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Oxidation and stress corrosion cracking (SCC) of 316L stainless steel were studied in simulated pressurized water
reactor primary water. Surface, crack flank, and crack tip oxides were analyzed and compared by high-resolution
characterization, including oxidation state mapping. All oxides were found to have a triplex structure, although
of different dimensions and composition, revealing the effects of local water chemistry and applied stress. The
higher oxidation rate at the crack tip could be explained due to the existence of a higher dislocation density,
higher level of stress and cation unavailability from the environment. The implications to SCC mechanisms are

1. Introduction

Austenitic stainless steel (SS) type 316 L is widely used for critical
components in pressurized water reactor (PWR) due to its combination
of excellent mechanical property and high corrosion resistance in the
high temperature aqueous environment. The oxide film developed on
the surface of 316 SS in the PWR primary water environment plays an
important role in protecting the material from further oxidation [1-10].
Similarly, oxidation at the crack tips develops into an intergranular
oxidation zone (I0Z) ahead of the crack tip, which is crucial for un-
derstanding stress corrosion cracking (SCC) of SS components in a nu-
clear power plant [11-16]. Our recent work [13,17] suggests that
higher intergranular oxidation rate could lead to higher SCC crack
growth rate (CGR). In addition, the protectiveness of an oxide film is
significantly affected by its microstructure [18,19]. According to the
simulation work conducted by Vankeerberghen et al. [5], the water
chemistry in the region close to the SCC crack tips is similar to that in
the environment under PWR conditions. As a result, the mechanisms
controlling the oxidation at outer surface and the crack tip might be
similar and hence the microstructure of the oxides and the oxidation
mechanisms at specimen outer surface and the crack tip.

Surface oxidation and crack tip oxidation have been extensively
studied in literature [1-26], but inconsistent conclusions on the oxi-
dation mechanisms were drawn due to the differences in experimental
conditions and materials. To obtain the correlation between the oxides
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at surface and crack tip, it is of great importance to do a comparative
study of the oxides developed on the surface and at the crack tip in the
same material and under the same environment.

According to the work conducted in [1-3,18,19,21-26], the oxide
film formed on SS in high temperature aqueous environment has duplex
structure: a Cr-rich inner oxide layer and a Fe-rich outer oxide layer.
Several mechanisms were proposed to rationalize this phenomenon.
Stellwag [1] considers that the formation of the inner and outer oxide
layer is determined by solid-state growth mechanism and metal dis-
solution-precipitation mechanism, respectively. Robertson [27] sug-
gests that both layers are formed by the solid-state growth mechanism.
Winkler et al. [28] assumes that both layers are formed by the metal
dissolution-precipitation mechanism. Since there is still not a widely
accepted explanation, more studies are needed to reveal the mechan-
isms controlling surface oxidation.

To accomplish these objectives, a 0.5T (12.7 mm in thickness)
compact tension (CT) and a plate specimen made of 20% cold worked
316 L SS were exposed to simulated PWR primary water for SCC and
general corrosion testing. Dual beam focused ion beam (FIB) was used
to prepare transmission electron microscopy (TEM) lamellae containing
the SCC crack tip or the surface oxide. The TEM lamellae were analyzed
by high-resolution analytical TEM (ATEM). The scope of this work in-
cludes:

1 Identifying the mechanisms controlling oxidation of 316L SS
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Table 1

Chemical composition of the material used in this study (wt%).

Material C Cr Fe Si Mn P S Mo Ni
316LSS 0.014 17.28 6589 043 1.81 0.012 0.001 248 12.05

exposed to simulated PWR primary water.

2 Revealing the microstructure and chemistry of the crack flank and
crack tip oxides, and comparing them with the surface oxide.

3 Discussing the underlying connections between oxidation and SCC
mechanisms.

2. Experimental
2.1. Material and autoclave testing

The material used in this study was cold-forged 316 L SS with about
20% of plastic deformation. The grain size of the 316 L SS was around
100 pm and the chemical composition is shown in Table 1. The SCC and
exposure test was conducted in simulated PWR primary water (hydro-
genated water: 500 ppm B + 2ppm Li + 30 cc/kg dissolved H,) at
340 °C by the Joint Laboratory for Corrosion of Nuclear Power Mate-
rials at Shanghai Jiao Tong University (China). The autoclave and pi-
pelines used in this study were made of 316 SS. A pre-cracked 0.5 T CT
specimen prepared in the S-L orientation (according to ASTM E399)
was used for SCC test. A piece of 316 L SS plate with dimensions of
20 mm wide, 30 mm long and 2 mm thick was exposed along with the
CT specimen for 2000 h. Before the autoclave testing, the 316 L SS
coupon was ground with SiC paper, followed by polishing with 1-um
diamond suspension. A mirror-finished surface was obtained after
15 min of final treatment with colloidal silica. The content of dissolved
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hydrogen was 30 cc/kg located at the equilibrium of Ni/NiO, which
means it is difficult for the Ni to be oxidized during the SCC testing
[20]. The CGR was measured to be around 6.21 x 10~® mm/s, which

was tested at a constant crack tip strength intensity factor (K) of 30 MPa
172
m2

2.2. Methodology

2.2.1. Site-specific sample preparation with FIB

To study the oxide at the specific crack tip and surface, the FIB plan-
view and cross-section sample preparation techniques were adopted,
respectively. A single beam FEI FIB200 equipped with a static micro-
manipulator was used for trenching and in-situ lift-out. A dual beam
Zeiss NVision 40 FIB-SEM was subsequently used for thinning the
sample to a thickness less than 50 nm. Since FIB milling could introduce
significant damage on the sample surface, a final low energy cleaning
(5kV, 250 pA) was performed on both sides of the thin foil after a
conventional milling to minimize the damage. More details can be
found in the reference [29].

2.2.2. ATEM analysis

TEM analysis was performed with a JEOL 2100 (LaBg, operating
voltage 200 kV) for TEM imaging and selected area diffraction. High-
resolution analysis, including scanning TEM (STEM) and electron en-
ergy loss spectroscopy (EELS), was conducted with a JEOL ARM200 F
(cold-field emission gun with a typical energy resolution of 0.4eV)
operating at 200 kV and equipped with a Quantum Gatan image filter
(GIF) spectrometer. EELS spectra (low- and core-loss) were acquired
correcting the spatial drift and recalibrated in energy using the zero-loss
peak as a reference. Principal components analysis (for denoising) was
performed using Hyperspy 1.3 (open source) software. The convergence
and collection half-angles were 31 and 41 mrad, respectively, and a

Fig. 1. Morphologies of the surface oxide formed on 316 L SS exposed to simulated PWR primary water at 340 °C for 2000 h.
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dispersion of 0.25 eV/channel was used. EELS quantification was per-
formed in Digital Micrograph by the background subtraction method.
The relatively low thickness of all areas analyzed ("50 nm) allowed for a
reliable quantification without removing plural scattering. This was
checked for regions of known composition (e.g. matrix). The relative
errors in EELS quantification were dominated by uncertainties in the-
oretical cross-sections and can be assumed to be “10% relative for most
measurements.

