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(a)—illustration of coating conductivity testing; (b)—illustra-
tion of coating ASR testing.
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Figure 1 lllustration of coating conductivity testing and
ASR testing
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Figure 2 XRD patterns of coating samples under different currents in different conditions
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Figure 3 Local enlarged XRD patterns of sample
No. 1 at different thermal conversion time
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Figure 4 Cross-section morphology of sprayed samples No. 1—No. 3
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Figure 5 Surface morphology of coating samples No. 1—No. 3 in different conditions
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Figure 6 Cross-section morphology and elements distribution of sprayed samples No. 1—No. 3
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Figure 7 Cross-section morphology and elements distribution of samples No. 1—No. 3 after 10 h of oxidation
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Figure 8 Cross-section morphology and elements distribution of samples No. 1—No. 3 after 100 h of oxidation
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Figure 9 Cross-section morphology and elements distribution of samples No. 1I—No. 3 after 500 h of oxidation

2.4 REBZMHsENR

Tk FSS430 Fe AR X 1k J2 ML S R i T
Mo, ok B B AT R A 5 1 BE B A ALO, B & R A
YE R, L RAE m A 2082 B R i
TR R AR AT . 10 2 B 5K 5 U L
if ] 2z fal i 56 R . AT 10 W] L, 78 2 A4S P Ak it
P v U J2 A RS R 89 I 2 A IS T SE T A DB 3
FE/NT 100 h # Ak B 8] BE P, oS S50 080 I 48 /0N 5 i
£ 100—300 h i (8] B Y, LS 38 1F AT R 4 K
TE PV AR I 18] R T 300 h e, 14 2 1 H S A 08 i O 1R
GWR I TR o e A X AR 4 A R R 2
£ 100 hisf A Z /T IRIZNH B A E RS TTR SR
m%@AﬁmﬁﬁzﬁﬁmﬂW%#ﬁﬁmE
TR 2 A AR A S IO 2 A8 M AR b o TR IEL R
[ 100 h Z J5 , 4 )2 B 2 R A m iR dh A 4R
TR 0 e A A8 R 2 H T RN T3 A, 3 ol 44 52k [
W2 TR BGAR fb A 1 S8 Ak 0 3 R TS T 080/

M 1038 7] AFE 78 34 5% Al 1 72 58 i 2Z AT
R JZ r 3 B W R R AL B ST D), HL X R 22

SEAE GG AR I R I o W (R B A A
MY, SR ER R RN XERNEHE
SRR AW RS R A T ORFRRE A, XRD
5 B TR B WS IR A TR 2 N B AEFE MM)m0£
1% Eﬁ@ﬁm%&ﬂﬁ% ﬁ%aluﬁiﬂ’ﬁ?ﬁ%?%om

I JiE 35 45 ”JHH%*”%%W%EEWJX
b= Sl N L o R e S 2 - Sl s
I No. 3R FE R0 e I i SR AW & o IEoh,
No. 3 A A4 HL 5 F-AE 10—100 h i 1] B 5 4 i BH
BERTF 5 Hh W AR, X iF — 20 R B No. 3K K 78
ALV A T 2 ALY S 5 3G AT T 0 s i 4
i ALY WRE ISR 51k 2 LR E YA
K, FLBR R IR 2 TR/ . B4R No. 3 kR

(R 3% J2 FL B Rt /0N, (E H 6T 1 S S0 52 i R R I H
SRAMY R TR K, A RPN IR R B SRR
X AH ) B 43 1 0 A 4 U 2, O [R) M i F O o A
A i&FAE% TFﬁﬁﬁm%%ﬁmﬁ%m
ALY B E AR 2 5E A EE AL )R SRR 2 B HL S
Kﬁé*ﬁoEWLﬁ#m%ﬁif%&%%hﬁ
Ii] Bk R I .

