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For a correct design of supercritical water-cooled reactor (SCWR) components, data regarding the behav-
ior of candidate materials in supercritical water are necessary. Corrosion has been identified as a critical
problem because the high temperature and the oxidative nature of supercritical water may accelerate the
corrosion kinetics. The goal of this paper is to investigate the oxidation behavior of Incoloy 800 exposed
in autoclaves under supercritical water conditions for up to 1440 h. The exposure conditions (thermal
deaerated water, temperatures of 723, 773, 823 and 873 K and a pressure of 25 MPa) have been selected
as relevant for a supercritical power plant concept. To investigate the structural changes of the oxide
films, X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectrometry
(EDX) and electrochemical impedance spectroscopy (EIS) analyses were used. Results show changes in
the oxides chemical composition, microstructure and thickness versus testing conditions (pressure, tem-
perature and time). The oxide films are composed of two layers: an outer layer enriched in Fe oxide and
an inner layer enriched in Cr and Ni oxides corresponding to small cavities supposedly due to internal
oxidation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Supercritical water-cooled reactors (SCWRs) are promising ad-
vanced nuclear systems due their high thermal efficiency and con-
siderable plant simplification. One of the major issues is to propose
performant materials for the fuel claddings and the core compo-
nents in the SCWR [1]. Because the materials will be used under
high pressurized water at temperatures above the thermodynamic
critical point of water, the requirements for cladding materials are:
good mechanical properties, corrosion resistance, resistance to
neutron irradiation, low susceptibility to stress corrosion cracking
and microstructural stability [2]. Nickel-based alloys were selected
as promising material based on experimental results of corrosion
tests and mechanical tests before irradiation [3]. These alloys show
a high tendency to form a protective oxide film in water at high
temperatures. Based on its advantages such as high strength and
corrosion resistance at high temperatures, Incoloy 800 (a high
nickel alloy) is a candidate for Generation IV supercritical water-
cooled nuclear plant design [4]. The present work aims at evaluat-
ing the general corrosion behavior of Incoloy 800 tubes exposed
under supercritical water conditions for up to 1440 h. Gravimetry,
optical microscopy, scanning electron microscopy/energy disper-
sion X-ray spectroscopy (SEM/EDS), X-ray diffraction (XRD) and
ll rights reserved.
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electrochemical impedance spectroscopy (EIS) were used to ana-
lyze oxide growth and stability.
2. Experimental

The Incoloy 800 tube (13.9 mm outside diameter and 0.6 mm
wall thickness) was cut into 10 mm long pieces, polished with grit
papers and cleaned ultrasonically. The chemical composition of the
studied material is given in Table 1. Samples were exposed in static
autoclaves at four temperatures (723, 773, 823 and 873 K) under
constant pressure of 25 MPa for periods up to 1440 h. Deionized
water had a conductivity of 0.7 lS cm�1 and its dissolved oxygen
content was below 2 ppm (oxygen was released by thermal degas-
sing at 373 K). The test solution working pH was �6.3. Weight
gains due to oxidation were measured using a balance providing
a precision of ±0.001 mg.

The cross sections of the corrosion samples were analyzed with
a SEM and energy dispersive X-ray spectroscopy (EDS) using a TES-
CAN VEGA II-LMU device. The oxidation kinetic was additionally
evaluated by thermal gravimetric analysis (TGA) using a ther-
moanalyzer SETSYS EVOLUTION 24. Tests have been performed
for 72 h, in flowing steam with Ar and 90% RH humidity.

Qualitative phase analysis has been done using a Rigaku ULTI-
MA IV X-ray diffractometer with h–h vertical goniometer. X-ray
diffraction patterns have been acquired in symmetrical geometry
using multilayer parallel-beam method. The disposal of oxides in
layer has been evaluated from X-ray diffraction patterns acquired
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Table 1
Chemical composition of Incoloy 800.

Element C Al Si P S Ti Cr Mn Fe Ni Cu

Fraction (wt%) 0.02 0.11 0.48 0.009 0.004 0.29 21.5 0.47 46.3 30.9 0.01

Fig. 1. Weight gain data (filled markers) and oxide thickness (opened markers) as a
function of exposure time for Incoloy 800 exposed to supercritical water at 723,
773, 823 and 873 K under 25 MPa.

