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The aim of this study was to investigate the effect of pre-oxidation treatment at 400 �C for 1000 h on the
corrosion behavior of 316L stainless steel in a high-temperature water environment. The oxide film was
characterized via x-ray diffraction, x-ray photoelectron spectroscopy, scanning electron microscopy, and
transmission electron microscopy. The weight gain of the pre-oxidized samples was lower than that of
samples without pre-oxidation treatment. An (Ni,Fe)Fe2O4 outer layer with a spinel structure and an inner
layer consisting of fine spinel oxides (FexCryNizO4) were formed on the surface of the untreated sample. In
contrast, the pre-oxidized samples showed the formation of a triple layer: a hydroxide outer layer, a Cr-rich
middle layer, and an Fe-rich inner layer. Moreover, the oxide film thickness was thinner than that of the
sample without treatment. The results clearly indicate that the selected pre-oxidation process improved the
corrosion resistance of 316L stainless steel in a high-temperature water environment.
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1. Introduction

As very important structural materials, austenitic stainless
steels of the 316 and 304 series are widely used as different
components in nuclear power plants (NPPs) due to their
excellent mechanical properties and corrosion resistance at high
temperatures (Ref 1). The mechanical properties and corrosion
resistance of 316L stainless steel (316LSS) are further
improved by adding 2-3% Mo compared with 304 stainless
steel (Ref 2), so 316LSS has been intensively applied in
pressurized water reactors (PWRs).

However, there are still a great number of problems to be
resolved for the use of 316LSS in NPPs (Ref 3-5). One main
problem is to seek ways to resolve or reduce stress corrosion
cracking (SCC) behavior because this behavior can cause a
sudden rupture of 316LSS, which will then threaten the safety
of NPPs (Ref 6). The critical issue to reduce or solve the
problem of SCC behavior in high-temperature water is to
establish the relationship between cracks and oxide films (Ref
7). It is well known that surface conditions determine the
deposition and dissolution of oxides on out-of-core surfaces of

structural materials in NPPs (Ref 8). A large amount of oxide
deposition or dissolution on the surface will accelerate the SCC
behavior if the surface condition is less resistant to corrosion
(Ref 8). Therefore, a great number of surface modification
methods have been proposed to improve the corrosion resis-
tance of the materials (Ref 9-15). Han et al. investigated the
effect of electropolishing treatment on the corrosion behavior of
316LSS and determined that it could improve the oxidation
resistance of 316LSS in simulated PWR primary water,
especially at the early stages of oxidation, since there is a
compact oxide film monolayer (Ref 9). Seo et al.�s results
indicated that the corrosion rate of nickel-based alloy 690TT in
PWR primary water decreased by approximately 64% as the
roughness values decreased from 710 to 150 nm, whereas no
significant difference in the corrosion rate was observed for the
roughness variation in the range of 25-150 nm (Ref 10). Wang
et al.�s results revealed that the machined surface state of 316SS
affected the thickness and elemental distribution of oxide films
in a simulated PWR environment (Ref 11). Although the
corrosion resistance of materials in high-temperature water is
improved using these methods, it takes a long time to apply
most of the methods to actual industrial production because of
the special required equipment and treatments.

Currently, pre-oxidation treatment is gaining attention due to
its practical application in industrial production. Moreover,
previous studies have demonstrated that the pre-oxidation
treatment significantly enhances the oxidation resistance of
316LSS in high temperature environments (Ref 16). Although a
lot of research has been performed on the corrosion behavior of
316LSS used in NPPs over the past few years (Ref 9, 11, 17-
20), no studies have examined the corrosion behavior of pre-
oxidized 316LSS in water conditions with both high temper-
ature and high pressure. Additionally, previous investigations
on pre-oxidation treatment only focused on high temperatures
over short time periods (Ref 16, 21), whereas there is limited
understanding of whether long- or short-term exposure at a
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relatively lower temperature achieves the same effect as that at
high temperatures. Therefore, to promote the application of pre-
oxidation for industries, it is necessary to investigate the
corrosion behavior and mechanism of 316LSS in high-temper-
ature water after short- or long-term pre-oxidation at a relatively
lower temperature.

