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A B S T R A C T

Mn-Co and Cu-Mn based alloy coatings are deposited on 430 SS by high energy micro-arc alloying process, and
then alloy coatings are oxidized at 750 °C in air to form the spinel oxides. Some composite oxides, such as Co3O4,
Mn2O3 and (Mn,Co)3O4, are formed at the initial stage of oxidation. The single-phase spinel (pure MnCo2O4)
without impurity phases is only found on the surface of Co-33Mn-17Cu oxide layer with the extended oxidation
time, its area-specific resistance values at 500 °C to 800 °C are low and close to that of Mn-35Cu oxide layer
which mainly composed of Cu1.2Mn1.8O4 spinel.

1. Introduction

Besides the excellent high-temperature oxidation resistance, Mn-Co
based spinel has the high conductivity and the appropriate coefficient
of thermal expansion (CTE) matching the metallic interconnects and
other components of solid oxide fuel cell (SOFC) [1–4]. To improve the
properties and sintering ability, some active elements and transition
metals have been doped into Mn-Co based spinel, such as Ce, Ni, Fe or
Cu, which can modify the CTE, enhance the densification and reduce
the sintering temperature of MnCo2O4 [2,3].

The incorporation of active elements into alloy coatings will gen-
erally cause different effects on the high temperature oxidation beha-
vior of coatings, such as enhancing the selective oxidation, changing the
transformation mechanism, decreasing the growth rate of Cr2O3 at the
substrate/coating interface, and improving the adhesion between oxide
coating and substrate. When NiFe-CeO2 alloy coatings are electro-
deposited onto 430 SS [5], the addition of CeO2 reduces the growth rate
of Cr2O3 and the number of pores near the oxide/substrate interface,
with a higher coating electrical conductivity. In another report, Co-
38Mn-2Dy alloy layer is prepared by high energy micro-arc alloying
process [6], and the addition of Dy effectively improves the oxide scale
adhesion and decreases the oxidation rate of coating. Lanthanum (La) is
a basic element in the traditional perovskite cathodes and interconnects
of SOFC, so Mn-Co based spinel coatings with Lanthanum will also be

an important research content in this work.
Cu-Mn metallic coatings [7] are deposited on SUS 430 via magne-

tron sputtering process. The results show that the converted
(Mn,Cu)3O4/CuO oxide layers suppresses Cr outward diffusion and
improves the electrical performance of metallic interconnects. Cu-Mn
spinel coatings [8] are also deposited by electrophoretic deposition
process, followed by a thermo-mechanical treatment, and the coatings
after oxidation have a dense layer near the oxide/substrate interface, a
porous outer layer and a CuO layer on the coating surface. Owing to its
high conductivity and the matched CTE with metallic interconnects,
Cu-Mn based spinel coatings are garnering the increasing attention
compared to traditional Mn-Co based spinels [9,10].

The expanded application of spinel coatings is now subjected to its
poor adhesion, homogenization and densification. In recent attempts,
the high-energy micro-arc alloying (HEMAA) process has been used to
produce the metallurgically bonded alloy coatings which are then
converted in-situ into spinel coatings by the thermal growth process
[11–15]. Some reports have studied the oxidation behavior and elec-
trical property of LaCrO3-based coatings, Mn-Co and Cr-La alloying
layers deposited by the HEMAA process [16,17], confirming that the
coating prepared by this process offers the excellent adhesion to the
substrate and keeps low electrical contact resistance for the inter-
connects.

The single-phase Mn-Co or Cu-Mn based spinel without impurity
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phases is generally hard to form, even they are the calcined body
synthesized by solid-state reaction, because some impurity oxide phases
would be formed by the decomposition in the solid solution of cubic
spinel [18,19]. Therefore, it becomes more difficult to prepare the pure
single-phase spinel coatings, due to the phase diagram, restricted re-
action temperature, pressure and other reaction conditions for metallic
interconnects. In this experiment, Cu-Mn, Mn-Co and La/Cu doped Mn-
Co alloy coatings are deposited on 430 SS substrate by the HEMAA
process. The microstructure and electrical performance of the alloy
coatings with the extended oxidation time are discussed in details. This
work aims to investigate the formation process of the pure single-phase
spinel coatings, and elucidate the underlying mechanisms in such
process.