Experimental EELS spectra containing L edges of Cr, Fe and Ni were
fitted in Hyperspy [30] as a linear combination of an inverse power law
(background), a Hartree-Slater theoretical edge and two Gaussians (L3
and L, white line peaks). The energy of the L; white line and the ratio
between the areas of the L3 and L, peaks were used to determine the
oxidation state [31,32] of Cr and Fe. No conclusive results were ob-
tained for the Ni edge, due to a combination of noise and minimal
changes in fine-structure, so it was excluded from the analysis.

3. Results
3.1. Morphologies of the surface oxide

Fig. 1 shows the morphologies of the surface oxide on the coupon
under different magnifications after exposure to the simulated PWR
primary water at 340 °C for 2000 h. At low magnification, the mor-
phology of the surface oxide was not clear and only tiny and discretely
distributed particles can be discerned (see Fig. 1a). With increased
magnification, these faceted particles proved to be polyhedral crystal-
lites with sharp edges (see Fig. 1b). Their sizes range from less than
50 nm to 1 um (see Fig. 1c). Although the distribution of big crystallites
(relatively) was sparse, the distribution of the fine ones appeared to be
compact (see Fig. 1d). Further observation reveals that the large crys-
tallites appeared to distribute on top of the fine crystallites.

3.2. Cross-sectional morphologies of surface oxide

The cross-sectional morphology of the surface oxide was analyzed
by TEM. Fig. 2a shows a thin layer of surface oxide on the matrix. Al-
though the oxide film was continuous, the thickness was not uniform,
ranging from 50 to 120 nm. Oxide particles were also observed, sitting
on the top of the oxide film. The interface between the oxide film and
the oxide particles was mostly straight and was considered to be the
original sample surface, as highlighted by the red dashed line between
the inner and the outer oxide layers. Oxide dissolution was observed
when the original sample surface was used as a reference. At a higher
magnification, the interface can be more easily observed and the oxide
dissolution was further confirmed (see Fig. 2b). It appears that the
oxide dissolution under the surface oxide particles was prevented (see
Fig. 2a and b). With further increase of magnification, more details can
be observed in the surface oxide film. As shown in Fig. 2¢ and d, both of
the oxide films consist of a duplex structure. The inner oxide layer was
composed of numerous nanocrystallites with the size of around 10 nm.
Further observation reveals that the oxidation had penetrated into the
matrix under the inner oxide layer. Since the oxide particles formed on
the top surface of the oxide film were not continuous, they were not
treated as a layer of oxide in the current study.

3.3. Crystallographic structures of surface oxide

To reveal the crystallographic structure of the surface oxide, atomic-
resolution TEM imaging was conducted and fast Fourier transformation
(FFT) was used to analyse the atomic-resolution images. Fig. 3a shows
that the matrix was an austenitic phase. The nanocrystallites in the
inner oxide layer were identified to be chromite-type spinel (see
Fig. 3b). Interestingly, the outer part of the oxide next to the original
surface appeared to be an amorphous continuous layer. FFT confirmed
the presence of some crystalline periodicity (see Fig. 3c) and some
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degree of amorphization. Fig. 3d shows that the top surface oxide dis-
crete particles were magnetite-type spinel. From now on, we will split
the outer oxide layer in two regions: Outer oxide layer (continuous and
partly amorphous) and outer oxide particles (discrete and mostly grown
by precipitation from cations in the environment).

The structure of the surface oxides was also investigated using se-
lective area electron diffraction (SAED), in order to better understand
their epitaxial relationships. Fig. 4 depicts a cross-section of the surface
oxide and the corresponding SAED patterns of the matrix and the sur-
face oxides. Fig. 4b shows the SAED pattern obtained from the matrix.
The selective area is marked as A (aperture size = 100 nm) in Fig. 4a.
The matrix SAED pattern was indexed as austenite phase, as shown in
Fig. 4b. Fig. 4d shows the SAED pattern obtained from the matrix and
the inner layer oxide (region C in Fig. 4a), showing that the inner oxide
was chromite-type spinel. In addition, the diffraction pattern of the
oxide is coherent with the diffraction pattern of matrix in one direction,
suggesting that there was an epitaxial relationship between the matrix
and the inner layer oxide (see Fig. 4d). The aperture size used for region
C was 100 nm. SAED was also conducted on region containing all sur-
face oxides and matrix, marked as B (aperture size = 200nm) in
Fig. 4a. The SAED pattern proves that the surface oxides consisted of
both chromite-type and magnetite-type spinel, as shown in Fig. 4c. As
mentioned above, the inner layer oxide and the outer oxide particle
were composed of chromite-type spinel and magnetite-type spinel, re-
spectively. No epitaxial relationship was observed between the mag-
netite-type spinel and the matrix in Fig. 4c, suggesting that there was no
crystallographic relationship between the outer oxide particles and the
matrix. The SAED pattern in Fig. 4c was not as sharp as that in Fig. 4d,
which could be due to the amorphous outer layer oxide described
previously (see Fig. 3c).

3.4. Chemical composition of surface oxide

The morphology and chemical composition of the surface oxide
films were examined via high angle annular dark field (HAADF) ima-
ging and EELS analysis. Fig. 5a shows the HAADF image of the cross-
section of the surface oxide formed on 316L SS. Since the HAADF
image is very sensitive to the atomic number of the material, it is easy
to differentiate the oxide from the matrix through their different signal
intensity. Surface oxidation was found to be continuous but the thick-
ness was not uniform. The interface between the oxide and the matrix
was not straight, showing a wavy shape. Further observation reveals
that there were many black dots and channels in the matrix closed to
the surface oxide, indicating that oxidation had developed into this
region, as seen in Fig. 2. The difference in contrast was not enough to
appreciate the duplex nature of the oxide film in the HAADF images.

EELS mapping was also conducted and the results are shown in
Fig. 5b and c. Fig. 5b shows the signal intensity maps (net elemental
counts), in which the brighter regions contain a higher net content of
elements. The O-map in Fig. 4b reveals that discrete oxidation might
have occurred into the metal beyond the matrix-inner oxide interface,
in the form of very fine entangled filaments, likely to be individual
oxidized dislocations, which do not seem directly connected to the
inner oxide. We will refer to this new layer as “penetrative oxidation
layer”. EELS analysis reveals that Cr was enriched while Fe was de-
pleted in the O-rich region (see the Cr-map and Fe-map in Fig. 5b). The
Ni-map shows that the Ni was depleted in the O-rich region but en-
riched in the region surrounding the oxide. Atomic-resolution imaging
was also conducted, revealing that the oxide in the penetrative oxida-
tion layer was mainly composed of Cr,O3; and FeCr,04 and the oxides
were epitaxial with the surrounding matrix (not shown). In the Cr-map,
the original surface of the sample can be identified due to the different
signal intensity, which is highlighted by a blue dashed line. Oxide
dissolution can be observed when the position of the original surface
was used as a reference, as marked by a green dashed circle. Further
observation reveals that there was a Cr-rich layer on the top of the
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Fig. 2. (a) TEM images showing the cross-section of the surface oxide; (b) a magnified view of the rectangular area A in (a); (c) a magnified view of the rectangular
area B in (a); (c) a magnified view of the rectangular area C in (a).

