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The concentration and diffusion coefficient of oxide ion vacancies in the oxide scale formed on Fe-22Cr-0.5Mn fer-
ritic stainless steel with and without molybdenum (Mo) was measured at 800°C by the electrochemical polariza-
tion method. After pre-oxidation for 100 h in ambient air at 800 °C, the oxide scale on one side was completely
removed with sandpaper. A YSZ plate was placed on the side where the oxide scale remained. Platinum (Pt)
meshes were attached on the top of the YSZ plate and the side where the oxide scale was removed. Changes in
electrical current were measured after applying an electrical potential through Pt wires welded to the Pt meshes.
The results were interpreted by solving the diffusion equation. The diffusion coefficient and concentration of oxide
ion vacancy decreased by 30% and 70% in the specimen with Mo, respectively, compared to the specimen without
Mo. The oxide ion vacancy concentration of chromia decreased due to the addition of Mo.
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1. Introduction

The interconnect is one of key components in planar-
type SOFCs. The interconnect provides gas channels and
electric connections between unit cells, and acts as a
physical barrier that separates fuel and air. Ferritic
stainless steels are used as an interconnect material for
planar-type SOFCs formability,
coefficient for thermal expansion and so on [1]. However,
there are decisive problems in using ferritic stainless steels

considering  cost,

as an interconnect material, which is major degradation
mechanism for SOFCs. In an oxidizing atmosphere, oxide
scales forms on the steel surface, which leads to increase
in the area specific resistance (ASR) of interconnects.
Volatile Cr species evaporated from Cr-containing oxide
scale migrate to the cathode of SOFC, and deteriorate
catalytic activity of the cathode. This phenomenon is well-
known as Cr poisoning [2-4].

Many researchers have put efforts into development of
new alloys [5-13] and coatings [14-16] to mitigate these
problems. Although recent researches have mainly
focused on coating development, alloy development is
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also important to secure a long lifespan and to ensure
stability of a SOFC system in case of local coating failure.
Related to the development of new alloys, studies on the
effects of various alloy elements such as Mo, W, Nb, Ti
and Si have been reported in the literature [5-13].

In our previous studies, the addition of 0.1 to 2 wt%
Mo improved the oxidation resistance and electric
conductivity of Fe-22Cr-0.5Mn ferritic stainless steel [5].
The beneficial effect of Mo addition was also confirmed
in button cell tests [6]. Although the Pt marker test results
and the activation energy calculation results for electrical
conductivity suggested that Mo altered ionic defects of
chromia scale [5], direct and quantitative analysis was not
conducted. There are studies reported that the addition of
Mo improves corrosion resistance of stainless steels by
affecting the passive film in an aqueous corrosion
environment [17-19]. However, the effect of Mo addition
on the defect structure of the oxide scale at high
temperatures is rarely reported in the literature. In this study,
the effect of Mo on oxide ion vacancies in chromia was
quantitatively investigated by using an electrochemical
polarization method and diffusion equations.

2. Materials and Methods

Ferritic stainless steels with Mo (MoP1, Fe-22Cr-
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0.5Mn) and without Mo (Base, Fe-22Cr-0.5Mn) were
used in the experiment. Detailed descriptions of sample
preparation methods and compositional analysis results
are presented in previous studies [5]. Each specimen was
cut into rectangular shape with 20 x 20 X 5 mm in size
and all surfaces were ground up to P4000 grade with
sandpapers. The specimen was rinsed with ethanol and
acetone to remove any surface contaminants. The pre-
oxidation was conducted for 100 h in ambient air at
800 °C. To prevent any damage on the oxide scale due to
thermal shock, the rate of temperature change during
heating and cooling was controlled to less than 5 °C per
minute.

After the pre-oxidation, the oxide scale on one side was
completely removed with sandpaper. Then, a Pt mesh was
attached on the side without oxide scale after applying Pt
paste. On the side where the oxide scale remained, a Pyrex
glass seal was applied along the edge to a width of 5 mm,
and 500 um thick 8YSZ with 20 x 20 mm in size was
placed on top of the specimen. Then, a Pt mesh was
attached on the top of the 8YSZ plate after applying Pt
paste. Two Pt wires were welded to both Pt meshes and
used to apply voltage and to measure current, respectively.
The schematic diagram containing information about the
oxygen partial pressure at each interface and the potential
between the interfaces is shown in Fig. 1.