2. Experiments

2.1. Preparation of alloys and coatings

Type 430 stainless steel is used as the substrate (cathodes for
HEMAA process) and its nominal composition is 16–18 Cr, 1 Mn, 0.12
C, 0.75 Si, 0.03 S, 0.06 Ni, 0.04 P, and balance Fe (wt.%). Alloy ingots
of Co-33Mn-17Cu (Cu doped Mn-Co), Mn-35Cu, Co-38Mn-2La (La
doped Mn-Co) and Co-35 Mn (at.%) is pre-prepared by argon arc
melting of high purity metals (99.99 wt.%). The molar ratios of element
Cu/Mn and Mn/Co in the alloys are designed to be between 1.0:2.0 and
1.5:2.0. The alloy ingots are cut into the specific rods as anodes for
HEMAA process. The details for deposition process of alloy layers have
been described in previously published articles [20–22].

2.2. Oxidation experiment and area-specific resistance testing

The thermal oxidation experiments are conducted at 750 °C in air in
a horizontal tube furnace (Hengli-CHLZG, Luoyang, China). The coated
substrates are suspended ahead in the constant temperature zone of the
furnace, and then the temperature gradually rises to 750 °C. After
oxidation for 20 h, 100 h, 300 h, and 500 h, samples are respectively
taken out from the furnace and directly cooled to room temperature
(RT). The mass gain of samples is weighed at room temperature after
cooling using an electronic balance with an accuracy of 0.01 mg.

The area-specific resistance (ASR) measurement of oxide layers is
based on the four-probe DC method with the applied voltage 5 V and
contact area 10 mm2 by Pt plate. Every setting temperature (per 100 °C
from 500 °C–800 °C) keeps stable for at least one hour for the accuracy
of resistance reading [20–22].

2.3. Microstructure analysis

The phase structures of oxide scale on the surface are identified with
X-ray diffraction (XRD) (D/MAX-3B, Rigaku Co., Tokyo, Japan). The
oxidized samples are embedded into a cold-setting epoxy resin for the
cross-section morphology analysis by scanning electron microscopy
(SEM) (JSM-5800, JEOL, Tokyo, Japan). The surface morphology and
elemental homogeneity in oxide layers are examined by SEM with en-
ergy dispersive X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Evolution of oxide particle sizes

Fig. 1 shows the average particle size, minimum particle size and
maximum particle size of spinel oxide for four alloy layers oxidized at
750 °C in air for the different time. In the previous study [21,22], Cu-
Mn spinel size is larger than that of Mn-Co spinel, and Mn-Co spinel size
is larger than that of Mn oxides and Co oxides after alloy layers oxidized
at 750 °C for 100 h, which is also shown in Fig. 1. Fig. 1a discloses that
the average particle size of Mn-35Cu oxides is the largest among the

oxide layers, and average particle size increases firstly then turns to
decrease with the extended oxidation time. Cu doped Mn-Co spinel is
the second largest, and there is a slight increase in size after oxidation
between 100 h and 500 h. The average particle size of Co-35 Mn oxide
layer is small and close to that of La doped Mn-Co spinel which is the
smallest in size. The results indicate that the doping of element La re-
duces the particle size of Mn-Co-base spinel, while the doping of ele-
ment Cu increases the size. Fig. 1b shows that the minimum particle
size of Cu doped Mn-Co spinel is the largest among the oxide layers and
that of Mn-35Cu oxides is the smallest. Fig. 1c discloses that the max-
imum grain sizes of Mn-Co-based oxides are slightly different, and that
of Mn-35Cu oxides is much larger than the other three oxides when
coatings oxidized for100 h and 300 h, which is mainly due to the for-
mation and growth of Cu-Mn spinel instead of Mn-Co spinel in Mn-Co-
based oxides. There appears the significant fluctuation of particle size
for Mn-35Cu oxides and the small fluctuation for Cu doped Mn-Co
oxides during the oxidation period of 500 h.

