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SUMMARY

The Nuclear Science User Facilities (NSUF) based at Idaho National Laboratory (INL), along with the
Electric Power Research Institute (EPRI), formed an agreement to test representative alloys used as
reactor structural materials as a pilot program to establish guidelines for future NSUF research programs.
This report contains results from the portion of this program established as Phase III (of three phases),
entailing irradiation and post-irradiation examination of select alloys typical of boiling water reactor
(BWR) internal structural materials. Phases I and II are the subject of separate reports and represent
baseline material test results and irradiation experiment design, respectively. The intent of this Phase III
research program is to determine properties for the materials of interest after being irradiated at the
Advanced Test Reactor (ATR) to three different target fast (E>1MeV) fluences: 5.0 x 10" n/cm?, 2.0 x
10%° n/cm?, and 1.0 x 10*! n/cm?. These correspond to irradiation damage levels (displacements per atom
[dpa]) of approximately 0.08, 0.30, and 1.4 dpa, which represent comparable levels to (a) a previous study
which looked at X-750 irradiated to ~1 x 10'° n/cm?, comparable to the lowest fluence; (b) approximately
a medium level of fluence for BWR components; and (¢) extended life (60 — 80 years) for BWR
components. The materials chosen for this research are the nickel-based alloy X-750 and austenitic
stainless steel XM-19. A spare core shroud upper support bracket of alloy X-750 was purchased by EPRI
from Southern Co., and a section of XM-19 plate was purchased by EPRI from GE-Hitachi. These
materials were sectioned at GE Global Research Center (GE-GRC), and parts were provided to INL for
use in this pilot project.

Following completion of the irradiations at ATR in the water-cooled center flux trap, irradiation assisted
stress corrosion cracking (IASCC), fracture toughness (FT), tensile testing, and transmission electron
microscopy (TEM) studies were conducted at INL. Testing under normal water chemistry (NWC)
conditions indicated a negligible effect on crack growth rate (CGR) at the medium and high fluence
irradiation levels compared to the CGRs measured in unirradiated material. Under hydrogen water
chemistry (HWC) conditions, only a modest increase in CGR was measured at the high fluence level
compared to the medium fluence level. Tensile and FT measurements were far more sensitive to
irradiation level, especially in the case of alloy X-750, with an increase of 21, 29, and 57% of yield
strength compared to unirradiated levels for the low, medium, and high fluences, respectively, and an
approximate 4, 18, and 41% reduction in FT for the low, medium, and high fluences, respectively.
Additionally, TEM analyses showed an increase in dislocation loop size as a function of irradiation dose
for both alloys, but a negligible change in loop density.
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1. Introduction

The Advanced Test Reactor (ATR) National Scientific User Facility (ATR NSUF), established in
April 2007 and originally located exclusively at Idaho National Laboratory (INL), was created to
facilitate and support world-class nuclear R&D for academia, the commercial nuclear power industry, and
other national laboratories engaged in nuclear power R&D. The ATR-NSUF also sought to promote
cooperative research with industry by jointly developing infrastructure and executing programs that
address issues that have wide applicability across the nuclear industry. Since its inception, the ATR-
NSUF has expanded to include multiple partner facilities, and, in 2014, evolved into what is now simply
called NSUF, a name change reflecting the multi-facility nature of the program. This pilot project with the
Electric Power Research Institute (EPRI) was initiated in 2009.

Although extensively used for research by the Department of Energy and the National Nuclear
Security Administration, the ATR had not been readily available for use by the commercial nuclear power
sector prior to 2007. Industry thus had little experience with using the ATR and its post-irradiation
examination support facilities. The EPRI Pilot Project, described below, provides a test case in which
experimental and administrative protocols can be developed while generating data needed by industry.

EPRI conducts R&D on the generation, delivery, and use of electricity for the benefit of the public.
An independent and nonprofit organization, EPRI brings together its scientists and engineers, as well as
experts from academia and industry, to help address challenges in electricity, including reliability,
efficiency, health, safety, and the environment.

As a means of establishing a basis for development and execution of joint NSUF—industry programs,
EPRI and the Department of Energy agreed to develop a pilot program involving shared costs and
responsibilities. In addition to providing data, the pilot program (referred to as the EPRI Pilot Project) is
designed to:

e Develop the administrative protocols for cooperative research, such as cooperative
agreements and funding.

e Develop the research capability and staffing required to address future R&D needs.

e Develop a level of confidence in generating relevant data, particularly irradiation assisted
stress corrosion crack (IASCC) growth rate data.

Discussions between NSUF and EPRI identified investigation of the fracture toughness (FT) and
IASCC growth rates of irradiated high-strength alloys used for boiling water reactor (BWR) repair
hardware as an area of mutual interest for an initial project; very little IASCC and irradiated FT data exist
for alloy X-750 (a Ni-based alloy) and XM-19 (nitrogen strengthened austenitic stainless steel) at the
exposure levels of interest (up to 1 x 10*' n/cm?). Therefore, the focus of the EPRI Pilot Project is on the
irradiation and characterization of these alloys in both unirradiated (baseline) and irradiated states, and is
being conducted in three phases. Phase I (CRADA 09-CR-02) and Phase I (CRADA10-CR-13) are
complete. Phase 1 [1] fabricated the EPRI specimens from materials provided by EPRI and established
the baseline FT and crack growth rates (CGRs) of unirradiated material. Phase 2 [2] designed and
fabricated the specimen holders and performed a safety analysis on the irradiation experiment to meet
EPRI objectives for the irradiation of tensile and compact tension specimens in the center flux trap of
ATR utilizing Loop 2A. The current phase of this project, Phase IIl (CRADA 12-CR-06), is the subject of
this report and includes irradiation and post irradiation examination of the EPRI specimens delivered by
EPRI to NSUF in Phases I and II.



