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Recent studies on stress corrosion cracking (SCC) behaviors of austenitic stainless steels in hydrogenated hightemperature water show that low potential SCC (LPSCC) can occur on cold-worked SUS 316 stainless steel (hereinafter, 316SS). In this study, oxide ﬁlms and crack tips on cold-worked 316SS exposed to hydrogenated high-temperature water were characterized using analytical transmission electron microscopy (ATEM), grazing incidence X-ray
diﬀraction (GIXRD) and Auger electron spectroscopy (AES) in order to study the corrosion and SCC behaviors of
these ﬁlms and crack tips. A double layer structure was identiﬁed for the oxide ﬁlm after a constant extension rate
tensile (CERT) test. The outer layer was composed of large particles (0.2–3 mm) of Fe3 O4 and the inner layer consisted
mainly of ﬁne particles (10 nm) of FeCr2 O4 . In addition, nickel enrichment was identiﬁed at the metal/oxide interface. Particles of Fe3 O4 were also identiﬁed on the crack walls. These results indicate that the same electrochemical
reactions had occurred inside and outside the crack. The crack tip area was ﬁlled with corrosion products of a chromium-rich oxide. In addition, nickel enrichment was observed at the crack tip. The formation of the nickel-enriched
phase indicates that a selective dissolution reaction of iron and chromium occurred at the front of the LPSCC crack.
KEYWORDS: stress corrosion cracking, crack tip, oxide ﬁlm, SUS316, pressurized water reactors, TEM

I. Introduction
Low potential stress corrosion cracking (LPSCC) of nickel-based Alloy600 is known to be an important degradation
phenomenon in pressurized water reactors (PWRs). However, the susceptibility of unsensitized austenitic stainless
steels to LPSCC is considered quite low, because this phenomenon has not yet been reported in actual PWR plants, except in cases of irradiation assisted stress corrosion cracking
(IASCC). However, recent studies using constant extension
rate tensile (CERT) testing revealed that cold-worked
316SS is susceptible to LPSCC.1–3) In one of those reports,
Arioka et al.2) found that water chemistry conditions inﬂuence the LPSCC of 316SS. This suggests that dissolution
or oxidation should aﬀect susceptibility to LPSCC. Therefore, knowledge of the corrosion reaction at crack tips of
LPSCC is important for understanding the mechanism of
crack propagation.
In recent years, oxide ﬁlms and SCC crack tips of Alloy600 have been observed directly by transmission electron
microscopy (TEM).4–7) The results clearly show that oxide
ﬁlms have a doble-layer structure and there are oxidized
zones along grain boundaries on the crack tips. In addition,
it was reported that the corrosion products in the inner layer
are the same as those formed on the crack tips. Thomas
et al.8,9) used TEM to directly observe crack tips for IASCC
of irradiated austenitic stainless steels. On the other hand, no
literature has been published on the LPSCC of unirradiated
austenitic stainless steel.
Another way to clarify the mechanism underlying SCC—
by characterizing the oxide ﬁlms formed on austenitic stain-
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less steels has been carried out for many years,10–17) because
the chemical and physical properties of oxide ﬁlms are
thought to play important roles in the cracking process, especially in its initiation stage.18–20) According to the results of
those studies, oxide ﬁlm formed on stainless steel in hightemperature water has a double-layer structure. In particular,
the inner layer, which is composed mainly of chromium-rich
spinel oxide, is thought to play an important role in corrosion
resistance. Therefore, it is necessary to characterize the
structure of the inner layer in detail for a deeper understanding of the corrosion mechanism and crack initiation. Crosssectional observation by TEM is known as an eﬃcient approach to directly observe oxide ﬁlm, and such studies have
been carried out in recent years.21,22) However, the experimental data collected thus far are insuﬃcient to understand
the corrosion mechanism.
In this study, to clarify the roles of dissolution and
oxidation on LPSCC of austenitic stainless steels, the microstructures of both the oxide ﬁlm and crack tip formed on
cold-worked 316SS in simulated PWR primary water were
analyzed in detail by using TEM, grazing incidence X-ray
diﬀraction (GIXRD) and Auger electron spectroscopy
(AES).

