01 559

-0.337 1326 -0.146165 115 X 0 0 0 509 597 533 Us
DW3-02 258 DW4-01 208

-0.818 3225 -0.0918587 072 x 467 240 1656 0443 " 1747 0064 0501 258 670 6.02 s2
DW4-01 208 DW3-02 258

0375 41477 -0.1555688 122 x 0 0 0 208 504 5.47 w2
DW7-03 554 DW8-03  5U4

-0.961 3786 -0.0945812 074 x 474 244 1681 0518 " -2.040 0004 0742 554 706 655 S5
DW8-03  5U4 DW7-03 554

0.443 1745 -0.18902 148 x 0 0 0 5U4 670 6.24 Us
DW301 251 DW4-03 201

-1.019 4016 -0.1098663 -0.86 X 467 241 1662 -0.519 2,043 0100 0787 251 711 6.8 s2
DW4-03  2uU1 DW301 251

-0.501 1972 -0.2100087 -1.65 X 0 0 0 201 674 6.68 u2
DW1001 6511 DW1002  6ULL

-0.629 2476 -0.0378137 -0.30 X 558 285 1966 -0.404 -1.502 0055 0434 6s11 610 439 s6
DW1002  6UlL DW1001  6S11

0225 0885  -0.0929625 073 X 0 0 0 6U1L 534 388 Us
DW5-02 3515 DW601  3Ul4

-0.910 3587 -0.0581125 -0.46 x 565 289 1994 -0.615 2423 0072 0569 3s15 669 5.66 s3
DW6-01  3U14 DW502 3515

0.205 41164 -0.1305275 103 X 0 0 0 3u14 585 5.02 u3
DW11-01 Spare 1W. DW503  3U6

-1.032 -4.067  -0.0688475 -0.54 X 565 290 2000 0644 2538 0109 0860 DW1101 687 632 s3
DW5-03 3U6 DW11-01 Spare 1W

-0.388 1529 -0.1782537 -1.40 X 0 0 0 3Us 638 5.88 u3
DW102  1S6 DW2.02 1U6

-1.027 -4.046  -0.0859875 -0.68 X 558 287 1978 -0.609 -2.400 0094 0737 16 683 6.39 s6
DW202  1U6 DW1-02 16

-0.418 1647 -0.1798387 141 X 0 0 0 1U6 634 5.9 Us
DW9-03 654 DW1003  6U4

-1.107 4362 -0.0873087 -0.69 X 558 287 1979 -0.615 -2.423 0122 0963 654 710 6.83 s6
DW1003  6U4 DW9-03 654

-0.492 1939 -0.2008 165 X 0 0 0 6u4 674 6.63 Us
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3.5. Grade IG-110 (Code E)

Table 26 Specimen dimensions, mass, bulk density, and volume change for grade 1G-110

Means Creep specimens Control specimens
Volume
Specimen| Thickness mm, Outside Diameter mm. Hole Diameter ,mm. Weight Thickness | Diameter |Cross-section 2- hole Volume Volume ___Volume Change _Volume Change ‘Specimen Type Volume _ Volume Change _ Change. Density | Density
Number |T1 |12 ‘u | ‘m |D2 |D3 ‘m“” |Dzm |Da"" |H2 H1 |sz | g m m m N m m (8VVo) % ‘ Creep ‘ Control ‘ m3 m3 (8VIVo) % kgm® | glem?
Pre-Irradiation EW2-02 25.387 25.389 25.383 25.378 12.718 12.725 12.730 12.724 12.720 12.723 12.727 12.730 3.208 3.205 3.205 3.205 5.5901 2.538E-02 1272E-02  1.272E-04 5.32947E-08 3.17489E-06 -9.94069E-08 -3.131036185 X 1760.72 1.7607
Post-Irradiation 24.842 24.854  24.851 24.868 12.658 12.663 12.661 12.658 12.675 12.663 12.659 12.663 3.249 3.240 3.227 3233 5.58771 2.485E-02 1.266E-02  1.259E-04 5.43559E-08 3.07548E-06 1816.86 1.8169
Pre-Iradiation EW2-03 25.386 25.386 25.383 25.385 12.730 12.727 12.725 12.717 12.725 12.727 12.724 12.720 3.208 3.211 3.203 3.205 5.5930 2.539E-02 1.272E-02  1.272E-04 5.3337E-08 X 3.17477E-06 -8.93287E-08  -2.81370891 1761.71 1.7617
Post-Iradiation 25.163 25.161 25.161 25.161 12.594 12.605 12.609 12.609 12.597 12.608 12.610 12.610 3.249 3.237 3.246 3242 5.5899 2.516E-02 1.261E-02  1.248E-04 5.45691E-08 3.08544E-06 1811.70 1.8117
Pre-Iradiation EW2-01 25.381 25.381 25.361 25.385 12.725 12.727 12.730 12.725 12.722 12.725 12.728 12.717 3.200 3.216 3211 3.213 5.5838 2538E-02 1272E-02  1272E-04 5.34425E-08 3.17385E-06 -1.10104E-07 -3.469084208 X 1759.31 1.7593
Post-Irradiation 24.826 24813  24.806 24.825 12,654  12.646 12.646 12.646 12.646 12.651 12.652 12.649 3233 3.246 3252 3.263 5.57996 2482E-02 12656-02 1257E-04 5.47405E-08 3.06375E-06 1821.29 18213
Pre-Irradiation EW2-03 25.386 25.386 25.383 25.385 12.730 12.727 12.725 12.717 12.725 12.727 12.724 12.720 3.208 3.211 3.203 3.205 5.5930 2.539E-02 1272E-02  1272E-04 5.3337E-08 X 3.17477E-06 -8.93287E-08  -2.81370891 1761.71 1.7617
Post-Irradiation 25.163 25161  25.161 25.161 12.594 12.605 12.609 12.609 12.597 12.608 12.610 12.610 3.249 3.237 3.246 3.242 5.5899 2.516E-02 1261E-02  1.248E-04 5.45691E-08 3.08544E-06 1811.70 1.8117
Pre-Irradiation EW7-01 25.368 25.376 25.378 25.380 12.715 12.715 12.715 12.701 12.701 12.718 12.720 12.709 3.208 3.203 3.205 3.205 5.5902 2.538E-02 1.271E-02  1.269E-04 5.32947E-08 3.16724E-06 -1.3709E-07 -4.328366422 X 1765.01 1.7650
Post-Iradiation 24.622 24.632 24.619 24.630 12.628 12.623 12.624 12.622 12.622 12.631 12.641 12633 3213 3.227 3.250 3228 5.58736 2.463E-02 1.263E-02  1.252E-04 5.41001E-08 3.03015E-06 1843.92 1.8439
Pre-Iradiation EWs8-01 25.380 25.378 25.378 25.371 12.687 12.703 12.697 12.708 12.701 12.705 12.705 12.706 3.205 3.203 3.203 3.200 5.5829 2.538E-02 1.270E-02  1.267E-04 5.32103E-08 X 3.16226E-06 -1.27032E-07  -4.01712843 1765.48 1.7655
Post-iradiation 25088 25001 25001 25088 12520 1252 12516 12513 12530 12531 12528 12526 3260 3259 3265 3255 558008 2500502 1252602 1232604 5.51904E-08 3,03523-06 183874 18387
Pre-Irradiation EW6-03 25.373 25.372 25.376 25.377 12.701 12.710 12.711 12.709 12.706 12.710 12.713 12.713 3.203 3.200 3.205 3.203 5.6009 2.537E-02 1271E-02  1269E-04 5.32103E-08 3.16583E-06 -1.47604E-07 -4.66239492 X 1769.17 1.7692
Post-Iiradiation 24.576 24579 24573 24.584 12.601 12.606 12.607 12.608 12.629 12.635 12.628 12.615 3231 3.235 3.244 3.227 5.59804 2.458E-02 1262E-02  1.250E-04 5.4249E-08 3.01823E-06 1854.74 1.8547
Pre-Irradiation EW?7-03 Not returned by INL, use INL data for mean length and diameter changes 2.538E-02 1.272E-02 X
Post-Irradiation 2.508E-02 1.252E-02
Pre-Irradiation EWS5-01 25.370 25.368 25.368 25.373 12.713 12.717 12.720 12.710 12.715 12.720 12.722 12.720 3.203 3.203 3.203 3.203 5.5756 2537E-02 1272E-02  1270E-04 5.32103E-08 3.16925E-06 -1.46597E-07 -4.625593665 X 1759.28 1.7593
Post-Iiradiation 24.528 24546 24.536 24.552 12.630 12.630 12.622 12.634 12.645 12.637 12.636 12.643 3231 3.225 3237 3.231 5.57224 2454E-02 1263E-02  1254E-04 5.41427E-08 3.02266E-06 1843.49 1.8435
Pre-Irradiation EWS5-03 25.382 25.375 25.373 25.376 12.706 12.701 12.706 12.703 12.720 12.718 12.718 12.713 3.208 3.203 3.203 3.200 5.5845 2.538E-02 1271E-02  1.269E-04 5.32103E-08 X 3.1668E-06  -1.20482E-07  -3.80454285 1763.45 1.7635
Post-Iiradiation 25.080 25.086  25.086 25.088 12.545 12.545 12.550 12.555 12.529 12.542 12.553 12.553 3.265 3.251 3.246 3.266 5.5815 2.509E-02 1.255E-02  1.236E-04 5.50291E-08 3.04632E-06 1832.21 1.8322
Pre-Irradiation EW8-03 25.373 25.377 25.376 25.385 12.695 12.695 12.701 12.709 12.666 12.700 12.703 12.710 3.198 3.203 3.208 3.203 5.5817 2.538E-02 1.270E-02  1.266E-04 5.32103E-08 3.16021E-06 -7.70098E-08 -2.436857227 X 1766.24 1.7662
Post-Irradiation 24.871 24.887  24.881 24.881 12.676 12,671 12.677 12.672 12.678 12.668 12.663 12.656 3.207 3.227 3222 3217 5.57956 2.488E-02 1.267E-02 1.261E-04 5.37176E-08 3.0832E-06 1809.67 1.8097
Pre-Iradiation EW9-02 25.368 25.386 25.386 25.370 12.710 12.714 12.705 12.704 12.711 12.713 12.710 12.703 3.203 3.200 3.203 3.203 5.5911 2.538E-02 1.271E-02  1.269E-04 5.31892E-08 X 3.16598E-06 -6.60176E-08 -2.08521893 1766.00 1.7660
PostIadiation 25213 25210 25213 25215 12614 12624 12623 12614 12614 12620 12632 12624 3235 323 3225 322  5587% 2501E02 1262602 1251E-04 5.41215E-08 3,09996E-06 180250 18026
Pre-Irradiation EW8-02 25.373 25.366 25.370 25.371 12.713 12.710 12.708 12.704 12.710 12.708 12.708 12.699 3.198 3.198 3.193 3.103 5.5862 2.537E-02 1271E-02  1.268E-04 5.29574E-08 3.16452E-06 -1.51777E-07 -4.79620424 X 1765.26 1.7653
Post-Iiradiation 24.403 24.425  24.401 24.424 12.622 12.620 12.634 12.641 12.634 12.654 12.671 12.689 3.209 3214 3213 3.202 5.55367 2441E-02 1265E-02  1.256E-04 5.3432E-08 3.01274E-06 1843.39 1.8434
Pre-Irradiation EWS-01 25.364 25.378 25.381 25.381 12.605 12.705 12.703 12.709 12.709 12.709 12.703 12.700 3.203 3.198 3.200 3.198 5.5981 2.538E-02 1.269E-02  1.265E-04 5.31048E-08 X 3.15778E-06 -1.27143E-07  -4.02635251 1772.80 17728
Post-Irradiation 25.055 25.061 25.062 25.064 12.525 12.530 12.528 12.536 12.494 12,511 12.520 12.518 3.241 3.245 3.252 3.255 5.59619 2.506E-02 1.252E-02  1.231E-04 5.47297E-08 3.03063E-06 1846.54 1.8465

Prelradiation  EW401 25370 25377 25358  25.366 12695 12710 12718  12.722 12708 12711 12706 12715 3205 3208 3208 3203 5.5008 2537602 1271E-02  1269E-04 5.33158E08 3.16557E06  -L05133E-07  -3.321137169 X 3.16557E-06 -LOS133E-07 332113717 176613 17661
Post-iradiation 24657 24669 24.667  24.667 12686 12685 12681 12679 12680 12638 12688 12688 3211 3223 3227 3228 558784 2467602 1268E02 1263E-04 5.38558E-08 3.06043E-06 3.06043E-06 182583 1.8258
Pre-Iradiation  EW6-02  Not returned by INL, use INL data for mean length and diameter changes 2539E-02 1272E-02 X

Post-Imadiation 2517602 1.260E-02

Pre-iradiation  EW6-01 25368 25375 25378  25.372 12706 12706 12706  12.708 12703 12711 12709 12710 3203 3200 3200 3198 55018 2537E-02 1271E-02  1268E-04 5.31259E-08 3.16487E-06  -1.09471E-07  -3.458926799 X 3.16487E-06 -1.09471E-07  -3.4589268 1766.83  1.7668
Post-imadiation 24605 24601 24613  24.609 12690 12687 12682 12675 12675 12686 12686 12684 3203 3208 3223 3208 558862 2461E-02 1268E-02 1263E-04 5.34637E-08 3.0554E-06 3.0554E-06 182909  1.8201
Pre-imadiation  EW6-02  Not retured by INL, use INL data for mean length and diameter changes 2539E-02 1272E-02 X

Post-imadiation 2517E-02  1.260E-02

Prelradiation  EW9.03 25375 25371 25377  25.376 12678 12700 12697 12700 12699 12705 12709 12710 3205 3203 3203 3203 5.5002 2537602 1270E-02  1267E-04 5.32314E08 316107E-06  -130776E-07  -4.13708176 X 3.16107E-06 -L30776E-07 -4.13708176 176845  1.7685
Post-Iradiation 24519 24525 24535  24.537 12644 12634 12640 12643 12663 12671 12668 12663 3222 323 3236 3228 558822 2453E02 1265602 1257E-04 5.41319E-08 3.03020E-06 3.03029E-06 184412 18441
Preadiation  EW10-01 25381 25376 25376  25.378 12691 12696 12692  12.678 12696 12703 12711 12713 3205 3205 3200 3198 5.5822 253BE-02 1270E-02  1.266E-04 5.31892E-08 X 3.16039E-06 -1.03589E-07 -327772562 176630 = 1.7663
Post-Imadiation 25117 25118 25117 25119 12559 12554 12548 12542 12562 12570 12572 12566 3265 3241 3241 3260 557855 2512602 1256E-02 1.239E-04 5.48467E-08 3.0568E-06 182496 1.8250
Pre-iadiation  EW10-02 25377 25377 25377 25377 12703 12705 12703 12.689 12700 12705 12711 12701 3198 3200 3203 3208 5.5845 2538E-02 1270E-02  1267E-04 5.31892E-08 3.16256E-06  -149005E-07  -4.711518689 X 1765.82 17658
Post-imadiation 24324 24331 24353 24354 12674 12665 12673 12662 12677 12667 12652 12667 3227 3228 3225 3213 558141 2434E-02 1267E-02  1260E-04 5.38376E-08 3.01356E-06 185210 1.8521
Prelradiation  EW1003 25375 25376 25376  25.376 12713 12703 12699  12.609 12601 12701 12607 12704 3203 3200 3203 3200 5.5023 253802 1270E-02  1267E-04 5.31681E-08 X 3.16174E-06 -1.32008E-07 -4.2064845 1768.74 17687
Post-Iradiation 25039 25038 25.036  25.040 12507 12530 12541 12540 12502 12522 12527 12515 3249 3275 3255 3275 558007 250402 1252602 1232604 5.52435E-08 3.02874E-06 184535  1.8453
Preladiation  EW4-02 25371 25378 25370  25.376 12724 12720 12718 12700 12723 12722 12715 12714 3200 3205 3205 3208 5.5021 2537602 1272602  1270E-04 5.32736E-08 316959E-06  -157534E-07  -4.970179916 b3 176430 17643
Post-Imadiation 24353 24361 24362 24365 12676 12656 12656 12675 12659 12656 12646 12650 3232 3223 3225 3233 558979 2.436E-02 1266E-02 1.259E-04 5.40575E-08 3.01206E-06 185580  1.8558
Preadiation  EWS-02 25377 25372 25350  25.372 12718 12713 12710 12717 12701 12709 12713 12.699 3200 3205 3205 3205 5.5834 2537E-02 1271E-02  1269E-04 5.32525€-08 X 3.16555E-06 -1.24702E-07 -3.93933684 176380  1.7638
Post-imadiation 25061 25058 25064 25064 12531 12554 12563 12559 12533 1253 12525 12519 3258 3237 3254 3244 558045 2506E-02 1254E-02 1.235E-04 5.47185E-08 3.04085E-06 183516 1.8352
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Table 27 Dimensional change, the creep strain, the specimen loading details, and the irradiation conditions (dose and temperature) for grade 1G-110

Specimen i i Dimensional Change, Specimen Type oad Details Iiradiation Conditions
1.D. 1.D.
Number Number Number Number L (mm) | ALAo(%) | D (mm) D/Do (%) Load Stress Longitudanal Lateral ID No. Temp Dose _[channel
[ [ [

[ [
ADIM = IRR-UNIRR Ibf ksi MPa (mm) | % (mm) | % °C DPA

EwW2-02 1S9 EW2-03 w7 X 377 1.91 13.19 -0.307" -1.21 0.056933 0.45 1S9 621 4.75 S1
-0.531 -2.091 -0.06226 -0.49