2. Materials, Specimens, and Test Matrix

2.1 Alloy X-750

Several sections of alloy X-750 (Heat #2750-5-7656) were provided to INL by GE-Global Research
Center (GE-GRC). These sections were removed by GE-GRC from a spare upper support bracket that
was purchased from Southern Co. by EPRI. Details of the sectioning of this piece and the machining of
specimens may be found in the appendix of the Phase I report [1]. The material was delivered in the HTH
condition: which consists of a 35% minimum reduction hot roll*; solution anneal at 1107 °C for 1 hour
and rapid cool; and aging at 704 °C for 20 hours and air cool. The composition for this material is given
in Table 2-1, and additional microstructural details may be found in [3]. Note that one element is
unreadable on the supplied material test report and is shown here as a question mark. Based on
comparable specification sheets for X-750, it is likely that this unknown element is Nb.

Table 2-1: Composition of alloy X-750.

Al C Nb+ Co Cr Cu Fe Mg Ni P S Si Ti Ta ?
Ta
0.77 0.04 | 0.99 0.726 14.99 | 0.0151 | 7.8 | 0.197 | 70.8 | <0.005 | 0.002 025 | 242 | <0.01 | 097

22 XM-19

Two sections of alloy XM-19 (Heat #A17509-BD3) were provided to INL by GE-GRC. One of the
sections was provided in the annealed condition and the other was cold rolled in a large rolling mill at
GE-GRC to induce a total of 19.3% cold work in two passes. It was decided by the project team to use the
19.3% cold worked (CW) material for the baseline testing performed under phase I of the project [1] to
allow comparison as to the effect of neutron embrittlement on the annealed material under Phase II1.
Similar to what was observed in [1], it is expected that neutron embrittlement will increase the yield
strength of the material and reduce its fracture toughness. The material composition is shown here in
Table 2-2; further details on the microstructure of the annealed alloy XM-19 may be found in [3].

Table 2-2: Composition of XM-19 alloy.

Mo C Nb Co Cr Cu Fe Mn Ni P S Si Ti w

217 | 0.027 | 0.20 | 0.016 | 20.76 | 0.06 Bal 4.59 12.82 | 0.014 | 0.006 | 0.39 | 0.001 0.02

2.3 Specimens for Mechanical Properties Testing
2.31 IASCC and Fracture Toughness

Specimens to be irradiated and used for IASCC CGR testing as well as fracture toughness were
American Society for Testing of Materials (ASTM) standard [4] specimens designated 0.4T-CT, meaning
0.4-inch (10.2-mm) thick, compact tension. The 0.4-inch (10.2-mm) thickness was chosen to promote
appropriate constraint for validity of fracture toughness and IASCC testing while minimizing size to the
extent possible. For this project, all specimens were machined in the L-T orientation with respect to
rolling direction, with integral side grooves at 5% depth (per side) to help control crack tunneling. Figure
2-1 is a sketch of the 0.4T-CT specimen used for this project.

2 Note that this step is typical of the HTH heat treatment, but not documented in the material certification for the material used in
this project.
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Figure 2-1: 0.4T-CT specimen for IASCC and fracture toughness (dimensions in inches).

2.3.2 Tensile Specimens

Tensile specimens are full sized in order to avoid any uncertainty associated with size effects, etc.
They are machined with the long axis coincident with the L (rolling) direction in the original plate
according to ASTM Standard E-8 [5] into a round “dog-bone” geometry with a 6.35-mm (0.25-in) gage
diameter and a 31.75-mm (1.25-in) reduced section length. Figure 2-2 is a sketch of the tensile specimens
used for this project.
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Figure 2-2: Standard tensile specimen (dimensions in inches).

2.4 Test Matrix

The test matrix for this project originally included testing to ascertain the existence of an
environmental effect on fracture toughness, but these tests were considered to be of secondary importance
to IASCC, FT, and tensile testing, and were abandoned in the interest of time. Additionally, results of
IASCC testing on medium and high fluence specimens suggested that conducting IASCC tests on the
lowest fluence specimens would not provide additional benefit to the project. Therefore, IASCC tests



were not conducted on the lowest fluence specimens. There are a considerable number of backup

specimens that were irradiated and will be available to NSUF users following the completion of this
project. Table 2-3 shows the matrix of each alloy included in this project (total number of specimens are
double that shown in Table 2-3, since there are two alloys). Here, NWC refers to BWR Normal Water
Chemistry and HWC refers to BWR Hydrogen Water Chemistry.

Table 2-3: Test matrix for each alloy.

# of Fracture

# of IASCC

#of CT

Fl“enie Specimens Specimens Specimens # of Tensile # of T EM
(n/cm?) (CT) (CT) (Backup) Specimens | Specimens
5.00E+19 2 1 2 4
In Air 2.00E+20 2 1 2 4
1.00E+21 2 1 2 4
In 5.00E+19
Environment | 2.00E+20
with 1.00E+21
Fatigue Pre-
crack
NWC In 5.00E+19 0 2
Environment | 2.00E+20 1 1
with 1.00E+21 1 1
SCC “Pre-
crack”
In 5.00E+19
Environment | 2.00E+20
with 1.00E+21 3
Fatigue Pre-
crack
HWC In 5.00E+19 0 1
Environment | 2.00E+20 1
with 1.00E+21 1 3
SCC “Pre-
crack”
Total 6 4 14 6 12

3. Irradiation Details

This project was the first civilian (non-Navy) irradiation experiment to utilize the ATR center flux
trap (CFT) and associated water loop. The CFT has a nominal thermal flux (E< 1.0 MeV) of 4.4 x 10"
n/cm?-s and a nominal fast flux (E>1.0 MeV) of 9.7 x 10" n/cm?-s with the reactor operating at its typical
power of approximately 110 MWy,. This fast flux provides very rapid neutron damage, enabling high
fluence irradiation studies of structural materials and fuels to be completed in a matter of years, rather
than the decades it would take to accumulate equivalent damage in typical commercial surveillance
capsules. A pressurized, chemistry controlled water loop was re-installed in the CFT in the 2007 — 2009

timeframe, enabling the design of experiments that utilized flowing water as a temperature control

mechanism. This loop is referred to as Loop-2A.




