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Rotating bending fatigue behavior of 9310 vacuum
carburized gear steel

YANG Ping,HE Zigiang™, XIE Xiaochang, YANG Zenan,FU Bo

(AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China)

Abstract: The rotating bending fatigue behavior of 9310 steel by vacuum carburization heat treatment is
studied, the microstructure and fracture morphology are analyzed. The hardness gradient, surface
roughness, residual stress distribution, and inclusion size in the carburized layer are characterized. Based on
the Murakami three-dimensional defect model, a fatigue limit prediction method coupling carburized layer
hardness, residual stress, inclusion size, and surface roughness is established, thereby revealing effective
approaches to enhance the fatigue performance of vacuum carburized specimens. The results show that after
vacuum carburizing heat treatment, the carburized layers of specimens tempered at 150 °C and 180 “C
exhibit a dispersed distribution of carbides and uniform, fine martensite, with no oxidation or
decarburization on the surface. Cracks mainly originate from non-metallic inclusions. Among them, the
specimen tempered at 150 “C possesses a higher surface hardness of 755HV, an effective hardened layer
depth (d) of 1.20 mm, and a peak residual compressive stress of 465 MPa. Cracks primarily initiate from
non-metallic inclusions. The predicted fatigue limits for specimens tempered at 150 °C and 180 °C are 1275
MPa and 1260 MPa, respectively, which deviate from the measured values (1282 MPa and 1242 MPa) by
only 0.5% and 1.4%, indicating that this prediction method exhibits excellent applicability to carburized
steel materials. The effective approaches to improve the fatigue performance of vacuum carburized
specimens include reducing inclusion size, increasing carburized layer hardness and residual compressive
stress, and lowering surface roughness.
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Fig.1 Schematic diagram of rotating bending fatigue specimen
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Fig.4 Microstructure of carburized layer(a) and surface morphology of polished rotating bending specimens(b)
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Fig.6 Statistical analysis of fatigue sources and inclusions

(a)relationship between depth of crack initiation, stress and number of cycles; (b)size distribution of inclusions

L7 R e 5 9% 55 AR B W7 1R 35 2 EDS 43 #7 .
FLGCIFHICAZAILE 7T R 53 32 N TIN50 e 1
JeZ=y e MR Ie 229 o STt J1 0=1700 MPa 7§
FRRBN=4.4 10" YR, 4018 7 (a) i, 3R FE W7 11
5 B AR TR YR A SRRAE . S0 AR R 2 T
T AL I Sk LA N TR e 2% R 75 T B
Wi I Y 5 R T2 87 3 5 o ) R e, A0 e X ] D
W B HESCZER . N 7(b) FIT7R , 0=1400 MPa G IK
EN=3.7X10° R I}, R 55 3¢ IRk 3 T e 2% ) ke
4B, EDS /M bR i 22 e & 0(42.38%, it
M, T VAL(42.12%) K /b Fe .Ca Mg Tt &K ,

¥4 GB/T 10561—2005 5 i Hr F 0k BRCHR S A1) e
FRAE, Z I L AR 2 9.0 pm , ST BLERCIRIE 554 5L
RoARK T 7 T 4R v R B0 ABATY IR e B 0 - R Ak A 1T g AR
ARSI & R WIHEOER . 24 0=1300 MPa JGHIK
BN=1.4X10° &R, an & 7(c) fim , HE0RTER 2
WHRJZ , HEGRIFET B AR A 15.0 pm ERR P33 e 44
Yy, BE SR 24 120 pm &b, RS0 e 2% W) 7% 38 T AR 5 1)
TR 2R I B0 B X R A AR (< R O
FFIE

THE 25 95 57 W7 1 500 12 B 3 DXRRAIE - % 55 IR X
25 R IX K BEWTIX . SR BIE L T MRRRRIZ T,



259

Element

P 7 B S5 AL W ES & EDS 43 #7
(a) 7 771700 MPa, fFER AL 4.4 X 10 J UK ; () 7 1400 MPa, IR U 3.7 X 10° ¥ 5
(c) ¥ 77 1300 MPa, fEFR AL 1.4 X 10°JH 1k
Fig.7 Fracture morphologies and EDS analysis of rotating bending fatigue specimens
(a)6=1700 MPa,N=4.4X10"cycles; (b)6=1400 MPa, N=3.7 X 10° cycles; (¢)6=1300 MPa,N=1.4 X 10° cycles