Fig. 3. Atomic-resolution images of the surface oxide formed on
316 L SS exposed to simulated PWR primary water: (a) atomic-
resolution TEM image showing the matrix in the zone axis of
[012]; (b) atomic-resolution TEM image showing the inner layer
chromite-type spinel oxide in the zone axis of [001]; (c) atomic-
resolution TEM image showing that outer layer oxide was amor-
phous; (d) atomic-resolution TEM image showing that the outer
oxide particle was magnetite-type spinel in the zone axis of [123].

» A

2 nin louertiyer

.. voxide~,

216



Z. Shen et al.

Corrosion Science 148 (2019) 213-227

20 1/nm

Fig. 4. (a) TEM micrograph; (b) SAED pattern obtained from A- matrix; (c) SAED pattern obtained from C- matrix and surface oxide; (d) SAED pattern obtained from

D-matrix and inner oxide layer.

penetrative oxidation layer, corresponding to the position of inner
oxide layer. The structure of this layer was continuous but the thickness
was not uniform, ranging from 30 to 100 nm. The Fe-map and Ni-map
show that Fe and Ni were depleted in this layer. On the top of the inner
oxide layer, lies the outer oxide layer, which was enriched in Fe and Ni
but depleted in Cr, as shown in Fig. 5b. Several outer oxide particles
were observed on the original surface and the bigger ones were ob-
served to growth on the top of the small ones (see the Fe-map in
Fig. 5b). The chemical composition of the oxide particles was similar to
the outer oxide layer. Fig. 5¢c shows the relative chemical composition
maps (concentration in atomic percentage) obtained from EELS map-
ping. Compared with the signal intensity maps, the relative composition
maps were similar except for the distribution of O in the surface oxide
film. The relative composition O-map shows that the relative content of
O in the whole surface oxide film (excluding the penetrative oxidation
layer) was similar although the signal density of O was not uniform (see
the O-map in Fig. 5b). To study the elemental distribution across the
surface oxide film, a quantitative line-scan was conducted. The line-
scan position is indicated in the Cr-map of Fig. 5c¢ and the results are
shown in Fig. 5d. Due to the different chemical composition, it is easy to
distinguish the different layers of oxide from each other. As shown in
Fig. 5d, I-IV represent the outer oxide particles, outer oxide layer, inner
oxide layer, and penetrative oxidation layer, respectively. A qualitative
EELS line-scan, showing the integrated EELS signal, was also extracted,
as shown in Fig. 5e, since it is more useful to understand elemental
diffusion. In this line profile, it can be seen that the signal intensity of Cr
in the inner oxide layer was even higher than in the unaffected matrix,
indicating that Cr from the other regions has diffused into the inner
oxide layer. Since regions II and III nearly have the same length, the
increased Cr in the inner oxide layer can be described by the area of S,.
Compared with the unaffected matrix, the outer oxide layer was de-
pleted in Cr and the decreased Cr can be described by the area of S;.
The area of S; was around two times greater than S,.

According to the results described above, the surface oxide film
mainly consisted of outer oxide particles (I), an outer oxide layer (II), an
inner oxide layer (III), and a penetrative oxidation layer (IV), as shown
in Fig. 5d. Their chemistry and microstructure are summarized in
Table 2.

3.5. Morphologies and chemical composition of crack flank oxide

Fig. 6a shows the HAADF image of a crack prepared from 316 L SS
exposed to simulated PWR primary water at 340 °C. The crack flank was
prepared from a region around 1um away from a potentially active
crack tip. Crack flanks were oxidized and the crack opening was filled
with oxide (similar to the oxide particles on the surface oxide film). The
oxidation in the crack flank reached 50-100 nm. EELS mapping was
conducted to reveal the chemical composition of the oxides. Fig. 6b
shows the signal intensity maps. The oxide in the crack opening was
mainly composed of Fe and O. The original surface of the crack flanks
can be identified in the Cr-map, which were marked by a green dashed
line, as shown in the Cr-map of Fig. 6b. Further observation reveals that
the oxide under the crack flank surface can be divided into two layers:
an inner oxide layer and a penetrative oxidation layer. The inner oxide
layer was enriched in Cr while depleted in Fe and Ni. The penetrative
oxidation layer was very similar to that in the surface oxide film (see
Fig. 5), with Cr-rich oxides surrounded by Ni, as shown in Fig. 6b. The
relative composition maps shown in Fig. 6¢ were similar to the signal
intensity map in Fig. 6b, except that the relative O content appeared to
be higher in the inner oxide layer than the oxide in the crack opening.
To understand the chemical composition in the crack flank oxide, a
quantitative EELS line-scan was conducted. As shown in Fig. 6d, I, III,
and IV represent the crack flank outer oxide particles, inner oxide layer,
and penetrative oxidation layer, respectively. The crack flank outer
oxide particles and inner layer oxide are compatible with Fe30, and
FeCr,0,, respectively, according to the diffraction analysis and their
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Fig. 5. Morphology and chemistry of the cross-section of the surface oxide formed on 316 L SS. (a) HAADF image; (b) EELS elemental O K edge and Cr/Fe/Ni L edge
maps (signal counts); (c) EELS elemental O K edge and Cr/Fe/Ni L edge maps (relative composition); (d) EELS relative composition line profiles across the surface

oxide; (e) EELS signal counts line profiles across the surface oxide.

Table 2
Summary of the chemical content, phases, and epitaxial relationship with ma-
trix of the different oxide layers of surface oxide.

Surface Chemical content (at%) Phases Epitaxial with
oxide matrix
) Cr Fe Ni
1 4852 57 24728 7711  (Fe,Cr,Ni)304 No
I 5458 3715 1528 5710  Amorphous No
I 5762 1825 10715 375 FeCr,04 Yes
v 735 1520 30760 10720 Cr;O3/ FeCr,04 Yes

218

atomic ratios. SAED pattern show that the inner oxide layer was epi-
taxial with the matrix and no amorphous outer oxide (II in Fig. 5) was
observed in the crack flank oxides. Since the exact composition of the
tiny oxides in the penetrative oxidation layer cannot be easily extracted
from the integrated thickness data, higher resolution analysis is needed.