10.5
10.0- —#— No.1
—®— No.2
9.5 —&—No.3
e 9.0
£ 8.5
; 8.0
i
il
7.5
7.0
6.5 ‘ ‘
T T T T T T
0 100 200 300 400 500
AR IRH LR

E10 #ERSXER/RFNAHEZEMNXR
Figure 10 Relationship between conductivity of
coatings and thermal transition time

& 11 5 JCIA 2 FSS430 A5 A9 K4k K HLUT R
v B A VR 2 T b R L B A b B 1] () 3 AR il
2. ME 1L LV B I, e g iR 19 T bE A BEL Y
Wil A A S ] 9 208 T 20 T 1 R 2 ARG AR B[R] /)N
F 100 hih, No. 2 1 No. 334 A4 17 e A BH B (E 2k
TN G5 0 L R B B, 3k 2 RN B 4 W R AE DR
B E R T —E m MR TR ALY, A
AL AL B R] A 2 K, 33 6 AR A0 ) A U )2 AV A i AR
R W A6 R T R R R AR A AR B
Zffi No. 1 il No. 2 5 FE (9 17 Eb H BH B /N F A8 55



SCRERE - WA HLE X SOFC I & MnCoCuF eNi i i 4 4 Uk 2 1k BE B9 52 ) 187

B A R BB . Heb, No. TR B 7E 2851 500 h
PELAY TS T L B BHAE Y 14. 95 mQeem?, W FH /N T
N HEMIRFEN 27, 75 mQ-cm®s A4, B2
L P B B 55 04 FL 3 38 0 AN BT RS . X 5 e iR 2
SR A LA 2L, (H 5 22 AN ] ) 2 0 2 B T L
H, BEL I R AR B AL 300 h 5 4 T3 —FasE il , i 2 78
% 1t 500 h B AL J5 No. 338 FE /Y 1 1 f B L T &2
No. VIEUFERY 245 , B B I KT A 85 A9 S A4 R 1Y) T
b BEE . MR AR AR AL R S5k B N 45 4 B A 1) THI
Fb HL BEAEL 700315 A #4600 h 2 )5 O No. 33K
FE 7 AR IR 25 5 9 32 B R PR AE T IR 2 B T L H R
B AL T 0 J2 M OB AS B 0 1 5, 7 L 3 A2 ST
CrOZEAK BES K TR BT BEREM

L fm] 5 A
35
—#— No.l
304 —®—No.2
—A— No.3
254 —v— ['SS 430
=
S 201
=
= 157
=
i=1 - fopem
54 JyY

0

0 100 400 500

200 300
AL i) /h
11 RE@EILEREHRENHEZEANXER

Figure 11 Relationship between the area specific

resistance of coatings and thermal
conversion time

3 it

(L) R0 A 4 TR 2 350 B, B 0 F 3 %) 388
WK . IR I U 2 £ E 2 CuO A1 (Mn,
Co, Cw) O, R A ALY, & 75 R 2 K10 1) Mn
Cu %8I0 2 Bl 2B I Ak B 1) 22 K 328 7 249 204k, iz
=N A7/ S RN T O S ol T N i v VAN (T A3
(MnCoCuFeNi),0, = 1§ 2 &t A A4k W, I #F FE 44/
T2 B BT R T Cr T HUHT | B SRS AL S a] ZE
KAz P 8o R 4k 22 1) i )2 N E R R AR
FEHA R Cry 8aE T .

(2) WS F U A /NI R X A G A i 2 1 L e
FE A BB R, 28 500 h #EE AR Ak B TR 2 Y L R
2920 10. 1 Seem "5 1117 4% J2 150 RE A9 1T L F E I 15 7 A
Tt A8 3G i 38 K, No. 13 )2 30k 59 1 L L BELAE A
14.95 mQ-cm’®, B /N F IR 2 FSS430 A 55 ik
FER) 27. 75 mQ- cm?,

S 30k

(1] FEam, w2, Wl , 55 . 18114 S A W Rk v vib o 280 3 2
MR WF SR e (T]. DI RE M L, 2023, 54(2) : 2018-
2025.

(2] BRak, BRIE, i dt 25, 45 | [ UM W AR e Tib 2k 3R 1
AN AR AR T AR IR R LT ] b R4, 2012, 26
(1):133-136.

[3] MAHJC W, MUCHTAR A, SOMALU M R, et al.
Metallic interconnects for solid oxide fuel cell: A review
on protective coating and deposition techniques [J].
International Journal of Hydrogen Energy, 2017, 42
(14): 9219-9229.

[4] SHAIGAN N, QU W, IVEY D G, et al. A review of
recent progress in coatings, surface modifications and
alloy developments for solid oxide fuel cell ferritic
stainless steel interconnects [J]. Journal of Power
Sources, 2010, 195(6): 1529-1542.

[5] FERGUS J W. Metallic interconnects for solid oxide
fuel cells [J]. Materials Science and Engineering: A,
2005, 397(1-2): 271-283.

