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Four commercial austenitic alloys, 316L, D9, 690 and 800H were irradiated with 2.0 MeV protons to doses
of up to 7 dpa at temperatures of 400 and 500 °C to study the role of irradiation and temperature on stress
corrosion cracking in supercritical water. Constant extension rate tensile (CERT) tests were performed on
the irradiated specimens in deaerated supercritical water at the same temperature as the irradiation. The
results showed that irradiation significantly increased the severity of intergranular stress corrosion crack-
ing in all four alloys. Cracking severity increased with dose and temperature. The severity of cracking
correlated with both the hardness and the grain boundary chromium concentration, making attribution
to a single irradiation feature difficult. However, a very significant increase in cracking of alloy 690 at
500 °C is likely due primarily to RIS rather than to hardening. Cracking of the irradiated alloys in super-
critical water follows the same behavior as in subcritical water, implying that a common mechanism may

be controlling.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The supercritical water cooled reactor (SCWR) is one of the
promising Generation IV advanced reactor concepts with a high
thermal efficiency (~45%) and considerable plant simplification
compared to current light water reactors (LWRs) [1]. The SCWR
concept, with an inlet temperature of ~280 °C and an outlet tem-
perature of up to 620 °C and system pressure of 25 MPa, builds
upon two existing technologies, LWRs and supercritical fossil fuel
plants. The combination of radiation, high temperatures, high pres-
sures and a corrosive water environment makes the SCWR one of
the most challenging reactors from the standpoint of materials
selection. Therefore, the core internal materials for SCWR are
required to have sufficient mechanical properties, corrosion resis-
tance, low susceptibility to SCC, reasonably low neutron absorption
and dimensional stability in the SCWR environment.

Candidate materials for core internals for the SCWR include
ferritic-martensitic (F-M) stainless steels (including ODS alloys)
and austenitic alloys (including austenitic stainless steels and nick-
el-base alloys). F-M alloys such as T91 and HT9 are candidate
structural materials for SCWR because of their wide use in super-
critical fossil plants. Was et al. [2,3] evaluated T91, T92, HCM12A
and HT9 in 400-600 °C SCW and they were shown to be resistant
to SCC in a SCW environment, but their high corrosion rates
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prohibit their use in thin wall components such as fuel cladding.
Austenitic alloys are candidate materials for the SCWR because of
their high corrosion resistance and good mechanical properties at
high temperatures and their experience base in current commer-
cial light water reactors. Teysseyre and Was [4,5] evaluated the
corrosion and stress corrosion cracking susceptibility in supercrit-
ical water and found that while general corrosion rates are low, all
alloys were susceptible to intergranular SCC (IGSCC) in both deaer-
ated and oxygen-containing supercritical water.

An understanding of the effect of irradiation on SCC or irradia-
tion-assisted stress corrosion cracking (IASCC) is more limited still.
In this study, the IASCC behavior of four commercial austenitic al-
loys 316L, D9, 800H and 690 in pure SCW was investigated at tem-
peratures of 400 and 500 °C and at doses between 2 and 7 dpa. The
effect of irradiation on the microstructure is also characterized and
the microstructure development is used to understand the mecha-
nism of IASCC.

2. Experiment
2.1. Alloy and sample preparation

Four commercial purity austenitic alloys were evaluated in this
study: Stainless steels 316L and D9, high nickel austenitic alloy
800H, and nickel-base alloy 690. The compositions of the alloys
are shown in Table 1. The as-received 316L alloy was annealed at
1100°C for 20 min and water quenched to prevent carbide
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Table 1
Alloy compositions (wt.%).

Alloy C Mn Fe S Si Ni Cr

Mo Cu N Co P Al Ti Nb

316L 0.022 1.86 68.5 0.001 0.51 10.12 16.62
D9 0.043 2.03 65.7 <0.005 0.66 15.12 13.95
690 0.03 0.18 10 0.001 0.03 59.8 294

800H 0.069 0.76 45.26 0.001 0.13 31.59 20.42

2.06 0.24 0.02 0.05 0.03 - - -

27 0.005 = 0.014 <0.005 0.014 0.26 <0.02
0.01 0.01 - - - 0.22 0.34 <0.01
- 0.42 - - 0.014 0.5

formation, and resulted in a grain size of 44 pm. Alloy 690 was
cold-rolled to 66% reduction and then annealed at 1100 °C for 2 h
in order to obtain a uniform grain size of 28 pm. D9 was cold-
worked to 18% and the grain size was 17 pum. Alloy 800H was eval-
uated in the as-received condition and had a grain size of 152 pm
and extensive chromium carbide precipitation on the grain
boundaries.

Tensile specimens with threaded ends, gage cross-section of
2mm x 2 mm and a gage length of 23 mm, and TEM bars with
dimensions of 20 mm x 2 mm x 2 mm were fabricated using elec-
trical discharge machining. The irradiated TEM bars were used to
measure irradiation hardening and to make TEM discs for micro-
structure and RIS analysis. All specimens were mechanically pol-
ished with SiC paper to 4000 grit and then electropolished in a
10% perchloric and methanol solution at 30V for 15 s to achieve
mirror surfaces. The D9 and 316L specimens were electropolished
at —50°C and the 800H and 690 were electropolished at —30 °C.
Following sample preparation, hardness measurements were made
on each TEM bar.