II. Experimental Method
1. Sample Preparation
The material used in this study was 316SS, which was solution-treated at 1,150 C for 10 min then water-quenched.
The chemical composition is shown in Table 1. The crack
tip and oxide ﬁlm used for the analysis were prepared by
the CERT test with a high-temperature water circulating system. Figure 1 shows the morphology of the CERT test
specimen. To accelerate the susceptibility to cracking, a
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Table 1 Chemical composition of the test material (wt%)
C

Cr

Mo

Ni

Mn

Si

P

S

Fe

0.049

17.1

2.1

12.0

1.5

0.45

0.027

0.005

Bal.

processed to a thickness of approximately 0.1 mm using a
focused ion beam (FIB) with Ga ion sputtering, as described
in our previous paper.21)
3. Analysis
The cross-sectional morphology of each crack and oxide
ﬁlm was observed using TEM (Hitachi HF-3000). Energy
dispersive spectroscopy (EDS) and micro-electron diﬀraction analysis were used to determine the chemical composition and structure, respectively. The structure and chemical
composition were examined also by GIXRD (Rigaku Rint2000) analysis and AES (ULVAC-PHISAM680) analysis.
Cross-sectional AES analysis was also conducted to conﬁrm
the presence of boron in the oxide ﬁlm.

Fig. 1 Specimen dimensions of the CERT test

cold-worked hump was prepared in the gauge section of the
specimen.30) These tests were conducted in the typical chemical environment of simulated PWR primary water chemistries of the middle of the fuel cycle (B: 500 ppm, Li:
2 ppm, DH: 2.75 ppm, 320 C). The extension rate was kept
constant throughout the experiment at 0.12 mm/min, and
the experimental time was approximately 500 h. The crack
morphology was mixed; it initiated in IGSCC then transited
to transgranular stress corrosion cracking and ﬁnally to ductile. The result of the CERT test was reported previously;2) in
this paper we are not concerned about the SCC growth rate.
The crack used for cross-sectional TEM observation is
nucleated around the main crack and is approximately 20–
100 nm long. Images of the oxide ﬁlm formed on the specimen surface are shown in Fig. 2. The surface of the specimen was covered with octahedral particles that ranged from
0.2 to 3 mm in diameter.
2. Cross-Sectional Sample Preparation
Cross-sectional samples, measuring 210:3 mm in size
and containing cracks and oxide ﬁlms, were cut from the
tested CERT specimen using a diamond saw, taking care
not to damage the crack tip or oxide ﬁlm microstructure.
The samples were then mechanically polished to a thickness
of 50 mm each. For the TEM analysis, each sample was then

10 µ m

2 µm

Fig. 2 SEM image of the oxide ﬁlm composed on the specimen
surface after exposure to hydrogenated high temperature water

