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Abstract

The effect of oxygen and oxygen transients (hydrogenated-oxygenated cycling conditions) on the stress
corrosion cracking behavior of a 316L austenitic stainless steel exposed to simulated PWR primary water
was studied. SCC (Stress Corrosion Cracking) tests were performed using SSRT (Slow Strain Rate
Tests). Various hydrogenated-oxygenated cycling conditions (duration, frequency, starting and ending
conditions) were tested and compared to tests in purely hydrogenated (DH) or oxygenated (DO) high
temperature water. Quantification of the cracking network (SCC initiation sites, density, crack length
and depth) was performed after SCC tests. For the same mechanical conditions, the cracking networks
depend on the environment (hydrogenated, oxygenated or transients conditions). Therefore, it raises the
question of the effect of the loading conditions and of the environment (DH, DO or transients) on grain
boundary oxidation, which is considered as a precursor to SCC. A cracking scenario based on the
relationship between grain boundary oxidation and SCC will also be presented.

1. Introduction

Austenitic stainless steels (SS), such as 304L and 316L alloys, are largely used for structural components
in nuclear power plants due to their good corrosion resistance, especially under high temperatures and
aqueous environments. However, operational experience on the primary circuit of pressurized water
reactors (PWR) has shown an increasing number of cases of stress corrosion cracking (SCC) on austenitic
stainless steels components after long-term exposure [1,2].

Austenitic stainless steels in PWR plants are often cold-worked, either purposefully to increase material
strength or as an unavoidable result of manufacturing, such as bending, surface preparation, welding, and
installation [3]. Previous studies have shown that cold-work as well as off-normal conditions
significantly accelerates the SCC of austenitic stainless steels in simulated primary water [1, 3-8]. In
normal PWR operating conditions, the primary water is deaerated and the dissolved hydrogen (DH)
concentration is usually kept in the range of 25 to 35 cc.kg™(H20) (2.2 to 3.1 ppm) to decrease the
electrochemical corrosion potential and minimize corrosion and SCC. However, during some PWR
operating phases, dissolved oxygen (DO) in the primary water and oxygen transients are likely to occur
[2,9-14].

Thus far, very little research has been done to understand the effects of DO and oxygen transients on the
oxidation and SCC behavior of a cold-worked austenitic stainless steel in PWR primary water [11-19].
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Maisonneuve et al. and De Paula et al. [11, 16-17] showed that the oxidation and SCC susceptibility of
a cold-worked 316L SS in a PWR primary environment are very different in the presence of DO. In
hydrogenated deaerated primary water, the inner oxide layer is Cr-rich with oxide penetrations at the
grain boundaries. On the contrary, in oxygenated water and for hydrogenated-oxygenated water cycles,
the inner oxide layer contains no Cr, except a very thin Cr-rich film at the metal-oxide interface and no
intergranular (IG) oxidation is observed. Surprisingly, lower crack density and smaller cracks are
observed under oxygenated conditions after slow strain rate tensile tests (SSRT) whereas the
susceptibility to SCC initiation seems to depend on the time spent under hydrogenated conditions
whatever the type of transients [11, 16].

In this context, this work aims to confirm and complete the results described previously by Maisonneuve
et al. and De Paula et al. [11, 16] on the effect of DO and oxygen transients on SCC behavior of a cold-
worked 316L SS in PWR primary water. For this purpose, additional SCC and oxidation tests are
performed with different test procedures for the different environments (DH, DO and transients). The
effect of cold work and of stress on GB oxidation is also characterized. For all environments, oxidation
and SCC specimen are characterized using scanning electron microscopy (SEM), with a special emphasis
on the IG oxidation and cracking network (SCC initiation sites, density, crack length, and depth).

