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In this article, cyclic hardening/softening behaviors of metallic materials are studied by using 40 alloys� test
results. In the analysis, two parameters are introduced: one parameter is new fracture ductility parameter; the
other is cyclic hardening/softening factor. The new fracture ductility parameter expresses cyclic hardening/
softening. According to the criterion, there are three critical values—2, 20, and 65.4%.When the new fracture
ductility parameter is smaller than 2%, or ranges from 20% to 65.4%, the alloy behaves in a cyclic softening
manner. However, when the new fracture ductility parameter ranges from 2% to 20%, or is greater than
65.4%, the alloy behaves in a cyclic hardening manner. The cyclic hardening/softening factor describes the
degree of cyclic hardening/softening. If the cyclic hardening/softening factor is greater than 1, the material
behaves in a cyclic hardening manner. But if the cyclic hardening/softening factor is smaller than 1, the
material behaves in a cyclic softeningmanner. Themore the cyclic hardening/softening factor deviates from 1,
the greater the degree of hardening/softening. Compared with the traditional criteria, on the one hand, the
present criterion has no indeterminate range, while on the other hand, the cyclic hardening/softening factor
quantitatively describes the degree of cyclic hardening/softening. Therefore,the two parameters provide a
more descriptive way to describe cyclic hardening/softening behaviors for metallic materials.
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1. Introduction

In engineering, most mechanical structures and components
experience cyclic loadings; therefore, failure due to fatigue is
often encountered. Knowing fatigue lives in the design and use
of the structures and components is of great importance.
However, to know the fatigue lives, the cyclic hardening/
softening behavior of the structures and components must be
known (Ref 1-3). Without doubt, the best way to know the
cyclic hardening/softening behaviors of them is to test the
materials. However, fatigue testing is not only expensive but
also time-consuming. Therefore, theoretically estimating the
cyclic hardening/softening behavior of materials is useful.

The cyclic hardening/softening behavior is defined through
the relative position between the cyclic stress-strain curve and
the tensile one (Ref 1-5). When the cyclic stress-strain curve is
above the tensile stress-strain curve, the material behaves in a
cyclic hardening manner, but when the cyclic stress-strain curve
lies below the tensile stress-strain curve, the material behaves in
a cyclic softening manner. Ordinarily, the cyclic hardening/
softening behavior is described by ratio of the ultimate tensile
strength to the yield strength or by the strain-hardening exponent.
It will be seen, hereafter, that neither the ratio of the ultimate
tensile strength to the yield strength nor the strain-hardening

exponent properly describes the cyclic hardening/softening
behavior. Therefore, in the present article, the cyclic hardening/
softening behavior of metallic materials is studied by careful
analysis of 40 alloys. In the study, two parameters are introduced:
one parameter is the fracture ductility parameter, while the other is
defined as the cyclic hardening/softening factor. The new fracture
ductility parameter outlines the cyclic hardening/softening crite-
rion. The cyclic hardening/softening factor describes the degree of
cyclic hardening/softening. Compared with the traditional meth-
ods, the two parameters provide a more descriptive way to
understandcyclic hardening/softeningbehavior for awide range of
metallic materials.

2. New Fracture Ductility Parameter

In the process of studying the relationships among the
conventional tensile properties, a new fracture ductility param-
eter has been introduced (Ref 6, 7).

a ¼ wef ðEq 1Þ

Since,

w ¼ A0 � Af

A0
ðEq 2Þ

ef ¼ ln
A0

Af
ðEq 3Þ

Equation 1 becomes

a ¼ A0 � Af

A0
ln
A0

Af
ðEq 4Þ

In Eq 1 to 2, w is the reduction of area from a tensile test,
A0 is the initial cross-section area, and Af is the fracture
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cross-section area. Obviously, for an initial cross-section area
A0, both a and Af reflect the plastic deformation capability of
the material. The greater the value of a, the greater the plastic
deformation capability of the material.