[6] MAHATO N, BANERJEE A, GUPTA A, et al.
Progress in material selection for solid oxide fuel cell
technology: A review [J]. Progress in Materials
Science, 2015, 72: 141-337.

[7] PARK M, SHIN J S, LEE S, et al. Thermal
degradation mechanism of ferritic alloy (Crofer 22 APU)
[J]. Corrosion Science, 2018, 134. 17-22.

[8] YOON JS, LEE J, HWANG H J, et al. Lanthanum
oxide-coated stainless steel for bipolar plates in solid
oxide fuel cells (SOFCs) [J]. Journal of Power
Sources, 2008, 181(2): 281-286.

[9] GOLKHATMI S Z, ASGHAR M I, LUND P D. A
review on solid oxide fuel cell durability: Latest
progress, mechanisms, and study tools[J]. Renewable
and Sustainable Energy Reviews, 2022, 161: 112339.

[10] FERGUS J W. Effect of cathode and electrolyte
transport properties on chromium poisoning in solid

oxide fuel cells [J]. International Journal of Hydrogen
Energy, 2007, 32(16): 3664-3671.

[11] HUY Z, SUY T, LIC X, et al. Dense Mn, ;Co, 0,
coatings with excellent long-term stability and electrical
performance under the SOFC cathode environment[J].
Applied Surface Science, 2020, 499: 143726.

[12] WANG X, SI X, GAO J, et al. Low-cost, high-
density Mn-Co spinel coatings for stainless steel
interconnect via efficient microwave heating [J].
Journal of Cleaner Production, 2023, 389: 136107.

[13] PETRIC A, LING H. Electrical conductivity and
thermal expansion of spinels at elevated temperatures

[J]. Journal of the American Ceramic Society, 2007,
90(5): 1515-1520.



188 FHEMIFIE S0 2025455 19 B4 1 1]

[14] YU H L, YANG H H, MA Z B, et al. Composite 1050.
spinel protective coatings for ferritic stainless steels: A [23] YEH J W, CHEN S K, LIN S J, et al
review[ J]. Materials Reports, 2022,36(17) :149-156. Nanostructured high-entropy alloys with multiple

[15] 4Bk, SCb, REE, 55 RSB F Bk il & SOFC principal elements: novel alloy design concepts and
R B 2 A R AR Z [T] MR R S 0 outcomes[J]. Advanced Engineering Materials, 2004,
2021(2):125-133. 6(5): 299-303.

[16] TLAF, SCHE, ARIE, %F RS B 7 Bk i 4 SOFC 3% [24] FIEEE, MR E,EO S YR OMTTR RN &%
FE MR Cu/Mn/Co 5 8 B 47 4% )2 [T MR 52 5 0 H JZ /R RE RIS HE I [T, BRI SR 55 B L 2022(4)
2021,15(4) :358-367. 626-636.

[17] Mot XUHE , SCiE, 4% S5 B 1 IR A T AR [25] ZHAO Q, GENG S, ZHANG Y, et al. High-entropy
W 2 il #5 MnCoCu 4 J 3% H R By 47 0 J2 [T 3K i 4 FeCoNiMnCu alloy coating on ferritic stainless steel
A ,2024,53(2):175-183. for solid oxide fuel cell interconnects [J]. Journal of

[18] MASI A, BELLUSCI M, MCPHAIL S J, et al. Cu- Alloys and Compounds, 2022, 908:164608.

Mn-Co oxides as protective materials in SOFC [26] WEN K, LIU X Z, ZHOU K S, et al. 3D time-
technology: The effect of chemical composition on dependent numerical simulation for atmospheric plasma
mechanochemical  synthesis, sintering behaviour, spraying[J]. Surface and Coatings Technology, 2019,
thermal expansion and electrical conductivity [J]. 371:344-354.

Journal of the European Ceramic Society, 2017, 37 [27] TSAIKY, TSAIM H, YEH J W. Sluggish diffusion
(2): 661-669. in Co-Cr-Fe-Mn-Ni high-entropy alloys [J]. Acta

[19] TALIC B, HENDRIKSEN P V, WIIK K, et al. Materialia, 2013, 61(13): 4887-4897.

