N

N

Corrosion mechanisms of 316L stainless steel in
supercritical water: The significant effect of work
hardening induced by surface finishes
Mickaél Payet, Loic Marchetti, Michel Tabarant, Frangois Jomard,

Jean-Pierre Chevalier

» To cite this version:

Mickaél Payet, Loic Marchetti, Michel Tabarant, Francois Jomard, Jean-Pierre Chevalier. Corrosion
mechanisms of 316L stainless steel in supercritical water: The significant effect of work hardening in-
duced by surface finishes. Corrosion Science, 2019, 157 (1), pp.157-166. 10.1016/j.corsci.2019.05.014 .
hal-02455977

HAL Id: hal-02455977
https://hal.science/hal-02455977
Submitted on 27 Jan 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02455977
https://hal.archives-ouvertes.fr

Corrosion mechanisms of 316L stainless steel in supercritical water: The
significant effect of work hardening induced by surface finishes

Mickaél Payet™™“*  Loic Marchetti”“, Michel Tabarant®, Francois Jomard’,

Jean-Pierre Chevalier™®

2 Conservatoire National des Arts et Métiers, Matériaux industriels, 292 rue Saint-Martin, F-75141, Paris cedex 3, France
> CEA, DEN, DPC, SCCME, Laboratoire d’Etude de la Corrosion Aqueuse, F-91191, Gif-Sur-Yvette Cedex, France

¢ CEA Cadarache, IRFM, F-13108, Saint-Paul-lez-Durance, France

4 CEA, DEN, DE2D, SEVT, Laboratoire d’étude du Comportement a Long Terme des Matériaux de conditionnement, F-30207, Bagnols-sur-Céze, France
€ CEA, DEN, DPC, SEARS, Laboratoire d’Ingénierie des surfaces et lasers, F-91191, Gif-Sur-Yvette Cedex, France

fCNRS, Groupe d’Etude de la MAtiére Condensée, F-78035, Versailles, France

& PIMM, UMR 8006 Arts et Métiers ParisTech/Cnam/CNRS, 151 Bd de UHdpital, F-75013, Paris, France

ARTICLE INFO ABSTRACT

Keywords:
. Stainless steel

SIMS

. High temperature corrosion
. Selective oxidation

. Hardening

000w ®E >

1. Introduction

The critical point of water is 374°C and 22.1 MPa. Above these
conditions, no phase transformation occurs and the physical properties
of supercritical water (SCW) change continuously. For instance, the
dissociation capacities of SCW are useful for organic waste treatment.
SCW is also of interest for energy production owing to its strong thermal
capacity and as the efficiency of a power plant working with a water
cycle increases with the temperature reached in the hot phase of the
process. This has led to the design of water cycle-based power gen-
eration systems in which the temperature could reach 700 °C. Fe-Ni-Cr
alloys are expected to be natural candidates as structural materials
[1,2] in such application thanks to their strong mechanical properties.
However, the lifetime of a Fe-Ni-Cr component could be a critical point
for cost or safety reasons and especially in the case of nuclear appli-
cations (i.e., generation IV concepts). Corrosion resistance levels con-
tribute to this issue. Therefore, the corrosion of iron- and nickel-based
alloys containing chromium in SCW has been studied in regards to
potential supercritical water-cooled reactor (SCWR) applications [3-8].

The corrosion of austenitic stainless steels (SS) such as 316 or 304
has been studied at different temperatures under SCW conditions
[7,9-11]. Oxide scales formed under these conditions are generally

The oxidation of 316 L stainless steel in hydrogenated supercritical water at 600 °C is strongly dependent on the
effects of work hardening induced by surface finishes. The oxide scale formed under these conditions is always
SEM double-layered with an external layer of Fe-rich oxides. However, when a hardening threshold is reached, a
switch in oxidation mechanisms leads to a considerable thinning of the oxide scale. This thinning results from the
formation of a Cr-rich internal oxide layer that acts as a diffusion barrier against ionic species responsible for its
growth but also against Fe cations implied in the external layer growth.

described as having a double-layered structure. The external layer is
rich in iron whereas the internal layer is enriched in chromium. This
description reflects that reported for austenitic SS exposed to subcritical
water at lower temperatures (roughly 300 °C) [12-14]. Nevertheless,
there is usually a strong difference in thickness between scales formed
in subcritical water (a few tens of nanometers) [12-14] and in SCW (a
few tens of micrometers) [3,7,10,11].

In these two types of media, it is well known that the structure and
thickness of the oxide scale can be strongly affected by surface pre-
parations applied prior to medium exposure whether in the case of Fe-
[7,14-19] or Ni-based alloys [8,20,21]. Under SCW conditions, Tan
et al. [19] observed the beneficial influence of shot-peening on the
oxidation of alloy 800 H at 500 °C and 25 MPa in comparison to results
obtained from polish samples. These authors found that the thickness of
the oxide scale is reduced by a factor of roughly two due to chromia
formation enhancement by shot-peening treatment. This effect is even
more significant in the case of SS. Yuan et al. [7] have found that the
thickness of the oxide layer formed on 304H in SCW at 700 °C is re-
duced by a factor of roughly 13 between sandblasted and polished
samples. They also attribute this result to the formation of a chromia
scale resulting from an increase in the number of short circuit paths for
Cr diffusion and in nucleating site density in the alloy subsurface due to
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surface deformation. Yuan et al. [7] have observed this beneficial effect
of SS surface deformation for relatively short exposure durations (50 h),
raising questions regarding the durability of this phenomenon for
longer exposure times consistent with the lifetime of components for
industrial applications. The aim of this paper is thus (i) to study the
impacts of surface finishes on the corrosion behaviours of 316 L SS in
SCW up to exposure periods of several thousand hours and (ii) to better
understand mechanisms responsible for this effect.