Table 2
Kinetic parameters for Incoloy 800 at different temperatures.

Temperature (K) A0 (mg dm�2 s�n) n (–) R2 (–) Kinetics

723 0.95 0.32 0.97 Cubic
773 0.94 0.40 0.91 Parabolic
823 0.92 0.56 0.98 Parabolic
873 1.19 0.65 0.97 Parabolic
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in asymmetrical geometry with incidence angles a of 0.5� and 1.0�.
The incident Cu Ka line k = 1.54178 ÅA

0

at 40 kV and 30 mA was
used. The experimental conditions for qualitative phase analysis
were: 5 s for each step, an angle range 2h = 22–110� with a step
Fig. 2. Grain boundary structure of Incoloy 800 tube: (a) as-received; (b) tested at 77
of 0.05�. In order to analyze the oxides disposed into the surface
layer, the experimental conditions were: 10 s for each step, range
angle 2h = 22–60� with 0.02� steps.

Electrochemical impedance spectroscopy measurements (EIS)
were carried out at room temperature in a 0.05 M boric acid with
0.001 M borax solution (pH = 7.47) using a PAR 2273 device within
the 10�1–105 Hz frequency range, at open circuit potential and
room temperature.

3. Results and discussions

General corrosion tests were carried out by means of weight
gain measurements after different exposure times in static auto-
claves. Fig. 1 shows the dependence of weight gain on the corro-
sion test period for Incoloy 800 tube at four temperatures: 723,
773, 823 and 873 K at 25 MPa pressure. The corrosion kinetics at
different temperatures follows different trends in time.

Since the testing time was much shorter than the service life-
time of nuclear reactors, an extrapolation based on fitting available
experimental data was performed to provide an idea of trends in
oxide growth. The experimental weight gain data (Dm) can be fit-
ted using the following equation:

Dm ¼ AeðQ=kBTÞtn ¼ A0tn; ð1Þ

where A and A0 are constants, Q is the activation energy for oxida-
tion, T is the temperature in Kelvin, t is the exposure time, kB is
the Boltzman constant and n is the time exponent. The fitting curves
for each set of data are shown in Fig. 1 and the corresponding time
exponent values and the A0 values are presented in Table 2. It is
important to note that the trends are based on limited experimental
data set.

The results indicate that, at 723 K, the weight gain exhibited cu-
bic growth kinetic (n = 0.32) whereas at 773, 823 and 873 K the
3 K for 1440 h; (c) tested at 823 K for 1440 h and (d) tested at 873 K for 1440 h.
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growth kinetics were closer to parabolic (n = 0.40, 0.56, 0.65). The
corrosion scale significantly increases with the temperature so the
corrosion rate is highly temperature dependent.

The growth of oxide is generally considered to be from both
outward migrations of iron ions to the surface, where they react
with water molecules and the inward diffusion of oxygen ions to
the metal–oxide interface, where they react with the metal [5].
Corrosion at 873 K and 25 MPa was fast, resulting in a 10-fold
weight gain increase compared to the 723 K weight gain. The outer
oxide layer thicknesses estimated for Incoloy 800 samples exposed
at different temperatures, are shown in Fig. 1. The oxide thickness
was calculated using a density of 5.2 g cm�3 for the magnetite
(Fe3O4) [6]. From view of corrosion limits, at the highest tempera-
ture (873 K) and 25 MPa after 1440 h, Incoloy 800 tube showed an
acceptable corrosion rate of about 2.0 lm a�1 (calculated from
weight loss after descaling).

To reveal the grain boundary structure, the tubes were exam-
ined metallographically using electrolytic etching in oxalic acid.
This examination was carried out before and after exposing in
supercritical water. Investigations about grain size impact on the
corrosion behavior in steam demonstrated that there is a marked
improvement in the corrosion resistance of fine grained austenitic
structure comparated to a coarse grained structure because a pro-
Fig. 3. SEM images of the surface morphologies of oxide layers o
tective chromium oxide layer can be obtained through a finer grain
size [7]. The ‘as-received’ Incoloy 800 tube samples show a micro-
structure consisting of the matrix austenite phase with large grain
size (75 lm) as is shown in Fig. 2(a). The microstructure of samples
tested at 723, 773 and 823 K contained similar sized grains after
1440 h whereas the samples exposed in water at 873 K presented
thicker grain boundaries and a decreasing from 75 lm average to
60 lm average (Fig. 2(b)–(d)).

