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Oxidation Mechanism of Steels in Liquid–Lead Alloys
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The oxidation mechanism of steels in liquid–lead alloys (lead or lead–bismuth)
was studied. Parametric dependencies of oxidation, including oxygen-concen-
tration effects, oxidation-rate constant and corrosion-rate effects, are analyzed.
An oxidation model is developed based on the assumptions that the chemical
reactions are at equilibrium locally, and scale removal is due to mass-trans-
fer corrosion. The model shows that outward-iron diffusion in the solid phase
(oxide layer) controls the oxide growth and mass-transfer rate in the flowing-
boundary layer determines the corrosion-product transport in the liquid phase
(liquid–lead alloy). The oxide thickness depends on both the parabolic oxide-
growth-rate constant and the mass-transfer-corrosion rate. For long-term oper-
ation, the outer layer of a duplex-oxide layer can be completely removed by
flowing lead alloys and it is expected that a pure-chromium-oxide layer forms
underneath the Fe–Cr spinel if iron is heavily depleted. The oxide thickness
and steel weight change are very different from those of the pure parabolic
law and they are classified into distinct and universal categories. The model is
validated partially by application to interpreting the measured oxide behavior
of several steels in a lead-bismuth eutectic-test loop.
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INTRODUCTION

Corrosion of containment and structural materials presents a critical chal-
lenge in the use of lead–bismuth eutectic (LBE) or liquid lead as a nuclear
coolant in accelerator-driven systems (ADS) and advanced reactors. The
corrosion in lead-alloy systems is primarily due to the relatively high solu-
bility of the base and major alloying components of steels, such as Fe, Ni,
Cr, etc.1 The process depends on many factors including the flow velocity,
temperature and its profile, compositions of the liquid and solid materi-
als.2 Without some protective means, the selective dissolution of materials
would destroy the containment structure rapidly. Efforts have been devoted
to finding ways to form and keep protective films on structural metals to
reduce corrosion. It was reportedly achieved in Russia.3 through the appli-
cation of an active-oxygen-control technique. By carefully controlling the
oxygen concentration in LBE or liquid lead, it is possible to maintain an
iron and chromium oxide-based layer on the steel surfaces, while keeping
lead and bismuth from contamination by excessive oxidation. The oxide
film effectively separates the steels from the liquid metal, and therefore the
corrosion rate is significantly reduced. The active-oxygen control allows
maintenance and restoration of protective-oxide films.4

The oxide layer formed on steel surfaces in liquid–lead alloy systems
serves as an effective solid-state diffusion barrier between the steel and
the liquid–lead alloys. The ideal protective-oxide layer should be pore-free,
crack-free, stress-free at operating temperatures, resistant to spalling and
damage during cooling or heating.5 In addition, the oxygen and metal ions
must have low diffusion coefficients through the scale, and the recession
rate of the original surface must be low enough during the desired service
life.6 For a practical lead-alloy-coolant system, it is nearly impossible to
set up such an ideal protective layer. However, it is possible to optimize
the self-healing layer by controlling the oxygen concentration in the liquid
lead/lead-bismuth, and changing steel compositions and operating condi-
tions.

To optimize the protective layer in lead-alloy-coolant systems, experi-
ments are being conducted in many countries.7–17 Several important con-
clusions can be drawn from previous experiments.18 However, the results
are still scarce and scattered and we cannot reach definitive conclusions
or correlations between corrosion/oxidation and hydraulic factors, oxygen
concentration, and steel composition based on the available data. At the
present time, these test results cannot be easily interpreted and applied for
general design purposes. It is very difficult to forecast long-term corrosion
of steels in liquid-lead alloys based on the experimental results of similar
steels that have similar chemical compositions.
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Therefore, it is important to develop theoretical tools to interpret the
existing data and apply them to practical designs of lead-alloy-coolant sys-
tems. In addition, theoretical analysis can guide future experiments. In
the present study, a model for the oxidation of steels in lead-alloy envi-
ronments is developed. The model is based on Wagner’s theory,19 and
the mass-transfer corrosion due to the flowing liquid is included using
Tedmon’s equation.20 The model is partially benchmarked by experimen-
tal results.

To our best knowledge, there is no such oxidation/corrosion model
of steel in flowing liquid lead or lead-bismuth. However, several oxidation
models of steel in aqueous environment have been presented.21 Since steel-
alloying components can dissolve into both aqueous media and liquid–
lead alloys, it is necessary to briefly review the oxidation model of steels
with scale removal in aqueous environments.

Recognizing that the diffusion of oxygen ions in the scale is too slow
to account for the inner-layer formation, Castle and Masterson22 devel-
oped a model in which it was assumed that the liquid, water, could reach
the substrate surface through the porous oxide layer. Therefore, for a
duplex-oxide layer, Castle and Masterson hypothesized that the oxidant
reaching the steel surface through pores formed the inner layer, while the
dissolved metals at pore bases diffused outwards and precipitated to form
the outer layer. Based on Castle and Masterson’s assumptions, Winkler
et al.23 developed a model in which it was assumed that both the inner
and outer layers were formed via the precipitation of the dissolved metal
in the liquid. Lister et al.24 proposed that the formation of the outer
layer was due to the metal precipitation similar to that in Castle and
Masterson’s model, while they proposed that the inner layer was formed
via the solid diffusion of the oxidant through the scale.

These solution-pores-related models are all based on the mechanism
that the outer-layer formation is due to the precipitation of the dis-
solved metals. However, it is noted that duplex-oxide layers also commonly
form during gaseous oxidation of metals/alloys.25 Experimental results
have shown that the outer layers in gas can form on the gas/oxide inter-
face, which indicates that the formation is due to solid diffusion of metal
through the scale.26 To be consistent with gaseous oxidation, Gibbs27

slightly modified Castle and Masterson’s model and proposed that pores
were only involved to supply the oxidant to the oxide/steel interface, but
the oxidation rate was determined by the solid diffusion of metal through
the scale to the oxide/media interface. Voids are always observed in oxide
films, but experimental investigations28 concluded that the voids do not
aggregate to pores traversing through the outer-oxide layer. Robertson25, 29

re-examined the pore-relevant model for aqueous oxidation. He pointed



356 Zhang and Li

out that there were three main shortcomings: first, it does not account for
the similarity of oxidation rates in steam and neutral water; second, it pre-
dicts a temperature dependence of the rate which is an order of magnitude
too low; and third, direct measurements of the permeability of the oxide
suggest that the effective pore size is too small to account for the observed
corrosion rate.