2.2. Proton irradiation

The TEM and tensile specimens were irradiated using the Gen-
eral lonex Tandetron Accelerator at the Michigan lon Beam Labora-
tory at the University of Michigan. The samples were loaded onto a
custom designed copper stage and irradiated with 2 MeV protons
at 400 or 500 °C to doses ranging from 2 to 7 dpa at a dose rate
of 107> dpa/s. Some samples were irradiated at 3 MeV. The damage
rate was estimated by performing a SRIM2006 simulation [6] using
a displacement energy of 40 eV as recommended in ASTM E521-89
[7]. A plot of the damage distribution of 2 and 3 MeV protons in Fe-
10Cr is shown in Fig. 1.

The temperature was controlled to +10 °C with a cartridge hea-
ter and by cooling the back of the copper stage. Thermal contact
between the specimens and the stage was achieved by placing thin
sheets of indium foil beneath the samples, which became molten at
the irradiation temperature to provide good heat transfer. The tem-
perature of the specimens was monitored using a high spatial res-
olution two-dimensional thermal imaging system and provided a
complete time history of the temperatures of each region of each
sample. Fig. 2 shows the temperature histogram for one of the
samples irradiated to 7 dpa.

The proton beam was 3 mm in diameter and was raster-
scanned over a 10 mm length of the specimens. The irradiated area
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Fig. 1. SRIM plot for 2 and 3 MeV protons in Fe-10Cr.
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Fig. 2. Histogram of an irradiation of 316L to a dose of 7 dpa at 400 °C.

of the samples was defined by a set of tantalum apertures and
approximately 8 samples were irradiated at one time. The temper-
atures, stage current, and aperture current were recorded through-
out the test using a PC-based monitoring system. Additional details
about the proton irradiation procedure can be found in other
literature [8].

2.3. Hardness measurement and microstructure analysis

The pre-irradiation and post-irradiation hardness of the
specimens was determined using a Vickers Microhardness tester
(Micromet-II). A 25 g load was used to ensure that the sampling
volume of the indenter tip was confined to the irradiated region
of the material. A total of 30 hardness measurements were made
on each specimen, and the center-to-center spacing of the indents
was 100 um. The difference between the post-irradiation and pre-
irradiation hardness is reported as the irradiation-induced harden-
ing. The results of these measurements were compared to the unir-
radiated hardness values for each sample. The pre- and post-
irradiation hardness values were used to calculate the radiation-in-
duced hardening increment.

A correlation between the change in yield strength and change
in hardness of austenitic alloys was provided by Busby et al. [9]
and was used to determine the change in yield stress in MPa in
all three alloys according to:

Ad, = 3.03 x AH, (1)

where Ao, is in MPa and AH is in kg/mm?. The change in yield
strength can also be calculated using the loop and void measure-
ments made on the irradiated microstructure from [10]:

AGy, = Moub(Nd)°*?, 2)

where M =3.06, o= 1.0 for voids and 0.6 for faulted loops (deter-
mined from a regression analysis), =76 GPa, and b=2.5 x
108 cm. The total change in yield strength from the loop and void



R. Zhou et al./Journal of Nuclear Materials 395 (2009) 11-22 13

contributions is equal to the square root of the sum of the squares of
each individually:

AGoral = (MG + AT2)"°. 3)

void

The irradiated microstructures of the alloys were analyzed
using TEM discs made from the TEM bars. Each TEM bar yielded
five discs; three discs from the irradiated region of the bar and
two discs from the unirradiated ends of the bar. The bars were re-
duced to 100 pm thickness by mechanically polishing from the
unirradiated side. A 3 mm diameter slurry cutter was used to cut
out the discs. The discs were then electropolished from the irradi-
ated surface for ~7 s in a 5% perchloric acid and 95% methanol
solution at —50 °C using a single jet thinner. The final TEM foils
were obtained by jet-thinning from the unirradiated surface in
the same solution until perforation occurred.

The analysis of the irradiation-induced microstructure was per-
formed using the JEOL 2010F analytical TEM at the University of
Michigan Electron Microbeam Analysis Laboratory. The irradia-
tion-induced faulted dislocation loops were analyzed using the
rel-rod technique [11]. The sample was rotated near the [01 1]
beam direction and rel-rod dark field images of the loops were col-
lected. The average loop diameter was determined from the aver-
age of over 400 loop/diameter measurements. The loop density
was measured by dividing the total number of loops per unit area
by the thickness of the TEM specimen in the area where the rel-rod
image was recorded. The best images of the irradiation-induced
voids were obtained in a slightly underfocused condition. Elemen-
tal segregation at the grain boundaries was measured via STEM/
EDS. The grain boundary was aligned edge-onto the electron beam,
and a probe size of 0.5 nm was used to measure the grain boundary
composition profile in 1.0 nm steps along a 30 nm line scan per-
pendicular to the boundary. Composition measurements were ta-
ken over a period of 20-30 s to minimize the error due to drift,
and multiple measurements were taken at each boundary. In order
to ensure accurate measurements at the grain boundaries for the
316L and 690 specimens, approximately five additional spot mea-
surements were taken at the exact boundary location.

