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ABSTRACT

Cracking susceptibility of irradiated Types 316, 316LN and 347 stainless steels (SS) were
evaluated with slow-strain-rate tensile (SSRT) tests in a simulated pressurized water reactor (PWR)
environment. The samples were pre-fabricated miniature tensile specimens and were irradiated to three
doses (~5, 10 and 48 dpa) at ~320°C in a fast breeder reactor. All irradiated specimens showed
significant hardening and loss of ductility in the SSRT tests. The yield strengths of cold-worked
specimens were higher than that of solution-annealed samples at all doses. While the irradiation
hardening seemed to saturate between ~5 and 10 dpa, the loss of ductility continued to increase above ~10
dpa. Strain softening was also observed for all irradiated specimens above ~5 dpa. Ductile dimples were
the dominant fracture morphology for most of the SSRT tests. Small areas of transgranular mixed-mode
and cleavage-like fractures were seen in some tests in PWR water. Intergranular cracking was also
observed in the high-dose solution-annealed Types 316 and 347 SSs. Cracking susceptibility of the tested
materials was evaluated with fracture morphology and time to failure. In general, high-doses and cold-
worked SSs were more vulnerable to transgranular cracking in the PWR environment. Solution-annealed
Type 347 SS was susceptible to intergranular cracking at high doses in the PWR environment.

INTRODUCTION

Reactor core internal components are exposed to neutron irradiation and high-temperature water
during power operation. Under this condition, non-sensitized stainless steels (SSs) can become
susceptible to stress corrosion cracking (SCC), giving rise to irradiation-assisted SCC (IASCC). Service
failures resulting from IASCC have been reported in absorber tubes, core shrouds, and top guides in
boiling water reactors (BWRs), and fuel cladding, control rod cladding, and baffle former bolts in
pressurized water reactors (PWRs) (Cheng, 1975, Garzarolli et al., 1986, and Berge et al., 1990). Because
failures of major internal components could seriously impair the safe and economic operation of nuclear
power plants, IASCC is a critical issue for life extension of current nuclear power fleet. A better
understanding of the IASCC mechanism and an adequate assessment of the extent of the damage are of
critical important for regulators and aging management.

Stress corrosion cracking is a degradation process strongly depends on environmental variables
(Jones and Ricker, 1992). It has been shown that crack initiation and propagation rates for unirradiated
materials are sensitive to electrochemical corrosion potential in oxygenated water, such as normal water
chemistry (NWC) of BWRs (Andresen, et al., 1990, Ford, 1996). A common dependence on the
corrosion potential is also believed to be shared by irradiated SSs (Andresen, et al., 1990, Scott, 1994).
Crack growth rates of irradiated SSs were indeed much lower in hydrogen water chemistry (HWC) than
in NWC (Chopra and Shack, 2008, Chen et al., 2011). The field experience also showed that the
“threshold” fluence of IASCC is much higher for PWRs than for BWRs with NWC (Andresen, et al.,
1990). The hydrogenated primary water is attributed to the improved IASCC resistance in PWRs. With a
low-corrosion-potential environment, the elevated cracking susceptibility in PWR environments is closely
related to irradiation hardening and embrittlement. Small irradiation defects and the development of
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localized deformation in irradiated SSs may be critical for elevating cracking susceptibility (Busby, et al. ,
Was and Andresen 2007).

At present, the database for PWR internals is very limited, and the key metallurgical variables for
IASCC in PWRs have not been clearly identified. In this study, Types 316, 316LN and 347 SSs were
tested in a simulated PWR primary water environment at three doses. After each test, the fracture surface
of the tested sample was examined with a scanning electron microscope (SEM), and the dominant fracture
morphology was identified. The deformation behavior of the tested SSs was analyzed, and the cracking
susceptibility was evaluated with brittle fracture and time to failure. Irradiation hardening and irradiation-
induced loss of ductility were also analyzed as a function of dose for the tested materials.