2. Materials and methods
2.1. Corrosion tests

Previous studies [8,22,23] have shown that the dissolution of me-
tallic cations occurs in SCW. A specific device was used in this work to
limit the contamination of samples studied due to autoclave material
dissolution. The setup is described elsewhere [8] and consists of a
heater and a specific mini-autoclave for each kind of testing material.
Each mini-autoclave is a closed and static system in which all the sur-
faces in contact with the medium (i.e. the mini-autoclave itself and all
the components inside) are made from the same alloy grade. This de-
vice thus limits coupling effects during corrosion experiments.

The tested 316 L SS was exposed to 600 °C and 25 MPa (extreme
conditions expected for SCWR) for different exposure periods ranging
from 335h to 3380h. Before corrosion testing, ultrapure water
(18.2 x 10*Q'm) was degassed through H, bubbling and was injected
into a mini-autoclave [8]. Under these conditions, the initial molar ratio
of dissolved Hy in H,0 does not exceed 10~ 2 but reaches approximately
102 during testing due to the rapid corrosion of 316 L SS under the
investigated conditions (see Section 3).

In one mini-autoclave, a two-staged corrosion experiment was
performed to study the transport of oxygen through the oxide scale. The
first stage was performed with natural water (*®0 to °0 ratio of ap-
proximately 0.002) for 760 h. The mini-autoclave was then bled under
pressurized He flow and then refilled with water (degassed by H as for
the first stage) enriched with ®0 (%0 to 'O ratio of approximately
0.11) following procedures detailed elsewhere [8]. The duration of the
second corrosion stage was set to 308 h, which is relatively long com-
pared to the former. This aims to focus on the characterization of oxide
growth mechanisms rather than diffusion coefficient measurements
[24].

2.2. Materials and surface finishes

The case of 316 L was studied in this paper because this commercial
stainless steel is widely used and studied, especially in the nuclear field.
This is a solution-hardened alloy with a low carbon content that limits
carbide formation. Mini-autoclaves were machined from a 316 L SS bar
and coupons of 20 x 30 mm? were cut from a 316L SS sheet; the
composition of each is given in Table 1. In each case, the alloy grain size

surface roughness. They were first wet grounded using SiC papers of
grades 600-2400, then polished with 3 and 1 um diamond pastes and
finally with 0.04 um colloidal alumina suspension. The arithmetic
roughness R, resulting from this polishing method was measured as
equal to 0.02um. In each experiment, P samples were exposed as
coupons and as one of the two flat parts of the mini-autoclave (either
the top or the bottom). The other flat part of the mini-autoclave re-
mained in its as-received state and is referred to as the M sample, as
autoclaves were shaped via milling. M surfaces are then characterized
by high work hardening and roughness (R, =0.7 um) levels. As surface
finishes achieved by machining are not easily duplicated from one
study to another, a second hardened state referred to as S and which is
supposedly more reproducible was prepared by shot-peening (per-
formed on coupons) for comparative purposes. Using the same pre-
paration technique, the roughness of S coupons was expected at roughly
1pum from published data [25]. Although, measurements lead to R,
between 1.6-1.8 um. For M and S samples, a high level of subsurface
work hardening is necessarily associated with a high level of surface
roughness. To study hardening effects by overcoming roughness effects,
SP coupons were prepared to achieve a low roughness level by pol-
ishing S samples using the same method as that applied to the P samples
avoiding the steps with coarse SiC papers. Some waviness remain and
the roughness was, roughly, R, between 0.3 to 0.7 um.

To characterize the subsurface hardening states of the P, M, S and SP
samples, Vickers hardness profiles were recorded on each type of
sample using a microintender from CSM Instruments. The profiles were
carried out on cross-sections prepared with caution as performed in
previous work [8]. A low cutting rate and an adapted polishing treat-
ment including a 0.04 um colloidal alumina suspension finish limit ef-
fects of stress or strain during these steps. Hardness profile measure-
ments were performed 3 times on each sample using the Oliver and
Pharr method [26]. A sufficient distance between indentations was
respected to prevent interferences between two successive measure-
ments. The results show that each measurement series on a sample
exhibit the same tendencies with a standard error of approximately
10%.

