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Abstract: As one of the important basic components of aeroengines, bearings can provide structural support and reduce
friction torque for the rotary shaft system. G13Cr4Mo4Ni4V high-temperature bearing steel is widely used in aeroengine

main shaft bearings, and has excellent contact fatigue strength. The rolling contact fatigue (RCF) test is an important
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indicator to measure the performance of bearing steel. Compared with basic material performance experiments, such as
tension and compression fatigue experiments and rotational tensile fatigue experiments, because it is similar to the real
load conditions of the bearing, the test is more suitable as a guide for material heat treatment and processing process
optimization in bearing processing. In order to obtain the RCF damage characteristics of G13Cr4Mo4Ni4V high-
temperature bearing steel under heavy-load lubrication, the ball-on-rod RCF testing machine was used to study the
fatigue damage evolution and failure behavior of the bearing steel, and its failure mechanism was preliminarily analyzed.
The three-dimensional topography of the contact track of the rod was measured with a white light interferometer,
combined with the analysis of mixed elastohydrodynamic lubrication, the evolution law of the lubrication behavior in the
contact area and its influence on the fatigue failure behavior of the surface layer and the near-surface layer were
obtained. The microstructural components and organizational topography of the material in the subsurface layer and its
crack source area were analyzed through OA, SEM and EDS, and the cumulative damage and failure behavior of the
material organizational structure were studied. By analyzing the lubrication behavior of the contact area, the material
microstructural components, microstructure topography of the near-surface and sub-surface layers and their crack source
areas, the mapping relationship between the evolution of the lubrication state and the cumulative damage of near-surface
inclusions and sub-surface materials were explored. The research results showed that the lubrication state of the contact
track of the test rod changed with the change of the contact surface topography at different operating stages, and the
changes in the lubrication state would affect surface damage behaviors such as surface wear and micropitting. Inclusions
in the near-surface layer caused the Von Mises stress to exceed the yield limit of the material, causing cracks to initiate
and promoting RCF in the near-surface layer. The cumulative damage to the subsurface material structure was the main
factor causing the RCF of the subsurface layer. The competition mechanism and interaction between changes in
lubrication state, near-surface inclusions, and cumulative damage to the subsurface material structure were the main
factors causing different RCF failure forms. This study provided the first detailed analysis of the fatigue damage
evolution and failure behavior of G13Cr4Mo4Ni4V bearing steel, providing data for screening materials and processes

in bearing manufacturing.
Key words: bearing steel; rolling contact fatigue; damage evolution; mixed elastohydrodynamic lubrication; plastic
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Table 1 Chemical composition of G13Cr4Mo4Ni4V bearing steel

Mass fraction/%

Materials
C Cr Mo Ni v Mn Si P S W
G13Cr4Mo4Ni4V 0.12 4.00 4.30 3.50 1.30 0.35 0.25 <0.03 <0.01 <0.15
(b) } D4 )
D3
Rod
A

Lﬁﬁ//

1
y_ A %/ Loading ring
% / Ball

| D2 D

Fig. 1 Schematic diagram of the ball-on-rod rolling contact fatigue testing machine: (a) top view structure of the contact area;
(b) cross-sectional structure
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Table 2 Conditions for the ball-on-rod rolling contact
fatigue test in the test

Parameter Specifications
Maximum Hertzian contact stress 4.8 GPa
Speed 10 000 r/min
Chamber temperature 40 C
Lubrication feed rate 2 mL/min
Number of life test groups 16

&3  G13CraModNidVIRE 55 & Weibull 3 53
Table 3 Weibull distribution parameters of fatigue life of

G13Cr4Mo4Ni4V steel
Parameters Shape Size Ly 10° cycles Lsy/ 10° cycles
parameter, f parameter, 7
Specifications 2.39 2.65 1.41 1.96

9991 o Lifedata
—— Fitted line
[ ---- Confidence interval
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Fig. 2 Weibull distribution curve of fatigue life of
G13CrdMo4Ni4V steel (4.8 GPa)
12 G13CrdModNi4 V% 57 % iy Weibull
4347 k(4.8 GPa)
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Table 4 Fatigue cumulative damage test

Track RCF loading cycles
1 22 700
2 1.63x10
3 3.27x10
4 9.81x10
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©