Although Loop 2A and the CFT had been previously utilized by the U.S. Navy, details on the

operations and resident water chemistry are classified. Thus, the EPRI Pilot Project represented a learning
opportunity for NSUF.
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Figure 3-1: ATR cross section, CFT is labeled "C".
The pilot project targeted three fast (E > 1 MeV) target fluences of 5 x 10" n/cm?, 2.0 x 10%° n/cm?, and

1.0 x 10*' n/cm?. Each irradiation target had its own capsule train. Table 3-1 shows the experiment
designators and target fluences.

Table 3-1: Target irradiation fluences.

Specimen Holder ATR Insertion Dates and Target Fluence (E>
(Experiment) ID Cycles 1.0 MeV)
EPRI-1 February 2015 (157C) 5.0 x 10" n/cm?
EPRI-2 March 2013 (153B) 2.0 x 10?° n/cm?
EPRI-3 February 2014, February 2016 1.0 x 10?! n/cm?
(155B, 158B)

3.1 Irradiation Experiment Capsules and Specimen Layout

The specimens were irradiated in the ATR CFT, which uses chemistry controlled water coolant with a
variable flow rate and water inlet temperature to control irradiation temperature. The irradiation capsule



design (Figure 3-2) uses multiple sets of two 0.4T-CT specimens with approximately 0.25-mm flow
spacings between them and ASTM standard round, dog-bone tensile specimens stacked on top of each
other inside a zirconium alloy holder; TEM discs are stacked inside a cavity that is drilled into a 0.4T-CT
specimen blank (Figure 3-2). The overall test train consists of four of these zirconium alloy holders that
are interlocked to form a 1.625-m (64-in) long test train. The test train is located between 0.61 m (24 in.)
below the ATR core mid-plane and 1.02 m (40 in.) above the ATR core mid-plane in order to
approximately center the primary irradiation targets (the EPRI specimens) across a relatively flat portion
of the ATR flux profile. Figure 3-3 is a representation of the axial flux profile of the ATR. Specimen
packages of interest were located within the experiment test train to coincide with the relatively “flat”
portion of the axial flux profile between approximately -0.25 and +0.25 m (-10 and +10 inches) of the
center. Further details on capsule and experiment layout may be found in [2].
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Figure 3-2: Experiment capsules and specimen stack-up.
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Figure 3-3: Generalized ATR axial flux profile (dimensions in inches).

3.1.1 Flow Restriction Issue and Mitigation

During irradiation of the very first experiment (EPRI-2) in the newly reactivated ATR Loop 2A, the
pressure drop across the test train steadily increased during the cycle, indicating a coolant flow restriction
which eventually required startup of a third loop pump to maintain flow. The cause of this pressure drop
was determined to be a buildup of crud in the thin coolant flow channels between specimens in the
specimen package located near the bottom of each capsule—an example of which is shown in Figure 3-4.
It is assumed that this crud resulted from oxide stripping that occurred due to incompatibility of the
coolant used with that previously employed in the loop. The experiment was subsequently redesigned to
replace the bottom specimen in each holder with a cruciform spacer (Figure 3-5). These spacers were
meant to reduce the flow restriction where the coolant exits the holder. During irradiation of the EPRI-3
experiment in cycle 155B (the subsequent irradiation experiment), the pressure drop improved but was
still too high. The experiment was again redesigned prior to cycles 157C (EPRI-1 irradiation) and 158B
(EPRI-3 second irradiation cycle) to include centering spacers between the holder and specimens (for the
EPRI-1 irradiation) and to replace the entire lower stack of CT specimens by a flow-through spacer for
the EPRI-3 second irradiation cycle (Figure 3-6 and Figure 3-7). The centering spacers were meant to
reduce misalignment of coolant channels, which had led to the increased pressure drop observed in the
previous EPRI experiments. Additionally, LiOH resin was placed in the loop ion exchange columns in
order to increase pH. These design modifications reduced the test train pressure drop (hence, improving
cooling performance) to acceptable levels for the second cycle of the EPRI-3 experiment.



Figure 3-4: Photograph showing buildup of crud in specimen package flow channel.

Figure 3-5: Cruciform offset spacer to mitigate flow restriction issue.
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Figure 3-6: Additional flow restriction mitigation employed for EPRI-3-2.



Figure 3-7: Centering spacers designed to prevent twisting of specimen packages.

3.2 EPRI-1 Thermal and Neutronics

The EPRI-1 experiment capsule was irradiated in ATR cycle 157C, a shortened cycle which was
started on February 10, 2015, and ran at full power for just over five days, ending on February 15, 2015.
The fast fluence target for this irradiation capsule was 5.0 x 10" n/cm?*. Temperature was measured
during the experiment utilizing thermocouples embedded in specimen blanks near the top of the
experiment and packages of melt wires selected to span the target temperature of 288 °C (550 °F) from
239 to 327 °C. Individual specimen irradiation temperatures were estimated in the post irradiation as-run
analysis using an ABAQUS model that was compared to thermocouple and melt wire indications. It is
noted that temperatures are estimated to have exceeded the target temperature quite significantly as a
result of the aforementioned flow blockage issue that was not completely solved when this experiment
was irradiated. All melt wires were observed to have melted, which is consistent with the prediction that
irradiation temperature exceeded 327 °C for at least a short time. Accumulated fluence was also estimated
using a Monte-Carlo N-Particle (MCNP) simulation. Table 3-2 shows estimated fluence as well as peak
and average temperatures for the EPRI-1 alloy X-750 specimens of interest in this project, and Table 3-3
shows estimated fluence as well as peak and average cycle temperatures for the EPRI-1 XM-19
specimens of interest in this project. Yellow highlighted cells identify specimens that were used for
fracture toughness testing in this project. Full details of these analyses are available in [6] and [7].
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Table 3-2: EPRI-1 alloy X-750 estimated irradiation temperature and fluence.