To obtain the preliminary corrosion behavior and mecha-
nism of pre-oxidized 316LSS in high-temperature water, the
samples were oxidized in 400 �C air for 1000 h and subse-
quently exposed to high-temperature water for different peri-
ods. This paper mainly investigates the effects of exposure
periods on the corrosion behavior and mechanism of long-term
pre-oxidated (marked as LP) 316LSS in high-temperature
water.

2. Experimental Materials and Methods

2.1 Materials

The material used in the present study is 316LSS, and its
chemical composition (in wt.%) is listed in Table 1. A
solid round bar of 316LSS, which was purchased from the
Taiyuan Iron and Steel Co., Ltd., with a 50 mm diameter and a
1.5 m length was used to prepare the samples. The solid
solution treatment was conducted at 1050 �C for 60 min.
Specimens of approximately 2091093 mm3 were polished on
SiC paper up to a 2000 polishing grade, washed with acetone,
and finally dried in a drying box. The optical microstructure of
316LSS is shown in Fig. 1, where austenite phases with
different grain sizes and a substantial number of twins along the
grain boundaries appear.

2.2 Pre-Oxidation Treatment

Oxidation experiments were performed in a high tempera-
ture muffle furnace, with the maximum temperature of
1200 �C. The samples were placed in quartz crucibles during
the high temperature oxidation process to reduce the error of
the weight gain data. The oxidation temperature was 400 �C in
air, held for 1000 h, and subsequently cooled to room
temperature at a rate of 40 �C/min.

2.3 Corrosion Experiments

Samples with and without long-term pre-oxidation treatment
(LPT) were exposed to a high-temperature water environment
(320 ± 2 �C, 15 ± 1 MPa) in a static 0.5 L 316LSS autoclave.
The test solution was simulated PWR primary water containing
1200 ppm B in H3BO3 and 2.2 ppm Li in LiOH. The dissolved
oxygen concentration of the inlet ultrapure water was controlled
by continuously bubbling with 99.999% high purity nitrogen
gas for 24 h, and three discontinuous tests were performed
within one hour before the experiments using a dissolved
oxygen meter to ensure that the oxygen concentration in the
solution was less than 25 ppb. Various of exposure periods of

100 to 1000 h were selected during the experiments. The LP
samples after 100 and 1000 h of exposure are marked as LP-
100 and LP-1000 in the following sections. Three samples were
removed when each exposure period was finished and subse-
quently put into a vacuum oven for 10 min at 80 �C. Then, all
samples were characterized using different equipment.

2.4 Characterization Methods

An FEI Nova Nano 450 scanning electron microscope
(SEM) with energy-dispersive x-ray spectroscopy (EDS) was
used to investigate the chemical composition and morphologies
of the oxide films. D8 ADVANCE x-ray diffraction (XRD) with
Cu Ka (k= 0.154051 nm) was used to characterize the phase
and analyze the crystal structure of the oxides. The diffracted x-
ray signal was collected over an angle theta of 5-45. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on a Thermo ESCALAB 250Xi x-ray photoelectron
spectrometer using a monochromatic Al Ka source operating at
150 W with an initial photoenergy of 1486.6 eV. The C1s peak
from carbon at 285 eV was used as a reference to correct the
charging shifts. Depth profiling was performed over an area of
2.592.5 mm2 under 2 keV Ar-ion sputtering, and the spectra
were collected within a 900 lm spot. The sputtering rate was
set at 0.3 nm/s with reference to the Ta2O5 layer.