EW2-03 17 EW2-02 1S9 X 0 0 0 7 562 4.36 U1
-0.224 -0.881 -0.1192 -0.94

EW2-01 1s7 EW2-02 1s9 X 377 191 13.19 -0.336" -1.32  0.043024 0.34 1s7 635 5.11 s1
-0.559 -2.204 -0.07617 -0.60

EW2-03 17 EwW2-01 187 X 0 o] 0 1u7 562 4.36 U1
-0.224 -0.881 -0.1192 -0.94

EW7-01 4S9 EwWs-01 4u9 X 359 1.82 12.58 -0.462" -1.82 0.094431 0.74 4S9 708 6.42 s4
-0.750 -2.955 -0.08391 -0.66

EWs-01 4U9 EW7-01 4S9 X 0 0 0 4U9 671 6.13 u4
-0.287 -1.132 -0.17834 -1.40

EW6-03 454 EW7-03 4U4 X 359 1.83 12.59 0.492" -1.94 0.108918 0.86 4s4 713 6.63 S4
-0.797 -3.139 -0.09308 -0.73

EW7-03 4u4 EW6-03 4s4 X o o o 4u4 682 6.49 u4
-0.305 -1.202 -0.202 -1.59

EWS5-01 2s7 EW5-03 2u7 X 467 2.37 16.35 -0.538" -2.12 0.081616 0.64 2s7 674 6.24 s2
-0.829 -3.269 -0.08252 -0.65

EW5-03 2u7 EW5-01 2s7 X o 0o o 2u7 613 5.76 u2
-0.292 -1.149 -0.16414 -1.29

EW8-03 5513 EW9-02 5U12 X 474 2.42 16.65 0.333" -1.31  0.06093 0.48 5813 601 3.82 S5

-0.498 -1.961 -0.02718 -0.21

EW9-02 5U12 EW8-03 5513 X 0 o 5U12 507 3.31 us
0.165  -0.649  -0.08811 -0.69

EW8-02 551 EW9-01 5U1 X 474 2.41 16.63 -0.641" 253 0.11077 0.87 551 712 6.77 s5
0.957  -3.771  -0.06168 -0.49

EW9-01 5U1L EW8-02 551 x 0 o 0 501 681 6.62 us
0316  -1.244  -0.17245 1.36

EW4-01 1U9 EW6-02 3u9 X 565 2.87 19.81 -0.487" -1.92 0.088614 0.70 U9 628 4.69 s3
0703 2770  -0.03139 0.25

EW6-02 3U9 EW4-01 109 X 0 0 o 3u9 567 4.25 u3
0216  -0.850 012 -0.94

EW6-01 3s9 EW6-02 3u9 X 565 2.87 19.82 -0.551" 217 0.095664 0.75 3s9 642 5.05 s3
0.766  -3.020  -0.02434 -0.19

EW6-02 3U9 EW6-01 3s9 X 0 0 o 3u9 567 4.25 u3
0216  -0.850 012 -0.94

EW9-03 6514 EW10-01 6U13 X 558 2.84 19.59 -0.586" 2,31 0.091903 0.72 6514 666 5.75 s6
0.846  -3.332  -0.04659 -0.37

EW10-01 6U13 EW9-03 6514 X 0 0 0 6U13 582 5.11 3
0.260  -1.025  -0.13849 -1.09

EW10-02 SPAREL EW10-03 SPARE 2 X 565 2.88 19.83 -0.699" 2.76 0.142855 112 SPARE1 713 6.69 s3
-1.037  -4.085  -0.03494 -0.28

EW10-03 SPARE 2 EW10-02 SPARE1 X 0 0 o SPARE2 678 6.43 u3
0337  -1.329  -0.17779 -1.40

EW4-02 2s5 EWS5-02 2U5 X 558 2.83 19.54 -0.705" 2,78 0.111481 0.88 255 693 6.54 s6
41013 -3.994  -0.05774 -0.45

EWS5-02 2U5 EW4-02 285 X 0 0 0 2U5 653 6.18 us
0308  -1216  -0.16922 -1.33



3.6. Grade 1G-430 (Code F)

Table 28 Specimen dimensions, mass, bulk density, and volume change for grade 1G-430
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[ Means [ ] [ Control specimens ]
Specmen]  Thickness ] Gutside Diameter m Tiole Diameter ] [Weigh | [Tckness | Diameter |Cross-section| 2 hole Volume| | Volume | Volume Change | Voume Change | | SpecmenType | [ Volume ] Volume Change | Volume Change | | Density | Density
ot [z b o e be Tl for fo e o le | S I [« [ = oo | |_con | om | | _m ns sy
Pre-Imadiation FW8-02 25380 25383 25381  25.383 12709 12708 12710 12717 12713 12713 12713 12720 3.205 3.208 3.208 3.205 5.7571 2.538E-02  1.271E-02  1.269E-04 5.33369E-08 3.1684E-06 -8.2462E-08 -2.603 1817.03 1.8170
Postinadiation w044 24958 24052 24950 12666 12657 12643 12656 12660 12658 12660 12656 32 3207 3226 3213 575462 2495602 1266E02 1258504  SB449E0B  3.08594E-06 x 16479 L8648
Predradiation  FW901 25387 2539  253% 25386 2719 12718 12717 12717 12723 12718 12718 12718 3211 3203 3205 3200 5773 259602 1272602 1270504 5.32736E08 31720706 835144808 263 181995 18200
Post-Iradiation 25193 25202 25199 25.197 12596 12600 12602 12.606 12602 12599 12608 12610 3.246 3.247 3.252 3.242 5.77081 2.520E-02 1260E-02 1.247E-04  5.46867E-08 X 3.08866E-06 1868.39 1.8684
Preiradation  FWa02 26382 25373 25382 26377 12717 12608 12600 12710 713 12714 12715 12711 3208 3208 3203 3200 57458 253E02 1271602 1269504  S3234E0B  3IG6SHE06  9.36TSE08 2,085 11451 1eus
Post-Irradiation 24875 24.882 24876  24.876 12656 12651 12642 12658 12656 12652 12651 12645 3.235 3.240 3.231 3.236 5.74276 2.488E-02 1.265E-02 1.257E-04 5.42917E-08 3.073E-06 X 1868.78 1.8688
Preiadiation  FWS03 26386 25380 2538 26383 278 1278 1273 1273 12730 12729 12720 12734 3203 3205 3198 3200 57023 250602 1273E02 127304 53LGRIE0R 317824606 -LO3102E07 2u 182249 1225
Postiadiation 28 25170 25185 25,83 1258 1257 12580 12678 12565 12570 12678 12678 3247 3252 3264 3259 578984 251802 1250602 1243504  5AST6E08 x 307513606 188279 1828
FW1301 25385 25381 25381 26383 12730 12728 1273 1273 1275 12724 1275 12727 3205 3208 3200 3205 57910 259E02 1273E02 1272604  S327E0E 317612606 -LOOTSSET ERi 2330 1823
24000 24004 24011 24920 12651 12647 1265 12651 12650 12644 12640 12643 3213 3241 3230 3246 578689  2491E02 1265602 1256604  SAIOSAE0B 30753606 x 188160 18817
FW201 25373 25376 25376 25375 12700 12703 12607 12687 12605 12605 12705 12706 3211 3208 3211 3208 5725 2537602 1210602 1267604 534215608 316132606 030121608 2002 TR TTeY
5075 25183 25179 25,184 1255 12571 12576 12573 12566 12572 12560 12550 3258 3254 3250 3240 572318 2518502 125702 1240604 5.48685E-08 x 306631506 186525 18653
Preiradiaion | FWBOL 26383 25377 26381 26377 12700 12708 12713 12718 12710 12710 12714 12717 3205 3203 3208 3205 57551 253E02 1271602 1269504  S32047E08  3I6I2E06  0.78478E08 2,089 1668 1167
Postiadiation 2826 24842 24850 24829 12660 12646 12635 12642 12668 1265 12671 12668 3221 3200 3261 3227 575263 1266502 1296E04  SA0BSE08  3.07008E-06 x wsT 18738
Preradiation  FWE.03 Not retumed by INL INL dimensional data used 250602 127602
Postiadiation SE02 1255602 x
Preiradation  FWLOL 25371 25372 25371 26370 12710 12717 1271 12682 12710 12705 12705 12701 3208 3205 3208 3213 5723 2597602 1271E02 1266504  S34003E0B  31GI79E06  -LIBOSEO7 73 180900 180%
Post-Irradiation 24786 24797 24782  24.808 12618 12609 12614 12622 12625 12616 12620 12620 3.258 3.239 3.240 3.245 5.71889 2479E-02 1262E-02 1.250E-04  5.46224E-08 3.04569E-06 X 1877.70 18777
Preiradation | FWL03 26376 25368 25381 26375 77 1274 1278 12718 12717 12715 12715 12713 3208 3211 3208 3203 5757 2637602 1272602 1270604 5.33BIE0E 3168706 -0.83586E-08 3104 18169 18170
Post-Iradiation 25230 25227 25226 25229 12561 12556 12549 12,538 12556 12566 12574 12570 3.250 3.247 3.242 3.259 5.76253 2.523E-02 1.256E-02 1.239E-04 5.47721E-08 X 3.07034E-06 1876.83 1.8768
Predradiation  FW1201 25357 2539 25385 25389 12729 127 12721 12725 12729 12755 1275 12724 3200 3195 3200 3203 57506 2599E02 1273E02 1272504  S3I259E08  BATEHE06  5.6B3IE08 1852 181042 18104
Post-Iradiation 25037 25050 25.047  25.045 12692 12697 12703 12701 12703 12695 12691  12.699 3.226 3.208 3.237 3.218 5.74748 2.504E-02 1270E-02 1.266E-04  5.38554E-08 3.11756E-06 X 1843.59 1.8436
Preiadiaion | FW40L 26380 25381 25382 25380 12718 12713 12714 12710 12713 12710 12713 12709 3208 3208 3208 3205 57330 263602 1271602 1269504 5323UE0S 31610606 473916608 BV 180084 18038
Post-Iradiation 25264 25269 25276  25.273 12642 12646 12651 12651 12645 12651 12651 12647 3.240 3.225 3.23 3.236 5.73115 2.527E-02 1.265E-02  1.256E-04 5.42383E-08 X 3.1208E-06 1836.44 1.8364
Preiradiaion  FW30L 25380 25378 26377 26371 12600 12605 12605 12700 12703 12703 12703 12696 3200 3205 3211 3211 5737 25%E02 1210E02 1267604 53337608 SI608E06 877338608 2116 181400 18140
Postiadiation 2487 24883 24880 24883 12646 12642 12644 12650 12655 12655 12650 12655 3244 3200 325 3226 57313 2480E.02 L265E.02 125704 SA282E08  3.07307E06 x 186495 18650
Pre-Imadiation FW3-03 25381 25370 25372 25378 12717 12713 12715 12.706 12713 12714 12714 12706 3.203 3.205 3.208 3.208 5.7546 2538E-02  1271E-02  1.269E-04 5.33158E-08 3.16734E-06 -7.71977E-08 -2.437 1816.86 1.8169
Postinadiation 2210 25220 2210 25216 12502 12601 12600 12604 12506 12606 12602 12601 32 3242 323 3242 57514 2520602 L260E02  L247E04  5.44196E08 x 300014606 6121 18612
FW203 25373 25380 25366 25360 12708 12705 12709 12711 12699 12705 12703 12699 3211 3208 3213 3205 57478 2597602 1270E02 126BE04  534214E0B  31G3IE06 93360508 2051 11540 18154
24891 24890 24867  24.909 12661 1265 12643 12650 l2643 12638 12621 12623 3218 3222 372 3233 573952 2499602 126E02 1255604  SAIGMEOB 307001606 x 186954 18695
Preiradiaion  FW303 26381 25370 26372 26378 277 1273 1278 12706 12713 12714 12714 12706 3208 3205 3208 3208 57546 263602 1271602 1269504 5.331S8E08 316734606 771977608 2437 11685 18169
Post-Iradiation 25219 25220 25219 25216 12592 12601 12600 12.604 12595 12606 12602 12601 3.236 3.242 3.236 3.242 5.7514 2.5226-02 1.260E-02  1.247E-04 5.44196E-08 X 3.09014E-06 1861.21 1.8612
Preimadiaion  FW903 25382 25380 25381 26381 77 1274 12m 12ms 12718 12718 12715 12719 3208 3203 3208 3203 57710 253E02 1202602 1210604 5320008 3AT018E06  -LO2203E07 22 182040 18204
Postiadiation 4767 24765 24760 24.770 12678 12662 12662 12678 12671 12664 12650 12673 3226 3230 3225 3228 576106  2471E02 126102 1260504  5AOISE08 3.06789E-06 x 7081 18798
Pre-Iradiation FW10-02 25390 25390 25390  25.387 12722 12723 12724 12723 12723 12725 12722 12720 3.208 3.208 3.208 3.208 5.7841 2539E-02 1272E-02  1.271E-04 5.33792E-08 3.17436E-06 -1.04661E-07 -3.297 1822.13 1.8221
Postinadiation B0 2567 2568 25,168 12566 12562 12560 12567 12563 12564 12560 12574 3245 3264 3245 3250 57814 2517602 1257E02  1241E04 548149608 x 3.0697€.06 188338 18834
Predradiation  FW902 25386 25389 25386 26387 1275 12717 1277 12718 12724 12715 12715 12713 3211 3208 3208 3208 57547 25302 1272E02 1210604  S34003E08  SATIGAE06  -LOSBISET 3370 w1442 1814
Post-Iradiation 24738 24733 24738 24.740 12661 12671 12685 12704 12669 12645 12655 12670 3.246 3.226 3.233 3.214 5.75206 2.474E-02 1267E-02 1.261E-04  5.41104E-08 3.06475E-06 X 1876.85 1.8768
Preiradiaion  FW1001 26394 25394  253%2 26392 273 i i 2m 272 12718 1278 1272 3205 3205 3200 3205 57745 2609602 1272602 1271604 532525608 317433606 -LOIBSTET 2210 1013 1e101
Post-Irradiation 25184 25188 25187  25.188 12565 12570 12570 12572 12573 12577 12579 12582 3.250 3.256 3.252 3.255 5.77124 2.519E-02 1.257E-02 1.242E-04 5.49008E-08 X 3.07244E-06 1878.39 1.8784
Preiadiation  FW202 26362 25363 26376 26375 12705 12700 12711 12710 12604 12695 12701 12696 3216 3208 3205 3211 57308 2507602 1210E02 1267604  S34426E0B  3IGISBE06  -LI6ZSEE07 ET50 181264 18126
Postiadiation 73 w1 475 24724 12651 12646 12640 262 12624 1262 12621 32 3231 3237 3232 57283 2472602 1264E02 1254E04  SAZ1E0B  3.04532606 x 18102 18810
Preiradation | FW302 25373 25375 25378 26377 12713 12714 12704 12700 12717 12715 12715 1265 3205 3203 3200 3205 57257 25%E02 1270E02 1268504 532314E08 316356506 2200 180989 1809
Post-Irradiation 25176 25196 25196  25.194 12538 12553 12548 12547 12545 12558 12563  12.549 3.269 3.269 3.251 3.252 5.72258 2519E-02 1255E-02 1.237E-04  5.51372E-08 X 3.06105E-06 1869.48 1.8695
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Table 29 Dimensional change, the creep strain, the specimen loading details, and the irradiation conditions (dose and
temperature) for grade 1G-430

Dimensional Change, Specimen Ty oad Details Creep Strain (creep-control Iradiation Conditions
L(mm) | ALLy(%) | D(mm) | AD/Dy(%) Creep | Control Load Stress Longit Lateral 1D No. Temp Dose _[channel
[ [ [ I I

Specimen

LD.
Number

Number

ADIM= IRR-UNIRR Ibf ksi_ | MPa mm) | % mm) | % “C DPA
FW8-02 4510 FW9-01  4U10 X 359 182 1258 024076 7 189  0.060806  0.478 4510 669 551 s4

-0.4319 -1.70 -0.05458 -0.43

FW9-01 4u10 FW8-02 410 X 0 0 0 4u10 587 491 u4
-0.19114 -0.75 -0.11538 -0.91

FW4-02 3s3 FW5-03  3U3 X 359 183 12.59 0300177 236 0.09284  0.730 3s3 688 6.15 S4
-0.50148 -1.98 -0.05831 -0.46

FW5-03 3u3 FW4-02 383 X 0 0 0 3U3 639 574 U4
-0.20131 -0.79 -0.15115 -119

FW13-01 Sparel Fw201  1U10 X 317 191 1318 0276877 218 0.053638  0.421 FW 1301 662 5.72 S1
047154 186  -0.08025  -0.63

Fw2-01 110 FW13-01 Sparel X 0 0 0 110 580 512 ut
-0.19467 -0.77 -0.13389 -1.05

FW8-01 483 FW8-03  4U3 X 359 182 12.58 036863 " -2.90 0111376 0.876 4s3 716 6.59 S4
-0.54293 -2.14 -0.05622 -0.44

FW8-03 4u3 FW8-01  4S3 X 0 0 0 4U3 679 6.4 u4
-0.1743 -0.69 -0.1676 -1.32

FW1-01 185 FW1-03 1U5 X 317 192 13.22 0430627 339 0067823  0.534 185 708 6.79 S1
-0.57754 228 -0.08851 -0.70

FW1-03 1Us FW1-01 1S5 X 0 0 0 1Us 672 6.61 U1
-0.14692 -0.58 -0.15633 -1.23

FwW12-01 6U7 Fwa-01  2u14 X 474 240 16.57 0232427 183 0.035337 0278 6U7 593 337 S5
-0.34255 -1.35 -0.02905 -0.23

