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a  b  s  t  r  a  c  t

The  oxidation  of  ferritic  steel  and  ferritic–martensitic  steel was  investigated  by exposure  to  flowing  and
static  supercritical  water  (SCW)  at 550–600 ◦C. The  oxidation  kinetic  curves  follow  parabolic  and  near-
cubic  rate equations  for the  samples  exposed  to flowing  and  static  SCW,  respectively.  The  phase  analysis
shows  the presence  of  hematite,  magnetite  and  spinel  in  flowing  SCW  while  only  the magnetite  and
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spinel  phases  are  identified  in  static  SCW.  The  mechanism  of  the formation  of hematite  and  the  effect  of
the  flow  state  of SCW  on  the  time  exponent  of  oxidation  kinetics  are  discussed.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Oxidation

. Introduction

The supercritical water reactor (SCWR) is one of the most
romising advanced reactor concepts for Generation IV nuclear
eactors because of its high efficiency and simple design [1,2]. How-
ver, when operating above the thermodynamic critical point of
ater (374 ◦C/22.1 MPa), supercritical water (SCW) is expected to

e more corrosive to conventional structural materials. Thus, the
xidation behaviour of materials at SCW conditions has been one
f the main issues under investigation [3,4].

Ferritic/martensitic steels have been widely studied and devel-
ped for applications in the energy industry, generally because of
heir high thermal conductivity and lower thermal expansion coef-
cients [5]. Wright and Pint [6] summarized the high-temperature
xidation behaviour of HCM12A and NF616 in water vapour
nd steam, which showed that the oxidation kinetics follow the
arabolic rate equation at temperatures up to 700 ◦C. Yin et al.
7] studied the oxidation of P92 in static supercritical water at
00–600 ◦C and claimed that the oxidation rates at three differ-

nt temperatures follow the near-cubic rate equation. Zhang et al.
8] investigated the oxidation behaviour of P92 in static SCW con-
aining different dissolved oxygen (DO) and found that the weight

∗ Corresponding authors. Fax: +86 10 61773877.
E-mail addresses: xuhong@ncepu.edu.cn (H. Xu), liju@mit.edu (J. Li).

ttp://dx.doi.org/10.1016/j.corsci.2015.10.017
010-938X/© 2015 Elsevier Ltd. All rights reserved.
gains increase with the DO concentration from 100 to 2000 part-
per-billion (ppb) in weight at 550 ◦C and follow a near-cubic rate
equation. The experiments on the oxidation behaviour of T91, T92,
HT9 and HCM12A were performed in SCW at 500 ◦C with DO from
25 to 2000 ppb [9–15]. The above experiments were conducted
either in flowing or in static SCW. Without distinguishing the influ-
ence of the flow state on the oxidation behaviour, it is difficult
to compare and understand the oxidation kinetics and the oxide
composition.

The oxidation behaviour of ferritic steel T22 and
ferritic–martensitic steel P92 in flowing and static SCW at
550–600 ◦C under 25 MPa  with a DO content of 2 part-per-million
(ppm) in weight was  investigated in this paper. The chemical
compositions of T22 and P92 are given in Table 1. The mechanism
of the influence of flowing and static SCW on the oxidation kinetics
and oxide composition is also discussed.

2. Experimental

The bulk T22 and P92 steels were cut into samples with a size
of 25 mm × 10 mm × 2 mm.  The samples were polished using 1 �m
diamond paste and were cleaned in acetone and deionized water.
Oxidation tests in flowing SCW at 550–600 ◦C were performed in
a continuous SCW experimental facility at a pressure of 25 MPa  with
a DO content of 2 ppm and a water flow rate of 5 ml/min through
a 5 cm2 area cross-section. Fig. 1 shows the schematics of the SCW

dx.doi.org/10.1016/j.corsci.2015.10.017
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2015.10.017&domain=pdf
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mailto:liju@mit.edu
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Table  1
Chemical composition of the alloys (wt.%).

Alloy C Si Mn S P Cr Mo W V Nb Ni Cu N Al B Fe

T22 0.12 0.5 0.6 0.025 0.025 2.25 0.54 – – – – – – – – Bal.
P92  0.10 0.38 0.42 0.001 0.014 8.63 0.37 1.59 0.164 0.053 0.15 0.09 0.0385 0.02 0.0013 Bal.