Robertson25, 29 developed his oxidation model in aqueous environ-
ments based on analyzing oxide growth in steam and water at high tem-
peratures. It was assumed that the outer-layer formation (for stainless
steels, mainly Fe3O4) was due to solid-state diffusion of iron, while the
inner layer (mainly Fe–Cr spinel) was due to water reaching the inner
surface through micro-pores. The oxidation rate was determined by the
diffusion rate through the inner layer where the oxide was compact. There-
fore, the total corrosion rate in Robertson’s model was independent of the
liquid-flow velocity and the presence of any outer layer.

As discussed above, tests of steels in flowing-lead alloys indicate that
the oxide-layer thickness depends strongly on the flow velocity and the
oxygen dissolved in the liquid. Therefore Robertson’s model cannot be
applied to the present cases. In this study, a model, involving both oxida-
tion and corrosion of steels in liquid–lead alloys, is developed. The species
transport in the solid phase (oxide layer) and the liquid phase (liquid–lead
alloy) are discussed and modeled. The amount of metal diffusing outward
consists of two parts: one part forms new oxide at the liquid/oxide inter-
face, and the other is removed by the flowing liquid. The scale removal by
mass-transfer corrosion leads to a high oxidation rate. Unlike Robertson’s
model for aqueous media, it is found that there is a limiting-oxide thick-
ness depending on the parabolic oxidation rate and the mass-transfer rate.
The oxide thickness is strongly affected the flow velocity, which is consis-
tent with test results of steels in lead–bismuth eutectic (LBE).

IDENTIFICATION OF THE OXIDE STRUCTURE

The oxide-layer structure of steel in liquid–lead alloy with oxygen
control, in principle, depends on steel compositions, temperature and
hydraulic factors. Generally, there are two possible structures for martens-
itic steels according to the available experimental results:30

(1) For temperatures below 550◦C, the scale is composed of an exter-
nal magnetite layer, Fe3O4 and a compact internal Fe–Cr spi-
nel-oxide layer. In some cases, the external-magnetite layer is not
observed. Penetrations of lead are sometimes observed in the
outer layer. The duplex-layer can protect steels from dissolution.
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(2) For temperature above 550◦C, an internal-oxidation zone with
oxide precipitates along the grain boundaries is observed below
the Fe–Cr spinel layer.

Austenitic steels have more Cr and Ni than martensitic steels. The oxide
layer formed on austenitic steels has the following possible structures:18

(1) For temperature below 500◦C, the oxide layer is very thin and
is composed of the single-layer Fe–Cr spinel, which can prevent
direct dissolution.

(2) For temperature around 550◦C, the oxide layer can have either
duplex- or single-layer structure, depending on the surface and
operating conditions. The duplex-layer oxide can prevent steel-
component dissolution, while heavy dissolution is observed when
the single-layer oxide forms.

(3) For temperature above 550◦C, heavy dissolution occurs.

For a static test case, if the liquid is saturated with the steel com-
ponents, no steel components can be released to the solution. The oxide
structures are similar to that in gaseous environment. For other cases with
scale removal, the possible oxide structures of stainless steels (martensitic
or austenitic steels) in liquid–lead alloys with oxygen control are shown in
Fig. 1.

Initially, a very thin oxide layer forms on the steel surface quickly
if a steel is exposed to oxidizing environments without protection. After

Fig. 1. Possible oxide structures of stainless steels in liquid–lead alloys with oxygen
control.
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the thickness reaches 2–3 nm29, the oxidation slows down and the metal
or the oxidant diffusion controls the oxidation process. In liquid–lead
alloy systems, the flowing solution (lead-alloys) can remove metals at the
outer surface. If the removal rate is greater than the diffusion rate of
metal through the scale, no new oxide can form at the outer surface (liq-
uid/oxide interface), and the oxide may be formed at the oxide/steel inter-
face. For Fe–Cr steels, the Fe–Cr spinel initially formed can retain Cr and
other components such as Ni at their original locations because they have
smaller diffusion rates through the scale than that of Fe.29 Fe diffuses out-
wards and is carried away at the liquid/oxide interface by the flowing liq-
uid (Fig. 1b). The new oxide formed at the oxide/steel interface takes up
the space left by Fe diffusion. Such selective-oxide layer growth is con-
trolled by Fe diffusion.

With increasing operation temperature and Fe content in the steel,
the amount of Fe reaching the liquid/oxide interface increases. When it is
larger than the amount of Fe removed by the flowing liquid, the excess Fe
will be oxidized and new oxide layer forms at the liquid/oxide interface.
Thus a duplex-oxide layer forms on the steel surface (Fig. 1c). Accord-
ing to the experimental results from gaseous environments, it appears that
the inner-/outer-oxide layer interface coincides with the original-steel sur-
face.

It is noted that the mechanism of duplex-oxide-films formation is very
complicated and not well understood at the present even in gaseous envi-
ronments. In a very simple manner, it can be depicted as:17 Fe diffuses
outwards through each of the oxide layers and produces a pure iron-
oxide layer at the liquid/oxide interface. The limited Cr-diffusion leads to
Cr-enrichment in the spinel layer near the oxide/alloy interface. Simulta-
neously, oxygen goes inwards through the outer oxide layer and produces
an inner spinel-oxide layer. Since the oxygen self-diffusion coefficient is
very small, there should be some fast paths for oxygen to arrive at the
inner layer at sufficiently high rates to account for the observed inner-
oxide growth.