The cross section of the samples was characterized using
transmission electron microscopy (TEM). A thin-foil sample
for TEM observation was prepared using a Helios NanoLab
600i dual-beam focused ion beam (DB-FIB) with Ga ion
sputtering after a protective Pt layer was deposited on the oxide
scale. The large size of Fe-rich particles on the surface of the
samples was avoided when we prepared our TEM sample.
Microstructure and selected area electron diffraction (SAED)
analyses were performed using JEM-2100F TEM equipment
with EDS operating at 200 kV.

Table 1 Chemical composition of 316LSS in wt.%

Alloy Cr Ni Mo Si Mn Cu C S P

316LSS 16.68 12.63 2.09 0.59 1.57 0.13 0.023 0.003 0.024

Fig. 1 The light optical microscope image of as-received 316LSS
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3. Results

The surface morphologies of 316LSS after 1000 h of
exposure at 400 �C air are illustrated in Fig. 2. The chemical
composition of oxide particle A is 72.90% for Fe, 19.46% for
Cr, and 7.64% for O (at.%). The total atomic ratio of Fe, Cr,
and O is approximately 1:1:3 after subtracting the concentration
of these elements in the matrix, which is consistent with the
atomic ratio of an oxide mixture of Cr2O3 and Fe2O3. The
surface morphologies and EDS results show that Fe2O3 and
Cr2O3 oxide particles are formed along the scratches, and a
continuous Cr-rich oxide layer is identified on the surface of
316LSS. The XPS results further confirm that the surface oxide
film is composed of Fe2O3 and Cr2O3 (Ref 22-25) and the oxide
film under the surface is composed of FeCr2O4 and Cr2O3, as
shown in Fig. 3.

The weight gain of 316LSS with and without LPT after
exposure to high-temperature water for different periods is
illustrated in Fig. 4. The pre-oxidized samples had lower weight
gain than of the samples without LPT, which implies that the
pre-oxidation treatment can improve the corrosion resistance of
316LSS in high-temperature water.

Figure 5 shows the XRD patterns of 316LSS without pre-
oxidation exposed to high-temperature water for 100, 500, and
1000 h at 320 �C/15 MPa. The diffraction peaks are consistent
with the peaks of FeCr2O4 (JCPDS 24-0511) and Fe3O4

(JCPDS 28-0491). However, it is not possible to distinguish the
oxides of magnetite (Fe3O4) and spinel (FeCr2O4) because of
the overlap of their diffraction peaks, which are located at
35.764�, 43.472� and 74.760� two-theta (Ref 26, 27). In
addition to FeCr2O4/Fe3O4, hematite Fe2O3 (JCPDS 16-0653)
and chromic oxide Cr2O3 (JCPDS 01-1294) are formed on the
surface, and the signal intensity of hematite Fe2O3 increases
with increasing exposure time. These results indicate that the
main corrosion phase formed on the surface of untreated
samples is magnetite or spinel, which is consistent with
previous results for 316LSS exposed to high-temperature water
(Ref 28, 29).

Figure 6 displays the XRD patterns of LP 316LSS after
exposure to high-temperature water for 100, 500, and 1000 h.
There is a slight difference in corrosion phases compared to
untreated samples, as shown in Fig. 5, which suggests that the
pre-oxidation treatment does not significant affect the formation
of oxides.

Figure 7 shows the SEM morphologies of the oxide films
formed on 316LSS without LPT after exposure to high-
temperature water for different lengths of time. The surfaces of
all the exposed samples are covered with faceted oxide particles

of different sizes. The distribution of these particles is
inhomogeneous, where the larger Fe-rich oxide particles
disperse on the surface and small oxide particles appear in
the subsurface layer, as shown in Fig. 7(d), (e) and (f).
Moreover, the density and size of these oxide particles
gradually increase with increasing exposure time, which can
be found elsewhere (Ref 9, 30). The SEM images of the oxide
films formed on the surface of LP samples after different
exposure periods in high-temperature water are shown in Fig. 8.
As observed, there is a difference in corrosion morphologies of
pre-oxidized samples compared with that of samples without
LPT. A few Fe-rich faceted oxide particles with a large size are
dispersed on the surface, and many oxide particles with
nanometer sizes are present in a subsurface layer, as shown in
Fig. 8(d), (e) and (f). Moreover, the size and density of the
oxide particles significantly decrease for specimens with LPT.

