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Fig. 1 Geometric diagram of crystal deformation
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Tab. 1 Crystal plasticity model parameters

o IMPa K, /MPa K, /MPa m

50 788 580 32
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Tab.2 Chemical composition of EA4T axle steel %

v C Si Mn P S Cr Cu Mo Ni
0.04 025 037 074 0.012 0.002 1.1 023 023 0.27
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Fig.2 Microstructure of axle steel
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Tab.3 Conventional mechanical properties of EA4T axle material

(AL PR /MPa JRIRGREE/MPa /%
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Fig.5 Stress-strain curve of EA4T axle material
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Tab.4 Impact performance of EA4T axle specimens (20 °C)
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Fig. 6 Coupling model of internal and external defects
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Tab.5 Partial grain orientation difference before and after loading

HHY SRR /() mERAE/C) BRI 2E/(0)
10 48.672 48.506 0.166
11 59.302 58.889 0.413
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55 55.774 56.032 -0.258
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PHES 1.5 mm 18 25.859 25.798 0.061
27 59.302 59.05 0.252
66 32.95 32,615 0.335
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Fig. 8 Stress distribution nephogram at a distance of 1. 0 mm

between internal and external defects
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Fig. 13 Nephogram of cumulative plastic strain distribution when
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the model under the coupling effect of internal and external defects

1 17 J9T 708 S A S S it B ) B - B, 6220 6y 9
VA E 6 B A1 o AR IR ) B8 A O A R R 0 AT
R 5 T o AR AR AL . AR BRIE AR 1.0.1. 5,
2.5 mum FF BV 7 A i 2 R A A TR 114 A A R o 37
Akt B L, T 25 PR R AR 5. 0 mm B, (7R SR
AR B o [ PR, 2 T SR Sk 5 Ak ) 9 P 7 A8
RE L e T P I 2 W e o Ak ) M P O AR RE T
Wi WP S ke o ] PO 37 550G 2R 2 0 SR S0 A A7 ™
AT o 2 N TR I 2 W A A AR R v O 37 G S R T
SR SR I KPR e B 5 A 57 SRS A 1Y) TR B
IR T7 RS e i A T R BB AL 5 25 AR 2R W)
M 4 S AU T SR R I, R 2 i Rl R I Ak LA %
NI 2 Mt B A i A, R D HMR- A ] e 224
e A B R 5

g LRI, AR B - 1 il e 18] ) AR AT 2
S MRVASE R v S N AR R R A 0 A o NI 2 )
e AR A TR T (o7 R D LGS 8 1 7 2% B % T2 ) 52



64 IR S S 2026 4F
W L /1, S SR A A 0 B0 A 1 2 B 5 65-67. (In Chinese)
[j:J %Ig 5,% %L: % ﬁ% I;/Hv%; i %%Ekﬂ ﬁﬁk B/é HTJ' , ] 1@% B/é I‘ETJ EI/‘] ;FH [2] GURERG, GUR. C H. Failure analysis of fre}ttmg .fatlgute initiation
E{’Eﬁﬁéﬁﬁﬁéﬁﬁj/}fﬁﬁ%‘fgﬁﬂﬁﬁ% B/H? ALI‘ [EJ Hﬂ_%}m an.d gzr(;:v;hgo: Ta;llw]a;f:xle press-fits[J]. Engineering Failure Anal-
ysis, ,84:151-166.
= Sz Zu (/2 » Ak A B NTEE H-
B B L e 2 O o A A R o Ak 3 2 7 7 9 [3] CARBONIM,BERETTA S,LO CONTE A. Research on corrosion
TG, fatigue of railway axles [J]. Insight-Non-Destructive Testing and
Condition Monitoring,2011,53(7):361-367.
- [UtERi) W Bk ST
P - (4] HJ0, 200 T & I3 O BEAAT 3724l 1 20 20Fn g 2 1
A - SEL]. BUBL TR, 2010,43(8) :41-45,
é Y RAN Xu, JIANG Mingkun, HAN Ying. Microstructure and
g G004 X . mechanical properties of imported EA4T steel axle for high-speed
€ 0192 Sy 3 1.0 railway[J]. Materials for Mechanical Engineering,2019,43(8):
- 0160 T e S 41-45. (In Chinese)
”AIJE 0.096 TR . o @@\& [5] DENG Q M,BHATTI N, YIN X C, et al. Numerical modeling of
qm W y2
ﬁ 882‘2‘ R e - @@ the effect of randomly distributed inclusions on fretting fatigue-
#o : > 3 4 5 ' /égﬁd induced stress in metals[J]. Metals,2018,8(10):836.
- AR R 2 O PR ES /mm [6] ZERBST U,BERETTA S,KOHLER G, et al. Safe life and damage
E17 AN R Ra S SR R B B R B 43 7o tolerance aspects of railway axles: a review [J]. Engineering Frac-
Fig. 17 Distribution of plastic strain energy density near internal ture Mechanics,2013,98:214-271.
and external defects (7] U, mRYE, R EAR 55 . AN 005 % S38C Ll a9 o5 M fig
msZm[T]. MkHRAR 2021, 35(20) :20092-20098.
5 gﬁ i@ YU Minghua, GAO Jiewei, LIU Ligen, et al. Influence of foreign
object damage on the fatigue strength of S38C axle steel[J]. Mate-