Fig. 1. Schematic diagram of the supercritical water oxidation testing facility.
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ig. 2. Weight gain changes as a function of exposure time for T22 and P92 sam
xygen  at 550–600 ◦C under 25 MPa. The solid symbols and lines represent the expe
epresent the experimental data exposed to static supercritical water. The experim

xperimental facility. Ultrapure water with an electrical conduc-
ivity of less than 0.1 �S/cm was obtained using an ion exchanger.
he working medium water was deaerated by heating to 100 ◦C and
ubbling with pure nitrogen gas. The DO content in the reaction
ystem was controlled by injecting mixed argon and oxygen gas,
nd it was corrected by a mass flow controller according to the DO
ensor behind the backpressure valve. The flow rate and pressure
ere controlled through the high pressure metering pump and the

ackpressure valve. Samples were placed in the autoclave using

latinum wires and ceramic insulators to avoid galvanic effects.
he oxidation tests in static SCW at 550–600 ◦C were performed
n a static autoclave. The controlling methods for the DO content,
ressure and temperature were described elsewhere [8,16].
fter exposure to flowing or static supercritical water containing 2 ppm dissolved
tal data exposed to flowing supercritical water. The open symbols and dashed lines
ata of P92 in 550 ◦C static supercritical water are from Ref. [8].

All exposure experiments were performed at 550 ± 3 ◦C or
600 ± 3 ◦C under a pressure of 25 ± 0.2 MPa. The exposure periods
were 200, 400, 600, 800 and 1000 h. In each test, the samples with
a short exposure time were removed after their designed exposure
period. The samples with a longer exposure period were cooled to
room temperature (as part of the samples exchange) and reheated
to the designed testing temperature to finish the rest of the expo-
sure. The samples were weighed before and after exposure using a
METTLER TOLEDO milligram balance with a sensitivity of 0.1 mg.

The morphology and chemical compositions of the oxide films
were analyzed with a JEOL JSM 6490LV scanning electron micro-
scope (SEM) equipped with an OXFORD Instrument INCA energy
dispersive X-ray spectrometer (EDS). A theta—2�  PANALYTICAL
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ig. 3. The XRD patterns of T22 and P92 samples exposed to (a) static and (b) flowi

-ray diffraction (XRD) was employed to determine the crystal
tructure of the oxides.

. Results and analysis

.1. Weight gain

The relation of the weight gain and the exposure time can be
xpressed as:

w = k0exp
(

− E

RT

)
tn = kptn (1)

here �w is the weight gain of alloys per unit area, E is the activa-
ion energy for oxidation, kp and k0 are the oxidation rate constants,

 is the ideal gas constant, T is the exposure temperature in Kelvin,
 is the exposure time in hours and n is the time exponent that
escribes the time dependence of oxide growth. The weight gains
s a function of time for T22 and P92 exposed to SCW at 550–600 ◦C
nder 25 MPa  are shown in Fig. 2.

The curves show that the weight gain increases with exposure
ime. Both T22 and P92 exposed to flowing SCW at 550–600 ◦C obey

 parabolic rate equation (n = 0.5). In contrast, the weight gain of
92 exposed to 550 ◦C static SCW (dotted line) [8] is closer to a
ubic rate equation. Moreover, the weight gains of T22 and P92
n 600 ◦C static SCW are similar to the cubic rate equation. The
xidation rate of P92 is slower than T22, which can be explained by
he higher concentration of Cr in P92 leading to the formation of a

ore protective oxide layer.

.2. Surface morphology and structure

As shown in Fig. 3, the oxide phases of the T22 and P92 after
xposure to 2 ppm DO SCW at 550–600 ◦C for 1000 h were identi-
ed using XRD. The diffraction results in flowing SCW show the
resence of hematite, magnetite and spinel. However, only the
agnetite and spinel are identified in static SCW. The XRD and

EM/EDS analyses show that the phase composition of the oxide
ayers is different in flowing and static SCW. The three-phase struc-
ure with hematite, magnetite and spinel is detected by EDS in
owing SCW, in accordance with others reports [9,10].
The surface morphology of the T22 and P92 samples exposed
o 550–600 ◦C SCW water with 2 ppm DO content for 200, 600 and
000 h are shown in Fig. 4. Porosities can be observed on the top of
he oxide layer (Fig. 4) and on the cross-section of the oxide layer
ercritical water containing 2 ppm dissolved oxygen under 25 MPa  for 1000 h.

