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In the present study, Mn-Cr spinel powder was synthesized through a solid
state reaction. In the next step, the electrophoretic deposition (EPD) method
was used to apply the MnCr,O, spinel, as an oxidation-resistant layer on SUS
430 stainless steel with a potential of 300 V/cm. The coated and uncoated
samples were then pre-sintered in air at 900°C for 3h, followed by cyclic oxi-
dation at 800°C for 500h.

In order to study the effect of reducing pre-sintering atmosphere on oxidation
resistance, the coated specimen was pre-sintered in 5% H_/Ar at 900°C for 3h,
followed by cyclic oxidation at 800°C for 500h. The results of the oxidation
resistance tests revealed that the MnCr,O, spinel coating improved the oxida-
tion resistance of the uncoated sample; and also, the oxidation rate constant
(Kp) for pre-sintered coating in 5% H,/Ar was nearly 14 times smaller than
that of the one pre-sintered in air.

1. Introduction

gas, methanol or coal gas without harmful emis-
sions [4]. The interconnect of a solid oxide fuel

Solid oxide fuel cells (SOFCs), as new electric
power generating systems, consist of two elec-
trodes (anode and cathode) separated by the elec-
trolyte [1-3]. The special feature of this generator
is its ability to attain almost theoretical energy
efficiency by converting chemical energy of the
fuel oxidation reaction directly into electrical
energy [4]. Moreover, SOFC enables ecological

combustion of various types of fuels, e.g. natural
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cell (SOFC) stacks electrically and physically
connects the anode of one fuel cell to the cath-
ode of the adjacent fuel cell in the stack (Figure
1). The aim is to connect cells in series, so that
the electricity generated by all cells are added up
together combined. SOFC interconnects are ex-
posed to both the oxidizing and reducing sides
of the cell at high temperatures [5].For high tem-
perature applications (around 1000°C), ceramic
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interconnects made of lanthanum—chromium ox-
ides doped with strontium show high electrical
conductivity and corrosion resistance in oxidiz-
ing as well as in a reducing atmospheres.

The disadvantages of these materials are poor
tolerance to sudden temperature changes and dif-
ficulties in producing interconnect with complex
shapes.
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Figure 1. The schematic of SOFC stack [6].

So, the heat-resistant alloys based on nickel, co-
balt and iron with an addition of chromium (me-
tallic alloys) may offer an interesting alternative
for the ceramic interconnectors [4, 7]. Among
metallic alloys, Fe—Cr alloys are suitable for
being used as interconnect due to their suitable
thermal expansion coefficient, low cost and ex-
cellent formability [8-10]. Interconnects should
have excellent electrical conductivity and oxida-
tion resistance, good thermal conductivity and
thermal expansion coefficient (TEC) matching
to those of electrodes and electrolyte [11]. How-
ever, particularly in oxidizing atmospheres, the
formation of oxide scales leads to high contact
resistance which is deleterious to the fuel cell
performance [12]. Various coating materials in-
cluding reactive element oxides (REOs), con-
ductive perovskites, MAICrYO (M represents a
metal, e.g., Co, Mn and/or Ti) oxidation resist-
ant systems, conductive spinels and conductive
composite spinels have been used in an effort to
decrease oxide growth kinetics, increase oxide
scale conductivity, and improve oxide scale to
metal adhesion [13]. Although different methods
such as pulse laser deposition (PLD) has been
commonly used to apply MnCr,0, protective
coating on the surface of metallic interconnects
[14], the electrophoretic deposition (EPD) has re-
cently attracted much attention in the application
of ceramic layers of different thicknesses. In this

process, ceramic particles dispersed in a liquid
medium will migrate under a DC electric field
towards the opposite electrode where they finally
deposit forming a thick layer on the surface. The
EPD technique has advantages such as short for-
mation time, easy control of the layer thickness
and morphology along with no needs for com-
plex apparatus [15]. In the present study, the EPD
method is employed to deposit MnCr O, spinel
particles on SUS 430 SOFC interconnect. At
the next step the effect of pre—sintering atmos-
pheres (air and 5% H_/Ar) on cyclic oxidation
resistance at 800°C for 500h will be investigated.

2. Experimental
2.1.  MnCr,O, spinel synthesis

MnCr,0, spinel powder was synthesized by solid
state reaction. For synthesis of MnCr,O,, MnO,
and Cr,0, precursor powders were ixed for
24hin nylon jar using ethanol as the solvent. The
slurries were then calcined at 1100°C for 2.5h.
The calcined powders were ball-milled in plan-
etary mill for 12h again to obtain the fine powder
suitable for EPD. Particle size analysis (PSA)
(Fritsch, Germany), in water medium, was used
to determine the distribution of synthesized spi-
nel. The XRD technique was employed to char-
acterize the MnCr,O, spinel synthesized by solid
state reaction. The XRD pattern was recorded
(Philips PW3710) using a Cu K_ monochroma-
tized radiation source.

2.2. EPD and oxidation test

1 gr/L of MnCr,O, homogeneous suspension was
prepared in acetone by sonicating in an ultra-
sonic bath (480W @ 35 kHz) for 20min. A high
voltage DC power supply (PST1002) was used
for deposition of MnCr,O, powder on SUS 430
electrodes with 20x20x3 (1 (mm*mm*mm) dimen-
sions at a distance of 1 cm. The potential range
and deposition duration was determined to be 30-
300 V/em and 1min, respectively.