2.4. Stress corrosion cracking experiments

Stress corrosion cracking susceptibility was determined via con-
stant extension rate tensile (CERT) tests performed in a closed flow-
ing water loop. The CERT tests were performed in a 4 liter autoclave
made of nickel-base alloy 625. Water was circulated through the sys-
tem using a high-pressure liquid chromatography (HPLC) pump at a
flow rate of 40-50 ml/min. The temperature was maintained at
400 °C or 500 °C using a convection preheater system and by adjust-
ing the temperature of the heater bands located on the outside of the
autoclave. The pressure was controlled with a back pressure regula-
tor. The water was circulated through an ion exchange column to
maintain a conductivity of below 0.1 puS/cm, and the dissolved oxy-
gen content of the water was measured at less than 10 ppb by flow-
ing argon through the water column. Four irradiated specimens
were strained simultaneously to failure in deaerated SCW at 400
orat 500 °C at a pressure of 24 MPa. Straining did not commence un-
til the temperature, pressure, and water purity stabilized, which re-
quired approximately 14 h. Samples were strained at a rate of
3 x 107 s~ ! using a stepping motor.

Following test completion, the specimens were examined using
a JOEL JSM-6480 scanning electron microscope (SEM). The unirra-
diated data were collected from the unirradiated gage surfaces of
the irradiated specimens, while the irradiated data were collected
on the 10 mm length of the specimen that had been irradiated.
Gage surface analysis was confined to a region of nearly uniform
crack density that did not include areas in the necked region of

the specimen or areas far from the fracture point. Images of the
gage surfaces taken at 250x were used to determine the crack den-
sity and average crack length. The crack length per unit area was
also determined by dividing the sum of the crack lengths by the
area of the specimen that was analyzed. This measurement ac-
counts for both the crack length and density and so it was regarded
as the best indication of the IGSCC susceptibility of the alloy. Crack
depth measurements were made by mounting the tensile speci-
mens in epoxy and polishing away a portion of the gage surface
to reveal the sample cross-section. The maximum crack depth into
the irradiated and unirradiated surfaces was determined from the
recorded SEM images. The fracture surfaces of the specimens were
also analyzed to determine the %IG fracture. Analysis was per-
formed independently on the unirradiated and the 20 pum thick
irradiated portion of the surface.

3. Results

Results are presented on the effect of irradiation on the micro-
structure (loops, voids), irradiation hardening, radiation-induced
segregation, and stress corrosion cracking. Stress corrosion crack-
ing is characterized by the number of cracks per unit area, the
crack depth in the gage section and the %IG on the fracture surface.

3.1. Irradiated microstructure

Fig. 3 shows dark-field micrographs of samples of 316L and 690
irradiated to 2 and 7 dpa at 400 °C and to 7 dpa at 500 °C. The loop
size distributions for these conditions were determined from mea-
surements of edge-on loops in rel-rod dark field images and are
summarized in Table 2. Fig. 4a and b shows the loop size distribu-
tion for 316L and 690, respectively. In the 316L case, the distribu-
tion changes very little between 2 and 7 dpa at 400 °C, but the
distribution shifts to larger size for the irradiation at 500 °C. For
690, the loop size distribution following irradiation at 400 °C to
7 dpa has a longer tail than that at 2 dpa. Irradiation at 500 °C re-
sults in a shift of the curve to higher loop sizes as expected. The
average loop size and loop number density for both alloys are
shown in Fig. 5. Note that the changes in loop size and number
density with dose are comparable between the two alloys. As dose
increases from 2 to 7 dpa for 316L at 400 °C, the dislocation loop
size decreases slightly but the dislocation loop density increases
by more than a factor of two. For alloy 690 at 400 °C, the disloca-
tion loop size increases slightly and the dislocation loop density in-
creases by more than a factor of 4. As temperature increases from
400 to 500 °C at 7 dpa, the mean dislocation loop size in both 316L
and 690 increases, but the extent of the increase is greater in 316L
than in 690 alloy. The number density of dislocation loops de-
creases significantly with temperature in both alloys.

Bright field images of voids in 316L and 690 following irradia-
tion to 2 and 7 dpa at 400 °C, and to 7 dpa at 500 °C are shown
in Fig. 6. The void microstructure follows similar trends as shown
by the plot of mean void size and number density in Fig. 7. An in-
crease in dose from 2 to 7 dpa at 400 °C resulted in small increases
in void size and more significant increases (factors of 2-4) in void
number density. An increase in temperature from 400 to 500 °C re-
sulted in a small increase in the void size in 690 (20%) and a larger
increase in 316L (75%). The void number density decreases by a
factor of 3 in 690 and by a factor of 6 in 316L, thus following the
relative changes in the void size.

