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GCrl15SiMo bearing steel. The GCr15SiMo bearing steel was heat treated under different isothermal quenching
temperature (190, 210 and 230 °C) and different holding time (4, 8 and 24 h). Then, the microstructure, phase

composition and hardness were characterized by using the optical microscope (OM), scanning electron microscope

(SEM), X-ray diffraction (XRD), transmission electron microscope (TEM), Rockwell hardness tester and so on. Also,

the friction and wear properties of different samples were investigated by using the friction and wear testing machine.

The results showed that the microstructure of GCr15SiMo bearing steel which was treated under the traditional oil

quenching process mainly was martensite, the microstructure of samples which were treated under the isothermal

quenching process were mainly composed of bainitic ferrite, retained austenite, a small amount of martensite and

undissolved of carbide. With the isothermal quenching temperature was risen and the holding time was prolonged, which

resulted in the diffusion ability of carbon atoms was enhanced and the bainite transformation cycle became shorter, thus

the content of bainite was increased, the content of martensite, undissolved carbides and residual austenite content were

gradually reduced. The microstructure of sample which was treated under the traditional oil quenching process mainly

was brittle martensite, and the martensite was easily peeled off by the form of fine fragments during the friction and

wear process. When the fine fragments as hard particles which moved on the worn surface would resulted in the micro-

cutting phenomenon. So, the wear mechanisms of the sample which was treated under the traditional oil quenching

process were mainly micro-cutting and oxidation wear. Under the isothermal quenching process, when the isothermal

quenching time was fixed as 8 h, with the increasing of the isothermal quenching temperature, the content of bainite was

increased and the toughness of the materials was improved, thus the wear mechanism of the material gradually changed

from micro-cutting to adhesive wear. When the isothermal quenching temperature was fixed at 210 °C, with the holding

time was prolonged, the content of bainite in the material was increased significantly, the toughness of the material was

improved and its hardness was decreased at the same time, so the wear mechanism of the material gradually transformed

from adhesive wear to severe abrasive wear. Finally, the best isothermal quenching process in this study was that the

isothermal quenching temperature was 210 °C and the holding time was 8 h. And, under the best isothermal quenching

process, the volume percentage of each phase in the sample were retained austenite 4.3%, undissolved carbide 4.8%,

martensite 32.3% and bainite 58.6%, respectively. the material had good strength and toughness combination, the

minimum wear rate is 0.38 x 10~ mg/(N-m).

Key words: bearing steel; bainite; isothermal quenching; microstructure; friction and wear
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Fig. 2 Friction and wear process and disk sample diagram: (a) friction and wear process; (b) size of disk sample
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Fig. 3 SEM micrographs of GCr15SiMo steel at different isothermal temperature: (a) 860 “C-oil quenching;
(b) 190°C-8 h; (c) 210°C-8 h; (d) 230°C-8 h
K3 ANFAZEIEE T GCrl5SiModN IR L FISEMIR F: (a) 860 °C-JHZE; (b) 190 °C-8 h; (c) 210 °C-8 h; (d) 230 °C-8 h.
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Fig. 4 Microstructure and binary figure of GCr15SiMo steel: (a) OM micrograph; (b) binary figure
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Table 1 The volume fraction (£,) of each phase in the
samples for different isothermal temperature

A%
Isothermal

Undissolved . . Retained

temperature . Bainite Martensite .
carbide austenite

190 C 5.2 54.7 333 6.8

210 C 4.8 58.6 323 43

230 C 4.3 59.4 339 2.4
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Fig. 5 XRD profiles of GCr15SiMo steel for different
isothermal temperature
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Fig. 6 SEM micrographs of GCr15SiMo steel under different holding time: (a) 210 “Cx4 h; (b) 210 “Cx8 h; (¢) 210 Cx24 h
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7 W