Fig. 1 presents profiles obtained from the P and M samples as a
function of the depth to the sample surface. The hardness of the P
sample is constant at approximately 280 HV from the surface to the
bulk. This value corresponds to the bulk hardness of the studied alloy.
For the M sample, the hardness is much higher near the surface
(450 HV) as was expected and decreases when the depth increases until
it reaches the bulk value. This indicates that the work-hardened zone
along the M samples is approximately 30 um deep. The difference be-
tween the M and P samples reveals an efficient reduction of subsurface
hardening due to polishing. As M samples, S and SP samples present a
decreased level of hardness from the surface to the bulk (Fig. 1). The
near surface hardness reaches a value of 520 HV for the S samples but
only a value of 400 HV for the SP samples. The associated affected
depths are roughly 55um and 45 um, respectively, for the S and SP
samples. Finally, the samples can be classified with respect to their near

is about 20-30 um. Before corrosion tests, each coupon or autoclave surface hardness values h in ascending order as follows:
was degreased and cleaned with an ethanol/acetone mixture in an ul- hp < hgp < hy; < hg.
trasonic bath.
Four types of surface finishes were examined. Polished samples,
noted as P in the following, serve as a reference surface state in this
study. P samples were polished to limit subsurface work hardening and
Table 1
Studied alloy content.
Samples Elements (wt. %)
Ni Cr Fe C Mo Mn Si S P N
Coupon 11.09 17.52 67.56 0.021 2.04 1.23 0.54 0.001 0.029 0.057
Autoclave 10.11 16.90 68.75 0.030 2.04 1.64 0.43 0.030 0.034 0.0375
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Fig. 1. Comparison of hardness profiles obtained from the studied surface states
before corrosion tests for the P, M, S and SP samples. The standard error of
hardness measurements is estimated statistically at approximately 10% from
the experimental measurements.

2.3. Oxide scale characterizations

To carry out a detailed analysis of oxide scales formed during the
corrosion tests, several characterization techniques were used. The
morphology of the oxide layer was studied using both surface and cross-
sectional views by field-emission gun scanning electron microscopy
(FEG-SEM Zeiss ultra 55). The oxide chemical composition was char-
acterized by glow discharge optical spectrometry (GDOS) using a
GDProfiler developed by Horiba-Jobin Yvon. The structure of the oxide
scale was analyzed by X-ray diffraction (XRD) using a X’Pert MPD de-
veloped by Panalytical and via Raman spectroscopy using an Invia
Reflex® Renishaw spectrometer coupled with an Olympus microscope.

Isotopic analyses dedicated to the characterization of oxide scales
formed during the two-stages corrosion experiment were performed by
secondary ion mass spectrometry (SIMS) using a CAMECA IMS 4f. SIMS
analyses were performed using a Cs* ion beam at 10keV with a ne-
gative sample polarization level of —4500 V. Therefore, the ion beam
energy level reached a value of 14.5keV. Finally, crater depths were
measured using a profilometer Dektak 8 from Bruker to estimate the
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3. Results
3.1. Oxide scale formed on polished samples

This section presents characterizations performed on the oxide scale
formed on P samples that serve as a reference surface state for ex-
amining the impacts of surface finishes on the corrosion of 316 L SS in
hydrogenated SCW (detailed in subsection 3.2.). Native oxide film be-
fore corrosion test is characterized by glow discharge optical spectro-
metry (not shown here). The thickness is approximately 4 nm and the
oxide film is double-layered. The external part of the oxide film is very
rich in Fe (roughly 70-80 wt. % of metallic species), whereas the in-
ternal part is enriched with Cr relative to the 316 L SS content. In the
internal part of the oxide film, the maximum Cr content reaches ap-
proximately 40 wt. % of the metallic species. The visual observation of
the samples after SCW exposure reveals a significant change: the mirror
finish is transformed into a uniform dark grey (almost black) surface.
This oxide layer was characterized in terms of morphology, composi-
tion and structure.

3.1.1. Morphology, composition and structure

Regardless of the exposure times investigated, oxide scales formed
on P samples during their corrosion in hydrogenated SCW present the
same characteristics of those describe hereafter though not for oxide
thicknesses. Surface observations performed by SEM show a homo-
genous surface with two kinds of zones (Fig. 2). Large bumps composed
of oxide grains ranging from 2 to 5pum size and often with a hole in
their core (Fig. 2-a) contrast with some troughs in which oxide grains
are smaller (less than 2pm in size, see Fig. 2-b). These two different
zones correspond to differences in oxide layer thickness (Fig. 2-c). It is
evident that trough zones indicate the presence of thinner oxide layers
whereas bump zones point out the presence of thicker oxides.

The cross-section views also show a double-layered oxide scale
(Fig. 2). The external layer is composed of columnar grains (Fig. 2-d)
whereas the internal layer is more difficult to describe. SEM images of
internal layers recorded for all of the P samples show the same con-
trasting pattern as that presented in Fig. 2-e. As the cross-section is

Fig. 2. SEM observations [secondary electron
images performed at 5kV] of P samples ex-
posed to hydrogenated SCW at 600 °C and
25MPa over 335h (a, b and ¢) or 3380h (d
and e); (a) and (b) present surface views re-
spectively showing large oxide grains formed
above an ancient alloy grain and smaller oxide
grains formed above an ancient alloy grain
boundary zone; (c) shows a cross-sectional
overview of the oxide scale whereas (d) and (e)
show cross-sectional views focusing respec-
tively on external and internal parts of the
scale.
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consequently should correspond to a chemical contrast. Thus, the in-
ternal layer could include a mix of different phases in which dark
contrasts around previous alloy grain boundaries could denote higher
levels of oxygen content than those in ancient bulk alloy grains (Fig. 2-
e). Nevertheless, a contrast resulting from differences in oxide grain
orientations cannot be excluded. This last hypothesis could suggest that
the oxide grain size in the internal layer should be of the order of
magnitude of 30 nm.