Substituting Eq 2 and 3 into Eq 1 gives:

a ¼ ef ð1� e�ef Þ ¼ �w lnð1� wÞ ðEq 5Þ

Since ef is the fracture ductility and a is related to ef, a can
be viewed as a new fracture ductility parameter. This new
parameter affects the relationships among the conventional
tensile properties in the following way. When a < 5% or
10% £ a < 20% (Ref 6, 7), results are:

r
5
3
0:2 ¼ r

2
3

bKð0:002Þ
n ðEq 6Þ

rf ¼ Kenf ðEq 7Þ

While when 5%< a < 10% or a > 20%, results are:

r
3
2
0:2 ¼ r

1
2
bKð0:002Þ

n ðEq 8Þ

rf ¼
rb

r0:2
Kenf ðEq 9Þ

In Eq 6 to 9, r0:2 is the tensile yield strength, rb is the ulti-
mate tensile strength, rf is the fracture strength, K is the
strength coefficient, and n is the strain-hardening exponent.
From Eq 6 to 9 the strain-hardening exponent and the
strength coefficient can be expressed as (Ref 8):

n ¼
lg

r3
f r

2
b

r5
0:2

� �

3 lgð500ef Þ
ðEq 10Þ

K ¼ rf e
�n
f ðEq 11Þ

for a < 5% or 10% £ a < 20% in the first instance, and

n ¼
lg

r2
f

r0:2rb

� �

2 lgð500ef Þ
ðEq 12Þ

K ¼ rfr0:2

rb
e�nf ðEq 13Þ

for 5%< a<10% or a > 20% in the second instance.
Similarly, it will be seen hereafter that different values of the

new fracture ductility parameter correspond to different cyclic
hardening/softening behaviors.

3. Relationship Between New Fracture Ductility
Parameter and Cyclic Hardening/Softening
Behavior

3.1 Traditional Parameters Describing Cyclic
Hardening/Softening Behavior

Miller uses the ratio between the ultimate tensile strength
and the tensile yield strength (Ref 9, 10) rb=r0:2 to describe
alloy cyclic hardening/softening behavior. If rb=r0:2 is greater
than 1.4, the alloy behaves in a cyclic hardening manner. If
rb=r0:2 is smaller than 1.2, the alloy behaves in a cyclic
softening manner. Table 1 lists the tensile properties of 40
alloys as well as their cyclic hardening/softening behavior

(Ref 4, 5, 11-29). In the table, n is the strain-hardening
exponent, while H/S represents the cyclic hardening/softening
behavior of the alloys.

According to the ratio criterion of rb=r0:2; the 2Cr13
should cyclically harden since rb=r0:2 is 1.44 (>1.4), but in
fact, the 2Cr13 behaves in a cyclic softening manner (Fig. 1).
On the contrary, LC4CS and LC9CGS3 should cyclically
soften since rb=r0:2 is 1.08 (<1.2), but in fact, they behave in
a cyclic hardening manner (Fig. 2 and 3).

Landgraf (Ref 5, 30) studied high-strength materials com-
monly used in engineering. He related the cyclic hardening/
softening behavior to the strain-hardening exponent n. He also
found that when the strain-hardening exponent n is greater than
0.2, the material behaves in a cyclic hardening manner and the
cyclic strain-hardening exponent n0 will decrease. However,
when the strain-hardening exponent n is smaller than 0.1, the
material behaves in a cyclic softening manner and the cyclic
strain-hardening exponent n0 will increase. So, only when the
strain-hardening exponent n is not smaller than 0.1 can the
high-strength materials have good mechanical properties. But,
in fact, the strain-hardening exponents of 2024-T351 and
LY12CZ (plate) are 0.032 and 0.089, respectively, and they
behave virtually in a cyclic hardening manner (Fig. 4 and 5).

In addition, both approaches have a range in which the alloy
behaves in an indeterminate manner. For the criterion related to
the ratio of the ultimate tensile strength to the yield strength,
rb=r0:2; is in the determinant range from 1.2 to 1.4. For the
criterion related to the strain-hardening exponent n, the range is
from 0.1 to 0.2.

