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ABSTRACT Very high cycle fatigue fracture behaviors of three heats commercial spring steels
60Si2CrVA were studied by using ultrasonic fatigue test and fatigue crack propagation rate test. Ex-
perimental results show that significant difference of the very high cycle fatigue properties of the tested
steels were mainly caused by the difference of inclusion size. That is, both fatigue life and fatigue strength
increase with decreasing the inclusion size. In the case of internal inclusion-induced fractures at cycles
beyond 1×106, a fish-eye area was usually seen on the fracture surface, and inclusion was usually observed
inside the fish-eye and a granular bright facet (GBF) was found in the vicinity around the inclusion. Further
investigation of heat A-60 reveals that the stress intensity factor range at crack initiation site of inclusion
has the trend to decrease gradually with increasing the number of cycles to failure Nf , while that at crack
initiation site of GBF is almost constant with Nf with an average value of about 4.6 MPa·m1/2, which is
very close to the fatigue crack propagation threshold of about 4.3 MPa·m1/2.

KEY WORDS metallic materials, 60Si2CrVA spring steel, very high cycle fatigue, fatigue crack prop-
agation rate, non-metallic inclusion
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1 =>?@
#&��$ 3 :?< 60Si2CrVA ��&, B

@==$ D–60@ H–60 # A–60(C 1), )=8

�>$AB;@8 + ;6:8 + ?@<AD?

(EAF+LF+VD).

D–60 # H–60 #&�$@A 18 mm �BAE

�, A–60 #&�$ 60 mm×14 mm �BAF�. B

=:#&�0 850 GH> 1 h ?CD?D, ==C�

.IADC%B@"(/��%B#��*@E6
A&+FJDC (CT) %B�ÆD, CB%BÆDB

D?. BD?'%$: KCCB>%==$: 850 G

(D–60)@925 G (H–60)@900 G (A–60), H> 30 min

DDK, <DG0 410 GH> 90 min D@H.

BBD?D�%BÆDC:C�.IADC%
B (l0=5d0, d0=5 mm)@"(/��%B (LBC,

DBD@A 3 mm) #FJDC (CT) %B (E%

7.5 mm)[12]. 5:C��"(/��%B, EEC5
9DEAD"9?FEF, �"GC��HCC�M

I. 0F?NI USF–2000 G"(/��#&?�"

9G>"�4��#&, %B�JF�&$ 20 kHz,

��O R=–1,JF-H$ 150 ms. PG GB/T 6398–

1986, 0QKHJLI� PC160M GJFHI��

#&?�"9G>��*@E6A&#&, ��$

100 kN,�& 10 Hz,��O R=0.1. +FK S–4300G

R$IJKAL (SEM) MS��+>�L, + SEM

�NT� E–DAX 4MJ=J+>120�.=. U

��%B�MN03%B, +F? Olympus LI�

GX51 GF�7KLMSKMFK�L.

2 GHIJK
2.1 LM S–N NOPQ

3 :#&�9>OCD�KMFKO:P7�
V=, G$EB�OCQRL (M 1), )/�+4N

%C 2, OD!%G�% 1900 MPa.

UM 2 !P, 3 :#&����+*Q:W=9
*%SW120, 4;6C*/��RB) S–N T

NGSL.T. 0:% 107 4$�"�4��U, 7

::5�%B$8��+*; 0 109 )(4$S, D–

60 �:OUP7���6#, 3 H–60 # A–60 �O

:P7���6#. D–60@H–60 # A–60 �� S–N

TNM$CN�OP, V)����#��!%M$

!�.

R 1 VPQ 60Si2CrVA 51�6Q�XR

Table 1 Chemical compositions of the three tested 60Si2CrVA steels (mass fraction, %)

Steel No. C Si Mn P S Cr V O N

D–60 0.58 1.58 0.51 0.010 0.002 1.02 0.17 0.0010 0.0087

H–60 0.58 1.44 0.47 0.012 0.009 0.99 0.12 0.0010 0.0077

A–60 0.56 1.57 0.65 0.012 0.010 1.10 0.14 0.0010 0.0051

S 1 60Si2CrVA 51�STU6
OPVTR
Fig.1 Optical microstructures of the tested 60Si2CrVA steels D–60 (a), H–60 (b) and A–60 (c), which

were all tempered at 410 Y for 90 min, showing their tempering martensitic structures