If the oxygen concentration is too low to form the protective-oxide
layer, heavy dissolution or corrosion occurs (Fig. 1d) since most of the
steel components have high solubility in liquid–lead-alloys.18 Such corro-
sion can also occur at high temperatures9 if the oxide layer cannot pre-
vent steel components from dissolving. It is important to point out that
the oxide-layer structure strongly depends on the steel composition, such
as contents of Cr and Si. Discussions on the effects of Cr content can be
found in Ref. 29 for aqueous environments, and that of Si content can be
found in Ref. 31 for gaseous environments.
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THEORY

Wagner Theory for Oxide Growth

After a short “transient” time (the initial-oxidation period), the oxi-
dation rate is controlled by mass (oxygen or metal) diffusion. For such a
steady-state situation, the well-known Wagner theory19, 32, 33 can be used
to analyze the oxide growth. In this theory, it is assumed that local ther-
modynamic equilibrium is attained, while the whole system is not in equi-
librium and each component can be assigned a chemical potential which is
a function of the position normal to the steel surface.31 The metal flux JM

through the oxide, which is also a function of position, can be expressed
as:

JM =−DM,scM

RT

dµM

dx
, (1)

where R is the gas constant, T is the absolute temperature, cM is the
local concentration of metal in the oxide, and DM,s is the metal self-diffu-
sion coefficient. The relation between the self-diffusion coefficient and the
chemical diffusion coefficient DM,c (Fick’s law) is:

DM,c = DM,s

RT

dµM

d ln cM

, (2)

In Eqs. 1 and 2, µM is the chemical potential of the metal ion. It can be
expressed in term of chemical potential of oxygen by:34

µM =−αµo =−α

2
RT ln PO2 , (3)

where µO is the oxygen-atom chemical potential and PO2 is the oxygen
partial pressure, and α is the ratio of the mole fraction of oxygen in the
oxide to that of the metal, for example α=4/3 for Fe3O4. Substituting Eq.
3 into Eq. 1:

JM = 1
2
αDM,scM

d ln PO2

dx
. (4)

It has been found that most of the growth of the thick films (>1 µm)
follows parabolic kinetics, i.e.,

X2 =Kpt, (5a)

or

dX

dt
= Kp

2X
, (5b)
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where t is time, X is the oxide layer thickness at time t , and Kp is the par-
abolic-growth-rate constant depending on the operating conditions. Based
on Eqs. 4 and 5 and following Wagner’s procedure, it was found:32

Kp =
∫ (PO2 )II

(PO2 )I

αDM,sd ln PO2 , (6)

where the subscript I and II represent the oxide/steel and oxide/environment
boundary. Taking into account the effects of oxygen diffusion and correlat-
ing the constant to the tracer-diffusion coefficient, Di,t (i =O,Fe), which is
readily obtained experimentally, it was found:26

Kp =
∫ (PO2 )II

(PO2 )I

(
αDM,t

fM

+ DO,t

fO

)
d ln PO2 . (7)

In the above expression, fM (of metal M) and fO (of oxygen) are coor-
dinate factors for the self-diffusion mechanism and are of the order unity.
For Fe3O4, the value of fFe is approximately 0.5 for a mechanism involv-
ing vacancy and in the range 0.4–1 for a mechanism involving intersti-
tials.35 Taking into account that the oxygen-tracer diffusion in an oxide
layer is much smaller than that of iron, i.e. DO << DM , most oxidation
processes are controlled by the outward diffusion of metal ions. Thus the
second term in the integration (Eq. 7) can be neglected and the expression
reduces to Eq. 6.

If the oxide formation is controlled by lattice and short-circuit diffu-
sion (diffusion along grain boundaries), the tracer-diffusion coefficient in
Eq. 7 should be replaced by an effective-diffusion coefficient that is defined
as:36

Deff =DL(1−�)+DB�, (8)

where DL and DB are the lattice-diffusion coefficient and the diffusion
coefficient along grain boundaries respectively, � is the fraction of the
diffusion sites related to short-circuit paths. Assuming that the oxide
grains are small rectangular prisms with width and length g, height ε, the
fraction can be expressed as:37

�= 2ε

g
, (9)

Equation 7 and the related equations are very important in the
oxide-growth theory. It provides a quantitative relationship between the
parabolic oxidation rate constant with the self-diffusion coefficients of
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metal ions that are easily obtained experimentally. Evaluation of the oxi-
dation rate constant from Eq. 7 merely requires that data available for
the tracer diffusion coefficient that depends on the oxygen partial pres-
sure, making it possible to forecast long-term oxidation behavior based on
short-term experiments and to guide future experiments.

Point-defect Theory for Cation Diffusion in Oxide Layers

It has been noted that the diffusion rate of oxygen in magnetite
and Fe–Cr spinel is much smaller than that of iron ions. It is the out-
ward diffusion of iron that controls oxide growth in liquid–lead alloys.
For solid-state diffusion, the concentration of point defects (vacancies-and
interstitials) determines the diffusion rate. Experimental results of diffusion
of Fe in Fe3O4

38 are shown in Fig. 2, as well as the fitting results. The
figure shows that the tracer-diffusion coefficient depends strongly on both
oxygen partial pressure and temperature. There is a minimum value for the
coefficient at each temperature. The phenomenon can be explained using
the point-defect theory:39 at low-oxygen pressure, the Fe diffusion is deter-
mined by the movement of Fe interstitials which decreases with increas-
ing oxygen partial pressure, while at high-oxygen pressures, the diffusion
is controlled by vacancies.

Theoretical analyses of iron diffusion in magnetite have been stud-
ied in detail.39–41 For our purpose, we will derive the dependency of the
diffusion coefficient on the oxygen pressure and temperature in liquid–lead
alloys. Similar to the gaseous oxidation, Fe vacancies (V2−

Fe ) are produced
via:

4
3

O= 1
3

Fe3O4 +V2−
Fe +2h+, (10)

where h+ is a hole. The equilibrium constant of the above reaction, K10,
is:

K10 =
(aFe3O4)

1/3a
V 2−

Fe
(ah+)2

a
4/3
O

=
c
V 2−

Fe
(ch+)2

(PO2)
2/3

, (11)

where a is the activity. Therefore

c
V 2−

Fe
= K10(PO2)

2/3

(ch+)2
∝ (PO2)

2/3. (12)

For Frenkel Defects,42 the Fe interstitial, FeI
2+, is produced via:

FeFe =Fe2+
I +V2−

Fe , (13)
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Fig. 2. Iron-tracer-diffusion coefficient in magnetite as a function
of the oxygen partial pressure in the temperature range of 900 to
1400◦C.38

then, the interstitial concentration cFe2+
I

can be expressed in terms of the
equilibrium constant K13 of the above reaction and the vacancy concen-
tration as:

cFe2+
I

= K13

c
V 2−

Fe

∝ (PO2)
−2/3. (14)

The self-diffusion coefficient of iron in Fe3O4 involving defects can be
written as:43

DFe,s =
∑
def

Ddef cdef , (15)

the subscript def represents defects. The tracer-diffusion coefficient in Eq.
7 can be expressed as:

DFe,t = fFeDFe,s =D0
V exp(−EV /RT )P

−2/3
O2

+D0
I exp(−EI/RT )P

−2/3
O2

, (16)

where D0
V and D0

I are constants related to vacancies and interstitials
and they both have the unit of a diffusion coefficient. EV and EI are
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apparent-activation energy. It has been found that Eq. 17 could also be
applicable to the tracer diffusion of iron in spinel (Fe,Cr)3O4.43 For the Fe-
tracer-diffusion coefficient in magnetite, in the temperature range of 900 to
1400◦C, Dieckmann and Schmalzried38 found:

D0
V = 4×10−15 m2/s, D0

I =8×103 m2/s,

E0
V = −138.6 kJ/mol, E0

I =−614.2 kJ/mol. (17)

Comparison between the calculation based on Eq. 17 using the values pro-
vided in Ref. 38 and experimental results at 500◦C44 indicates that the
values for the constants in Eq. 17 taken from Ref. [38] is also valid at
500◦C. To the best of our knowledge, there is no temperature-dependence
expression for the Fe-tracer-diffusion coefficient in Fe–Cr spinel. Topfer,
et al.43 studied the diffusion coefficient in detail at 1200◦C. Comparisons
of Fe-and Cr-tracer-diffusion coefficient in Fe–Cr spinel for different Cr
content are shown in Fig. 3. At temperature 1200◦C, the Fe-tracer-diffu-
sion coefficient decreases with increasing Cr content in the spinel. The
Cr-tracer-diffusion coefficient is much smaller than that of Fe at the same
temperature, therefore during the oxidation process Cr remains at the orig-
inal locations, while Fe diffuses through the scale to form new oxides.
Studies of metal diffusion in the spinel indicate that the diffusion coeffi-
cients can be ranked as Mn > Fe > Co > Ni > Cr.25

Mass Transport of Corrosion Products in the Liquid Metal

Different from oxidation processes in gaseous environments, steel com-
ponents can be dissolved into liquid lead or lead–bismuth because the main
components such as Fe, Ni, Cr have high solubility in the liquid-metal alloy.
Two processes (dissolution and oxidation) occur simultaneously at the steel
surface in contact with the liquid lead/LBE with oxygen control. The flowing
liquid carries away the dissolved metals (corrosion products), which sustains
corrosion. For mass-transfer corrosion, the corrosion product concentration
in the liquid satisfies (ignoring chemical reactions in liquid due to low con-
centrations):

∂ci

∂t
+U∇ci =Di∇2ci, (18)

where ci is the concentration of corrosion product i in wppm, Di is
the diffusion coefficient of corrosion product i in the liquid, and U is
the velocity vector. At the liquid/steel interface, the corrosion product
concentration is at equilibrium. For the case without the oxide layer:4

ci,w = ci,s =10Ai+Bi/T , (19a)



364 Zhang and Li

Fig. 3. Fitted results of Fe-and Cr-tracer-diffusion coefficient in
(Cr1−xFex)3O4. The fitted equation for x = 0 is taken from Ref. 38,
and the other equations are taken form Ref. 43.

and for the case with the oxide layer:18

ci,w = ci,sa
b/a
pb

(
cO,s

cO

)b/a

exp
[

1
aRT

(�FMaOb
−b�FPbO)

]
, (19b)

where ci,w is the boundary concentration (concentration at the interface),
ci,s is the solubility of metal i in the liquid (liquid lead or LBE), aPb is
activity of lead,18 �F is the free Gibbs energy of formation for the oxide,
a and b are stoichiometric constants of oxide MaOb.

Knowing the corrosion-product concentration at the interface, the
corrosion flux, qi , can be calculated using Fick’s law:

qi =−Di

dci

dy
|y=0 ≈Ki,m(ci,w − ci,b), (20)

where Ki,m is the mass-transfer coefficient, depending on the local hydraulic
factors such as the streamwise mean velocity, hydraulic diameters and local
temperature. ci,b is the concentration of corrosion product i in the bulk
flow and is often set to ci,b = 0. For a non-isothermal, closed-loop system,
the bulk concentration can be calculated by taking into account that the
total amount of corrosion equals the total amount of precipitation in the
entire closed loop.45
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An analytical solution for the corrosion flux in a non-isothermal liq-
uid lead or LBE loop was obtained as:46

qi(x)=
(

2πD2
i γ

3L

)1/3
1

Ai(0)�(1/3)

∑
k

Qk exp(2πkIx/L), (21)

where Ai and � are Airy Function and Gamma Function, respectively, γ

is the wall shear rate defined by γ = λV 2/2υ (γ is the friction factor, V

(m/s) is the bulk velocity, υ (m2/s) is the kinematic viscosity), and Q0 =
0,Qk = akk

1/3I 1/3 for k > 0 and Qk = ak|k|1/3(−I )1/3 for k < 0. I is the
imaginary unit, and it is chosen that I 1/3 = √

3/2 + I/2 and (−I )−1/3 =√
3/2− I/2.

To calculate the corrosion rate of steel in liquid–lead-alloy environ-
ments, it is necessary to evaluate the value of the diffusion coefficient
of corrosion products (Fe, Cr, Ni, etc). A correlation of the Fe-diffusion
coefficient in pure liquid lead was developed by Robertson:47

DFe→Pb =4.9×10−7 exp
(

−44100±6300
RT

)
m2/s. (22)

To our best knowledge, there is no correlation for Fe diffusion in LBE.
By comparing the two diffusion coefficients (Fe in pure liquid lead and in
LBE) at 750◦C, Balbaud-Celerier and Barbier47 found that the two values
are almost the same. Therefore, they assumed the Fe-diffusion coefficient
in LBE equals to that in pure lead over a considerable temperature range.