(Figs. 5 and 6). On the top of the oxide layer, the porosity decreases
as a function of time (Fig. 4), which is in agreement with the liter-
ature results [9]. In the cross-sectional observations, porosities are
also observed, in agreement with the literature [11]. According to
Ref. [17], they are formed by vacancies accumulation in the mag-
netite layer. Maruyama et al. [18] and Ueda et al. [19] proposed that
void formation and healing in a growing oxide scale formed in the
high temperature oxidation of metals could be explained by the iron
and oxygen diffusivities that depend on the oxygen chemical poten-
tial, the fluxes of ions and the sign of their divergences. These pores
can act as short circuit paths for the transportation of oxygen [20].
A marker experiment revealed that the outer and inner oxide lay-
ers grow predominantly by the outward migration of iron and the
inward migration of oxygen, respectively [21], which are affected
by the short circuit paths, such as pores, cracks and grain bound-
aries [12,22,23]. Fig. 4 shows that micro cracks and large cracks in
the oxide scales formed on the samples exposed to 600 ◦C for 600 h
and 1000 h but 550 ◦C. Growth stress may  accumulate and cause
crack initiation and propagation through the growing oxide scale,
which would increase the effective diffusivity with time.

3.3. Oxide layer structure (SEM/EDS)

The cross-sectional morphology and the corresponding compo-
sition profiles of the T22 and P92 samples exposed to SCW at 550 ◦C
and 600 ◦C for 200, 600 and 1000 h are shown in Figs. 5 and 6.
The oxide scale is mainly composed of two different layers and a
transition region between the inner oxide layer and the substrate.
According to the morphology and EDS analysis, the inner layer is a
compact Cr-rich spinel, in which the Cr concentration is approx-
imately equal to that of the substrate alloy, whereas the outer
layer is a porous Fe-rich oxide [7,8,10,24]. A thin transition layer
is observed, in which Fe concentration gradually changes from that
of the oxide to the bulk alloy concentration, Cr concentration main-
tains the bulk alloy concentration while O concentration gradually
changes from that of the oxide to zero. Compared with the pre-
vious paper [8], the thickness of the oxide scales for P92 exposed
to flowing SCW is greater, which indicates that the oxidation rate
in flowing SCW is higher than in static SCW. As reported in Refs.
[15,25], the interface between the outer layer and the inner layer

coincides with the original metal surface. Based on the mass bal-
ance and the assumption that no iron was  released into the SCW, all
of the iron that diffused from the substrate is fixed in the outer and
the inner layer. All of the chromium oxidized from the substrate is
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Fig. 4. SEM images showing the surface morphologies of the oxide scales formed on T22 and P92 after exposure to flowing SCW at 550 ◦C and static SCW at 600 ◦C containing
2  ppm dissolved oxygen under 25 MPa  for 200, 600 and 1000 h, respectively: (a1) T22, 550 ◦C for 200 h, (a2) T22, 550 ◦C for 600 h, (a3) T22, 550 ◦C for 1000 h, (b1) T22, 600 ◦C
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or  200 h, (b2) T22, 600 ◦C for 600 h, (b3) T22, 600 ◦C for 1000 h, (c1) P92, 550 ◦C fo
d2)  P92, 600 ◦C for 600 h, (d3) P92, 600 ◦C for 1000 h.

ound in the inner layer. The thickness ratio of the outer layer and
he inner layer can be expressed by

hout

hin
=

x
(

1 + CFe/CCr
)

