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bstract

The characterization of microstructure and chemical compositions of oxide films formed on surfaces of stainless steels is necessary for under-
tanding of corrosion processes and environmentally assisted cracking. In this study, the morphologies, microstructure and chemical compositions
f oxide films grown on 316L stainless steel exposed to H2O2-containing supercritical water (SCW) were investigated using a scanning electron
icroscope equipped with an energy-dispersive X-ray spectrometer (EDX), an X-ray photoelectron spectroscopy (XPS) analyzer and an X-ray

iffraction (XRD) analyzer. A duplex-layer structure was identified in the oxide films. The loose outer layer was rich in Fe, while the compact
nner layer was rich in Cr and Fe. In addition, Ni enrichment was observed at the interface between the metal matrix and oxides. The surface

xides tended to change with an increase in water temperature. The possible growth mechanism of the oxide films on 316L stainless steel in SCW
nvironments is believed to be similar to that in high-temperature water, namely metal dissolution/oxide precipitation mechanism and solid-state
rowth mechanism.

2007 Elsevier B.V. All rights reserved.
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. Introduction

At temperatures above 374.15 ◦C and pressures above
2.1 MPa, water is in a supercritical state whose properties
hange significantly compared with ambient water. Organics,
uch as hydrocarbons, and gases like oxygen, become com-
letely miscible with supercritical water (SCW). Due to the
utstanding physical and chemical properties of SCW, a new
echnology – supercritical water oxidation (SCWO) which can
ffectively and safely dispose various organic wastes [1–4] –
as been developed. SCWO has the advantage of the single-
hase behavior of the reaction environment, high conversion
fficiencies (as high as 99.99% and more) and few undesirable
y-products [5]. Therefore, SCWO has been used for disposal
f toxic and hazardous wastes. However, severe reactor cor-
osion occurs in SCWO processes since reactors capable of

ccommodating elevated temperatures and pressures must be
sed and, potentially, very aggressive environments are present
hen anions like chlorides or sulfates exist [6].
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In previous papers [7–9], problems dealing with SCWO pro-
esses have been discussed in detail. Under high-temperature
nd supercritical water environment, there are three main prob-
ems: severe reactor corrosion occurring in the process of
CWO, such as pitting corrosion, general corrosion, intergranu-

ar corrosion and stress corrosion cracking [8]; serious plugging
f the reactors caused by precipitating salts at supercritical tem-
eratures and low densities [7]; hard to perform cost evaluations,
specially for the scale-up of SCWO plants to an industrial scale,
ue to the lack of experimental data [7].

Corrosion in aqueous systems up to the supercritical temper-
ture is determined by several parameters, such as the physical
roperties of water, the dissociation of attacking acids or salts,
nd the solubility of gases, oxides, and corrosion products in
he solvent [10]. Among these parameters, corrosion products,
specially oxide films, are worth further studying because the
hemical compositions and structure of the films are important
or understanding of corrosion process and possible environ-
entally assisted cracking (EAC).

Most of the previous studies [11–16] have focused on the

haracterization of oxide films formed on stainless steels in high-
emperature and high-pressure water (temperature < 350 ◦C and
ressure < 20 MPa). It was found that the oxide films mainly
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mailto:gaoxin0101@163.com
dx.doi.org/10.1016/j.supflu.2006.12.020


1 itical Fluids 42 (2007) 157–163

c
a
[
c
i
c
t
i
c
i
t
t
e

o
o
F
t
t
t
c
e
[

a
f
U
t
p
s
i
w
r
d
a
T
e

2

3
g
w
m
fi
t
a

c

T
C

C

0

Fig. 1. Schematic diagram of SCWO test system. (1) Feed solution; (2) HPLC
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onsisted of double layers [11–14]: an outer oxide layer with
large particle and an intermediate or small particle (hematite

�-Fe2O3] structure) and a very fine-grain inner layer with a
hromium-enriched Fe3O4-type structure [11]. The outer layer
s thicker than the inner layer; while the inner layer is more
ompact than the outer layer. Many efforts have been given
o the study of the relationship between the oxide films and
nitiation of EAC. Through experiments, Wang et al. indi-
ated that oxidation plays a primary role, at least at the very
nitial stage of EAC in simulated boiling water reactor high-
emperature water. The metal oxidation process is influenced by
he microstructural defects in materials such as grain boundaries,
tc. [17].

The oxide films depend on the corrosive circumstances. The
xide film formed under H2O2 environments consists mainly
f �-Fe2O3, while that under O2 environments consists of
e3O4 [18,19]. Furthermore, oxidation at the very surface of

he film is much more enhanced under an H2O2 environment
han that under an O2 environment. For the specimens exposed
o H2O2, a drop in Cr concentration in the oxide film was
onfirmed, which resulted in less corrosion resistance to gen-
ral corrosion of stainless steel in coolants containing H2O2
19].