2. Material and experimental procedure

2.1 Material

One-directionally cold-rolled 316L SS was used in this study. The material chemical composition is
reported in Table 1. Before exposure to PWR primary water, the material was solution-annealed at
1050°C for 1 hour under an argon overpressure, followed by oil quenching. Optical microscopy and
Electron Back Scattered Diffraction (EBSD) examinations confirmed that the resulting microstructure
mostly consists of equiaxed austenite grains with an average grain size of 39 + 5 um, with 3% (surface
fraction) of 3-ferrite bands parallel to the rolling direction (RD). No crystalline texture was evidenced.

Table 1 Chemical composition (in wt.%) of the studied 316L stainless steel.

C Ni Cr Mn Mo Si P S N Fe
0.016 10 16.54 1.86 2.03 0.62 0.026 0.001 0.022 Bal.

2.2 Experimental procedure

2.2.1 Sample preparation

Oxidation tests are performed on non cold-worked rectangular specimens, on pre-strained specimen and
on specimen loaded in the elastic region (figure 1). SCC tests are performed on flat tensile specimens
(figure 1). All samples were mechanically ground with waterproof abrasive SiC paper up to 4000 grit,
followed by 3, 1, and 0.25 pum diamond pastes successively and 40 nm colloidal silica suspension
polishing. After that, all samples were immersed into distilled water and alcohol to remove surface
contaminants by ultrasonic cleaning.
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Figure 1 Geometry of (a) pre-strained specimen (b) specimen tested under constant load and SSRT
specimen.

2.2.2 Oxidation tests

For the pre-strained specimen, the prestraining is performed by a tensile test in air at room temperature,
at a strain rate of 5x10* s up to 11% or 20% strain. For the oxidation tests performed under constant
load (in the elastic region), non pre-strained flat tensile specimen with various sections (Figure 1) are
used. Three sections are machined in one specimen leading to an applied stress ratio over yield stress
ranging from 0.55 to 0.73 considering a yield stress of 146 MPa at 340°C (the oxidation and SCC test
temperature).

After exposure, the surface oxide layer thickness and the intergranular oxide penetrations networks are
characterized by SEM observations in cross-section over a length of 5 mm, which corresponds to a
population of about 130 grains. In this paper, only the results on IG oxidation will be presented, the
surface oxide layer characterizations are presented elsewhere [16-17].

2.2.3 SCC tests

After surface preparation, SSRT samples were tensile pre-strained in air and at room temperature, at a
strain rate of 5x10* s up to 11% strain, following [11,16] experimental protocol. The samples are pre-
strained in order to increase SCC susceptibility [18-20]. Both pre-straining and SSRT tests were
performed in the same direction (figure 1). Following Maisonneuve et al. [11] experimental protocol,
SCC tests were conducted in two steps. First, the samples are oxidized under oxygenated or hydrogenated
conditions for 150 hours without mechanical loading (pre-oxidation). Then, SSRT test is performed by
applying a strain rate of 1.7 + 1.0 x 10 s* until the load reaches 60% of the yield stress, thereafter the
strain rate is adjusted to 1.7 + 0.3 x 10 s. The test is stopped after 905 hours of loading which
correspond to a final plastic strain of around 5 %.

After exposure, the SCC cracking network is characterized by SEM observations at the surface and in
cross-section. Surface quantification is conducted over an area of 1 mm?, which corresponds to a
population of over 800 grains. This area is then supposed to be statistically representative of the behavior
of the whole SSRT sample. Quantifications in cross-section are performed over a length of 5 mm, which



corresponds to a population of about 130 grains. In agreement with the protocol adopted in a previous
work [11], only defects deeper than 2 um are considered as SSC cracks.

2.2.4 \Water chemistry

All SSRT and oxidation tests were conducted in a 3-liter autoclave made of nickel-based alloy coupled
with a recirculation water loop (flow rate: 5L/h) at 345°C and 170 bar. The simulated PWR primary
water was prepared by mixing distilled water with = 2 ppm of lithium and = 1000 ppm of bore. The pH
of the primary water is alkaline, around 7.2 at 300°C, while neutral pH is 5.7 at this temperature. The
tests were performed in fully-hydrogenated or fully-oxygenated conditions or in transients conditions at
340°C. The hydrogenated conditions are defined by a dissolved hydrogen concentration of = 2.6 ppm
whereas the oxygenated conditions correspond to a dissolved oxygen concentration of ~ 11 ppm. The
tests are summarized in table 2.

