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Corrosion and oxidation of structure material in supercritical water are specific and an important issue in
the nuclear industry. A scale removal cellular automaton model was proposed to investigate the
development of a continuous oxide layer of Inconel 625 in supercritical water at 24.8 MPa and 600 �C.
This study presented influence of the reaction behavior of oxidation, scale removal effect, and transport
ratio of oxygen and metal ions on the corrosion and oxidation process with different conditions. The
formation of the spinel is simulated at mesoscopic level. The developed model is also mapped with the
laboratory experimental data from a supercritical water loop.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Supercritical water reactor (SCWR) is one of the advanced reac-
tors designed for Generation IV nuclear reactors. Under high
temperature supercritical water, nickel based alloy are proposed as
a candidate structural materials for SCWR to sustain the severe
oxidation and corrosion. Among the nickel based alloy, Inconel 625
superalloy has been applied to the aerospace, chemical industry and
pilot-scale nuclear system (Otsuka and Fujikawa, 1991). However,
such high working temperature (upto 600 �C) of the supercritical
water would bring serious damage to structure material such as
oxidation and corrosion. The oxidation and corrosion of the struc-
ture material under high temperature is complex and have to be
investigated in detail before the superalloy applied on SCWR. Using
the viewpoint of an atom and molecular to simulate a macroscopic
problem like oxidation and the growth of nickel based alloy in
supercritical water is time consuming and a tough challenge. The
mechanism of oxidation and the growth of oxide layer of the nickel
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based structure materials in supercritical water has been discussed
(Wasa et al., 2007; Tan et al., 2008a; Sun et al., 2008). However, these
experimental studies demonstrate the fact that these kinds of
researches are hard tobe achievedat amicroscopic level bymeans of
approaches of computation fluid dynamics in the field of fluid
mechanics. Thus, developing another economic and physically
reasonable approach of computer simulation of the growth of the
oxide layer in high temperature supercritical water at a mesoscopic
scale is worth performing. Our mesoscopic oxidation model has
been successfully achieved to study the corrosion and oxidation of
stainless steel in the eutectic lead bismuth flow (Tan et al., 2008c,
2008b; Tan and Chen, 2009b, 2009a). Following the concept of
numerical simulation atmesoscopic view, the objective of this study
is to develop an approach to investigate the oxidation behavior of
nickel basedalloy in supercriticalwater. The resultswill bebeneficial
and important for future study of the metal oxidation.

A theoretical model which can elaborate the interface growth
process was proposed by Eden (Eden,1961). Then Eden’smodel was
extended by Saunier, who built a simple cellular automaton (CA)
model where the diffusion of iron was the only specie of structure
materials to be taken into consideration (Saunier et al., 2004). The
goal of Saunier’s simple CA model was to study the effect of kinetic
parameters involved in the corrosion mechanisms on the corroded
surface roughness (Saunier et al., 2004). There was disregard of

mailto:gpyu@ess.nthu.edu.tw
www.sciencedirect.com/science/journal/01491970
http://www.elsevier.com/locate/pnucene
http://dx.doi.org/10.1016/j.pnucene.2011.04.020
http://dx.doi.org/10.1016/j.pnucene.2011.04.020
http://dx.doi.org/10.1016/j.pnucene.2011.04.020


K.-C. Lan et al. / Progress in Nuclear Energy 53 (2011) 1034e1038 1035
presence of the oxygen in flow and the inner reaction between the
metal and oxide interface. Recently, Chen and Tan proposed an
improvedmesoscopic oxidation (IMO) CAmodel where the effect of
the oxygen was involved (Tan et al., 2008c). In Chen and Tan’s
improved CA model, the transport of oxygen was considered and
was assumed to transport along the grain boundaries. They found
that the oxygendoes significant influence on thegrowthof theoxide
layer inwhich the reactions take place on the oxide/liquid interface,
on the steel/oxide interface, and even inside the oxide films as well.