The uncoated and MnCr O, coated SUS 430
samples were pre- _sintered ‘in air at 900°C for 3h
and then oxidized in air at 800°C for 500h. Also,

to study the effect of pre-sintering atrnosphere
on the oxidation resistance, the pre-sintering of
the coated sample was perforrned in 5% H /Ar at
900°C for 3h followed by cyclic oxidation in air
at 800°C for 500h in accordance with the opera-
tion temperature of SOFC cathode. Each cycle
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consisted of 50h of heating in air and then cool-
ing to the room temperature.

3. Result and discussion
3.1.  Synthesis of MnCr,O, spinel

The XRD pattern of synthesized MnCr,O, spi-
nel is shown in Figure 2 where all peai<s have
been 1dentified as MnCr,O, powder [JCPDS card
number: 01-075-1614]. The particle size distri-
bution of MnCr,0O, spinel used for EPD is illus-
trated in Figure 3 where the medium value of the
particle size distribution (D50) of the spinel is

clearly seen to be 0.875 m.
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Figure 2. XRD pattern of synthesized spinel (a) and (b)
XRD pattern compared with the reference pattern.

Figure 3. Particle size distribution of MnCr,O, spinel
powder.

3.2. Effect of electric field on weight
deposition

As it was mentioned above, different electric
fields were applied for EPD process. Figure 4
shows the weight of deposited MnCr,O, on SUS
430 substrate from an acetone based suspension
at 30-300 V/cm. The deposition weight is in-
creased as a function of applied electric field be-
cause of higher deposition rate of particles. The
results are in accordance with the Hamaker Eq
[16].
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Figure 4. Deposition weight as a function of electric
field.

3.3. Effect of electric field on EPD
current density

The current density during EPD versus time of
deposition for MnCr,O, suspension at 30, 100
and 300 V/cm (Figure §) indicates that the cur-
rent density decreased with time for all experi-
ments which is attributed to the formation of an
insulating layer of MnCr, O, particles [15].
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As demonstrated in Figure 5, higher voltages re-
sulted in higher current densities which can be
attributed to the evident increase in the driving
force at higher potentials.
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Figure 5. Current density in EPD of MnCr,O, at 30 -
300 V/em.

34. Oxidation test

The SEM image of specimen coated with Mn-
Cr,O, spinel coating deposited by EPD at electric
field of 300 V/em is illustrated in Figure 6. The
thickness of the uniform and cracked free layer
in 300V/cm, measured by the TALY STEP ap-
paratus, was ~ 15 m.

Figure 6. Surface morphology of as deposited MnCr O,.

Coated and uncoated specimens were pre-sin-
tered in air at 900 °C for 3h followed by oxidation
at 800 °C for 500h. Figure 7 shows the weight
changes of the uncoated and coated specimens
as a function of oxidation time during cyclic oxi-
dation test. The squared weight change per area
versus oxidation duration (10 cycles) for coated
and uncoated specimen revealed that the curves
after 50h are linear and obey the Wagner theory
based on the following relation (Equation 1):

(AW/Ay =K (1)
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Figure 7. Weight change as a function of oxidation time.

where, AW is mass gain, A the surface of coated
sarnples t time of oxidation and K the oxidation
parabolic rate constant [17]. It i§ obvious that
the weight change of the uncoated specimen was
larger than that of the coated one during the cy-
clic oxidation. Therefore, MnCr,O, coating does
have a beneficial effect on the oxidation behavior
of uncoated steel. In other words, this coating de-
creased the oxidation rate as compared with the
uncoated alloy. The K values for coated and un-
coated specimens are fisted in Table 1.

Table 1. The oxidation rate constants after 500h oxida-
tion in air at 800°C.

K (g’.cm™.s?)

Uncoated - air sintered 1.96*1012

MnCr,0, coated - air 7.53*101
sintered

MnCr,0O, coated - 5SH,/ 5.25%10™

Ar sintered

The K, for the uncoated spec1men was calculated
to be 1.96x102 griem *s™', while for coated
pre-sintered specimens in air and 5% H/Ar is
7.53x10"° and 5.25x10™ gri.cm*.s’, respec-
tively. It is evident that sintering in hydrogen re-
ducing atmosphere resulted in a 37-fold decrease
in the parabolic oxidation rate constant in com-
parison with the uncoated specimen.

Thus, the coating acted as a barrier for the inward
diffusion of the oxygen and effectively reduced
the oxidation rate constant. The higher weight
change in pre-sintered specimen in reducing at-
mosphere compared with air pre-sintered speci-
men can be attributed to the oxygen diffusion
from air atmosphere through the oxide layer in
thepre-sintering stage.

The surface morphologies of the uncoated and
coated samples are shown in Figure 8. As shown
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in this Figure, the surface of coated samples was
uniform and no spallation was observed. Howev-
er, spallation areas on the surface of the uncoated
samples were visible (Figure 8. a).It is evident
that the oxide scale developed on the MnCr,O,-
coated steel exhibited a higher spallation resist-
ance (see Figure 8.d) than that on the uncoated
steel.
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Figure 8. SEM surface morphologies of: (a) uncoated
sample, (b) coated sample pre sintered in air, (c) coated
sample pre sintered in SH,/Ar after S00h of oxidation at
800°C and (d) SEM cross section of coated sample pre
sintered in air after S00h of oxidation at 800°C.

4. Conclusion

The pure MnCr,O, spinel with particle size of
less than 1 m was synthesized by a solid state
reaction. The spinel powder was then applied
on SUS 430 ferritic stainless steel via EPD. The
MnCr, O, spinel coating improved the oxidation
resistance of SUS 430. The use of a reducing
atmosphere before the oxidation of the coated
samples had a significant effect on the oxidation
behavior decreasing the oxidation rate constant
(K,); approximately 37 times compared to the air
pre -sintered uncoated sample.
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