In Fig. 1, interfaces I, II and III are interfaces between
air and YSZ, YSZ and oxide scale, and oxide scale and
metal substrate, respectively. Pi)z , sz , and Pgl are the
equilibrium oxygen partial pressures at each interface. £
is electrical potential introduced by the difference in
oxygen partial pressure between interface I and interface
II. E™" s electrical potential introduced by the difference
in oxygen partial pressure across the oxide scale (between

glass seal

Pt wire Pt paste/mesh

Metal

interface II and interface III). Since the chromia scale is
almost pure electric conductor at 800 °C [20], an internal

E™ cannot be measured in

short circuit is formed and
an external circuit. The potential measured in an external
circuit can be expressed as the following equation.

11

V=1, YSZyxE' "+1, (scaleyx E'”

ion
Where V is potential measured in an external circuit,
and ¢, is ionic transport number.
The ionic transport number of YSZ (¢,,(YSZ)), which

is regarded as a pure oxide ion conductor, is nearly one.
And that of chromia (z,

on

(scale)) is nearly zero [20].
Therefore, the potential measured in an external circuit
(V) can be considered the same as the electrical potential
across YSZ (E™).

Fig. 2 is a schematic diagram showing the change in
concentration of oxide ion vacancies inside the oxide scale
before and after an external potential is applied. The
electrical potential applied by the external circuit is
applied to YSZ, which result in a change in the oxygen
partial pressure at the interface between the YSZ and the
oxide scale (interface II). Then, the equilibrium
concentration of oxide ion vacancies at interface II of the
oxide scale changes. The concentration of oxide ion
vacancies in the oxide scale changes by diffusion until a
new steady state is reached. Since oxide ion vacancy has
+2 charge, this change in the concentration of oxide ion
vacancies can be measured as a current through the
external circuit. In other words, after applying an electrical
potential through an external circuit, the change in current
can be measured and analyzed to obtain information about
the concentration and diffusion coefficient of oxide ion
vacancies in the oxide scale.

Oxide YSZ

Fig. 1. The schematic diagram for an electrochemical polarization method and information about the oxygen partial pressure

at each interface and the potential
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Fig. 2 Simple representation of oxide ion vacancy measurement by electrochemical method

3. Results and Discussion

3.1 Solution for Diffusion Equations

The concentration of oxide ion vacancies is a function
of time (#) and position (x) along the thickness of the oxide
scale. This function can be separated into sum of two
functions with variables into a time-related part (#) and
a non-time-related part (V), respectively.

C(x, 1) = u(x, 1)+ V(x)

Because the concentration at both boundaries is fixed
regardless of time, u(x,?) can be expressed as the
following general solution.

u(x,t) = i B, sind x - exp(—ﬂif)z) (,1}7 = ’/’L_”)

n=1

Where D is diffusion coefficient of oxide ion vacancy
and L is the thickness of the oxide scale.

Function u(x, #) converges to zero when time goes to
infinity. Therefore, V(x) is equal to the straight line
between C, and C, which are in a steady state after
external potential is applied, and can be expressed as
follows.

Cc,-C
(—1 S)x+C

V) = —= :

When ¢ = 0, the concentration profile is a straight line
between C, and C,, so the following equation holds.
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C(x,0)
= i B, sind, x - exp(—/li[)t) +
n=1

c,-C
( OL S)X+CS

x+C;

(€,-C)
L

3" B,sind,x - exp(~A4,Dr)
n=1
_(G=C)_ ac,
L L

By solving this equation, B, and C(x,f) can be
expressed as follows.

_2aAC_ . nrm _ n+12AC
B, = ZJ’észmfxdx = (-1) —

2AC & ()" oz
— Z A———sin—x
T n

Clx, 1) = 7

D) (C;-Cy
- eXp > t+ 7 X
L

The electrical current is equal to the change in total
charge (Q) over time, and the total charge can be
obtained by integrating function C(x,¢) in the
thickness direction.
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I(r) = 6% = neAé%(faC(x, 1)d)

0, = 3ACLneA

Where e =electron charge, n = valence of charge carrier,
A = area and n = 2 in the case of oxide ion vacancy.

These integral and differential equations can be solved
as follows.

I(t) = ACLdt(JLC(x 1)dx)

= Aﬁi( i D 1) JLsm—xdx
=1

7L dt
n

nzﬂzbt +L(C1—C5) d
- exp ——L2 2AC—L xax

40d © 1nJrl

=1 7’1

2 2= 2
n_nm Dt

_ 80D Z exp( (2]—1) n Dtj

L’

— COSNT)

Under the condition of #» L>/ 7°D , terms where j is
two or more can be ignored and the electrical current can
be expressed briefly as follows.