FW4-01 2U14 FW12-01  6U7 X 0 0 0 2U14 472 2.78 u2
-0.11013 -0.43 -0.06438 -0.51

FW3-01 2814 FW3-03  2U9 X 467 238 16.40 034002 " 268 0.063801  0.502 2814 609 438 S2
-0.49675 -1.96 -0.0483 -0.38

FW3-03 2U9 FW3-01  2S14 X 0 0 0 2U9 564 437 u2
-0.15673 -0.62 -0.1121 -0.88

FW2-03 289 FW3-03  2U9 X 467 238 16.39 0323617 255 0.048086  0.378 259 639 5.15 S2
-0.48035 -1.89 -0.06401 -0.50

FW3-03 209 Fw2-03 259 X 0 0 0 209 564 4.37 u2
-0.15673 -0.62 -0.1121 -0.88

FW9-03 5510 FW10-02  5U10 X 474 241 16.60 -0.3925 -3.09 0.102509  0.806 5510 697 6.43 S5
-0.6132 242 -0.04782 -0.38

FW10-02 5010 FW9-03  5S10 X 0 0 0 5010 656 6.06 us
-0.2207 -0.87 -0.15033 -1.18

FW9-02 582 FW10-01 502 X 474 241 16.60 0443477 349 0.099993  0.786 552 714 6.72 S5
-0.64973 -2.56 -0.04794 -0.38

FW10-01 502 FW9-02 582 X 0 0 0 502 678 6.52 us
-0.20627 -0.81 -0.14793 -1.16

FW2-02 283 FW3-02 2u3 X 467 2.38 16.39 0464777 366 0.087121  0.686 283 693 6.58 S2
0.65014  -2.56 0.0672 053

FW3-02 203 Fw2-02 283 X 0 0 0 203 653 6.22 us

-0.18537 -0.73 -0.15432 -l.21

FW5-02 3s7 FW7-03  3U7 X 565 2.86 19.75 -0.3083 242 0.065735  0.516 3s7 602 3.87 S3
-0.42176 -1.66 -0.02038 -0.16

FW7-03 3u7 FW5-02 3s7 X 0 0 0 3u7 508 3.32 u3
-0.11346 -0.45 -0.08612 -0.68

FW5-01 3s5 FW7-02  3U5 X 565 2.87 19.79 -0.34333 270 0.068155  0.536 3s5 612 43 S3
-0.47656 -1.88 -0.02933 0.23

FW7-02 3Us FW5-01 385 X 0 0 0 3U5 537 38 S3
013323 052 009748 0.7

FW11-02 6510 FW12-02  6U10 X 558 283 19.52 -0.39208 -3.08 0.069169  0.544 6510 626 478 S6
-0.55608 219 -0.03873 -0.30

FW12-02 6U10 FW11-02  6S10 X 0 0 0 6U10 564 4.34 [V}
-0.164 -0.65 -0.1079 -0.85

FW11-01 657 FW12-02  6U10 X 558 283 19.53 -0.39142 -3.08 0.0643 0.505 657 639 5.14 S6
-0.55542 ik -0.0436 -0.34

FW12-02 6U10 FW11-01  6S7 X 0 0 0 6U10 564 4.34 U
-0.164 -0.65 -0.1079 -0.85

FW4-03 3s4 FW7-01  3U4 X 565 2.87 19.80 -0.51681 -4.06 0.1436 1129 354 707 6.59 S3
-0.70513 278 -0.03138 0.25

FW7-01 3u4 FW4-03 354 X 0 0 0 3u4 670 6.28 u3
-0.18833 -0.74 -0.17498 -1.37

FW10-03 652 FW11-03  6U2 X 558 2.83 19.53 -0.64983 511 0.140608  1.105 652 708 6.87 S6
-0.77204 -3.04 -0.02931 0.23

FW11-03 6U2 FW10-03  6S2 X 0 0 0 6U2 677 6.73 [V}
-0.12221 -0.48 -0.16991 -1.34
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4. Analysis Methodology

4.1. Methodology steps

The methodology for calculating the creep strain within the AGC-1 specimens is outlined below. While
the calculation is not complex, gathering and sorting the contributing data for all matched pairs within
an AGC irradiation capsule is complicated. Assuring accuracy within the calculations required a
methodical approach to correctly identify the matching pairs, calculate the before and after dimensional
and elastic modulus changes, and apply the appropriate stress for each matched pair. The resulting
methodology was used for each matched pair.

1. Calculate the dimensional change for each specimen
Both creep and control specimens
Both length and diametral directions should be calculated.
Calculate the volume change from length and diametral data
2. Determine the appropriate creep and control specimen pair
Pairing based upon graphite grade and core axial position
Calculate the mean dose received between the pair
3. Sort dimensional change data
Arrange data in order of ascending applied stress
Then sort by each applied stress
Then sort by ascending dose received
4. Calculate the longitudinal and diametral creep strain (mm)
Subtract the dimensional change of the control specimens from the creep
specimen dimensional change
5. Calculate the creep strain as a % of the unirradiated creep specimen
dimensions.
6. Plot lateral and longitudinal creep strain against the mean dose
The mean values for both creep and control specimen
7. Calculate the Primary Creep as 0,,,/Eo
Eq is the Pre-IE elastic modulus measured by Fundamental Frequency
method.
Oapp is the measured applied stress to the specimen during irradiation
Lateral stress is calculated using the measured pre-IE Poisson’s Ratio Value
8. Subtract the primary creep assumed to be o/E,.
9. Normalize creep strain
Multiply the creep strain by the ratio of the maximum stress (3 ksi) to the
applied stress on the specimen
This should collapse all data onto a single line
10. Determine creep constant/coefficient (gradient) of secondary creep strain.
Fit line to normalized data plot
11. Assuming Linear creep law: Creep &(Total) = €(Primary) + €(Secondary)
Applying Equation 1 and Equation 2 give K in the correct units of
%/dpa.MPa
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ate the results from this creep strain calculation methodology the data from H-451 is presented
s 6-14. Dimensional changes results (steps 1-3 of the analysis methodology) are plotted for H-

451 in Figure 6 to Figure 8. The calculated creep strains (steps 4-6 of the analysis methodology) are
presented in Figure 9 to Figure 11. Finally, the secondary creep constant is determined from the

normalized data plot (steps 7-11) for all applied stress levels in Figure 11 & 12.
H-451 Dimensional Change (length), %
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Figure 6 Dimensional changes (length) for H-451 graphite creep and control specimens
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H-451 Dimensional Change (diameter), %
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Figure 7 Dimensional change (Diameter) for H-451 graphite creep and control specimens

Considering the dimensional change of the AGC-1 H-451 controls (Figure 8) we see that for a given dose
the longitudinal dimensional change exceeds the diametral dimensional change. This behavior is
consistent with observed behavior of extruded graphite grades when considering (i) the orientation of
filler particles on extrusion along the length direction, (ii) the c-axis crystal structure being
predominantly aligned along the length of the filler particles, (iii) the expansion of the c-axis due to
displacement damage being initially accommodated by aligned thermal shrinkage cracks, thus the length
direction suffers more a-axis shrinkage on average even though the crystallites are simultaneously
expanding (c-axis) and shrinking (a-axis). Since the initial shrinkage behavior and anisotropy is
dependent upon the amount of available thermal induced microcrack accommaodation, higher
temperatures are deleterious to the graphite behavior because of thermal closure of the
accommodation cracks.
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H-451 Control Dimensional Change (length vs  pose, ora
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Figure 8 H-451 dimensional change (control only) showing the anisotropic behavior of extruded graphite

The longitudinal creep strain can now be calculated by determining the difference between the creep
and control specimen length (step 4, 5 and 6). The creep line should be proportional to the stress, i.e.,
larger stress - steeper line — more strain (Figure 9 and Figure 10). The longitudinal strain is calculated
from the specimen length change and for these lower doses is linear. The creep stain is negative
because the creep specimens are subjected to a compressive stress. The magnitude of the strain is
proportional to the applied stress. Figure 10 shows the induced lateral creep strain (from specimen
diameters). This strain should be positive since it results from the Poisson’s Stress which producing an
outward tensile force which pushes the sides of the specimen laterally. For the Primary Creep, a point
at zero dose with creep strain magnitude equal to oy,/E(0), is shown in both Figure 9 and Figure 10.

The creep strain for both the longitudinal and lateral directions are plotted at the mean dose of the
creep and control specimen. Ideally the creep and control specimen will have been irradiated under
identical conditions (i.e. at the same temperature and to the same dose). Regrettably, the temperature
control was not ideal in AGC-1 and the specimen pairs were as much as ~180°C apart for some of the
creep specimens. Moreover, there was a very large temperature difference between the capsule mid
plane and the capsule periphery (as much as 300°C).
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H-451 Longitudonal Creep Strain, %

6 Dose, dpa 8

Creep Strain, %
Ny
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Figure 9 H-451 Longitudinal creep strain
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H-451 Lateral Creep Strain, %
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Figure 10 H-451 Lateral creep strain
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The secondary creep strain is now calculated by subtracting the primary creep component (o/E,), and
the data normalized to the stress level by multiplying each data point by the ratio of the maximum
stress to the maximum applied stress. All the secondary creep strain data should now collapse to a
single straight line from which the secondary creep constant K can be determined (steps 7, 8 and 9).
Note for this analysis we use the mean elastic modulus, Ey, measured and reported as flexural dynamic
modulus in ORNL/TM-210/285 table 34.° This results in a small and assumed negligible, difference in the
magnitude of the calculated primary creep strain. In further analysis of the AGC-1 creep data we have
the option of using the actual E; measured for the individual unirradiated specimens.

Normalised Longitudinal secondary creep strain, %

do
w

data

Dose, dpa
O T T T T T T T 1
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9 25 ¢ 7y
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Figure 11 Stress Normalized longitudinal secondary creep strain for H-451
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Normalised Lateral secondary creep strain, %
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Figure 12 Normalized lateral secondary creep strain for H-451

The normalized lateral and longitudinal secondary creep data are both linear indicating there are no
structure effects at these doses. Thus we may apply the linear viscoelastic creep law:

&roraL) = €priMary t Eseconpary (%)
o
EPRIMARY = E_o(%)

Esgconpary = Koy (%)

Equation 1

Where

K = K’/o(max) = secondary creep constant %/DDA.MPa
Equation 2
o = Applied Stress (MPa)
Y = neutron dose, dpa

From Figure 11 the longitudinal creep constant K = (-0.403/19.809) = -0.0203 and from Figure 12 the
lateral creep constant is estimated at K = (0.1424/5.49) = 0.0259 (analysis steps 10 and 11). Note the
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later value for K from the diametral data is not as reliable since the lateral strain on the creep specimens
is not uniform; rather the specimen tends to take up a barrel shape due to frictional restraint of the
specimens at the ends. None the less, it is satisfying that both creep strains give similar creep constants!
Similar creep constants indicate near isotropic graphite behavior for the nuclear grade H-451.

Finally, in Figure 13 and Figure 14, the creep strain ratio can be obtained by plotting the best fit line
gradients of the total strain (in microns) induced in the longitudinal and in the diametral direction. For
H-451, the Creep Strain Ratio = lateral creep strain/longitudinal creep strain. Thus, using the gradients
calculated for each direction yields a strain ratio = 18.11/-102.18 = -0.18.

Normalised Longitudinal total Creep Strain for H-451, (um) ___ dpa
0 T T T T T T T 1

£ $\ 1 2 3 4 5 6 7 8
3 -100
£
£ -200
w
& -300
g
2 400
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§ -500 L 3 -
7] \
3 -600
() =- -
‘% -700 ¢ Normalised secondary v= i?%‘igjmi&% *
£ creep strain e ¢
2 -800 _ _ 2 3
@ ——Linear (Normalised
o -900 cnrr\nrl:\r\,/ creep cfr:\in)
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Figure 13 Stress normalized creep strain (microns) in longitudinal direction
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Normalised lateral total creep strain for H-451, pum
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Figure 14 Stress normalized creep strain (microns) in diametral direction

The initial assessment of the creep strain calculation methodology appears to produce reasonable
results. Creep strains, data trends, and the calculated results are well within expectations for the AGC
experiment. A more detailed analysis of the results comparing the data to previous studies of irradiated
nuclear graphite is discussed in the following section.

4.2. Analysis, Observations and Discussion of analysis method

Since the AGC-1 irradiation test train had never been built before and was considered a first-build,
prototype it was considered prudent to verify the creep strain values obtained from the irradiated test.
Historical grade H-451 was selected for this first irradiation capsule because of the extensive experience
with this graphite grade and its large irradiation history (prior data) which could be used to compare
with the AGC-1 results. To assess the validity of the creep strain methodology, the H-451 irradiation
behavior trends seen in AGC-1 analysis were compared to data and trends from previous studies. The H-
451 data from the current study should be very similar to these past studies as the specimens came
from the same billet material.

Taking the dimensional change of the AGC-1 H-451 control specimens (Figure 8) and comparing it to
previous unstressed H-451 irradiation studies it can be seen that for the AGC-1 dose range the
magnitude of the AGC-1 dimensional changes is of the correct order compared to previous H-451
dimensional changes data as shown in Figure 15. Moreover, the AGC-1 data shows no signs of the onset
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of turnaround. This indicates (i) insufficient dose at the irradiation temperature, or (ii) the average
irradiation temperature was below that of HTF-2 (875°C). Note the evidence of turnaround in the HTF-2
data in Figure 15. The control dimensional data suggest the irradiation temperature did not exceed
875°C but may in some instances been less than 600°C.

A Comparison of the AGC-1 H-451 Control Specimen
Dimensional Changes With Prior H-451 data
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Figure 15 H-451 dimensional change data from various experiments

These results for the H-451 graphite grade are reasonable and expected from previous experience. The
results match well with negative measured strains in the longitudinal direction and positive strains in the
lateral direction. The secondary creep strain is linear allowing a constant creep strain rate constant to be
calculated. Additionally, the strain increases as the applied stress is increased over the range of neutron
dose received.

While the measured response is as expected there remains the issue of varying temperatures though
the irradiation capsule. AGC-1 was designed to have a constant temperature across the entire axial
length of the capsule with no more than a £50°C variation from capsule end to core mid-plane position.
These creep strain measurements are designed to have as little variation as possible across the entire
capsule but keeping the temperature differences between matched pairs is critical for determining an
accurate creep strain measurements. It remains to be seen how much the temperature variations will
affect the strain rate calculation. This will be discussed in more detail in the following sections.
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5. Dimensional and Volume Changes Analysis by Grade

Before determining the creep constants and creep ratios for the AGC-1 major graphite grades the
dimensional and volume changes for the remaining major AGC-1 graphite grades will be determined.
Analysis and comparisons will be made between the two historic grades of graphite (H-451 & 1G-110),
the two vibrationally molded grades (NBG-18 & NBG-17), the extruded graphite grades (H-451 & PCEA),
and the two isostatically molded grades (1G-110 & 1G-430).

As seen with the previous verification calculations for H-451, the dimensional change exhibited by the
stressed samples in the longitudinal (WG) and diameter (AG) direction are markedly different. Not only
is the underlying behavior different as seen in Figure 8 but the direction and sign of the stress matters,
The Longitudinal direction is under a compressive stress while the diametral direction is under an
induced tensile stress (Poisson’s effect). The diametral data is somewhat more scattered as the
specimens tend to adopt a barrel shape due to end face friction.

5.1. Dimensional and Volume Changes for Grade H-451 (Code C)

Dimensional changes have been determined previously in section 4.1 and illustrated in Figure 6 through
Figure 8. The volume change behavior of the H-451 Creep and Control AGC-1 specimens are calculated
from the pre-IE and PIE dimensional measurements and shown in Figure 16. Significantly, the volume
change behavior is similar for the creep and control specimens, despite the creep specimens being
irradiated under stress.
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H-451 Volume Change (Creep and Control Specimens), %
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Figure 16 Volume change data for H-451 from the AGC-1 capsule

This type of volume behavior suggests that creep is volume conserving which has been seen and

11,12

reported in the past. This topic is discussed further in Section 7.1.

5.2. Dimensional and Volume Changes for Grade IG-110 (Code E)

The dimensional changes observed from AGC-1 for grade 1G-110 are shown in Figure 17, Figure 18 and
Figure 19. There is only minimal anisotropy shown in the irradiation induced dimensional changes of
iso-molded grade 1G-110 controls (Figure 19) compared to the extruded grade H-451.

Data also exists for grade 1G-110 from a previous high dose experiment (HTK-7) at ORNL. These data for
dimensional changes are plotted along with the AGC-1 data in Figure 20. The new AGC data form a
continuous curve with the previous high dose IG-110 dimensional change data from HFIR experiment
HTK-7. This implies that the irradiation temperature for AGC-1 was reasonably close to HTK-7, say +
150°C, of HTK-7, which was a 600°C irradiation.
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IG-110 Creep and Control Dimensional Change (length)
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Figure 17 Dimensional changes (length) of 1G-110 creep and control specimens from AGC-1
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IG-110 Creep and Control Dimensional Change (diameter)
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Figure 18 Dimensional changes (Diameter) of 1G-110 creep and control specimens from AGC-1
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Figure 19 Dimensional changes of 1G-110 control specimens in the length and diametral direction illustrating the very slight
anisotropy of the iso-molded grade (data from AGC-1)
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IG-110: AGC-1 Controls and HTK-7 Dimensional Change
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Figure 20 Comparison of Grade 1G-110 Behavior from Experiments AGC-1 and HTK-7

The Volume change behavior of 1G-110 is reported in Figure 21.
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Figure 21 Volume change data for 1G-110 from the AGC-1 capsule
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Again the dimensional changes for the creep and control longitudinal and diametral directions were
completely different, yet the volume behavior is remarkably similar, as it was for the case of H-451
(Figure 16). This suggests again that creep is volume conserving at the doses observed in AGC-1.