The GDOS composition profiles presented in Fig. 3 complement the
description of the double-layered oxide scale. These profiles show that
the external layer is mainly composed of iron and oxygen but contains a
small amount of manganese. The correlated oxygen and iron plateaus
suggest that this scale is composed of a homogeneous iron oxide. By
contrast, the internal oxide layer is not homogeneous in composition
and includes the main alloying elements. This scale is noticeably en-
riched with Cr and Mn relative to the alloy bulk composition but Fe
remains as its main metallic constituent. The presence of the main al-
loying elements in the internal layer and a lack of major elements such
as Cr and Ni in the external layer suggest that the interface between
these two layers corresponds to the original alloy surface.

Our analysis of the oxide scale by XRD (Fig. 4) enabled us to identify
the external layer as magnetite (JCPDS file #00-019-0629). However,
the external layer is too thick to allow for the characterization of the
internal layer using this technique. The structure of the internal part of
the scale was then characterized using cross-sections by Raman spec-
troscopy. Raman spectra obtained for the external and internal layers
are shown in Fig. 5. Our comparison with the RRUFF database [27]
agrees with XRD identifying the external layer as Fe3O4 with four
characteristic peaks at 673cm ™!, 567 cm ™, roughly 307 cm ™! and
204 cm ™. These are attributed to normal mode motions of the tetra-
drahedron FeO, corresponding to the tetrahedral site in the spinel
structure as noted by Shebanova et al. [28]. The 673 cm ! shift is at-
tributed to the A;; mode which corresponds to the symmetric stretching

n . n ; n . n
L L L
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Fig. 4. XRD analyses performed in the 6/26 mode on P sample exposed to

hydrogenated SCW at 600 °C and 25 MPa for 335h showing characteristics of
magnetite Fe;0,4 from the external oxide.
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Fig. 5. Raman spectra of Fe3O, derived from the RRUFF database (ID
#R060191) [27] and of a P sample exposed to hydrogenated SCW at 600 °C and
25 MPa.

of oxygen atoms along Fe-O bonds. The asymmetric stretching of Fe
and O noted for T54(2) is observed at approximately 567 cm ™ L. The Eg
and the Ty,(1) modes correspond to the less intense peak. Raman
spectra from the internal layer reveal only two peaks close to the A
and T5¢(2) modes respectively shifted at 683 cm™ L and 546 cm™!. Zinin
et al. [29] report the disappearance of T,g(1) peaks based on con-
centrations of titanium in Fe; ,Ti,O4. They also found slight shifts in the
peaks according to the Ti ratio. Here, E; and the T5g(1) modes likely
disappear in the internal layer as the chromium concentration in-
creases. Considering the enrichment of Cr in the inner oxide layer re-
vealing by GDOS, the hypothesis of a main oxide composed of a solid
solution of Fe3CryO4 (with 0 < x < 1) type could conveniently de-
scribe the slight evolution of Raman spectra from the external oxide
layer to the internal oxide layer.

Major characteristics of the oxide layer formed on the 316 L po-
lished samples during their exposure to hydrogenated SCW at 600 °C
and 25 MPa can be summarized as follows. The total thickness of the
oxide scale ranges from roughly 25um-45pum depending on the ex-
posure period. This scale is double-layered. The external layer is porous
and composed of columnar grains of magnetite containing a small
amount of Mn. The internal one is composed of smaller equiaxed grains
of Fe, Cr, Ni and Mn mixed spinel. This scale is enriched with Cr relative
to the external layer and bulk alloy but not enough to be considered a
Cr-rich oxide (e.g., chromite type spinel), as Fe remains as its main
metallic constituent. However, due to contrasts found from the SEM
observations, a mixture of phases in the internal layer cannot be ex-
cluded. This last hypothesis could be consistent with results obtained by
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e) secondary ion images respectively obtained from molecular ions of weights of 72 (*°Fe + °0), 18 (*80), 16 (*°0) and 70 (*?Cr + '®0).

Bischoff et al. [30] on oxide scales formed in SCW on 9% Cr steel, for
which a mixture of oxides and alloys has been found via microbeam
synchrotron radiation diffraction.

This description of the oxide scale structure formed on 316 L po-
lished samples complements results reported in the literature on oxide
layers formed on SS during their corrosion in SCW [3,6,7,23,31,32].

3.1.2. Growth mechanisms

Ionic images of a cross-section and isotopic profiles were obtained
by SIMS applied to P samples exposed during the two-staged corrosion
experiment (Figs. 6 and 7). The ionic image showing the distribution of
160 (Fig. 6-d) and the associated profile (Fig. 7) show the part of the
sample containing '°0, i.e., the whole oxide layer. Images of molecular
ions of weights of 72 and 70 (Fig. 6-b and -e) and *°Fe and *>Cr profiles
(Fig. 7) complement previous characterizations. These results confirm
the double-layered structure of the oxide scale with an external scale

composed of an Fe oxide whereas the internal layer is enriched with Cr
relative to the external one. We note that >>Cr and >°Fe profiles drop
when the alloy matrix is sputtered because ionization efficiency levels
decrease considerably in the metal under the selected analytical con-
ditions. However, localizations of the internal/external oxide layer in-
terface and of the internal oxide/alloy interface can be estimated from
increases and decreases of 50% in the >2Cr signal, respectively. The
ionic image showing the distribution of 80 (Fig. 6-¢) and the associated
profile (Fig. 7) show two enriched zones close to the external and in-
ternal interfaces, respectively. These results show (i) that the magnetite
scale extends outward but also (ii) that the internal layer expands as a
result of anionic diffusion along a short circuit network [24] likely
constituted by oxide grain boundaries. Moreover, a slight bump appears
on the 80 profile close to the interface between the two oxide layers.
This could be the sign of the rapid transport of oxygen toward this
interface consistent with the diffusion of water molecules through pores
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Fig. 7. H, O, Cr and Fe profiles obtained by SIMS applied to a P sample exposed
to hydrogenated SCW (600 °C and 25MPa) over a two-staged corrosion ex-
periment (760h in natural water followed by 308 h in water enriched with
180); intensities of 'H, 0, 52Cr and ®°Fe signals are multiplied respectively by
1500, 10, 200 and 40.

of the external layer.