III. Results
1. Oxide Film
(1) Surface Analysis
Figure 3 shows a typical XRD proﬁle from the gauge section of the tested specimen. All measurement peaks agree
with that from the spinel oxide, with the exception of the matrix, and neither a hydroxide peak nor a corundum (Cr2 O3 )
peak is observed. Figure 3(a), an inset within Fig. 3, shows
the spinel oxide (440) peak in detail. It indicates that the
spinel oxide is dominated by Fe3 O4 and FeCr2 O4 .
(2) Cross-Sectional Analysis
Figure 4 shows a cross-sectional TEM image of the oxide
ﬁlm, which has a double-layer structure. The outer layer consists of single crystal particles, 1–2 mm in diameter. On the
other hand, the inner layer, approximately 500 nm in depth,
consists of ﬁne grains of polycrystal. Several cracks observed in the oxide ﬁlm were not located on the grain boundaries of the base material in this observation.
Examples of the electron diﬀraction patterns from the oxide ﬁlm are shown also in Figs. 4(c), (d). The patterns from
both the inner and outer layers were in agreement with the
spinel structure. Since the diﬀraction pattern shows a spot
image, the outer layer is considered to be a single crystal
and not a polycrystal. In contrast, the structure of the inner
layer is identiﬁed as having a ring diﬀraction pattern, conﬁrming that the inner layer consists of ﬁne grains of spinel
oxides.
The elemental maps for oxygen, iron, chromium and
nickel in a cross-sectional area of the oxide ﬁlm are shown
in Fig. 5. The line scan analysis results are shown in
Fig. 6. The outer layer was composed mainly of iron oxide.
Relatively chromium-rich oxide was recognized in the inner
layer. These compositional details agree with the results
published for oxide ﬁlms formed in high-temperature pure
water.14) In addition, nickel enrichment was observed at
the oxide/metal interface, at up to 70 nm in depth. The quantitative element analysis (point analysis) by EDS, shown in
Fig. 7, indicates that nickel is enriched in a matrix by more
than twice its bulk concentration. Furthermore, we attempted
to examine the eﬀect of molybdenum on additional corrosion resistance in simulated PWR primary water. However,
as shown in Figs. 6 and 7, molybdenum enrichment was
not observed in the oxide ﬁlm.
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Fig. 3 X-ray diﬀraction proﬁles of the specimen using Cu-K radiation at incidence angles of less than 1 : (a) Enlargement of the area surrounding the spinel oxide (440) peak
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Fig. 4 Cross-sectional TEM image of the oxide ﬁlm composed on the specimen surface formed under hydrogenated
high-temperature water: (c) Outer layer diﬀraction pattern with spot from spinel oxide, (d) Diﬀraction pattern with
rings from ﬁne grained spinel oxide
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Fig. 5 Elemental maps of the oxide ﬁlm obtained by EDS. Marked areas refer to: outer layer (A), inner layer (B), outer
layer/inner layer interface (C), matrix (D), as shown in Fig. 7
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Fig. 8 AES analysis of the cross-sectional oxide ﬁlm

Fig. 6 EDS line scan proﬁles across the oxide ﬁlm
The analysis area is shown in Fig. 5.

Figure 8 shows AES spectra from the outer and inner oxide ﬁlms and the matrix of the cross-sectional sample. At approximately 178 eV, peaks of boron, whose detection limit is
approximately 0.1 at.%, were not observed in either the outer
or inner layer of the oxide.
2. Crack
(1) Crack-Initiation Area
An SEM image of the initiation area of intergranular
Fe
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cracking is shown in Fig. 9. Although grown octahedral particles occupied the surface of the specimen, only smaller particles were observed on the fracture facet. The quantity of
corrosion products formed on each granular facet was inconsistent with that formed on the same crack.
(2) Cross-Sectional Analysis
Figure 10 shows a cross-sectional SEM image of a crack.
The grained corrosion products are formed on only one side
of the crack surface. Additionally, slip step-like patterns
were observed on the fracture surface.
Figure 11 provides AES elemental maps for oxygen, iron,
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Fig. 7 Chemical compositions of the oxide ﬁlm with matrix obtained by EDS. The analysis area is marked on Fig. 5
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1.0 µ m

10 µ m

Fig. 9 SEM image of the initiation stage of the crack

Fig. 10 SEM cross-sectional image of the crack

chromium and nickel in the cross-sectional area of the crack.
They show that the oxide ﬁlm on the upper facet consists of
an iron-rich outer layer and a chromium-rich inner layer of
oxide, in agreement with the characteristics of the oxide ﬁlm
formed on the specimen surface.
Figure 12 shows a cross section of the LPSCC crack
formed under simulated PWR primary water conditions.
The whole crack image shown in Fig. 12(a) indicates diﬀerences in the levels formed on the surface of the specimen.
This ﬁnding suggests that grain boundary sliding has aﬀected the cracking process, especially during the initiation
stage. A low-magniﬁcation TEM image of the crack tip is
shown in Fig. 12(b). Corrosion products are observed in
the crack, which consists of a spinel structure, as determined
by electron diﬀraction (as shown in Fig. 12(b)). Furthermore, the EDS spectrum shows the following composition
(at.%): Fe, 39.1%; Cr, 2.3%; Ni, 2.6%; Mo, not detected;