T, A% IR VK T2 GCr1 5 SiM oA A M 2H 2R JBE 45 453 12k ik 1) 52 i 783

HHACH R ERIR DU PRI 38 2, RIEBAL Y IARRR 7 50
WL, HH5.1%0%554.8% [Kl6(a~b)]. fRIRR T ZEK 2524 h,
GCr15SiMoki7R 8 o UL IR 4 A, RIS L)1
BIRFR 3 HH3.6% [E6(c)]. X A 7] 45 35 IS 18] b R 1
SR G BT, SRS TR2F. AN, B
JetE DURMRARAS 2 W1, Bk 523 Nk 25 Ak ) Jo AR g B
PR 5, Bl ORI (] A A, & BB s 747 B
BB AR A, T A R TERR AL P DY, B (R
B[] (9 2K, % 3 1) DL IR 2 2ok i %2, 18 31—
SRR B S P AE K AT e T 2 2 B A,

*2 TRIFERZFAEETHRPEEBERERSE
Table 2 The volume fraction (£,) of each phase in the
samples for different holding time

W%
Holding time/h  Undissolved . . Retained
. Bainite ~ Martensite .
carbide austenite
4 5.1 30.2 51.2 13.5
4.8 58.6 323 43
24 3.6 67.5 27.3 1.6

Bl 7Hr 7~ 9 GCr15SiMofill 74K 8 78 45 i 7 K i B2
210 CARIERT1A] Ay 8M124 WG TEMIE . m] LLE H, {#
18 Wi ZH 235 A AR SR 1) DL AR Bk 2 A ATk A BRI
. FIFHIPPER AR R =G ih 735 33 B A b DL IRk &R
AR %P5 56 B, R T St SRS B, A 2 50(2)
SR 2% 20 S WL N R ) 26 R 2R AT 1B 1E
Ly =m1/2 )
A L 9 BN AE 10 DL AR AR 2% K 2R 1k A, it
18 1E 2 J& 1 DL B AR 2% 7 351 96 B2 Rt PR 8 g BT 3k
75 1) DU AR 5% 6 FE 7 35 RSF 959.943 nm, DU A&
R AR S5 E /N 100 nm 1 2 15 80%. 1M {11524 h

JEARAF I L IR R R A 2% B B P25 R <) 982,143 nm,
DGR 2 AR 4% 58 2 /N F- 100 nm 1) 15 60%, 15687
TR VR KIS TR) ZE K 5224 Wi, DB R 3R IAR AR 4% 0k
RIS

KI8T 7~ N GCr15SiMof A AW AN [F] LR I 8] T (1)
XRDE[HE. 7£44.8°, 65.3°5182.2°4b H LB S ) T EG A/
DR U, FE43. 108 H I B I (1 B [ Ak 0eg . o o 55 0
I E) PR A, PR/ D PR (o U328 T 1Y i, B PR
CyRH Ve 328 477 sk 553 . 388 Ik ot e A B IR AR R AT DA, 45 2R
T, WFEAE210 Cor 55 R4, 81 24 hibf [ 7k 42 5L
QAR H R B 2 H 3 531 M 13.5% 4.3%11.6%. 7] LG
Hh B R BT (] AR 0, Bk 4% B T4 1 & == 72 15 38
FEAR, PRIL4~8 h, T B IR I & B PR AR AL IR, AR
8~24 h, TR BRI & B IR 1. K2 AN
IO IEWT AR I 22, Bl A BRI 1) 2 B AN BT BG4
SR B] U AT, Bl AR B9 A B & T B BN
MR, AR AR T 4 B 27,
2.2 WEEMR S

KI9FT 7~ N GCr15SiMofi A AN AN [F] #Ab B 46 1R 7
R 2 %oF Eb. 485 SRR W, A% 0 el v A L I 6 R
2962 HRC, H AT S8R 1 K b 15 (A R A
X LG R A 2H 2 s v T DL AR 2
TiEE P85 325 3 1D o S5 IR R P () T v ARk R R 3
FEAR[EI9(a)]. 23 BTk, 5T 52 1 T v e DL [ Ak 3%
AR NP, Ty AR Sk, FR AL R S R N e
R A 57K H5C 20 AT T ik A H R ARV i A ) B O TR
AL DA R ARG, It 2 AR TR (R RE K, A4
B 2 2 I PR AR A [EI9(b)]. 7Bk A, TRl
B[] B4 hZE K 228 hibf, 1 [RARZH LRIk, Bk i1
AN i 47 B B A R, AU AN H5) HUERER