This last hypothesis is consistent with the 'H SIMS profile, which
shows an accumulation of hydrogen at the interface between the in-
ternal and external oxide layers (Fig. 7). This phenomenon is likely due
to the reduction of protons from water molecules during the corrosion
process and to their subsequent absorption. Moreover, after this peak
close to the original alloy surface, the intensity of the 'H signal in-
creases with the sputtered depth from the oxide/alloy interface to the
alloy bulk. The crossing of the oxide/alloy interface causes a global
decrease in signal intensities for all of the species due to a drop in io-
nization efficiency levels though not for *H. This causes the increase of
'H/%Fe signal ratio recorded close to the interface in the alloy just
beneath the oxide scale. Relative to that recorded for the matrix on the
non-oxidized sample (approximately 2.09 x 10~ 2), this ratio increases
until 2.02 x 10! at 38 um of depth (as shown in Fig. 7), i.e. in the alloy
just beneath the oxide scale. This accumulation of H in the alloy un-
derlying the oxide scale has been also observed by Dumerval et al. in
the case of 316 L SS corrosion in subcritical water at 325 °C [33].

3.2. Impacts of surface finishes on the oxide scale formed during 316L
corrosion in SCW

As performed on the P sample, the native oxide film was char-
acterized for the S sample using GDOS. By comparison, the morphology
and the composition are quite similar to the native oxide formed on P
sample. However, the native oxide is thicker with approximately 30 nm
on S sample. The oxide film is a double layer oxide: the external part is
rich in Fe (approximately 70-80 wt. % of metallic species) and the in-
ternal layer is enriched in Cr. Although the maximum Cr content is
lower for the S ample to roughly 20 wt.% of the metallic species.

The hardness profiles of each sample permit to classify the near
surface hardness of the sample as follow: hp < hgp < hy; < hs. For
austenitic steels, the plastic deformation could lead to martensite for-
mation [34-37]. This point was not verified here. Indeed, the annealing
at 600 °C, during the corrosion test, would permit to restore the aus-
tenite structure [34,35]. In any case, severe plastic deformations induce
also defect in the microstructure. The hardening of the sample is
probably due to a high defect density and a stress-induced martensite
content in the near surface of the S and M specimens before corrosion
test.

The visual observation of the SCW exposed samples shows clearly a
difference between M samples and the others. M specimens present
iridescent surface mainly coloured in violet, green or gold. SP and S
coupons look like P sample: their surface are dark grey.

Fig. 8 shows SEM surface images of the SP, S and M samples after

their exposure to hydrogenated SCW. The surface morphology of the
oxide scale of the SP sample (Fig. 8-a) is similar to that observed for the
P sample (Fig. 2-a), with oxide grains ranging from 3 to 5um in size
sometimes presenting a hole in their cores. The morphologies of oxide
scales formed on S and M samples are quite similar (Fig. 8-b and -c) but
are clearly different from those observed for the SP sample. They pre-
sent oxide grains of approximately 0.5 pm in size on average. We found
some crystals (roughly 1 pm in size) on the S sample that were larger
than those observed on the M sample, but they were not found along
the entire sample surface. These crystals were found on smaller grains
of roughly 0.5 um in size.

In the same way, the cross-section views show that samples can be
divided into two families (P and SP for the former and M and S for the
latter) depending on oxide scale morphologies (Fig. 9). Moreover, the
oxide thickness drops from more than 20 pm for the P and SP samples to
roughly 1 um for the M and S samples.

Strong decreases in the oxide thickness found (the reduction factor
is greater than 20 between P or SP and M samples for similar exposure
periods) are clearly due to effects of surface finishes, but one can
wonder about the respective roles of subsurface work hardening and
surface roughness. With respect to their roughness (see subsection 2.2),
samples can be divided into the same two families than those derived
from SEM observations on oxide scales: polished (P and SP) samples
exhibit low roughness values whereas unpolished (M and S) ones are
significantly rougher. If the work hardening level reached in the sub-
surface is used as a classification criterion rather than roughness levels,
samples can be classified in ascending order as follows: P, SP, M and
finally S (see subsection 2.2). It is however the role of work hardening
that seems to dominate surface finish effects. Indeed, cross-section
observations of the M sample exposed to hydrogenated SCW for 3380 h
(Fig. 10) reveals a 10 um deep zone of ultra-fine grains in the alloy
underlying the oxide scale. The appearance of this recrystallized zone
seems to denote that a sufficient level of subsurface work hardening
caused a switch in oxidation mechanisms, as this type of recrystalliza-
tion was not observed for the P and SP samples. For these samples, the
original alloy grain boundary network can be observed from the in-
ternal oxide layer (see Figs. 6-a, 9 -a and -b).