3.2. Irradiation hardening

Hardness measurements on the unirradiated specimens indi-
cated that D9 was the hardest, followed by 690, 800H and 316L.
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Fig. 3. Rel-rod dark field TEM images of dislocation loops in alloys 316L and 690 irradiated to 2 dpa and/or 7 dpa at 400 and 500 °C.

Table 2
Summary of dislocation loop and void measurements on specimens irradiated at 400 °C to 2 and 7 dpa and 500 °C to 7 dpa.
Alloy Temperature Dose Loops Voids
0 (dpa) # of loops Mean loop Loop density # of voids Mean void Void density
measured diameter (nm) (10" m3) measured size (nm) (102" m~3)
316L 400 2 269 141+03 5.74 £ 0.50 93 5.8+0.2 1.63+0.13
7 247 13.5+0.3 125+1.6 206 7.7+0.2 3.59+£0.27
500 7 492 38.5+£0.9 3.14+0.28 233 13.4+0.1 0.59 +0.08
690 400 2 293 13.9+0.3 3.59+0.34 85 5.5+0.2 0.71 +£0.08
7 300 174+04 14404 120 55+0.2 2.97 £0.59
500 7 467 255+1.9 0.93 £ 0.07 59 6.5+0.2 1.01£0.10
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Fig. 4. Faulted loop size distributions in (a) 316L and (b) 690 following irradiation to 2 and 7 dap at 400 °C and to 7 dpa at 500 °C with 2 MeV protons.

The approximately 18% of cold-work in the processing of D9 ac-
counted for the higher hardness in the as-received condition. Table
3 shows the results of hardness measurement for all alloys as a
function of dose and temperature. Hardness increased after irradi-
ation for all four alloys at both 400 and 500 °C, but there was con-

siderably less hardening at 500 °C than at 400 °C. Irradiation-
induced hardening increases with dose are shown in Fig. 8. With
the exception of the 400 °C:4 dpa case, hardening of 316L alloy in-
creased more than that for 690 for the same irradiation dose. By
7 dpa, the hardness of 316L and 690 have increased by 163 and
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127 Hv, respectively. At 500 °C and 7 dpa, Alloys 690 and D9 had
similar hardness increases of 85 and 84 Hv, respectively. The low
amount of hardening of alloy D9 is likely due to the cold-worked
structure of the alloy. Hardening in alloys 316L and 800H was
greater at 500 °C than for D9 and 690. Overall, alloy 316L exhibited
the most radiation-induced hardening followed by 800H, 690 and
D9, respectively.

3.3. Radiation-induced segregation

Table 4 summarizes the RIS measurements for alloys 316L and
690 irradiated to 2 and 7 dpa. Typical composition profiles for the
three main elements Fe, Cr and Ni for each irradiation condition are
shown in Fig. 9. Note that as reported previously [12], both alloys
began with substantial enrichment of Cr at the grain boundary, due
to processing. In alloy 690, the initial grain boundary Cr concentra-
tion was over 50 wt.%. A comparison of grain boundary Cr and Ni
concentration in alloys 316L and 690 as a function of dose and
temperature are shown in Fig. 10. Depletion of Cr and enrichment
of Ni was observed in both 316L and 690 alloys. Irradiation of alloy
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Fig. 5. Mean size and loop number density vs. dose for 316L and 690 irradiated at
400 and 500 °C.

400°C, 2 dpa

690

400°C, 7 dpa

316L to 2 dpa resulted in a grain boundary Cr concentration of less
than 12 wt.%, compared to 19wt% in the unirradiated case,
Fig. 10a. Nickel enriched from less than 10 wt.% to more than
18 wt.%. Very little change occurred between 2 and 7 dpa. At
500 °C, Cr depletion was slightly greater and Ni enrichment was
slightly less than at 400 °C.

For alloy 690, grain boundary chromium content dropped after
2 dpa at 400 °C, but did not deplete below the bulk level until 7 dpa
where it reached a value of 24 wt.% compared to the unirradiated
value of 52 wt.%, Fig. 10b. Nickel enriched from 41 wt.% in the unir-
radiated condition to 67 wt.% after 7 dpa at 400 °C. At 500 °C:7 dpa,
Cr depletion and Ni enrichment were both greater than at 400 °C. It
should be noted that RIS data from the 500 °C:7 dpa condition was
taken from a sample irradiated with 3 MeV protons. While little
difference is expected, the results are also in line with expectations
based on the dependence of RIS on temperature.

3.4. Stress corrosion cracking

CERT experiments were conducted on a total of 10 tensile spec-
imens in deaerated SCW at temperatures of 400 and 500 °C. Three
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Fig. 7. Mean void and void number density vs. dose for 316L and 690 irradiated at
400 and 500 °C.
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Fig. 6. TEM bright field images of voids in alloys 316L and 690 irradiated to 2 dpa and/or 7 dpa at 400 and 500 °C.
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Table 3
Hardness measurements on specimens irradiated with 2 MeV protons.