Package Specimen ID | Fluence (n/cm?) | dpa (X-750) | Avg Temp (°C) | Max Temp (°C)
EPRI-1B4 | 10A0002 AO7 5.33E+19 8.64E-02 339 405
EPRI-1B5 | 10A0002 AO6 5.35E+19 8.68E-02 342 405
EPRI-1B6 | 10A0002 AO5 5.33E+19 8.66E-02 342 403
EPRI-1B7 TEM Table 5.35E+19 8.68E-02 342 403
EPRI-1B8 | 10A0002 A04 5.35E+19 8.63E-02 341 403
EPRI-1B9 | 10A0002 AO3 5.33E+19 8.63E-02 342 407
EPRI-1B10 | 10A0002 AO2 5.35E+19 8.58E-02 327 407
EPRI-1B11 | EP1-L3 (X750) 8.23E-02 261 279
5.23E+19
EP1-L4 (X750) 8.24E-02

Table 3-3: EPRI-1 XM-19 estimated irradiation temperature and fluence.

Package Specimen ID Fluence (n/cm?) | dpa (XM-19) | Avg Temp (°C) | Max Temp (°C)
EPRI-1B4 10A0001 AO7 5.33E+19 7.95E-02 339 405
EPRI-1B5 10A0001 AO6 5.35E+19 7.98E-02 342 405
EPRI-1B6 10A0001 AO5 5.33E+19 7.97E-02 342 403
EPRI-1B7 TEM Table 5.35E+19 7.98E-02 342 403
EPRI-1B8 10A0001 AO4 5.35E+19 7.93E-02 341 403
EPRI-1B9 10A0001 AO3 5.33E+19 7.94E-02 342 407
EPRI-1B10 10A0001 A02 5.35E+19 7.89E-02 327 407
EPRI-1B11 | XM-19 07 (XM19) 7.56E-02 261 279
5.23E+19
XM-19 02 (XM19) 7.57E-02

3.3 EPRI-2 Thermal and Neutronics

The EPRI-2 experiment capsule was the very first irradiation conducted in the newly installed Loop
2A in the ATR CFT. It was irradiated in ATR cycle 153B, a so-called “Powered Axial Lift Mechanism”
cycle which was started on March 31, 2013, and ran at full power for just over thirteen days, ending on
April 13,2013. The fast fluence target for this irradiation capsule was 2.0 x 10*° n/cm?*. Temperature was
measured during the experiment utilizing packages of melt wires selected to span the target temperature
of 288 °C (550 °F) from 239 °C to 327 °C; this irradiation capsule was not outfitted with thermocouples
like EPRI-1 and EPRI-3, which were subsequent to EPRI-2. Individual specimen irradiation temperatures
were estimated in the post irradiation as-run analysis using an ABAQUS model that was compared to
melt wire indications and calibrated to temperature change of coolant between inlet and outlet. An
assumption of complete blockage of the space between specimens was made in order to bring estimates
close to temperatures predicted by the melting of melt wires and based on observations noted earlier in
this report. Reference [8] provides full details of the temperature prediction analysis. As with EPRI-1, an
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MCNP analysis was used to estimate the accumulated fluence for this irradiation. Reference [9] provides
full details of the fluence calculation. Table 3-4 shows estimated fluence and minimum/maximum
estimated irradiation temperatures for alloy X-750 specimens in this irradiation capsule. Table 3-5 shows
estimated fluence and minimum/maximum estimated irradiation temperatures for XM-19 in this
irradiation capsule. Yellow highlighted and blue highlighted cells identify specimens used for fracture
toughness and IASCC testing in this project, respectively. Green highlighting indicates that the specimen
was used for both types of test.

Table 3-4: EPRI-2 alloy X-750 estimated fluence and irradiation temperature.

Package | Specimen ID | Fluence (n/cm?) | dpa (X-750) | Min Temp (°C) | Max Temp (°C)
EPRI-2B4 | 10A0002 B02 1.94E+20 0.310 349 359
EPRI-2B5 | 10A0002 A12 1.93E+20 0.309 351 361
EPRI-2B6 | 10A0002 A1l 1.92E+20 0.307 351 361
EPRI-2B7 TEM Table 1.93E+20 0.309 351 360
EPRI-2B8 | 10A0002 A10 1.93E+20 0.309 349 359
EPRI-2B9 | 10A0002 A09 1.91E+20 0.306 350 360
EPRI-2B10 | 10A0002 A0S 1.89E+20 0.302 329 338
EPRI-2B11 EP3-L3 0.293 230 238
EP3-L4 1.83E+20 0.293

Table 3-5: EPRI-2 XM-19 estimated fluence and irradiation temperature.