W T S BRI P A IR IR A (L 7 () ) o fa R Py X3k
NS0 TR Y B B (da/dN~10"* m/cycle) ™,
& 1T W FREAE o B 8 S 1 J7 1300 MPa. if 4 IR %X
140X 10° AR Z& A4 T 2480 i X (9% 57 ESL . AT i
WESCF- YR FE 2 0.4 pm, H 2SR 5 006 B 3 K
S (B Paris 4y BHNE ) , B 2R FIG R ALK
Sl EWEWT . 4L TR 2 i (G U1t sk R i
Je e P 2L i, 2480 R [FAE S8 iR R
X (F7(a),(b)).

3 itig

W 55 7 i pH RS0 A A5 A (ND 597 R 7w () 3t
BRI . A T AR B0l A Trfir o &, BRI T
Jo7 T3 G R R, Al 4 e 2k My R i T B B 0 A
B S A B BE B W R O T AR AR B IR AR

K8 L TR e X% 57 4%

Fig.8 Fatigue striations located in crack propagation zone

55 Pk BE A 52 ), 76 AN [R] 08 B4 RN 28 fnf 4 T H g

ANTR o 9310 8935 fi FA Ak B 5 2 1 5% A% B FC AR AR 2
BB A% LAR Al X% 55 WA 3mSR A
FL 25 B A AL BEAY 9310 4K 3 B J2 TP w1k 4 AL R I
A CF RE <1 pm) |, B R AR S1 400, A 30 il



260 FHRLT A2

2026 45 H

T ALY T B0 2SO AR IR D AR R 2 s e
B B R R R (725~755HV ) 5B B AR A TR
N A7 (U AE 3K 465 MPa) i 35 82 T+ T 4 kL B9 40 9% 55
PERE .

BT ik J2 R B BR B R AR N ) ) B e ZR W
ik, 7 22 RUBE9% 57 R AR A

o(o,0,d)<<oy(H,S,d) (1)
Ko AR TT 50, MERANTT, R TR, S
F1 M IE ;5 oy 8B IE Murakami #5558 3550 (14 Ja 5095 55 5
FE s H WAEIRREFE ;S WIe By mil . A —IR
W) o oul , A A REARRA . HAWE/NTET
KR W& RARBW L,

95 55 BT 11 43 B AR, 95 55 SR AR R B AR AR T e 4%
WG FEFR M . Murakami ™ $& H T DA FEAE LT
IV 3 7 1) TT R 45 52 1 RR P00 L 57 0 B 1 — Ak LB
SRR .

_C(H+120)
(v5)"

Ko C o 5 Bk BE 76 MR B A7 B A G 1) R4 6T
AR ERBG , C B 1.56, % TR G, CHL1.43, X F
i 85 17— W B LT 55, H O (L, 1 L R A
[ 9310 B AN , T4 H AR IRJE d R EH (d) . 8
i a5 BUR T, B R RE P AE 9% 57 U5 Ok 3
BB - (D BRI, -3 RE <1 pm, 80 4% 52 1 R
AR T HE 4 8 Je 2= W B, X9 95 1 A= 5Tk T 2200
(2)dE 4 )@ e 22 ¥y, 23 L ERAR , S8 B 4R 3.5~
15 pm, % W #5811 L 9.616~176.625 um?, 88 1143 #r
FWIH F 39 55 HEBOE A (i 16>>65.9%0) 5 (3) R H
FERE 3, 180 B> /N MR ] 5 B [ [) R o 2 T KL
B B RRIE 2 B AR (2) Rt B 55 3R, W R C
B 1.43,

V- B o B PR H (d) 55 e 2 ROGTRAELAR A S
(2) , AT ARAT R o9 57 ik B TR B AR Akt 2. 1619 Ry
150 “CIal SR PEA KON J) 55 TR0 5 % 4 i % 119 A8
feithdk. i, 15 pm Je 249 (S=176.625 pm?) X i 5
JETBRANZE, 3.5 pm Je 244 (S=9.616 pm?) X Jif 538 &
PR, AR A B 9590 A TN 5 B A 4% [X
(BASE X0 o % 7 3R THRLBE B2 152 ), A B 550K — 4
RSB0 iy 2 TR B X8 55 14 BE Y 5%
SR 5 AEMF G R mABHE AL (3)
JiR o