Complementary data on thin oxide layers formed on M or S samples
were obtained from our GDOS analyses (composition profiles per-
formed on SP samples are not shown here as they are similar to those
obtained from the P sample shown on Fig. 3). Composition profiles
performed on an M sample exposed to hydrogenated SCW for 335 h are
shown in Fig. 11. They reveal a double-layered oxide film but of a
different scale than that observed for the P samples. The external layer
is mainly composed of Fe but seems to also contain a small amount of
Cr. By contrast, the internal layer is mainly composed of Cr (more than
60 at.% of the metallic elements) and contains iron. Its formation is
associated with slight Cr depletion in the underlying alloy. A large
amount of manganese (more than 9 at.% of the metallic elements) is
observed in the two oxide layers relative to bulk alloy content levels
(less than 2 at.%).

The X-ray diffractogram performed on the same M sample permitted
the identification of 3 crystallographic structures (Fig. 12). Peaks as-
cribed to the alloy are the most intense (JCPDS file #00-033-0395), but
a spinel component was also found. Comparisons of diffractograms
recorded for the M and P samples show shifts of peaks due to the spinel
structure. In agreement with the above shown composition profiles,
these shifts are likely attributable to a change in the nature of the spinel
formed (from magnetite in the P samples to a mixed spinel containing
Fe, Cr and Mn in the M samples (peaks observed in the latter case match
the JCPDS file #01-089-3744 corresponding to CrgsFe; sMnOy)). Fi-
nally, chromia in the oxide layer formed on the M samples is also no-
ticeable (JCPDS file #01-084-1616).

Our comparison of composition profiles and XRD data seems to
show that the external oxide layer formed during hydrogenated SCW
exposure for sufficiently hardened samples of 316 L SS is composed of
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Fig. 8. SEM surface views of 316 L SS samples
after their exposure to hydrogenated SCW
(600 °C and 25 MPa) highlighting the effects of
different surface finishes: (a) an SP sample
exposed for 335 h [secondary electron image at
5kV], (b) an S sample exposed for 760 h [sec-
ondary electron image at 3kV] and (¢) an M
sample exposed for 775h [secondary electron
image at 5kV].
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Fig. 9. SEM cross-section views of 316 L SS samples after their exposure to hydrogenated SCW (600 °C and 25 MPa) highlighting the effects of different surface
finishes: (a) P and (b) SP samples exposed for 335h, (c) an M sample exposed for 350 h and (d) an S sample exposed for 1010 h.

ferrite-type mixed spinel containing Mn and Cr in addition to Fe. The
presence of chromia in the internal layer formed on these samples is
also clearly evidenced by XRD but composition profiles show that Cr,03
cannot be the sole oxide constituting the internal scale. From these two
sets of data, this scale seems to include a mixture of chromia and
chromite-type mixed spinel containing Mn and Fe in addition to Cr.

It can be noticed also that no relevant sign of martensite was ob-
served on the X-ray spectra after corrosion test on M or S samples. The
high-test temperature and the exposure time would be sufficient to
provoke the recovery of the austenite structure if stress-induced mar-
tensite was formed during the sample preparation.

SIMS profiles of the M sample exposed to the two-staged corrosion
experiment are shown in Fig. 13. After 80 enrichment observed close
to the external interface, 180 concentrations quickly drop to the natural
isotopic abundance level. Comparisons made between %0 concentra-
tion profiles and >°Fe and >°Cr signals seem to show that the external

P surface Oxide

layer grows outward, but no conclusion can be drawn on the growth of
the internal layer. These results confirm however that growth kinetics
of the internal oxide scale formed on sufficiently work-hardened sam-
ples is very slow relative to those of the internal layer growing on the P
samples. Moreover, the 'H/*Fe signal ratio reaches a value of roughly
0.154 at a depth of 1.5 pm as shown in Fig. 13, revealing the occurrence
of H uptake by the alloy underlying the oxide scale relative to the
'H/%%Fe signal ratio recorded in the matrix of a non-oxidized sample
(approximately 2.09 x 10~ 2).

The huge difference in thickness for the oxide scale in the case of P
specimen compared to M specimen (or S) could be attributed to spal-
lation or dissolution of a part of the oxide layer. However, the visual
observation of the M samples is similar for each case: the machining
drawing is still visible. The different characterizations (surface and
cross sections by SEM, GDOS profiles, SIMS profiles) are in agreement
with homogeneous thinner oxide layers on M and S sample. If a part of

Fine Alloy 316L

grain
zone

Fig. 10. SEM cross-sections of (a) a P sample not exposed to SCW and of an M sample exposed to hydrogenated SCW at 600 °C and 25 MPa over 3380 h.
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Fig. 12. XRD analysis performed in the 6/260 mode on M sample exposed to
hydrogenated SCW at 600 °C and 25 MPa for 335h. The below pattern is fo-
cused on the oxide characteristics. The peaks corresponding to the chromia, a
mixed spinel and the alloy are respectively indicated by Chr, Spi and A.

the oxide has spalled, the remaining layer is homogeneous in compo-
sition: the Cr content is significantly higher. All these signs lead to a
lower growth of the oxide layer on M (or S) sample compared to the one
on P surface. Thus we can conclude that the M and S specimens are
more corrosion resistant in SCW.