5.3. Dimensional and Volume Changes for Grade NBG-17 (Code A)

The dimensional changes observed from AGC-1 for grade NBG-17 are shown in Figure 22, Figure 23 and
Figure 24. Similarly to IG-110 there is only minimal anisotropy shown in the irradiation induced

dimensional changes of this vibrationally molded grade NBG-17 (Figure 24) compared to the extruded
grade H-451 (Figure 8).

NBG-17 Dimensional Change (length), %
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Figure 22 Dimensional changes (length) of NBG-17 creep and control specimens from AGC-1
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NBG-17 Dimensional Change (diameter), %
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Figure 23 Dimensional changes (Diameter) of NBG-17 creep and control specimens from AGC-1
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Figure 24 Dimensional changes of NBG-17 control specimens in the length and diametral direction illustrating the very slight

anisotropy of the vibro-molded grade (data from AGC-1)
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The Volume change behavior of NBG-17 is reported in Figure 25.
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Figure 25 Volume change data for NBG-17 from the AGC-1 capsule

5.4 Dimensional and Volume Changes for Grade NBG-18 (Code B)

The dimensional changes observed from AGC-1 for grade NBG-18 are shown in Figure 26, Figure 27 and
Figure 28 . Again there is only minimal anisotropy shown in the irradiation induced dimensional changes
of this vibrationally molded grade NBG-18 (Figure 28) compared to the extruded grade H-451 (Figure 8).
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NBG-18 Dimensional Change (length), %
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Figure 26 Dimensional changes (length) of NBG-18 creep and control specimens from AGC-1
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Figure 27 Dimensional changes (Diameter) of NBG-18 creep and control specimens from AGC-1
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Dimensional Change(DI/10) or (Dd/d0), %
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Figure 28 Dimensional changes of NBG-18 control specimens in the length and diametral direction illustrating the very slight

anisotropy of the vibro-molded grade (data from AGC-1)

A comparison of the behaviors of Grades NGB-17 and -18 is shown in Figure 29 .
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Figure 29 Comparison of the control specimen behavior (longitudinal and diametral) for NBG-17 and NBG-18
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Despite the large difference in grain size between NBG-17 (0.8 mm) and NBG-18 (1.6 mm) both
vibrationally molded grades behave dimensionally in a very similar fashion (Figure 29). Both are very

isotropic at AGC-1 doses and temperatures.

The volume change behavior for NBG-18 is shown in Figure 30. Volume behavior is similar as seen for all
other graphite grades (i.e., volume conserving on creep).
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Figure 30 Volume change data for NBG-18 from the AGC-1 capsule

57



ORNL/TM-2014/255

5.5. Dimensional and Volume Changes for Grade PCEA (Code D)

The dimensional changes observed from AGC-1 for grade PCEA are shown in Figure 31, Figure 32 and
Figure 33. Unlike the H-451, there is only minimal anisotropy shown in the irradiation induced
dimensional changes of this extruded grade PCEA (Figure 33) compared to the older extruded grade H-
451 (Figure 8 ). Figure 33 shows the control dimensional changes of both AG and WG. For minimal
anisotropy the AG length change should match that of the WG diametral change, which it does
reasonably well.
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Figure 31 Dimensional changes (length) of PCEA creep and control specimens from AGC-1
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PCEA Dimensional Change (diameter), %
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Figure 32 Dimensional changes (Diameter) of PCEA creep and control specimens from AGC-1
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Figure 33 Dimensional changes of PCEA control specimens in the length and diametral direction illustrating the slight
anisotropy of the near-isotopic extruded grade (data from AGC-1)
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The volume change data for grade PCEA is shown in Figure 34. Volume behavior is similar as seen for all

other graphite grades (i.e., volume conserving on creep).
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Figure 34 Volume change data for PCEA from the AGC-1 capsule

The volume change behavior of PCEA is somewhat similar to that of H-451 as shown in Figure 35. A

comparison of the dimensional changes of these two extruded grades is in Figure 36. The H-451

dimensional changes appear to bracket those of PCEA indicating that the isotropy of PCEA is a little
better than that of H-451.
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PCEA & H-451 Volume Change (creep & control) specimens, %
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Figure 35 A comparison of the volume change behavior of creep and control specimens for grades PCEA and H-451
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Figure 36 A comparison of the dimensional behaviors of grades PCEA and H-451
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5.6. Dimensional and Volume Changes for Grade 1G-430 (Code F)

The dimensional changes observed from AGC-1 for grade 1G-430 are shown in Figure 37, Figure 38 and

Figure 39 . Surprisingly there is extensive anisotropy shown in the irradiation induced dimensional

changes of this iso-molded grade IG 430 (Figure 39) even when compared to the older extruded grade

H-451 (Figure 8). The length change of the control specimen is particularly disturbing for 1G-430,

displaying definite early turnaround behavior (Figure 39).
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Figure 37 Dimensional changes (length) of 1G-430 creep and control specimens from AGC-1

62



ORNL/TM-2014/255

IG-430 Dimensional Change (Diameter), %
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Figure 38 Dimensional changes (Diameter) of IG-430 creep and control specimens from AGC-1
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Figure 39 1G-430 dimensional change (control only) showing the anisotropic behavior this iso-molded graphite
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A comparison of the dimensional change behavior for both iso-molded grades, I1G-430 and 1G-110 is
shown in Figure 40. It is seen that the behavior of IG-110 appears superior compared to 1G-430 over the

dose and temperature range of AGC-1.
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Figure 40 Comparison of the control specimen dimensional changes of iso-molded grades 1G-110 and 1G-430 showing the

early dimensional turn-around behavior id 1G-430

The volume change data for grade 1G-430 is shown in Figure 41. The creep behavior is volume
conserving, but only at doses >6 dpa. The volume change behavior of 1G-430 is shown in comparison to
IG-110 (both iso-molded grades) in Figure 42 and is very different to that of IG-110. The IG-430 volume
change data shows a definite early turnaround trend. This is considered an undesirable feature of 1G-
430 and its continued investigation in the AGC series of experiments is not recommended.
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Figure 41 Volume change data for 1G-430 from the AGC-1 capsule
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Figure 42 Comparison of the dimensional behaviors of grades 1G-430 and 1G-110
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Finally, it should be noted that both iso-molded grades exhibited lower irradiated Poisson’s ratio value
after irradiation than either the extruded or vibrationally molded grades. A similar trend was noted in
the Pre-irradiation Data Report® and the results are shown in Table 30.

Table 30 Comparisons of mean Poisson’s ratio values from creep and piggy-back (PB) specimen geometries for the major
graphite grades from the Pre-Irradiation reports.

Poisson's Ratio (W)
Creep PB
GRADE Specimens | Specimens

NBG-17 (AG) 0.33 0.31
NBG-18 (AG) 0.32 0.31
H-451 0.31 0.30
PCEA (WG) 0.31 0.26
IG-110 0.25 0.22
1G-430 0.17 0.21

5.7. Creep Data Discrimination

All of the creep and control specimen data have been used in this first round of analysis and are
analyzed here. However the large difference in specimen temperatures and the overall range of
temperature in the creep section of AGC-1 is considered to be problematic. To demonstrate the effect
on the quantity of data two criteria were set. First, the difference between the creep and control
matched pair should not exceed 100°C (ideally this would be only £ 20°C), and secondly, the specimen
irradiation temperature should be between 500°C and 700°C (again, ideally axial capsule temperature
difference should not exceed +50°C). As seen in the following analysis, these temperature limits
drastically reduce the amount of data that would be available for analysis (Table 31 to Table 36). The
numbers of affected specimens are summarized in Table 37.
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Table 31 Irradiation temperature differences for NBG-17

Channel
Temperatute Channel Ternperature
Specimen pair variation Limits
Spec. ID. temperature (specimen
difference temp - channel
(stressed - minimum Is Is
unstressed) temp) [470] | Tir>700°C | Tir<500°C
° °C
3s8 70 185 false false
4S11 115 false false
zsa 36 755 N wise |
1s13 197 false false
1S12 | - | 119 false false
1012 2 faise _ |INTOCIN
4S8 69 186 false false
4Us 117 false false
1s11 76 198 false false
1U11 122 false false
1S3 40 220 false false
1U3 180 false false
4512 124 false false
au11 3 faise _ |ITOCINN
2u4 _ 122 false false
2U10 [ faise _ |INTOEINN
256 71 183 false false
2U6 112 false false
5514 60 207 false false
5013 147 false false
5S6 34 242 S oise |
5U6 208 false false
3513 34 124 false false
3u12 2
6S15 I 323 ] 123 false false
6U14 o faise _ |INTOEIN
AW13-02 77 204 false false
3us 127 false false
6S8 76 200 false false
6Us 124 false false
651 36 233 NS oise |
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Table 32 Irradiation temperature differences for NBG-18

Channel Temperature
Channel Limits
Spec. I.D. Specimen pair Temperatute
temperature variation (specimen
difference temp - channel
(stressed - minimum temp) Is Is
unstressed) [504] Tirr>700°C | Tir<500°C
°C °C
4s7 94 95 false false
552 1 false false
3512 36 210 S aise |
2512 174 false false
4514 94 99 false false
4uU13 5 false false
BwW12-02 93 93 false false
iUl o false false
BwW12-03 76 171 false false
4u7 95 false false
4S5 40 194 false false
4Us 154 false false
3s2 60 167 false false
3u2 107 false false
is4a 36 196 false false
1u4 160 false false
5US5 94 95 false false
6U3 1 false false
5815 83 164 false false
5U14 81 false false
2s11 83 161 false false
2U11 78 false false
558 48 182 false false
5U8 134 false false
252 34 205 S ise |
2U2 171 false false
3514 71 152 false false
3U13 81 false false
3s11 61 174 false false
3u11 113 false false
6S13 170 false false
6U12 109 false false
6S6 205

HE
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Table 33 Irradiation temperature differences for H-451 Table 34 Irradiation temperature differences for PCEA
Specimen pair
temperature Channel Temperatute | e
Channel spec. ID. difference variation (specimen temp Limnsp
Speci_men Temper_atute Channel Temperature Limits u(f,;rﬁzzzzd) - channel ’f;g‘g{‘”m temp)
pair variation oc “C s s
temperature |(specimen temp - Tirr>700"C | Tir=500°C
difference channel
(stressed - | minimum temp)
Spec. ID. | unstressed) [567] Is Tiy>700°C [ Is Tj<500°C
456 74 79 false false
5511 5 false false
°C °C
451 48 147 false false
3S6 99 false false
4S2 75 false false
4U12 74 1 false false 1S14 73 73 false false
4513 61 false false
1U13 o false false
4U12 60 1 false false
4S15 61 146 false false
1S15 82 false false
4auia 85 false false
ZIVER 35 181 NS faise |
a4U6 146 false false
1U14 69 13 false false
is2 34 173 SN faise |

18 139 PEN fase | iz 15 faise | false

1us 32 107 false false
5512 74 78 false false
S50l a false false
6US 60 false false asia 75 76 false false
60 2013 1 false false

5U7 o false false
589 77 141 false false

557 74 false false
509 64 false false
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5U7 0 false false 2s8 76 137 false false
2U8 61 false false

2S13 116 false false

5Sa 36 173 [N  foise |
2U12 68 false false S04 57 faise faise
658 i N ese e, R

201 141 false false

4U2 31 110 false false
6S11 76 77 false false

6S9 86 false false
6U11 1 false false
6U9 71 15 false false 3515 84 136 false false
3014 52 false false
3s10 130 false false Dw1101 29 154 false false
3U6 105 false false

3U10 40 90 false false
1S6 a9 150 false false

3s1 145 _ false
106 101 false false

3u1l 31 114 false false 654 36 177 HE




Table 35 Irradiation temperature differences for 1G-110

Specimen Channel Temperature
temssrlar\ture Channel Temperatute Limits
difference variation (specimen temp -
(stressed - channel minimum temp)
Spec. ID. | unstressed) [507] Is Is
°C °C Tirr>700°C | Tir<500°C

1S9 59 114 false false
U7 55 false false
1s7 73 128 false false
17 55 false false
459 37 201 R aise
4U9 164 false false
454 31 206 R aise
4U4 175 false false
257 61 167 false false
2U7 106 false false
5513 94 94 false false
5U12 0 false false
551 31 205 R aise
5U1 174 false false
1U9 61 121 false false
3U9 60 false false
3s9 75 135 false false
3U9 60 false false
6S14 84 159 false false
6U13 75 false false

SPAREL 35 206 R aise

SPARE 2 171 false false
2S5 40 186 false false
2U5 146 false false
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Table 36 Irradiation temperature differences for 1G-430

(ems':ri;ture Channel Temperatute [Channel Temperature Limits
difference |variation (specimen temp
(stressed - - channel minimum
Spec. ID. | unstressed) temp) [518]
°C °C Is Tir>700°C | Is Tir<500°C

4510 82 161 false false
4U10 79 false false
3S3 49 180 false false
3U3 131 false false

Fw 13-01 82 154 false false
1vio 72 false false
453 37 208 TS cise |
4U3 171 false false
iss 36 500 T —
1Us 164 false false
6U7 85 false false
2014 36 false [ tue |
2514 45 101 false false
2U9 56 false false
2S9 75 131 false false
2U9 56 false false
5510 41 189 false false
5U10 148 false false
552 36 206 TS cise |
5U2 170 false false
2S3 40 185 false false
2U3 145 false false
357 94 94 false false
3U7 o false false
3s5 75 104 false false
3uUs 29 false false
6S10 62 118 false false
6U10 56 false false
6S7 75 131 false false
6U10 56 false false
354 37 199 TS cise |
3u4 162 false false
652 31 200 NEUEN aise |
6uU2 169 false false
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Table 37 Summary table of the numbers of effected specimens

Specimen rejected, 500<T;,<700C,
creep and control within 100C

Specimens/data point
GRADE rejected
NBG-17 10 of 15
NGB-18 3of17
H-451 3o0fl1
PCEA 5of 17
IG-110 40f 12
1G-430 7of 17

Ideally the control (unstressed) and creep (stressed) specimen should be within £ 20°C of one another,
imposition of this requirement would completely disqualify the AGC-1 experiment. Moreover, ideally
the temperature variation along the axial creep/control sections of the capsule would be less than
+50°C. Yet we see that for AGC-1 this variation frequently exceeded 100°C. Although all data is
analyzed here it would be beneficial to re-run the analysis rejecting data that does not meet the agreed
temperature limits.

6. Creep Strain Analysis

Using the approved methodology we have analyzed the AGC-1 dimensional data and determined the
creep strain behavior for all major graphite grades. The creep strain data is determined as the difference
between the stressed and unstressed specimen dimensional changes. From this data the basic creep
strain data is derived as from the verified methodology and demonstrated for H-451 historical grade
graphite. Once the strain data has been established the normalized secondary and total creep strain is
plotted to determine the creep strain constant.