(a)

0 1 4 T a
0 500 1000 1500 2000 2500 3000 3500
Time (s)

(b) -5

. ..
()] = —Q-exp(—ﬂ?tJ (t» L/ D)
I L

2 =
In|i(r)| ~ 1 —8QD _ZM
I

(t»L/ 71'2[3)
Therefore, D can be calculated by plotting logarithm
of the electrical current over time, and the changes in the

concentration of oxide ion vacancies (AC), can be obtained
through the amount of total charge (Q,).

3.2 Electrochemical Polarization Method

As explained in section 2, external electrical potential
are applied to YSZ. Po is ambient air, so it is fixed at
0.21 atm (Fig. 1). Therefore Po is determined by the
following equation depending on the applied electrical
potential (E). Alternatively, £ can be determined to adjust
the oxygen partial pressure of interface II to a certain
value.

P
_RT, Y0,
E = EIHPT
0,
VA
Py, 0.21atm

In order to obtain information about the total amount
of oxide ion vacancies affecting the diffusion process, the
potential was determined to set the concentration gradient
of oxide ion vacancies to almost zero. Since the

t Value Standard Error
Adj. R-Square 0.99859
Intercept -5.79632 6.26112E-4
Slope -7.94508E-4 7.04398E-7

1200 1800 2400 3000 3600

Time (s)

0 600

Fig. 3. Electrochemical test results of Base (Fe-22Cr-0.5Mn): (a) current versus time and fitted curve (b) log current versus

time and fitted line
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equilibrium oxygen partial pressure between chromia
and Fe-22Cr at 800 °C is about 4.1 x 10" atm, the
electrical potential (E) should be about 1.4 V. Although
there is a spinel on the outermost part of the oxide
scale, both specimens form chromia as the major
oxidation product and have the same bi- layer
structure of chromia and Cr-Mn spinel [5]. Therefore,
relative comparisons are meaningful. Therefore, the
values measured by this method can somewhat differ
from the actual values, but it is meaningful for a
comparative study.

Fig. 3 is the result of the electrochemical polarization
experiment on the Base specimen and fitted curve by
the equations in section 3.1. At the initial stage, the
current value decreased rapidly as the concentration
gradient across the oxide scale decreased (Fig. 3a). To
obtain the diffusion coefficient and total charge, the
current was re-plotted on a logarithmic scale as shown
in Fig. 3b. At the initial stage where the t>L%/7D
condition was not satisfied, there was some deviation
from linear behavior. However, it can be seen that the
t>L*/ 7D condition was satisfied and linear behavior
appears after a certain period of time. If the slope is s,
the diffusion coefficient can be obtained by the
following equation. The thickness of the oxide layer
(L) was taken from the previous study [5]. The total
charge and L*/ 7D were also calculated from the
experimental data.

0 1 1 — a
0 500 1000 1500 2000 2500 3000 3500
Time (s)

(b) -5

§ %2303 x L

2
T

H-_

_4 4.2
—7.95 x10 " x2.303 x (0.98 x 10 )

2
/4

= 1.78x 10" em¥s
0,=107x10" C

L*/7D = 547 s

The L?/#°D value calculated from the diffusion
coefficient is 547 s, which is very close to the time when
linear behaviour began to appear in Fig. 3b. The change
in oxide ion vacancy concentration at interface Il (AC)
can be calculated using the total charge as follows.

20, 0, 107x10‘3
AC = —= = — = 19
Lned  Le  (98x 10 x1.602 x 10
= 6.82x10"

Fig. 4 is the result of the electrochemical polarization
experiment on the MoP1 specimen and fitted curve by
the equations in section 3.1. Similar trends to the Base
specimen were observed in the MoP1 specimen. In the
same way as in the previous case, diffusion coefficient,
the total charge and the change in oxide ion vacancy
concentration were calculated as follows.

k Value Standard Error

Adj. R-Square 0.99859

Intercept -5.79632 6.26112E-4

-7.94508E-4 7.04398E-7

71200 1800 2400 3000 3600

Time (s)

0 600

Fig. 4. Electrochemical test results of MoP1 (Fe-22Cr-0.5Mn-0.1Mo): (a) current versus time and fitted curve (b) log current

versus time and fitted line
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§x2303x L’

2
T

D=

-3 4.2
—1.82 x 10 ~ x2.303 x (0.54 x 10 )

2
T

= 124x 10" cm¥s
0,=18x10"C

L*/7D =238 s

_ 200 _ Y
AC LneAd Le
1.8x 107

=2.08x10" em®

054x10 *x1.602x10"