3.2 Relationship Between New Fracture Ductility Parameter
and Cyclic Hardening/Softening Behavior

If the new fracture ductility parameter a is related to alloy
cyclic hardening/softening behavior, then it can be seen from
Table 1 that there are three critical values—2, 20, and 65.4%.

When

a< 2% ðEq 14Þ

or when

20%< a< 65:4% ðEq 15Þ

the alloy behaves in a cyclic softening manner. However,
when

2%< a< 20% ðEq 16Þ

or when

a> 65:4% ðEq 17Þ

the alloy behaves in a cyclic hardening manner.
For 60Si2Mn1, 40CrMnSiMoVA, 30CrMnSiNi2A and 082,

the cyclic stress-strain curve crosses the tensile one (Fig. 6-9).
60Si2Mn1 and 082 are considered as cyclic hardening, while
40CrMnSiMoVA and 30CrMnSiNi2A are viewed as cyclic
softening. The reason for this is that in engineering materials,
the cyclic strain experienced by the mechanical structures and
components is usually less than 5%, and sometimes very
much so.

It has been mentioned above that the cyclic hardening/
softening behaviors of 2Cr13, LC4CS, LC9CGS3, 2024-T351,
and LY12CZ (plate) predicted by the traditional criteria are
contrary to actual test results. However, according to the
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Table 1 Cyclic hardening/softening behaviors of metallic materials

Materials w, % rb r0:2 rb=r0:2 n a, % H/S Reference

K4171(a) 3.4 748 628 1.19 ÆÆÆ 0.1 S 11
K4172(a) 5.4 662 546 1.21 ÆÆÆ 0.3 S 11
60Si2CrVA 9.5 1318 1106 1.19 ÆÆÆ 1.0 S 12
60Si2Mn1(b) 14.8 924 455 2.03 0.22 2.4 H 5
LC4CS 16.5 613.9 570.8 1.08 0.063 3.0 H 4
LY12CZ (rod) 16.5 545.1 399.5 1.36 0.158 3.0 H 4
Zr 20 434 304 1.43 ÆÆÆ 4.5 H 13
2124-T351 21 439 274 1.60 0.111 5.0 H 14
LC9CGS3 21.0 560.2 518.2 1.08 0.071 5.0 H 4
2024-T351 25 469 379 1.24 0.032 7.2 H 15
LY12CZ (plate) 26.6 475.6 331.5 1.43 0.089 8.0 H 4
GH4133 29 1202 791 1.52 ÆÆÆ 9.9 H 4
GH2036 32 952 628 1.52 ÆÆÆ 12.3 H 4
7075-T6 33 579 469 1.23 0.113 13.5 H 15, 16
2024-T4 35 476 303 1.57 0.200 15.1 H 15, 16
TA5 40 700 650 1.08 ÆÆÆ 20.4 S 17
60Si2Mn2(b) 40.9 2091 1869 1.12 ÆÆÆ 21.5 S 18
Ti-6Al-4V 41 1234 1186 1.04 0.063 21.7 S 19
GH4169 44 1440 1220 1.18 ÆÆÆ 25.5 S 20
TC4 45.4 956 896 1.07 ÆÆÆ 27.5 S 4
40CrMnSiMoVA 43.7 1875 1513 1.24 0.1468 27.7 S 4
Ti-8M-1Mo-1V 48 1020 1007 1.01 0.078 31.7 S 16
2Cr13 50 635 440 1.44 ÆÆÆ 34.7 S 21
30CrMnSiNi2A 52.3 1655.4 1308.3 1.27 0.091 38.7 S 4
451(b) 52.9 934 716 1.30 ÆÆÆ 39.8 S 22
30CrMnSi 53.6 1177 1104.5 1.07 0.063 41.4 S 4
AISI4340 57 1241 1179 1.05 0.066 47.9 S 15, 16
081(b) 63.9 414 400 1.04 0.049 65.2 S 5
40 63.9 931 883 1.05 0.06 65.2 S 5
30CrNiMo8 64 930 775 1.2 ÆÆÆ 65.4 S 23
40CrNiMoA 64.0 885 738 1.20 ÆÆÆ 65.4 S 24
452(b) 64 610 370 1.65 ÆÆÆ 65.4 H 25
16Mn 64 586 361 1.62 0.2029 65.4 H 26
3161(a) 64 472 155 3.05 ÆÆÆ 65.4 H 27
3162(a) 67 471 149 3.16 ÆÆÆ 74.3 H 27
Ti 74.9 860 463 1.86 ÆÆÆ 103.5 H 28
Z3-CND 17-12 77 588 270 2.18 ÆÆÆ 113.2 H 29
3163(a) 80 590 283 2.08 ÆÆÆ 127.7 H 27
082(b) 80 345 262 1.32 0.16 127.7 H 5
3164(a) 81 539 284 1.90 ÆÆÆ 134.5 H 27