Temperature Alloy Dose Unirradiated hardness Post-irradiation hardness Irradiation hardening Change in yield strength (MPa)
0 (dpa) Measurement (Hv) o Measurement (Hv) o Measurement (Hv) a
400 316L 2 153 5 281 12 128 13 388
4 154 6 283 12 129 13 391
7 152 8 315 1 163 14 494
690 2 184 6 268 19 84 20 255
4 181 5 327 15 146 16 442
7 179 7 306 18 127 19 385
500 D9 7 233 12 317 20 84 23 255
316L 7 145 10 266 17 121 20 367
690 7 184 6 269 14 85 15 258
800H 7 147 6 253 17 106 18 321
1.0% of the cross-sectional area. At 500 °C, the major effect is a
200 @ 400°C. 2 dpa reduction in the strain to failure with only a small decrease in
E 5 400°C. 4 doa the stress. Fig. 12a and b shows the effect of dose (Fig. 12a) at
= o P 400 °C, and alloy/temperature (Fig. 12b) on the cracking as repre-
20 150 M 400°C. 7 dpa sented by the crack length per unit area. Fig. 13 shows the irradi-
E ] B s00°c, 7 dpa ated gage surface of 316L after straining to failure at 400 °C for
';‘é [+ ) several doses. Note that the cracking severity is visibly enhanced
< 00l [ N {; | with irradiation. There is a monotonic increase in the crack length
§ /\ Ny per unit area with dose for both 316L and 690 and the amount of
=l \ cracking is substantially greater for 316L than for 690 by a factor
X T A, of 4-5. Fig. 12b shows the alloy dependence of cracking and the
2 0 N A temperature dependence of cracking for alloys 316L and 690. Note
‘-§ N \ first that all alloys exhibit a much greater extent of cracking when
E N o irradiated to 7 dpa vs. the unirradiated case. At 400 °C, cracking in
0 LA : 316L is more severe than in 690, but this dependence is reversed at
316L 690 Alloy D9 800H 500 °C. At 500 °C, the high nickel alloys (690 and 800H) exhibit

Fig. 8. Irradiation hardening for 316L, 690, D9 and 800H irradiated at 400 and
500 °C to various doses.

different measures of cracking susceptibility were used to charac-
terize the cracking behaviors of the alloys: crack length per unit
area, crack depth and percent intergranular (%IG) cracking on the
fracture surface. Crack length per unit area captures both the crack
density and crack length and is therefore a more complete measure
of cracking on the gage surface. The crack depth is determined
from cross-section analysis and %IG is determined from the frac-
ture surface. Cracking measurement summaries of 316L, D9,
800H, 690 in SCW are shown in Table 5.

Stress—strain curves for alloy 316L irradiated to 2, 4 and 7 dpa at
400 °C and to 7 dpa at 500 °C are shown in Fig. 11 as an example of
the effect of dose and temperature on the stress-strain behavior.
Note that there is only minimal difference in the curves at 400 °C
regardless of dose, because the irradiated depth constitutes only

greater cracking severity than the austenitic stainless steels
(316L and D9). Overall, D9 exhibited the least severe cracking at
500 °C and 690 the worst.

Fig. 14a and b shows the same cracking dependences as Fig. 12a
and b but using maximum crack depth as the measure of cracking
severity. Fig. 14a shows that the maximum crack depth increases
after the lowest dose in both 316L and 690 but remains relatively
unchanged with increased dose. An increase in temperature to
500 °C resulted in an increase in the crack depth for both 316L
and 690 after 7 dpa. However, the distinction between the alloys
based on crack depth, Fig. 14b, is less pronounced than for the case
of crack length per unit area (Fig. 12b). However, D9 still shows the
least severity to cracking at both 0 and 7 dpa at 500 °C. Fig. 15
shows micrographs of cross-sections of the cracks as a function
of dose for alloy 316L. Fig. 16a and b shows the cracking depen-
dence using %IG on the fracture surface as the measure of cracking
severity. Fig. 17 shows the fracture surface of a 316L sample irradi-
ated to 7 dpa at 400 °C and strained to failure in 400 °C SCW. Note
that there was no measurable IG cracking on the fracture surfaces

Table 4
STEM/EDS measurement of GB concentration in 316L and 690.
Alloy Irradiation conditions Cr Fe Ni Si Mo
316L Unirradiated Bulk 16.62 68.5 10.12 0.51 2.06
GB 19.1+£1.1 63.8+2.9 9.5+0.5 0.8+0.6 48+14
400 °C 2 dpa 11.1+£0.7 639+14 183+13 23+0.2 3.1+0.5
7 dpa 11.7+15 64.6+1.9 18.7+22 1.5+0.3 1.8+0.2
500 °C 7 dpa 13.8+1.6 53.7+1.9 26.5+1.0 0.8+0.1 3.5+0.7
690 Unirradiated Bulk 294 10 59.8 NM
GB 52.1+5.2 6.8+1.2 40.7+4.1
400 °C 2 dpa 31.7+0.7 10.9+1.0 576%1.5
7 dpa 244+0.5 8.8+0.2 66.8+0.5
500 °C? 7 dpa 15.2+0.8 6.7+0.8 781+1.3