(2)

1
S:E‘Tt'ac‘ (3)

s a IR B ¢ S MR R o K ialRe: 2 i ML B

JE R KA 0.0127 pm A MR IR EE , 9 4 0.127 pm),
AT 2 B A TR R 0.0025 pum? A8 A (2) 75 21 75
9Bz 55 5 5 kg 1988.69 MPa, % A T S 9% 75 4 BRAH
PRI, 2% TRLRS 2 0.0127 pm IE 1K T 512 9% 55 T 4 1
e /NGB RUSE A TR Hh X 9% 55 24 8085 A 1 5 ik mT
20

0, Tempering at 150 C

>0=1600 MPa
=140p MPa

=150 MPa

00 02 04 06 08 10 12
d/mm

9 ANy TN 55 i R BE TR A8 Ak

Fig.9 Variation of effective stress and predicted fatigue

strength with depth

2 RO 55 R AP W], 25 580 iy 135
B A% N ) R T2 I A R T S AL 4% DX B
I, A4 RE I A A R A 55 R R A 2% X i A
DI, 52 55 I MR AR O Jike 259 57 I 4 28 37
TEIRRE A S TR R FR N -
R—d
R (4)
X s 0, W TRBE d AT 32 B ), MPas R S i 3 B
A2, mm; o, KR IR ST, MPa, i i 52 1 77
R RS 00 2T B WRIZ AR 15 500
IS 3 5 B4 R A AR T, S S B A A RO g 1B
EitE

04~ Omax ><

0.= 04+ 0, (5)
o IR NTE S W 1 A A B (5 (4) ), ol 3 X G4k
AR , S5 SR an & 5 5% A0 Ty ih <k th 18 9 T,
M ANIRE F3 9 1150 MPa i, A5 25087 7 il 28 5 Je 4=
TR RR (3.5 o) X1 A9 F00 58 B it 26 7E d=0.11 mm
LA, R A 6. — o=0, 2R 25 % b7 M R Ak 2 5k
FIHE R 0% BIA , RIILR 1 R AR Gy B AR, 5
Kl 2 FHRe S s 45 R s BE W o BEE SM I T3 &
1400 MPa, A 00 Jy it 2 5 Je 2y R EBR (15 pm)
Xof 7 F18 T 95 5 58 FBE | 28 7F d~0.11 mm AN, 25 1
Tk, RGEUE A YRR, BRI 5 &
AL
BE T TE R0 55 A% BRI R |, ) 92 5 ik 35 Ak
RO, B 55 5 B IR A IE S A, Ry



B4t o5

BB 9310 R I I HEZS 9% 5717 A 261

A BREICA] FR

1 ’ A fo—u ’
&/Z_J(wexp{ 2( ; )}da (6)

N T

K P(o) IAESE RE F iy N=1 X 107 JE 95 55 5 Ji
AN 3 R IO T B ) SO 2 5 s bR 2 5 e R RE AR
BE CRPA(E% 57 BB ) o AR ABE 280 T 000 01 45 1« 24
6=1150 MPa i}, P(1150)~0% (Xf 1 3s FFR) ;24 0=
1400 MPalt, P(1400)~100 % (Xf 1 3s FBR ). @idiE
BOMERIFRIER S n=1/2(1150 + 1400) = 1275 MPa,
TIN5 S0 (R 55 A B 0 = 1282 MPa i i 2=
R 0.5% Bk T o A R i A 3 . X geit2:—
B UESE , Je W R 53 A1 RRAE 3252 2R RUOHE 32 465 2
Ak