Figure 9 shows the cross-sectional morphology of the oxide
film that formed on the surface of 316LSS without LPT after
1000 h of exposure. The oxide film consists of a double-layer
structure. The chemical composition of the outer layer (position
I) obtained from EDS-TEM is 34.54% for Fe, 3.71% for Ni,
and 1.03% for Cr (at.%). The electron diffraction pattern and
chemical composition demonstrate that the outer layer is
(Ni,Fe)Fe2O4 with a spinel structure. Meanwhile, the inner
layer (position II) that consists of fine spinel oxides
(FexCryNizO4) is also identified using the same methods. The
thickness of the oxide film is approximately 372.2 nm, as
determined by the EDS line scanning profile and mapping
images, as shown in Fig. 10.

Figure 11 illustrates the XPS spectra of Cr 2p3/2, Fe 2p3/2,
Ni 2p3/2, and O 1s in oxide films from the free surface to the
deeper site of the LP-100 sample. Possible species in oxide
films are assessed based on the characterized standards from
references (Ref 9, 24, 31-35), as shown in Table 2. For the Cr
2p3/2 peaks, two components at 575.9 and 576.9 eV are
identified on the sample surface, while they are systematically
decomposed into up to three components with an increasing
sputter depth: one at a binding energy (BE) of 574.3 eV, and the
two others at BEs of 576.1 and 577.3 eV, which indicates that
the appearance of different valences for Cr appears beneath the
surface layer. The peak at the lowest BE of 574.3 eV is assigned
to Cr0, the peak at 576.1 eV is assigned to Cr3+ in Cr2O3/
MCr2O4 (Ref 9, 36), and the peak at 577.3 eV is assigned to
Cr3+ in Cr(OH)3 (Ref 33). By increasing the sputtering time, the
signal intensity of Cr(OH)3 tends to decrease, while the signal
intensity first increases and subsequently decreases for Cr2O3/
MCr2O4. When the sputtering time further increases, the
intensity of Cr0 becomes predominant and the intensity of

Fig. 2 Surface morphologies of 316LSS after 1000 h of exposure at 400 �C air
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Cr(OH)3 gradually disappears, which suggests that Cr(OH)3
and Cr2O3/MCr2O4 appear at the outer and inner layers of the
oxide films, respectively.

For the Fe 2p3/2 peaks, two peaks were present on the
sample surface, including a peak at 710.2 eV assigned to Fe3+

in Fe2O3 or Fe3O4 and a peak at 712. 3 eV assigned to Fe3+ in
FeOOH (Ref 32, 34, 35). However, it is difficult to distinguish
Fe2O3 or Fe3O4 because they have very similar peak positions
and shapes (Ref 36), presenting a mixture of Fe2O3 and Fe3O4.
The observation that the intensity of the FeOOH peak gradually
weakens with increasing sputtering depth, which indicates that
FeOOH is present in the outer layer of oxide films.

Regarding the XPS spectra of Ni 2p3/2, no significant peak
is identified on the surface of the specimen, representing the
absence of Ni-rich oxides in the surface oxide film. However,
two peaks are detected with an increasing sputter depth: A peak
at 852.8 eV assigned to Ni0, and a peak at 854.1 eV assigned to
Ni2+ in NiO (Ref 35, 36), which reveals the formation of a Ni-
rich oxide layer beneath the surface oxide layer (Ref 37).

