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Abstract:



A novel cobalt-free Cu1.2Mn1.8O4 spinel coating is prepared and evaluated for the metal interconnect of solid oxide fuel cell. Mn-35Cu and Co-35Mn alloy coatings are deposited on 430 SS substrate and then in-situ oxidized in air at 750 °C for 100 h. XRD results confirm that Cu1.2Mn1.8O4 spinel with some Mn2O3 is formed, and the average thickness of the coating is 70–80 μm according to cross section image. Spinel oxide coating is compact and has good adherence to the substrate, and very low Cr and Fe contents are detected in the coating. A small area specific resistance of 8.7 mΩ cm2 is achieved at 800 °C for the composited Cu1.2Mn1.8O4 spinel coating, which is much less than that of the composited (Co,Mn)3O4 spinel coating. The research indicates that the Cu1.2Mn1.8O4 coating evolved by the high-energy micro-arc alloying process is a promising coating material for the metallic interconnects.
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1. Introduction


Ferritic stainless steels are currently the promising most candidate alloys used as metallic interconnects of solid oxide fuel cell (SOFC). Their thermal expansion coefficient (CTE) matches well with the other components of SOFC when operating at an intermediate temperature, between 650 °C and 800 °C. However, a primary problem for ferritic stainless steel’s application is increasing electrical resistance during high temperature operations, which is due to the growth of the Cr-rich surface oxide scale. Furthermore, its application as an interconnector on the cathode side is limited by the volatilization and re-deposition of the Cr oxyhydroxide species on the surface, which causes the rapid performance degradation of the SOFC cathode [1,2].



In order to minimize the electrical resistance of produced oxides and solve the problem of Cr poisoning, some coatings have been developed, such as reactive elements oxide coating [3], rare earth perovskite coating [4,5] and composite spinel oxide coating [6,7], for metallic interconnects. Mn-Co based spinel coatings have been largely studied owing to their high electrical conductivity, excellent chromium retention capability, and thermal matched expansion coefficient with steel substrate. Mn/Co coating [8] was electroplated on the surface of 430 stainless steel. The result showed MnCo2O4 spinel suppressed the growth of the Fe/Cr scale and improved the conductivity of the oxides. While Cu-Mn-based spinel exhibits a close CTE, even higher conductivity, and lower cost than the Mn-Co spinel, it has recently been paid more attention.



Cu1.4Mn1.6O4 spinel oxide [9] was prepared as a cathode for SOFC. The result reveals that polarization resistance is a low value, 0.143 Ω cm2, and the single cell exhibits a high power density at 800 °C. Cu1.3Mn1.7O4 powder coating [10] was prepared by electrophoretic deposition, compacted at 10 ksi, reduced, and then annealed at 850 °C for 100 h. The result led to an outer CuO layer and an inner Cr-rich layer in the interface of the oxides and the substrate. The mixed Cu-Mn oxide coating still has a small area specific resistance (ASR) value at 800 °C. Nickel substituted CuMn2O4 spinel coatings [11] on 430 stainless steel were formed by oxidizing electroplated nickel, copper, and manganese in air at 800 °C. Nickel can accelerate the formation of the Cu-Mn spinel phase and prevent buckling damage of the oxide coatings.



In previous studies, the high-energy micro-arc alloying process (HEMAA) has been proven to be a simple technique to produce a Co-Mn coating at low cost [12,13,14]. The ratio of Co and Mn concentration in the oxide coating is modified by the electrode component and technological parameters that depend on heat consumption per unit area of every electrode. Furthermore, Co-Mn coatings deposited by the HEMAA process all exhibit good adhesion to the ferritic stainless steel substrate during the in-situ thermal oxidation of the coating. This work aims to prepare the Cu-Mn spinel coatings by the HEMAA process. The structure and performance of the Cu-Mn spinel coatings, the evolution of the element concentrations, the electrical conductivity, and the oxygen partial pressure at equilibrium for the Cu-Mn spinel coatings will be investigated at 750 °C in air.




2. Experiments


Type 430 stainless steel is used as substrate with a size of 16 mm × 16 mm × 5 mm. The 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 (all in wt. %). Mn-35Cu alloy (at. %) is smelted by high purity metals (99.99%), which means that the molar ratio of Cu and Mn in the alloy is designed to be about 1.05:1.95. The round rod is cut from Mn-35Cu ingots used as electrodes for the deposition of coating, and its diameter is about 3.2 mm. The strong jet of argon gas is applied to eliminate heating and oxidation when coating is deposited. Deposition parameters [12,13,14] are devised to be on 120 V, 500 Hz, and 1200 W. Co-35Mn alloy and coating is also prepared by the same method for comparison.