Depending on the test, the 150 h pre-oxidation is performed in hydrogenated or oxygenated conditions,
then the SSRT (start of the loading) consist of one single step with no transient, or of one single change
from oxygenated water to hydrogenated water or of several changes from hydrogenated water to
oxygenated water and vice versa. Thanks to these different procedures, different cumulated times in
hydrogenated or oxygenated conditions during SSRT tests ranging from 0 to 905 h can be compared.

Table 2 Summary of the tested conditions.

Test Preoxidation Cumulated exposure time Number of Cycle duration
(150 h) during SSRT (h) cycles (h)
DO DH
150H-905H H, 0 905 Fully hydrogenated
150(0)-905H 0O, 0 906 Only one change from DO to DH
150H-80H20(0) H, 146 716
150(0)-20(0)80H (O 239 679
150(0)-40(0)60H (O 393 486
150H-20H80(0) H, 681 240 5 168
150(0)-905(0) 0O, 903 0 Fully oxygenated
3. Results

3.1 Stress corrosion cracking

Except by water chemistry, all SSRT tests presented here are performed exactly the same way, i.e. with
strictly the same mechanical loading and total duration (= 1055 h). SEM observations of the surface of
the SSRT samples reveal the presence of several cracks for all the tested specimens. Regardless of the
test conditions, cracks are intergranular and oriented perpendicularly to the pre-strain and SSRT direction
(Figure 2). Several transgranular (TG) crack-like defects are also observed (Figure 2). However, as these
defects are very small and their mean depth is shorter than the inner-oxide layer thickness, they are not
considered as SCC cracks and they were not quantified. Cracking networks were characterized on surface
and on cross-sections : the results are presented on figures 3 and 4. In all cases, the crack density increases
over the time spent in hydrogenated conditions, as for the crack length (on surface) and crack depth on
cross-sections. Therefore, it can be concluded that for the same mechanical conditions, the susceptibility
to stress corrosion cracking strongly depends on the effect of the dissolved gas during the different stages
of the SSRT tests. Indeed, the SSRT can be represented by three stages: pre-oxidation (on pre-strained
specimen), elastic region during SSRT and plastic region during SSRT (Figure 5). Therefore, the
oxidation during these different steps has been studied separately.
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Figure 5 Schematic representation of the slow strain rate test.

3.2 Oxidation on coupons

The surface oxidation behavior on coupons (no pre-oxidation) has been studied in [11, 16-17]. The main
results are that the surface oxide layer is similar for fully-oxygenated water and the tested transients
conditions. The oxide formed in hydrogenated water is modified during a following exposure in
oxygenated water. Then further short-term exposures (few tens of hours) in hydrogenated water don’t
modify anymore the oxide layer that was previously formed in oxygenated water. Another significant
result is that intergranular oxide is only evidenced on coupons exposed to fully-hydrogenated water or
transients conditions with the longer exposures to hydrogenated water. In fully hydrogenated water,
despite a low density and strong scattering, it can be evidenced that IG oxidation increases with time
(figure 6). The maximum percentage of oxidized GBs is below 20 % for oxidation times up to 5000 h, it
corresponds to a maximum of half the HAGBS. It is consistent with the fact that the susceptibility to I1G
oxidation depends on GB properties. The same conclusion on the effect of time spent under hydrogenated
conditions on GB oxidation can be drawn when including tests with transients conditions. Nevertheless,



the result should be considered with caution due to the very low density of oxidized GBs observed for
shorter cumulated exposure time to hydrogenated water (Figure 7). No IG oxide penetration was
observed for coupons tested under fully- oxygenated conditions. Taking into account the fact that
intergranular oxide penetrations are considered as the precursors to SCC crack initiation [4, 11, 16, 21]
the study will focus on it.