Package Specimen ID Fluence (n/cm?) | dpa (XM-19) | Min Temp (°C) | Max Temp (°C)
EPRI-2B4 10A0001 BO6 1.94E+20 0.296 349 359
EPRI-2B5 10A0001 BO5S 1.93E+20 0.294 351 361
EPRI-2B6 10A0001 BO4 1.92E+20 0.293 351 361
EPRI-2B7 TEM Table 1.93E+20 0.294 351 360
EPRI-2B8 10A0001 BO3 1.93E+20 0.294 349 359
EPRI-2B9 10A0001 B0O2 1.91E+20 0.291 350 360
EPRI-2B10 10A0001 BO1 1.89E+20 0.288 329 338
EPRI-2B11 | XM-19 03 (XM19) 0.279 230 238
1.83E+20
XM-19 04 (XM19) 0.279

3.4 EPRI-3 Thermal and Neutronics

The EPRI-3 experiment capsule was irradiated over the course of two full ATR cycles: cycle 155B
was initiated on February 13™, 2014, and ran for 58 days (50 effective days due to an 8-day reactor
SCRAM) to April 12, 2014; and cycle 158B was initiated on February 10, 2016, and ran for 51 days to
April 1, 2016. This irradiation had a target fluence of 1.0 x 10*' n/cm?”. Similar to the EPRI-1 experiment,
temperature was measured during this irradiation utilizing thermocouples embedded in specimen blanks
near the top of the experiment and packages of melt wires selected to span the target temperature of 288
°C (550 °F) from 239 °C to 327 °C. Individual specimen irradiation temperatures were estimated in the
post irradiation as-run analysis using an ABAQUS model that was compared to these thermocouple and
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melt wire indications. As discussed previously in Section 3.1.1, during cycle 155B (also referred to as
EPRI 3-1) cruciform spacers were employed at the entry points of individual specimen holders in order to
facilitate coolant flow through these areas (Figure 3-5); although this helped somewhat, the measured
pressure drop during this cycle indicated that the flow restriction problem was not mitigated. Hence, full
blockage of the flow channels between specimens was assumed in the model in order to match the
temperatures estimated through the combination of melt wires and thermocouples. Average temperatures
for some of the specimens are estimated to have reached as high as 347 °C during this irradiation cycle.
For the subsequent irradiation cycle, 158B (also referred to as EPRI 3-2), full flow restriction mitigation,
including a flow through tube replacing the bottom dummy specimen stack and a centering mechanism
(Figure 3-6 and Figure 3-7) was employed. Estimated average specimen temperatures during this cycle
were significantly cooler. As with EPRI-1 and EPRI-2, an MCNP analysis was used to estimate the
accumulated fluence for the EPRI-3 experiment over two cycles. Table 3-6 contains estimated fluence
and irradiation temperatures for alloy X-750 in this irradiation capsule, and Table 3-7 contains estimated
fluence and irradiation temperatures for XM-19 in this irradiation capsule. In Table 3-6 and Table 3-7,
both average temperature and maximum temperatures are reported for cycles 155B and 158B. Here, the
average irradiation temperature is expected to be the temperature at which the specimens were held for a
majority of the time while they would have been exposed to maximum temperature for brief time periods
during power spikes. Yellow and blue highlighting identifies specimens used for fracture toughness and

IASCC testing in this project, respectively. Full details of these as-run analyses may be found in
references [10] and [11].

Table 3-6: EPRI-3 alloy X-750 estimated fluence and irradiation temperature.

Package Specimen ID | Fluence (n/cm?) | dpa (X-750) AI‘E;;E:;BC) M:;ST:/T:;BC)
EPRI-3B1 | 10A0002 C03 9.395 X 10%° 1.490 301/264 309/267
EPRI-3B2 | 10A0002 C02 9.538 X 10%° 1.521 338/266 351/269
EPRI-3B3 | 10A0002 B12 9.538 X 10%° 1.527 333/266 346/269
EPRI-3B4 | 10A0002 B11 9.584 X 10%° 1.535 335/265 347/268
EPRI-3B5 | 10A0002 B10 9.629 X 10%° 1.538 335/265 347/268
EPRI-3B6 | 10A0002 B0O9 9.704 X 10%° 1.542 335/265 347/268
EPRI-3B7 TEM Table 9.734 X 10% 1.545 334/264 347/267
EPRI-3B8 | 10A0002 B0O8 9.610 X 10%° 1.538 333/264 346/267
EPRI-3B9 | 10A0002 BO7 9.590 X 10%° 1.533 332/263 345/266
EPRI-3B10 | 10A0002 B0O6 9.532 X 10%° 1.524 331/263 344/265
EPRI-3B11 | 10A0002 BO5 9.487 X 10%° 1.516 329/262 341/265
EPRI-3B12 | 10A0002 B0O4 9.346 X 10%° 1.493 330/261 342/264
EPRI-3B13 | 10A0002 B0O3 8.658 X 10%° 1.441 287/257 295/259
EP4-L3
EPRI-3A12 EPA-LA 8.50 X 10%* 1.370 255/260 258/263

Table 3-7: EPRI-3 XM-19 estimated fluence and irradiation temperature.

Package . Avg Temp (°C) | Max Temp (°C)
ID | FI 2 XM-1
Specimen uence (n/cm?) | dpa ( 9) 155B/158B 155B/1588
EPRI-3B1 | 10A0001 EO4 9.395 X 10%° 1.413 301/264 309/267
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EPRI-3B2 | 10A0001 EO3 9.538 X 10%° 1.448 338/266 351/269
EPRI-3B3 | 10A0001 E02 9.538 X 10%° 1.452 333/266 346/269
EPRI-3B4 | 10A0001 EO1 9.584 X 10%° 1.459 335/265 347/268
EPRI-3B5 | 10A0001 D07 9.629 X 10%° 1.462 335/265 347/268
EPRI-3B6 | 10A0001 D06 9.704 X 10%° 1.458 335/265 347/268
EPRI-3B7 TEM Table 9.734 X 10%° 1.460 334/264 347/267
EPRI-3B8 | 10A0001 DO5 9.610 X 10%° 1.466 333/264 346/267
EPRI-3B9 | 10A0001 D04 9.590 X 10% 1.461 332/263 345/266
EPRI-3B10 | 10A0001 D03 9.532 X 10%° 1.449 331/263 344/265
EPRI-3B11 | 10A0001 D02 9.487 X 10%° 1.443 329/262 341/265
EPRI-3B12 | 10A0001 DO1 9.346 X 10%° 1.430 330/261 342/264
EPRI-3B13 | 10A0001 BO7 8.658 X 10%° 1.320 287/257 295/259
XM-19 01
EPRI-3A12 XM-19 06 8.50 X 10%° 1.300 255/260 258/263