Residual austenite

500 nm

Fig. 7 TEM micrographs of the GCr15SiMo steel for different holding time when the isothermal temperature is
210 C: (a) 8 h; (b) 24 h
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Fig. 11 Wear rate of GCr15SiMo steel varies with different isothermal temperature and holding time: (a) temperature; (b) time
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Fig. 12 SEM micrographs and EDS elements distribution at worn surface of GCr15SiMo steel for different isothermal temperature:
(a) 860 °C-oil quenching; (b) 190 “Cx8 h; (c) 210 Cx8 h; (d) 230 Cx8 h
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Fig. 13 SEM micrographs and EDS elements distribution at worn surface of GCr15SiMo steel for different holding time:
(a) 210 “C-4 h; (b) 210 C-8 h; (c) 210 C-24 h
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Fig. 14 SEM micrographs of longitudinal section organization of GCr15SiMo steel after wear testing for different isothermal
temperature after wear and tear: (a) 860 “C-oil quenching; (b) 190 °Cx8 h; (c) 210 “Cx8 h; (d) 230 Cx8 h
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Fig. 15 SEM micrographs of longitudinal section organization of GCr15SiMo steel after wear testing for different holding time:
(a) 210 Cx4 h; (b) 210 Cx8 h; (¢) 210 Cx24 h

B 15 AELER A GCr15SiMofi B 15 J5 AR T 4L 2L ISEME F: (a) 210 °Cx4 h; (b) 210 Cx8 h; (c) 210 Cx24 h

VR E, AR B i, BE AL E SO0 ) B
AR R B, AR AR KR, BT AR
B, R B, BE AL R R B AR O B R
T, B TR B R A I Ik A P R AR T A,
TH VAR EORE A S50 VA KGR B 2230 °C IR (1 A0 BE 43
TR P4 1

c. A3CH, GCr15SiMoh AR i 3K T2 /&
SRV KGR FEN210 °C, CRIEES ] 98 hy Z TE A
L SRR FR 3 3000 0l Rk AR BRI AA4.3%, AR ik

WH4.8%, T FRAK32.3%, U1 EKAARS58.6%, ik H A f&F
°N59.32 HRC, BEH (% 50.38%10 " mg/(N-m).

2 E XMk

[1] Wang Yanhui. Chemical component design, microstructure and
properties control of nanobainitic steels used for high-power wind
power bearing[D]. Qinhuangdao: Yanshan University, 2017 (in
Chinese) [E ¥, KTl K AL HhR F 40K DL AR R4 2 4 et
HAZNERE D). 2 5 5 #EdkeE, 2017].

[2] Zhi Chao, Zhao Aimin M. Study on two-body wear mechanism of



7 W

T, A% IR VK T2 GCr1 5 SiM oA A M 2H 2R JBE 45 453 12k ik 1) 52 i 789

[3]

[4]

[5]

(6]

[7]

[8]

[91]

[10]

[11]

[12]

nano bainitic steel[C]/Proceedings of the 14th National Wear-
resistant Materials Conference. 2015 (in Chinese) [, #X % K. 44
K U AR AN AR BE AR LB 0F S [C// 58+ I Jea 4 L BB AR K £
B CEE, 2015).

Zhang P, Zhang F C, Yan Z G, et al. Wear property of low-
temperature bainite in the surface layer of a carburized low carbon
steel[J]. Wear, 2011, 271(5-6): 697-704. doi: 10.1016/j.wear.2010.
12.025.

Pauschitz A, Roy M, Franek F. Mechanisms of sliding wear of
metals and alloys at elevated temperatures[J]. Tribology
International, 2008, 41(7): 584—602. doi: 10.1016/j.triboint.2007.10.
003.

Zhi Chao, Zhao Aimin, He Jianguo, et al. Thermodynamic analysis
and strength-toughness research of nanobainite[J]. Chinese Journal
of Engineering, 2016, 38(5): 691-698 (in Chinese) [ #, X % K,
T, 4. GoK IR PRIy 22 M BB Ae T TE ()], RERL
24, 2016, 38(5): 691-698].