An advanced IMO CA model which considered more about the
hydraulic effect has been developed by Chen and Tan (Tan and Chen,
2009)where the basic study of corrosion and oxidation of structural
material in fluid has been reported. According to the benchmark of
the oxygen diffusion process with the analytical solution and the
reported numerical solutions from other research group, it shows
that the developedCAmodel significantlyconsists in the anticipated
estimation of the transport of oxygen at a mesoscopic level. To
promise the homogeneous and isotropic macroscopic properties,
a uniform developing probability in each direction and a synchro-
nous dynamics scheme with random selection in the whole simu-
lation domain has been adopted. The basic ideas of the developed
model have been designed to satisfy the mass transport, corrosion,
and oxidation mechanisms of stainless steels in LBE environment.
The averagingmesoscopic probabilities have beenmappedwith the
macroscopic properties by some fitting schemes and the results are
benchmarked with the experimental data. This paper presents an
initial studyof the corrosion/oxidationprocessof nickel basedmetal,
Inconel 625 superalloy, in supercriticalwater byCAmodel. Themain
purpose of this paper is to provide the initial study of the corrosion
and oxidation process from amesoscopic level on one hand, andwe
hope to setup a tool which can provide the guidance for design,
optimization and testing of the coolant system in advanced nuclear
reactor in the future on the other hand.
2. Prevoius CA model

2.1. An improved mesoscopic oxidation (IMO) CA model

The main difference between an improved mesoscopic oxida-
tion (IMO) CA model and the traditional CA models proposed by
Saunier (Saunier et al., 2004) is that the interstitial sites and the
grain boundary have been proposed to be the pathway of oxygen
transport (Tan et al., 2008c). The state of a given site in the next
time step will be determined by the state of itself and its neighbors
at the previous time step. The control variables can be formulated
as follows:

Intei;jðtþdtÞ ¼FInte
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where FLat and FInte are the local evolution rules of CA for lattice
sites and interstitial sites, respectively. 4Lat and 4Inte are the control
variables for lattice sites and interstitial sites, respectively. There
are eight neighbor lattice sitesfLatNbi;j ðtÞg and four neighbor inter-
stitial sites fInteNbi;j ðtÞg for each lattice site, LatNbi;j ðtÞ. Similarly, there
are four neighbor lattice sites and four neighbor interstitial sites for
each interstitial site Intei;jðtÞ in the 2D CA model. The basic rules of
the transport and diffusion of each species in simulation domain for
the IMO CA model can be found in our previous publication (Tan
et al., 2008c). Ions of metals diffuse NWD steps after NOT steps of
transport of oxygen in the oxide layer. The ratio of transport steps,
Kd (¼NOT/NWD), an important explicit parameter, which depends on
themass transport rate of oxygen and ionic metal in the oxide layer,
has been introduced. Another important implicit parameter, Pact, is
assigned as the probability of each reaction.

2.2. An improved mesoscopic oxidation (IMO) CA model coupling
with a simple scale removal (SSR) model

Considering the scale removal effect of the oxidation layer,
a constant removing probability is assigned for each oxide lattice as
the oxide lattice is contacting with the LBE lattice. The removing
probability is assumed to be zero in the SSR model, if the oxide cell
does not contact with any LBE lattice. Consequently, the scale
removal condition will be examined and processed only if there is
a cell occupied by fluid above cell occupied by oxide which satisfies
the scale removal condition after every step of chemical reaction
procedure.

2.3. An improved mesoscopic oxidation (IMO) CA model coupling
with a improved scale rem1 oval (ISR) model

The CA model is improved to consider the effect from the flow
direction based on the previous model. The proposed improved
scale removal (ISR) model can setup a basis for the future study of
corrosion and erosion on the stainless steel. The scale removing
probability influenced by the surrounding neighboring lattices (the
eastern, western, northern, northeastern, and northwestern
lattices) of the objective oxide layer site is taken into consideration,
which is based on the estimation of the hydraulic effect. The scale
removal probability averaged from the total possible cases equal to
PKr . The scale removal probability for each cell can be expressed as,
PiKr ¼ fiPkr , where fi is a factor describing that how difficult the
objective oxide cell will be removed. A low value of fi stands for
high difficulty by which the cell will be removed. Apparently,

1=Q
PQ
i
fi ¼ 1, where, Q is the total number of the possible cases. In

a 2D domain, the details of possible cases for sites on the oxide
surface and the assigned factors fi are listed in our previous study
(Tan and Chen, 2009b).