Tedmon’s Model for Oxidation of Steel in Liquid–lead Alloy with Scale
Removal by Mass-Transfer Corrosion

The oxide-layer growth, the corrosion-product transport in the scale
and the liquid are discussed in the previous sections. It is necessary to com-
bine all the processes for a complete picture of the oxidation and corro-
sion behavior of steel exposed to lead-alloys with oxygen control. Tedmon’s
model,20 based on the experiments of Cr oxidation at high temperature with
scale vaporization, can be applied to the present oxidation process by replac-
ing the vaporization rate with the mass-transfer-corrosion rate. Tedmon’s
model is:

dδ

dt
= Kp

2δ
−Kr, (23)

where δ is the oxide thickness at time t , Kp is the parabolic-oxide-growth-rate
constant and is calculated by Eq. 7, Kr is the scale-removal-rate constant
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by mass-transfer corrosion and is related to the corrosion flux by:

Kr =q
ρL

ρox(1−FO)
, (24)

ρL and ρox are the density of the liquid and the oxide, respectively, and Fo

is the mass fraction of oxygen in the oxide. For the zero-oxide-thickness
initial condition (no pre-oxidation), the solution of Eq. 23 is:20

t =− δ

Kr

− Kp

2K2
r

ln

∣∣∣∣1− 2Kr

Kp

δ

∣∣∣∣ . (25)

For non-zero initial condition, δ0(δ0 �= 0, pre-oxidation), the solution
becomes:48

t =−δ − δ0

Kr

− Kp

2K2
r

[
ln

∣∣∣∣1− 2Kr

Kp

δ

∣∣∣∣− ln

∣∣∣∣1− 2Kr

Kp

δ0

∣∣∣∣
]

. (26)

Based on Eqs. 25 and 26, the initial and asymptotic kinetics were dis-
cussed in Ref. [48]. Several approximate solutions were obtained for the
initial and asymptotic behaviors of the oxide growth. Eqs. 25 and 26
indicate that the oxide thickness approaches a limiting thickness δc(δc =
Kp/2Kr ) for long-term operations (t →∞) if δc is smaller than the limit
above which spallation occurs. Such a phenomenon is very different from
that of oxidation without scale removal, for which the oxide thickness
grows in time until it reaches the spallation thickness.

Typical behavior of oxide thickness for oxidation process with scale
removal is shown in Fig. 4. For comparison, the parabolic law result is
also shown in the figure. If δ0 >δc, the thickness approaches δc from above,
corresponding to oxide dissociation; if δ0 <δc, the thickness approaches δc

from below, corresponding to new-oxide formation; if δ0 = δc, the thick-
ness stays constant in time, indicating that the metal-removal rate by
mass-transfer corrosion equals the diffusion rate of cations through the
existing oxide layer.

The weight changes of samples are related to the oxide thickness
(assuming that the oxide is compact) by:48

�w =ρoxFOxf (X −X0)−ρox(1−FO)Krt. (27)

A detailed discussion on the mass changes of samples in high-temperature
oxidation in a scale-removal environment can be found in Ref. 48. The
typical weight-change curves for steel samples in a liquid–lead-alloy sys-
tem are shown in Fig. 5. For the parabolic law (corresponding to the liq-
uid being saturated with the corrosion product), the mass always increases
with time; for the cases of δ0 <FOδc, the weight first increases with time
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Fig. 4. Typical oxide-thickness variations with time for oxidation with
scale removal.

and then decreases after it reaches a maximum; for the cases of δ0 <FOδc,
the weight always decreases in time. When Kr → 0, Eq. 23 is reduced to
the parabolic law, the weight always increases if there is no oxide spall-
ation. This corresponds to most of the static-test cases, and shows that
long-term corrosion rates cannot be reliably extracted from static tests.

DISCUSSION

Parametric Dependencies

To avoid lead-oxide precipitation and sustain Fe-oxide (mainly Fe3O4)
formation, the oxygen partial pressure in the cover gas of a lead-alloy sys-
tem should be controlled in the range:18

1/2�FFe3O4 <RT ln PO2 <2�FPbO −2RT ln aPb. (28)

From Eq. 17, the partial pressure for the minimal tracer-diffusion coeffi-
cient can be found as:

P
4/3
O2

(Dmin
Fe,t )= D0

I

D0
V

exp
(

−EI −EV

RT

)
. (29)

The maximal and minimal oxygen-partial pressures in a lead-alloy
system (lead and LBE) with oxygen controlled and PO2(D

min
Fe,t ) as func-
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Fig. 5. Typical curves of weight change per unit area for samples in
liquid–lead alloy.

tions of temperature are shown in Fig. 6. The figure shows that the oxy-
gen partial pressure for the tracer-diffusion coefficient of iron in Fe3O4
attaining its minimal value is less than the maximal partial pressure in the
controlled system, while greater than the minimal partial pressure, indicat-
ing that Fe diffusion in the oxide can be controlled by either vacancies or
interstitials depending the oxygen level in the liquid–lead alloy. According
to Eqs. 6 and 17, the parabolic-growth-rate constant of Fe3O4 is:

Kp = 2
fFe

[
D0

V exp(−EV /RT )(PO2)
2/3

− D0
I exp(−EI/RT )(PO2)

−2/3
] ∣∣∣(PO2 )II

(PO2 )I
, (30)

In liquid–lead alloy systems with oxygen control, it is convenient to
express the oxygen, effects in term of the oxygen concentration in the liq-
uid metal. The relation between the oxygen concentration and the oxygen
partial pressure at the liquid/oxide interface can be expressed as:18

(PO2)II =
(

cO

cO,s

)2

a−2
Pb exp

(
2�FPbO

RT

)
. (31)

Equations 30 and 31 indicate that the parabolic rate constant of mag-
netite depends on oxygen concentration, oxygen solubility in the liquid,
the Pb activity and the Gibbs free energy of formation for PbO. If the
oxygen activity in the liquid–lead alloy is defined as: aO = cO/cO,s , then
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Fig. 6. The oxygen upper-and lower-limits in oxygen-
controlled liquid lead and LBE and the oxygen partial
pressure for minimal Fe-tracer-diffusion coefficient in
magnetite.