6.1. Creep Strain Analysis for NBG-17 (Code A)

The NBG-17 creep strain data are reported in Table 38 and Table 39 and plotted in Figure 43 and Figure
44. The normalized total creep strain is plotted in Figure 45 and Figure 46. Longitudinal and lateral
normalized secondary creep strains are plotted in Figure 47 and Figure 48, respectively.
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Table 38 Derived creep strain (mm and %) for NBG-17 in the longitudinal direction normalized to the peak applied stress

Normalized
Mean Primary Primary Primary
Creep Dose, Creep Secondary Creep Creep
Companion Specimen | Stress Total Creep Strain (creep-control) DPA (o/E), % Creep, % Stress Stress Strain Strain
Specimen 1.D. 1D. Normalised | Normlised total
Number | Number Number Number MPa Longitudanal Lateral secondary creep strain, | microns mirons
creep strain microns
(mm) % (mm) % %
AL8-01 3S8 4811 AL8-02 -16.58 -0.361 -1.423 0.069 0.545 4.99 -0.1481 -1.2750 -1.5177 -429.9579 -37.6238 -44.83
AL6-02 254 1S13 AL6-01 -16.32 -0.408 -1.610 0.092 0.719 6.55 -0.1458 -1.4637 -1.7700 -494.2502 -37.0358 -44.83
AW1-03 1S12 1U12 AW2-03 -13.15 -0.184 -0.724 0.023 0.183 3.17 -0.1136 -0.6106 -0.9159 -275.8483 -29.8573 -44.83
AW6-02 4S8 4U8 AW7-01 -12.54 -0.266 -1.047 0.045 0.357 4.89 -0.1083 -0.9388 -1.4774 -418.6045 -28.4566 -44.83
AW1-02 1S11 1U11 AW2-02 -13.16 -0.287 -1.131 0.045 0.356 5.71 -0.1136 -1.0175 -1.5260 -430.8611 -29.8625 -44.83
AW1-01 1S3 1U3 AW2-01 -13.17 -0.361 -1.422 0.043 0.336 6.34 -0.1138 -1.3084 -1.9596 -541.1120 -29.9020 -44.83
AW4-02 2U4 2U10 AW5-01 -16.30 -0.228 -0.900 0.033 0.258 3.18 -0.1408 -0.7595 -0.9191 -276.6970 -37.0072 -44.83
AW4-01 256 2U6 AW4-03 -16.30 -0.324 -1.278 0.045 0.351 5.13 -0.1408 -1.1375 -1.3768 -392.9713 -37.0007 -44.83
AW9-01 5514 5U13 AW10-01 -16.56 -0.374 -1.474 0.085 0.671 5.85 -0.1430 -1.3311 -1.5855 -446.0491 -37.5985 -44.83
AW?7-03 556 5U6 AW9-03 -16.55 -0.412 -1.625 0.106 0.829 6.48 -0.1429 -1.4817 -1.7666 -492.0334 -37.5610 -44.83
AW5-02 3S13 3U12 AW6-01 -19.75 -0.278 -1.097 0.044 0.342 3.11 -0.1705 -0.9261 -0.9252 -278.2849 -44.8290 -44.83
AW12-01 6S15 6U14 AW13-01 -19.47 -0.275 -1.086 0.036 0.284 3.18 -0.1682 -0.9178 -0.9299 -279.2619 -44.2030 -44.83
AW13-02 | SPARE 3U8 AW5-03 -19.73 -0.470 -1.852 0.087 0.686 5.64 -0.1704 -1.6814 -1.6814 -470.2179 -44.7832 -44.83
AW10-03 6S8 6U8 AW12-03 -19.49 -0.480 -1.893 0.076 0.599 5.72 -0.1683 -1.7243 -1.7459 -486.7232 -44.2317 -44.83
AW10-02 6S1 5U3 AW9-02 -19.47 -0.509 -2.007 0.093 0.727 6.51 -0.1681 -1.8390 -1.8633 -516.5981 -44.1986 -44.83
Table 39 Derived creep strain (mm and %) for NBG-17 in the lateral direction normalized to the peak applied lateral stress
Normalized
Lateral Mean Primary Primary Primary
Creep 1.D. Creep Dose, Creep Secondary Creep Creep
Stress Specimen | Number | Companion Specimen Piosson's | Stress Total Creep Strain (creep-control) DPA (o/E), % Creep, % Stress Stress Strain Strain
1.D. Ratio from Normalised | Normlised total
MPa Number No Number PIE data MPa Longitudanal Lateral secondary creep strain, | microns mirons
creep strain | microns/MPa
(mm) % (mm) % %/MPa
-16.58 AL8-01 3S8 4511 AL8-02 -0.229 3.796 -0.361 -1.423 0.069 0.545 4.99 0.000328 0.54499 0.84612 107.746 4.1628 6.46
-16.32 AL6-02 254 1S13 AL6-01 -0.223 3.639 -0.408 -1.610 0.092 0.719 6.55 0.000314 0.71911 1.16468 148.353 3.9904 6.46
-13.15 AW1-03 1S12 1U12 AW2-03 -0.244 3.212 -0.184 -0.724 0.023 0.183 3.17 0.000287 0.18241 0.33466 42.705 3.5228 6.46
-12.54 AW6-02 4S8 4U8 AW7-01 -0.264 3.308 -0.266 -1.047 0.045 0.357 4.89 0.000296 0.35692 0.63576 81.032 3.6284 6.46
-13.16 AW1-02 1S11 1U11 AW2-02 -0.235 3.094 -0.287 =15131 0.045 0.356 5.71 0.000277 0.35561 0.67725 86.347 3.3936 6.46
-13.17 AW1-01 1S3 1U3 AW2-01 -0.206 2.719 -0.361 -1.422 0.043 0.336 6.34 0.000243 0.33604 0.72831 92.790 2.9820 6.46
-16.30 AW4-02 2U4 2U10 AWS5-01 -0.238 3.872 -0.228 -0.900 0.033 0.258 3.18 0.000346 0.25805 0.39272 50.088 4.2466 6.46
-16.30 AW4-01 256 2U6 AW4-03 -0.211 3.438 -0.324 -1.278 0.045 0.351 5.13 0.000307 0.35118 0.60198 76.748 3.7703 6.46
-16.56 AW9-01 5514 5U13 AW10-01 -0.209 3.469 -0.374 -1.474 0.085 0.671 5.85 0.000310 0.67034 1.13890 145.059 3.8040 6.46
-16.55 AW7-03 556 5U6 AW9-03 -0.215 3.563 -0.412 -1.625 0.106 0.829 6.48 0.000318 0.82868 1.37072 174.657 3.9073 6.46
-19.75 AW5-02 3S13 3U12 AW6-01 -0.298 5.893 -0.278 -1.097 0.044 0.342 3.11 0.000527 0.34138 0.34136 43.519 6.4632 6.46
-19.47 AW12-01 6S15 6U14 AW13-01 -0.237 4.615 -0.275 -1.086 0.036 0.284 3.18 0.000412 0.28339 0.36184 46.163 5.0616 6.46
-19.73 AW13-02 | SPARE 3U8 AWS5-03 -0.216 4.252 -0.470 -1.852 0.087 0.686 5.64 0.000380 0.68516 0.94966 121.012 4.6629 6.46
-19.49 AW10-03 6S8 6U8 AW12-03 -0.250 4.864 -0.480 -1.893 0.076 0.599 5.72 0.000435 0.59808 0.72464 92.350 5.3342 6.46
-19.47 AW10-02 6S1 5U3 AW9-02 -0.291 5.660 -0.509 -2.007 0.093 0.727 6.51 0.000506 0.72657 0.75642 96.434 6.2079 6.46
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NBG-17 Longitudonal Creep Strain, %
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Figure 43 longitudinal creep strain (%) for NBG-17
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Figure 44 lateral creep strain (%) for NBG-17
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NBG-17 normalised longitudonal total creep strain
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Figure 46 Normalized total lateral creep strain (microns) for NBG-17
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NBG-17 normalised longitudonal
secondary creep strain
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The creep strain ratio for NBG-17 was calculated from the ratio of the gradients of the normalized total
creep strain (Figure 45 and Figure 46). Thus, the ratio = 17.602/-72.541=- 0.243. This value of the creep
strain ratio compares very favorably with both the irradiated Poisson’s Ratio (PR) values of 0.262 (S.D.
0.027) for all control samples, and, 0.241 (SD=0.026) for all creep samples. As noted previously, the PR
values appear to be reduced by irradiation (Table 30)°. The PR and creep strain ratios are discussed in
section 7.

The creep coefficient, K is calculated from the gradients of the normalized secondary creep plots (Figure
47 and Figure 48) divided by the normalizing stress. Thus the creep coefficient for NBG-17 (longitudinal)
was K = 0.2886/-19.73 = 0.0145 %/dpa-MPa or 0.099 10°°cm?/n-Pa. The lateral value of K was
0.148/5.893 = 0.0250 %/dpa-MPa or 0.170 10*°cm?/n-Pa. These K values compare well with literature
values for K as discussed later in section 7.

6.2. Creep Strain Analysis for NBG-18 (Code B)

The NBG-18 creep strain data are reported in Table 40 and Table 41 and plotted in Figure 49 and Figure
50. The normalized total creep strain is plotted in Figure 51 and Figure 52. Longitudinal and lateral
normalized secondary creep strains are plotted in Figure 53 and Figure 54.
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Table 40 Derived creep strain (mm and %) for NBG-18 in the longitudinal direction normalized to the peak applied stress

Longitudonal

Normalized

Mean Primary Primary
Creep Dose, Creep Secondary Primary Creep| Creep
ICompanion Specimen Stress Total Creep Strain (creep-control) DPA (o/E),% Creep, % Stress Stress Strain Strain

Specimen I.D. I.D. Normalised | Normlised total
Number | Number Number | Number MPa Longitudanal Lateral secondary | creep strain, microns mirons

creep strain microns
(mm) % (mm) % %

BL7-01 4Ss7 BL7-02 5S5 -19.4688 | -0.268 -1.06 0.050 0.39 3.68 -0.160 -0.90 -0.909 -271.654 -40.6334 -41.16
BL6-03 3s12 BL6-02 2512 | -19.7155| -0.526 -2.07 0.125 0.98 6.66 -0.162 -1.91 -1.911 -526.054 -41.1483 -41.16
BW7-03 4S14 BW8-03 | 4U13 |-12.5413 | -0.158 -0.62 0.041 0.33 3.50 -0.103 -0.52 -0.819 -248.776 -26.1749 -41.16
BW12-02| SPARE 1W BW1-02 1Ul -13.155 | -0.182 -0.72 0.033 0.26 3.67 -0.108 -0.61 -0.910 -272.125 -27.4558 -41.16
BW12-03| SPARE 2W BW8-02 4U7 -12.5157 | -0.308 -1.22 0.050 0.39 5.49 -0.103 -1.11 -1.753 -485.730 -26.1214 -41.16
BW7-02 4S5 BW8-01 4U5 -12.5285 | -0.303 -1.20 0.072 0.57 6.13 -0.103 -1.09 -1.720 -477.489 -26.1481 -41.16
BW3-02 3S2 BW5-02 3U3 -13.177 | -0.301 -1.19 0.045 0.35 5.96 -0.108 -1.08 -1.612 -450.393 -27.5017 -41.16
BW1-01 1S4 BW1-03 1U4 | -13.1593 | -0.344 -1.35 0.062 0.49 6.49 -0.108 -1.25 -1.868 -515.226 -27.4647 -41.16
BW9-03 5U5 BW11-02| 6U3 -16.3325 | -0.227 -0.90 0.043 0.34 3.68 -0.134 -0.76 -0.920 -274.603 -34.0875 -41.16
BW9-02 5515 BW10-02| 5U14 |-16.5748| -0.347 -1.37 0.060 0.47 5.32 -0.136 -1.23 -1.464 -412.523 -34.5932 -41.16
BW2-02 2S11 BW3-01 | 2U11 |-16.2906 | -0.349 -1.38 0.050 0.39 5.46 -0.134 -1.24 -1.504 -422.614 -34.0000 -41.16
BW9-01 5S8 BW10-01 5U8 -16.5529 | -0.377 -1.49 0.098 0.77 6.07 -0.136 -1.35 -1.609 -449.472 -34.5475 -41.16
BW2-01 2S2 BW2-03 2U2 -16.2934 | -0.436 -1.72 0.090 0.70 6.68 -0.134 -1.58 -1.917 -527.271 -34.0060 -41.16
BW5-01 3S14 BW7-01 | 3U13 |-19.7229 | -0.417 -1.64 0.069 0.54 5.02 -0.162 -1.48 -1.482 -416.920 -41.1637 -41.16
BW3-03 3S11 BW5-03 | 3U1l |-19.7121 | -0.463 -1.82 0.094 0.74 5.88 -0.162 -1.66 -1.662 -462.794 -41.1411 -41.16
BW11-01 6S13 BW12-01| 6U12 |-19.4722| -0.458 -1.80 0.035 0.27 5.97 -0.160 -1.64 -1.666 -463.868 -40.6405 -41.16
BW10-03 6S6 BW11-03 6U6 -19.4892 | -0.514 -2.03 0.104 0.81 6.64 -0.160 -1.87 -1.889 -520.605 -40.6760 -41.16
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Table 41 Derived creep strain (mm and %) for NBG-18 in the lateral direction normalized to the peak applied lateral stress

Lateral
Lateral Mean Primary Normalized
Creep Piosson's| Creep Dose, Creep Secondary Stress Stress Primary Creep| Primary
Stress Companion Specimen| Ratio Stress Total Creep Strain (creep-control) DPA (o/E),% Creep, % | Normalised |Normlised total Strain Creep
Specimen 1.D. 1.D. from PIE secondary | creep strain,
MPa Number Number Number | Number data MPa Longitudanal Lateral creep strain | microns/MPa microns mirons
(mm) % (mm) % %

-19.4688 | BL7-01 4S7 BL7-02 5S5 -0.246 4.7835 -0.268 -1.06 0.050 0.39 3.68 0.03839 0.350 0.4110 58.104 4.8756 -5.72
-19.7155 | BL6-03 3S12 BL6-02 25812 -0.285 | 5.6130 | -0.526 -2.07 0.125 0.98 6.66 0.04505 0.933 0.9329 124.588 5.7211 -5.72
-12.5413 | BW7-03 4S14 BW8-03 4U13 -0.253 | 3.1780 | -0.158 -0.62 0.041 0.33 3.50 0.02611 0.299 0.5283 73.146 3.2392 -5.72
-13.155 |BW12-02| SPARE 1W | BW1-02 11 -0.246 | 3.2414 | -0.182 -0.72 0.033 0.26 3.67 0.02663 0.235 0.4071 57.747 3.3038 -5.72
-12.5157 | BW12-03| SPARE 2W | BW8-02 4U7 -0.298 3.7334 -0.308 -1.22 0.050 0.39 5.49 0.03068 0.359 0.5404 74.759 3.8053 -5.72
-12.5285 | BW7-02 4S5 BW8-01 4U5 -0.224 | 2.8026 | -0.303 -1.20 0.072 0.57 6.13 0.02303 0.543 1.0878 144.457 2.8566 -5.72
-13.177 | BW3-02 3S2 BW5-02 3U3 -0.299 | 3.9412 | -0.301 -1.19 0.045 0.35 5.96 0.03238 0.318 0.4535 63.604 4.0172 -5.72
-13.1593 | BW1-01 1S4 BW1-03 14 -0.295 | 3.8807 | -0.344 -1.35 0.062 0.49 6.49 0.03189 0.456 0.6598 89.923 3.9554 -5.72
-16.3325 | BW9-03 5U5 BW11-02 6U3 -0.243 | 3.9753 | -0.227 -0.90 0.043 0.34 3.68 0.03266 0.307 0.4335 61.030 4.0519 -5.72
-16.5748 | BW9-02 5S15 BW10-02 | 5U14 -0.230 | 3.8122 | -0.347 -1.37 0.060 0.47 5.32 0.03132 0.439 0.6463 88.118 3.8856 -5.72
-16.2906 | BW2-02 2S11 BW3-01 2U11 -0.272 | 4.4359 | -0.349 -1.38 0.050 0.39 5.46 0.03645 0.352 0.4460 62.708 4.5214 -5.72
-16.5529 | BW9-01 5S8 BW10-01 5U8 -0.264 | 4.3617 | -0.377 -1.49 0.098 0.77 6.07 0.03584 0.737 0.9485 126.670 4.4457 -5.72
-16.2934 | BW2-01 2S2 BW2-03 2U2 -0.289 | 4.7153 | -0.436 -1.72 0.090 0.70 6.68 0.03875 0.666 0.7929 106.899 4.8061 -5.72
-19.7229 | BW5-01 3s14 BW7-01 3U13 -0.269 | 5.3134 | -0.417 -1.64 0.069 0.54 5.02 0.04366 0.501 0.5289 73.240 5.4157 -5.72
-19.7121 | BW3-03 3s11 BW5-03 3uU1l -0.250 | 4.9182 | -0.463 -1.82 0.094 0.74 5.88 0.04041 0.699 0.7979 107.534 5.0129 -5.72
-19.4722 |BW11-01 6S13 BW12-01 6U12 -0.226 4.3929 -0.458 -1.80 0.035 0.27 5.97 0.03610 0.235 0.3005 44.155 4.4776 -5.72
-19.4892 | BW10-03 6S6 BW11-03 6U6 -0.210 | 4.0966 | -0.514 -2.03 0.104 0.81 6.64 0.03366 0.779 1.0677 141.836 4.1755 -5.72
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NBG-18 Longitudonal Creep Strain, %
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NBG-18 Normalised longitudonal total creep strain, pm
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NBG-18 Normalised Longitudonal Secondary Creep Strain, %
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The creep strain ratio for NBG-18 was calculated from the ratio of the gradients of the normalized total
creep strain (Figure 51 and Figure 52). Thus, the ratio = 15.281/-70.968 = 0.215. This value of the creep
strain ratio is less than both the irradiated Poisson’s Ratio values of 0.159 (S.D. 0.027) all control
samples, and, 0.273 (SD=0.024) for all creep samples. The PR values appear to be reduced by irradiation
(Table 30)°. The PR and creep strain ratios are discussed in section 7.

The creep coefficient, K is calculated from the gradients of the normalized secondary creep plots (Figure
53 and Figure 54) divided by the normalizing stress. Thus the creep coefficient for NBG-18 (longitudinal)
was K = 0.-2797/-19.723 = 0.0142 %/dpa-MPa or 0.096 10>°cm?*/n-Pa. The lateral value of K was
0.1198/5.613 = 0.0213 %/dpa-MPa or 0.145* cm?/n-Pa. These K values compare well with literature
values for K as discussed later in section 7.