3. The IMO CA model with ISR model considering the effect of
spinel by adding chromium

In this improved CAmodel, the formation of spinelwill be studied
as a result of adding alloying element chrome in the structural
material. This model is developed based on the IMO CA model with
ISR model mentioned above. Hence, the scale removal effect is still
involved in this model. The added alloying element, chromium, has
a different reaction probability with oxygen comparedwith themain
content of nickel in Inconel 625. The scale removal coefficient is
related to effect of hydraulic effect on different roughness of the
oxide surface in ISR model. Comparing experimental results in SCW
(Huang et al., 2009) and in LBE (Zhang et al., 2005), the thickness of
oxide layer of Inconel 625 was in the same order as that of stainless
steel observed after the same testing time. Therefore, low reaction
probability and low average scale removal probability in previous CA
model for LBE was adapted in this CA model for SCW. With this new
model, the effect of the added alloying element, chromium, on the
oxidation process can be studied. Besides the chromium, the main
element of structure material and working fluid in this model are
modified by nickel and supercritical water respectively to match the
reaction systemwhich is the Inconel 625 superalloy in the SCW. The
schematic plot of the developed CA model is modified as shown in
Fig. 1. The state of each square cell was represented by the site vari-
able Latx, which denotes a different component at a site. Lat2
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represents the atomic nickel site. Lat3 denotes the supercritical water
site (liquid phase). Lat4 denotes site of the nickel oxide. Lat5 means
“walker,” the site of ionic nickel overlapping with oxide. Lat6 denotes
the atomic chrome site. Lat7 denotes the spinel site. With the
appearance of the added chromium, the spinel sites will be formed,
which consists of the chromatic oxide and nickel oxide.

The basic rules for this CA model are mentioned in section 2.1
and our previous study (Tan et al., 2008c). The local developing
rules for the CA model will be modified according to results of our
laboratory experiments (Huang et al., 2009). The formation of
spinel will occur with a reaction probability only if chrome, nickel
and oxygen exist at the neighboring lattice. To simulate the growth
of spinel along the same direction as the oxide layer growth
direction, two different reaction probabilities are assigned. One
probability, PactspTB is for the spinel growth in y-direction, along the
oxide layer growth direction; another one, PactspLR is for the spinel
growth in x-direction, perpendicular to the y-direction. The average
value of this two probability in x- and y-direction equals to the total
spinel chemical reaction probability Pactsp. With the improved CA
oxidation model, the oxidation process can be studied at the
mesoscopic level considering the formation of the spinel consisted
from nickel, chrome and oxygen. In the present study, the influence
of chromium and scale removal effect by the hydraulic effect
resulting from the roughness of the interface of fluid and oxide
layer has been taken into consideration at the same time.
1400
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)

4. Results and discussion

The oxidation process of the alloy consisted in nickel and the
alloying element, chrome, has been investigated in a 2-D domain of
500 (a [m]) x500 (a [m]). Based on the experimental environment of
supercritical water at 600 �C and 24.8 MPa, and the inlet oxygen
concentration in supercritical was controlled at the level of 8.3 ppm.
The thickness of oxide layer of Inconel 625 superalloywas 27, 81, 660,
880 and 1280 nm at 600 �C and 24.8 MPa supercritical water for 24,
100, 300, 600, and 1000 h, respectively (Huang et al., 2009). Because
of the oxygen concentration was controlled in experiment, the
oxygen was assumed to be stable and will be supplied immediately
after reaction in supercritical water (SCW) region and thus the Cox
was set to be 0.2 (Tan et al., 2008c; Tan and Chen, 2009b). The Cox is
the parameter of oxygen concentration in this CAmodel. Cox is set to
be 0.2 because the CA model focused on the coolant system where
oxygen concentration in working flow was controlled at a constant
level and enough oxygen for oxidation can be acquired. The chemical
reactive probability between nickel and oxygen, Pact, is set to be
0.005. The value of the reaction probability, Pact:0.005, denotes the
Fig. 1. Schematic plot of the CA model with added element chrome.
oxidation with low reaction probability where the transport of
oxygen exceeds the consumption of oxygen during the oxidation
reaction. The content of chrome, Ccr, is 0.23 tomatch the composition
of the Inconel 625 superalloy. Considering the assumption in which
the transportation rate of oxygen into oxide layer is faster than the
outward diffusion rate of themetal ion to the SCW, the transport ratio
Kd is set to be 2. Kd:2 indicates that the step of transport of oxygen
was twice the step of diffusion of walker.” The volume control
parameter 3 is set to be unity. The time interval, Dt, is set to be 0.05 h
(¼180 s), and the width of a square cell in CA model, a, is set to be
19 nm. The water flow is assumed to flow from left to right.