During pre-oxidation (first step of the SSRT test), the specimen is pre-deformed and exposed to
hydrogenated or oxygenated primary water. Therefore, the effect of this predeformation on 1G oxidation
will be studied.

36 T : T 10 400 : : T
Linear density g 450 IG oxidation depth
304 g B L=
9 P -
o p b
< 44 '5 = 3 250.] \‘ ]
[as)] + r6 c & &) ?
O G — = 2004 i
184 S » w g ° |
=] =1 o o . 1
q&z + 4 é‘_g P 150
= 12 + v o “a 4
i s 3 5, 100 !
> L 2
o L2 © & o
o 64 + — = 50
=] < g <
o 2 s S 0 . ! . , ;
° = bb = 1000 2000 3000 4000 5000

0 ‘ r T T g
0 1000 2000 3000 4000 5000

. Time spent under hydrogenated water (h
Time spent under hydrogenated water (h) P yarog (h)

Figure 6 1G oxide penetrations density and depth over the time spent in hydrogenated water : coupons
tested at 340°C in fully-hydrogenated conditions.
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Figure 7 1G oxide penetrations density and depth over the time spent in hydrogenated water : coupons
tested at 340°C with transients conditions or in fully-hydrogenated conditions.

3.3 Intergranular oxidation : effect of predeformation and stress

Before SSRT, the specimen are pre-deformed up to 11 %. In order to study the effect of predeformation
on IG oxidation, specimen were pre-deformed to the same level but also to 20 %. The results of the
characterization of the cross-sections (IG oxide penetrations density and depth) are presented in figure
8. Whatever the predeformation and the environment (DO, DH or transients), the predeformation does



not significantly increase the susceptibility to IG oxidation. Furthermore, there is still no IG oxidation
for tests performed in oxygenated water.

The same characterizations have been made on non-deformed specimens tested under constant load in
fully hydrogenated or fully oxygenated water during 1000 h, which simulates the second step of the
SSRT test (elastic region at the beginning of the test), apart from the absence of predeformation.
Transients conditions have not been tested. In this case, the applied stress significantly increases the
density and depth of IG oxide penetrations in hydrogenated water (Figure 9). In fully-oxygenated water,
it induces IG oxidation which was not observed for all the other conditions tested (Figure 9).
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3.4 Intergranular oxidation after SSRT

The 1G oxidation is also characterized on SSRT specimens (Figure 10). The density and depth are
greater than for coupons or pre-strained specimens but remains below 5 um. The reason is that, after
SSRT tests, other intergranular features are observed (Figure 11):

— Some GBs are still not oxidized.

— Others are oxidized and not cracked.

— The third types are oxidized and cracked (with a depth below 2 um) GBs: they are considered
as initiating cracks.

— Finally, some GBs are oxidized and their crack depth is above 2 um: they are considered in

this study as SCC cracks.
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Figure 10 1G oxide penetrations density and depth over the cumulated time spent in hydrogenated
water : comparison between coupons, pre-deformed specimens, specimens tested under constant load
and SSRT specimens at 340°C. The total oxidation time is 1000h in all cases.
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Figure 11 Different GB types observed for SSRT tests (cross-section characterizations by SEM).

4, Discussion

Considering the results concerning the effect of predeformation, stress and water chemistry on IG
oxidation, a cracking scenario can be suggested.

4.1 Assumptions

The oxidation tests results lead to the following conclusions that will be considered as assumptions for
the cracking scenario :



— The 150 h pre-oxidation step can be dismissed (short exposure time leading to a low number of
oxidized GBs with small depth in hydrogenated water; no IG oxidation in oxygenated water).

— The order and duration of transients can be neglected.