1.0 µ m

O

Fe

Fig. 12 Cross-section crack morphology: (a) SEM image of a typical crack, (b) low-magniﬁcation TEM image, (c) TEM image of
the crack tip region

and O, 56.1% (at.%). Thus, the main corrosion products
are assumed to be Fe3 O4 , which grows by the deposition
of iron.

Cr

Fig. 11 Elemental maps of the cross-section of the crack obtained by AES
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Fig. 13 TEM image of the crack tip region (a: enlarged region
within Fig. 12), and EDS elemental maps from part of the sample
shown in (a)

Figure 13 shows a TEM image and EDS elemental maps
of the crack tip. The crack is ﬁlled with corrosion products.
Additionally, metallic nickel enrichment at the crack tip is
conﬁrmed, as shown in Fig. 13(b). The chemical composition of the nickel enrichment area was measured by EDS
as Fe, 56.7%; Cr, 21.9%; Ni, 15.1%; Mo, 6.4%; and O,
not detected (at.%).

IV. Discussion
1. Oxide Film Characterization
The results of the oxide ﬁlm characterization, formed in
hydrogenated high-temperature water, are illustrated in
Fig. 14.

The results by electron diﬀraction and EDS indicate that
the outer oxide is composed of an iron-rich oxide with a
spinel structure, which was supported by XRD analysis.
Therefore, it is concluded that the outer layer is composed
mainly of Fe3 O4 due to the redeposition of iron. On the other
hand, the inner oxide layer is composed of chromium-rich
oxide with a spinel structure. The results of electron diﬀraction and TEM observation suggest that the inner layer is
composed of ﬁne grains.
The corrosion potential of 316SS under the PWR primary
environment was reported to be approximately
830
mV.23,24) Thermodynamically, the most stable product for
SUS316 is FeCr2 O4 .25) These considerations are consistent
with the present results, which show that the inner layer consists mainly of iron and chromium spinels.
A cross-sectional observation reveals the enrichment of
metallic nickel at the oxide/metal interface. This result is
consistent with the oxide ﬁlm formed on the nickel-based alloy under the same condition as the present authors reported
previously.26)
The material used in this study was 316SS, which diﬀers
from 304SS primarily in that molybdenum is added to the
former to reduce corrosion. For this reason, it was thought
that molybdenum might play an important role in corrosion
resistance by protecting the oxide ﬁlm. However, no molybdenum concentrates in the oxide ﬁlm were observed. Arioka
et al.27) reported that molybdenum does not serve to mitigate
the LPSCC susceptibility of austenitic stainless steels.
2. Crack Tip Morphology and Cracking Mechanism
A cross-sectional view of the LPSCC crack is schematically shown in Fig. 15. From the microstructural analysis,
it can be deduced that Fe3 O4 precipitated at the crack wall
and that the crack tip ﬁlled with corrosion products consisting mainly of chromium-rich oxide. Thus, the oxide ﬁlm on
the crack wall has the same structure as that formed on the
specimen surface except for ﬁlm thickness. This suggests
that there is no large potential gradient between the surface
of the specimen and the inside of the crack, in such a hydrogenated PWR primary environment. This result is inconsistent with that in an oxygenated condition such as that of boiling water reactors (BWR). The potential gradient in BWR
environments is conﬁrmed by the analytic result that the surface oxide consists mainly of -Fe2 O3 , even though Fe3 O4

large particles of spinel crystals
consists mainly of Fe3O4.
fine particle of Cr-rich spinel.

Fe-rich spinel.
(Fe3O4)
Ni enrichment.