EXPERIMENTAL

Specimens and Irradiation

Types 316, 316LN, and 347 SSs in both solution-annealed (SA) and cold-worked (CW)
conditions were examined in this study. Table 1 gives the compositions of these alloys. The specimens
are miniature flat tensile samples about 25 mm long. The nominal gauge dimensions of the specimens are
7.62, 1.52, and 0.76 mm for the length, width and thickness, respectively.

Table 1. Materials irradiated in the BOR-60 reactor (wt.%).

Material Heat Material Composition (wt.%)
Typed ID Code Ni Si P S Mn | C N Cr Other Elements
347 SA 316642 D1 10.81 | 0.29 | 0.023 | 0.014 | 156 | 0.030 | 0.021 | 18.06 |Nb0.60, Mo 0.29, Cu 0.09
347 CW 316642CW D2 1081 | 0.29 | 0.023 | 0.014 | 156 | 0.030 | 0.021 | 18.06 |Nb0.60, Mo 0.29, Cu 0.09
316 LN SA 623 B3 1220 | 0.70 | 0.007 | 0.002 | 097 | 0019 | 003 | 17.23 |Mo2.38, Cu0.21
316 LN-Ti SA | 625 B4 1230 | 072 | 0.007 | 0.002 | 092 | 0.012 | 0.064 | 17.25 |Mo 2.38, Ti 0.027, Cu 0.21
316 SA c21 B5 1024 | 051 | 0.034 | 0.001 | 1.19 | 0.060 | 0.020 | 16.28 | Mo 2.08, B<0.001
316 CW C21CW B6 1024 | 051 | 0.034 | 0.001 | 1.19 | 0.060 | 0.020 | 16.28 | Mo 2.08, B<0.001

& SA = solution annealed; CW = cold worked; SS = stainless steel.

Irradiation experiments were performed in the BOR-60 reactor, a sodium-cooled fast breeder
reactor operated by Research Institute of Atomic Reactor in Russia. The specimens were irradiated to
approximately ~5, 10 and 48 displacements per atom (dpa) [SA 347 SS was irradiated to ~45 dpa].
During the irradiations, the specimens were in direct contact with sodium coolant. Irradiation temperature
was controlled by the inlet and outlet coolant, which were maintained at 315°C and 325°C, respectively.
Several magnesium-zinc eutectic thermal monitors were bundled with the specimens to verify the
irradiation temperature.

Slow Strain Rate Tensile Test and Fractographic Examination
Slow strain rate tensile (SSRT) tests were carried out in a hot cell facility at Argonne National
Laboratory. This test facility was equipped with a worm gear actuator, a set of gear reducers, and a

variable speed motor. The SSRT tests were conducted at a constant strain rate of 7.4 x 1077 51 until
failure. The simulated PWR environment was provided by a recirculation loop outside the hot cell. The
autoclave temperature was maintained at 315-320°C and the pressure was between 1,750 and 1,800 psig
during the tests. The simulated PWR water was composed of high-purity deionized water containing ~2
ppm lithium, ~1000 ppm boron, and ~2 ppm dissolved hydrogen and less than 10 ppb dissolved oxygen.
The conductivity of the water was about 20 uS/cm, and its pH was about 6.7 at room temperature.
During the tests, water was circulated at a flow rate of 10-20 ml/min in the system. Prior to each test, the
specimen was exposed to the PWR environment for 24 to 30 hours to stabilize the test conditions.

After the SSRT tests, the specimens were removed from the autoclave, decontaminated and
transferred to a SEM facility for fractographic examinations. The SEM used in this study was a lead-
shielded FEI XL-30 located in a radiological controlled area. To minimize radiation exposure, the
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shoulders of the tested specimens were often removed prior to examinations. Secondary electron imaging
at 10-kV or 15-kV acceleration voltage with 15- to 20-mm work distance was used for most of the
observations.