3.2. Evolution of oxidation products for Cu-Mn layer and Cu doped Mn-Co
layer

Fig. 2(a, b) shows the XRD spectra of Mn-35Cu alloy layer oxidized
at 750 °C for 20 h, 100 h, 300 h and 500 h. The surface oxides of Mn-
35Cu layer are mainly Cu1.2Mn1.8O4 spinel and Mn2O3 with a small
amount of Fe2O3. The partial XRD analysis discloses that at the initial
stage of oxidation (20 h) the characteristic diffraction peak intensity is
week for both Cu1.2Mn1.8O4 and Mn2O3 and peak appears broad. When
the oxidation time is extended to 100 h, the intensity of Mn2O3 dif-
fraction peak (32.9°, 38.2° and 55.1°) increases substantially with a
sharp shape, and the Cu1.2Mn1.8O4 peak intensity also enhanced. The
discussion of oxide products for 20 h and 100 h were shown in details in
reference [22]. At the oxidation time of 300 h and 500 h, the intensity
of the Mn2O3 diffraction peak is weaker compared to 100 h, while the
Cu1.2Mn1.8O4 peak intensity obviously increases such as the peaks of
30.2°, 35.7°, 57.4° and 63.1°. This indicates that a mass of stable
Cu1.2Mn1.8O4 spinel phase is formed and Mn2O3 oxides reduce. The
surface oxide phases become more uniform with the oxidation time
increasing to 500 h.

The XRD analysis of Co-33Mn-17Cu layer oxidized at different times
is presented in Fig. 2(c, d). The oxide products oxidized for 20 h and
100 h are mainly the mixed oxides of MnCo2O4 spinel and Mn2O3. The
magnification of the diffraction peak at 29°-38° shows that the char-
acteristic peak of MnCo2O4 spinel is weak and relatively smooth (such
as the peaks of 30.2° and 35.9°) in the early stage of oxidation (before
100 h), indicating that spinel gradually begins to form. Meanwhile,
Mn2O3 diffraction peak is noticeable at the beginning (the peak of 32.9°
for 20 h). The discussion of oxide products for 20 h and 100 h were
shown in details in Ref. [21].

When the oxidation time is extended to 300 h, the surface oxides of
Co-33Mn-17Cu layer tend to be a single-phase spinel structure. The
peak intensity of MnCo2O4 spinel with a small quantity of CuMn2O4 is
obviously enhanced in the range of 29°-38° in Fig. 2(d). Meanwhile, the
characteristic peak of Mn2O3 is greatly weakened. When the oxidation
time reaches 500 h, the characteristic peaks of non-spinel oxides dis-
appear and there is only pure MnCo2O4(CuMn2O4) spinel phase, which
suggests that the extended oxidation time promotes the spinel growth in
Cu doped Mn-Co layer. In addition, the characteristic peak at 500 h
shifts slightly to the left, mainly because the atomic ratios of Mn/Co in
spinel phases slightly change.

3.3. Oxidation products for four coatings and 430 SS

The oxide XRD peaks of Mn-35Cu, Co-33Mn-17Cu, Co-38Mn-2La
and Co-35 Mn layers after oxidation at 750 °C for 500 h are the sig-
nificantly different, as shown in Fig. 3(a, b). The main products of La
doped Mn-Co layer and Co-35 Mn layer oxidized for 500 h are Mn2O3
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with some (Mn,Co)3O4 spinel which is an intermediate tetragonal spinel
structure between MnCo2O4 (cubic) and Mn3O4 (tetragonal) [21]. The
spinel diffraction peaks are not sharp and mainly exhibit non-spinel
phase. Cu doped Mn-Co layer only shows the sharp spinel oxide peaks.
Meanwhile, Mn-35Cu layer shows the strong spinel peaks and strong
Mn2O3 peaks, indicating the mixed oxides at room temperature.
Fig. 3(c) shows XRD patterns of 430 SS substrate oxidized at 750 °C for
300 h and 500 h, respectively. It can be seen that the surface oxides of
430 SS are mainly Mn-Cr spinel and Cr2O3.

3.4. Oxidation kinetic and morphology characteristics

Oxidation kinetic curves of Mn-35Cu layer, Co-33Mn-17Cu layer
and 430 SS oxidized at 750 °C for 500 h are shown in Fig. 4. The pre-
vious published articles [21] propose that, after oxidation for 100 h, the
mass gains of the three oxide layers (Mn-Co and La or Cu doped Mn-Co
layers) change and follow the same tendency, so these data of Co-35 Mn
and Co-38Mn-2La layer is not shown in Fig. 4. The mass gain of 430 SS
is the smallest during the oxidation process and that of Mn-35Cu layers
is the largest in the initial stage of 100 h. The mass gains of Mn-35Cu
and Co-33Mn-17Cu layers between 100 h and 500 h lightly change.

