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Investigation on fatigue crack growth behavior of mixed
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Abstract: To investigate the behavior of mixed mode I-II fatigue crack growth in 4130X steel, Com-
pact Tension Shear (CTS) specimens were used to conduct experimental methods and Finite Element
Method (FEM) at diverse load ratios and loading angles. The results indicate that the fatigue crack
growth path is not influenced by the load ratio (R), but a significant deflection angle occurs with an in-
crease in the loading angle (f). The crack growth angles are consistent with the Maximum Tangential
Stress (MTS) criterion. The fatigue crack growth rate (FCGR) shows an increasing trend as load ratio
(R) increases, but decreases with an increase of the loading angle (5). With the increment of the loading
angle, the morphology of the monotonic plastic zone at the crack tip varies, and the plastic strain energy
is accumulated gradually. Fracture morphology analysis reveals that the load ratio (R) and loading angle
(B) have a significant impact on the fatigue striations and secondary cracks at the fracture surface.
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Table1 Chemical composition of 4130X steel %

C Mn Si Cr Mo N P Ni Cu
0.345 0.8775 0.35275 0.9975 0.1655 0.000975 0.0094 0.018 0.024
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Fig.1 Schematic drawing of the CTS specimen
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Fig.2 CTS system and test device
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Table 2 FCG of 4130X steel for mixed mode I -II load-
ing test program
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Table3 Comparison of solutions for stress intensity

factors
SR AR N
A  (MPam')  (Mpam' TR
K K K KKK
0 26.08 0 2591 0 0.65 0
30 26.60 536 26.21 544 146 149
60 2891 —17.81 28.41 —-18.19 -1.72 2.1

2.2 PEAAREA
FOBMIEER IS T 5% i} Chaboche R4, 32461

R — P BB A RORS BBHLE 55 BRI 1544 T
F BT BIAS KRR GRS XS AR LM Z B2 145 1) [F]
PR AL T EUE R, IR R s e um e 21 7
2EPERE B AR SR . LR T & 45 1n) [R) PR A0
iz & if ALY Chaboche HRAYARFL SR 40 8 1Y B 1 hi
ARG ARV RIS E SR 4 s, Hrb G
1y bl s S 5, MBS IR E RN o,
SR N AR B ) SR IR N, 1 RR K 650 4130X
X AN Bl A AR N AR A B AN ] 4

%4 4130X $¥ Chaboche HH i RHE R
Table 4 Material properties of 4130X steel for Chaboche

model
X /MPa o/MPa C,/MPa " C,/MPa 72
715 650 162 000 1 800 80 500 230

3 RO

3.1 JEOFREY AR

Pl 5(a) o L Y T REZREL, 18] 5(b) R 1N 2k
i1 BT 57 RELY R AR AN TE . 1 U 75 TN
T K RaRsh Fy, T30 g5 8 PR 5D 5 ) 15K



- 198 - W gk Pl K

2025 45 46 &

gty &S AL K T BT REYT R TT 1A, Ky 7
6] 5 280y I 10 AT o AR T -1 245 B 57 R
PR, W57 8 kAR h K -K JE R

750

700

650

600 H

550 +

ZE508 11/MPa

500 o

450 +

400

0 5 10 15 20 25 30 35 40
SO N AR
B4 EHNHEELBEENTXR
Fig. 4 Relationship between equivalent yield stress and
equivalent plastic strain

() PI (b)

Ky \Q(]
ot
..... s

Es5 [-IE/BESRYY REBEETE
Fig. 5 Schematic diagram of FCG path for mixed mode [ -
I crack

55 RLLY SR B AR RIBESETE T - 11 52 5 B
ZER Ry N T B B . 1B 6 AR
W FTEE R BOMAAMIEL p ROy R . K 6
H Aa, FlAa, 5357 o T L0757 1) MK [ 45052 7 1)
R, SR FTR T A s R 1F T iRy Jié
Az, K 6 TLIA AR L R T I-TE5