RESULTS

Types 316 and 316LN SSs

A total of seven SSRT tests were carried out on SA and CW 316 SSs, and low-carbon, nitrogen-
strengthened 316 SSs (316LN). Figure 1 shows the stress-strain curves obtained from these SSRT tests.
The tensile results are summarized in Table 2 along with estimated time to failure for each test.
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Figure 1. Stress-vs.-strain curves of SSRT tests on Types 316 and 316LN SSs in PWR water at 315°C.

Table 2. Slow-strain-rate tensile tests on Types 316 and 316LN SSs in PWR water at 315°C.

Material Heat Spec. Dose @ YSb uTsb TED RAD Time to
Type Treatment ID (dpa) (MPa) (MPa) (%) (%) failure (hr)
316 SA B5-5 48 794 794 6.8 40 39
316 cwW B6-1 5 1110 1257 35 29 35
316 CcwW B6-4 10 1201 1291 4.0 29 51
316 CcwW B6-6 48 1201 1257 2 21 44
316LN SA B3-1 5 925 925 7.7 53 51
316LN SA B3-2 10 1006 1062 4.8 41 46
316LN-Ti SA B4-4 48 1017 1017 4.9 47 40

& Approximate dose.
bys= yield strength; UTS = ultimate tensile strength; TE = total elongation; RA = reduction of area.

For Type 316 SS, the yield strengths (YS) of the three CW specimens were similar at ~5, 10 and
48 dpa, indicating a saturation behavior of irradiation hardening above ~5 dpa. In the meantime, the total
elongation (TE) declined from ~10 to 48 dpa, suggesting a continue trend of irradiation embrittlement
(e.g. loss of ductility) for the CW 316 SS. At ~48 dpa, the YS of the SA sample is significantly lower
than that of the CW sample. The TE is also much larger for the SA than for the CW materials. This
observation is consistent with that in unirradiated material, suggesting the effect of cold work remained
the same up to ~48 dpa in irradiated samples. A yield point was clearly visible in the SSRT curve of the
SA 316 specimen at 48 dpa, and no strain hardening was observed beyond the yield point. In contrast, a
small increase in strength was still observed for the CW 316 specimen at the same dose.
Two 316LN specimens at ~5 and 10 dpa and a titanium-stabilized 316LN specimen at ~48 dpa
were tested. As shown in Fig. 1b, the YS and UTS of Type 316LN SS increase slightly from ~5 dpa to
~10 dpa, indicating that irradiation hardening was not saturated at ~5 dpa for this material. The TE of the
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5-dpa specimen was also about 40% higher than that of the 10-dpa sample. Despite its higher dose (~48
dpa), the 316LN-Ti specimen showed a similar SSRT behavior as does the 316LN sample at ~10 dpa.
The YS and TE are comparable for both the 48-dpa 316LN-Ti specimen and 10-dpa 316LN specimen. At
48 dpa, no work-hardening was observed in the 316LN-Ti SS, and its UTS was slightly lower than that of
316LN SS at 10 dpa.

Figures 2 and 3 show the typical fracture morphologies of the 316 and 316LN SSs, respectively.
The dominant fracture mode was ductile dimples for the SA and CW of both Types of SSs at all doses.
Although the size of the dimples varied significantly from one area to another, the CW samples on
average had much finer dimples than those of the SA sample. For the CW 316 SS, small brittle areas
were seen at the interior of the specimens. In contrast, several areas of cleavage-like and mixed mode
fracture were observed for the 48-dpa SA 316 SS. For the 316 LN and 316LN-Ti SSs, the fracture
surfaces showed fine dimples less than 1 um at all doses. The 48-dpa 316LN-Ti specimen had an area
with much larger dimples as shown in Fig. 3b. Small brittle areas are present in all 316LN specimens, but
no cleavage-like cracking can be seen on their fracture surfaces.
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Figure 2. Fracture surfaces of (a) CW, and (b) SA 316 SS at ~48 dpa in PWR water.

spot 1 —— B0pm Magn =1 20um
32 800X BA4

Figure 3. Fracture surfaces of (a) ~10 dpa, and (b) ~48 dpa 316 LN SS in PWR water.