Surface morphology is presented for the coated 430 SS after oxi-
dation at 750 °C for 500 h in Fig. 5. According to the reference [22],
after oxidation for 100 h, Cu1.2Mn1.8O4 spinel on the surface of Mn-
35Cu oxide layer reveals large granules, while Mn2O3 is much smaller
than the spinel. This is in accordance with maximum particle sizes and
minimum particle sizes for 100 h in Fig. 1. With the increasing oxida-
tion time to 500 h, the particle sizes gradually become uniform and

large granules decrease. Fig. 5(a1) shows the typical oxide morphology
on the surface of Mn-35Cu layer and only the small amount of tiny
particles are found (area 1). Element concentration analysis by EDS
discloses that the different areas have approximately the similar com-
position for element Cu and Mn shown in Table 1. Combined with XRD
in Fig. 2. The oxides are mainly composed of Cu1.2Mn1.8O4 spinel and
some Fe is also detected on the surface of Mn-35Cu oxide layer.

The typical surface morphology of Co-33Mn-17Cu layer oxidized for
500 h is shown in Fig. 5(b1). The particle sizes relatively keep uniform
during the oxidation process and MnCo2O4 spinel (cubic-shaped) gra-
dually is formed in the initial stage of 20 h [21]. Morphology char-
acteristics of MnCo2O4 spinel are similar to that of Cu1.2Mn1.8O4 on Cu-
35 Mn oxide layer, but MnCo2O4 has the more uniform particle size.
Element concentration in Table 1 discloses that Fe content on surface of
Co-33Mn-17Cu oxide layer is a little lower than that on Cu-35 Mn oxide
layer.

Surface morphology of Co-38Mn-2La and Co-35 Mn oxide layer in
Fig. 5(c1, d1) shows their particle sizes are relatively small. The pre-
vious study [21] shows their spinel oxides are mainly an intermediate
tetragonal spinel after oxidation for 100 h. With the increasing oxida-
tion time to 500 h, the oxides keep the mixed phase structure and spinel
diffraction peaks are not significantly enhanced (Fig. 3(a) and Table 1).
In addition, though the small particles on the surface after 100 h are
rich in element Mn, analysed by EDS, small particles as revealed in area
3 and area 4 after 500 h are nearly the same composition with large
particles.

Cross section of Mn-35Cu oxide layer after oxidation for 500 h
(Fig. 5(a2)) shows some isolated pores distributing on the outer part of

Fig. 1. Particle sizes of spinel oxides on the surface for four alloy layers oxidized at 750 °C in air. (a) average particle size, (b) minimum particle size and (c)
maximum particle size.
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oxide layer, and these pores are also detected in the external oxides of
Co-33Mn-17Cu layer (Fig. 5(b2)). The reason is speculated that the
formation of vast coarse Cu-Mn grains leads to numerous pores formed
at the grain boundaries, such as some micro-pores between grains on
the surface in Fig. 5(a1). The doping of Cu in Mn-Co oxides makes the
spinel particles enlarge, so that the number of micro-pores in Co-33Mn-
17Cu oxide layer is much more than that in Co-38Mn-2La and Co-35 Mn
oxide layer (Fig. 5(c2, d2)). Both Cu-Mn and Mn-Co spinel favor to form
in areas of high oxygen partial pressure, which explains some micro-
pores mainly distribute on the outer oxide layer. In addition, the rapid
diffusion of element Cu might also produce porous oxides [23].

The average thickness of four oxide layers is slightly different in
Fig. 5(a2–d2). We should note the thickness can be adjusted by the
deposition parameters of HEMAA process [20]. Line scanning of EDS
shows that the distribution of element Co, Mn and Cu throughout the
oxide layers is approximately uniform after 500 h. Cr content is rela-
tively low in the whole oxide layers and the Cr2O3 interface layers
between the oxides and substrate are thin after oxidation for 500 h.
Some Fe from 430 SS substrate diffuses into the oxide layer, and the line
scanning in Fig. 5(a3–d3) shows that Fe content gradually decreases
from oxide/substrate interface to the top surface, except for La doped
Mn-Co layer. The single CuMn2O4/MnCo2O4 spinel phase in Co-33Mn-
17Cu oxide layer is more effective to blocks the outward diffusion of Fe
than the mixed oxides of Co-38Mn-2La and Co-35 Mn oxide layers, such
as Fe content in Fig. 5(b3).