Thermal oxidation experiments are conducted at 750 °C in air for 100 h. The samples are suspended in alumina crucibles at first. Before the oxidation commences to run, alumina crucibles with samples are put into constant temperature zone of horizontal tube furnace (Hengli-CHLZG, Luoyang, China). After 100 h, samples are pulled out from the furnace and directly cooled to room temperature (RT).



ASR measurement of Cu-Mn oxide coatings is fulfilled by the four-probe DC method, with applied voltage 5 V and contact area 10 mm2 by Pt paste. The specimens, when measured, are put in horizontal tube furnace in advance. Then, the furnace is heated from room temperature to 500 °C, 600 °C, 700 °C, and 800 °C, successively. Every setting temperature keeps stable for about one hour. ASR value is taken during this process.



Specimens are mounted in a cold-setting epoxy resin for examining the cross-section by scanning electron microscopy (SEM) (JSM-5800, JEOL, Tokyo, Japan). Elemental homogeneity in oxide coatings is determined by energy dispersive X-ray spectroscopy (EDS) (JEOL, Tokyo, Japan). Crystallographic information of Cu-Mn oxide coatings is examined by X-ray diffraction (XRD) analysis (D/MAX-3B, Rigaku Co., Tokyo, Japan).




3. Results and Discussion


3.1. Structure and Morphology of Deposited Coatings


Figure 1 shows composition and morphology of Mn-35Cu alloy and as-deposited coating by HEMAA. All the diffraction peaks of Mn-35Cu coating in Figure 1a are exactly the same as that of Mn-35Cu alloy, which means composition of coating deposited by HEMAA process keeps consistent with that of original alloy electrode. The characteristic peaks of pure Cu and Mn in the standard PDF files are indexed in the XRD patterns. The peaks of Mn-35Cu alloy and coating are different from pure Mn, due to the addition of Cu and possibly, the dopant of Fe and Cr from stainless steel. Mn-35Cu alloy is composed of two phases in Figure 1c. Cu content in the light phase is about 47.18 at. %, higher than 35 at. %. When Mn-35Cu coating is deposited, Cu content is about 33.48 at. %, and a small amount of Fe and Cr element is found on the surface of coating.


Figure 1. X-ray diffraction (XRD) (a) and scanning electron microscopy (SEM) morphology of Mn-35Cu alloy and Mn-35Cu coating on 430 SS by high-energy micro-arc alloying process (HEMAA); (b) Mn-35Cu coating, (c) Mn-35Cu alloy.
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Figure 2 shows cross-section morphology of deposited Mn-35Cu and Co-35Mn coating. The continuous and metallurgically bonded coatings can be found in Figure 2a,b, and the interface between coating and substrate is clear. The average thickness of deposited coatings is approximately 50 μm. HEMAA process makes splash appearance and spatters particles on the top surface of coating; it is now operated by hand, so coating thickness sometimes has a very large variation. The diffraction peaks of Co-35Mn coating in Figure 2c are closed to the characteristic peaks of pure Co with a slight left-shift.


Figure 2. (a) Cross-section morphology of Mn-35Cu coating deposited by HEMAA; (b) cross section of Co-35Mn coating deposited by HEMAA; and (c) X-ray diffraction of Co-35Mn coatings.
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3.2. Characteristics of Thermal Growth Coatings


The XRD pattern taken on the oxidized surface of Mn-35Cu and Co-35Mn coatings is showed in Figure 3a. The results disclose that Mn-35Cu coating after exposure to air at 750 °C for 100 h is mainly cubic Cu1.2Mn1.8O4 spinel oxide and Mn2O3 without Fe/Cr oxides. Figure 3b, combined with Table 1, shows that Cu1.2Mn1.8O4 spinel consisted of some large granules. Crystallite size of Mn2O3 in Figure 3b is smaller than Cu-Mn spinel, and some micro-poles uniformly distribute in it. In additional, Cu-rich oxide is found to aggregate in several local regions in Figure 3c, which is a raised and rough oxide. Co-35Mn coating after oxidation at 750 °C for 100 h is mainly (Co,Mn)3O4 spinel, an intermediate tetragonal spinel structure between MnCo2O4 (cubic) and Mn3O4 (tetragonal), with Co3O4 oxide on the surface. Morphology characteristics of (Co,Mn)3O4 and Co3O4 oxide are showed in Figure 3d,e, and have been discussed in previous study [7]. The average grain size of Cu1.2Mn1.8O4 spinel is a little larger than that of (Co,Mn)3O4 spinel. Based on analysis of EDS, the grain size of (Co,Mn)3O4 spinel will accordingly decrease with increasing Mn content in Co-Mn spinel. According to EDS analysis in Table 1, small amount of Fe is detected on the surface of Cu-Mn spinel coating, and molar ratio of element Cu and Mn is near to Cu1.2Mn1.8O4 spinel. Mn content in Co-Mn spinel is higher than MnCo2O4, which is in accordance with XRD in Figure 3.