Type 347 SS

A total of four SSRT tests were performed on 347 SS. The SA samples were tested at ~5, 10, and
45 dpa, and the CW was tested at ~10 dpa. Figure 4 shows the stress-strain curves obtained from these
SSRT tests, and the tensile results and times to failure are summarized in Table 3.
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Figure 4. Stress-vs.-strain curves of SSRT tests on Type 347 SS in PWR water at 315°C.

Table 3. Slow-strain-rate tensile tests on Type 347 SS in PWR water at 315°C.

Material Heat Spec. Dose @ YSb uTsb TED RAD Time to
Type Treatment ID (dpa) (MPa) (MPa) (%) (%) failure (hr)
347 SA D1-1 5 638 638 6.17 51 46
347 SA D1-2 10 760 760 (5.95) € 51 (40)
347 SA D1-4 45 718 718 4.72 44 30
347 CW D2-3 10 868 1040 3.39 33 37

a Approximate dose.
bys-= yield strength; UTS = ultimate tensile strength; TE = total elongation; RA = reduction of area.
C Estimated values. Autoclave temperature tripped during the test.

For the SA 347 SS, the irradiated YS increased from ~5 to 10 dpa, but declined slightly from ~10
to 45 dpa. No strain hardening could be seen in all SA specimens, and the flow stress continued to
decrease beyond yield in the SSRT tests. Compared to the 5- and 10-dpa tests, a well-defined yield point
was observed in the 45-dpa test followed by a more rapid decline in flow stress. For the CW sample, the
YS was much higher than that of the SA sample at the same dose. Limited strain hardening was also
observed for the CW sample.

Ductile dimples were also the dominant fracture morphology on the fracture surfaces of the Type
347 specimens. While fine dimples covered the most of fracture surfaces, some large dimples likely
associated with pre-existing inclusions can also be seen in the Type 347 specimens. Besides dimples,
brittle cracking areas were also observed on the fracture surfaces as shown in Fig. 5. For the SA 5-dpa
specimen, small isolated cleavage-like cracking (Fig. 5a) with typical river patters and cleavage steps
were found at the sample surface in contact with water. The development of cleavage-like cracking at
such a low dose and low stress suggested a poor resistance of this material to cracking. The same type of
cracking was also seen in the 10-dpa SA sample (Fig. 5b). The cracking areas remained small at this dose
level and were surrounded by fine dimples. At 45 dpa, more than half of the fracture surface of the
sample was covered by brittle cracking (Fig. 5¢). The morphology of the cracking area was poorly
defined and was a mixture of TG cracking, cleavage-like steps, and 1G facets. Some shear dimples could
also be seen between TG areas. For the 10-dpa CW 347 SS (Fig. 5d), cleavage-like cracking was more
frequently observed than that in SA sample at the same dose, suggesting a detrimental effect of cold-
work.
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Figure 5. B}ittle fracture areas in 347 SS specimens: SA specimens at (a) ~5 dpa, (b) ~10 dpa, and (c)
~45 dpa; and (d) CW specimen at ~10 dpa.

DISCUSSION

Significant irradiated hardening was observed for all Types 316, 316LN and 347 specimens, and
the saturation of irradiation hardening appeared to be below ~10 dpa. Meanwhile, the TE continued to
decline with increasing dose beyond 10 dpa. The work-hardening capability also decreased considerably
in the irradiation specimens. Above ~10 dpa, work hardening was essentially absent among the SA
specimens and a very limited strain hardening remained in the CW samples. The effect of prior cold-
work on YS remained unchanged after irradiation up to 48 dpa. Ductile dimple fracture was the
predominant morphology for most tests in PWR water. Brittle cracking did not cover significant areas in
PWR tests except for the 45-dpa SA 347 SS. The lack of brittle fracture in general suggests a low
cracking susceptibility of these PWR water tests. Intergranular cracking was seen in localized regions in
SA 316 SS at 48 dpa and SA 347 SS at 45 dpa. Transgranular cleavage cracking was observed more
often in the CW and high-dose specimens.