The surface morphology of the oxide layers on the samples after
1440 h is shown by SEM images (Fig. 3). With increasing tempera-
ture and exposure time, the topography and thickness of oxides
changed on the surface of the samples in supercritical water. The
oxide films were non-uniform with various thicknesses. A porous
oxide structure was observed on the surface of samples exposed
at the highest temperature (873 K) and the pores density was also
noted to increase with exposure time. These pores are likely to act
as pathways for transportation of oxygen. For samples exposed
1440 h at 873 K, the porosity of the external layer was about
20.3% compared to samples exposed 168 h at 873 K (3.8%) or com-
pared to samples exposed 1440 h at 773 K (8.3%).

Optical microphotographs of scale cross sections are shown in
Fig. 4(a) and (b) for Incoloy 800 tube after 168 and 1440 h exposure
in water at 873 K. On the surface of these samples many cavities
n Incoloy 800 tested at: 723, 773, 823 and 873 K for 1440 h.
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were observed. They are expected to be generated because of high
concentration of oxygen in the water. The oxide layer thickness
varied as is shown in optical microphotographs (Fig. 4). The sam-
Fig. 5. (a) Cross-sectional SEM image of the Incoloy 800 after 1440 h exposure to
water at 873 K and (b) the corresponding composition profile across the oxide
thickness.

Fig. 4. Optical micrographs of the scales formed on Incoloy 800 samples after (a)
168 h (small cavities) and (b) 1440 h exposure at 873 K (larger cavities).
ples exposed for a longer time (1440 h) presented larger outer
oxide layers (3.1–12.3 lm) and larger inner oxide layers (13.6–
21 lm) compared with samples exposed at the same temperature
Fig. 6. Cross-sectional SEM image of the Incoloy 800 sample analyzed for 72 h by
thermal gravimetric analysis.

Fig. 7. X-ray diffraction patterns for Incoloy 800 tested at 873 K: (a) 168 h; (b)
1440 h where XRD peaks are 1 – for Incoloy 800; 2 – for NiFe2O4; 3 – XRD for
FeCrO3; note h–h XRD spectrum in symmetrical geometry.
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for shorter times (0.7–6.9 lm outer layer and 10.2 lm inner layer)
(see Fig. 4(a) and (b)). These thicknesses were measured for sam-
ples sections observed in optical microphotographs. In many
micrographs, samples presented larger inner oxide layers than
the outer oxide layers.

Fig. 5 shows the SEM cross-sectional morphology of the oxide
layers formed on Incoloy 800 after exposure for 1440 h at 873 K,
and corresponding composition versus depth profiles determined
by EDS line-scans. This type of sample was used as an example be-
cause its oxide was thick enough to be analyzed. As shown in the
elemental depth profile, there was Fe depletion in the inner oxide
layer and enrichment in the outer oxide layer, whereas Ni and Cr
were slightly more abundant in the inner oxide layer and depleted
in the outer oxide layer. The Fe rich outer layer has a large grain
size and seems porous. The inner layer enriched in Cr and Ni oxide
corresponds to the cavities observed in the optical micrographs
from Fig. 4 and is supposed to be representative of the internal oxi-
dation zones. The thickness of the Fe rich external layer is about
4 lm and the thickness of the inner layer is about 19 lm. These
values are comparable with the values obtained by optical micros-
copy. The internal oxidation layer may be expected to appear be-
cause the oxygen affinity for Cr is larger than for Fe, therefore Cr
oxidizes more readily by reacting with diffused oxygen. Simulta-
neously the formation of this layer will decrease the oxygen poten-
tial at the oxide/metal interface making iron oxide less stable [8].