Compared to studies on stainless steels in high-temperature
nd high-pressure water, little work has focused on oxide films
ormed in SCW due to the difficulty of experimental techniques.
ndoubtedly, oxide films are also very important to understand

he corrosion process and EAC in SCW environments. In the
resent work, oxide films grown on the surface of 316L stainless
teel (SS) exposed to H2O2-containing SCW were investigated
n detail with a scanning electron microscope (SEM) equipped
ith an energy-dispersive X-ray spectrometer (EDX), an X-

ay photoelectron spectroscopy (XPS) analyzer and an X-ray
iffraction (XRD) analyzer. The morphologies, microstructure
nd chemical compositions of the oxide films were examined.
he possible growth mechanism of the oxide films in SCW
nvironments is also discussed.

. Experimental

The material used in the present study was solution-treated
16L stainless steel sheet that had a chemical composition as
iven in Table 1. Rectangular specimens (20 mm × 12.5 mm)
ere cut from the steel sheet of 2.5 mm thickness. The speci-
ens were polished with emery paper down to #1000 grit and
nally mechanically finished to a 1.5 �m diamond finish. Prior
o each experiment, the specimens were cleaned with acetone
nd ultrasonically rinsed with deionized water for 5 min.

The experiments were performed with an autoclave and a
ontinuous flowing SCWO system. Fig. 1 shows a schematic rep-

able 1
hemical compositions of type 316L stainless steels used (wt%)

Si Cr Ni Mo P Fe

.03 0.56 17.00 10.18 2.68 <0.045 Bal.
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ump; (3) pressure sensor and rupture disc; (4) preheater; (5) thermocouples;
6) autoclave; (7) heat exchanger; (8) back pressure regulator (9) effluent.

esentation of the supercritical corrosion system configuration
sed, which consisted of an alloy 625 autoclave, a high-pressure
iquid chromatogram (HPLC, Eldex Inc. BBB-4-2) pump, a
reheater, a heat exchanger, a back pressure regulator (BPR),
hermocouples, a pressure sensor and a computer. The autoclave,
ith an inner diameter of 60 mm, a wall thickness of 45 mm and
length of 270 mm had a capacity of 850 ml solution. The sys-

em temperature was monitored by two thermocouples placed
nto the forepart of the preheater and the top of the solution in
he autoclave, respectively. The pressure sensor was equipped
n the system to check the pressure simultaneously. The system
ressure was provided by the HPLC pump and controlled by
he BPR. The computer was used to control the temperature and
ressure.

During the tests, the specimens were mounted on a rack and
ut into the autoclave. The surface of the rack was spattered with
irconia to avoid contacting the autoclave. The pump provided
.0% H2O2 at the flow rate of 2.5 ml/min. The feed solution was
reheated and then entered the autoclave. In the autoclave, the
olution was heated to the experimental temperature (400, 450
nd 500 ◦C). The effluent was cooled to room temperature by the
eat exchanger and then drained out of the system. The pressure
aintained at 24 MPa. Duration of the experiments was 100 h.
After the experiments, the specimens were cleaned and dried.

he surface morphologies of oxide films on the specimens were
xamined using XL30 SEM. The chemical compositions of the
xide films were analyzed by XPS (PHI-5300 ESCA), XRD
X’Pert PRO PANalytical) and EDX.

To investigate the cross sections of the oxide films, some
ested specimens were activated in an activated solution at 70 ◦C
or 1 min. Then they were coated in electroless Ni–P plating
olution at 50 ◦C for 10 min to protect the oxide films. The acti-
ated solution was as: PdCl2 2 g/L; HCl 200 ml/L; SnCl2 4 g/L.
he plating solution was: NiSO4·6H2O 20 g/L; NaH2PO2·H2O

0 g/L; Na3C6H5O7·H2O 10 g/L [14]; NH4Cl 30 g/L; pH 9–10.
he coated specimens were mounted with epoxy resin and then
olished. The corresponding cross sections of the oxide films
ere examined using SEM and EDX.
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. Results

.1. Morphologies of the oxide films

Fig. 2 shows SEM images of surfaces of 316L SS after 100 h
est in SCW at different temperatures. At 400 ◦C, the oxide
lm was relatively compact and mainly composed of large lath-

ike grains. Different from the film formed at 400 ◦C, the film

ormed at 450 ◦C consisted of cystiform grains with different
izes. Some small pores were observed among the grains. The
xide film formed at 500 ◦C looked desultory with many big
ores among the grains.

ig. 2. Surface morphologies of oxide films formed on 316L SS at: (a) 400 ◦C
b) 450 ◦C (c) 500 ◦C.
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Fig. 3. Cross section of a continuous oxide film formed at 500 ◦C.