Irradiation Hardening and Embrittlement

Irradiation hardening (increase in YS) and embrittlement (loss of elongation) have a significant
impact on SSRT behavior. To assess cracking susceptibility, the irradiated YS and TE of 316 SS are
plotted as a function of dose in Fig. 6. Three data points below 3 dpa from the Halden irradiation (Chen,
et al., 2007) were also included. For the SA 316 SS, the YS increased rapidly with irradiation dose up to
~5 dpa, and saturate below 10 dpa. Between 10 and 48 dpa, the YSs were nearly unchanged. The YSs of
the CW 316 SS were consistently higher than that of the SA specimens at all doses. Similarly, a nearly
constant difference between SA and CW samples can also be seen in the TE-vs.-dose plot (Fig. 6b). This
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observation indicates that the hardening effect of CW was not affected by the current irradiation up to 48
dpa.
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Figure 6. (a) SSRT vyield strength, and (b) total elongation as a function of dose for 316 SSs (3 data
points below 3 dpa are from the Halden irradiation). (Chen, et al., 2007).

It is well accepted that irradiation hardening arises from the interaction between the elastic fields
of dislocations and irradiation-induced defects, such as faulted dislocation loops, stacking fault tetrahedra,
cavities and voids, or precipitates (Makin and Minter, 1961). In a companion TEM microstructural study
of the current work, it has been showed that faulted dislocation loops on {111} crystal graphic planes are
the dominant irradiation defects in the BOR-60 irradiated specimens (Yang, et al., 2011). While the mean
size of dislocation loops does not change considerably above ~5 dpa, the density of dislocation loops
increases from ~5 to 10 dpa and becomes saturated above 10 dpa. This dose dependence is consistent
with the saturation behavior of irradiated yield strength displayed in Fig. 6a, confirming that faulted
dislocation loops are the main hardening sources for irradiated SSs at the PWR-relevant temperature and
doses.

Under neutron irradiation, irradiation-induced dislocation loops grow in size with the increase of
dose, and eventually interact with neighboring loops to un-fault and contribute to the population of
network dislocations (Was, 2007). The initial dislocation microstructure in materials may not be
maintained during this process. A steady state of dislocation microstructure that is independent of the
starting state may develop after irradiation. For Type 316 SS, Garner (1993) showed that the overall
dislocation densities for SA and CW samples approach the same level above ~20 dpa. Several examples
(Garner 1994) also showed that the YSs of SA and CW samples are similar beyond 10-20 dpa. In our
current study, however, the YSs of CW 316 SS are much higher than that of CW 316 SS at all doses, and
the SA and CW curves shown in Fig. 6 remain separate up to 48 dpa. This observation indicates that
dislocation mobility was too low, and dislocation recovery was restricted during irradiations at this
temperature (~320°C). Thus, the initial microstructure was still an important factor affecting irradiation
hardening at PWR temperatures. This observation is also consistent with the TEM study, where no
network dislocations were seen in a significant amount in the BOR-60 irradiation (Yang, et al., 2011).

While the mechanism of irradiation embrittlement is not fully understood, it is closely related to
localized deformation in irradiation materials. A microscopically inhomogeneous deformation mode is
thought to be favorable for prompting cracking and brittle fracture in irradiated materials (Was, 2007).
Figure 6b shows that total elongation is less than 8% in irradiated SSs. The TEs of both SA and CW 316
SS decrease with increasing dose between 10 and 48 dpa. While irradiation hardening has been saturated
above ~10 dpa, the TE continues to decrease up to 48 dpa. This result implies that irradiation
embrittlement continues to evolve beyond the saturation of irradiation hardening.
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In addition to total elongation, reduction in area (RA) is also a measure of ductility. Figure 7
shows the RAs of Types 316, 316LN and 347 SSs tested in this study. In contrast to the small uniform
elongations present in the irradiated SSs, the RAs of the tested samples are quite substantial (~20-50%),
implying a significant amount of plastic deformation after necking. For a given material, irradiation dose
seems to have little effect on the RAs. Only moderate reductions in RAs can be seen with increasing
dose.
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Figure 7. Reduction of area at different doses.