3.5. Evolution of ASR for Cu-Mn based and Mn-Co based oxide layers

Fig. 6(a) is the curves of ASR versus temperature in the range of 500
°C to 800 °C for the Mn-35Cu layer after oxidation at 750 °C for the

different time. It can be seen that all the ASR values at the four oxi-
dation periods decrease with the increasing temperature in the range of
500 °C–800 °C. After the oxidation for 20 h, ASR is remarkably higher
than that of the other three oxidation periods, especially at 500 °C and
600 °C. It might be because a large amount of mixed oxides which has
the low electrical conductivity is formed at the early oxidation stage,
such as Mn2O3, Mn3O4 and CuO, resulting in a high ASR of the oxide
film. With the prolongation of oxidation time, Cu ions have enough
time to diffuse and react with Mn oxides to form Cu-Mn spinel. In the
meantime, the content of Mn2O3 oxides reduces, which improves the
electrical conductivity of the whole oxide layer and leads to an obvious
decline of ASR. After oxidation for 500 h, ASR values of Mn-35Cu oxide
layer is 33.8 mΩ‧cm2 for 500 ℃, 18.8 mΩ‧cm2 for 600 ℃, 8.1 mΩ‧cm2

for 700 ℃, and 74.1 mΩ‧cm2 for 800 ℃, respectively. Fig. 6(b) shows
the Arrhenius plots of ASR/T versus 103/T for Mn-33Cu layer after
oxidation. It is an accurate linear relationship between Log(ASR/T) and
103/T, indicating the semiconductor characteristic of oxides formed on
the substrate and the slopes of the lines decrease after oxidation for 100
h. The ASR value is directly related to the high temperature behavior of
thermally grown oxide layer, thus the oxides of Mn-35Cu coating after
500 h exhibits superior electrical conductivity between 500 °C and 800
°C.

Fig. 6(c) shows ASR values vs. temperature for Cu doped Mn-Co
layer oxidized at 750 °C with the extended oxidation time. The re-
lationship between ASR and oxidation time for Cu doped Mn-Co layer
shows the different evolution rules from that of Mn-35Cu layer. The
highest resistance in the range of 500 °C to 800 °C is the value after
oxidation for 100 h, and the resistance rapidly decreases after 100 h.
The ASR values oxidized for 300 h and 500 h are almost the same,
indicating that the characteristics of oxide layers in the two oxidation

Fig. 2. XRD patterns and partial XRD of (a, b) Mn-35Cu and (c, d) Cu doped Mn-Co alloy layers oxidized in air at 750 °C with the extended oxidation time.
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periods, such as the average thickness, oxide composition and the
thickness of interface Cr2O3 layer, are almost the similar. The results of
ASR are consistent with XRD and EDS analysis. According to cross-
section analysis in Fig. 5, Mn-35Cu layer oxidized for 500 h are porous
and Fe content is relatively high in it, but the ASR values in Fig. 6(a) are
still lower than that of Cu doped Mn-Co layer in Fig. 6(c), especially at
500 °C and 600 °C.

ASR values at 800 °C of four oxide layers and bared 430SS are
shown in Fig. 7. The resistance of bared 430 SS in 500 h of oxidation
time is high and more than 100 mΩ‧cm2 in Fig. 7(a), except for 100 h.
The ASR values of four oxide layers shown in Fig. 7(b) all have a rapid
increase in the initial stage of oxidation. The ASR at 800 °C of Co-35 Mn

layer and La doped Mn-Co layer continues to increase after 100 h shown
in Fig. 7(b) and the dopant of La obviously decreases the electrical
resistance in the beginning. With the oxidation time increasing, the
effect of La gradually reduces and the electrical resistance of the two
oxide layers is close. The ASR at 800 °C of Cu doped Mn-Co layer and
Cu-35 Mn layer increases first, and then decreases. The peak value of
Cu-35 Mn oxides is about 18 mΩ‧cm2 at 20 h, after which the values
decrease slowly with the oxidation time. The peak value of Co-33Mn-
17Cu oxides is about 41 mΩ‧cm2 at 100 h, which is a bit higher than
that of Cu-35 Mn oxides. The electrical resistance sharply decreases
after 100 h, and then gently slows between 300 h and 500 h. It is worth
mentioning that Cu doped Mn-Co oxide layer exhibits the better elec-
trical conductivity than Co-35 Mn and Co-38Mn-2La oxide layers, and
its value is close to that of Cu-Mn spinel (electrical conductivity at 800
°C [24], MnCo2O4 ∼ 60 S‧cm−1 and Cu1.2Mn1.8O4 ∼ 225 S‧cm−1). The
ASR values at 800 °C are 4.2 mΩ‧cm2 for Mn-35Cu oxides and 7.7
mΩ‧cm2 for Co-33Mn-17Cu oxides after the oxidation for 500 h.