Kp ∝A(aO)4/3 −B(aO)−4/3, where A and B are constants depending only
on temperature.

For showing the dependencies of Kp on the oxygen concentration in
liquid–lead alloy systems, curves of Kp with cO are shown in Fig. 7 for
three typical working temperatures of LBE by assuming that (PO2)I is the
dissociation partial pressure of Fe3O4 and setting fFe = 0.5. The figure
indicates that Kp increases with cO when cO is very small and reaches a
constant value for larger cO . Such phenomena can be explained by tak-
ing into account that aO →1 with cO →cO,s , leading to a constant oxygen
partial pressure which is the upper limit in Eq. 28 at a given temperature.

For mass-transfer corrosion, the mass-transfer rate, Km, can be
expressed as:

Km =K0
m exp

(
Qm

RT

)
, (32)

where K0
m depends on the hydraulics factors, such as the flow velocity,

liquid viscosity, diffusion coefficient and the hydraulic diameter. Assum-
ing that the bulk concentration of the corrosion product has the same
dependence on the oxygen concentration with the surface concentration,
based on Eqs. 19b and 24, the scale removal rate, Kr , for Fe3O4 can be



370 Zhang and Li

Fig. 7. Kp dependencies on the oxygen concentration in LBE at
three typical temperatures.

expressed as:

Kr =K0
r cFe,sa

4/3
Pb

(
cO,s

cO

)4/3

exp
(

Qr

RT

)
. (33)

Thus, the Fe3O4-removal rate depends on the Fe solubility, Pb activity and
∝ (aO)−4/3. Eqs. 30 and 33 are used to calculate Kp and Kr . Knowing
these two parameters, the limiting-oxide thickness δc can be calculated.

The above analyses on Fe3O4 growth behaviors in liquid–lead alloys
are based on Dieckmann and Schmalzried’s theory,38–40 in which the oxy-
gen dependency is based on the assumption that the defect concentrations
(vacancies and interstitials) are independent of the grain size and porosity.
In Dieckmann and Schmalzried’s experiments, the magnetite had a grain
size in the range of 10 to 100 µm. They suggested that the tracer diffu-
sion or the parabolic growth rate constant should be influenced by the
oxide physical properties. For fine-grain-magnetite growth, Schmalzried49

found that the dependency was (PO2)
0.4 and Surman50 found that it was

(PO2)
0.145. For the duplex-oxide-layer growth, Smith51 found the depen-

dency was (PO2)
0.135 and Saito et al.52 found it was (PO2)

0.141.
The oxide-layer-formation process is very complex. The existing exper-

imental results in liquid–lead alloy are not enough to produce a correla-
tion between the oxide layer and the oxygen concentration. The parabolic
rate constant for the duplex layer of 316 stain steel in CO/CO2 environ-
ment and for SUS 316 steel in a Ni/NiO environment at 600◦C are shown
in Fig. 8, as well as the constant for magnetite of pure iron in CO/CO2

50

and gaseous environment.38 It is difficult to interpret the causes that result
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Fig. 8. The parabolic-oxidation rate constant of 316,51 SUS 31652

stainless steels and pure iron38, 49 at 600◦C. The constant from Ref. 38
was calculated based on the experimental tracer-diffusion coefficient.

in the difference between the rate constant of the two steels that have the
same chemical compositions based on the present theories. It may be due
to different oxide gain sizes, the different oxidizing environments, etc. The
large different dependence on the oxygen indicates that there are still many
open questions in the field of steel oxidation and corrosion.

Rate-control Process

In the present study, it is assumed that the protective layer is continu-
ally removed by mass-transfer corrosion. The mass-transfer corrosion does
not influence the oxidation mechanism, and the oxidation does not influ-
ence the scale-removal mechanism either. The entire process involves sur-
face and bulk reactions, mass transport (diffusion and convection) in the
flowing liquid, and species diffusion in the oxide (species diffusion in steel
is neglected). The involved processes of duplex-layer formation are shown
in Fig. 9.

The chemical reactions are much faster than mass diffusion. Thus it
is reasonable to assume that all the chemical reactions are at their local
equilibria. In a practical LBE coolant system or an LBE test facility, the
flow is fully turbulent and it can mix the corrosion product quickly, then
diffusion in the bulk flow is neglected. Compared with mass transport due
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Fig. 9. Iron-transport processes for a duplex-layer.

to diffusion and convection in the boundary layer, the mass transport due
to convection in the bulk flow is much faster. Therefore, the mass-transfer
rate in the boundary layer dominates the transport in the liquid, while the
diffusion process dominates the transport in the oxide. The open question
is which process dominates the entire oxide growth with scale removal in
a liquid–lead-alloy system with oxygen control.

It has been verified that Cr and Ni have lower diffusion rates in
Fe–Cr–Ni spinel than that of Fe25. It is commonly accepted that the
outward-Fe diffusion determines the entire oxidation rate, Cr and Ni are
retained and relatively enriched in the inner layer. The inner layer grows
at a rate limited by the space made available by the outward diffusion of
Fe ions. Because the Pilling-Bedworth ratios of the oxide are roughly two,
about half of the Fe ions move through the scale and the inner-/outer-layer
interface coincides with the original steel surface.

In Robertson’s25, 29 model for aqueous oxidation, it was assumed that
the corrosion rate was limited by cation diffusion in the inner layer. Such
an assumption is reasonable, because the Fe-tracer-diffusion coefficient
decreases with increasing Cr content in the Fe–Cr spinel according to
Fig. 3. However, the inner-oxide grain size is much finer compared with
the outer-oxide grain size, the effective-diffusion coefficient may be larger
in the inner layer considering the enhanced diffusion along grain bound-
aries making diffusion in the outer layer rate determining for the entire
corrosion rate. Diffusion of Fe and Cr in the duplex-layer scales grown
on 316 stainless steel was studied by Smith53 in the temperature range
655–1000◦C. The results are shown in Fig. 10. The figure indicates that
the diffusion coefficient of Fe in magnetite (outer layer) is smaller than
that in the Fe–Cr–Ni spinel (inner layer). Smith53 suggested that the diffu-
sion coefficient was an effective one, and the rate-controlling step of the
duplex layer forming on 316 steel could be diffusion in magnetite. The
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Fig. 10. Curves of Fe, Cr diffusion coefficients in the inner
and outer oxide layer as functions of temperature.53

same conclusion was also drawn by Daito et al.52, Furuya et al.54 and
Smith.51 Because the diffusion coefficients in magnetite and spinel differ
by only one order of magnitude, we can not clearly differentiate which
diffusion controls the outward-Fe movement.