To better observe the penetrative oxidation layer, a higher resolu-
tion EELS map was acquired and the results are shown in Fig. 7. Fig. 7a
shows the HAADF image of an oxidized crack flank. Many discretely
distributed black dots were observed in the matrix just beneath the
inner oxide layer, indicating that oxidation had developed into this
region. The EELS relative composition maps show that the black dots
mainly consisted of O, Cr, and Fe and the Ni appeared to be “expelled”
to the surrounding environment forming many Ni-rich channels (see
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Fig. 6. Crack flank oxidation of 316 L SS exposed to simulated PWR primary water at 340 °C: (a) HAADF image; (b) EELS elemental O K edge and Cr/Fe/Ni L edge
maps (signal intensity); (c) EELS elemental O K edge and Cr/Fe/Ni L edge maps (relative composition); (d) EELS composition line profiles across the crack flank.

Fig. 7b). EELS spectra extracted from the black dot (point A) and the
matrix (point B) are given in the Fig. 7c and d, respectively. Compared
with the spectrum from the matrix, the Ni peak disappeared in the black
dot, indicating that there was no Ni in the black dot and the oxide in
this layer might be FeCr,0,4. Cr,O3 might also exist in this layer, since
there were some regions only enriched in O and Cr, and depleted in Fe.
To further confirm this hypothesis, atomic-resolution imaging was
conducted, revealing that the oxides in this layer were mainly com-
posed of FeCr,O4 and Cr,0O3; and they were epitaxial with the sur-
rounding matrix (not shown).

According to the results described above, the crack flank oxide film
mainly consisted of outer oxide particles (I), an inner oxide layer (III),
and a penetrative oxidation layer (IV), as shown in Fig. 6d. The
chemistry and microstructure of the different layers are summarized in
Table 3.

219

3.6. Morphologies and chemical composition of crack tip oxide

All crack tips observed in the CT specimen were intergranular and
three potentially active SCC crack tips were prepared by FIB and ex-
amined by HAADF imaging and EELS analysis. One typical result is
shown in Fig. 8. Fig. 8a shows the HAADF image of a crack tip specimen
and the location of the crack tip is marked by a black arrow. In this
study, crack tips are defined as the last portion of the GB (oxidized or
not) directly exposed to the environment. To identify the position of
crack tips in the TEM samples, HAADF imaging combined with Fresnel
contrast in TEM mode were used [13]. Intergranular oxidation was
observed in the region ahead of the crack tip. The length of this region
was around 300 nm. The distribution of oxides was not uniform, with
discretely distributed black spots that might be interconnected in 3D,
but not within the thickness of the TEM sample. Fig. 8b shows the EELS
signal intensity maps. The grain boundary ahead of the crack tip was
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Fig. 7. (a) Magnified view of the crack flank oxidation of 316 L. SS; (b) EELS elemental O K edge and Cr/Fe/Ni L edge maps (relative composition); (c) EELS spectrum

obtained from point A; (d) EELS spectrum obtained from point B.

Table 3
Summary of the chemical content, phases, and epitaxial relationship with ma-
trix of the different oxide layers of crack flank oxide.

Crack flank Chemical content (at%) Phases Epitaxial with
oxide matrix
(0] Cr Fe Ni
1 5356 0 40743 0 Fe304 No
11 5458 20730 1225 275 FeCr04 Yes
v 525 1522 3560 10720 Cry03/ Yes
FeCr,04

enriched in Ni while depleted in Cr and Fe. The length of the Ni-rich
zone was around 400 nm. Intergranular oxidation was confirmed to
occur and the distribution of O appears to be discontinuous (see the O-
map in Fig. 8b). Cr was significantly enriched in the O-rich region while
Fe and Ni were depleted. Atomic-resolution imaging was conducted in
the Region A (see Fig. 8a) and the oxide was revealed to be Cr,03 (see
Fig. 8d). Discretely distributed Cr,0O53 precipitates embedded in spinel
were also observed by Meisnar et al. [11] using APT in the region ahead
of SCC crack tips. Further observation reveals that Cr was also enriched
just ahead of the crack tip, although with a content not as high as that in
the big black dots (i.e. Region A in Fig. 8a), being identified as FeCr,04
(see Fig. 8e). The length of this region was around 40 nm. All the oxides
observed ahead of crack tips were epitaxial with the matrix and
amorphous structure was not observed in this region. In addition, in the
open crack region behind the crack tip, crack flank oxidation also oc-
curred and the penetrative oxidation was observed to develop into both
of the crack flanks, which is similar to what was observed in Fig. 6.
Penetrative oxidation was also observed to develop from the uncracked
oxidized grain boundary ahead of the crack tip into the grains, although
the extent was much lower than in the open crack region. The EELS
relative composition maps shown in Fig. 8c were similar to the signal
intensity maps. To quantitatively show the chemical composition across

220

the oxidized grain boundary ahead of the crack tip, an EELS line-scan
was conducted. The location of the line-scan is marked in the O-map of
Fig. 8c. Fig. 8f shows that the intergranular oxidation propagated along
the interface between the matrix and the Ni-rich zone. It is necessary to
point out that the length of the Ni-rich zone (" 400 nm) was longer than
the I0OZ (300 nm) ahead of the crack tip, as shown in the supplemen-
tary data (see Fig. S1). An IOZ has been often associated with the for-
mation of a Ni-rich region in Ni-based alloys [11-16] and the Ni-rich
region has been proved to be the result of grain boundary migration
[12,13,16,33-38]. The Ni-rich region occurred in this study was also
revealed to be the result of grain boundary migration (via dynamically
tilting the TEM sample under TEM) and the oxidation was observed to
develop along the migrated grain boundary and not the original grain
boundary (see Fig. 8f), which is consistent with the results in
[12,13,16,33-38].

According to the results described above, the intergranular oxide
developed ahead of crack tips consisted of a continuous Cr-rich oxide
(III) similar to the inner oxide layer in the previous regions and discrete
higher Cr oxides (IV) similar to the penetrative oxidation layer also
shown before, as shown in Fig. 8b. The results obtained above are
summarized in Table 4.

3.7. Oxidation state results

To better understand the type of oxides formed in each layer and
what type of divalent or trivalent cations were preferred, oxidation
state EELS maps were calculated for the three regions described in the
previous sections. The maps revealed discrete oxidation states for Fe (0,
2+ and 3+) and Cr (0 and 3+), in agreement with the observed
phases. The energy loss of the Fe and Cr L3 lines was used to qualita-
tively map their oxidation states, as shown in Fig. 9. The values ob-
tained for the energy loss of the Ls line and the ratio between L3/L, in
the various oxidation states are shown in Table 5 and were extracted
from the spectra shown in Fig. 10. Cr only appears as a trivalent (3+)
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Fig. 8. Crack tip oxidation of 316 L SS exposed to simulated PWR primary water at 340 °C: (a) HAADF image; (b) EELS elemental O K edge and Cr/Fe/Ni L edge maps
(signal intensity); (c) EELS elemental O K edge and Cr/Fe/Ni L edge maps (relative composition); (d) atomic-resolution TEM image showing that the oxide in the
Region A was Cr,Oj; in the zone axis of [2110]; (e) atomic-resolution TEM image showing that the oxide in the Region B is chromite-type spinel in the zone axis of

[111]; (f) EELS composition line profiles across the oxidized grain boundary.