Liu Hongji, Song Zhaohuan, Zhang Xiliang, et al. Effect of
superbainite on the strength and toughness of ultrahigh-carbon steel
with 1.37 wt.% C[J]. Journal of Hebei University of Engineering
(Natural Science Edition), 2018, 35(3): 90-96 (in Chinese) [X1] %3,
RIRM, KB, P ILRARRT 1.37wt.% Citd m B i 5 £ A1 )
P 1) 52 w0 9], 90 b AR K 22 3l (A AR B2 R, 2018, 35(3):
90-96].

Leiro A, Vuorinen E, Sundin K G, et al. Wear of nano-structured
carbide-free bainitic steels under dry rolling—sliding conditions[J].
Wear, 2013, 298-299: 42-47. doi: 10.1016/j.wear.2012.11.064.
Yang Zhinan, Zhang Fucheng, Wang Yanhui, et al. Carburization
bearing steel and preparing method[P]. CN112030065A (in Chinese)
(W6, TKAR B, EHOHE, 3. —Fs iR N % L) % 77 [P).
CN112030065A].

Yang Zhinan, Zhang Fucheng. Steel for impact-resistant load
bearing and heat treatment method[P]. CN105714190A (in Chinese)
(W, TKAR . — it e ol 24 A R FH 49 S LA AL BTV [P
CN105714190A].

Yang Zhinan, Chu Chunhe, Jiang Feng, et al. Accelerating nano-
bainite transformation based on a new constructed microstructural
predicting model[J]. Materials Science and Engineering: A, 2019,
748: 16-20. doi: 10.1016/j.msea.2019.01.061.

Jiao Yan, Li Zulai, Shan Quan, et al. Effect of Impact Wear on
Isothermal Quenching of Fe-0.5C-2.0Si-2.5Mn Steel[J]. Tribology,
2017, 37(1): 52-58 (in Chinese) [£E4, ZFHHK, LR, 5. FiREK
FAb P T 2% Fe-0.5C-2.0Si-2. SMn4i i BE 42 15 RS 1) S il ] &
2R 2R AR, 2017, 37(1): 52-58]. doi: 10.16078/j.tribology.2017.01.
007.

Li Wei, Qin Yuman, Li Yanguo, et al. Effect of heat treatment on
surface microstructure and properties of nano bainitic carburized

bearing steel[J]. Journal of Mechanical Engineering, 2021, 57(4):
6372 (in Chinese) [#={1i, Z2 W15, 251 [, 55, MALH T 29K

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

[23]

DU E A 35 T Bl 7R A0 2% J2 2L SR B B 10 S A [0). WL TR 22 4R,
2021, 57(4): 63-72]. doi: 10.3901/JME.2021.04.063.

Zhang Zengqi, Chang Baoliang, Liang Hua, et al. Application of
bainite isothermal quenching technology to rolling mill bearings[J].
Bearing, 1998(2): 24-28, 46 (in Chinese) [7K 3 35, & ff K, R 1E,
A5 VR AR AE IR VR K T2 AEFLHLAR K L (K R[], Sk, 1998(2):
24-28, 46].

He Jianguo, Zhao Aimin, Huang Yao, et al. Effect of warm rolling
process on phase transformation, microstructure and mechanical
properties of nano-bainite steel[J]. Chinese Journal of Materials
Research, 2015, 29(3): 207-212 (in Chinese) [T & [H, #X % K, #&
W, 58 L L EX 9K IR L A SV ) 2 MR RE 5
D). A EMIE T 4R, 2015, 29(3): 207-212].

Kumar A, Singh A. Toughness dependence of nano-bainite on phase
fraction and morphology[J]. Materials Science and Engineering: A,
2018, 729: 439-443. doi: 10.1016/j.msea.2018.05.106.

Su Liting. Study on microstructure and properties of compression,
contact fatigue and wear in new type bainitic bearing steel[D].
Qinhuangdao: Yanshan University, 2016 (in Chinese) [ Ji 45, #7244
DURAR AN R AL 2V R4 M 57 S BE B e (D). 26 2 1
M1l K2, 2016].

Ye Jianyi, Wang Jiejun, Lai Weiming, et al. SiMoGCr15SiMo high
hardenability bearing steel in hot places richard[J]. Bearing, 1999, 8:
14-16, 40(in Chinese) [ #48, EAE, #idi ¥, %. GCr15SiMor
VR PR AN I AR R T]. 7K, 1999, 8: 14-16, 40].