3
− 1 (2)

here hout and hin are the thickness of the outer and the inner
xide layers (�m),  respectively. CFe and CCr are the chromium and
ron concentrations in the alloy (mol/cm3). The Fe–Cr spinel can be
xpressed as Fe3−xCrxO4, where x denotes the stoichiometric num-

er. According to the values in Table 1, the CFe/CCr ratios of T22 and
92 are 39.6 and 9.5, respectively. Based on the EDS results, the
verage Fe/Cr atomic ratios of the inner layer are approximately
6:1 and 4:1 for T22 and P92, respectively. The x values for T22
h, (c2) P92, 550 ◦C for 600 h, (c3) P92, 550 ◦C for 1000 h, (d1) P92, 600 ◦C for 200 h,

and P92 obtained from the EDS results are 0.2 and 0.6, respec-
tively. These stoichiometries remain constant during the whole
oxidation process and through the Fe–Cr spinel layer [26]. The
theoretical thickness ratios of the outer to the inner oxide layer
for T22 and P92 are 1.39 and 1.1, as estimated by Eq. (2). The
experimental values are presented in Fig. 7 at different exposure
times and temperatures. The experimental thickness ratio tends
to increase with exposure time and is slightly less than the cor-
responding theoretical value. This may  be contributed to inward
oxygen diffusion to form a thin Fe/Cr layer at the initial oxidation

stage, which doesn’t involve outward diffusion of cations across the
oxide layer. However, the influence of the initial oxidation stage
becomes increasingly smaller with the increasing time.
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Fig. 5. The cross-sectional SEM images of the oxides and the corresponding elemental depth profiles of T22 exposed to flowing SCW at 550 ◦C and static SCW at 600 ◦C
containing 2 ppm dissolved oxygen under 25 MPa  for 200, 600 and 1000 h, respectively. The dashed vertical lines are used to demarcate the interfaces between the Fe-rich
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uter  layer, the Cr-rich inner layer and the transition layer. (a1) 550 ◦C for 200 h, (a2
00 ◦C for 1000 h.

Distinct gaps are observed at the interfaces between the inner
xide layer and the substrate for 1000 h at 550 ◦C and for 600 and
000 h at 600 ◦C. In contrast, no gap is found on the T22 samples

n all cases. The formation of gaps and oxide exfoliation are related
o the internal stress between the oxide and the substrate. This
nternal stress originates from the growth stress when the oxides
orm on specimens due to the Pilling–Bedworth ratio, as well as the
hermal stress during temperature changes due to the difference

f the thermal expansion coefficients between the oxides and the
ubstrate. The main reason for the difference of gaps between the
92 and T22 samples is the different chromium concentrations of
he spinel oxides formed on their surface.
◦C for 600 h, (a3) 550 ◦C for 1000 h, (b1) 600 ◦C for 200 h, (b2) 600 ◦C for 600 h, (b3)

4. Discussion

4.1. Effect of the chromium concentration

Many oxidation mechanisms of ferritic/martensitic steels in
SCW have been proposed in recent years [5,7,9,15]. It is assumed
that the outer layer grows at the oxide/water interface due to the
transport of Fe ions through the inner oxide layer, and the Cr-rich

spinel oxide grows at the oxide/metal interface due to the inward
transport of oxygen and water [27,28]. Furthermore, the oxida-
tion rate-controlling step for the oxidation of ferritic/martensitic
steels is the outward diffusion of Fe ions through the inner layers
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uter  layer, the Cr-rich inner layer and the transition layer. (a1) 550 ◦C for 200 h, (a2
00 ◦C for 1000 h.

26,28,29], which is consistent with the presence of the transition
ayer in the samples. If the diffusion of oxygen were the oxida-
ion rate-controlling step, the significant transition layer would not
orm because oxygen would not be able to diffuse far ahead of the
xide [15]. In Robertson’s [30,31] model for aqueous oxidation, it is
ssumed that the corrosion rate is limited by cation diffusion in the
nner layer. This assumption is reasonable because the Fe-tracer
iffusion coefficient decreases with the increasing Cr concentra-
ion in the Fe–Cr spinel [32]. This assumption was also proven by
artinelli’s experiment [29]. Generally speaking, the higher the Cr
oncentration is, the lower the oxidation rate is [33]. The Cr-rich
pinel plays a decisive role in the oxidation rate of the metal. In this
aper, the weight gain curves show that the weight gain of T22 is
depth profiles of P92 exposed to flowing SCW at 550 C and static SCW at 600 C
he dashed vertical lines are used to demarcate the interfaces between the Fe-rich
◦C for 600 h, (a3) 550 ◦C for 1000 h, (b1) 600 ◦C for 200 h, (b2) 600 ◦C for 600 h, (b3)

higher than that of P92 at 550 ◦C and 600 ◦C, which is due to the
lower chromium concentration of the spinel layer of T22.