Figure 3. (a) X-ray diffraction of Mn-35Cu and Co-35Mn coatings oxidized at 750 °C in air for 100 h; (b,c) surface morphology of Mn-35Cu coating oxidized at 750 °C in air for 100 h; (d,e) surface morphology of Co-35Mn coating oxidized at 750 °C in air for 100 h.
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Table 1. Composition analysis of local areas in Figure 3 by energy dispersive X-ray spectroscopy (EDS).







	
Elements, at. %

	
Co

	
Mn

	
Cu

	
Fe

	
Cr

	
O

	
Notes






	
Mn-35Cu coating, 100 h

	
-

	
25.67

	
14.30

	
1.36

	
-

	
58.67

	
area 1




	
-

	
30.67

	
1.78

	
1.29

	
-

	
66.26

	
area 2




	
-

	
7.97

	
37.19

	
0.54

	
-

	
54.30

	
area 3




	
Co-35Mn coating, 100 h

	
36.54

	
5.32

	
-

	
-

	
-

	
58.15

	
area 4




	
15.23

	
21.96

	
-

	
-

	
-

	
62.80

	
area 5











3.3. Electrical Characterization


Figure 4 and Figure 5 display ASR and cross-section morphology of Co-Mn and Cu-Mn spinel coatings. The value of ASR in the range of 500–800 °C both decreases with the temperature going up and almost keeps stable with temperature stabilized, except at 500 °C for Co-Mn spinel coating. ASR of Co-Mn spinel coating at 500 °C in Figure 4a is an order of magnitude larger than that of Cu-Mn spinel coating in Figure 5a. When temperature rises up to 600 °C, ASR of Co-Mn spinel coating sharply decreases and is still much larger than that of Cu-Mn spinel. The value of ASR for Co-Mn and Cu-Mn spinel coatings at 800 °C is about 27.2 and 8.7 mΩ cm2, respectively.


Figure 4. (a) Area specific resistance (ASR) of Co-Mn spinel coating with a temperature range of 500–800 °C; (b) cross-section morphology of Co-Mn spinel coating; (c) a section with Co-Mn spinel scale; and (d) a section with Co3O4 oxide.



[image: Metals 07 00522 g004]





Figure 5. (a) ASR of Cu-Mn spinel coating with a temperature range of 500–800 °C; (b) cross-section morphology of Cu-Mn spinel coating and the line scan position shown in the image; (c) a section with Cu-Mn spinel scale; (d) a section with Mn-rich scale.
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Cross section of Co-Mn spinel coating in Figure 4b–d shows that oxide layer is a little thick and approximately 70–80 μm after oxidation for 100 h. The Co-Mn spinel layer and thin Co3O4 layer on the top surface are also shown. Some fine pores were distributed in external oxides due to surface element diffusion during the oxidation process. Figure 5b shows Cu-Mn spinel coating is uniform, compact, and has excellent adhesion to 430 SS substrate. Some isolated micro-pores are found on the outer part of oxide layer. According to EDS in Table 2, magnification for local areas in Figure 5c,d shows that light phase is composed of Cu-Mn spinel, and dark phase is mainly Mn-rich oxide. The EDS line scan on cross-section of Cu-Mn spinel coating indicates the outermost oxide is rich in Cu and Mn, and then Cu content sharply decreases with Mn content increasing. From the porous middle layer to oxide coating/substrate interface, Mn concentration gradually decreases and Cu concentration almost keeps stable, which is due to fast outward diffusion of Mn. Additionally, Cr content is low in the whole oxide layer, and only a very thin Cr oxide layer formed on the interface. Some Fe from steel substrate diffuses into oxide layer.



Table 2. Composition analysis of local areas in Figure 4 by EDS.







	
Elements, at. %

	
Co

	
Mn

	
Cu

	
Fe

	
Cr

	
O

	
Notes






	
Mn-35Cu coating, 100 h

	
-

	
21.13

	
20.02

	
-

	
-

	
58.85

	
area 1




	
-

	
32.70

	
2.83

	
4.92

	
-

	
59.55

	
area 2










Figure 6 displays Arrhenius plots of ASR/T vs. 103/T for Co-Mn and Cu-Mn spinel coatings. The ASR value decreases linearly between log(ASR/T) and 1/T with increasing temperature, which is related to semiconductor behavior of spinel oxides [15,16]. ASR is directly responsive to the electrical conductivity and thicknesses of thermally grown oxide layers; therefore, Cu-Mn spinel layer exhibits much better electrical conductivity than Co-Mn spinel layer in the range of 500–800 °C.