Caballero F G, Miller M K, Babu S S, et al. Atomic scale
observations of bainite transformation in a high carbon high silicon
steel[J]. Acta Materialia, 2007, 55(1): 381-390. doi: 10.1016/].
actamat.2006.08.033.

Caballero F G, Miller M K, Garcia-Mateo C, et al. Redistribution of
alloying elements during tempering of a nanocrystalline steel[J].
Acta Materialia, 2008, 56(2): 188-199. doi: 10.1016/j.actamat.2007.
09.018.

Caballero F G, Miller M K, Garcia-Mateo C. Carbon supersaturation
of ferrite in a nanocrystalline bainitic steel[J]. Acta Materialia, 2010,
58(7): 2338-2343. doi: 10.1016/j.actamat.2009.12.020.

Ji Yunlong. Study on rolling contact fatigue and wear behavior of
G23Cr2Ni2SilMo nano-bainite bearing steel[D]. Qinhuangdao:
Yanshan University, 2018 (in Chinese) [£2 = J&. G23Cr,Ni,Si;Mo
YA LR A AR A PR VR Bl A M B 55 I B 44T 9 78 [D). 28 2 B
#e1l K%, 2018).

Qi Liang, Hao Qiqi, Yang Dongbiao, et al. Effect of alloying
element and austempering process on microstructure of ultrafine
bainitic steel[J]. Heat Treatment of Metals, 2017, 42(8): 82-85 (in
Chinese) [FF 5%, 7757, MR, &. AEIuR LEREKLZX
A UL RN G MAT]. SR AL, 2017, 42(8): 82-85].
Zhao Jing. Microstructure and mechanical properties of
nanostructure bainite used for bearings[D]. Qinhuangdao: Yanshan

University, 2013 (in Chinese) [#X#(. 1=kl K 4R 44K DU IG AR 2H 41


https://doi.org/10.1016/j.wear.2010.12.025
https://doi.org/10.1016/j.wear.2010.12.025
https://doi.org/10.1016/j.triboint.2007.10.003
https://doi.org/10.1016/j.triboint.2007.10.003
https://doi.org/10.1016/j.wear.2012.11.064
https://doi.org/10.1016/j.msea.2019.01.061
https://doi.org/10.16078/j.tribology.2017.01.007
https://doi.org/10.16078/j.tribology.2017.01.007
https://doi.org/10.3901/JME.2021.04.063
https://doi.org/10.1016/j.msea.2018.05.106
https://doi.org/10.1016/j.actamat.2006.08.033
https://doi.org/10.1016/j.actamat.2006.08.033
https://doi.org/10.1016/j.actamat.2007.09.018
https://doi.org/10.1016/j.actamat.2007.09.018
https://doi.org/10.1016/j.actamat.2009.12.020

790 BE Ok B3 E
S5YERIMTEFL[D]. R 2 & #iL K2, 2013]. [31] Ma Biao, Fu Lihua, Shangguan Bao, et al. Friction and wear

[24] Guo Hui, Li Qiang, Su Jianmin, et al. Microstructural properties of GCrl5 and G20CrNi,Mo bearing steels under high
characterizations and kinetics model of isothermal bainite formation temperature lubrication[J]. Lubrication Engineering, 2022, 47(2):
with the presence of prior martensite in high-carbon nanostructured 62—68 (in Chinese) [ /%, TN, EF %, 2. GCrl15/G20CrNi,Mo
bainitic steel[J]. Steel Research International, 2021, 92(7): 2000708. by 7R 4 T R T U G R TR B B A BB [0, N S 55, 2022,
doi: 10.1002/srin.202000708. 47(2): 62-68].