Table 4
Summary of the chemical content, phases, and epitaxial relationship with ma-
trix of the different oxide layers of crack flank oxide film.

Crack tip Chemical content (at%) Phases Epitaxial with
oxide matrix
[¢] Cr Fe Ni
111 5762 1927 815 35 FeCr,04 Yes
v 5458 30740 275 25 Cry03 Yes

cation in this study when oxidized, which is compatible with the ex-
istence of chromia (Cr,03) and chromite (FeCr,O4). The spinel have
M1M2,0, structure, where M1 is a divalent cation (2+) and M2 a
trivalent one (3+). Fe is mostly incorporated to chromite as the diva-
lent cation (2+) and to magentite as both divalent (33%) and trivalent
(66%). Penetrative discrete oxides seem to mostly contain chromia,
with some overlapping from unoxidized Fe (oxidation state 0), coming
from the surrounding matrix due to the integration of the signal over
the thickness of the TEM sample. Inner oxides spectra are compatible
with chromia and chromite phases. The outer oxide shows a joint
contribution from Fe 2+ and 3+, which matchs the magnetite phase
(FeFe;04). A higher 3+ contribution is observed in the outer part of the
inner oxide in most regions and particularly in the amorphous outer

oxide from the surface sample.

4. Discussion

The surface oxides formed on 316 L SS after exposure to simulated
PWR primary water at 340 °C for 2000 h have been examined in detail
at several locations. The inner oxide films can be divided into two re-
gions: a continuous inner oxide layer and a discontinuous penetrative
oxidation layer. The outer oxide can exhibit up to two layers: a dis-
continuous layer of oxide particles and a continuous amorphous outer
oxide layer. These layers, as well as their roles and mechanisms of
formation will be discussed next.

4.1. Oxide layers

4.1.1. Penetrative oxidation layer

The penetrative oxidation layer can be considered as part of the
inner oxide layer, although in its early stages. It is the closest to the
metal matrix and appears to follow defects in the microstructure,
mostly dislocations. It is formed by discrete oxide nodules that follow
the dislocation lines. Their discrete, unconnected nature was confirmed
through tilt series (not shown) and by atom-probe tomography in pre-
vious works from the group [11,24]. It has been observed in three
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Table 5
Experimental values obtained for the energy of the L3 line peak ( + 0.1 eV) and
the ratio between Lz/L, ( + 0.04) for Fe and Cr L edges.

Elements Metallic (0) Oxidized (2+) Oxidized (3+)

Ls (eV) Ls/L, Ls (eV) L3/Ly Lz (eV) Ls/Ly
Cr 576.2 1.47 - - 577.3 1.52
Fe 707.8 2.0 708.5 4.0 709.0 5.1

regions, being enriched in Cr while depleted in Fe and Ni. Although the
nodules were smaller than the sample thickness and quantitative results
were affected by surrounding matrix, oxidation state mapping and
diffraction confirmed the existence of chromia as the most likely oxide
forming in this region. As can be seen in the maps in Fig. 9, the areas
where the penetrative oxide is formed only shows oxidized Cr, while Fe
remains metallic. This suggests that chromia initially forms to be later
converted to chromite as the oxidation progresses. The depletion of Fe
in the penetrative oxidation layer might be caused by the outward
diffusion of Fe into the solution. The enriched Cr seemed to come from
the matrix surrounding it because Cr-depletion was observed in the
matrix. To support this hypothesis, the normalized signal densities of
Cr, Fe, and Ni in the penetrative oxidation layer were compared to the
normalized signal densities of Cr, Fe, and Ni in the unaffected matrix,
respectively. The results show that the normalized signal density of Cr
in the penetrative oxidation layer was similar to (only "5% lower) that
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in the unaffected matrix, confirming that the Cr in the penetrative
oxidation layer was only locally redistributed by the selective oxidation
and only around 5% of Cr diffused out into the inner oxide layer. The
normalized signal density of Fe in the penetrative oxidation layer was
measured to be around 20% lower than in the unaffected matrix, sug-
gesting that around 20% of Fe diffused out during the exposure. In-
terestingly, the normalized signal density of Ni in the penetrative oxi-
dation layer was around 25% higher than that in the unaffected matrix.
To answer the question of where the increased Ni was diffusing from,
there are two possible explanations: one being from the matrix under
the penetrative oxidation layer and the other one from the inner oxide
layer above. Since no Ni-depletion was observed in the matrix under the
penetrative oxidation layer, the only possible explanation was that the
increased Ni was from the region now occupied by the inner oxide
layer.

Actually, the redistribution of Fe, Cr, and Ni in the penetrative
oxidation layer could be related to their different diffusion rates, so-
lubility in high temperature water and different affinities with oxygen.
As the diffusion rate of Fe in the oxide is faster than that of Cr and Ni
[27,39], the concentration gradient of Fe at the interface of matrix and
the inner oxide layer will drive Fe to diffuse from the penetrative oxi-
dation layer to the solution through the oxide film. Meanwhile, the
inward diffusion of O will firstly react with Cr due to its high oxygen
affinity. The Ni will be “expelled” to the surrounding matrix due to its
low diffusion rate and low oxygen affinity under the water chemistry
used in the current study [13,20,40]. In another words, the oxidation
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Fig. 10. EELS spectra showing the a comparison of the Cr (left column) and Fe (right column) L3 edges depending on the location within the oxide for surface (a),

crack flank (b) and crack tip (c) oxides.

observed appears to be selective (this is also known as dealloying in
literature). The selective oxidation occurred in the inner oxide layer
will also expel part of the Ni into the penetrative oxidation layer, re-
sulting in the increase of Ni in the penetrative oxidation layer. The
selective oxidation-induced Ni expulsion was also observed by Lange-
lier et al. [40] using 3D atom probe tomography (APT) and by Sennour
et al. [14] using atomic-resolution TEM.