FCG 42 JLF A2 RAYE W, (Hn] LI B & H,
FCG A2 tE 7 m RN £ B (R R AR

BTt W A e, N R TR
FCGR M HEZERIESEL, IR R0 1 K-/
wAL IR, WON SR R IIR SN ). K (E I
KE FEELIRuG N SR, 440 e (18R 3
T B K AR RSS K agF Tk
A7, PRSI TT ARG H AR h ke T RS 55 P Ay
AHH. S 4, B D80 IR SR A SR L ) e 4 808 i ) 2 i)
TG B HE R

SIS

12+ *Bmz‘zfj Aa,=—0.015 36Aa>+1.202 1Aa,~0.659 8
g ?}L}fﬁ%ﬁgé a, a;t a,
£ | ikkea \
S 10—kttt s ‘ i)
Ei —idkE 6 0°
W8 — kT Aa=—0.004 6Aa>+ —
= — R 0.503 2A0,-0.195 5
R o6p —ikkE9 \ —
= 4 -
B4 ES
S 247 i =
;lJ:nA 2t KVI_T}L_%(%%L_ 48 h"\: 60°
- - - 60°

0 2 4 6 8 10 12 14 16
TR M BB A, /mm

Blo AEMALLRMERETHRIY REE
Fig. 6 FCG path diagram at different loading angles and
load ratios

ST ABRICTTE LR, LA RS K om
AT K, M KRR, WK 7 foR, 5455
e s pn. ME 7 AL K BERECK BERE K2R T
HER, B FCGR AYREINE i T 2440y e ik sl 71 1)
WK EMHFERA, T, BEE N g K, K,
WAEB WG . X & Tk p et scbs
e G R R VAN TTES P B =8 - iy )\ A LI A G =
WU K A 5017, Bl Bl 2 S SRS R, K

R FCG MARJLTE G, W LARIIARINEAE B T, IHZRIEE,
80 20
7m@ 1&@
~ 60 10t
éso £
£ V0 £ ot
E_ 40 + E; =St o
X 0l a o X 10t
20 [s] 30: -15} =] 302
[ . . . © 60 200 T, . . e
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
(agtAa,)/W (agtAa,)/W
@K;; (b)Ky

E7 ARRYKERMEBHETHEIRERF
Fig. 7 SIF at diverse loading angle under different length of crack

K 8 FE/R T p=30°, 60°HNEIE N Ky (EJ 57
ey R B T E . ARIAET, K A

B TRMGEHTE R . Ky W TTREEAE f=30°HHHAI,
R IR A R, i Ky %) FCG 4724 B2 e ] g H



534

S e, S5 4130X 4N 1 - 11 B AT 55 4 a0 R AT AT

- 199 -

SRR L TR 161, X FCGR BN . K T
S60°HHEHRIE i, 0 K % FCG 19T i

AL RS FEJ7 18], 1M H X FCGR A 2.2 (1

LU0

x5 K 5K UEER
Table 5 Fitting results of K| and K
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F F
K=W'f(an)7 an = (ao +Aay) /W K=W-f(an), an = (ag +Aay) /W
(2+a,)-(0.23284+0.431 6-a, - 1.356 65-a2 +0.980 98 -a3 —0.287 05 - a
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K= =
(1 _ an)l.S
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Fig. 15 The Evolution of Von Mises stress field at different loading angles of R=0.1
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Fig. 16 Equivalent plastic strain curve of crack tip under different load ratios and loading angles
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Fig. 17 Fracture morphology diagram under different loading angles at R=0.1

W (o) EEETERES I (o) ISR SR ()

(a) R=0.1, $=0° (b) R=0.5, B=0° (c) R=0.1, f=60° (d) R=0.5, f=60°
B 18 FE—mmEAERRRNALL TR AR5

Fig. 18 Fracture morphology diagram under different load ratios at the same loading angle
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