Figure 6. Arrhenius plots of ASR/T vs. 103/T for Co-Mn and Cu-Mn spinel coatings.
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3.4. Discussion


Only the spinel phase has significant conductivity at high temperatures, so the formation and stabilization of spinel phase in Co-Mn and Cu-Mn coatings need to be strictly controlled. As the above result shows, the non-spinel phase in oxide coatings is mainly Mn2O3, Co3O4, CuO, and Mn3O4, etc.



Partial Cu-Mn-O phase diagram [17] exhibits that it is a very narrow spinel stability region for the CuxMn3−xO4 spinel phase (x = 0.9–1.6), and the value of Ncu for mono-spinel should be less than 1.3 in the operation temperature of intermediate temperature SOFC. Cu-35Mn alloy has a ratio of Cu and Mn 1.05:1.95 in at. %. When Mn-35Cu alloy coating is oxidized at 750 °C, mono-spinel may be produced according to phase diagram. However, the spinel coating is mainly composed of cubic Cu1.2Mn1.8O4 structure, not Cu1.05Mn1.95O4 spinel. The formation of some Mn2O3 indicates a deviation from mono-phase structure.



Previous studies show that composition, concentration, and thickness of alloy coating all affect oxidation products besides oxidation temperature and time [13,18]. Element diffusion at high temperature will lead to element Fe and Cr from 430 SS substrate into oxide coating. The diffusion rate order in composited spinel layer is DMn > DFe > DCr, and the rate of element Cr is one order of magnitude slower than element Mn [19]. The Co-33Cu coating in other work appeared very porous, and Cu enrichment was found because of the pronounced mobility of element Cu [20], which indicates the diffusion rate of Cu is large in Co-Cu spinel coatings. Line scan of cross-section in Figure 5 discloses Cu, Mn is rich in the outmost oxide layer, and some Cu oxides aggregate on several areas in Figure 3, which indicates both Cu and Mn rapid diffusion in Cu-Mn spinel coating. According to calculated partial pressure of oxygen [21] in Table 3, Co3O4 and CuO both favor forms on the surface with high oxygen partial pressure, which explains thin Co3O4 and CuO-rich layer formed on top surface of Co-Mn and Cu-Mn coatings, respectively.



Table 3. Standard free energies (ΔGo) of reactions and oxygen partial pressure (PO2) at equilibrium at 750 °C. ΔGo values for the mole numbers are shown in the chemical equations.







	
Number

	
Reaction

	
T, °C

	
ΔGo, J mol−1

	
PO2, atm






	
1

	
Mn(s) + 1/2O2(g) = MnO(s)

	
750

	
−337,829.6

	
3.15 × 10−35




	
2

	
2/3Cr(s) + 1/2O2(g) = 1/3Cr2O3(s)

	
750

	
−285,442.0

	
7.07 × 10−30




	
3

	
3Mn(s) + 2O2(g) = Mn3O4(s)

	
750

	
−259,818.1

	
2.92 × 10−27




	
4

	
Fe(s) + 1/2O2(g) = FeO(s)

	
750

	
−197,985.8

	
6.03 × 10−21




	
5

	
3FeO(s) + 1/2O2(g) = Fe3O4(s)

	
750

	
−184,232.7

	
1.53 × 10−19




	
6

	
Co(s) + 1/2O2(g) = CoO(s)

	
750

	
−161,559.9

	
3.16 × 10−17




	
7

	
Cu(s) + 1/2O2(g) = CuO(s)

	
750

	
−64,946.9

	
2.32 × 10−7




	
8

	
3CoO(s) + 1/2O2(g) = Co3O4(s)

	
750

	
−31753.7

	
5.71 × 10−4












4. Conclusions


A metallurgical bonding Mn-35Cu coating is successfully prepared using the high-energy micro-arc alloying process. Cubic Cu1.2Mn1.8O4 spinel coating, with an area-specific resistance of 8.7 mΩ cm2 at 800 °C, is observed after oxidation at 750 °C for 100 h. A trace amount of Fe and Cr diffusion from 430 SS into the spinel coating occurs during thermal oxidation. The diffusion rate of the Cu and Mn elements is rapid in Cu-Mn oxide layer. Mn2O3 is mainly in the non-spinel phase in the Cu-Mn spinel coating, and all non-spinel phases are dispersed in both oxide coatings. The composited Cu-Mn spinel coating exhibits much higher electrical conductivity than the composited Co-Mn spinel coating, especially at a low temperature. The results demonstrate that Cu1.2Mn1.8O4 could be a promising material for coating metallic interconnects in the intermediate temperature SOFC.
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