528 � � � � � Æ 22�528 � � � � � Æ 22�528 � � � � � Æ 22�

R 2 60Si2CrVA 51�6W�QW

Table 2 Mechanical properties of the three tested 60Si2CrVA steels

Steel Tensile strength, Yield strength Elongation Reduction of area Vickers hardness,

No. Rm/MPa Rp0.2/MPa A/% Z/% HV

D–60 1945 1765 8.8 43.8 565

H–60 1955 1700 7.0 37.8 571

A–60 1925 1645 9.5 41.5 562

S 2 60Si2CrVA 51�67XZ/. S–N YR

Fig.2 S–N curves of ultrasonic fatigue test of the tested 60Si2CrVA steels D–60 (a), H–60 (b), A–

60 (c), and the combined S–N curve (d) (the numerals 1, 2 and 3 indicating the numbers of

unbroken specimens in 109 cyc region)

2.2 LMUVNOWXYZ[
WX5 3:#&��"(/��+>� SEMM

S, B*@1��YZXN%C 3. !P, [,,=%

B, :W=%B���+*G9*%SW120. M

3 CP, 5%DI��, 0��%B�S,HM��

G:120T9���+*,*@1120�;<:

7B% 30 μm, ,=U\:�:% 40 μm.

5%+*4$U� (, :% 106 cyc)���+

>,*@1U0!].7^YG�_UV C̀�L (M

4a). 0_UV �̀DW, 79080/120 (M 4b).

4M=JCP, -S120Æ�; Al@Mg@Ca # O

a, ,=�;Z5 Si, $Z[5\012. 0120

4T��90!,[C\U (M 4c), 0�].]U

WOU\b (M 4d). -]\bUW�90��42
=�"�4��SW9*+>9!,OU[c��
U [10,13−15], ?:d)$ GBF(granular bright facet)

U. \SVa [16] 5$, 1204T�]CW\00
"�4���e9UFK9<^�.-*@,-*@

.,3S<�. GBF U; Murakami a [17] X5$,

0���'-�e9^f120g^, 0_h*/3
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R 3 7XZ/._Y_`aXZ6Ybc`

Table 3 Summary of ultrasonic fatigue fracture initiation sites

Number of specimens with various fatigue fracture initiation sites Inclusion Average
Steel

(range of stress amplitude, MPa) size range inclusion size
No.

SM IM II Inclusion type /µm /µm

D–60 1(700) 1(600) 8 (550∼750) Al2O3·MgO·CaO 10.1–52.0 35.1

H–60 — 1(725) 11(675∼750) Al2O3·MgO·CaO 14.6–52.2 23.8

A–60 — — 21(725∼825) Al2O3·MgO·CaO·SiO2 2.7–46.3 17.5

Note: SM- surface matrix, IM- internal matrix, II- internal inclusion

S 3 60Si2CrVA 51�7XZ/._`aXZid

[Z6jke`Rl

Fig.3 Size and distribution of inclusions at the ori-

gins of ultrasonic fatigue fracture of the three

tested 60Si2CrVA steels, showing most frac-

tures were originated from inclusions smaller

than 30 μm, and the others from inclusions

larger than 40 μm

+.�.^m��, n*@E6�o!fÆ%.D^

�3+[�, +>�p�, �6a��*@.

0�����e9, 1204T�*/R!%
 \�!,]�q\, \120;<:ab�9].

Murakami a [18] bp,C�120#SW120*

/R!% \��Y^L�
ΔKinc,s = 0.65σ

√
π
√

Ainc,s (1)

#

ΔKinc,i = 0.50σ

√
π
√

Ainc,i (2)

)9 σ $120=0_]�*/ (MPa), Ainc,s@Ainc,i

==$C�120#SW1200+*���`7

�c (μm2). $M 5 !P, ΔKinc \ Nf :gd�3

9+, V4 ΔKinc T!, Nf ^C. c+ GBF U�c

AGBF �aSW1200+*���`7�c Ainc,i,

X!1& GBF Urh�*/R!% \� [13]

ΔKGBF = 0.5σ

√
π
√

AGBF (3)