NM = not measured.
@ Irradiated with 3 MeV protons.
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Fig. 9. Grain boundary chromium composition profiles for (a) 316L and (b) 690 following irradiation at 400 °C to 2 and 7 dpa and at 500 °C to 7 dpa.
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Fig. 10. Grain boundary chromium and nickel composition vs. dose for (a) 316L and (b) 690 following irradiation at 400 °C to 2 and 7 dpa and at 500 °C to 7 dpa.

at either 400 or 500 °C in the unirradiated condition. This does not
mean that IG cracking did not occur, as the crack length per unit
area and the crack depth analysis shows that it did occur and it
was substantial. However, it is an indication that for small amounts
of IG cracking with shallow penetration, %IG on the fracture surface
is not a good indicator of the degree of IG cracking. This point is
discussed in greater detail in Ref. [13]. Nevertheless, after 7 dpa,
cracking severity at 500 °C is again the least in D9 and the greatest
in 690.

4. Discussion
4.1. Alloy, dose and temperature dependence of cracking

All four alloys, 316L, D9, 690 and 800H, showed susceptibility to
IGSCC in supercritical water under some conditions. In the unirra-
diated condition, for samples strained to failure, only alloy D9
showed no evidence of cracking by any of the measures of cracking
severity (crack length per unit area, crack depth or %IG on the frac-
ture surface). In general, cracking was most severe in 316L and 690
and less severe in 800H. At 400 °C, alloy 316L had a greater crack
length per unit area than 690 at both 400 and 500 °C and crack
depths were about the same. These results agree with an earlier
study on the same two alloys over a range of temperatures. [4].
They are also consistent with a recent review of cracking of

austenitic alloys in supercritical water [13]. Cracking in alloy
800H was evaluated only at 500 °C, and the crack length per unit
area was less than for 316L and 690, but crack depth was slightly
greater.

Irradiation increases cracking, regardless of alloy or tempera-
ture. The effect of irradiation on cracking is most clearly shown
in Figs. 12a, 14a and 16a. Regardless of whether cracking is mea-
sured by crack length per unit area, crack depth or %IG on the frac-
ture surface, increasing dose leads to monotonically increasing
cracking by all measures. The effect of dose is greatest in the %IG
cracking data shown in Fig. 16b. No observable IG cracking was
found on the fracture surface in the unirradiated sample, whereas
irradiation to 7 dpa led to 100%IG in 316L at 400 °C and in 690 at
500 °C. This striking difference is due to the difficulty of observing
IG cracking on fracture surfaces when the amount is small, and has
been observed by others [14]. It may also be noted in the plot of
crack depth vs. alloy, Fig. 14b, that in unirradiated samples, the
maximum observed crack depth is always less than the irradiation
depth (shown by the dashed line). However, irradiation to 7 dpa at
either 400 °C or 500 °C results in crack depths that exceed the irra-
diated depth. Since the volume of material below the ion depth is
unirradiated, the effect of irradiation on crack depth is only mean-
ingful up to the ion penetration depth.

For the most part, cracking at 500 °C is more severe than that at
400 °C. The exceptions are the crack length per unit area and %IG



18

Table 5
Summary of cracking measurements from CERT experiments in SCW.
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Temp Alloy Dose Strain  Crack measurements
(°C) (dpa) (%) Top values: unirradiated, bottom values: irradiated
%IG on fracture surface  Crack density =~ Max. crack Avg. crack Crack length per Norm. crack length per
(mm~2) depth (um)  length (um)  unit area (um/mm?)  unit area (wm/mm?/%strain)
400 316L 2 17 NM 102 NM 19 1969 116
NM 129 NM 44 5712 336
29 0 173 12 27 4613 159
24 110 32 60 6631 229
316L 4 332 0 166 9 36 5955 180
69 130 38 54 6997 212
316L 7 312 0 158 6 35 5526 178
100 134 37 56 7275 235
690 2 17 NM 0 NM 0 0 0
NM 7 NM 16 109 6
46 0 7 6 20 147 3
6 38 14 35 1346 29
690 4 17 NM 0 NM 0 0 0
NM 10 NM 15 138 8
56° 0 6 11 25 149 3
7 44 16 35 1548 28
690 7 17 NM 0 NM 0 0 0
NM 13 NM 19 247 15
46° 0 8 6 22 186 4
9 48 18 34 1671 36
500 D9 7 122 0 0 0 0 0 0
26 22 22 19 425 35
316L 7 19 NM 18 NM 31 569 30
NM 32 NM 39 1254 66
26° 0 19 8 30 578 22
38 48 48 39 1905 73
690 7 20 NM 8 NM 24 198 10
NM 131 NM 62 8086 404
272 0 21 8 20 424 16
100 153 51 55 8426 312
800H 7 19 NM 0 NM 0 0 0
NM 8 NM 86 658 35
39° 0 1 12 89 97 2
28 14 47 145 2070 53
NM = not measured.
@ Failure strain.
4.2. Hardness and microstructure
600 T T T T T
3161 Hardening has been cited as a key factor in IASCC susceptibility
500 . [15]. The cracking severity for 316L and 690 as measure by normal-
\ ized crack length per unit area is plotted as a function of the mea-
G 400 ] sured change in hardness in Fig. 18. For 316L, the cracking
b= increases with hardness, irrespective of irradiation and testing
» 300 g temperature. Cracking is more severe at 400 °C than at 500 °C as
& noted earlier, but the slopes for the 400 and 500 °C data are similar.
@ 200 = 400°C, 2 dpa Alloys D9 and 800H also show increased cracking severity with
== 400°C, 4 dpa hardness for irradiation and testing at 500 °C. The slopes are also
100 - == 400°C, 7 dpa |1 similar to that for 316L though the severity is less. Although the
== 500°C, 7 dpa hardness of as-received D9 is greater than that for 316L and
00 :." ]'0 Is 2'0 2'5 3'0 3‘5 20 SQOH fiuc? to cold-working, the increase in hardenilng dge to irradi-
Strain(%) ation is similar to that for the other two alloys. This is likely due to