4. Post Irradiation Examination

4.1 Tensile Tests
411

Tensile tests for this project were completed using an Instron model 5800, 50 KN capacity screw-
driven test system located in the INL Hot Fuel Examination Facility and outfitted with a two-zone high
temperature furnace (for EPRI-2 tests) or three-zone high temperature furnace (for EPRI-1 and EPRI-3
tests), and a modified Linear Variable Displacement Transducer (LVDT)-based extensometer (installed
after EPRI-2 tests were completed). A typical test setup is shown in Figure 4-1. A schematic and photo of
the LVDT extensometer used for EPRI-1 and EPRI-3 tests is shown in Figure 4-2. All tests were
performed according to ASTM Standard ES8, “Standard Test Methods for Tension Testing of Metallic
Materials,” 5] to the extent possible. The nominal gage cross-section was 6.35 mm, and the effective
gage length was 31.75 mm for all specimens. The specimen geometry is shown in Section 2.3.2 in this
report. All specimens were tested in displacement control at a displacement rate of 0.276 mm/min (strain
rate 0.018 %-s™') at a nominal temperature of 288 °C within the gage section. Temperature was estimated
based on an initial calibration procedure that involved measurement of the temperature in a surrogate
tensile specimen outfitted with Type K thermocouples and heated to specific set points within the furnace
zones. Force, extensometer, and crosshead displacement readings were recorded using Labview®
software. For EPRI-2 tests, strain was measured using crosshead displacement, which was corrected for
measured system compliance; EPRI-1 and EPRI-3 tests were conducted using the custom-made, LVDT-
based extensometer which measures displacement directly on the gage section of the specimens.

Methodology
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Figure 4-1: Typical tensile testing setup after installing a three-zone furnace and integration of an
LVDT extensometer.

Figure 4-2: Schematic and photograph of LVDT strain measurement system.

41.2 Alloy X-750 Tensile Results

A total of six tensile tests were conducted at approximately 288 °C on irradiated alloy X-750 for this
project. Two tests were conducted for each fluence level. A 0.2% offset yield strength, ultimate tensile
strength, and strain to failure were calculated using ASTM Standard E-8 [5] methodology in all cases.
Table 4-1 shows the calculated values for each fluence along with, for comparison, values obtained from
baseline tests [1].
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Table 4-1: Irradiated and baseline tensile properties for alloy X-750 at 288 °C.

As expected, yield strength increases with fluence, and ultimate strength also increase—albeit to a
lesser extent than the yield strength, due to the nature of irradiation-induced hardening, which primarily
affects the strain-hardening response due to the formation of dislocation loops. Accordingly, ductility is
also reduced as a function of increasing fluence. Figure 4-3 is a plot of the yield strength, ultimate
strength, and strain to failure as a function of dpa. Figure 4-4 is an overlay plot of alloy X-750 stress-
strain curves for all fluence levels.
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Alloy X-750 Sample 0.2%. Offset Ultimate Tensile N
Yield Strength Ductility
Dose (dpa) (MPa) (MPa) (%)
EP1-L5 (Ref. [1]) 0 712 1076 32
EP1-L6 (Ref. [1]) 0 715 1082 30
EP1-L3 (5.23 X 10" n/cm?) 0.0823 867 1041 26
EP1-L4 (5.23 X 10" n/cm? 0.0824 865 1031 29
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Figure 4-3: Trend of tensile properties at 288 °C as a function of dpa for alloy X-750.
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Figure 4-4: Overlay alloy X-750 stress-strain curves tested at 288 °C.
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It is noted that the two medium fluence alloy X-750 specimens (EP3-L3 and EP3-L4) show an
unexpectedly large difference in yield properties, since they were irradiated in the same capsule within
millimeters of each other. Therefore, a slice of the two samples was extracted out of the grip section of
each specimen for microhardness testing. The Vickers hardness values appear to qualitatively support a
difference in the tensile properties of the magnitude seen in the tensile tests. Additionally, the slides were
etched, polished, and imaged under an optical microscope in order to observe the microstructure to see if
anything could be deduced with regard to material differences. Figure 4-5 shows the Vickers hardness
profile across the previously mentioned slices. Figure 4-6 shows the micrographs obtained after polishing
and etching the specimens.

Although the microhardness values qualitatively support a possible difference in ultimate tensile
strength, it is difficult to use these values to support the noted difference in yield strength. Correlations
between microhardness and ultimate tensile strength exist in literature, but not for microhardness and
yield strength. The micrographs in Figure 4-6 show a relatively consistent grain structure that is as
expected based on material. Based on the microhardness values and microstructural observations, it is
concluded that a testing issue, rather than a material issue, resulted in the difference in yield strength. The
testing issue was most likely related to temperature control in an outdated furnace used for these initial
tests.

EPRI 2 X-750 tensile specimen hardness
comparison
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480 N . . .
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g 420 - -
2 400
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T 380 ¢ EP3-13 .
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300 . . _ _
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Point across diameter

Figure 4-5: Vickers hardness measurements across the diameter of medium fluence alloy X-750
specimens.
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EP3-L3 EP3-L4

Figure 4-6: Micrographs showing consistent microstructure of medium fluence alloy X-750
specimens.