6.3. Creep Strain Analysis for H-451 (Code C)

The H-451 data has been determined previously (Section 4) but is reproduced here for convenience. As
for previous grades the H-451 creep strain data are reported in Table 42 and Table 43 and plotted in
Figure 55 and Figure 56. The normalized total creep strain is plotted in Figure 57 and Figure 58.
Longitudinal and lateral normalized secondary creep strains are plotted in Figure 59 and Figure 60.
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Table 42 Derived creep strain (mm and %) for H-451 in the longitudinal direction normalized to the peak applied stress

Mean Primary Primary | Normalized
I.D. Compressive Dose, Creep Secondary Stress Creep Primary
Specimen Number Companion Specimen Creep Stress |Creep Strain (creep-control) DPA (o/E), % Creep, % Normalised Strain |Creep Strain
Number Number 1.D. N{MPa Longitudanal Lateral secondary [Stress Normlised total| microns mirons
creep strain |creep strain, microns
(mm) % (mm) % % um
CW11-01 [4S2 CW12-01 4U12 -12.5720 -0.30798| -1.21444| 0.065046| 0.511478| 4.535 | -0.14222 -1.0722| -1.689438214 -485.262989| -36.1232 -56.92
CW11-02 ([4S13 CwW12-01 4U12 -12.5470 -0.30145| -1.18859| 0.064971| 0.510379 4.36 -0.14193 -1.0467]| -1.652449074 -475.9243684| -36.0513 -56.92
CW7-03 [1S15 CW8-03 1U14 -13.1928 -0.3430 | -1.3523 [ 0.0478 | 0.3758 | 5.1000 | -0.14924 -1.2031] -1.806420794 -514.974522| -37.9068 -56.92
CwW7-01 1S8 Cws8-02 1U8 -13.2109 -0.4804 | -1.8948 | 0.0774 0.6084 6.7700 [ -0.14944 -1.7454| -2.617115425 -720.3926465| -37.9589 -56.92
CW14-01 [6U5 CW13-01 5U7 -16.5715 -0.3611 | -1.4245 [ 0.0637 | 0.5006 | 4.4400 | -0.18746 -1.2370] -1.478726229 -431.6649164| -47.6149 -56.92
CW12-02 [5S7 CW 13-01 5U7 -16.6245 -0.4551 | -1.7945 [ 0.0633 | 0.4981 | 4.6200 | -0.18806 -1.6064| -1.914152734 -542.2430776| -47.7673 -56.92
CW9-01  |2S13 CW9-02 2U12 Lost in Hot Cell At INL
CW13-02 [6S5 CW11-03 4U2 -16.3337 -0.74954| -2.95562| 0.126684| 0.995531| 6.8450 | -0.18477 -2.7708| -3.36040368 -909.025823| -46.9316 -56.92
CW13-03 [6S9 CW14-02 6U9 -19.5447 -0.5706 | -2.2496 [ 0.0720 | 0.5662 | 5.1000 | -0.22109 -2.0285| -2.055940735 -578.2792371| -56.1580 -56.92
CW10-01 [3S10 CW10-03 3U10 -19.8092 -0.6611 | -2.6063 [ 0.1410 | 1.1097 | 6.2800 | -0.22409 -2.3822| -2.382137812 -661.0452197| -56.9179 -56.92
CW09-03 [3S1 CW10-02 3Ul -19.7653 -0.7831 | -3.0888 [ 0.1511 | 1.1872 | 6.7350 | -0.22359 -2.8652| -2.871545186 -784.7957892| -56.7916 -56.92

Table 43 Derived creep strain (mm and %) for H-451 in the lateral direction normalized to the peak applied lateral stress

LATERAL STRESS
Creep Companion Irr Mean Primary Primary | Normalized
Longitudonal | Specimen (Control) Control I.D. | Poissons |Lateral Creep Dose, Creep Secondary Stress Creep Primary
Creep Stress No 1.D. Spec No No Ratio Stress Creep Strain (creep-control) DPA (o/E) % Creep, % Normalised Strain |Creep Strain
MPa No MPa Longitudanal Lateral secondary Stress normalised microns mirons
creep strain [total secondary creep
(mm) % (mm) % % strain, microns/MPa
-12.5720 |[CW11-01 [4S2 Cwi12-01 |4U12 -0.2241 2.8173852| -0.30798| -1.21444| 0.065046| 0.511478| 4.535 | 0.036652 0.4748| 0.925423324 126.75 4.6547 9.07
-12.5470 |CW11-02 [4S13 Cwi12-01 |4U12 -0.3143 3.9435221| -0.30145| -1.18859| 0.064971| 0.510379| 4.36 0.051301 0.4591| 0.639224009 90.45 6.5153 9.07
-13.1928 |CW7-03 [1S15 Cws8-03 1U14 -0.2838| 3.74411664| -0.3430 | -1.3523 | 0.0478 | 0.3758 5.1000 | 0.048707 0.3271| 0.479758979 70.11 6.1858 9.07
-13.2109 [CW7-01 |1S8 Cws-02 1uU8 -0.3052| 4.03196668| -0.4804 | -1.8948 | 0.0774 [ 0.6084 | 6.7700 | 0.052452 0.5560| 0.757159352 105.32 6.6614 9.07
-16.5715 |[CW14-01 |6US Cwi13-01 [5U7 -0.3027| 5.01619305| -0.3611 | -1.4245 | 0.0637 [ 0.5006 | 4.4400 | 0.065256 0.4354| 0.476596091 69.74 8.2875 9.07
-16.6245 |CW12-02 |5S7 CW 13-01 |5U7 -0.2912 4.8410544| -0.4551 | -1.7945 | 0.0633 | 0.4981 4.6200 | 0.062978 0.4351| 0.49349249 71.78 7.9981 9.07
CW9-01  |2S13 CW9-02 2U12 Companion Lost inHot Cell At INL
-16.3337  [CW13-02 |6S5 CW11-03  |4U2 -0.2993| 4.88867641| -0.74954| -2.95562| 0.126684| 0.995531| 6.8450 | 0.063597 0.9319| 1.046755851 142.27 8.0768 9.07
-19.5447 |CW13-03 [6S9 CWw14-02  |6U9 -0.1956| 3.82294332| -0.5706 | -2.2496 | 0.0720 | 0.5662 5.1000 | 0.049733 0.5164| 0.741780188 103.39 6.3161 9.07
-19.8092 |CW10-01 [3S10 CW10-03 |3U10 -0.2772| 5.49111024| -0.6611 | -2.6063 | 0.1410 1.1097 6.2800 | 0.071434 1.0382| 1.038196861 141.01 9.0721 9.07
-19.7653  |CW9-03 [3S1 Cw10-02  |3uU1 -0.2702| 5.34058406| -0.7831 | -3.0888 | 0.1511 | 1.1872 | 6.7350 | 0.069476 1.1177] 1.149172223 155.28 8.8234 9.07
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H-451 Longitudonal Creep Strain, %
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Normalised Longitudinal total Creep Strain for H-451, um
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Normalised Longitudinal secondary creep strain, %
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The creep strain ratio for H-451 was calculated from the ratio of the gradients of the normalized total
creep strain (Figure 57 and Figure 58). Thus, the ratio = 18.11/-102.18=-0.177. This value of the creep
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strain ratio is less than both the irradiated Poisson’s Ratio values of 0.283 (S.D. 0.028) all control
samples, and, 0.278 (SD=0.036) for all creep samples. The PR and creep strain ratios are discussed in
section 7.

The creep coefficient, K is calculated from the gradients of the normalized secondary creep plots (Figure
59 and Figure 60) divided by the normalizing stress. Thus the creep coefficient for H-451 (longitudinal)
was K = 0.-405/-19.723 = 0.203 %/dpa-MPa or 0.138 (10°°cm?/n-Pa. The lateral value of K was
0.1424/5.491 = 0.0259 %/dpa-MPa or 0.176 (10*°m?/n-Pa. These K values compare well with literature
values for K as discussed later in section 7.

6.4. Creep Strain Analysis for PCEA (Code D)

The PCEA creep strain data are reported in Table 44 and Table 45 and plotted in Figure 61 and Figure 62.
The normalized total creep strain is plotted in Figure 63 and Figure 64. Longitudinal and lateral
normalized secondary creep strains are plotted in Figure 65 and Figure 66.
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Table 44 Derived creep strain (mm and %) for PCEA in the longitudinal direction normalized to the peak applied stress

LONGITUDINAL STRAIN
Primary Primary Normalized
1.D. Compressive Mean Dose, Creep Secondary Stress Creep [Primary Creep
Specimen| Number Companion Specimen Creep Stress Creep Strain (creep-control DPA (c/E0),% | Creep, % Stress Normlised Strain Strain
1.D. Normalised | total creep
Number Number | Number MPa Longitudanal Lateral secondary strain, microns mirons
creep strain microns
(mm) % (mm) % %
DA701 4S6 DA702 5511 -12.55 -0.297 -1.168 0.030 0.239 3.945| -0.13974 -1.028 -1.638844 -472.636 -35.4952 -56.57
DA602 4S1 DA601 3S6 -13.18 -0.477 -1.878 0.063 0.497 6.165| -0.14675 -1.731 -2.627127 -723.526 -37.2740 -56.57
DW1-03 1S14 DW2-03 1U13 -13.18 -0.242 -0.953 0.038 0.296 4.135| -0.120048 -0.833 -1.264058 -367.093 -37.2833 -56.57
DW6-02 4S15 DW7-02 4U14 -12.74 -0.408 -1.608 0.044 0.343 5.735[ -0.116039 -1.492 -2.342512 -640.703 -36.0383 -56.57
DW6-03 4U1 DW7-01 4U6 -12.76 -0.422 -1.661 0.077 0.603 6.395( -0.116248 -1.545 -2.420969 -660.597 -36.1033 -56.57
DW1-01 1S2 DW2-01 1U2 -13.47 -0.413 -1.629 0.066 0.521 6.61| -0.122689 -1.506 -2.235904 -613.809 -38.1034 -56.57
DW8-02 5512 DW902 5U11 -16.67 -0.316 -1.245 0.052 0.408 4.025| -0.151813 -1.094 -1.312033 -379.247 -47.1486 -56.57
DW3-03 2514 DW5-01 2U13 -16.44 -0.335 -1.321 0.051 0.401 4.145| -0.149766 -1.171 -1.424778 -407.807 -46.5128 -56.57
DW8-01 5S9 DW9-01 5U9 -16.76 -0.469 -1.849 0.071 0.556 5.6/ -0.152636 -1.696 -2.023895 -559.936 -47.4041 -56.57
DW3-02 2S8 DW4-01 2U8 -16.56 -0.443 -1.747 0.064 0.501 5.745( -0.150846 -1.596 -1.927483 -535.398 -46.8483 -56.57
DW7-03 5S4 DW8-03 5U4 -16.81 -0.518 -2.040 0.094 0.742 6.395[ -0.153119 -1.887 -2.244899 -616.023 -47.5543 -56.57
DW3-01 2S1 DW4-03 2U1 -16.62 -0.519 -2.043 0.100 0.787 6.74[ -0.151361 -1.892 -2.276741 -624.035 -47.0081 -56.57
DW10-01 6S11 DW10-02 6U11 -19.66 -0.404 -1.592 0.055 0.434 4.135| -0.179013 -1.413 -1.437283 -411.079 -55.5960 -56.57
DW5-02 3s15 DW6-01 3U14 -19.94 -0.615 -2.423 0.072 0.569 5.34[ -0.181581 -2.242 -2.248549 -616.927 -56.3935 -56.57
DW11-01 | Spare 1W DW5-03 3U6 -20.00 -0.644 -2.538 0.109 0.860 6.1[ -0.182144 -2.356 -2.355894 -644.260 -56.5686 -56.57
DW1-02 1S6 DW2-02 1U6 -19.78 -0.609 -2.400 0.094 0.737 6.175[ -0.180123 -2.220 -2.244564 -615.954 -55.9407 -56.57
DW9-03 6S4 DW10-03 6U4 -19.79 -0.615 -2.423 0.122 0.963 6.73[ -0.180201 -2.243 -2.266998 -621.710 -55.9651 -56.57
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Table 45 Derived creep strain (mm and %) for PCEA in the lateral direction normalized to the peak applied lateral stress

LATERAL STRESS
Irr
Companio Poissons Stress
Creep n Ratio Primary Stress Normalised | Primary Normalized
Longitudonal |Specimen (Control) | Control | (from PIE | Lateral Creep Mean Dose, |Creep Secondary | Normalised total Creep |Primary Creep
Creep Stress No 1.D. Spec No | I.D. No report) Stress Creep Strain (creep-control) DPA (c/EQ) % Creep, % lateral secondary Strain Strain
MPa No MPa Longitudanal Lateral secondary | lateral creep | microns mirons

creep strain strain,

(mm) % (mm) % % microns
-12.55 DA701 4S6 DA702 5511 -0.2111 2.649 -0.297 -1.168 0.030 0.239 3.945| 0.024127 0.215 0.4486 63.511 3.0641 6.40
-13.18 DAG02 4S1 DA601 3S6 -0.2632 3.468 -0.477 -1.878 0.063 0.497 6.165| 0.031589 0.465 0.7420 100.864 4.0118 6.40
-13.18 DW1-03 1S14 DW2-03 1U13 -0.2132 2.810 -0.242 -0.953 0.038 0.296 4.135| 0.0312945|  0.265 0.5215 74.205 3.2505 6.40
-12.74 DW6-02 4S15 DW7-02 4U14 -0.2905 3.701 -0.408 -1.608 0.044 0.343 5.735[ 0.041217| 0.301 0.4503 65.173 4.2811 6.40
-12.76 DW6-03 4U1 DW7-01 4U6 -0.3079 3.930 -0.422 -1.661 0.077 0.603 6.395[ 0.0437645|  0.559 0.7871 108.087 4.5457 6.40
-13.47 DW1-01 1S2 DW2-01 1U2 -0.2186 2.945 -0.413 -1.629 0.066 0.521 6.61]| 0.0327929 0.488 0.9167 124.495 3.4061 6.40
-16.67 DW8-02 5S12 DW902 5U11 -0.2834 4.724 -0.316 -1.245 0.052 0.408 4.025[ 0.052606 0.355 0.4157 60.770 5.4640 6.40
-16.44 DW3-03 2S14 DW5-01 2U13 -0.2452 4.032 -0.335 -1.321 0.051 0.401 4.145[ 0.0449013 0.356 0.4882 69.971 4.6638 6.40
-16.76 DW8-01 5S9 DW9-01 5U9 -0.2749 4.607 -0.469 -1.849 0.071 0.556 5.6 0.0513047| 0.505 0.6057 84.954 5.3289 6.40
-16.56 DW3-02 2S8 DW4-01 2U8 -0.2833 4.692 -0.443 -1.747 0.064 0.501 5.745[ 0.0522525|  0.448 0.5282 75.071 5.4273 6.40
-16.81 DW?7-03 5584 DW8-03 5U4 -0.2842 4.778 -0.518 -2.040 0.094 0.742 6.395| 0.0532084 0.689 0.7968 109.280 5.5266 6.40
-16.62 DW3-01 2S1 DW4-03 2U1 -0.2833 4.708 -0.519 -2.043 0.100 0.787 6.74| 0.0524307 0.735 0.8626 117.599 5.4458 6.40
-19.66 DW10-01| 6S11 DW10-02| 6U11 -0.1895 3.725 -0.404 -1.592 0.055 0.434 4.135[ 0.0414781 0.392 0.5821 81.863 4.3082 6.40
-19.94 DW5-02 3S15 DW6-01 3uU14 -0.2773 5.529 -0.615 -2.423 0.072 0.569 5.34| 0.0615666| 0.507 0.5075 72.419 6.3947 6.40
-20.00 DW11-01 | Spare 1W| DW5-03 3U6 -0.1949 3.898 -0.644 -2.538 0.109 0.860 6.1 0.0434064| 0.817 1.1586 155.188 4.5085 6.40
-19.78 DW1-02 1S6 DW2-02 1U6 -0.2644 5.229 -0.609 -2.400 0.094 0.737 6.175| 0.0582312 0.679 0.7181 99.233 6.0483 6.40
-19.79 DW9-03 6S4 DW10-03 6U4 -0.275 5.441 -0.615 -2.423 0.122 0.963 6.73]| 0.0605921 0.902 0.9165 124.468 6.2935 6.40
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PCEA Longitudanal Creep Strain
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Normalised Total Creep Strain (longitudinal), um
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The creep strain ratio for PCEA was calculated from the ratio of the gradients of the normalized total
creep strain (Figure 63 and Figure 64). Thus, the ratio = 15.823/-90.927 = -0.174. This value of the creep
strain ratio is considerably lower than both the irradiated Poisson’s Ratio values of 0.268 (S.D. 0.017) all
control samples, and, 0.253 (SD=0.037) for all creep samples. The PR and creep strain ratios are
discussed in section 7.

The creep coefficient, K is calculated from the gradients of the normalized secondary creep plots - Figure
65 and Figure 66 divided by the normalizing stress(Equation 1 and Equation 2). Thus the longitudinal
creep coefficient for PCEA was K = 0.-365/-20.0 = 0.0182 %/dpa-MPa or 0.138 (10°°cm?/n-Pa). The
lateral value of K was 0.123/5.592 = 0.0219 %/dpa-MPa or 0.151 (10-*cm*/n-Pa. These K values
compare well with literature values for K as discussed later in section 7.