N A 3 /7 =] J —

A N A A SR Y R AT BROTAE rials Reports, 2021,35(20) :20092-20098. (In Chinese )

B RN T LR e 25 il A AR R R RI N ANk (8] gl ahee, S 6 SRR R ol B R 55 2

T 0012 87 43 0 % ke 0 B 44 9 050731, AL, 2021, 16(10):1080-1086,

/Eﬂ% , E:I:?E TA Iﬁ] Ij‘] R ﬁl\%lsﬁ% I;/Hv Xﬂ‘iiﬂ]’%ﬂﬁ ﬂq%éj(ﬁﬁ ZHOU Suxia, SUN Yuduo, WU Yi, et al. Fatigue parameters test

éEE‘]%Z l]rn] ’ ﬁ%ﬂ:@wﬁ*ﬁﬂ ':F' E@Z@‘fﬁﬁﬁﬁ%%fﬁ?ﬁ{ﬂﬂ anc? 51m1%lat10n of different impact defects on axle .surface [J].
520 s e 0 PN e e China Sciencepaper,2021,16(10):1080-1086. (In Chinese)

TRBWEE AR EREE 9] JAIZEHT. 5L FI 2 B 05 4 R 5 v (D).

1) 24 e 2 e e 55 S0 I ke e A R A /NI, AT R4 AL RUASHE KA, 20101 12415,

B TC S B I e Wy B[ 0 2 KR B, I 19 Mises ZHOU Suxia. Theory and method research on damage tolerance of

ﬁj[jj :[://jﬁj( rl]g i jm ; ﬁlﬁwjﬁ bﬂ% I;/é *H Lutﬁiﬁfj(ﬂrj‘ , %%*ﬁ the hollow axles of high speed trains[ D ]. Beijing: Beijing Jiaotong
N yon S, i . Uni ity,2010:12-15. (In Chi )

R RSP A AR e 00 e

Al e, s i {25 HY WK T5 75 A T

/4 e h
RED G AT A —E R T, HUARGEE ,2003,25(2) :212-214.

2) 5 i i}i*ﬁ i ':P L /fjﬁ il %%%7’:& ke ’ iﬁ%‘:{ﬁ SHANG Deguang, WANG Dakang, LI Ming. Multiaxial fatigue
1ﬁ H E/‘] 9@ % % ;% ﬁ:{ L2z 'I’i @ ﬁ {EE j( s E ﬁ EJ Zi H ﬁ life prediction for notched specimens based on the critical plane
. PR RGE 2 1) oY B 2 0, T B 1) 59 AH B 52 1) approach[J]. Journal of Mechanical Strength, 2003, 25(2) : 212-
ke 214. (In Chinese)

: (1] BT , R, fRkE . dEZRMEACH 56 R 7E ABAQUS 1y S 3

1S 2 ) A R T AR e L7 S K
22%%*Zﬂﬁai%ﬂﬁi L h/;ﬁa, o W (M. JE5T BRI, 2019:169-192.
J R 2R S i 3 alE U B
@ﬁj& HE E E/J W Uﬂ ﬂd\ ’ I)_UJ ﬂ\%‘gjﬁj JE{EHKH 7‘52{21 i) KAN Qianhua, KANG Guozheng, XU Xiang. Implementations of
/:-E E/‘J jEEF ? 5 %/i Ij‘] %%%%@% B/E? % ﬁ%% Ejzlj ﬁ!ﬂ% Ig/é nonlinear constitutive relations in ABAQUS[M]. Beijing: Science
e I 1 P 008 17 2l 2 A T e Press . 2019 169-192. (In Chinese)
Bﬁﬁ&lﬁlﬁiﬁéfﬂtﬂ %ﬁ{ﬁ , %ﬁ%%%@%ﬁﬁﬁb)&ﬁ”ﬁ [12] CONG T,LIR Y,ZHENG Z G,et al. Experimental and computa-
ﬂﬁﬁﬂ‘i@é}ﬁﬁﬁ{ﬁ%%ﬁ tional investigation of weathering steel Q450NQRI1 under high
- cycle fatigue loading via crystal plasticity finite element method
% 30k (References) [J]. International Journal of Fatigue,2022,159:106772.
[13] e, 806 A0OGME, 55 JE TR RMIEILE 1Y GHA169 5 &6t

(1] JAZRE, W e, RN . 52 e 42 i 57 5ik 3 OC B PR 3R A AT 5
[J]. LA, 2008,46(1) : 65-67.
ZHOU Suxia, XIE Jilong, SONG Zhanxun. Research on key fac-
tors affecting axle fatigue strength [J]. Machinery, 2008, 46 (1) :

RONIEFE[T]. HUBRCT R RE, 2021, 45(5) :84-90.