41.3 XM-19 Tensile Results

A total of five tensile tests were successfully conducted on irradiated XM-19 for this project at a test
temperature of nominally 288 °C. Two tests were conducted for each fluence level, except for the
medium fluence level, of which one of the two specimens was destroyed during test setup. A 0.2% offset
yield strength, ultimate tensile strength, and strain to failure were calculated using ASTM Standard E-8
[5] methodology in all cases. Table 4-2 shows calculated values for each fluence along with, for
comparison, values obtained from baseline tests [1]. Reference [12] is a vendor specification sheet that
lists tensile properties for annealed XM-19 plate tested at 316 °C and is the closest available comparison
to a true baseline.

Similar to alloy X-750, yield strength for XM-19 increases with fluence, and ultimate strength also
increases—albeit to a lesser extent than the yield strength, due to the nature of irradiation-induced
hardening, which primarily affects the strain-hardening response due to the formation of dislocation
loops. Accordingly, ductility is also reduced as a function of increasing fluence. In comparison to alloy X-
750, XM-19 exhibits a more significant increase in yield strength between baseline (unirradiated) results
and ~0.08 dpa; this is likely the result of the higher strain-hardening capacity that is affected by neutron
embrittlement in stainless steel as compared to a nickel-based alloy. For this set of tests, a comparison of
effects due to cold work (baseline results) with neutron embrittlement cannot be directly made, although
the yield strength and ultimate strength of the 19.3% cold-worked XM-19 (samples XM-19 CW 01 and
XM-19 CW 03 tested in [1]) is beginning to approach the levels seen in the highest fluence (1.3 dpa)
tests. It is assumed that a higher level of neutron exposure may produce a similar effect as that seen with
19.3% cold work. Figure 4-7 is a plot of the yield strength, ultimate strength, and strain to failure as a
function of dpa for XM-19. Figure 4-8 is an overlay plot of XM-19 stress-strain curves for all fluence
levels.
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Table 4-2: Irradiated and baseline tensile properties for XM-19 at 288 °C

0.2% Offset Ultimate Tensile
XM-19 Sample Yield Strength Ductility
(MPa) (%)

Dose (dpa) (MPa)

XM-19 02 (5.23 X 10" n/cm?)
XM-19 07 (5.23 X 10" n/cm?
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Figure 4-7: Trend of tensile properties as a function of dpa for XM-19 at 288 °C.
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Figure 4-8: Overlay of irradiated XM-19 stress-strain curves at 288 °C.

4.2 Fracture Toughness Tests

Fracture toughness tests for this project were all performed using the IASCC test cells. All tests
adhered to ASTM Standard E1820-09 [4] to the extent possible. The IASCC autoclaves were used to heat
the fracture toughness specimens in air to approximately 288 °C with temperature correlated to the
internal Type K thermocouple located approximately 25 mm from the specimen. Since the autoclave was
closed during the test and there was little space available, a crack mouth opening displacement gage was
not utilized; rather, load line displacement corrected for measured system compliance was used for J-R
calculations. Reversing direct current potential drop (DCPD) was utilized to measure crack extension
during all of the tests. Crack length was estimated using this method based on an empirical model
developed for current inputs located approximately 4 mm from the back face of the specimen and two sets
of potential leads read diagonally across the mouth of the crack for redundancy (Figure 4-9). All DCPD
crack length estimates were corrected to actual post-test measured crack length using a linear correction
for calculation of the J-R curves. Electrical isolation of the specimens in these test systems was achieved
using a double “clevis-in-clevis” design in which zirconia sleeves and washers are between the larger
loading pin and the inner clevises attached to the specimens (Figure 4-10).
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Figure 4-9: DCPD current inputs and potential leads.

Figure 4-10: Exploded view of clevis-in-clevis specimen loading assembly showing zirconia
insulating sleeves and washers.
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4.21 Pre-fatigue and General Testing Details

Specimens were pre-fatigued in air at testing temperature (~ 288 °C) to a target crack length-to-width
ratio of ay/W = 0.55 — 0.60, as measured by DCPD. ASTM Standard E1820-09 [4] specifies an acceptable
initial crack length-to-width ratio (a¢/W) of between 0.45 and 0.70 for a J-integral test. For this testing,
the higher range is chosen in order to minimize the potential for loading pin damage due to high expected
cracking forces in irradiated material. The maximum allowable applied stress intensity factor (K) during

the final step of fatigue pre-cracking, as per [4], is Kmax < 0.6 ? Kr MPavm, where or = yield strength at
T

the fatigue temperature, or is the yield strength at testing temperature, and Kr is the measured fracture
toughness, Kq or Kc (qualified fracture toughness) for the material. Since tensile tests were all conducted
at approximately 288 °C for this project, or is unknown and conservatively assumed to equal 85% of or.
For alloy X-750 at the low, medium, and high fluence, the allowable Kuax is 84, 76, and 56 MPavm,
respectively, if the most conservative measurements of fracture toughness from the current project are
used. For XM-19 at the low, medium, and high fluence, the allowable Ky is 135, 117, and 109 MPavm,
respectively, if the most conservative measurements of fracture toughness from the current project are
used. Applied Kmax in all cases is substantially lower than the allowable thresholds. It is noted that, in a
single case for alloy XM-19 (specimen 10A0001B02), there was an IASCC test conducted prior to pre-
fatiguing. Table 4-3 and Table 4-4 show pre-fatigue details for all of the alloy X-750 and XM-19 fracture
toughness tests conducted in this project. All were pre-fatigued utilizing a sine wave loading pattern and
utilizing load shedding to maintain constant Kmax as the pre-fatigue crack grew. It is noted that the final
several specimens were pre-fatigued in multiple steps, simply due to the preference of the test operator;
multiple steps are indicated by -x appended to the specimen name, where “x” is step number, and the final
pre-fatigue crack length/width ratios are in bold in Table 4-3 and Table 4-4. There is no known effect of
reducing frequency during fatigue pre-cracking except to increase the time necessary and reduce the risk
of inadvertent specimen damage. Similarly, the ASTM standard [4] advises use of a load ratio equal to
0.1, as it is the most aggressive; but for additional control, a less aggressive load ratio may be utilized, as
was done in several cases.