Fig. 11. Stress-strain behavior of 316L irradiated to 2, 4 and 7 dpa at 400 °C and to
7 dpa at 500 °C and tested in SCW at the same temperature at a strain rate of
3x1077s7".

for 316L in which the cracking at 400 °C is more severe. This
behavior is puzzling but is consistent between the irradiated and
unirradiated case indicating that in this alloy, cracking is more se-
vere at 400 °C than at 500 °C. An earlier study [4] also found that
cracking in 316L as measured by crack length per unit area in
316L was greater at 400 °C than at 500 °C.

the recovery of the cold-worked structure in D9 during irradiation
at 500 °C.

The cracking behavior of 690 is more complicated than for 316L.
Fig. 18 shows the correlation between cracking severity and hard-
ness of alloy 690 at both 400 and 500 °C. It is interesting that at
400 °C, the slope of the correlation is similar (though a bit smaller)
to that for 316L. However, the slope of the correlation at 500 °C is
much greater than all of the other data sets. Since hardening gen-
erally results from the dislocation and void microstructure, the
strengthening resulting from the measured microstructure was
determined using Egs. (1)-(3) for 316L and 690 and plotted in
Fig. 19. While the data is sparse, it does indicate that for the most
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Fig. 12. Cracking severity as measured by crack length per unit area as a function of (a) dose at 400 °C and (b) alloy and temperature at 0 and 7 dpa.
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Fig. 14. Cracking severity as measured by maximum crack depth as a function of (a) dose at 400 °C and (b) alloy and temperature at 0 and 7 dpa. The dashed line indicates the

depth of penetration of the 2 MeV protons.

part, the measured hardening can be accounted for by the loop and
void microstructure. The 690 point with a yield stress determined
from the microstructure of 624 MPa is from the 7 dpa, 400 °C irra-
diation. The 500 °C, 7 dpa irradiation that resulted in the severe IG
cracking corresponds to the point with the lowest yield strength
increase as determined from the loop and void microstructure. This
analysis indicates that the irradiated microstructure and measured
hardening are consistent with each other and neither explains the
high amount of cracking in 690 after 7 dpa at 500 °C.

4.3. Radiation-induced segregation

Much data has been accumulated to support the role of
chromium depletion as an agent in IGSCC of austenitic alloys in
oxidizing conditions. The role of Cr as a beneficial element in
iron-base austenitic alloys is well known. The presence of
chromium increases the corrosion resistance through formation
of a chromium-rich oxide, which passivates the alloy and leads
to a reduction in the rate of general corrosion. Changes in grain
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Fig. 15. Crack depths into (a) unirradiated and (b) 7 dpa surfaces of 316L specimens
strained to failure in 500 °C SCW.

boundary chemistry have been implicated in intergranular stress
corrosion cracking (IGSCC) of unirradiated stainless steel and
austenitic nickel-base [16] components for many years. The forma-
tion of chromium carbide (Cry3Cg) precipitates at grain boundaries
during heat treatment results in a local depletion of chromium in
the regions surrounding the carbide, leaving the alloy in a sensi-
tized state, which has been linked with cracking susceptibility in
a number of studies [17-19]. Since RIS results in depletion of Cr
at grain boundaries, analogous to that observed in thermally sensi-
tized materials, irradiated alloys are also suspected to be suscepti-
ble to intergranular cracking. When the grain boundary chromium
concentration drops below a critical level (typically about 17 wt.%
for stainless steels [16]), passivation by formation of a protective
chromium oxide over the grain boundary is no longer possible
and the boundary becomes a location for oxide destabilization.
As such, it has been generally accepted that radiation-induced seg-
regation (RIS) is one of the most importance factors in IASCC [20-
22].

