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Abstract: The plasma sprayed NiAl-Bi,O; composite coating was heat treated under the condition of argon atmosphere
of 800 °C. Then, the friction and wear properties of the resulting heat treated NiAl-Bi,O; composite coating in the
temperature range from room temperature to 800 °C were evaluated by UMT-3 high temperature friction tester. By
analyzing the evolution of composition and microstructure of NiAl-Bi,O3; composite coating before and after heat
treatment, and deeply exploring the frictional surface/interface during the process of friction test at different

temperatures, the adaptive regeneration mechanism of high and low temperature lubricating phases (NiBi, Bi,0; and
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NiO) within the heat-treated NiAl-Bi,O5 coating was studied for the first time. Meanwhile, the tribological behavior of
the heat-treated NiAl-Bi,0; coating under temperature cycle test conditions of wide temperature range was analyzed in
depth. The experimental results showed that the condition of heat treatment of 800 °C under argon atmosphere was able
to promote the formation of dispersion-enhanced Al,O; phase and intermetallic compound NiBi phase within the heat-
treated NiAl-Bi,O; composite coating. It was proved that the intermetallic compound NiBi had medium and low
temperature lubricity in this study. At the same time, NiAl-Bi,O; composite coating produced a significant reduction in
friction and wear from room temperature to 800 °C through the heat treatment process. Especially when test temperature
reached 400 °C, the friction coefficient and wear rate had a dramatic reduction, where the friction coefficient was
reduced from 0.39 before heat treatment to 0.28 after heat treatment, and the wear rate was reduced by a full order of
magnitude [from 35.56x10"° mm’/(N-m) before heat treatment to 8.53 x 10~ mm’/(N'm) after heat treatment]. When the
test temperature rose to 800 °C, the contact surface of the heat-treated coating generated high-temperature lubricating
phase (Bi,0; and NiO) again through the high-temperature friction oxidation. And then solid lubricants (Bi,O3 and NiO)
and reinforced phase Al,O; adaptively formed a continuous lubricating tribo-layer on the worn surface during the sliding
process, and this played a significant synergistic lubrication and anti-wear role. As a result, the lubricating performance
and wear resistance capability of the heat-treated NiAl-Bi,05 coating under the conditions of wide temperature range
and high and low temperature cycle condition were significantly improved. It could be concluded that after the heat
treatment, there was a mechanism of lubricating phase regeneration and continuous tribo-layer formation on the worn
surface of NiAl-Bi,O; composite coating during the friction process. This mechanism was expected to further improve
the service life of metal matrix composite coatings in a wide temperature range. This study had important practical

significance for the development of new technologies of solid lubrication and anti-wear materials.
Key words: NiBi; Bi,05; adaptive regeneration; heat treatment; tribological properties; atmospheric plasma spraying
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Fig. 1 SEM micrographs of spraying powders: (a) Ni-5% Al spraying powder; (b) original Bi,O; powder;
(c~d) Bi,05 spraying powder; (¢) XRD pattern of three kinds of powders
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Fig. 2 (a) XRD patterns of spraying powder and composite coatings; (b) XPS patterns of Bi 4f and Al 2p of
NiAl-Bi,O; and NiAl-Bi,O;-Ar 800 °C coatings
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Fig. 3 (a) XRD patterns of mixed powders consisting of Bi,O; and Ni-5% Al after heat treatment in argon atmosphere at different
temperatures; (b~d) TEM micrograph, elemental distribution maps and high resolution images of mixed powders after heat treatment
in argon atmosphere at 800 °C
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Fig. 4 SEM micrographs of the cross-sections of the composite coatings and corresponding elemental distribution maps:
(a) NiAl-Bi,0; coating (left: SEM micrographs; right: BSE micrographs) and (b) NiAl-Bi,O5-Ar 800 °C coating
(left: SEM micrographs; right: BSE micrographs)
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Fig. 5 (a) Micro hardness and adhesive strength of composite coatings; SEM micrographs of micro indentation of composite
coatings: (b) NiAl-Bi,0; coating and (¢) NiAl-Bi,03-Ar 800 °C coating; SEM micrographs of tensile fracture of
composite coatings: (d) NiAl-Bi,O5 coating and (e) NiAl-Bi,Os-Ar 800 °C coatings
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Fig. 6 The friction coefficient curves: (a) NiAl-Bi,O; coating and (b) NiAl-Bi,O3-Ar 800 °C coating; the wear rates of (c)
composite coatings and (d) corresponding counterpart Al,O5 balls
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Fig. 8 SEM micrographs of worn surfaces of counterpart balls against NiAl-Bi,O; coatings before and after heat
treatment at different temperature
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Fig. 9 Raman spectra collected from the inside and outside of
worn surface of Al,Oj; balls after friction test at 800 C