RIRGT B AR IZ PERE TR FEHLE] 8 1] KGR R =
180 “CLAMUAE M4 BHROW A J1IRAS o B B By R B, 8
W2 AR 5/ 755HV B2 725HV , 5R A W 1 &
Mg, FE T Y ST 465 MPa it % 415 MPa (& 5) .
& 10 fy 3 F4& IFE Murakami £ 580 (£(2) ) i1 B2 F 1Y
180 “CInl kA7 &5 N Jy 5 T % 57 5k & i £ . vl LA
H L TINE 57 5 R AR T B [ B 0N g R
ARV TR 3 BT, MR 7oA 1140 MPakt,
o MR 5 e 2 RSF R BR (3.5 ) Xof o7 A Pt 5 J3F phh 2
ow 7E d=0.11 mm &b A1 Y], XF 7 2 R A R P (1140) ~
0%, 5l 3 52 56 25 R — B (1150 MPa B A7 1 R
100%) . B W J14 3 1380 MPa, o, £k 5 92 42 R
b B BR (15 pm) X R A 0 5% 55 5 JE oy 7E da
0.11 mm AbARY] , & 10 S 4k S TH 5, R GE ik AR E 2k
RCX o ARl A Y i 341 B %A 2 6=1140 MPali},
P(1140) ~0% (X} 1 3s TR ) , 24 6=1380 MPa i},
P (1380)2100% (X3 3s 1K) , i 1 #4) £ 1E 2544 R
£, p=1260 MPa, R #5000 v F 5 55 1 FR >4 1260 MPa,
5 SEAE 1242 MPafi 2% 1.4% .

P(o)=

1400
1300

Tempering at 180 ‘C
o

P10 BUEBRA N RV B2 5 (A 00 7 5 T 55 i i
Fig.10 Effective stress and predicted fatigue limit after varying

residual stress and hardness

H1 &6 R, AN SE g K -5 B0 A TR S
B M OC 2 0,0, B W FH S I 952 55 I5F 4R 2
0.35 mm (&7 F 7 ) ] R )JZ T % 0.05 mm LN
(St e z5) . ML HE THRNY 1595
AR BEURR B 1 5 e MIL AR < A I T A v X R, A7 3K
N7 568 B PR~ AK B R /N RO Sl i T A T TR AL, 5
R 3R JZ e A B b S A 38 2o 6 B ZE AR BIL I & T
ey, By R da/dN IR Paris B ; 76 5K
T A BB R 8 2ok 5 K Y (B B, AK 7 AT A
S 57 M BOUAE T TREAE, PR RT3 R 1 e 22 90 1k
F B 57 MBI

4 #ig

(1) B2 B R AL PR S, 150 CAH 180 “Clal ki A
BRIZ WAL YRR, H S FAR A 81 5] i/,
150 “Clal i i 2 1 A B A5 v , 3R 3] 755HV , A 3k
fB)ZTRIE 1.20 mm, 5% 4% 1 168 465 MPa, % 1.
24 ) A Ak I e R B e Ak ) RS FE R AE 1 pm DA
T, b e S 9 57 A BR 4R T 2 1282 MPa, 244 &
FLRIETIE SR 49 .

(2) % F Murakami = ZE SRR 57 T B2
Rl - B A N7 ) - g RUST -3¢ TR B2 4 5 19 9% 55
e BRI 5k . EARIFHI 150 “CAI1 180 “Clal Kk kE Y
% 35 % BR 43 91 24 1275 MPa 1 1260 MPa, 5 52 I {4
1282 MPa #i1 1242 MPa i 25 53 1 24 0.5% #1 1.4%,
UE S AR B 7E B B A A R 38 4, Je 22 ik
B 55 240

(3) 95 95 PE BB AL AR AR Sy - BB 45 AN , e 24
R FE B S5 IR, Je AW T o3 A Rk 3 3 R AU S
JEARA, s F 2 AL 15 B2 0 B %) 2 5 1T R B R
57 98 BEAE 5 B A I T BRI, 1B i 2 R I A8 A 206
AR 2EBOUAZ BB HE T 5 3210 5238 1, R AR B 2 ]
I/ R TR % 57 REOR IR HE

£ 3Lk

(1] R . A= o P R O A8 A9 T 9 5 R e [T ). i as A RL 241
2000,20(3):148-157.
ZHAO Z Y. Development of higher-performance aeronautical gear
steel[ J]. Journal of Aeronautical Materials, 2000, 20(3) : 148-157.
(2] BRIRfL. 9310 M7 WL Z M ik T2 MBFFE[ D], MR W& R
BETOR
HOU 7 M. Study on carburizing processing of 9310 steel narrow
tooth partsl [ D]. Harbin: Harbin University of Science and Tech-

nology.