4. Discussion

4.1. Morphology of oxide scale growth for the P samples: signs of alloy
microstructure effects

The oxide scale of the P samples exhibits an alternation of bump and
trough zones respectively associated with thicker and thinner oxide
ones. SEM observations of the periodicity of this relief reveal that the
bump zone size is of the same order of magnitude as the alloy grain size,
although alloy grain boundaries emerging at the surface do not
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Fig. 13. 180 concentration profile (defined as the %0 signal divided by the sum
of 180 and '°0 signals) compared to '°0, 2Cr, *°Fe and 'H profiles obtained by
SIMS applied to an M sample exposed to hydrogenated SCW (600 °C and
25 MPa) over a two-staged corrosion experiment (760 h in natural water fol-
lowed by 308 h in water enriched with '®0); intensities of 'H, >2Cr and >°Fe
signals are respectively multiplied by 1500, 100 and 40.

systematically induce a thinning of the oxide layer. The thinning of the
oxide scale in the vicinity of alloy grain boundaries emerging along the
sample surface has been previously observed in the corrosion of the
800H steel or a Ni-based alloy in SCW [8,19]. It has been associated
with the local formation of Cr-rich oxides. It can be assumed that the
local thinning of the oxide scale during the corrosion of 316 L polished
samples in SCW results from a similar phenomenon. Alloy grain
boundaries can constitute short circuit paths for Cr diffusion as well as
preferential sites for the nucleation of Cr-rich oxides. If these oxides acts
as a barrier against the diffusion of anionic and cationic species relative
to Fe-rich oxides (this point is discussed further in subsection 4.3), their
formation in the vicinity of emerging alloy grain boundaries can lead to
the local thinning of the oxide scale. This assumption is consistent with
the model proposed by Robertson [12] in the case of SS corrosion in
subcritical water. This model is based on competition between the
formation of a less protective oxide (Fe30,) that grows quickly and that
nucleates everywhere and of a more protective oxide (Cr,O3) beneath



Table 2

Review of bulk (D) and grain boundary (Dg) diffusion coefficients of cations and oxygen in Cr,O3 and Fe304 at 600 °C (a refers to the segregation factor relating to
heterodiffusion cases). A range of values is proposed for the estimation of the bulk diffusion coefficient of Fe in Fe30,4 according to the H, to H,O molar ratio range
investigated (see subsection 2.1 for details) because the law reported in Ref. [41] depends on the oxygen activity.

Diffusing species (oxide) Dy (cm?s™1) (@Dg (cm®s™ 1) Comments References
Cr (Cry03) 2x1071° 4x10°15 Higher temperature data extrapolated to 600 °C [39]

0 (Cry03) 1x10°2 4x1071

Fe (Cry03) 3x 1072 3x 1071 [401

Fe (Fe304) 7x107 1% -2x 10" - [41]

O (Fe304) 2x107Y7 2 x 10712 Arrhenius laws in the 480-1100 °C range deduced from creep rate measurements [42]

the magnetite scale that grows slowly and which nucleates at specific
locations such as alloy grain boundaries. According to this model, Fe
oxide grains are larger when Cr oxides are not formed and their size
decreases locally when Cr oxide coverage is significant.

4.2. Competition between selective and non-selective oxidation: the role of
subsurface hardening

Subsurface hardening induced by surface finishes leads to a sig-
nificant decrease in the oxide scale thickness of 316 L M samples re-
lative to that of P samples for similar SCW exposure periods (the re-
duction factor is greater than 20). It has been shown that these two
oxide layers also differ in terms of chromium content levels: Fe is the
main cation in the internal part of the thicker oxide scale whereas the
internal layer of the thinner one is composed of Cr-rich oxides. These
results are quite consistent with those reported by Yuan et al. [7] for
304H SS in regards to SCW exposure for short periods and show that
these phenomena remain stable over longer exposure periods.

Moreover, the results reported in subsection 3.2 lead us to hy-
pothesize that a subsurface hardening threshold must be reached to
observe such change in oxidation behavior. Indeed, the oxide scale of
the SP samples was similar to that of the P samples although the SP
sample subsurface was significantly work hardened. From hardness
profiles of the SP, M and S samples (see subsection 2.), it seems that a
near surface hardness value of 450 HV is sufficient to cross the hard-
ening threshold. Hardening levels causing a switch in oxidation beha-
vior of 316 L in SCW at 600 °C are also characterized by the ultra-fine
recrystallization of the alloy subsurface during SCW exposure. The
observation of this recrystallization helps to explain the origins of
changes in oxidation behavior [38]. First, temperatures are high en-
ough to support diffusion in the alloy. Second, the increase in alloy
subsurface work hardening implies an increase in subsurface defects
density levels (e.g., dislocations) and/or the presence of stress-induced
martensite. Above a certain threshold value, both the density of defects
and the presence of stress-induced martensite seem sufficient (i) to
provoke a general nucleation of Cr-rich oxides and (ii) to form a short
circuit network promoting Cr supplies to the oxide/alloy interface, al-
lowing for the growth of a continuous Cr-rich oxide layer. During alloy
recrystallization, the dislocation network turns into an ultra-fine grain
boundary network that continues to ensure sufficient Cr supplies for the
growth of Cr-rich oxides. Conversely, below a defect density threshold,
the supply of Cr to the oxide/alloy interface does not allow for the
formation of a Cr-rich oxide layer. The oxide formed is then based on
the main element (i) available and (ii) liable to oxidation under the
investigated conditions, i.e. Fe in the case of 316 L corrosion in hy-
drogenated SCW at 600 °C. Finally, the switch in oxidation behaviors
found through this study seems to denote a transition from the oxida-
tion of major alloying elements to the selective oxidation of Cr induced
by the work hardening state of the substrate.