Another cross-sectional morphology of Incoloy 800 sample is
presented in Fig. 6. This sample was tested for 72 h in steam at
823 K by thermal gravimetric analysis (TGA). This short test dura-
tion was designed to obtain information about factors which influ-
ence the appearance of the cavities. The TGA tests consisted of
maintaining a sample in flowing steam with Ar for 72 h at a con-
stant temperature (875 K) and atmospheric pressure. In this case
the pressure was absent, but the oxygen content was high. As
shown in Fig. 6, the sample presents cavities like those after auto-
clave exposure therefore it was assumed that the high temperature
Fig. 8. Bode plots and Nyquist plots for Incoloy 800 samples oxidized at: (d) 723 K; (�
column).
and high concentration of oxygen are responsible for internal oxi-
dation of this alloy.

From XRD qualitative phase analysis, the following oxides were
identified: NiFe2O4 and FeCrO3. In Fig. 7 the XRD spectra obtained
in symmetrical geometry and in asymmetrical geometry for inci-
dence angle a of 0.5� and 1� are shown. On the surface of the sam-
ple exposed for 168 h at 873 K, a mixture of phases was observed,
independent of the incidence angle value, indicating a single sur-
face layer (Fig. 7(a)). For the sample oxidized at 873 K for 1440 h
(Fig. 7(b)) the phases identified as a function of incidence angles
indicated a double layer oxide: NiFe2O4 in the outer layer and Fe-
CrO3 in the inner layer.

The estimation of superficial layer characteristics has been per-
formed by electrochemical impedance spectroscopy (EIS) method
which does not accelerate the electrochemical reactions at metal/
solution interface. Impedance spectra for Incoloy 800 are presented
in Bode and Nyquist coordinates in Fig. 8. As shown in Bode plots
the impedance values measured for samples tested 168 h are
appreciable (near 104 X) for oxides developed at 723, 773 and
823 K and slowly smaller for oxides developed at 873 K. Impedance
magnitude (Z) is proportional to the oxide resistance (R) and inver-
sely proportional with oxide capacity, so the larger the impedance
value is, the better the corrosion resistance is. After 1440 h at
873 K, the impedance value slowly decreased and the oxide film
developed under these conditions is not so corrosion resistant be-
cause of its enhanced porosity (Fig. 8, second column). The larger
polarisation resistance values estimated from Nyquist plot extrap-
olation indicated a good corrosion resistance of the oxide films
developed at 723 and 823 K after 1440 h (Table 3). For oxide films
developed at 873 K after 1440 h exposure, the polarisation resis-
tance is smaller compared to other oxides films. The polarisation
resistance being inversely proportional with corrosion current
density (according Buttler–Volmer equation), a smaller value of
the polarisation resistance denotes a faster corrosion rate. There-
fore, the oxide layer developed in supercritical water at 873 K after
) 773 K; (s) 823 K and (�) 873 K for 168 h (first column) and for 1440 h (second



Table 3
Polarisation resistance (Rp) values for oxides estimated from Nyquist plot
extrapolations.

Temperature
(K)

Rp for oxides formed in 168 h
(X)

Rp for oxides formed in 1440 h
(X)

723 19000 33000
773 38000 34000
823 39000 47000
873 48000 22000
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1440 h does not represent as good corrosion resistance as observed
at lower temperatures.

4. Conclusions

The results of this corrosion study on Incoloy 800 tubes contrib-
ute to the data-base extension of nickel-based alloys oxide layer
growth in supercritical water. A faster mass gain was observed
with the increase of the testing temperature over more than
1000 h. At temperatures above 773 K oxidation follows parabolic
rate kinetics, indicating that corrosion is driven by a diffusion pro-
cess. Analysis results showed changes in the oxides chemical com-
position, microstructure and thickness versus testing conditions
(pressure, temperature and time). The supercritical water exposure
at 873 K for 1440 h resulted in thicker grain boundaries and in
internal oxidation of this alloy. Based on the morphology and ele-
mental concentration distribution, the oxide scale of the exposed
samples could be divided into two distinct layers: an outer layer
enriched in Fe oxide and an inner layer enriched in Cr and Ni oxides
corresponding to small cavities supposedly due to internal oxida-
tion. The external oxide films developed on Incoloy 800 at 873 K
after 1440 h are more porous than oxides developed at 823, 773
and 723 K and present a weaker corrosion resistance.
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