4. Discussions

Schematic diagrams of formation process for the homogeneous
oxides prepared by HEMAA are shown in Fig. 8. There are four im-
portant steps described in the process of formation, and mass transport
and microstructural evolution of alloy layers after oxidation are also
discussed.

(1) Step 1, melting: The selected high purity metal pieces are melted
and uniformly mixed to form an alloy of a given composition, which
may be a solid solution (MnCo) or a two-phase or multi-phase
structure [21,22].

Fig. 3. (a, b) XRD patterns and partial XRD (28–40°) of four alloy layers after oxidation in air at 750 °C for 500 h. (c) XRD patterns of 430SS oxidized in air at 750 °C
for 300 h and 500 h.

Fig. 4. Oxidation kinetic curves of Mn-35Cu layer, Co-33Mn-17Cu layer and
430SS oxidized at 750 °C for 500 h in air.
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(2) Step 2, HEMAA process: The alloys with some certain composition
are deposited on the 430 SS substrate by HEMAA, which is a pulsed
micro-welding technique with the instantaneous release of high
current, resulting in a high cooling rate (∼106 K s−1). The micro-
crystalline or even nanocrystalline alloy layers are obtained and
metallurgically bonded to the 430 SS substrate [6,12,14,17,21,22].

(3) Step 3 oxidation (0−100 h): The uniform microcrystalline coatings
are oxidized at the SOFC operating temperature. The oxide products
in the initial stage exhibit some multi-layer structures, and the
element concentrations are uneven in each oxide layer [21,22].

(4) Step 4, oxidation (more than 300 h): After the sufficient reaction
time, oxide products are converted into the homogeneous oxide
layers. The element concentrations in the oxide layer are gradually
uniform, and the oxide products may be homogeneous, accom-
panied by the formation of the pure single-phase spinel (MnCo2O4/
CuMn2O4).

4.1. Concentration control and composition uniformity

The given concentrations and uniform composition of Mn-Co and
Cu-Mn alloy layers are obtained by step 1 and step 2 in Fig. 8. The
sintered bodies consisting of the single-phase spinel structure are
usually synthesized by solid-state reaction method after the oxide
powders were ball milled which is to achieve uniform crystallite size
and better chemical homogeneity [25,26]. The temperature of solid-
state reaction is generally above 1000 °C. The temperature higher for
the formation of pure spinel-type oxides [27,19]. Furthermore, multiple
oxides may be generated after calcination instead of the single-phase
spinel, if the powder concentration is not precisely controlled. Mn-Co-O
phase diagram in air [28] shows a single-phase MnCo2O4 spinel would
be formed between 600 °C and 900 °C (the operating temperatures of
SOFC). When Mn concentration is more than 40%, lots of Mn-rich
oxides are formed, and when Mn concentration is less than 20%, oxides
are mainly Co3O4, which has been found in previous published articles
[16,20]. Cu-Mn-O phase diagram [28] shows that CuxMn3-xO4 spinel
may not be the pure phase at the operating temperatures of SOFC,
because the atomic ratios of Mn/Co need be precisely controlled with
the temperature. According to Reference 31, pure Cu-Mn spinel phase is
formed at 850 °C, but Mn3O4 peaks appears when samples cooled down
to room temperature. XRD in Fig. 2 shows that the Mn-35Cu coating
oxidized for 300 h and 500 h is mainly Cu1.2Mn1.8O4 spinel with some
Mn2O3, so it may be pure Cu1.2Mn1.8O4 spinel at high temperature,
which will be discussed in the future. The concentration control and
composition uniformity of Mn-Co and Cu-Mn alloy coatings are critical

Fig. 5. Surface and cross-sectional morphology of oxide layers on 430 SS after oxidation at 750 °C for 500 h (a1, a2, a3) Mn-35Cu layer, (b1, b2, b3) Cu doped Mn-Co
layer, (c1, c2, c3) La doped Mn-Co layer, (d1, d2, d3) Co–35Mn layer, (a3, b3, c3, d3) EDS line scanning of elements.