Cracking Susceptibility in the PWR Environment

Ductile dimple fracture was the dominant morphology, and the overall fraction of brittle fracture
was low for the tested specimens (less than a few percent, except for the 45-dpa SA 347 SS). Despite the
low cracking susceptibility, brittle cracking did occur in the PWR water tests. Mixed-mode TG and
cleavage-like cracking were the most common brittle features identified on the fracture surfaces.
Intergranular cracking was observed in the 48-dpa SA 316 SS and 45-dpa 347 SS. It appeared that cold-
worked or higher-dose specimens were more prone to cleavage-like fracture in these PWR water tests.
Because many of the cleavage-like areas were located at the sample/water interfaces, an environmental
contribution to the cracking was suspected. Meanwhile, the increasing trend of TG cracking with dose
suggests that irradiation hardening and flow localization must also play a crucial role in the development
of brittle fracture.

The time duration of SSRT test was used as a quantity to characterize the relative cracking
susceptibility in this study. To eliminate the influence of an initial idle period in a test, the starting time
was defined as when the load reached ~38 MPa on the sample. The end of test was simply defined as the
final fracture of the sample. Figure 8 shows the times to failure (TF) of the SSRT tests in this study.
Types 316, 316LN, and 347 SSs are showed by yellow, green, and light blue, respectively, in the figure.
The values of TF vary considerably from one test to another. Despite a large variation, a general trend of
declining TFs with increasing dose can be seen for the 316LN SS and 347 SS, suggesting an increased
cracking susceptibility with dose. The low TF of the 5-dpa 316 SS specimen is hard to understand and
may be related to a microstructural inhomogeneity of that particular sample. Stringer-like inclusions were
observed on the fracture surface of the 5-dpa 316 specimen, but not in the 10- and 48-dpa 316 samples.

The effect of CW on TF is shown in Fig. 9. All test results are plotted in two groups, and the
color coding of the different materials remains the same as that in Fig. 8. For Types 316 and 347 SSs, the
TFs of SA specimens are always higher than those of the CW samples at the same dose. The lowest TF
value on the SA side of the plot is the 45-dpa 347 SS. This sample contains a significant amount of 1G
and mixed-mode cracking (see Fig. 5¢). Thus, both fractographic and TF results shows that SA 347 SS is
highly susceptible to cracking at 45 dpa in a PWR environment.
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Figure 9. Comparison of time to failure between CW and SA samples.

CONCLUSION

Slow strain rate tensile tests were carried out on irradiated Types 316, 316LN, and 347 SSs in a
simulated PWR primary water environment. The samples were irradiated to ~5, 10, 48 dpa prior to the

tests. The SSRT tests were conducted at ~315°C with a constant strain rate of 7.4 x 1077 s1. The
irradiated SSRT tests showed significant irradiation hardening at all doses. The saturation of irradiation
hardening appeared to be between 5 and 10 dpa, and the total elongation continued to decline beyond 10
dpa. The effects of prior cold-work on strength and ductility remained unchanged after irradiation up to
48 dpa. Ductile dimple fracture was the dominant morphology for most of the SSRT tests in PWR water.
Small areas of TG cleavage-like cracking were seen in CW and high-dose samples. Intergranular cracking
was observed in high-dose SA Types 316 and 347 SSs. The overall fraction of brittle fracture was low
(except for the 45-dpa SA 347 SS specimen), suggesting a low cracking susceptibility in the PWR
environment. A general trend of increasing susceptibility to cracking was found with increasing dose and
cold-work.
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