K19 800 CREEEIMIGE ALO XS HER BRI A Shr & itk

7.38x10° mm’/(N-m), B T B I5 B 55 5 0L 0 BE 1 R
11.52x10°° mm’/(N-m), 75 &h, i 5 478 PR 2 1) BE 353 AR
FHEFENEA1. W2, NiAl-Bi,O5-Ar 800 CiRZ1E
I F800 C 1T/ UG PR BE it R v, L vy TR
FETHI T BRI BE 52 J2 (] T A2 ) A Bi, 05+ NiOAIIE 5
FHALO; AL IR T RAE T e EIER, 1
HpEE %1&&?&)**#?{}%%{@&11311, NiAl-Bi,05-Ar 800 °C
WU TERETS 242

(@) —RT(1)
——800 C (1)
——RT(2)

0.38

Friction coefficient

0 9 18 27 36 45 54
Sliding time/10% s

E T+l A0 PR IR G B0 BRI AR, BRBE S A 4
BUI R 77 ARG A R A IR J2 B 401 DX 3k A L 53 i &
PRI J EAH, (R R A R T N AR A A B i A=
FGE A 2 18] 55 G 35020 13 4 1) 465 SR A B 4 3 1
A AN TR 2 AR i A R B SR Y, e e i
B2 M O R 2 P e Re e AR R . & 11
FTE 123 5178 7 NiAl-Bi,O5-Ar 800 Ci4: /2 78 HLiE
FE SR AIR00 °C) LA K iR FE AR FA 1 RN 2 (1 B 9 3 [f A1
B SR R e R o A L

TSI R R BERAES E EA IR E B IR,
FEZ IR AIB00 Ml 5 BE 4 3 [ 32 Hi 30/ 5 B g A1 Ak
BV, Ja o SN % S [E 11 () (o)) B TE =R
JEE P b R A D, R AT A UL 5% 3] B I B A e R
[ 11(b)], H B 451 3 1 X 385 47 7 35 &) 43 A (1 Bi Ni,
AVFIOTEE, #E—DAESE T 5 J i B I B 451 2% 1 2 1]
W AHENIBIL Bi,O5 (/0 2) ML ALO; I [FI1EH. 48
1M, B1T-800 C B4 X 3 & A Ak, TR #4 ) 8 & 1
FAAE 3t T Bi,O5 ] BE4R L R 2T B 1", FF bl i 3
Fi o7 25 6 A 12 DR g B 457 X J B R A 5~8 i,

GE RS 1 R R [ 1(d)]. BEEE R R B 2 B
A ERE T P BL, O, MINIO, fR4IF T ¥4 2 7E800 C It

0.7

(b) —RT ()

0.6 f ——800 °C (1)
. 0.47 ——RT ()
205 VA ——800 °C (2)
3 : ——RT(3)
S04
s | | 0.31
5 0.3 i II'
2 0.20 0.23 ,’»,
E 0-2 B kwu..-.,/; \\M

\
0.1
0.0

12 24 36 48 60 72 84 96

<

—
-

- (©)

p— [
< ~
T

s o

Wear rate/[1075 mm/(N-m)]

Sliding time/10% s

2 I
0

Temperature cycle 1

Temperature cycle 2

Fig. 10 The friction coefficient curves of NiAl-Bi,O5-Ar 800 °C coating at temperature cycle tests: (a) temperature cycle 1 and
(b) temperature cycle 2; (c) the wear rates of NiAl-Bi,O3-Ar 800 °C coating after temperature cycle 1 and temperature cycle 2
K10 NiAl-Bi,O3-Ar 800 “CIR /= I FEAR I I (1 B4 AR Mt 24 () PRI BE LRI (b) R ML 25
(c)NiAl-Bi,O5-Ar 800 CIRZ 1L EEMEIA M - BB 17 %



60 BE ¥

S 1 ER R

Worn surface

5 pm

o

Fig. 11 SEM micrographs of worn surfaces and worn cross-sections of NiAl-Bi,O5-Ar 800 °C coating under different test
conditions: (a~b) room temperature; (c~d) 800 C
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Fig. 12 SEM micrographs of worn surfaces and worn cross-sections of NiAl-Bi,O5-Ar 800 °C coating under different test
conditions: (a~b) temperature cycle 1; (c~d) temperature cycle 2
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