Although the surface oxidation of SS in high temperature aqueous
environments has been studied extensively, the penetrative oxidation
layer was rarely reported [1-10,14-19,21]. A potential reason could be
the lower resolution of the characterization techniques used in those
studies. In the current study, the combination of a Cs-corrected STEM
and a cold-field gun provided high lateral resolution imaging and high
energy resolution chemical analysis. In comparison, the main analytical
technique used in the literature [1-10,14-19,21] was EDX, which was
not efficient in the detection of light elements such as O or lacked re-
solution. This is why Ni enrichment was always observed at the matrix/
oxide film interface while O was not detected in this region. Another
point to mention is that the Ni-rich zone was believed to be formed only
due to the outward diffusion of other metallic elements from this region
[1-10,14-19,21]. However, according to the EELS signal density maps
shown above (see Fig. 5b), the inward expulsion of Ni from the inner
oxide layer also contributed the localized Ni enrichment, as discussed
above. The observation of a Ni-rich region around the penetrative
oxidation layer might be helpful in understanding the SCC since a Ni-
rich region was always observed ahead of the SCC crack tip and it was
believed to have a significant effect on crack growth [11-13,29]. More
details will be discussed later.

According to the results obtained in this study, we can conclude that
in the early stage of surface oxidation, Cr was firstly oxidized by the
inward diffusion of O through the fast-diffusion channels (possibility
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dislocation channels), while Ni was “expelled” to the surrounding ma-
trix and Fe diffused from the matrix to the solution. This is consistent
with the results reported by Kuang et al. [17], in which 304 SS was
studied after exposed for 26 h in high-temperature water.

4.1.2. Inner oxide layer

Once the specimen was exposed for a longer time, the chromia in
the penetrative oxidation layer will transform into chromite, forming
the inner oxide layer. This has been confirmed by oxidation state
mapping. It has been observed in the three regions. In Fig. 9, it can be
seen how both the Fe and the Cr appeared oxidized in the inner oxide
area (all samples). The energy loss of the L3 peak in Fig. 10, suggests Cr
is oxidized to 3+ and Fe mostly to 2 + . Interestingly, the closer the
region it is to the open environment (e.g. sample surface), the higher
the Fe 3+ content, particularly on the outer part of the inner oxide
(described as the amorphous outer oxide layer for the surface sample).
This suggests that the environment can provide with 3+ cations to the
oxide, with its availability decreasing as one travels deeper into the
crack.

Compared with the penetrative oxidation layer, the content of O in
the inner oxide layer was higher although this could be an artefact
caused by the size of the oxides in the penetrative oxidation layer being
smaller than the thickness of the TEM foil. This hypothesis can be
supported by the results reported by Lozano-Perez et al. [9,24] via atom
probe tomography (APT). Compared with the unaffected matrix, the
normalized signal density of Ni in the inner oxide layer was around
55% lower and Fe was around 75% lower while Cr was around 35%
higher. The decrease of Fe was the result of outward diffusion due to its
fast element diffusion rate [22,26], while the loss of Ni was the result of
selective oxidation expelling Ni into the penetrative oxidation layer and
the dissolution of Ni into the solution. Cr enrichment was frequently
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reported in the inner oxide layer and it was attributed to the outward
diffusion of Cr from the matrix to inner oxide layer [2,3,14,16,21].
However, the normalized signal density of Cr in the penetrative oxi-
dation layer and the inner oxide layer was still around 30% higher than
that in the unaffected matrix. If the increased Cr in the inner oxide layer
only originated from the penetrative oxidation layer (e.g. from the
volume now mostly occupied by Ni), the normalized signal density of Cr
in the penetrative oxidation layer and the inner oxide layer should be
similar to the unaffected matrix. As a result, the only possible ex-
planation is that some of the extra Cr in the inner oxide layer comes
through the outer oxide layer from the solution. However, the driving
force for the inward diffusion of Cr from the solution into the inner
oxide layer is still unclear at this stage and further study is needed.

According to the SADP patterns shown in Fig. 4, the inner oxide
layer grew epitaxially with the matrix, indicating that its formation was
dominated by the solid-state growth mechanism. Combining the SADP
patterns in Fig. 4 and the chemical composition in Fig. 5, the Cr-rich
chromite-type spinel oxide formed in the inner oxide layer can be for-
mulated as FeCr,04 which is consistent with the literature
[1-10,14,16,17,19,22].

4.1.3. Outer oxide layer

Only the surface sample directly exposed to the environment ex-
hibited an amorphous outer oxide layer as described in Sections 3.2 and
3.3. It is suggested that in this region, with increasing exposure times, a
part of the inner oxide layer will turn into outer oxide layer (see Fig. 5).
Although this layer had amorphous structure, the oxidation state maps
reveal that there were higher proportion of Fe 3+ (see Figs. 9 and 10).

Compared with the unaffected matrix, its chemical composition for
Fe, Ni, and Cr were around 45%, 40%, and 56% lower in the outer
oxide layer, respectively. However, compared with the chemical com-
position in the inner oxide layer, Fe was around 120% higher in the
outer oxide layer while Cr was 130% lower. The signal density of Ni in
the outer oxide layer was around 15% higher than in the inner oxide
layer. Since the formation of the outer oxide layer was the result of
longer exposure of the inner oxide layer, the alteration of chemical
composition in the outer oxide layer can be explained by the different
diffusion rates of Cr, Fe, and Ni through the Cr-rich spinel oxide.
According to Stellwag [1], the diffusion rate of Cr in the Cr-rich spinel
oxide was much lower than Fe and Ni. When the Cr-rich inner oxide
layer was exposed to the PWR water for longer time, Cr, Fe, and Ni in
this layer would partially dissolve into the high-temperature solution.
At the same time, the Cr, Fe, and Ni in the penetrative oxidation layer
would diffuse into the inner oxide layer to supplement the loss of me-
tallic elements. However, since the outward diffusion rate of Cr was
much lower than Fe and Ni, the supply of Cr was lower than the loss. As
a result, the outmost part of the inner oxide layer would end up de-
pleted in Cr, creating the outer oxide layer (see Fig. 5). Since Cr in the
oxide is critical in protecting material from further oxidation
[1-10,18,19,21-26], the decrease of Cr in the outer oxide layer will
enable more outward diffusion of metallic elements and inward diffu-
sion of O, resulting in faster oxidation. In addition, Cr was reported to
be crucial in stabilizing the spinel oxide in the PWR primary water
environment [1]. The decrease of Cr in the outer oxide layer will ac-
celerate the dissolution of the outer layer oxide (see Figs. 2 and 5).
According to the atomic-resolution image shown in Fig. 3c, the struc-
ture of the outer layer oxide appeared to be amorphous. Thermo-
dynamically, an amorphous phase is generally believed to be unstable,
which might be able to explain why the oxide dissolution occurred in
the outer oxide layer.