262

FHRLT A2

2026 45 H

(3]

[10]

[11]

[12]

[13]

[14]

[15]

SHIN D M, LEE C Y,LEE K S. Fatigue properties of plasma car-
burized low carbon Cr-Mo steel [J]. ISIJ International, 2002, 42
(9):1042-1048.
KLOPP W D. Aerospace structural metals handbook [M]. West
Lafayette : Purdue University, 1986.
EALAR . 9310 ML T 7 [T ], BIeiTiR 4, 2012(4) : 1-2.
WANG L S. Study of heat-treat technology for 9310 steel [J].
Heilongjiang Metallurgy,2012(4) : 1-2.
BN, SR E R, ERER, S ORERSBR)Z BT A 5 B % oY
PERELT ], AERAT SR, 2012, 24(4) : 34-38.
HUANG S,ZHANG G Q, WANG M Q, et al. Fatigue properties
of heavy-duty gear steel with different carburized depth[J]. Journal
of Iron and Steel Research,2012,24(4):34-38.
MANIGANDAN K, SRIVATSAN T S, QUICK T, et al. Fati-
gue of materials [ [M]. London: Springer Cham, 2013.
JAL A, XA, A, 4. 1100 MPa 2% 55 5 9 B9 A8 5517
[J]. &JE@2#4, 2020,56(7) :937-948.
ZHOU H W,BAIF M, YANG L, et al. Low-cycle fatigue behav-
ior of 1100 MPa grade high-strength steel [J]. Acta Metallurgica
Sinica,2020,56(7) :937-948.
MEURLING F,MELANDER A, TIDESTEN M, et al. Influence
of carbide and inclusion contents on the fatigue properties of high
speed steels and tool steels [J]. International Journal of Fatigue,
2001,23(3):215-224.
MURAKAMI Y. Metal fatigue: effects of small defects and non-
metallic inclusions[ M |. Amsterdam : Elsevier, 2002.
FURUYA Y, ABE T, MATSUOKA S. 10"-cycle fatigue proper-
ties of 1800 MPa-class JIS-SUP7 spring steel [J]. Fatigue &. Fracture
of Engineering Materials &. Structures, 2003, 26(7) : 641-645.
R, s Ak B, Z2RSF B, 45 R OF AR R s A Il S e 2%
PRSPV ], S Jm ey, 2005,41(11) : 1136-1142.
YANG Z G,ZHANG J M, L1 S X, et al. Estimation of the critical
size of inclusion in high strength steel under high cycle fatigue con-
dition[ J]. Acta Metallrugica Sinica, 2005,41(11) : 1136-1142.
LIUJZ,WU X R,DING C F,et al. Crack growth behavior and
fatigue-life prediction based on worst-case near-threshold data of
a large crack for 9310 steel[ J]. Fatigue &. Fracture of Engineering
Materials & Structures, 2002,25(5) : 467-480.
JETHBL , i . A A SR M. bt s Tl R
#t,2020:29-31.
KANG L X, GAO J. Handbook of new materials for aeronautical
transmission[ M ]. Beijing: Aviation Industry Press,2020:29-31.
APHEHRR, SR, 5EEE 5 AR SRR Fe-6.5%Si 64
IPPEASEAERER RN LT ] PPRHAE R4, 2016,37(1) : 169-174.
FUHD,MO Y K,ZHANG Z H, et al. Effect of order degree and
residual stress on plastic deformation properties of Fe-6.5%Si
alloy[J]. Transactions of Materials and Heat Treatment, 2016, 37
(1):169-174.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[26]

[27]

Mt oe . 9% 57 SR (M. BB A BHER 2 it , 2002,
CHEN C Y. Fatigue and fracture[ M ]. Wuhan: Huazhong Univer-
sity of Science and Technology Press, 2002.

Pt A A A B T 2005 Bk MSONIL A 2 T 42
JoT )2 GO 5 ) N M R B 55 M REZ i [T 8 Jm 27 i, 2012, 48
(2):194-198.

LUO QH,LICZ,LOU Y Z, et al. Grinding process effect on
surface modificative layer microstructure, property and fatigue be-
havior of carburized M50NIL steel[J]. Acta Metallurgica Sinica,
2012,48(2):194-198.