The oxide-growth rate is a function of time, while the scale-removal
rate by mass-transfer corrosion is constant. If the oxide-growth rate is ini-
tially larger than the scale-removal rate, i.e., Kp/2δ >Kr , oxidation domi-
nates the entire corrosion process and the oxide thickness increases with
time until it reaches the limiting thickness δc. If the oxide-growth rate
is initially smaller than the scale-removal rate, i.e., Kp/2δ < Kr ; then for
pre-oxidation cases, the scale removal dominates the corrosion process and
the oxide thickness decreases with time and approaches its limiting thick-
ness from above; for cases of no pre-oxidation, no oxide forms at the liq-
uid/solid interface, and direct dissolution of steel components occurs, and
the corrosion rate is determined by the mass-transfer coefficient Km.
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Because the inner layer takes up the space made available by outward-
Fe diffusion, it continues to grow even when oxidation and scale removal
reach their balance. Therefore, the control-step will eventually be Fe diffu-
sion in the inner-oxide layer. For long-term operations, the amount of Fe
diffused through the inner layer cannot balance the amount of removal
at the liquid/scale interface. The outer-layer scale (Fe3O4) dissociates and
is continually removed by the flowing liquid and becomes thinner. Even-
tually, the Fe3O4 scale will be removed completely and the Fe–Cr spinel
becomes the layer in contact with the liquid.

On the other hand, it is possible to form Cr2O3 scale at the
oxide/steel interface because of the depletion of Fe and the low oxygen
partial pressure. Once the formation of Cr2O3 scale begins, the transport
of Fe will be reduced significantly due to its much lower diffusion coeffi-
cient in the scale. It is necessary to point out that the corrosion rate
or the recession rate of the steel surface with oxide formation is much
smaller than that without oxide formation, i.e. direct dissolution, making
it possible to use some steels in oxygen-controlled, liquid lead or LBE for
extended periods of time.

Erosion Corrosion

The present model assumes that scale removal is due to the mass-trans-
fer corrosion that does not affect the oxidation mechanism. In practice, ero-
sion can occur at the location where the flow changes its direction suddenly,
such as a bend, an expansion, etc. The liquid particles can attack the pro-
tective layer, and the high shear stress may strip the layer away. Such attacks
can enhance the oxidation mechanism and lead to a higher degradation rate
of the structure surface.

Chang et al.55 classified the erosion–oxidation phenomena into
four categories: erosion of oxide only, erosion-enhanced oxidation,
oxidation-affected erosion and erosion of metal only. Rishel et al.56 pro-
posed that there are three types in the erosion-enhanced-oxidation range
(Fig. 11). For erosion of the oxide only and type I in the erosion-enhanced-
oxidation regime, erosion does not modify the oxidation mechanism. There-
fore the present model can be applied by replacing the scale-removal rate of
mass-transfer corrosion with that of scale removal by erosion.

For Type II of the erosion-enhanced oxidation, the erosion attack
affects the oxidation mechanism and results in fast path for cation diffu-
sion that leads to a higher oxide-growth rate than that without ero-
sion. For such cases, the diffusion coefficient can not be calculated
using the point-defect theory, and the fast-path should be considered.
Therefore the present model is still valid with some modification of the
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Fig. 11. Erosion-oxidation-interaction regimes.56 Ke is the erosion rate and Kp,e is the
parabolic-oxide-growth-rate constant in erosion environment.

diffusion-coefficient calculation. For Type III in which spalling occurs, the
Tedmon equation (Eq. 23) cannot be used, because scale removal and the
oxide-layer growth are not continuous. Oxide spalling destroys the protec-
tive-oxide layer, resulting in new-oxide formation and heavy dissolution,
enhancing the corrosion rate significantly. A description of oxide spalling
needs a full understanding of the stress within the oxide. Several spalling
mechanisms were summarized in Ref. 56.

Oxidation-affected erosion occurs when erosion is rapid compared
with oxidation.55 The oxide layer is thin, discontinuous, and the erosion
impacts cause substantial plastic deformation of the underlying steel. For
such cases, the substrate is covered with a composite layer composed of
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deformed steel, oxidation product and embedded erosion particles.56 There-
fore the present model is no longer applicable in which the covered layer
is composed of oxidation product (oxide layer) only. In the absence of the
oxide layer, the steel will degrade very rapidly by erosion.

Although erosion and mass-transfer corrosion have some similar
features, the parametric dependencies differ significantly because the two
processes have completely different mechanisms. To fully understand the ero-
sion effects in lead-alloy-coolant systems, more experimental and modeling
studies should be carried out.

APPLICATIONS TO OXIDATION & CORROSION OF STEELS
IN PB/LBE

The proposed model is applied to interpret the test results of steel
316, D-9 and HT-9. The experiments were carried out in a LBE loop at
550◦ C.17 The LBE flow velocity was 1.9 m/s and the oxygen level is in the
range of 0.03–0.05 ppm. Duplex-oxide layer formed after 1000, 2000 and
3000 h exposure. The structures after 2000 h are shown in Fig. 12.