Table 1
Element concentration (at.%) on the surface of samples after oxidation at 750
°C for 500 h.

Alloy layers Co Mn Cu Fe Cr O

Mn-35Cu – 22.6 12.2 6.8 – 58.4
Cu doped Mn-Co 11.8 20.9 7.0 3.8 – 56.5
La doped Mn-Co 15.6 19.2 – 5.4 – 59.8
Co-35Mn 14.2 24.3 – 6.5 – 55.0
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to the subsequent formation of single-phase spinel. Some other methods
of coating preparation, such as electrochemical deposition, plasma
spraying and physical vapor deposition, are normally difficult to ensure
both concentration accuracy and uniformity of element distribution in
the coating, especially when the coatings contain high Mn content

[29,30] and multiple elements [31–34].

4.2. Grain refinement and metallurgical bonding

The grain sizes of Mn-Co and Cu-Mn alloy layers are much smaller

Fig. 6. ASR values vs. temperature (a, c) and Arrhenius plots of ASR/T vs. 103/T (b, d) for Mn-35Cu and Cu doped Mn-Co layers oxidized in air at 750 °C with the
extended oxidation time.

Fig. 7. ASR values at 800 °C vs. oxidation time for four oxide layers and bared 430 SS after oxidation at 750 °C.
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than that of the corresponding cast alloys, which is owed to the rapid
solidification of primary deposited particles during high energy micro-
arc alloy process [20,35,36]. The effects of grain sizes on the high-
temperature oxidation behavior have been extensively investigated,
and it is generally believed that fine-grained alloys had much better
high temperature performance than the coarse-grained alloys [37–39],
such as oxide spallation reduced and thinner oxide layer formed on the
fine-grained alloy. The common role of grain refinement in the oxida-
tion of alloys is to enhance the diffusion of elements and accelerate
phase transformation (the rapid formation of some oxides), because
that the fine-grained structure may provide abundant grain boundaries,
which has been found during the oxidation process of Co-33Mn-17Cu
and Mn-35Cu alloy layers. The inward diffusion of oxygen in air is
mainly along the grain boundary, and the microcrystalline structure of
coatings promotes oxygen diffusion and increases the partial pressure of
oxygen inside the coating. Metallurgical bonding between the alloy
layer and 430SS substrate enhances interfacial bonding and restrains
the growth of interfacial transition layer (Cr2O3). Some other methods
of coating preparation are normally difficult to make the coatings
compact and metallurgical [2,40–42].

4.3. Element doping and spinel types

Some doped or substituted elements may suppress the decomposi-
tion of oxides and result in a more stable spinel structure for the oxides
[26,43,44]. The crystal structure of the as-sintered Mn-Ni-Co oxides is a
cubic spinel with a small amount of Ni-rich oxide phase, but no Ni-rich
phase is detected in the Cr-substituted samples which is a single-phase
of cubic spinel structure. The oxidation products of Cu doped Mn-Co

layer after 300 h is the pure single-phase spinel but not for the other
Mn-Co based layers. Structure and electrical properties of oxidation
products are also greatly affected by spinel types. The grain size of Cu-
Mn spinel is generally large and some micro-pores is formed between
the grain boundaries which is shown on the surface morphology and
cross section (Figs. 5 and 8), especially for the initial oxidation stage
[21,22]. The grain size of Mn-Co spinel is relatively small and uniform,
and so there are few micro-pores in the oxides. The grain size of Cu
doped Mn-Co spinel is between the two kinds of oxides mentioned
above and the micro-pores are a little smaller than Cu-Mn spinel. Cu-Mn
spinel has better conductivity than Mn-Co spinel and the high Mn
content will decrease the electrical conductivity Mn-Co spinel, such as
MnCo2O4 60 S‧cm−1, CoMn2O4 6.4 S‧cm−1 and Mn3O4 0.1 S‧cm−1. The
doping of Cu in Mn-Co spinel accelerates the formation of Mn-Co spinel
and promotes electrical conductivity. Additionally, when a small
amount of Fe is doped in Cu-Mn oxides, the porosity of oxides may
reduce. Such as the micro-pores are mostly present in the outer part of
oxides in Fig. 5(a2, b2) and Fig. 8 where Fe content is lower than in the
inner part of oxides.