It is necessary to point out that although the duplex structure of the
surface oxide formed on SS has been often reported in the past
[1-10,18,19,21-26], the description of the outer oxide layer in the
current study is different from that in literature, where it is closer to
what we now refer to as the “outer oxide particles”. Traditionally, the
layers were differentiated by composition, with the outer oxide layer
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Fe-rich and the inner one Cr-rich. However, in the current study, the
outer surface oxide particles were not treated as a layer of oxide, since
they are not continuous and are mostly formed by precipitation from Fe
ions in the environment. Instead, only the Fe-rich amorphous oxide on
the top of inner oxide layer is defined as the outer oxide layer. This
layer has not been reported before as such, which might be because the
exposure time used in the literature (less than 1000 h) was not long
enough or the results in literature lacked the resolution
[1-10,18,19,21-26].

4.1.4. Outer oxide particles

Outer oxide particles have been often reported [1-10,18,19,21-26].
Since there was no orientation relationship between the oxide particles
and the matrix (see Fig. 4), the formation of the oxide particles was
considered to be mostly the result of precipitation from Cr, Fe and Ni
ions in solution. As shown in Figs. 3d and 5, these oxide particles can be
formulated as (Fe,Cr,Ni)304. Those on the sample surface directly ex-
posed to the environment contain Ni 2+ and Fe 2+ in the M1 site and
Cr 3+ and Fe 3+ in the M2 site (See Figs. 9 and 10). The particles in
the crack flank appear to be pure magnetite (FeFe,O,4) and those near
the crack tip match with chromite (FeCr;04). Although they are gen-
erally believed to provide no protection to the matrix, they appeared to
be able to prevent the dissolution of the outer oxide layer (see Figs. 2
and 5) and the ingression of ions from the environment into the inner
oxides. According to the results shown in Fig. 5a, the oxidation depth
(not including the penetrative oxidation layer) under the outer oxide
particles was smaller than the region without outer surface oxide par-
ticles. In addition, according to a recent work conducted by Dohr et al.
[17], the initiation of SCC cracks could be delayed once the outer oxide
particles form a continuous layer, since a higher stress is required to
fracture the intergranular oxides.

4.2. Current understanding of surface oxidation mechanism

Based on the experimental evidence found in this study and the
results discussed above, a detailed description of the surface oxidation
of 316 L SS exposed to simulated PWR primary water is proposed, as
shown in Fig. 11. Fig. 11a shows the initial stage of a cold-worked 316 L
SS coupon exposed to PWR primary water. Once the specimen is ex-
posed to the PWR primary water, oxidation starts to occur along the
fast-diffusion channels (possibly dislocation channels) introduced by
sample polishing and/or prior cold-work, as shown in Fig. 11b. Due to
the high oxygen affinity, Cr is firstly oxidized by the inward diffusion of
O while Fe diffuses out because of its higher diffusion rate. The oxides
in the penetrative oxidation layer mainly consist of CrO3 and they are
epitaxial with the matrix. Since Ni is nobler in this environment than Cr
and Fe, and exhibits lower diffusion rate, it is “expelled” from the oxide
into the neighboring matrix (occupying the vacancies left by the Fe and
Cr). Meanwhile, Fe-rich oxide particles, that can incorporate cations
from the environment, start to precipitate on the outer surface with no
epitaxial relationship with the matrix. The size of the outer surface
oxide particles increases with the exposure time and the surface oxi-
dation develops into a deeper region, forming a continuous Cr-rich
inner oxide layer, which will end up replacing the initial chromia no-
dules. The chromite oxides in the inner oxide layer are epitaxial with
the matrix. As shown in Fig. 11c, oxidation is not completely prevented
by the Cr-rich inner oxide layer, and the penetrative oxidation layer
further develops ahead of the Cr-rich inner oxide layer. A part of Ni in
the Cr-rich inner oxide layer is “expelled” into the penetrative oxidation
layer (again, occupying the vacancies left by the Fe which started dif-
fusing towards the environment), resulting in a local enrichment.
Meanwhile, most of Fe and Ni in the Cr-rich inner layer diffuse out into
the environment and then precipitate on the surface, forming the outer
oxide particles. With the increase of the thickness of the inner oxide
layer, outward diffusion of metallic elements and the inward diffusion
of O becomes harder. As a result, oxidation slows down. After a long
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Fig. 11. Schematics of surface oxidation process of 316 L SS exposed to simulated PWR primary water at 340 °C.

enough exposure, the dissolution of Cr from the inner oxide layer into
the environment leads to a Cr-depleted upper part, which eventually
turns amorphous and has been referred to as the outer oxide layer. This
new layer is not stable and starts to dissolve in the high temperature
water. At some point, it loses its protective nature and oxidation starts
to propagate deeper into the matrix, as shown in Fig. 11d.

4.3. Similarities and differences between surface, crack flank and crack tip
oxidation

In order to compare the similarities and differences between the
three regions, it is necessary to address their different exposure times.
Since the 316 L SS coupon has been exposed to simulated PWR primary
water for 2000 h, the exposure time for the surface oxide can be as-
sumed to be the same. The crack flank oxide examined in Fig. 6, on the
other hand, was around 1 pm away from a potentially active crack tip
and should have experienced a shorter exposure. Using the measured
CGR (6.21 x 10~ 8 mmy/s), the time needed for the crack to propagate
from the region of crack flank oxide (see Fig. 6) to the crack tip ahead
(1 um away) should be around 4.5h. Bearing in mind that I0Z was
always observed ahead of crack tips, averaging 300 nm, once can as-
sume that 1.5h (calculated based on the CGR) could have passed since
the crack tip was exposed to the environment. This would give a
maximum exposure time for the crack flank oxide shown in Fig. 6 of
around 6 h. The depths and estimated exposure times of the surface
oxide, crack flank oxide, and crack tip oxide are summarized in Table 6.

The results in Table 6 highlight the differences in oxidation kinetics
in the three regions. The explanation is likely to be related to the dif-
ferences in microstructure, applied stress, and, potentially, water
chemistry. The first two are obvious. The microstructure ahead of the
crack tip is a grain boundary with high defect density by nature, as

Table 6

opposed to the “matrix” nature of the crack flank and the sample sur-
face. The applied stress is non-existent on the sample surface or very
low if we consider residual stresses from prior cold-work and surface
polishing. The applied stress on the crack flank will be high when next
to the crack tip and gradually decreasing as this propagates further
away. This has been proven to enhance oxidation [11,13,41-44]. Fi-
nally, the applied stress will be considerable at a crack tip, particularly
if it has become the dominant one, as assumed for the one chosen in this
study. Regarding the water chemistry, if it was the same inside and
outside the SCC crack [5], the morphology and chemical composition of
the crack flank and tip oxides should be similar to those on the surface.
We found substantial similarities and some differences (see Figs. 6 and
10c and Tables 2 and 3). The structure of the layers is similar, although
no clear amorphous outer oxide was found on the crack flank. Com-
position-wise, Fe and Cr from the environment clearly incorporate into
the outer oxide particles and partly into the outer (Fe) and inner (Cr)
oxide layer on the sample surface, but not in those on the crack flank or
tip. The absence of an amorphous outer oxide layer and outer surface
particles in the crack tip oxide can be due to its much shorter exposure
time.