— Applied stress increases the IG oxidation, in particular in the plastic domain.

— Both IG oxidation and SCC crack initiation increase over the time spent in hydrogenated water.
It is consistent with an assumed mechanism which implies the failure of an oxidized GB when a
critical oxidation depth coupled with normal stress is attained [21]. On the same material, a
correlation between the most stressed and the failed GB has been established [22] even if it was
shown that is not a sufficient criterion to account for SCC initiation. In particular, the
intergranular oxidation depth has to be considered (as it is for the coupled criterion).

— Discontinuous crack advance (propagation) by continuous oxidation in hydrogenated water of
HAGBs followed by their failure when the coupled IG oxidation depth / normal stress criterion
is reached.

4.2 Cracking scenario

Based on the previous assumptions, the following scenario (Figure 12) is suggested for SSRT on pre-
strained specimens tested in primary water (for hydrogenated or transients conditions).

The oxidation depth increases over the time spent in hydrogenated water, i.e. over test time during SSRT
test. The mean and maximum IG oxidation depths increase over time. Quantifications performed on cross
sections permit to give IG oxidation depth range for GB failure. Below 400 nm, no oxidized GB fails.
The first GB failure occurs for a depth in the range 400 nm — 700 nm. It is the start of the initiation stage.
Then over test time, the fracture probability increases and the density of failed GB increases due to the
increase of the oxidation depth and of the GB stress [22]. Then, for oxidation depth above 1,5 um, there
is a systematic fracture of the GBs. Above 2 um, it is the crack advance stage (domain 2), that is defined
by a mean crack advance of about 0.2 mm/year. In our conditions, it can be considered as the short crack
regime. The propagation stage is usually observed for longer crack (above one grain size).
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Figure 112 Cracking scenario for SSRT SCC on pre-strained 316 L in primary water (with transients
conditions).



5. Conclusion

In this work, we analyze the effects of oxygen transients on SCC susceptibility and intergranular
oxidation of 316L SS in PWR primary water at 340°C. SCC was evaluated by SSRT tests. After tensile
testing, leading to =~ 5% plastic strain, intergranular SCC cracks were observed in all the tested conditions.
However, the SCC susceptibility increases with the cumulated time spent under hydrogenated conditions.

After exposure to different transient conditions on non pre-strained, pre-strained and stressed specimens,
it has been shown that IG oxidation (density and depth) increases over the time spent in hydrogenated
water and is promoted by stress (elastic region). IG oxidation is also promoted by SSRT conditions that
imply a continuous increase of the stress and strain at GB along test time. Furthermore, the IG oxidation
depth also increases over test time. According to the coupled oxidation depth / stress criterion, it leads to
an increase of failed oxidized grain boundaries, and then of the initiating cracks density along the test.

The suggested cracking scenario is based on a continuous increase of the number of GBs (HAGBS)
fulfilling the failure criterion, followed by a propagation stage based on a discontinuous crack advance
by continuous oxidation in hydrogenated water of HAGBs followed by their failure when the coupled
IG oxidation depth / normal stress criterion is fulfilled.

For fully oxygenated conditions, no IG oxidation was observed on coupons and on pre-strained specimen
(up to 20 % plastic deformation). Stress appears to be a necessary condition to induce IG oxidation.
Further experiments will be performed in order to confirm this result at different stress levels and at
different temperatures. More characterizations are also needed to better understand the 1G oxidation
mechanism and kinetics in oxygenated water under stress but also in hydrogenated water. There is still
very few quantitative results in the literature and no mechanism for preferential intergranular oxidation
IS proposed.

For the tested conditions (SSRT), oxygenated water transients do not increase the susceptibility to SCC
of stainless steels in PWR primary water. These results are not in agreement with the operating
experience, which could be explained by the type of SCC tests performed in laboratory. Different SCC
tests procedures have to be tested in order to better understand this apparent discrepancy.
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