4.4. Control of the factors affecting thermal growth

Besides the phase diagram, the oxygen activity, temperature, oxi-
dation time and element concentrations all affect the thermal growth of
spinel. According to previous research [6,16,45], the ambient oxygen
partial pressure at SOFC operating temperature 600–900 °C will favor
the formation of Co3O4, CuO, Mn3O4 and Fe3O4, but the partial pressure
of oxygen gradually decreases from air/oxide interface to oxide/sub-
strate interface. The calculated values of oxygen partial pressure at

Fig. 8. Schematic diagrams of formation process for the homogeneous oxides prepared by high-energy micro-arc alloying process [6,21,22].
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equilibrium are 4.26 × 10−3 atm for Co3O4, 2.70 × 10-6 atm for CuO,
4.69 × 10-18 atm for Fe3O4 and 1.28 × 10-25 atm for Mn3O4, and a
higher value for the formation of Cu-Mn and Mn-Co spinels. In the
beginning of oxidation, Mn and Cu in the coating rapidly diffuse out-
ward to the surface, and Co diffuses outward and also inward into the
substrate [46,33]. Cr2O3 is formed at oxide/substrate interface, some
mixed oxides, such as MnO, Mn3O4, Fe3O4 and CoO, are also formed at
the initial stage of oxidation. Mn-Co spinel oxides first dispersedly
precipitate along grain boundaries of mixed oxides and then evolve into
a continuous spinel oxide layer. Therefore, a continuous Mn-Co or Cu-
Mn spinel oxide layer may be formed in the outer part of oxide layer
because of the relatively high oxygen activity and the extended oxi-
dation time. In step 3, when the four alloy layers are oxidized for 100 h,
(Co,Mn)3O4 spinel, Co-rich oxides and Mn-rich oxides are found in the
oxide layer, respectively. These data is discussed in detail in previous
studies (reference 21 and 22). In step 4, a homogeneous oxide layer is
found after 500 h. There is no element aggregation in the whole oxide
layers, and Co-rich oxides and Mn-rich oxides are not found, yet. The
single-phase MnCo2O4 is formed on the surface of Co-33Mn-17Cu
coating and Cu1.2Mn1.8O4 is the main oxide products on the surface of
Cu-35 Mn coating.

5. Conclusions

Co-33Mn-17Cu, Mn-35Cu, Co-38Mn-2La and Co-35 Mn alloy layers
have been prepared by HEMAA process. The evolution of oxide particle
sizes on the surface shows that Mn-35Cu oxides have both the largest
and smallest particles among the four oxide layers and particles tend to
be uniform in size after 500 h. Particle sizes of Co-33Mn-17Cu oxide
layer slightly increase during the oxidation period of 500 h. The evo-
lution of oxidation products after 500 h shows that Mn-35Cu oxides
correlate to Cu1.2Mn1.8O4 spinel with Mn2O3 and Co-33Mn-17Cu oxides
are only MnCo2O4 spinel, while Co-38Mn-2La and Co-35 Mn oxides
correlate to Mn2O3 and (Mn,Co)3O4 spinel. The evolution of ASR values
shows that the resistance of Co-33Mn-17Cu and Mn-35Cu oxides in-
creases first and then decreases, but the resistance of Co-38Mn-2La and
Co-35 Mn oxides continues to increase after 100 h. The ASR values at
800 ℃ are 4.2 mΩ‧cm2 for Mn-35Cu oxides and 7.7 mΩ‧cm2 for Co-
33Mn-17Cu oxides after oxidation for 500 h. The formation process of
the homogeneous oxide layers (pure single-phase MnCo2O4 spinel) is
affected by many factors, such as the given concentrations and uniform
composition of alloy layers, grain refinement and metallurgical bonding
to the substrate, element doping and the types of spinel oxidized, the
oxidation temperature and time, etc.. The pure single-phase spinel
without impurity phases is only found on Co-33Mn-17Cu oxide layer
after oxidation at 750 °C for 500 h.
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