)9 σ $ GBF =0_]�*/ (MPa), AGBF $

GBF U0+*���`7�c, si120�c

(μm2). M 6CP,\120�2; (M 5), A–60��

ΔKGBF A24; Nf �h\3h\, )eT$ 3.9–

5.4 MPa·m1/2, 6G_$ 4.6 MPa·m1/2.

2.3 ^_`abcLMdefgh
0M 7 9, A–60 ���*@E6A& da/dN

TN�dj_ ΔKth $ 4.3 MPa·m1/2, `NCe

ΔKGBF 0 da/dN TN�=5*�W=. !�kp,

ΔKGBF �6G_\ ΔKth >=<(. 0*/3+
.�!%&9�\:1204Tab.*/l9,1

204T�UW��b=cD*/3+;0��)(

*/3+.1204T�FKfUt8K*@#K
m [19], K*@!0!%,*@�*/R!% \d
j_ ΔKth �.E6

[20,21]. -CP, ΔKGBF !4

�01204T�.�K*@"gdeE6U�d
j_. 5%!: 2000 MPa 69W��&@SUJ2 E
u&# SNCM439 �!%&, "�4��+>�+*
/�=Jc$�,;B��U [12,13,15]. n120�

;<UB,, 120D� ΔKinc cUB. cX]_

B% ΔKGBF, X0120Dh8�K*@0)(*

/�3+.fiE6, �. GBF U, n GBF Uh�

ΔKGBF a% ΔKth ,, *@P Paris ?'$8SL

deE6, ADi$8+*; n120�;<U:,,

ΔKinc :% ΔKGBF, X��*@@<P Paris ?'

$8SLdeE6, 2�. GBF U. 120;<d

B, �.� GBF U;<d:, ����d,.

Murakami a [17] WX:5�#&ZX, !p,

e8�!%&��!%�9]�

σ−1
∼= C(HV + 120)/(

√
Ai)1/6 · [(1 − R)/2]α (4)
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S 4 VP�6gf7XZ/._`aXZgj

Fig.4 SEM fractographs showing a vfish-eyew(a) with an inclusion in the center (b) and a GBF

surrounding the inclusion (c) and its high-reservation magnification (d) of crack initiation site

of A–60 steel (σa=725 MPa, Nf=3.87×108 cyc)

S 5 VP�/._`aXZd[Zi6fWx.0g

jh ΔKinc h_Y/.hk Nf in6ii

Fig.5 Relationship between stress intensity factor

range at inclusion at the origins of fatigue frac-

ture ΔKinc and fatigue life Nf , showing an in-

creasing tendency of Nf with decreasing ΔKinc

independence of the tested steels

)9 HV $%B�cRj%, Ai $ED:Æ*
/)C120�`7�c, R $*/O, α=0.226

S 6 VP� A–60 /._`aXZ GBF i6fWx

.0gjh ΔKGBF h/.hk Nf in6ii

Fig.6 Relationship between stress intensity factor

range at GBF at the origins of fatigue frac-

ture ΔKGBF and fatigue life Nf of steel A–60,

showing an independence tendency of Nf with

ΔKGBF

+HV×10−4, C $\120alj_]:9� \.

7<, 0j% (<!%) 2h�mo., RB120
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S 7 A–60 6/.aXpkkn da/dN hfWx.

0gjh ΔK 6ii

Fig.7 Relationship between fatigue crack propaga-

tion rate da/dN and stress intensity factor

range ΔK of steel A–60

S 8 /..0hX*/.02oy6d[Zpqjk

in6ii

Fig.8 Relationship between fatigue strength and the

average size of inclusion at the origins of fa-

tigue fracture

aSWlj�;<4j7<!�&���!%.rk

3 :#&��5;53;, 3�120;'-62=

�120�;<90P7�Vl, *)��+490

P72;. #&����!%\��11206G

;<#-90gd�39+ (M 8).

3 G K
1. 5% 3 :2;=035� 60Si2CrVA ��

&, 4;120;<�RB, )����#��!%

G!�.

2. lq5%�*/�l�!*/�, #&��

&9���*@Q:W=91%\:�5\012.

3. 5% A–60 #&�, 4;��+>*@112
0D*/R!% \� ΔKinc �RB, ���� Nf

^C; 3 GBF D� ΔKGBF A24 Nf h\3h\,

>?$! \ (6G_$ 4.6 MPa·m1/2),\��*@

E6dj_ (4.3 MPa·m1/2) 3n, CP ΔKGBF �0

1204T�.�K*@"gdeE6U�dj_.
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