4.2. Influence of the oxidation environments (flowing vs. static)

Parabolic oxidation kinetics is usually employed when the effec-
tive diffusivities of the reactants are independent of time and length
scales. As discussed above, the oxidation mechanism of the fer-
ritic/martensitic steels in SCW is governed by the outward diffusion

of Fe ions and the variations of the oxygen potential. As a result,
the oxidation rate might follow the parabolic rate equation with
the rate constant predicted by Wagner theory [34] if the oxide
layer were flawless and bulk diffusion were dominant. However,
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Table 2
A summary of exposure tests in 500–600 ◦C flowing or static SCW containing different dissolved oxygen contents.

Temperature Alloys DO (ppb) Oxide composition Time exponent SCW condition

500 ◦C HCM12A
NF616

10 Fe3O4/(Fe,Cr)3O4 0.43 [21] Flowing
0.48 [21] Flowing

HCM12A
NF616

25 Fe3O4/(Fe,Cr)3O4 0.497 [36] Flowing
0.486 [36] Flowing

P92  10 Fe3O4/(Fe,Cr)3O4 0.28 [7] Static
T91 25  Fe3O4/(Fe,Cr)3O4 0.40 [9] Flowing

2000  Fe2O3/Fe3O4/(Fe,Cr)3O4 0.57 [9] Flowing
HCM12A 2000 Fe2O3/Fe3O4/(Fe,Cr)3O4 0.35 [11] Flowing
HT9  2000 Fe2O3/Fe3O4/(Fe,Cr)3O4 0.44 [10] Flowing

550 ◦C P92 10 Fe3O4/(Fe,Cr)3O4 0.32 [7] Static
100  0.28 [8] Static
300  0.32 [8] Static
2000  0.23 [8] Static
2000  Fe2O3/Fe3O4/(Fe,Cr)3O4 0.48 (this paper) Flowing

T22 2000 Fe2O3/Fe3O4/(Fe,Cr)3O4 0.49 (this paper) Flowing
600 ◦C HCM12A 25 Fe3O4/(Fe,Cr)3O4 0.418 [36] Flowing

NF616 0.451 [36] Flowing
HCM12A 0.457 [24] Flowing
P92 10 Fe3O4/(Fe,Cr)3O4 0.31 [7] Static

2000  

2000  Fe2O
T22  2000 Fe3O

0.5
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92 exposed to flowing SCW at 550 ◦C and static SCW at 600 ◦C containing 2 ppm
issolved oxygen for 200, 600 and 1000 h, respectively. The dashed horizontal lines

ndicate theoretical value.

eviation from the expected parabolic oxidation kinetics is often
bserved in the SCW environment [7,8]. A summary of these corro-
ion experiments in SCW is given in Table 2. The oxidation kinetic
urves are classified into two groups, that is, a parabolic rate equa-
ion (n = 0.5) and a cubic rate equation (n = 0.33). The oxidation
inetics is more apt to follow the near-cubic rate equation in static
CW and the near-parabolic rate equation in flowing SCW. Whether
CW is static or flowing can influence the oxidation kinetics of
etals. Young [35] concluded that surface reactions in bi- and
ulti-oxidant systems can cause a boundary layer, in which the

xposure conditions at the surfaces are different from those in the
ulk fluid. In the process of oxidation, hydrogen is formed from
ater decomposition and metal oxidation in SCW. The generated
ydrogen is swept away when SCW is flowing, which makes the DO
ontent (oxygen partial pressure) at the SCW/oxide surface much
loser to that in the bulk fluid.