[25]  Li Wei, Qin Yuman, Wang Yanhui, et al. Effects of low temperature [32] Wang Jiawei. The research on the microstructure and anti-wear
bainite transition on surface structure and properties of carburized performance of high performance nitriding bearing steel[D]. Xi'an:
nano-bainite bearing steel[J]. Journal of Yanshan University, 2021, Xi'an University of Architecture and Technology, 2013 (in Chinese)

N —. i i S i W, 4 g d S gy PRIy P =1 PN e
45(1): 25-32 (in Chinese) [, 21, THFE, 5. 1R N KI# [ 5B e A S A UL U B 47 R 9D, 7652
ASKEBRAK IS A AR R 41405 1 R R[], 7 \ .
HARIHB AT VLR R AN R R H 2L S PERE 2 [J]. #6h K TSR SR K2, 2013].
2R, 2021, 45(1): 25-32].
FER M J [33] Rajaram G, Kumaran S, Rao T S, et al. Studies on high temperature
[26] Garcia-Mateo C, Caballero F G, Bhadeshia H K D H. Acceleration . . . . .
wear and its mechanism of Al-Si/graphite composite under dry
of low-temperature bainite[J]. ISIJ International, 2003, 43(11): . » . .
sliding conditions[J]. Tribology International, 2010, 43(11):
1821-1825. doi: 10.2355/isijinternational.43.1821.
2152-2158. doi: 10.1016/j.triboint.2010.06.004.
[27] She Li. Study on contact fatigue property of bainitic bearing
) o ) ) [34] Luo Ping, Gao Guhui, Gui Xiao, et al. Charpy impact properties of
steels[D]. Qinhuangdao: Yanshan University, 2015 (in Chinese) [#%
. } o e X rain boundary allotriomorphic ferrite and granular bainite duplex
. DB R B4 3 Al 9 P R RO 9 D], %8 52 5 Lk ¢ M ® ¢ P
2 2015] microstructure[J]. Advanced Materials Research, 2014, 1004-1005:
R .
1236-1244. doi: 10.4028/ .scientific.net/ AMR.1004-1005.1236.

[28] Kang J H, Rivera-Diaz-del-Castillo P E J. Carbide dissolution in ol www.scientitic.ne
bearing steels[J]. Computational Materials Science, 2013, 67: [35]  Zhao Jingli, Zhao Xianming, Zhao Xiaoyu, et al. Effects of
364-372. doi: 10.1016/j.commatsci.2012.09.022 nucleation site and morphology of carbide-free bainite on

[29] Ji Shan. Effect of carbon content on microstructure and properties of microstructures and properties of bainite/martensite multi-phase
bainite steel[D]. Qinhuangdao: Yanshan University, 2020 (in steels[J]. Materials Science and Engineering: A, 2019, 744: 86-93.
Chinese) [P & fi e DU I AN AL SURI P RE ) B R D). % 52 doi: 10.1016/j.msea.2018.11.060.

T 2 36] Zhu Xiaotong, Pan Jinzhi, Zhao Xiujuan, et al. Effect of contact
By #e 1Lk, 2020].
[30] Cao Y J, Sun J Q, Ma F, et al. Effect of the microstructure and stress on the evolution and properties of FCB wheel steel[J].

residual stress on tribological behavior of induction hardened GCr15
steel[J]. Tribology International, 2017, 115: 108—115. doi: 10.1016/j.
triboint.2017.05.028.

Tribology, 2021, 41(5): 749-757 (in Chinese) [/&BEfY, i &2, &
F5UH, 55, BN 0 FCB AR A AN A U 5 RE A Sl (). R

~~~~


https://doi.org/10.1002/srin.202000708
https://doi.org/10.2355/isijinternational.43.1821
https://doi.org/10.1016/j.commatsci.2012.09.022
https://doi.org/10.1016/j.triboint.2017.05.028
https://doi.org/10.1016/j.triboint.2017.05.028
https://doi.org/10.1016/j.triboint.2010.06.004
https://doi.org/10.4028/www.scientific.net/AMR.1004-1005.1236
https://doi.org/10.4028/www.scientific.net/AMR.1004-1005.1236
https://doi.org/10.1016/j.msea.2018.11.060
https://doi.org/10.16078/j.tribology.2020150

	1 试验材料与方法
	2 结果与讨论
	2.1 微观组织分析
	2.1.1 等温淬火温度对组织的影响
	2.1.2 等温淬火时间对组织的影响

	2.2 硬度测试分析
	2.3 摩擦磨损性能分析
	2.4 磨损机制

	3 结论
	参考文献