BB AR, AR S . MSONIL 4 15 i) 26 T8 58 48 PR AF K
7 5T ) IR RE AR T ik [T A s BB R AR 4, 2013, 35(2) ¢
201-206.

LUO QH,HE Z Q, TANG C F, et al. Grinding surface integrity
character and modificative layer depth test of M50NIL steel [J].
Journal of University of Science and Technology Beijing, 2013, 35
(2):201-206.

AROLA D, WILLIAMS C L. Estimating the fatigue stress con-
centration factor of machined surfaces[J]. International Journal of
Fatigue,2002,24(9) :923-930.

OCHI Y,MATSUMURA T, MASAKI K, et al. High-cycle ro-
tating bending fatigue property in very long-life regime of high-
strength steels [J]. Fatigue &. Fracture of Engineering Materials
&. Structures, 2002, 25(8/9) : 823-830.

PALIANI C M, QUEENEY R A, KOZACZEK K J. Residual
stress depth profiles of ausrolled 9310 gear steel [R]. Pennsylva-
nia: Pennsylvania State University, 1996.

X8 ) FAah PSR ML G AU Tl s ik, 1981
210-260.

LIU Y X. Principles of metal-treatment [ M ]. Beijing: China Ma-
chine Press, 1981:210-260.

MURAKAMI Y, YOKOYAMA N N,NAGATA J. Mechanism
of fatigue failure in ultra-long life regime[J]. Fatigue &. Fracture
of Engineering Materials & Structures, 2002, 25(8/9) : 735-746.
WK S XS RN RS R SF PERE A [ D] iU 5
FHERA:, 2019:29-34.

HU C F. Effect of oxygen content on fatigue properties of carbu-
rized gear steel [D]. Wuhan: Wuhan University of Science and
Technology,2019:29-34.

SAKAI T,SATO Y,OGUMA N. Characteristic S-N properties
of high-carbon-chromium-bearing steel under axial loading in
long-life fatigue[J]. Fatigue &. Fracture of Engineering Materials
&. Structures, 2002,25(8/9) : 765-773.

CHAN K S. Roles of microstructure in fatigue crack initiation[J].
International Journal of Fatigue ,2010,32(9) : 1428-1447.
RAEFSKY M. Effect of retained austenite on the fatigue proper-
ties of carburized 9310 steel[R]. Philadelphia: Boeing Company,
1968.



B4t o5

HAS BBk 9310 W R A e 259 5747 1

263

(28]

[29]

[30]

PANHANS M A, FOURNELLE R A. High cycle fatigue resis-
tance of AISI E9310 carburized steel with two different levels of
surface retained austenite and surface residual stress [J]. Journal
of Heat Treating,1981,2(1) :54-61.

ZHAO Y, TONG X, WEI X H, et al. Effects of microstructure
on crack resistance and low-temperature toughness of ultra-low
carbon high strength steel[J]. International Journal of Plasticity,
2019,116:203-215.

TR RN, B iR, A5 L )2 A A MSONIL 5 He il 3 55 2
BT ] Aizs MRA, 2017, 37(6) £ 34-40.

LUO QH,ZHAO Z Y,HE Z Q, et al. Failure mechanism of con-
tact fatigue of surface super-hardened M50NIL steel [J]. Journal
of Aeronautical Materials,2017,37(6) : 34-40.

[31]

IRFTHS , AALHE , 2RI, 45 . FRTTHLRE FEXT Ti-6Al-4V &5 48 5
JAE ST PERER M [T ]. 43 )8 241, 2016, 52(5) : 583-591.

ZHU L N, DENG C Y, WANG D P, et al. Effect of surface
roughness on very high cycle fatigue behavior of Ti-6Al-4V alloy
[J]. Acta Metallurgica Sinica,2016,52(5) : 583-591.

E®WAE : BEEKE A0 ITHRIBTH (2018YFB2001300)

ks B #A.2024-12-31; % F BHJ . 2025-04-26

BIREE B R (1966—) , 53 BFSE A, 4, W5 0 1) o 14 S0 il kA
KA 57 1 3 H AR, B FR bk < b 50T 8155 4 72 434 (100095)
E-mail : hezq2005@163.com

(ALFH: £ &)