The formation of spinel and the hydraulic effect do significant
influence on the growth of oxide layer, four cases with specific
reaction probability and specific scale removal probability was chose
in this study. The spinel reaction probability in x-direction, y-direc-
tion, and average scale removal probability in Case 1 is
PactspLR¼ 5�10�6, PactspTB¼ 1.5�10�5 and PKr ¼ 0.0001; in case
2 is PactspLR¼ 5� 10�5, PactspTB¼ 1.5� 10�4 and PKr ¼ 0.0001; in
case 3 is PactspLR ¼ 5 � 10�6, PactspTB ¼ 1.5 � 10�5 and
PKr ¼ 0,respectively. The reaction probabilities in case 4 were all the
same as those in case 1, except for the Kd, which is set to at 0.5. Fig. 2
depicted the thickness of the oxide layer simulated by our CA model
in the four cases and the valuemeasured from laboratory experiment
(Huang et al., 2009). Comparing to thickness of the oxide layer in case
1 with lower chemical reaction probability of the spinel and case 2
with higher ones, people can easily found the fact thickness in case 1
was larger than that in case 2. The root cause to the difference of the
thickness would be related with the microstructure and may be
explained by the snapshot of the simulation in case 1 (left) and case 2
(left) at Nt ¼ 5000, as shown in the half of the left side and right side
of Fig. 3(a). The zone inviewof case 1 in Fig. 3(b) and case 2 in Fig. 3(c)
demonstrates a denser spniel structure and a thinner oxide layer as
the reaction probability of spinel is high. The density of spinel in this
2D model can be represented by the percentage of spinel sites as
depicted in Fig. 4 which present a denser spinel in case 2 than in case
1. The denser spinel structure makes the outward diffusion of nickel
ion difficult and then reduces the chance of the reaction between
nickel ion and oxygen. Thus, the lower oxide layer in the case with
higher chemical reaction probability is observed.

Comparing the scale removal effect on the thickness of oxide
layer, results of case 1 considering the scale removal effect
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Fig. 2. The comparison of thickness of the oxide layer simulated by CA model in case 1
(PactspLR¼ 5�10�6, PactspTB¼1.5�10�5, PKr ¼0.0001andKd¼ 2), case2 (PactspLR¼ 5�10�6,
PactspTB¼1.5�10�5, PKr ¼0.0001andKd¼2), case3(PactspLR¼5�10�6, PactspTB¼1.5�10�5,
PKr ¼ 0 and Kd ¼ 2) and case 4 (PactspLR ¼ 5� 10�6, PactspTB ¼ 1.5 � 10�5, PKr ¼ 0.0001 and
Kd ¼ 0.5) and the value measure from laboratory experiment.



Fig. 3. (a) Snapshot of the oxidation process, Ccr ¼ 23%, Cox ¼ 0.2, Pact ¼ 0.005, and
PKr ¼ 0.0001, for time steps Nt ¼ 5000. Left case (case 1): PactspLR ¼ 5 � 10�6 and
PactspTB ¼ 1.5 � 10�5. Right case (case 2): PactspLR ¼ 5 � 10�5 and PactspTB ¼ 1.5 � 10�4.,
(b) Zone in view of snapshot of the left case (case 1) in (a), and (c) Zone in view of
snapshot of the right case (case 2) in (a).