Figs. 3 and 4 show the morphologies of cross sections of
he oxide films. Fig. 3 is an image of a continuous film. A
ouble-layer structure was observed except for the outmost Ni–P
oating. There was a micro-crack between the outer layer and the
nner layer. The maximum thickness of the outer oxide film was
bout 2.2 �m and that of the inner film was about 1.4 �m. The
hickness of the above two layers was much thinner than that of
erritic-martensitic alloy NF616 exposed to supercritical water
20] as for the latter, the thickness of the outer layer was about
.2 �m and that of the inner layer was about 5.4 �m. Fig. 4 is an
mage of an oxide mound. There was also a micro-crack between
he outer layer and the inner layer. The maximum thickness of the
uter layer was about three times that of the inner layer. Some
avities were observed between the two layers because some
xides had spalled off during the polishing. The separation, to
ome extent, indicated a relatively weak bonding force between
he outer layer and the inner layer. No obvious crack was found
etween the inner layer and the matrix, perhaps indicating a
elatively good bonding force between them.
.2. Composition of the oxide films

Figs. 5–8 show the EDX results of the oxide films formed
n 500 ◦C supercritical water. The outer layer was rich in Fe,

Fig. 4. Cross section of an oxide mound formed at 500 ◦C.
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outer layer of the oxide film consisted mainly of Fe oxide. In the
inner layer, the content of Cr oxide increased sharply and that
ig. 5. Cross section of a continuous oxide film formed at 500 ◦C (enlargement
f marked zone in Fig. 3).

hile the inner layer was rich in Cr and Fe, which agreed well
ith previous studies on oxide films formed in high-temperature
ater [12,16]. Kim found that the oxide film formed on type 316

tainless steel in 288 ◦C water containing 200 ppb H2O2 mainly
onsisted of two oxide layers: an outer layer of �-Fe2O3 and an

nner layer of Fe-enriched and Cr-enriched oxides [12]. Terachi
t al. indicated that the oxide film formed on 316 stainless steel
xposed to simulated pressurized water reactor primary water at
20 ◦C had a double-layer structure: the outer layer was com-

ig. 6. EDX spectra of oxide films, (a): outer layer (corresponding to A zone
hown in Fig. 5); (b): inner layer (corresponding to B zone shown in Fig. 5).

o
a

F
s

ig. 7. Cross section of an oxide mound formed at 500 ◦C (enlargement of
arked zone in Fig. 4).

osed mainly of iron oxide and relatively chromium-rich oxide
as recognized in the inner layer [16].
The line scan analysis results are shown in Figs. 9 and 10. The
f Fe oxide decreased. In addition, Ni enrichment was observed
t the interface between the metal matrix and inner layer.

ig. 8. EDX spectra of oxide films, (a): outer layer (corresponding to C zone
hown in Fig. 7); (b): inner layer (corresponding to D zone shown in Fig. 7).
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ig. 9. EDX line scan profiles of oxide films for analysis area shown in Fig. 10.

Fig. 11 shows typical XPS spectra of the specimens tested in
CW. At 400 ◦C, the binding energy (BE) of O 1s was 530.1 eV,
orresponding to the form of O2− in oxide [21]; the BE of Cr
p3/2 core-level peak was centred at 577.52 eV and the BE of
r 2p1/2 was centred at 587.30 eV, corresponding to Cr3+ in
r(OH)3 [22,23]; the BE of Fe 2p3/2 was 712.86 eV, correspond-

ng to Fe3+ in �-FeOOH [24]. Also the lath-like appearance of
urface oxides (Fig. 2a), to some extent, indicated the existence
f goethite �-FeOOH in the oxide film formed in SCW at 400 ◦C.
t 450 ◦C, the BE of O 1s was 530.9 eV, corresponding to the

orm of O2− in oxide [21]; the BE of Cr 2p3/2 was 578.05 eV
nd that of Cr 2p1/2 was 586.88 eV, corresponding to Cr2O3
22,25] and Cr(OH)3 [23]; the BE of Fe 2p3/2 was 712.09 eV,
orresponding to �-FeOOH [24]. At 500 ◦C, the BE of O 1s
as 531.4 eV, corresponding to the form of O2− in oxide [21];

he BE of Cr 2p3/2 was 576.89 eV and that of Cr 2p1/2 was
86.19 eV, corresponding to Cr2O3 [26,27]; the BE of Fe 2p3/2
as 711.79 eV, corresponding to �-FeOOH and �-FeOOH [24].
Fig. 12 shows the XRD profile from 316L SS tested in SCW at
00 ◦C for 100 h. The peaks corresponding to Cr2O3 and FeOOH
ere observed, in accordance with the previous XPS results, but

he existence of Cr2O5 was different from the XPS results.

ig. 10. Back scattering cross section of oxide films formed at 500 ◦C, 1: matrix;
: matrix/inner layer interface; 3: inner layer; 4: outer layer; 5: Ni–P coating.
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ig. 11. XPS spectra of 316L stainless steels after contacted with SCW at 400,
50 and 500 ◦C for 100 h: (a) O (b) Fe (c) Cr.