Firstly, the measured values w ere compared w ith
those in the literature to ensure that they were within a
reasonable range. No literature could be found on the
concentration of oxide ion defects in chromia at 800 °C.
However, considering that the Cr defect concentration of
chromia is 2.5 x 10" cm? at 700 °C [20], the concentration
of oxide ion vancancy measured in this study seems to
be within a reasonable range. The diffusion coefficient of
oxygen in chromia reported in the literature is at the level
of 10" cm?/s based on the grain boundary diffusion [21-
24], but it can increase by more than one order of
magnitude depending on the impurity within the chromia
[25]. Therefore, the diffusion coefficient of oxide ion
vacancy obtained in this study can be considered a
meaningful value.

Compared to the Base specimen, the diffusion coefficient
and concentration of oxide ion vacancy decreased by 30%
and 70% in the MoP1 specimen, respectively. The oxide
ion vacancy concentration of chromia appears to have
decreased due to the addition of Mo by the following
reaction suggested in the previous study [5].

Cr203 x 1 ,
2MoO, 5’ 2Mog, + 305 + 30, + 2

%OZ+V6+2e’—>O§

To ensure whether the addition of 0.1 wt% Mo could

38

Table 1. Summarized calculation results on the oxide ion
vacancy

Diffusion Concentration | Ratio to the total
coefficient (cm*/s) (cm™) oxygen site (%)
Base 1.78 x 1072 6.82 x 10" 0.113
MoP1 1.24 x 10" 2.08 x 10" 0.034

cause this change in the concentration of oxide ion vacancy,
the ratio of the measured concentration valuesa mong the
total oxygen sites in chromia was calculated. The density

of chromia at 800 °C considering thermal expansion [26]
is 5.10 g/em’. Therefore, the number of oxygen sites in

chromia per 1 cm® can be calculated as follows.

N(O site)

'DC”203 23 5.10
= — = 02 x1 -
nXNAXM(Cr203) 3%x6.02x10 x151.99

6.06 x 10> cm™

Where n is the number of oxygen sites in Cr,O;, N, is
Avogadro constant, Pcr,0, is the density of Cr,0O; at
800 °C, and M(Cr,0,) is the molar mass of Cr,0;.

The ratio of concentration values m easured in the
Base specimen and MoP1 specimen to the total oxygen
site is 0.113% and 0.034%, respectively. Therefore, even
adding a very small amount of Mo of 0.1 wt% (0.06 at.%)
can be sufficiently effective. The above calculation results
are summarized in Table 1.

Through this study, it was found that the concentration
of oxide ion vacancy was greatly reduced by the addition
of Mo. This decrease in vacancy concentration seems to
be the cause of reduction in the diffusion rate of oxygen,
which leads to the decrease in the oxidation rate and
inhibition of Cr-Mn spinel formation in the innermost part
of the oxide scale by oxygen inward diffusion [5].

4. Conclusions

To investigate the effect of Mo addition on the
concentration and diffusion coefficient of oxide ion
vacancy in the oxide scale formed on Fe-22Cr-0.5Mn
ferritic stainless steels at 800 °C, electrochemical
polarization method was employed. After the pre-
oxidation for 100 h in ambient air at 800 °C, the oxide

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.1, 2024
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scale on one side was completely removed and Pt mesh
was attached. On the side where the oxide scale remained,
8YSZ plate is placed. And Pt mesh was attached on the
top of the 8YSZ plate. The change in electrical current
was measured during applying electrical potential through
Pt wires welded to Pt meshes. The concentration and
diffusion coefficient of oxide ion vacancy were calculated
using log (current) versus time curves and solution of the
diffusion equation.

The diffusion coefficient and concentration of oxide ion
vacancy in the Base specimen were measured as
1.78 x 10™"* cm*/s and 6.82 x 10" cm?, respectively. The
diffusion coefficient and concentration of oxide ion vacancy
in the MoP1 specimen, which has 0.1 wt% Mo, were
measured as 124 x102cm%s and 2.08 x 10 cm?,
respectively. Compared to the specimen without Mo, the
diffusion coefficient and concentration of oxide ion
vacancy decreased by 30% and 70% in the specimen with
Mo, respectively. The oxide ion vacancy concentration of
the oxide scale significantly decreased by the addition of
Mo. This decrease in vacancy concentration is responsible
for a decrease in the diffusion rate of oxygen, which
reduces the oxidation rate and inhibits the formation of
Cr-Mn spinel in the innermost part of the oxide scale.
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