4.3. Kinetic aspects of scale growth: Cr-rich oxides vs. Fe-rich oxides

As discussed above, effects of subsurface hardening can explain why
the corrosion of 316 L in SCW lead to an internal layer composed of Fe-

rich oxides for sufficiently low work hardening levels and of Cr-rich
oxides for high level of work hardening. However, in regards to the
associated thinning of the scale, kinetic factors must be considered. It
has been shown that the growth of a thick internal layer as formed on P
samples results from anionic diffusion through a short circuit network
presumably constituted by oxide grain boundaries. It can be assumed
that this diffusion step rate-controls the growth of this internal layer. In
the case of M samples, the results of tracer experiment reported in
subsection 3.2 did not permit the identification of mechanisms gov-
erning the growth of the Cr-rich oxide scale. Regardless of the type of
growth involved (i.e., inward or outward), it can be assumed that the
corresponding growth rate is controlled by grain boundary diffusion, as
is the case for Fe-rich internal oxide layers growing on less work-har-
dened samples.

To appraise differences in terms of diffusion properties between
these two types of internal scales, diffusion coefficients for O, Cr and Fe
in Fe304 and in Cr,0O3 at 600 °C were estimated from literature data
(Table 2). We note that internal oxide scales respectively formed on low
and high work-hardened samples are not simply composed of magnetite
or chromia but data collected for these oxides can lead to overall trends.

The grain boundary diffusion coefficient (Dg) of O in Fe3O, is
clearly greater than Dg, values for O or Cr in Cr,0s, which can explain
why the internal oxide scale formed on less work-hardened samples
grows significantly faster than that formed on high hardened samples.
Moreover, Fe diffusion in magnetite seems also to be clearly faster than
in chromia. These data are consistent with the notion that Cr-rich
oxides act as a diffusion barrier relative to Fe-rich oxides. To play a part
in the growth of an Fe-rich external oxide layer (which formed in all of
the cases studied), Fe must diffuse through the internal layer. This is
consistent with the faster growth of the external scale observed for less
work-hardened samples relative to its growth for samples exhibiting
high levels of work hardening. We however note that Cr-rich oxides do
not seem to protect against Mn diffusion. The external oxide scale
formed on highly work-hardened samples is systematically enriched in
Mn relative to that of less work-hardened samples. This result echoes to
that reported in the case of Ni base alloy corrosion in SCW [8].

4.4. Hydrogen uptake concomitant to oxidation processes

Regardless of levels of work hardening involved, the SIMS results
show that hydrogen diffuses through the internal oxide scale, leading to
H uptake by the underlying alloy. The same phenomenon has been
observed for 316 L SS [33] and Ni-based alloys [43,44] exposed to
subcritical water at 325 °C and seems to be linked to the reduction of
water during corrosion processes. Furthermore, experimental results
evidencing effects of hydrogen on stress corrosion cracking (SCC) [45]
or irradiation-assisted SCC (IASCC) [46] of 316L in subcritical water
(roughly 300 °C) have been reported even though mechanisms gov-
erning such effects are not clearly understood. As 316 L is also sensitive
to SCC and IASCC in SCW [47,48], one can wonder about the role that
H uptake by the alloy could play in these phenomena and particularly
in the case of work-hardened samples, as susceptibility to SCC is known
to increase with bulk hardening levels [48].



5. Conclusions

The oxidation behavior of 316 L SS in hydrogenated SCW at 600 °C
is strongly dependent on microstructural consequences of surface work-
hardening. Regardless of the level of hardening involved, the oxide
scale is double-layered with an external layer composed of Fe-rich
oxides. Nevertheless, when a threshold level of hardening is reached, a
switch in oxidation mechanisms leads to a strong decrease in the total
thickness of the oxide layer for similar exposure periods (the reduction
factor is greater than 20).

Below this threshold, non-selective oxidation generates a thick in-
ternal layer based on the primary element (i) available and (ii) liable to
oxidation in investigated conditions, i.e., Fe. Above the threshold, alloy
subsurface defects and/or stress-induced martensite can reach a suffi-
cient density level (i) to provoke a general nucleation of Cr-rich oxides
and (ii) to ensure the formation of a short circuit network providing Cr
to the oxide/alloy interface. This induces the formation of a thin in-
ternal layer of Cr-rich oxides. This transition from the oxidation of
major alloying elements to the selective oxidation of Cr occurs as a
consequence of the hardened state of the substrate.

Moreover, the overall thinning of the oxide scale observed when its
internal part is rich in Cr shows that Cr-rich oxides act as a diffusion
barrier (i) against ionic species responsible for its growth but also (ii)
against Fe cations, which are the main metallic constituents of the ex-
ternal layer. Finally, these results show that an increase in subsurface
hardening levels can be used as a parameter to mitigate the generalized
corrosion of 316 L SS in hydrogenated SCW efficiently. Nevertheless,
the effects of this parameter on the SCC of 316 L in SCW must be stu-
died, as bulk hardening is known to increase susceptibility to this cor-
rosion process.
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