Fig. 4 A FEA contact model: (a) quarter-symmetrical contact model and its mesh distribution; (b) contact stress distribution;
(c) Von Mises stress distribution
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Table 5 Track surface characteristic parameters

RCF loading cycles S,/um Sek Sku
0 0.014 -2.23 3.83

22300 0.018 -2.07 6.86
1.66x10 0.041 1.72 11.30
3.17x10 0.054 6.93 4.60
9.63x10 0.072 5.92 4.02
3.88x10° 0.071 1867.13 6.21

P (ph3 @)+ b (ph3 a_p) oph) o)

ox\12pax) T\ ay) T Tox T
2, p ARGy B A itk RS T R R JEE E 5 o R p 3 ) 9
TV 70 040 5 003 P N i 5w R AR Ve 7 ) 45
W I FE

THIETTRE R
2);:X+2y—;y+61(x,y,t)+

0 (x,y,1) + Ve (x,,1) (5)

X, ho (0 R G E s R AR, 73 5l R AT

TRy 7 ) B S5 200 3248 6, (y, DRSS (e, y, ) 5

Sl R A 4R TR o T () 722 A PR REL RS B2 o P v (o, 1) R
[HE RS

P 6(a) T~ N 22 58 M B 22 300IR G T I3 1 IR

A, B X AL TR AR, oA RS 7 1) 1)

i, a R 5, x/ad R IX JE RN T s El6(b) it

h(x,y,t) = ho () +

71 RS R S B 9.63x L0 R AG 3K T (i IR A,
TR MHURE FE 35 T EURDRS (™ 0 b 3 %2, 1B B
TSR X SR B A VR A A T B OIR
Jr BB AN ) TG 22 e AR IR Ay, 3 B
THI = A SR P B s B 6(0) BT s AN R 8 i B
3.88x 10" VCAIE F B AR 3 P DR 2, 2 M 288 T HEL e A2 4k
AR, AH B T 5B AR T B R b T 5 B0 ik X 5% ke
N2 TR B, AR SR AR N R IR, BRI T
1T RUVE AR IR 6. DA b 3% T AR Y88 10 98 57 4 4 6 22
RAEAERRAS W BB B B, AR AN AR E B B TS 5
F AR R THIE 55 1A%
24 REBRMRLBLUEN

FE N AN 57 50400 75 f o0 i e, 3R ICR IE M REE
SUEALEUEE, 7T 20 0 2 e B B AR s mm R B A AN Fa
SERT B, S B KRS I A Ak R 2
SE 3 SE20 B KM EHR R Z T B Bl A B 02 DA K
SO AR 3 B M R AL, S 25U IR B ) B
ik BAVEAS TG A AN oW S0 % e,
241 MEHAZEAL

P17 T 7 iy 42 ik 2030w 94 JED i) A0 THD 1O A R 4L
U A 4 f 7 B AUBS (SEM) IR . 78 % 8 B
22 3007RAEFR T (44 R 4 27 45 g e J 4 T W B AR 4k,
WE7(a) s, %140 wn B R 52 4b 21 HE BT 7 [X 30738
Ko RIAEHE B B B8 FAA 2 2380 7 A A K25 AR 2601k



1224 FEE 2R (P S0 44 %

Z/pm z/pm
0.4 (b) »
0.8
0.3 :
' 0.6
o 0.4
0.1 0.2
! 0.0 u 0-0
Z/pm 2.5
' g
2.0 Z20
=%
v <
1.5 =15
D
£
| s
1.0 £ 1.0
=
3
0.5 0.5
) 2
I R
[ 0.0 0.0

600 —400 -200 0 200 400 600
‘Width/pm

b mEr o _ARSS mE

3.88E8

LAY AT |

% B3
- -“
£

Rolling direction

I

e 2" dgnode 4 : ‘ﬁi
Fig. 5 Surface morphology of contact tracks at different stages: (a) 22 300 cycles, (b) 9.63x10 cycles and (c) 3.88x10° cycles
tracks morphology, (d) cross-section profile evolution and (e) corresponding pairs morphology
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Fig. 6 Lubrication state of contact track in different operating stages: (a) 22 300 cycles; (b) 9.63x10” cycles; (c) 3.88x10° cycles
Bl 6 ARIFEATH B Bz FE IR : (a) 22 300UKAEHF; (b) 9.63x 10 AEHE: () 3.88x 10 VKA