200 210 220 230 240 250
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40)
%(

setiS
deipucc

OlenipSfo
egatnecreP

Y (a[m])

Case1
Case2

Fig. 4. The spinel concentration in the oxide layer.
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(PKr ¼ 0.0001) and results of case 3 neglecting the scale removal
effect (PKr ¼ 0) were shown in Fig. 5. The growth rate of oxide layer
in both case are very close and they both almost match the experi-
mental data. The difference of oxide layer growth rate between two
cases can only be observed for quite a long time of oxidation. This
result implies that the scale removal effect of the Inconel 625 in such
supercritical water is hard to be observed under limited experi-
mental period, and it could cause unpredictable problem for long
service time. A well developed CA model considering with scale
removal effect would be helpful to study this kind of issue. The oxide
layer’s thickness in case 1 (Kd ¼ 2) and case 4 (Kd ¼ 0.5) shows
significant deviation. The oxide layer in case 4 was much thinner
than that in case 1. This CA model proposes that the oxygen in
supercritical water will transport into oxide and the metal along the
grain boundary of the oxide and structural material or vacancies of
the oxide andmetallic lattice. Moreover, the outward diffusion of the
ionic metal species which also results in the formation the oxide in
the interface of oxide layer and metal region was included in the CA
model. The results presented that the mobility of oxygen is higher
than ionic metal when the oxidation occurring. By means of the CA
model, the thickness of the duplicate oxide layer agrees with the
observation of the laboratory experiment (Huang et al., 2009). The
trend of growth of the oxide layer follows the parabolic law.
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K.-C. Lan et al. / Progress in Nuclear Energy 53 (2011) 1034e10381038
Finally, growth of oxide layer in case 1 agreed the experimental
results the most after analyzing the simulating results in four cases.
In Fig. 5, the oxide thickness from experimental data and the pro-
longed simulation of the oxide layer growth of Inconel 625 super-
alloy in 600 �C and 24.8 MPa supercritical water are demonstrated.
With good agreement between simulation results and laboratory
experimental results has been obtained from 0 to 1000 h, as shown
in Fig. 5, one can predict the oxide layer thickness for 2000 h can be
estimated to be 1831 nm by means of the present CA model.

5. Conclusions

The cellular automaton oxidation model in 600 �C 24.8 MPa
SCW has been proposed considering formation of NiO and spinel of
nickel oxide and chrome oxide, by the added alloying element,
chrome. The scale removal effect has been taken into account in the
present model. With the developed CA oxidation model, the
oxidation process has been investigated, in which the formation of
spinel of chrome oxide and nickel oxide has been involved, at
amesoscopic level. A scheme to control the growth of the spinel has
been proposed in the CA model. The duplicate oxide layer in the CA
model fits the experimental observation of the oxide structure of
Inconel 625 superalloy. The trend of the simulated results from the
CA model and experimental results follows the parabolic law. With
this scale removal CA model, it help us to predict and estimate the
oxide layer of the Inconel 625 in SCW at such high temperature,
600 �C, and such high pressure, 24.8 MP.

Nomenclature

a width of a square lattice in CA model in unit of meters
Cox statistic oxygen concentration in supercritical water
Ccr statistic chrome concentration in nickel alloy
fi scale removal difficulty factor
Intei;jðtÞ state variable of the interstitial sites
InteNbi;j ðtÞ state variable of the neighbor interstitial sites of the

lattice (i, j)
Lati;jðtÞ state variable of the lattice site
LatNbi;j ðtÞ state variable of the neighbor lattice sites of the lattice (i, j)
Pkr scale removing probability for SSR (simple scale removal)
model

PKr average scale removal probablity
Pact reaction of probability of oxygen sites and metal sites
PactspTB the spinel chemical reaction probability in y-direction
PactspLR the spinel chemical reaction probability in x-direction
Q the total number of the possible cases in the ISR model
Dt time interval of formation of the oxide layer between two

steps
3 volume control parameter
FLat local evolution rules for a lattice site
FInte local evolution rules for an interstitial site
4Lat control variables for an interstitial site
4Inte control variables for a lattice site
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