According to Refs. 48 and 57, Eq. 26 can be simplified for early-stage
kinetics. The simplified equation is:57

δ = (Kpt)1/2 − 2
3
Krt, (34)

Correspondingly, the weight change per-unit can be expressed as:

�W =ρOxfO(Kpt)1/2 −ρOx

(
1− 1

3
fO

)
Krt, (35)

The rate constants (Kp,Kr ) can be calculated using the equations
proposed in section Theory. Assuming that Eq. 17 can be applied to the
spinel layer in the present duplex-oxide layers and the iron activity at
oxide/steel interface equals 1, the parabolic growth constant can be cal-
culated using Eq. 30 and Kp[calculated] = 3.21 × 10−17 m2/s. This value
is similar to the values for SUS 316 steel calculated from Satio et al.52

and Smith51 expressions that are 4.75 × 10−18 m2/s and 2.64 × 10−17 m2/s,
respectively, under the same oxygen partial pressure.

To calculate Kr , detailed experimental conditions such as the test-loop
length, the temperature profile, etc. have to be known. However, based on
our previous analysis46 the corrosion rate q is less than 0.01 mm/yr at 550◦C
when oxygen concentration is around 0.01 ppm. Assuming q = 0.01 mm/yr,
we obtain Kr [calculated] = 9.1 × 10−13 m/s using Eq. 24. It is noted that
the above calculations can not show the steel composition effects on the
oxide-layer formation.
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Fig. 12. Duplex-layer-oxide structure for steel (a) D-9,
(b) 316 and (c) HT-9 after 2000 h exposures in flowing
LBE with a velocity 2 m/s and oxygen concentration in
the range of 0.03–0.05 ppm.17

There are many uncertainties in the experiments, such as the iron-diffu-
sion coefficient in LBE, the loop-global condition effects, the grain-size
effects, etc. making it difficult to obtain exact values of the rate constants
theoretically. However, Eqs. 34 and 35 provide simple expressions to fit the
experimental results. The fitted results of the weight changes of D-9 and
HT-9 steels are shown in Fig. 13. Because there is significant erosion of steel
316 after 1000 h, it is impossible to fit the results using the present model
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Fig. 13. Fitted results of sample weight changes.

that only considers the mass-transfer corrosion caused scale removal. But
experimental results of steel 316 are also shown for comparison. Although
the agreement is less than satisfactory, we believe that the key feature is cap-
tured and long-term, corrosion test-data are needed for further validation.

The fitted value of the parabolic rate constant, Kp, is 1.480 ×
10−16 m2/s for HT-9 and 6.872 ×10−17 m2/s for D-9. It is reasonable that
the Kp of HT-9 is larger than that of D-9 considering D-9 has higher con-
tents of Cr and Ni than HT-9. These fitted values are greater than the cal-
culated value, but the difference is deemed acceptible considering there are
many uncertainties.

Although the two samples were put into the same test leg simulta-
neously and tested under the same condition, the fitted Kr of the two
steels have some differences (1.01 × 10−12 m/s for HT-9 and 7.04 × 10−13

for D-9) owing to large scatter in the data. Both are however close to
the calculated value. According to the present simplified model, the scale
removal rate of Fe3O4 is dependent only on the flow condition and the
temperature and is independent of steel compositions. Study on compo-
sition effects on corrosion will need more careful and longer-term experi-
ments.

Using the fitted values of Kp and Kr , comparisons between the calcu-
lated results and the experimental results of the duplex-layer-oxide thickness
are shown in Fig. 14. The figure indicates that the results agree with each
other reasonably well. The calculated limiting-oxide thickness δc is roughly
73 µm for HT-9 and 49 µm for D-9 at the present operating conditions.
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Fig. 14. Comparisons between the theoretical calculation results and
experimental results.

CONCLUSIONS

A model for predicting oxide-layer growth and corrosion of steel in
liquid lead and lead–bismuth is presented based on Wagner’s model for
steel oxidation in gaseous environments. The scale is continuously removed
by mass-transfer corrosion, which is taken into account through Tedmon’s
equation. Chemical reactions are assumed to be very fast compared with
chemical-mass diffusion and at local equilibria. In the solid phase (oxide
layer), outward-iron-ion diffusion controls the oxidation rate. In the liquid
phase (liquid lead or liquid lead–bismuth), corrosion-product transport in
the mass-transfer boundary layer controls the scale-removal rate.

The oxide structure of steels in liquid–lead alloys is identified based
on analyses of the available experimental results. A duplex-layer structure
is always formed on martensitic steels at temperatures below 550◦C, while
for austenitic steels, the oxide layer can have either single-or duplex-layer
structure depending on the operation temperature and surface treatments.
It is shown that the outer layer (Fe3O4) is formed by outward-iron diffu-
sion and the inner layer is due to inward-oxygen diffusion through fast
paths. The inner layer takes up the space by outward-iron diffusion. Cr
and Ni are relatively enriched in the inner layer which increases the pro-
tectiveness over time.

The oxide thickness can reach a limiting thickness that is determined
by the ratio of the parabolic-rate constant to the removal-rate constant.
For long-term operation, the control step will eventually be diffusion in the
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inner layer. The outer layer will dissociate and will be completely removed
by mass-transfer corrosion, making Fe–Cr spinel the outer layer. It is also
shown that the possibility exists for the formation of a pure-Cr-oxide layer
underneath the Fe–Cr spinel by heavy depletion of iron.

Parametric dependencies are discussed. Contrary to Roberson’s model
for aqueous environments, the present model shows that the instantaneous
thickness and the limiting value are very sensitive to the mass-transfer rate
in the liquid-mass-transfer-boundary layer even when the control step is in
the inner layer. At the steady state, the original-steel-surface-recession rate
is determined only by the mass-transfer-corrosion rate, indicating that the
oxidation of steel in liquid–lead alloys depends strongly on the flow veloc-
ity. Different from the purely parabolic law, the oxide-thickness behavior
and the sample weight change depend on the initial conditions. The weight
can decrease even for the cases of oxide growth with time.

The present model is partially benchmarked by applying it to inter-
pret the test results of several steels in a LBE loop. It is should be noted
that the present study is a very preliminary evaluation of the oxide behav-
iors of steel in liquid–lead alloys at high temperatures. The oxidation
process with scale removal by flowing liquid is a very complex process
depending on many factors. To optimize the protective of layer of struc-
ture in lead-alloy-coolant system, a complete study of the oxide behaviors
should be carried out experimentally and theoretically. However, the key
qualitative features are captured in this model and can serve as the start-
ing point for bringing this area of research to the next level.
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