The O 1s peaks in Fig. 11 show that an OH- peak at 531.5
eV and an O2- peak at 530.5 eV are identified on the sample
surface (Ref 33, 36). The presence of OH- indicates the
existence of Fe and Cr hydroxides, mostly in the outer layer of
the oxide films. With a further increase in sputter depth, the
signal intensity of O2- gradually strengthens, and OH- gradually
weakens. This result implies that the surface of the pre-oxidized
sample after exposure to high-temperature water is dominated

Fig. 3 The XPS spectra of Cr 2p3/2, Fe 2p3/2, Ni 2p3/2, O1s in oxide films from the free surface to the deeper site of 316LSS after exposure
at 400 �C for 1000 h

Fig. 4 The weight gain of 316LSS with and without LPT after
exposure to high-temperature water for different exposure periods

Fig. 5 XRD patterns of 316LSS LPT after exposure to high-
temperature water for different periods

Fig. 6 XRD patterns of LP 316LSS after exposure to high-
temperature water for different periods
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by hydroxides, while the oxide film under surface oxides
consists of a mixture of different oxides.

Table 2 summarizes the binding energies of XPS-peaks of
Cr 2p3/2, Fe 2p3/2, Ni 2p3/2, and O 1s in oxide films from the
free surface to the deeper site of the LP-1000 sample. No
notable difference is observed in the chemical valences of Cr,
Ni, and O compared with those of the LP-100 sample.
Regarding the Fe peaks, a single peak at 711. 6 eV assigned
to Fe3+ in FeOOH is observed, revealing that the outer oxide
layer is dominated by hydroxide instead of a mixture of
hydroxide and oxides.

The XPS depth profiles of the oxide films developed on LP-
100 and LP-1000 h are shown in Fig. 12. A duplex structure is
observed, which includes a Cr-rich outer oxide layer and an Fe-

rich inner oxide layer. This duplex structure is quite different
from the chemical composition of the oxide film formed on the
untreated sample, as shown in Fig. 9. In addition, the results
also reveal that the thickness of the oxide films developed on
the LP-100 and LP-1000 sample are 34.58 and 162.9 nm,
respectively, which is calculated by the oxygen atom concen-
tration dropping to 50% of its maximum value (Ref 38). The
oxide film on pre-oxidized 316LSS is significantly thinner than
the sample without a pre-oxidation treatment. This result also
shows that pre-oxidation treatment can inhibit the growth of
oxide films and improve the corrosion resistance.

Schematic diagrams of the oxide film structure developed on
LP 316LSS are shown in Fig. 13. Cr-rich and Fe-rich oxide
particles on a Cr-rich continuous layer are formed after the pre-

Fig. 7 SEM morphologies of the oxide films formed on the surface of samples without LPT after exposure to high-temperature water for
different periods: (a) and (d) for 100 h; (b) and (e) for 500 h; (c) and (f) for 1000 h

Fig. 8 SEM images of oxide films formed on the surface of LP samples after exposure to high-temperature water for different periods: (a) and
(d) for 100 h; (b) and (e) for 500 h; (c) and (f) for 1000 h
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oxidation treatment in 400 �C air for 1000 h, as shown in
Fig. 13(b). The pre-existing oxides will be partially dissolved at
the initial stage, whereas the remaining oxides will gradually
transform to Fe3O4, Cr(OH)3, and FeOOH through a series of
chemical reactions (Ref 33), which forms a hydroxide layer on

the surface of the samples, as shown in Fig. 13(c). Moreover,
the metal cations from the matrix, including Fe2+, Fe3+, Cr3+,
and Ni2+, will diffuse to the interface of water and oxide films
to form oxides via an interstitial diffusion mechanism, and

Fig. 9 TEM image and corresponding electron diffraction patterns of oxide film formed on untreated 316LSS after exposure to high-
temperature water for 1000 h at 320 �C

Fig. 10 TEM-EDS mapping images and EDS line scanning profile of oxide film formed on untreated 316LSS after exposure to high-
temperature water for 1000 h
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Fig. 11 The XPS spectra of Cr 2p3/2, Fe 2p3/2, Ni 2p3/2, O1s in oxide films from the free surface to the deeper site of pre-oxidized 316LSS
after exposure to high-temperature water for 100 h