Fig. 20 shows the correlation between the normalized crack
length per unit area and the grain boundary Cr concentration for
316L and 690 irradiated and tested at 400 and 500 °C. In alloy
316L, the grain boundary Cr content decreases with dose
(Fig. 14a), and as shown in Fig. 20, the grain boundary Cr concen-
tration decreases from about 19 wt.% (0 dpa) to 11-12 wt.% after
irradiation to 2 and 7 dpa. The cracking increases substantially
from about 160 um/mm?/%strain at 0 dpa to about 230 pm/mm?/
%strain at 2 and 7 dpa. In this case, Cr segregation does not change
much between 2 and 7 dpa and the cracking severity is also similar
at each dose. At 500 °C, a similar dependence of cracking on dose is
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Fig. 17. Fracture surface of 316L strained to failure in 400 °C SCW following
irradiation to 7 dpa at 400 °C. The irradiated portion of the specimen exhibited
intergranular cracking, while the unirradiated portion of the specimen failed in a
ductile manner.
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Fig. 18. Cracking severity as measured by normalized crack length per unit area vs.
hardness for all alloys and temperatures.

observed though the magnitude of cracking is considerably lower.
In both cases, there is a significant increase in cracking severity
with decreasing grain boundary Cr concentration.

The cracking behavior of alloy 690 with grain boundary Cr con-
centration is qualitatively similar to that for 316L, but there are
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Fig. 16. Cracking severity as measured by %IG on the fracture surface as a function of (a) dose at 400 °C and (b) alloy and temperature at 0 and 7 dpa.
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some significant differences. First, as noted earlier, cracking is
more severe at 500 °C than at 400 °C, which is opposite that in
316L. Second, the dependence of cracking on Cr content is very dif-
ferent at 400 vs. 500 °C. At 400 °C, cracking severity increases with
decreasing grain boundary Cr content between 52% and 23% Cr. All
of these Cr levels are above those required for passivity in this alloy
and so despite the large change in grain boundary Cr content, a
change in cracking severity is not expected. In fact, only the lowest
grain boundary Cr concentration is below the bulk level as this heat
had significant grain boundary Cr enrichment prior to irradiation
and high irradiation dose was required to drop the level below that
of the bulk. It is more likely that the increase in cracking severity is
driven by the irradiation-induced hardening, which, as shown in
Fig. 18 is modest but does correlate with cracking.

In contrast, at 500 °C the increase in cracking severity vs. grain
boundary Cr is steeper and results in much greater cracking than
for 316L at the same temperature. Unfortunately, there are only
two data points for 690 at 500 °C and as just argued, it is unlikely
that grain boundary Cr will affect cracking until the concentration
is well below 20 wt.%, after which the amount of cracking would
rise steeply to the value shown at 15% Cr. Given that all of the
cracking vs. hardness correlations follow a consistent behavior
with hardness except that for 690 at 500 °C, it is more likely that
grain boundary Cr concentration was a factor in the cracking of
690 at 500 °C and 7 dpa.

Due to the difficulty in separating the components of the irradi-
ated microstructure, attribution of cracking to a single irradiation-
induced feature (hardening, RIS) is hard to support. Further, crack-
ing may very well depend on other features not quantified here,
such as the degree of localized deformation [23-24]. This situation
is similar to cracking of irradiated alloys in subcritical water in
which the mechanism has yet to be fully understood. However,
the cracking behavior in supercritical water is very similar to that
in subcritical water in that (1) any amount of irradiation enhances
cracking severity, (2) cracking increases with irradiation dose, and
(3) cracking generally increases with temperature [4]. It has also
been noted that there is not a sharp disconnect in cracking of unir-
radiated alloys above and below the critical point, providing sup-
port for a common mechanism of cracking in both the sub- and
supercritical water regimes.

5. Conclusions

e Alloys 316L and 690 exhibited susceptibility to IGSCC in both
400 °C and 500 °C SCW in the unirradiated condition. IGSCC at
500 °C is most severe in alloys 316L and 690, less severe in alloy
800H, and absent in D9.

e Irradiation increases the hardness of all alloys and the hardening
at 400 °C is considerably greater than that at 500 °C. Hardening
increases with dose at 400 °C, and at 500 °C, the hardening is
greatest for alloys 316L and 800H and least for 690 and D9.

e Dislocation loops and voids are observed in both 316L and 690
at 400 °C and at 500 °C with loops dominating the irradiated
microstructure in all cases. Increasing dose from 2 to 7 dpa at
400 °C results in a small increase in loop size for both alloys
and an increase in the loop number density by factors of 2 to
4. Loop sizes are substantially larger and densities are lower at
500 °C vs. 400 °C. A similar behavior occurs for void size and
number density.

e Both 316L and 690 in the as-received condition have significant
grain boundary Cr enrichment. Irradiation of alloy 316L results
in grain boundary Cr depletion for all doses, but only the highest
dose at 400 and at 500 °C result in depletion of Cr below the bulk
level in alloy 690.

e Irradiation results in increased cracking for all alloys regardless
of dose or temperature. Cracking severity increases with dose
and with temperature. The most severe cracking occurs in alloy
316L at 400 °C and 7 dpa, and in alloy 690 at 500 °C and 7 dpa.

e Cracking correlates with both increased hardening and
decreased grain boundary chromium concentration. However,
in the case of alloy 690 at 500 °C, grain boundary chromium
appears to be the more important parameter. The cracking
behavior of irradiated alloys in supercritical water follows the
same trends as similar alloys in subcritical water.
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