The flow state of SCW (flowing or static) has an impact on the

ccumulation of hydrogen, thereby affecting the oxygen partial
ressure at the SCW/oxide surface. The effective diffusivity of Fe

ons and the concentration of defects in oxides are functions of the
xygen partial pressure. For the static SCW condition, the accu-
0.38 (this paper) Static
3/Fe3O4/(Fe,Cr)3O4 0.43 (this paper) Flowing
4/(Fe,Cr)3O4 0.36 (this paper) Static

mulation of hydrogen can lead to a decrease in the oxygen partial
pressure at the SCW/oxide surface with increasing oxidation time.
Thus, less oxygen can diffuse through the oxide, decreasing the oxy-
gen potential throughout the layers. As a result, the diffusion rate
of Fe ions decreases with decreasing oxygen partial pressure, lead-
ing to a decrease in the oxidation rate, which is associated with
oxidation time. On the other hand, the presence of voids creates
short-circuit diffusion paths, which can influence the overall trans-
port through the oxide layer. However, these voids are gradually
healed over time (Section 3.2), removing some of the short-circuit
diffusion paths, resulting in a decrease of the effective diffusivity
with time (the parabolic law assumes constant diffusivity, neglect-
ing the effect of the evolving internal microstructure on the scale’s
effective diffusivity with time). As a result, the time dependence of
the oxidation kinetics deviates from the parabolic rate equation.

4.3. Oxide phase analysis

As shown in Table 2, hematite appears only when SCW is flowing
and when the dissolved oxygen content is high enough (2 ppm).
At present, there are two  possible explanations for the formation
of hematite. One is that a high DO content can cause high oxygen
partial pressure at the SCW/oxide surface. When the oxygen partial
pressure is high enough, the following reaction of the dissolved
oxygen in SCW and the Fe ions in the matrix occurs at the surface
of the samples in the initial oxidation stage.

4Fe + 3O2 = 2Fe2O3 (3)

The other explanation is that with the growth of the oxide layer,
the outward diffusion of Fe ions through the layer becomes slower,
which causes the content of Fe ions on the SCW/oxide surface to
decrease. Consequently, magnetite is converted to hematite by the
following reaction [37–39].

4Fe3O4 + O2 = 6Fe2O3 (4)

Most of the laboratory tests were shorter than 1000 h, so Fe2O3
was not found in low-DO SCW. However, Zhong et al. [40] reported
an investigation on a T91 superheater tube after 12,956 h of ser-
vice in a USC power plant operating in low-DO SCW. They found

that the outer layer of the oxide scale is Fe3O4 plus some Fe2O3.
Lee et al. [41] concluded that the outer layer was 95% magnetite
and 5% hematite on a T91 superheater tube after operating time of
14,186 h. Moreover, the hematite mass fraction increased with the
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N.-q. Zhang et al. / Corrosi

ncreasing oxidation time under low DO. Based on the long-term
ervice results in power plants and laboratory investigations, it can
e inferred that when the thickness of the oxide becomes thick
nough and the void content formed in the oxide scale is increased
o a certain extent, the content of Fe ions that can diffuse outward
o the SCW/oxide surface decreases and causes the formation of
e2O3 under low DO. The thermodynamic calculations of the equi-
ibrium (dissociation) oxygen partial pressure of hematite at 550 ◦C
nd 600 ◦C are 1.07 × 10−17 and 6.96 × 10−16 atm, respectively.
lthough the oxygen partial pressure in the SCW with different DO
ontents is sufficient to form hematite, the oxygen partial pressure
s sensitive to the presence of even a small amount of hydrogen and
he consumption rates of oxygen at the SCW/oxide surface. Thus,
he SCW state (flowing or static) plays an important role in the
xide composition. The oxygen partial pressure at the SCW/oxide
urface is a function of the flow state of SCW, the DO content and
he oxidation rate constant. The oxygen partial pressure increases
ith increasing flow rate of SCW and/or DO content and decreases
ith increasing oxidation rate constant.

. Conclusion

The influence of SCW environment (flowing or static) on corro-
ion behaviour of ferritic and ferritic–martensitic steels exposed to
50–600 ◦C SCW containing 2 ppm dissolved oxygen was  investi-
ated. The thickness ratio of the outer to inner oxide layer depends
n the chromium concentration in the alloys. The flow state of
CW can influence the time exponent of the oxidation kinetics and
xide compositions. The oxidation kinetics is prone to follow the
ear-parabolic rate equation in flowing SCW but the near-cubic
ate equation in static SCW. The main difference between flow-
ng and static SCW is the hydrogen and oxygen partial pressures
n the SCW/oxide surface, which affect the internal microstructure
volution and result in deviation from the parabolic rate equation.
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