6.5. Creep Strain Analysis for IG-110 (Code E)

The IG-110 creep strain data are reported in Table 46 and Table 47 and plotted in Figure 67 and Figure
68. The normalized total creep strain is plotted in Figure 69and Figure 70. Longitudinal and lateral
normalized secondary creep strains are plotted in Figure 71 and Figure 72 .
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Table 46 Derived creep strain (mm and %) for 1G-110 in the longitudinal direction normalized to the peak applied stress

LONGITUDINAL STRAIN
Primary
1.D. Compressive Mean Dose, Creep Secondary
Specimen| Number Companion Specimen Creep Stress Total Creep Strain (creep-control) DPA (o/E),% Creep, %
Stress Stress Primary | Normalized
I.D. Normalised Normlised total | Creep Primary
Number Number Number MPa Longitudanal Lateral secondary creep| creep strain, Strain | Creep Strain
strain microns microns mirons
(mm) % (mm) % %/MPa

EW2-02 1S9 EW2-03 U7 -13.1868 -0.307 -1.2099 0.057 0.4474 4.56 -0.149851 -1.06000 -1.59429 -461.912 -38.0620 -57.25
EW2-01 1S7 EW2-02 1S9 -13.1865 -0.336 -1.3230 0.043 0.3381 4.74 -0.149847 -1.17319 -1.76457 -504.985 -38.0611 -57.25
EW7-01  [4S9 EW8-01 4U9 -12.5827 -0.462 -1.8225 0.094 0.7429 6.28 -0.142985 -1.67956 -2.64741 -728.987 -36.3181 -57.25
EW6-03  [4S4 EW7-03 4U4 -12.5880 -0.492 -1.9374 0.109 0.8570 6.56 -0.143045 -1.79432 -2.82712 -774.559 -36.3335 -57.25
EW5-01  [2S7 EW5-03 2U7 -16.3545 -0.538 -2.1200 0.082 0.6418 6.00 -0.185846 -1.93412 -2.34556 -652.243 -47.2050 -57.25
EWS8-03 |5S13 EW9-02 5U12 -16.6516 -0.333 -1.3124 0.061 0.4799 3.57 -0.189222 -1.12322 -1.33785 -396.713 -48.0624 -57.25
EW8-02 [5S1 EW9-01 5U1 -16.6254 -0.641 -2.5262 0.111 0.8717 6.70 -0.188924 -2.33730 -2.78833 -764.573 -47.9868 -57.25
EW4-01  [1U9 EW6-02 3U9 -19.8067 -0.487 -1.9190 0.089 0.6972 4.47 -0.225077 -1.69396 -1.69625 -487.473 -57.1695 -57.25
EW6-01  |3S9 EW6-02 3U9 -19.8166 -0.551 -2.1697 0.096 0.7528 4.65 -0.225189 -1.94453 -1.94618 -550.998 -57.1980 -57.25
EW9-03 [6S14 EW10-01 |6U13 -19.5946 -0.586 -2.3077 0.092 0.7237 5.43 -0.222666 -2.08505 -2.11047 -592.714 -56.5572 -57.25
EW10-02 |SPARE1 EW10-03 [SPARE 2 -19.8335 -0.699 -2.7558 0.143 1.1247 6.56 -0.225381 -2.53040 -2.53040 -699.338 -57.2467 -57.25
EW4-02  [2S5 EW5-02 2U5 -19.5418 -0.705 -2.7784 0.111 0.8766 6.36 -0.222066 -2.55638 -2.59453 -715.515 -56.4048 -57.25

Table 47 Derived creep strain (mm and %) for IG-110 in the lateral direction normalized to the peak applied lateral stress

LATERAL STRAIN

Compressive Primary Primary | Normalized
Creep 1.D. Lateral Creep Mean Dose, Creep Secondary Creep Primary
Stress Specimen| Number [ Companion Specimen | Piosson's Stress Total Creep Strain (creep-control) DPA (c/E), % Creep, % Stress Stress Strain__| Creep Strain

1.D. Ratio from Normalised Normlised total
MPa Number Number Number | PIE data MPa Longitudanal Lateral secondary creep| creep strain, microns mirons
strain microns
(mm) % (mm) % %
-13.1868 |EW2-02 |1S9 EW2-03 1U7 -0.1787 2.35649 -0.307 -1.2099 0.057 0.4474 4.56 0.026778 0.42064 0.65267 88.337 3.4008 5.28
-13.1865 [EW2-01 |1S7 EW2-02 1S9 -0.1784  2.35248 -0.336 -1.3230 0.043 0.3381 4.74 0.026733 0.31137 0.48396 66.870 3.3950 5.28
-12.5827 |EW7-01 |4S9 EW8-01 4U9 -0.1734 2.18183 -0.462 -1.8225 0.094 0.7429 6.28 0.024794 0.71806 1.20335 158.250 3.1488 5.28
-12.5880 [EW6-03 4S54 EW7-03 4U4 -0.224|  2.81971 -0.492 -1.9374 0.109 0.8570 6.56 0.032042 0.82495 1.06973 141.235 4.0694 5.28
-16.3545 |EW5-01  |2S7 EW5-03 2U7 -0.1642 2.68541 -0.538 -2.1200 0.082 0.6418 6.00 0.030516 0.61127 0.83228 111.126 3.8755 5.28
-16.6516 |EW8-03 |5S13 EW9-02 5U12 -0.1726|  2.87406 -0.333 -1.3124 0.061 0.4799 3.57 0.032660 0.44721 0.56893 77.515 4.1478 5.28
-16.6254 [EW8-02 |5S1 EW9-01 5U1 -0.1551 2.57859 -0.641 -2.5262 0.111 0.8717 6.70 0.029302 0.84240 1.19450 157.068 3.7214 5.28
-19.8067 |EW4-01  |1U9 EW6-02 3U9 -0.163|  3.22850 -0.487 -1.9190 0.089 0.6972 4.47 0.036687 0.66047 0.74800 100.357 4.6593 5.28
-19.8166 |EW6-01  |3S9 EW6-02 3U9 -0.1718|  3.40450 -0.551 -2.1697 0.096 0.7528 4.65 0.038687 0.71413 0.76696 102.741 4.9133 5.28
-19.5946 [EW9-03 [6S14 EW10-01 |6U13 -0.1866|  3.65636 -0.586 -2.3077 0.092 0.7237 5.43 0.041550 0.68210 0.68210 91.903 5.2768 5.28
-19.8335 |EW10-02 |SPARE1 |[EW10-03 |SPARE 2 -0.1622|  3.21699 -0.699 -2.7558 0.143 1.1247 6.56 0.036557 1.08810 1.23671 162.366 4.6427 5.28
-19.5418 [EW4-02 2S5 EW5-02 2U5 -0.1449 2.83161 -0.705 -2.7784 0.111 0.8766 6.36 0.032177 0.84446 1.09042 143.952 4.0865 5.28
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Normalised longitudonal secondary creep strain, %
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The creep strain ratio for 1G-110 was calculated from the ratio of the gradients of the normalized total
creep strain (Figure 69 and Figure 70). Thus, the ratio = 20.583/-101.49 = -0.203. This value of the creep
strain ratio is similar to the irradiated Poisson’s Ratio values of 0.204 (S.D. = 0.092) for all control
specimens but greater than the creep specimen PR of 0.169 (S.D. =0.01) for all the creep specimens. The
PR and creep strain ratios are discussed in section 7.

The creep coefficient, K is calculated from the gradients of the normalized secondary creep plots (Figure
71 and Figure 72) divided by the normalizing stress (Equation 1and Equation 2). Thus the longitudinal
creep coefficient for 1G-110 was K = 0.-400/-19.834 = 0.0202 %/dpa-MPa or 0.137 (10 *cm?/n-Pa). The
lateral value of K was 0.162/3.656 = 0.0443 %/dpa-MPa or 0.195 (10*°cm?/n-Pa). These K values
compare well with literature values for K as discussed later in section 7.

6.6. Creep Strain Analysis for 1G-430 (Code F)

The 1G-430 creep strain data are reported in Table 48 and Table 49 and plotted in Figure 73 and Figure
74. The normalized total creep strain is plotted In Figure 75 and Figure 76Figure 64. Longitudinal and
lateral normalized secondary creep strains are plotted in Figure 77 and Figure 78.
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Table 48 Derived creep strain (mm and %) for 1G-430 in the longitudinal direction normalized to the peak applied stress

Longitudinal creep strain
Mean Primary Primary | Normalized
Compressive Dose, Creep Secondary Creep Primary
Creep (Stressed) spec Companion Specimen Creep Stress Total Creep Strain (creep-control) DPA (o/E).% Creep, % Stress Stress Strain__[Creep Strain
1.D. Normalised Normlised total
Specimen| ID Number Number Number MPa Longitudanal Lateral secondary creep | creep strain, | microns mirons
Number strain microns
(mm) % (mm) % %
FW8-02 4510 FW9-01 4U10 -12.5811 -0.2408 -1.8939 0.0608 0.4783 5.21 -0.132712 -1.7612 -2.77116 -378.8354 | -33.7088 -53.04
FW4-02 3S3 FW5-03 3U3 -12.5871 -0.3002 -2.3617 0.0928 0.7305 5.95 -0.132775 -2.2290 -3.50554 -472.0830 -33.7248 -53.04
FW13-01 Sparel FwW2-01 1U10 -13.1809 -0.2769 -2.1753 0.0536 0.4214 5.42 -0.139039 -2.0363 -3.05825 -415.8198 -35.3160 -53.04
Fws8-01 4S3 FW8-03 4U3 -12.5820 -0.3686 -2.8998 0.1114 0.8761 6.50 -0.132722 -2.7671 -4.35359 -579.9831 -33.7113 -53.04
FW1-01 185 FW1-03 1U5 -13.2248 -0.4306 -3.3890 0.0678 0.5338 6.70 -0.139502 -3.2495 -4.86410 -644.5905 -35.4335 -53.04
FW12-01 6U7 FW4-01 2U14 -16.5748 -0.2324 -1.8262 0.0353 0.2777 3.08 -0.174840 -1.6514 -1.97231 -277.5851 -44.4092 -53.04
FW3-01 2514 FW3-03 2U9 -16.4011 -0.3400 -2.6775 0.0638 0.5024 4.38 -0.173008 -2.5045 -3.02291 -410.3986 -43.9440 -53.04
FW2-03 259 FW3-03 2U9 -16.3864 -0.3236 -2.5472 0.0481 0.3785 4.76 -0.172852 -2.3743 -2.86837 -390.9497 -43.9044 -53.04
FW9-03 5510 FW10-02 5U10 -16.6021 -0.3925 -3.0866 0.1025 0.8061 6.25 -0.175128 -2.9114 -3.47153 -468.0002 -44.4825 -53.04
FW9-02 552 FW10-01 5U2 -16.5976 -0.4435 -3.4869 0.1000 0.7862 6.62 -0.175080 -3.3119 -3.95006 -528.9236 -44.4702 -53.04
FW2-02 2S3 FW3-02 2U3 -16.3917 -0.4648 -3.6588 0.0871 0.6858 6.40 -0.172908 -3.4859 -4.20982 -561.2865 -43.9187 -53.04
FW5-02 3s7 FW7-03 3U7 -19.7519 -0.3083 -2.4222 0.0657 0.5164 3.60 -0.208354 -2.2138 -2.21872 -308.9836 -52.9219 -53.04
FW5-01 3s5 FW7-02 3U5 -19.7875 -0.3433 -2.6998 0.0682 0.5359 4.05 -0.208729 -2.4911 -2.49216 -343.4789 -53.0170 -53.04
FW11-02 6510 FW12-02 6U10 -19.5184 -0.3921 -3.0813 0.0692 0.5436 4.56 -0.205891 -2.8754 -2.91624 -397.6513 -52.2962 -53.04
FW11-01 657 FW12-02 6U10 -19.5257 -0.3914 -3.0767 0.0643 0.5054 4.74 -0.205968 -2.8707 -2.91044 -396.8385 -52.3158 -53.04
FW4-03 354 FW7-01 3U4 -19.7959 -0.5168 -4.0648 0.1436 1.1295 6.44 -0.208817 -3.8560 -3.85602 -516.8084 | -53.0396 -53.04
FW10-03 652 FW11-03 6U2 -19.5282 -0.6498 -5.1081 0.1406 1.1053 6.80 -0.205993 -4.9021 -4.96933 -658.7342 -52.3223 -53.04

Table 49 Derived creep strain (mm and %) for IG-430 in the lateral direction normalized to the peak applied lateral stress

Lateral Creep Strain
Mean Primary Primary | Normalized
Compressive Lateral Creep Dose, Creep Secondary Creep Primary
Creep Stress | Creep (stressed) specimen| Companion Specimen Piosson's Stress Total Creep Strain (creep-control) DPA (o/E),% Creep, % Stress Stress Strain__|Creep Strain
1.D. Ratio from Normalised Normlised total
MPa Number 1.D Number Number Number PIE data MPa Longitudanal Lateral secondary creep | creep strain, | microns mirons
strain microns
(mm) % (mm) % %
-12.5811 FW8-02 4510 FW9-01 4U10 -0.1708 2.1488 -0.2408 -1.8939 0.0608 0.4783 5.21 0.02267 0.4556 0.84182 112.3424 2.8787 5.32
-12.5871 FW4-02 3S3 FW5-03 3U3 -0.1712 2.1549 -0.3002 -2.3617 0.0928 0.7305 5.95 0.02273 0.7077 1.30390 171.0443 2.8868 5.32
-13.1809 FW13-01 Sparel FW2-01 1U10 -0.2017 2.6586 -0.2769 -2.1753 0.0536 0.4214 5.42 0.02804 0.3934 0.58744 80.0973 3.5616 5.32
-12.5820 FW8-01 4S3 FW8-03 4U3 -0.1637 2.0597 -0.3686 -2.8998 0.1114 0.8761 6.50 0.02173 0.8544 1.64690 214.6816 2.7593 5.32
-13.2248 FW1-01 1S5 FW1-03 1U5 -0.175 2.3143 -0.4306 -3.3890 0.0678 0.5338 6.70 0.02441 0.5093 0.87376 116.3454 3.1004 5.32
-16.5748 FW12-01 6U7 FW4-01 2U14 -0.1829 3.0315 -0.2324 -1.8262 0.0353 0.2777 3.08 0.03198 0.2457 0.32175 46.2781 4.0612 5.32
-16.4011 FW3-01 2S14 FW3-03 2U9 -0.1922 3.1523 -0.3400 -2.6775 0.0638 0.5024 4.38 0.03325 0.4692 0.59087 80.3532 4.2230 5.32
-16.3864 FW2-03 259 FW3-03 2U9 -0.1809 2.9643 -0.3236 -2.5472 0.0481 0.3785 4.76 0.03127 0.3472 0.46504 64.4022 3.9712 5.32
-16.6021 FW9-03 5510 FW10-02 5U10 -0.1718 2.8522 -0.3925 -3.0866 0.1025 0.8061 6.25 0.03009 0.7760 1.08019 142.6842 3.8210 5.32
-16.5976 FW9-02 582 FW10-01 5U2 -0.1477 2.4515 -0.4435 -3.4869 0.1000 0.7862 6.62 0.02586 0.7604 1.23141 161.9363 3.2841 5.32
-16.3917 FW2-02 2S3 FW3-02 2U3 -0.1794 2.9407 -0.4648 -3.6588 0.0871 0.6858 6.40 0.03102 0.6548 0.88406 117.6194 3.9395 5.32
-19.7519 FW5-02 3s7 FW7-03 3uU7 -0.201 3.9701 -0.3083 -2.4222 0.0657 0.5164 3.60 0.04188 0.4746 0.47457 65.7343 5.3186 5.32
-19.7875 FW5-01 3S5 FW7-02 3U5 -0.1984 3.9258 -0.3433 -2.6998 0.0682 0.5359 4.05 0.04141 0.4945 0.50011 68.9235 5.2593 5.32
-19.5184 FW11-02 6S10 FW12-02 6U10 -0.1882 3.6734 -0.3921 -3.0813 0.0692 0.5436 4.56 0.03875 0.5048 0.54561 74.7562 4.9211 5.32
-19.5257 FW11-01 6S7 FW12-02 6U10 -0.1896 3.7021 -0.3914 -3.0767 0.0643 0.5054 4.74 0.03905 0.4664 0.50013 68.9552 4.9595 5.32
-19.7959 FW4-03 354 FW7-01 3uU4 -0.1521 3.0110 -0.5168 -4.0648 0.1436 1.1295 6.44 0.03176 1.0977 1.44736 189.3443 4.0337 5.32
-19.5282 FW10-03 6S2 FW11-03 6U2 -0.1767 3.4506 -0.6498 -5.1081 0.1406 1.1053 6.80 0.03640 1.0689 1.22980 161.7752 4.6227 5.32
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1G-430 Normalised Total Creep Strain, pm
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1G-430 Normalised Longitudonal secondary creep strain, %
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The creep strain ratio for 1G-430 was calculated from the ratio of the gradients of the normalized total
creep strain (Figure 75 and Figure 76). Thus, the ratio = 19.561/-75.431 = -0.259. This value of the creep
strain ratio was larger than both the irradiated control specimen Poisson’s Ratio value of 0.192 (S.D. =
0.017) and the creep specimen PR of 0.194 (S.D. = 0.067). The PR values appear to be increased by
irradiation (Table 30)°, which is at odds with the other graphites. The PR and creep strain ratios are
discussed in section 7.

The creep coefficient, K, is calculated from the gradients of the normalized secondary creep plots (Figure
77 and Figure 78) divided by the normalizing stress (Equation 1 and Equation 2). Thus the longitudinal
creep coefficient for IG-110 was K = 0.-400/-19.834 = 0.0202 %/dpa-MPa or 0.137 (10 *°cm?/n-Pa). The
lateral value of K was 0.162/3.656 = 0.0443 %/dpa-MPa or 0.195 (10°°cm?/n-Pa. These K values
compare well with literature values for K as discussed later in section 7.
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7. General Discussion

The above reported creep coefficient data are compared to historic and literature data in an attempt to
establish their credibility. Data trends and correlations are sought. The important derived creep
parameters for each grade of graphite examined are in Table 50 and Table 51.

7.1. A Comparison of Creep and Control Volume Change for AGC-1 Graphite Grades

As evidenced by the data in Figure 16, Figure 21, Figure 25, Figure 30, Figure 34 and Figure 41 the
volume change on irradiation for each grade was very similar for the creep and control specimens within
that grade, despite the creep and control specimens having very different dimensional changes. Volume

1112 such as observed here would suggest that we are in a creep regime where crystal

conserving creep
dimensional change mechanisms are is in control and it is assumed that a-axis dimensional change, X,, is

twice the c-axis dimensional change, X., (2X,=X.).