JING Ya, ZHONG Fei, YUAN Guangjian, et al. Study on notch
effect of GH4169 alloy by crystal plasticity theory [J].
for Mechanical Engineering,2021,45(5) :84-90. (In Chinese)

Materials



55 48 5 5 ]

JRZRE A ST RSB R EEE 04 P S MBI R 5 X 4 i 2L B0 A 5 ) 65

[14]

[15]

[16]

[17]

[18]

[19]

FINCATO R, TSUTSUMI S, SAKAI T, et al. 3D crystal plasticity
analyses on the role of hard/soft inclusions in the local slip forma-
tion[J]. International Journal of Fatigue,2020, 134:105518.

PRASTITIN G,XU Y L,BALINT D S, et al. Discrete dislocation,

[J]. &)@ #Ab30,2005,30(2) :26-31.
JING Cainian, WANG Zuocheng, HAN Futao. Research progress
of the influencing factors on transformation induced plasticity [J].

Heat Treatment of Metals,2005,30(2) :26-31. (In Chinese)

crystal plasticity and experimental studies of fatigue crack nucle- [20] akiE, FHmes, B3, 4 SRS TR IE EA4T 430 4 4l it
ation in single-crystal nickel[J]. International Journal of Plasticity, FEVEREL D], HLBE T AR, 2021,45(3) :61-65.
2020,126:102615. ZHANG Heng, YIN Hongxiang, WU Yi, et al. Fatigue performance
HILL R. Generalized constitutive relations for incremental defor- of EAAT steel axle with diamond indentation of different size [J.
mation of metal crystals by multislip[J]. Journal of the Mechanics Materials for Mechanical Engineering, 2021, 45 (3) : 61-65. (In
and Physics of Solids, 1966, 14(2):95-102. .
Chinese)
DENG G J,TU S T,ZHANG X C, et al. Grain size effect on the X " . . - . .
, o , : [21] BB S e X 4 J) A 55 7 G B FSE (D). JEse:
small fatigue crack initiation and growth mechanisms of nickel- o
oo . JeEtsEE K, 2019: 18-27.
based superalloy GH4169 [J]. Engineering Fracture Mechanics, . ] )
2015, 134:433-450. LU Xiaoxu. Study the influence of typical defects on axle’s stress
srm . — PR ; § fatigue life| D |. Beijing: Beijing Jiaot iversity,2019:18-
PR T IR AT BRIC G SRR 9575 My o and fatigue life D, Beljing: Bejing Jiaotong University 201918
D). Lt AL FR 202052332, 27. (In Chinese)
[22] 2547, SRARRE AR A, 55 . BB XT EAAT 424 NI% 55 PERE Y52 00

LU Shujuan. Research on fatigue life prediction method of axle
material based on crystal plasticity finite element model [D].
Beijing: Beijing University of Civil Engineering and Architecture,
2020:23-32. (In Chinese)

SEIVEAE , EAE, SR AR U . AHAE T A IB M 5 m P 3R FSE E J

[J]. PURIZCIm A 2441, 2021,56(3) : 627-633.

LI Hang, ZHANG Jiwang, XU Junsheng, et al. Effect of defect on
fatigue property of EA4T axle steel[J]. Journal of Southwest Jiao-
tong University,2021,56(3):627-633. (In Chinese)

Effect of inner and outer defect coupling on crack initiation of axle based on
crystal plasticity theory

ZHOU Suxia'® SHANG Hao'’ ZHANG Zhao’
(1. School of Mechanical-Electronic and Vehicle Engineering, Beijing University of Civil Engineering and Architecture,
Beijing 100044, China)
(2. Beijing Key Laboratory of Service Performance of Vehicles, Beijing University of Civil Engineering and Architecture,
Beijing 100044, China)
(3. China Academy of Atomic Energy, Beijing 100044, China)

Abstract: [Objective] This study aims to investigate the coupling effect between inner and outer defects on fatigue crack
initiation in high-speed train axles to ensure operational safety. [Methods] Firstly, a multi-crystal finite element model was
established at the mesoscopic scale based on crystal plasticity theory. Secondly, tensile and impact tests were conducted, and
finite element simulations were utilized to analyze the stress field and structural deformation around these defects. Finally, the
crack initiation location was predicted based on the characteristics of stress distribution and plastic strain energy density.
[Results] The findings indicate that the interaction between the two defects strengthens as the inner defect approaches the outer
defect, significantly promoting crack initiation. Conversely, when the inner inclusion is located at the center of the model, the
interaction is minimized, and external defects become the primary drivers of crack initiation.
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