. Discussion

Previously, much work has focused on the mechanism of
xide films grown on the stainless steels in high-temperature
ater [28,29]. Several typical mechanisms, such as solid-state
rowth mechanism and metal dissolution/oxide precipitation
echanism, have been proposed and generally accepted [28]. In
eneral, the outer layer grows via a metal dissolution and oxide
recipitation mechanism and the inner layer grows via a solid-
tate growth mechanism. In the present work, a double-layer
xide film formed in SCW was observed. It is believed that the
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ig. 12. XRD profile of 316L stainless steel after contacted with SCW at 500 ◦C
or 100 h.

rowth mechanism of oxide films on 316L stainless steel in SCW
s similar to that in high-temperature water, namely metal dis-
olution/oxide precipitation mechanism and solid-state growth
echanism. In high-temperature water, H2O2 may decompose

nto OH− as follows:

2O2 + (M) → 2OH− + (M) (1)

here the collision partner, M, is water [30]. Metal ions con-
aining Fe, Cr and Ni can dissolve at the active sites at the base
f pores [28]. With an increase in dissolved metal concentra-
ions, the metal cations may combine with anions to form oxides
r hydroxides and precipitate on the surface of the specimen.
ecause the diffusion velocity of Fe is faster than that of Cr and
i and Fe oxide has a high negative free energy, Fe oxides pre-

ipitate first and form the outer layer. Cr diffuses more slowly
han Fe, so they are retained and enriched in the inner layer. The
uter layer grows by iron dissolving in water in the pores and
hen precipitates out at the outer oxide surface. The fine-grained
nner layer grows by access of water through oxide micro-
ores, grain boundaries and other circuit paths in the oxides
31,28].

In the present work, Ni enrichment was observed at the inter-
ace between the matrix and inner layer (Fig. 9). This may be
ue to its slower rate of oxidation compared to Cr and Fe.

The XPS results show that with an increase in temperature, Cr
xides in oxide films tended to change from Cr(OH)3 to Cr2O3
Fig. 11c), indicating a dehydrogenation process with increasing
emperature. Fe oxides changed from �-FeOOH to mixed �-
eOOH and �-FeOOH (Fig. 11b). Compared to �-FeOOH, �-
eOOH is more thermodynamically stable. Moreover, the layer
onsisting of �-FeOOH is compact while the one consisting of �-
eOOH is loose [32]. This may explain the previous SEM results

hat the film formed at 400 ◦C appeared relatively compact, while
he film formed at 500 ◦C looked desultory (Fig. 2). In addition,
ncreasing temperature increases the numbers of defects in an
xide film [33]. As a result, the oxide films probably became

ess protective with an increase in temperature.

Hydroxides have been detected in the outer layer on Fe and
tainless steels in supercritical water by Raman spectroscopy
34] and also by XPS in simulated boiling water reactor coolant
Fluids 42 (2007) 157–163

35]. In the present work, both XPS and XRD showed that Fe
xisted in the oxide films in the form of FeOOH (Figs. 11b and
2), in accordance with the previous results.

Cr2O5 was detected by XRD (Fig. 12), which was different
rom the XPS results (Fig. 11b). The reasons for the above dif-
erence remain still unknown and need to be clarified by further
ork.
According to the present results, the oxide films formed

n 316L SS exposed to H2O2-containing supercritical water
howed poor protection against corrosion. This seemed to sug-
est that 316L SS is not suitable for applications in SCWO
nvironments.

. Conclusion

The oxide films grown on 316L stainless steel exposed
o H2O2-containing supercritical water were investigated
sing a scanning electron microscope equipped with an
nergy-dispersive X-ray spectrometer, an X-ray photoelectron
pectroscopy analyzer and an X-ray diffraction analyzer. Con-
lusions could be drawn as follows.

The oxide films were found to become less continuous with
n increase in temperature. The oxide films formed in SCW
onsisted of double layers: the loose outer layer with Fe enrich-
ent and the compact inner layer with Cr and Fe enrichment.
i enrichment was observed at the interface between the metal
atrix and oxide film. With an increase in temperature, Cr

xides in oxide films tended to change from Cr(OH)3 to Cr2O3,
e oxides changed from �-FeOOH to mixed �-FeOOH and
-FeOOH.

The growth mechanism of oxide films on 316L SS in SCW is
elieved to be similar to that in high-temperature water, namely
etal dissolution/oxide precipitation mechanism and solid-state

rowth mechanism.
It was found that 316L SS experienced severe attack when

xposed to H2O2-containing supercritical water in the present
tudy, suggesting that 316L SS is not suitable for applications
n SCWO environments.
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