It is also noted the PCEA volume change tends to behave similarly to the proven historic grade H-451.
For example the volume change characteristics of the two extruded grades are compared in Figure 35.
Cleary the creep and control specimens exhibit similar behavior for both grades.

This similarity is further explored by comparing the creep behavior of PCEA and H-451. Figure 57 and
Figure 58 (H -451) and Figure 63 and Figure 64 (PCEA) yield creep-strain ratios of 0.18 and 0.17 for H-451
and PCEA, respectively. The creep coefficient, K, for PCEA and H-451 are derived from Figure 59 and
Figure 60 (H-451), and Figure 65 and Figure 66 (PCEA). Kiongitudinal) Values of 0.138 and 0.124 are
obtained for H-451 and PCEA, respectively (Equation 1 and Equation 2). K{ateray Vvalues of 0.176 and
0.151 were derived for H-451 and PCEA, respectively. On the basis of this single temperature creep-data
PCEA graphite appears to be very similar to H-451 graphite.

Note also that for PCEA, NBG-17 and NBG-18 the creep data set contains both WG and AG orientation
specimens. Examination of the creep data showed that within each of these grades the AG/WG
directions behaved similarly with respect to irradiation creep. Consequently, all the creep data (i.e., AG
and WG) has been combined here for each grade.

7.2 A Comparison of the Creep Strain Ratio and Poisson’s Ratio

The calculated creep strain ratios are tabulated along with Poisson’s ratio values for the unirradiated
specimens®’ and the irradiated creep and control specimens are reported in Table 50.
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Table 50 Comparison of Poisson’s ratio and creep strain ratio

Graphite Grade _m
Grade Letter Unirradiated | Control | Creep Ratio
NBG-17 A 0.33 0.26 0.24 0.24
NGB-18 B 0.32 0.27 0.25 0.20
H-451 C 0.31 0.28 0.27 0.18
PCEA D 0.25 0.27 0.25 0.17
IG-110 E 0.25 0.20 0.17 0.20
1G-430 F 0.17 0.19 0.19 0.26

Irradiation lowers the value of Poison’s ratio (with the exception of 1G-430). PCEA appeared to undergo
no apparent change. The Poison’s ratio determined on the creep specimens was lower than that
determined from the control specimens (again, with the exception of IG-430). The Creep Strain Ratio
does not agree with the irradiated (creep or control) value and is generally lower (again with the
exception of 1G-430). The creep strain ratio evidently does not agree with unirradiated or the irradiated
Poisson’s Ratio value. This observation the creep strain ratio does not equal the irradiated creep value
may prove contentious.

7.3 A comparison of the obtained K values with literature values

The calculated values of the longitudinal and lateral creep constants, K, are reported in Table 51
(Equation 1 and Equation 2). These values are plotted along with literature values'**>*41>16:17,18,19,20.21
in Figure 79 and Figure 80 . The temperature range of AGC-1 Capsule is in also indicated by the
horizontal line. The AGC-1 data has been plotted at the mean temperature for the creep and control
specimen of each grade in AGC-1. The horizontal line potted in Figure 79 and Figure 80 indicates the
variation observed in the creep and control or central section of the capsule. The degree to which
temperature varied along the capsule length was excessive and probably accounts for some of the data
spread. The means and standard deviations of the specimen temperatures are given by grade in Table

52.
It must be remembered that AGC-1 was the prototype capsule and such problems were not unexpected.

Lines are added to Figure 79 and Figure 80 simply for guidance, they are not fitted lines. The derived
values of K(iongitudina) aNd Kiaeer fall between the lines and are in reasonable agreement with the literature
values for K. This agreement supports the assumption that the creep at these doses can be satisfactorily
described by the linear visco-elastic creep model. The lateral values of K are more unreliable, as
indicated by the poorer linear fits (lower R values) to the lateral creep data. The data for K suggests
that the capsule operated at a higher temperature, which is broadly in line with our observations and
capsule thermal models.
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Total creep strain

Normalized secondary
creep strain

Normalizing stress,

Secondary creep
strain coefficient K,

Secondary creep
strain coefficient, 10°

coefficient micron/dpa gtr;?rﬁ) coefficient', %/dpa Omax, (MPa) %/dpa.MPa *°cm®/n.Pa
GRADE | CODE | Longitudinal | Lateral Ratio Longitudinal | Lateral | Longitudinal | Lateral | Longitudinal | Lateral | Longitudinal | Lateral
NBG-17 A -72.5410 17.602 | -0.243 -0.287 0.148 -19.730 5.893 0.0145 0.0250 0.099 0.170
NGB-18 B -70.9680 15.281 | -0.215 -0.280 0.120 -19.723 5.613 0.0142 0.0213 0.096 0.145
H-451 C -102.1800 18.11 -0.177 -0.403 0.142 -19.809 5.491 0.0203 0.0259 0.138 0.176
PCEA D -90.9270 15.823 | -0.174 -0.365 0.123 -20.000 5.592 0.0182 0.0219 0.124 0.151
1G-110 E -101.4900 20.583 | -0.203 -0.400 0.162 -19.834 3.656 0.0202 0.0443 0.137 0.195
1G-430 F -75.431 19.561 | -0.259 -0.631 0.164 -19.776 3.970 0.0319 0.0414 0.219 0.281
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Comparison of AGC-1 Graphite and Historical Longitudinal Graphite Creep Coefficients
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Figure 79 Comparison of AGC-1 Graphite’s and Longitudinal Graphite Creep Coefficients (from
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Comparison of AGC-1 Graphites and Longitudinal and Lateral Graphite Creep
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Figure 80 Comparison of AGC-1 Graphite’s and Longitudinal and Lateral Graphite Creep Coefficients (from the Literature) with Irradiation Temperature
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Table 52 Mean and standard deviation for the grades in the center (creep/control) section of capsule AGC-1

GRADE I.D. LETTER NUMBER OF MEAN STANDARD
SPECIMENS TEPERATURE,°C DEVIATION, °C
NBG-17 A 32 612.3 73.98
NBG-18 B 34 632.0 61.59
H-451 C 22 641.0 41.91
PCEA D 34 637.6 56.92
IG-110 E 24 638.8 58.14
1G-430 F 34 633.7 63.10

The large standard deviations seen in the creep/control specimen temperatures (see also Section 5.7)
observed in Table 52 indicate the large temperature spread that was observed in AGC-1. The standard
deviations were particularly large for grades NBG-17 and 1G-430. As shown by the temperature analysis
in section 5.7 theses two graphites had a large number of data point which would not have met our
criteria as Tereep - Teontrol <100°C, and 500°C < T, < 700°C had we applied them. Consequently the data
for NBG-17 and 1G-430 remains suspect.

This discrepancy becomes obvious for IG-430 and somewhat less obvious for NBG-17 if the product of K
and unirradiated modulus (Ey) (Table 53) is compared for the various grades (Figure 81 and Figure 82).
Most of the AGC-1 graphite grades have K-E, values between 1.0 and 2.0 x 10" cm?/n [E>50keV]. The
IG-430 data greatly exceed these values while the NBG-17 data are at the low and high end respectively
for longitudinal and lateral data, respectively.

Table 53 Ey, Kiong'Eo and Ki.-E, for the six graphite grades in AGC-1

AGC-1

Kiong: 10°° Kiat, 107 Eo GPa KiongEo, Kiat -Eo,

cm?/ n-Pa cm®/n-Pa | Assumed | Std. 10%* cm%n | 10% cm?/n

Graphite | [E>50 KeV] [E>50 KeV] Tirr Dev. WG AG [E>50 KeV] | [E>50 KeV]
NBG-17 0.10 0.17 612.3 73.98 11.58 11.19 1.105 1.969
NGB-18 0.10 0.145 632 61.59 12.46 12.17 1.173 1.807
H-451 0.14 0.176 641 49.91 7.2 8.84 1.220 1.267
PCEA 0.12 0.151 637.6 56.92 8.89 10.98 1.362 1.342
1G-110 0.14 0.195 638.8 58.14 8.88 8.88 1.217 1.732
1G-430 0.22 0.281 633.7 63.1 9.48 9.48 2.076 2.664

GA design literature value

Note that the appropriate value of E, has been used for the longitudinal and lateral creep strain

orientations??.
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Kiong'Eo (10#'cm?/n [E>50 KeV]) for AGC-1 Graphites
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Figure 81 The variation of the product K ,ng).Eo for the six graphite grades in AGC-1
Kiat'Eo (10-22cm?2/n [E>50 KeV]) for AGC-1 Graphites
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Figure 82 The variation of the product K,.,.E, for the six graphite grades in AGC-1
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The variation of K with graphite structural features

An obvious correlation to K variations would be with the graphite bulk density. Many physical properties

are known to correlate with density. However, here is no obvious relationship between density and the
creep strain coefficient, K (Figure 83).

Secondary creep strain coefficient, K, 10-3° cm?/n.Pa
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Figure 83 Variation of longitudinal and lateral secondary creep strain coefficient with unirradiated bulk density, g/cc

If it is assumed that the lower dose portion of the creep behavior curve (2nd creep stage) is linear and

dominated by the in-crystal changes (not pore generation), we might expect K to correlate with crystal
parameters. Figure 84 and Figure 85 show the relationships between L, and L., respectively with the
creep coefficients, K (both longitudinal and lateral). The creep constant K appears to increase as the

crystallite coherence length ( L,) increases (Figure 84). Similarly, K increases with increasing crystallite

coherence height L. (Figure 85). This correlation would substantiate a predominantly crystallite-

dislocation mechanism for the observed stage Il (linear) creep.
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Secondary creep strain coefficient, K, 10-3° cm?/n-Pa

Variation of longitudinal and lateral secondary creep strain
coefficient with crystal coherance length, L, (A)
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Figure 84 Variation of longitudinal and lateral secondary creep strain coefficient with crystal coherance length, La (A)
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Figure 85 Variation of longitudinal and lateral secondary creep strain coefficient with crystal coherence height, Lc (&)
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The final correlation explored here was between the filler particle size and the secondary creep constant
(Figure 86). There appears to be a correlation between the two parameters with the creep coefficient
becoming smaller as the grain size increases. This may be a reflection of the weak connection between
filler particle size and crystallite coherence length (Table 54 and Figure 87).

Variation of longitudinal and lateral secondary creep strain
coefficient with filler particle size, (mm)
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Figure 86 Variation of longitudinal and lateral secondary creep strain coefficient with filler particle size, (mm)
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Table 54 filler particle and crystal parameters for the grades examined in AGC-1
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Crystal Crystal Young's modulus*** | Secondary creep strain
Unirradiated coherence coherence |Maximum Filler (fundamental coefficient,K, 10°
density length L, hieght Le Particle size* frequency), E ¥em?/n.Pa
GRADE g/cc A A mm GPa Longitudonal| Lateral
NBG-17 1.8647 286 186 0.8 11.19 0.099 0.170
NGB-18 1.8777 294 191 1.6 12.17 0.096 0.145
H-451** 1.7188 300 269 0.5 8.84 0.138 0.176
PCEA 1.8134 250 238 0.8 10.98 0.124 0.151
IG-110** 1.7699 256 190 0.01 8.88 0.137 0.195
1G-430** 1.8185 298 218 0.01 9.48 0.219 0.281

* From ORNL/TM-2009/025

**mean grain size
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Variation of crystalite coherence dimensions (A) with Filler
Particle Size,mm
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Figure 87 Variation of Crystallite coherence dimensions with filler particle size

We would generally expect the crystallite coherence length to be reduced by the repetitive grinding that

23,24

occurs as the filler particle size is reduced by mechanical attrition™". Hence a slight drop in crystallinity

with filler size is not unexpected.

8 Quality Assurance

The activities described here were conducted in accordance with the applicable requirements of the
ASME/NQA-1-2000 national standard entitled Quality Assurance Requirements for Nuclear Facility
Applications. Project and activity-specific information concerning ORNL’s application of the standard’s
requirements is provided in Document #QAP-ORNL-NGNP-01 titled Quality Assurance Plan for the Next
Generation Nuclear Plant Materials Program at Oak Ridge National Laboratory

9 Summary and Conclusions

An analysis of the creep response for the AGC-1 major graphite grades has been completed. Irradiation
induced creep is a complex phenomenon and requires sophisticated experiments to achieve accurate
data for analysis. The main conclusions resulting from this analysis are captured in a brief list which will
be followed by a brief discussion of these conclusions.
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Summary of results

All AGC-1 dimensional change data have been analyzed and the creep strain data calculated and

analyzed. The following are the main conclusions from this analysis:

10.

11.

12.

13.

14.

15.
16.

17.

For the AGC-1 dose range the magnitude of the dimensional changes for the major graphite
grades is of the correct order compared to previous H-451 dimensional changes data.

The IG-110 volume change data from AGC-1 agree reasonably well with previous HTK-7 volume
change data for 1G-110 graphite.

Only grade 1G-430 shows signs of the onset of turnaround. All other AGC-1 graphite grades show
no signs of the onset of turnaround. (Note, we are in a dose range where anisotropy would likely
not become apparent sine the behavior is dominated by the initial crystal contraction).

When the creep strain data set for a particular graphite grade is normalized to the maximum
applied stress the data falls on a reasonable straight line.

The analyzed creep strain appears to be linear with neutron dose and the creep strain is
proportional to the applied creep stress.

The creep data appears to fit a linear creep law (stage Il creep).

The volume change curves for the irradiated (crept and uncrept) specimens are very similar at
lower doses (>6 dpa) supporting the hypothesis that irradiation creep in this region is at
constant volume (as reported elsewhere in the literature).

Large thermal variations along the length of the capsule meant that the matched pairs where
not at the same temperature as called for in the original design. Moreover, for given graphite
grade the specimens were not at a common temperature.

The temperature variations (lower temperatures) correlate with the lower y-dose in the core.
Despite the large temperature variations the AGC-1 creep data are useful with the possible
exception of grades IG-430 and NBG-17.

Thermal assessment of the data suggests it might be beneficial to reanalyze certain data
applying the temperature criterion discussed in Section 5.7.

When comparing the dimensional change behavior for both iso-molded grades, 1G-430 and IG-
110, it is seen that the behavior of IG-110 appears superior compared to 1G-430 over the dose
and temperature range of AGC-1.

Despite the large difference in grain size between NBG-17 (0.8 mm) and NBG-18 (1.6 mm) both
vibrationally molded grades behave dimensionally in a very similar fashion. Both are very
isotropic at AGC-1 doses and temperatures

PCEA and H-451 were less isotropic than the other major graphite grades as would be expected
from extruded grades. However, PCEA was substantially more isotropic than H-451.

The longitudinal creep data is always a better linear fit than the lateral creep strain data

The Creep Coefficients determined for the six major grades are in reasonable agreement with
literature values for the creep coefficient for other grades.

The calculated values for the creep coefficients for the graphite grades (excluding 1G-430) were
shown to range between ~0.1 and ~0.2 X 10*°cm?/n-Pa.
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18. The creep strain ratio does not agree with the irradiated Poisson’s ratio (creep or control).

19. Poisson’s ratio is consistently smaller in the irradiated condition, and typically smaller in the
stressed (crept) samples than in the unstressed (control) samples.

20. Both IG-110 and IG-430 have Poisson’s ratio values lower than the other grades examined

21. The parameter K-E; showed a discrepancy in the 1G-430 data. Other graphite grades have K-E,
values ranging from1.0 to 1.5 cm?/n [E>50keV] (longitudinal) and 1.5-2.0 cm2/n [E>50keV]
(lateral), whereas the value for 1G-430 were >2.0 (longitudinal) and >2.5 (lateral).

22. NBG-17 was also anomalous in that its longitudinal K-E, value is larger than the other graphite
grades with the exception of 1G-430.

23. The creep coefficient, K, does not correlate with the bulk density, but does correlate with the
crystal parameters L, and L. supporting the hypothesis that the creep strain at mechanism at
these temperatures and doses is related to the crystals behavior, i.e., an in-crystal deformation
mechanism for creep.

24. A correlation between K and grain size was observed.

9.2 Discussion of results

The calculated values for the creep coefficients for the graphite grades (excluding 1G-430) were shown
to range between ~0.1 and ~0.2 X 10*°cm?*/n-Pa. The Creep Coefficients determined for the six major
grades are in reasonable agreement with literature values for the creep coefficient for other grades.
However, the AGC-1 data has been plotted at the mean temperature for the creep and control
specimens of each grade in AGC-1. The degree to which temperature varied along the capsule length
was excessive and probably account for some of the data spread.

IG-430 was noted to enter into volume turn-around at lower doses than expected. This has been
observed within the European program and is apparent in the volume change data reported here.

Both of the iso-molded grades examined here exhibited lower Poisson’s ratio value after irradiation than
either the extruded or vibrationally molded grades. A similar trend was noted in the Pre-irradiation data
measurements.

The ultimate completion of the entire AGC series of experiments will allow the creep coefficient, K, to be
correlated with irradiation temperature for the first time!

Attempts were made to correlate the creep coefficient with various structural parameters. The creep
coefficient, K, does not correlate with the bulk density, unlike many mechanical and physical properties.

The creep coefficient, K, correlates with the crystal parameters L, and L. supporting the hypothesis that
the creep strain at mechanism at these temperatures and doses is related to the crystals behavior, i.e.,
an in-crystal deformation mechanism for creep.
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A weaker correlation was observed between K and grain size which probably reflect the known

correlation between smaller grain size and improved crystalinity due to grinding?***
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