Ni-enriched matrix
1 µm

matrix (SUS316)

slip

Fig. 14 Schematic representation of the oxide ﬁlm formed on
the surface of the CERT specimen exposed to simulated PWR
primary water

Cr-rich oxide.
1 µm

Fig. 15 Schematic representation of the crack tip formed in the
CERT specimen under simulated PWR primary water
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was observed inside the crack.9,16) In this regard, the mechanism of LPSCC is assumed to diﬀer from the typical active
path corrosion model.
From the EDS analysis results, metallic nickel enrichment
was observed ahead of the crack tip. One of the explanations
for the generation of nickel enrichment is the diﬀerence in
the thermodynamic stability of the component elements. It
is reasonable to suppose that chromium and iron are selectively dissolved and that nickel remains at the reaction front.
Another explanation for nickel enrichment is that diﬀusion
rates diﬀer, although the diﬀerence is not large enough to account for the observed behavior. Nevertheless, it has been reported that the diﬀusion velocity of nickel is slower than that
of chromium and iron. Although the mechanism of nickel
enrichment is not clear, this result reveals that selective dissolution of iron and chromium occurred at the crack tip.
In nickel-based alloy, oxidized zones along grain boundaries on the crack tips in a simulated PWR environment were
reported.4–6) Therefore, to examine the possibility of internal
oxidation as a proposed LPSCC mechanism, detailed observations of the crack tip were performed. However, clear evidence of internal oxidation was not detected in this study.
Was et al.28,29) studied the correlation between intergranular (IG) cracking and creep behaviors for nickel-based alloy
and found that the environment, through the presence of hydrogen, enhanced IG cracking. Additionally, Arioka et al.1)
reported that grain boundary sliding occurred on austenitic
stainless steel at a PWR operating temperature. In this regard, the LPSCC phenomena in austenitic stainless steel
are assumed to be inﬂuenced by grain boundary sliding. In
this study, slip step-like patterns were observed on the crack
surface by cross-sectional analysis using SEM, which seems
to indicate that slip phenomena such as grain boundary sliding aﬀect crack propagation.
The LPSCC on SUS316 might be inﬂuenced by slip and
dissolution. However, several studies have indicated that hydrogen entering the material plays an important role in
LPSCC in nickel-based alloys.30,31) Therefore, the role of
electrochemical reactions (anodic and cathodic reactions)
may be one not only of dissolution but also of a source of
hydrogen. Although the dependence of susceptibility to
LPSCC on electrochemical reactions is not clear, the preliminary conclusion is that the cracking process can be expressed in a similar manner as in the slip dissolution model.

V. Conclusion
In order to clarify the role of dissolution and oxidation on
LPSCC of austenitic stainless steels, the microstructures of
the oxide ﬁlm and crack tip formed on cold-worked
SUS316 in simulated PWR primary water (B: 500 ppm, Li:
2 ppm, DH 2.75 ppm, 320 C) were analyzed in detail. The
following conclusions were obtained.
(1) The oxide ﬁlm consists of double layers. The outer layer
is composed mainly of granular Fe3 O4 , and the inner
layer consists of ﬁne grains of chromium-rich spinel
oxide. Nickel enrichment was observed at the metal/
oxide interface.
(2) The oxide on the crack wall through the crack tip has the
VOL. 42, NO. 2, FEBRUARY 2005
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same structure as that on the specimen surface. It is suggested that a large potential gradient does not exist within or outside the crack in this case.
(3) The crack tip was ﬁlled with corrosion products of a
chromium-rich oxide. Enrichment of nickel was identiﬁed at the crack tip. Clear evidence of grain boundary
oxidation was not observed ahead of the crack tip. These
results suggest that LPSCC advanced along with anodic
and cathodic reactions.
(4) Slip step-like patterns were observed on the crack surface by cross-sectional analysis, indicating that LPSCC
propagates along with slip phenomena.
(5) It was observed that the crack tip was ﬁlled with
corrosion products composed of a chromium-rich oxide,
and enrichment of nickel was observed ahead of the
crack tip.
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