Thermal expansion and electrical conductivity of Fe [28] OTTOF, YANG Y, BEI H, et al. Relative effects of
and Cu doped MnCo,0, spinel[J]. Solid State Ionics, enthalpy and entropy on the phase stability of
2018, 326: 90-99. equiatomic high-entropy alloys [J]. Acta Materialia,

[20] LIU D, GENG S, CHEN G, et al. NiO/NiFe,0, 2013, 61(7): 2628-2638.
dual-layer coating on pre-oxidized SUS430 steel [29] GAERTNER D, KOTTKE J, WILDE G, et al.
interconnect [J]. International Journal of Hydrogen Tracer diffusion in single crystalline CoCrFeNi and
Energy, 2022, 47(50): 21462-21471. CoCrFeMnNi high entropy alloys [J]. Journal of

[21] ROST C M, SACHET E, BORMAN T, et al. Materials Research, 2018, 33(19): 3184-3191.
Entropy—Stabilized oxides [J] . Nat Commun, 2015 [30] WEN K, LIU X Z, LIU M, et al. Numerical
(6):8485. simulation and experimental study of Ar-H, DC

[22] VFAi, BRERAS, FBAEMR , 55 @ i G 4 g vt 5 Pk g atmospheric plasma spraying [ J]. Surface and Coatings

WEgE kR [T M B F 5T 5 R, 2023, 17(6) : 1039-

Technology, 2019,371:312-321.

The Effect of Atmospheric Plasma Spraying Current on the Properties of
MnCoCuFeNi High Entropy Alloy Coatings for SOFC Interconnects

WEN Kui', LI Zhongyi', LIU Xiang"*,LIU Taikai', LIU Min', SONG Chen',
MAO Jie',ZHANG Mengting', YE Yun"
(1. Institute of New Materials, Guangdong Academy of Sciences/National Engineering Laboratory of Modern Materi-
als Surface Engineering Technology/Guangdong Provincial Key Laboratory of Modern Surface Engineering Technol-

ogy, Guangzhou 510650, China; 2. School of Materials and Energy, Guangdong University of Technology, Guang-
zhou 510006, China)

Abstract: Solid oxide fuel cell (SOFC) is an efficient and environmentally friendly energy conversion device, characterized by
high energy density, low emissions, and silent operation. As a key core component of SOFC stack, the connector is
responsible for connecting the electrode and electrolyte, establishing a good electron and ion transport pathway, and playing an
important role in current collection and power release. Its performance directly affects the attenuation and stability of the fuel
cell stack system, and is also one of the key technologies restricting the development of high-power, high reliability, and long-

life SOFC systems in China. Ferritic stainless steel has become the most promising connector material due to its excellent



SCRERE - WA HLE X SOFC I & MnCoCuF eNi i i 4 4 Uk 2 1k BE B9 52 ) 189

=

oxidation resistance, suitable thermal expansion coefficient, and other properties. However, a protective coating still needs to
be prepared on its surface to solve the problems of insufficient oxidation resistance and cathode chromium poisoning caused by
chromium volatilization during service. This article uses different spraying working currents to prepare MnCoCuFeNi high
entropy alloy coatings on the surface of 430 stainless steel substrate. Subsequently, spinel high entropy oxide coatings are
obtained by thermal conversion treatment at 800 ‘C. The evolution behavior of phase composition, surface and cross-sectional
morphology, element diffusion, and electrical properties of the coatings during the thermal conversion process is systematically
analyzed. The results indicate that increasing the spraying current can improve the density of the alloy coating, but it can also
generate more metal oxides inside the coating; After thermal conversion treatment, Mn, Co, and Cu elements preferentially
diffuse to the surface of the coating to form light gray CuO and dark gray (Mn, Co, Cu) 304 spinel oxides. The segregation
of these elements gradually becomes uniform with the prolongation of thermal conversion time. In the early stage of thermal
conversion, a Cr rich diffusion band was formed inside the coating near the substrate/coating interface, but the surface thermal
conversion layer successfully suppressed further outward diffusion of the Cr diffusion band. The conductivity of the high
entropy alloy thermal conversion layer is not affected by the spraying current, and its final conductivity is about 10.1 S.cm™".
On the contrary, the surface specific resistance increases with the increase of spraying current, and the optimal surface specific
resistance value of coated stainless steel (14.95 m Q-cm?) is smaller than that of uncoated stainless steel. In this paper, a
protective coating with both high electrical conductivity and Cr blocking performance was constructed through the in-situ
transformation strategy of high-entropy alloys, which provides a new idea for the development of long-life solid oxide fuel cell
(SOFC) interconnects.

Keywords: solid oxide fuel cells; metal interconnector; plasma spraying; thermal conversion coatings; spinel high-entropy oxide

coatings; elemental diffusion;electrical properties;area specific resistance
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