Table 2 Binding energies of XPS-peaks of standard and experimental values

Positions Elements

Experimental values

Standard values, ±0.2eV Chemical state References100 hpeaks 1000 hpeaks

Surface Cr 2p3/2 575.9 575.8 576.3 Cr3+/Cr2O3 Ref 32
576.9 577.6 577.1 Cr3+/Cr(OH)3 Ref 32

Fe 2p3/2 710.2 … 710.4 Fe (III)/Fe3O4/Fe2O3 Ref 24, 34
712.3 711.6 711.8 FeOOH Ref 34, 33

O 1s 530.5 530.5 530.3 O2- Ref 33
531.5 531.2 531.5 OH- Ref 33

25 nm Cr 2p3/2 576.1 575.8 576.3 Cr3+/Cr2O3 Ref 32
577.3 577.6 577.1 Cr3+/Cr(OH)3 Ref 32
574.3 575.2 574.0 Cr0 Ref 32

Fe 2p3/2 706.7 707.1 706.9 Fe0 Ref 24
Ni 2p3/2 854.2 855.1 854.9 Ni (II)/NiO Ref 31, 35

852.8 853.0 852.6 Ni0 Ref 31, 35
300 nm Cr 2p3/2 575.8 576.2 576.3 Cr3+/Cr2O3 Ref 32

574.1 574.1 574 Cr0 Ref 32
Fe 2p3/2 708.7 708.5 710.4 Fe (III)/Fe3O4/Fe2O3 Ref 24, 34

707.0 707.0 706.9 Fe0 Ref 24
Ni 2p3/2 852.7 852.9 852.6 Ni0 Ref 31, 35
O 1s 530.5 530.4 530.3 O2- Ref 33

531.5 531.2 531.5 OH- Ref 33
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therefore, Fe-rich oxides (FeCr2O4) will develop on the surface
first, as shown in Fig. 13(d).

4. Discussion

It is generally accepted that a double-layered oxide film is
formed on the surface of 316LSS after immersion in a
simulated PWRs primary water environment, whereby the
outer oxide layer constitutes Fe-rich magnetite grains and the
inner oxide layer is composed of small crystallites enriched in
Cr (Ref 34, 39). Moreover, Ni is enriched in a substrate metal
adjacent to the inner oxide layer (Ref 29, 30, 37). The current
findings are in line with a previous investigation on the
corrosion behavior of 316LSS without LPT in a simulated
PWR environment (Ref 9). A comparison of the oxide film
composition of samples with and without LPT indicates an
absence of an Fe-rich outer layer formed on the surface of
samples with pre-oxidation treatment, which is consistent with
SEM images, as shown in Fig. 7 and 8. Moreover, the pre-
oxidized samples have lower oxide film thickness and weight
gain than the samples without pre-oxidation, as shown in
Fig. 4, 9, and 12. All of these results indicate that LPT improves
the corrosion resistance of 316LSS by hindering the growth of
the outer oxide layer. Our previous investigation on the
oxidation behavior of 316LSS exposed to 400 �C air for
1000 h displayed that a continuous Cr-rich oxide layer was
formed on the surface of the sample, and that this film is thicker
than the untreated sample (Ref 40). A pre-existing oxide film
with a high Cr concentration will effectively suppress the
diffusion of anions and cations across oxide films (Ref 40, 41)
and then enhance the corrosion resistance of 316LSS in high-
temperature water.

In addition to hindering the diffusion of anions and cations,
the appearance of an oxide film will alter the electrochemical

characteristics of 316LSS in high-temperature water and
subsequently improve the corrosion resistance (Ref 42). It
can be inferred that the icorr, icrit, and ipass of the pre-oxidized
316LSS will be reduced compared with those of samples
without pre-oxidation because the existence of a Cr-rich oxide
film will prevent the combination and migration of interstitial
atoms and vacancies, according to the point defect model (Ref
43, 44). The reduction in the electrochemical parameters
enhances the corrosion resistance of pre-oxidized 316LSS in
high-temperature water.