9 1]

PRTKR, 551 G13CraModNidV il 7K 4 5 3R Bl B il 97 40 05 8 4k S R8T A 7 1225

5 [RARH LU LS5, 1R A K Sk )
L. 7E R 25 0 S B B, AE3.17< 10T RGBS E T
100~180 um¥A FE AL T 46 B RH 21 1 20 1l 2 (White
etching layer, WEL), #f it — P 4HALH A 49K
ki, i E7(0)FR. B AR dioRLAE i K PIRE R &
AR T, I AN G B Y, o TR TR Rl oK
PR AR AEANRAE Y B, 3.88x 10 R FRIN (1 1k 2 5
B S I WS AR FEE D7 17 SiE A 5 80~200 pum, 414k 5 kL L 5
SEONBIE, Qi 7 (c) B, A8 IS T R 5 B0 Rk
O SR IR AL, AR A B I 78 TE il R e Al e
JEEBEAI, TERES RO FA) R MR 77 A= B I 1 9 P A TR
Z, WEREAEEEMHIRG". 545 &6E
AN AL B R R A, ek TR IR 8L ) A2 4k
A UL R M 471
242 FOEHEFRES>

P18 () FfT 7w Sy 432 i 020 el e A T T V2R 55 7 1) ) 4
PR P78, W8 € ORI R I8 (b) T g il ik
B A0 Y [ T R S AR E AT, BB 22 5 B B

FEAS AN B3 R AR BB BT (<3.17%10"7K) 100~
180 pm A i b 4 FC A 2 (HV0.3) 22 18 19 I 29 10HV 0.3~
50HV0.3, £9.63x10 KAEIA T HV0.37E 120 pumiA & B
K B B i B8 T0HV0.3, HYHIL T 1 ek () 8 1k A AL B
R RFasE B BE3.88x 10 KA, 30~180 pmiF JE
AR FTHVO0.3{H 2 3 Tt 5.
243 REBJZRLGEAE

B9 FT 7~ SA12.08% 10° VK 1 34 B 42 i B 25 7F 140 pm
TR BRI 1 KR 2 28U F I oy o A, E19(a) Fi
TN I I A B LS SEMIE F, x4 b R B
C. MofIOJG & & & AR =, N 'E Mol b ) B A AL
I, BARAE tm N JIAE FH R IGR 2 Je AW A AR
RO, HRGUF ARG SR AR Y R 5 KR, x5
G13CrdMo4Ni4V A7 ISR HRAL B T2 S BUSE)
PR B L T2 KT 10 pm R A9 92 4445 5, T 40
il 7 IR JZ100~200 pmif B AL B A RS — B9 R,
25 EHmpRNK

HAREN IR CF R 3802 HH 2 F R R L [F s ma g, 222

50 pm 50 pm'e

Fig. 7 Microstructure evolution of the circumferential section of the contact track: (a) 22300 cycles;
(b) 3.17x10 cycles; (c) 3.88x10° cycles
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Fig. 8 Subsurface Vickers hardness distribution in the axial section: (a) test scheme; (b) hardness distribution
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Fig. 9 Subsurface crack initiation during 2.08x10° cycles: (a) SEM micrigraphs of cracks area; (b) element distribution;
(c) element content at point I and (d) point II
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Fig. 10 SEM micrographs of of the spalling on the surface under 2.08x10° cycles: (a) the overall morphology of the spalling;
(b) fatigue source; (c) crack propagation area; (d) instantaneous fault area; (e) the spalling cross section morphology
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Fig. 11 The near-surface spalling under 1.1x10° cycles: (a) SEM micrographs of spalling cross section; (b) SEM micrographs of
crack source area; (c) element distribution of fatigue source area, (d) element content in point II; (e) element content in point I
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Fig. 12 The subsurface spalling under 3.88x10" cycles: (a) SEM micrographs of the overall morphology of the spalling;
(b) SEM micrographs and Localized enlarged metallographic micrographs of the fatigue source
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