Table 4-3: Pre-fatigue parameters for alloy X-750 fracture toughness specimens.

Applied Kmax Load Ratio Frequency Final
Specimen ID (MPa\/m) (Kmin/Kmax) (hz) a/W
10A0002A09 40 0.1 1 0.58052
10A0002A11 25 0.2 1 0.55009
10A0002B08 25 0.2 1 0.55002
10A0002B10 25 0.2 1 0.56339
10A0002C03-1 30 0.1 0.5 0.48005
10A0002C03-2 25 0.1 0.5 0.52003
10A0002C03-3 25 0.3 0.5 0.55004
10A0002A07-1 30 0.1 0.5 0.40987
10A0002A07-2 35 0.1 0.5 0.4801
10A0002A07-3 30 0.1 0.5 0.52008
10A0002A07-4 30 0.3 0.5 0.55003
10A0002A02-1 40 0.1 0.5 0.40052
10A0002A02-2 35 0.1 0.5 0.43101
10A0002A02-3 25 0.1 0.5 0.4802
10A0002A02-4 25 0.2 0.5 0.52023

23



10A0002A02-5 25 0.3 0.5 0.55011

Table 4-4: Pre-fatigue parameters for XM-19 fracture toughness specimens.

Applied Kmax Load Ratio Frequency Final
Specimen ID (MPa\/m) (Kmin/Kmax) (hz) a/W
10A0001B01 25 0.1 1 0.52503
10A0001B02-1 25 IASCC test N/A 0.46782
10A0001B02-2 25 0.3 1 0.60336
10A0001D05-1 25 0.2 1 0.4113
10A0001D05-2 25 0.1 1 0.41137
10A0001D05-3 30 0.1 1 0.41364
10A0001D05-4 29 0.1 1 0.41404
10A0001D05-5 28 0.1 2 0.55008
10A0001DO01-1 30 0.1 0.5 0.48
10A0001D01-2 25 0.1 0.5 0.52002
10A0001D01-3 25 0.3 0.5 0.55001
10A0001E04-1 30 0.1 0.5 0.48022
10A0001E04-2 25 0.1 0.5 0.52005
10A0001E04-3 25 0.3 0.5 0.55008
10A0001A07-1 30 0.1 0.5 0.43492
10A0001A07-2 35 0.1 0.5 0.48091
10A0001A07-3 25 0.1 0.5 0.52019
10A0001A07-4 25 0.3 0.5 0.5502
10A0001A02-1 30 0.1 0.5 0.48043
10A0001A02-2 25 0.1 0.5 0.52006
10A0001A02-3 25 0.3 0.5 0.55032

4.2.2 Alloy X-750 Fracture Toughness Tests

4.2.2.1 Lowest fluence alloy X-750 fracture toughness

Two fracture toughness tests were conducted for the lowest fluence alloy X-750 (EPRI-1). Specimens
10A0002A02 and 10A0002A07 both accumulated approximately 0.086 dpa of irradiation damage.
Irradiation temperature for specimen 10A0002A02 was estimated to be 327 °C on average, with a
maximum of 407 °C during temporary reactor power spikes. Irradiation temperature for 10A0002A07
was estimated to be approximately 339 °C on average, with a maximum of 405 °C. Both specimens were
monotonically loaded at a displacement rate equal to 1.0 x 10 mm/s for the initial portion of the test up
to the maximum applied force, then the displacement rate was increased to 1.0 x 10~ mm/s to finish the
test. Post-fatigue marking was conducted at a Kmax equal to less than 50% of the final applied K.

Both low fluence specimens exhibited ductile fracture morphology consisting of dimple rupture
networks indicative of micro-void coalescence, along with the telltale necking of the specimen. Neither
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test allows qualification of Jg as Jic according to [4], since they violate minimum allowable crack
tunneling requirements and, in the case of specimen 10A0002A07, the crack extension consistency
requirement is also violated. Of the two tests, 10A0002A02 is considered to be the more viable result, as
it nearly meets the requirements. Specimen 10A0002A07 was likely misaligned in the loading fixture,
leading to the grossly non-uniform pre-crack as well as final crack front. Compared to baseline
(unirradiated) results from [1], fracture toughness is actually increased from approximately 160 kJ/m? to
approximately 180 kJ/m?, as noted above. As suggested, this may be an artifact due to the negligible
effect of irradiation on fracture toughness at this low level, combined with a lower constraint in the 0.4T-
CT specimen compared to the 0.5T-CT specimen utilized in baseline tests. Figure 4-11 and Figure 4-12

show the J-R curves and fracture surfaces for these low fluence tests.
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Figure 4-11: J-R curve and fracture surface for 10A0002A02 (alloy X-750, 0.086 dpa) specimen.
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Figure 4-12: J-R curve and fracture surface for 10A0002A07 (alloy X-750, 0.086 dpa) specimen.

4222 Medium fluence alloy X-750 fracture toughness

Two fracture toughness tests were conducted for the medium fluence alloy X-750 (EPRI-2).
Specimens 10A0002A09 and 10A0002A11 both accumulated approximately 0.306 dpa of irradiation
damage. Irradiation temperature for specimen 10A0002A09 was estimated to be 350 — 360 °C. Irradiation
temperature for I0A0002A11 was estimated to be approximately 351 — 361 °C. Both specimens were
monotonically loaded at a displacement rate equal to 4 x 10 mm/s for the duration of the test; this was
based on previous loading rates used in [1]. These two tests were the very first fracture toughness tests
performed in the newly installed IASCC test cells, so the methodology differs slightly from subsequent
tests, as system response was previously uncharacterized. Post-fatigue marking was conducted at a Kimax
equal to less than 50% of the final applied K.

Both medium fluence specimens exhibited 