The growth mechanism of the oxide films on 316LSS in
high-temperature water is believed to include metal dissolution/
oxide precipitation for the outer oxide layer and solid-state
growth for the inner oxide layer (Ref 36, 45). For samples
without surface treatment, each element in 316LSS forms
corresponding oxides at the initial stage, e.g., Fe for Fe2O3 or
Fe3O4, Cr for Cr2O3, and Ni for NiO (Ref 28). After the
nucleation and growth of these oxides, a double-oxide layer
that contained an Fe-rich outer layer and a Cr-rich inner layer is
formed via elemental diffusion, i.e., the anions gradually
diffuse inward and metal cations gradually diffuse outward (Ref
37). However, for the pre-oxidized samples, the continuous Cr-
rich oxide film on the surface reduces the rate of diffusion for
both cations and anions, restricting the formation of Fe-rich
oxides. Therefore, only a few Fe-rich oxide particles with larger
sizes are formed for pre-oxidized 316LSS after 100 h of
exposure. With an increasing exposure period, the number of
cations that diffuse to the interface between the water and oxide
film gradually increases, especially for Fe2+/Fe3+, leading to an
increase in the density and size of Fe-rich oxides. However, the
total number of diffused ions will be significantly lower than
that of the samples without pre-oxidation treatment due to the
hindering effect of the Cr-rich oxide layer, which will reduce
the size and number of Fe-rich oxides on the surface of the pre-
oxidized samples. Thus, oxide particles with small sizes are
observed on the pre-oxidized samples even if exposure periods

Fig. 12 The XPS depth profiles of oxide layers of samples with LPT after 100 and 1000 h exposure tests

Fig. 13 Schematic diagrams of the structure of the oxide films developed on LP 316LSS
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extend to 1000 h, as shown in Fig. 8(c) and (f). In addition, the
increase in number of Fe ions that diffuse to the interface will
make Cr and Ni elements accumulate beneath the Cr-rich oxide
layer. However, notably, most of the Cr elements on the surface
have been consumed to form the Cr-rich oxide film during the
pre-oxidation process, which leaves an Fe-rich oxide layer
under this oxide film. The Cr-rich oxide film reduces the
diffusion rate of Fe ions, resulting in the accumulation of Fe, as
shown in Fig. 13(d). These two reasons cause the formation of
an Fe-rich oxide layer under the Cr-rich oxide film. This oxide
film gradually thickens with an increasing exposure period, as
shown in Fig. 12 and 13.

5. Conclusions

The corrosion behavior of LP 316LSS in 320 �C and 15
MPa high-temperature water was investigated by using differ-
ent characterization methods. The following conclusions are
reached:

(1) The weight gain of pre-oxidized samples is lower than
that of samples without LPT. A double-layered oxide
film, including an outer oxide particle layer consisting
of (Ni,Fe)Fe2O4 with a spinel structure and an inner
oxide layer consisting of fine spinel oxides (FexCryNi-

zO4), was developed on samples without PLT after 1000
h of exposure in high-temperature water. The thickness
of the oxide film was approximately 372.2 nm.

(2) A few Fe-rich faceted oxide particles with a large size
on the surface and many oxide particles with nanometer
sizes in the subsurface layer were developed on the LP
samples after exposure to high-temperature water. The
density and size of these oxide particles increased with
increasing exposure periods.

(3) A triple layer, including a hydroxide outer layer, a Cr-
rich middle layer, and an Fe-rich inner layer, was devel-
oped on pre-oxidized samples after 100 and 1000 h of
exposure. The thickness of the oxide film after 100 h of
exposure is 34.58 nm, whereas it is 162.9 nm after 1000
h. In the comparison of the thickness of the oxide films
and weight gain, it can be inferred that a LPT can im-
prove the corrosion resistance of 316LSS in high-tem-
perature water by inhibiting the formation of an outer
oxide layer.
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