The selective oxidation-induced Ni-rich zone was also observed in
the penetrative oxidation layer of the surface oxide and the crack flank
oxide (see Figs. 5b and 6 b). Atomic-resolution images proved that the
Ni-rich region had the same orientation with the surrounding matrix,
indicating that the rejected Ni from selective oxidation adopted the
same lattice as the hosting grain, which was similar to the Ni-rich zone
(grain boundary migration zone) ahead of the crack tips. However, the
redistribution of Ni in the penetrative oxidation layer proceeded along
dislocations and had no preferred destination, while the redistribution
of Ni at the grain boundary tends to prefer one grain orientation,
leading to the formation of grain boundary migration. The underlying

Summary of the depths and estimated exposure times of the surface oxide, crack flank oxide, and crack tip oxide.

Oxides Depths (nm)

Estimated exposure times (h)

Surface oxide
Crack flank oxide
Crack tip oxide

507120 (exclude outer surface oxide particles)
507100 (exclude crack flank oxide particles)
2407320 (along the grain boundary direction)

2000
6
1.5
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reasons contributing to this difference is still unclear, which might be
due the content of defects in one grain was much higher than in the
other grain (prior cold-work lead to preferential deformation in one
grain).

4.4. Implication for SCC

Based on the results shown in this study and the discussion above,
the mechanisms controlling the surface oxidation, crack flank oxida-
tion, and the crack tip oxidation are proposed to be similar. However,
cation availability and stress condition are clearly different. As ex-
plained in our previous works [11,13,24,41] and based on the work of
Dohr et al. [17], the authors consider that the grain boundary oxidation
is a prerequisite for SCC to occur and the factors that can affect oxi-
dation also affect SCC crack growth.

SCC has been reported in many austenitic alloys after exposure to
the PWR primary water [11-16]. Although many phenomena can affect
primary water SCC, the controlling mechanism is still unresolved.
Several models have been proposed to explain the mechanisms of SCC,
including film rupture, hydrogen embrittlement, and intergranular se-
lective oxidation [45-50]. The intergranular selective oxidation model,
which was first introduced by Scott et al. [46] and discussed by
[11-15], assumes solid state diffusion of oxygen down grain bound-
aries, which are preferentially oxidized once exposed to PWR primary
water, causing the oxidized grain boundaries to crack more easily be-
cause of grain boundary embrittlement. The brittle nature of the oxi-
dized grain boundary has been experimentally proven by many re-
searchers through direct measurement of the mechanical strength of
oxidized and unoxidized grain boundaries [17,51,52]. Since inter-
granular selective oxidation was also observed ahead of the crack tip in
the current study (see Fig. 8), the SCC mechanism can also be described
as selective intergranular oxidation.

According to the recent work by Bruemmer et al. [12] and Shen
et al. [13], selective oxidation of the grain boundary could inject va-
cancies into the intergranular oxide, leading to the formation of a
porous intergranular oxide. The porous intergranular oxide cannot
protect the grain boundary efficiently, which will enhance the inter-
granular oxidation and then accelerate SCC crack growth. The forma-
tion of porous intergranular oxide was believed to be the result of se-
lective oxidation under a certain environment [12-14,16,36,40]. Since
the content of dissolved hydrogen used in the current study located at
the equilibrium of Ni/NiO, Cr and Fe were readily oxidized while the
oxidation of Ni was minimum, especially in the inner region of the
oxide, where the corrosion potential is expected to be lower. For this
reason, the oxidation occurred in the grain boundary ahead of the crack
tip was selective (see Fig. 9c). The oxidation-induced porous inter-
granular oxide might be able to explain the enhanced intergranular
oxidation ahead of the crack tip examined in the current study.

Recently, grain boundary migration has been frequently reported in
Alloy 600 and Alloy 690 after exposed to simulated PWR primary water
or high-temperature H,-steam. Grain boundary migration was also
observed in the current study, which was believed to be caused by the
selective oxidation of solute elements (Cr and Fe) [12,13,16,33-38,45].
According to the recent works conducted by Bertali et al. [34,35], once
grain boundary migration occurred, the intergranular oxidation would
be enhanced in two ways. The first one is that the chemical composition
alteration in the migrated region could lead to local volume change and
the volume change could then introduce tensile or compressive stress in
the migrated region, which would fracture the intergranular oxide and
decrease its protectiveness. The second one is that Cr was depleted in
the migrated grain boundary (see Fig. 8) and protective oxide was
difficult to form, resulting in faster intergranular oxidation.

The formation of a Ni-rich zone (around the penetrative oxidation
layer) was also observed in the surface oxide and the crack flank oxide.
Since both the formation of the grain boundary migration ahead of the
crack tip and the Ni-rich zone in the surface oxide were caused by the
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selective oxidation, once the Ni-rich zone was observed in the surface
oxide, the occurrence of porous intergranular oxide and grain boundary
migration ahead of the crack tip could be expected. According to the
discussion above, both porous intergranular oxide and grain boundary
migration ahead of the crack tip were detrimental to SCC.

5. Conclusions

The surface, crack flank and crack tip oxidation have been char-
acterized by high-resolution ATEM. The results are compared and the
related oxidation mechanisms are proposed. The implications to SCC
are discussed. The main findings are summarized as follows:

1 After 2000 h of exposure, the oxide film formed on 316 L SS has a
triplex structure, a Cr-rich penetrative oxidation layer, a Cr-rich
inner oxide layer, and a Fe-rich outer oxide layer. A further outer
incomplete layer exists, made of Fe-rich discrete oxide particles.

2 The penetrative oxidation layer is formed by the selective oxidation
of Cr along the fast-diffusion channels. The formation of inner oxide
layer is dominated by the solid-state growth mechanism. The inner
layer oxide is Cr-rich spinel and epitaxial to the matrix while the
outer layer oxide is amorphous and dissolves into the solution
eventually. The formation of the outer surface oxide particles is the
result of precipitation of corrosion products and they have no
crystallographic orientation relationship with the matrix.

3 The electrochemical potential in the crack is supposed to be similar
to that on the sample surface because the microstructure and
chemistry of the crack flank oxides are similar to those on the sur-
face. A similar oxidation mechanisms is suggested for both cases,
although the water chemistry is different, with a higher concentra-
tion of dissolved cations in the open environment causing the pre-
cipitation of Fe-rich spinel containing Cr and Ni instead of magne-
tite. In addition, crack flank oxidation is faster than on the free
surface because of the applied-stress.
Intergranular selective oxidation develops ahead of the crack tip at a
rate over 3 orders of magnitude faster than that at the surface. The
enhanced intergranular oxidation rate is supposed to be cause by the
higher dislocation density and applied-stress and further con-
tributed by the formation of porous intergranular oxide and grain
boundary migration.
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