(a) 1-4 represent the different test temperatures. (b) 1-2 represent the different heat treatments
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Fig. 1 Stress-strain curves of 2Cr13
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Fig. 2 Stress-strain curves of LC4CS
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criterion expressed by Eq 14 to 17, the 2Cr13 alloy cyclically
softens while LC4CS, LC9CGS3, 2024-T351, and LY12CZ
(plate) cyclically hardens since the magnitude of the new
fracture ductility parameter a for them are 34.7, 3.0, 6.0, 6.8,
and 8.0, respectively. These predicted results are in agreement
with the test results (Fig. 1-5).

Furthermore, both the traditional criteria have a range in
which alloy behaves in an indeterminate manner. For the
criterion related to ratio of the ultimate tensile strength to the
yield strength rb=r0:2; the range is:

1:2<rb=r0:2 < 1:4 ðEq 18Þ

While for the criterion related to the strain-hardening
exponent n, the range is:
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Fig. 3 Stress-strain curves of LC9CGS3

0 5 10
0

200

400

600

σ 
(M

Pa
) 

—  Tensile curve

…… Cyclic curve

ε (%) 

Fig. 4 Stress-strain curves of 2024-T351
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Fig. 5 Stress-strain curves of LY12CZ (plate)
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Fig. 6 Stress-strain curves of 60Si2Mn1
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Fig. 7 Stress-strain curves of 082

0

500

1000

1500

2000

2500

σ  
(M

Pa
) 

—  Tensile curve

…… Cyclic curve

0 5 10

ε (%) 

Fig. 8 Stress-strain curves of 40CrMnSiMoVA
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0:1<n< 0:2 ðEq 19Þ

According to Eq 18, the cyclic hardening/softening behav-
iors of LY12CZ (rod), 2024-T351, 7075-T6, 40CrMnSiMoVA,
30CrMnSiNi2A, 451, and 082 cannot be determined. Similarly,
in light of Eq 19, the cyclic hardening/softening behavior of
LY12CZ (rod), 2124-T351, 7075-T6, 40CrMnSiMoVA, and
082 cannot be determined either. In accordance with the
criterion expressed by Eq 14 to 17, LY12CZ (rod), 2124-T351,
2024-T351, 7075-T6, and 082 are cyclic hardening (Fig. 4, 7,
10-12), while 40CrMnSiMoVA, 30CrMnSiNi2A, and 451 are
cyclic softening (Fig. 8, 9, 13). Therefore, the method of using
the new fracture ductility parameter to describe the cyclic
hardening/softening behavior has no indeterminate range. In
other words, compared with ratio of the ultimate tensile
strength to the yield strength rb=r0:2 and with the strain-
hardening exponent n, the new fracture ductility parameter a
provides a better way for describing the cyclic hardening/
softening behavior of a wide range of engineering alloys.

The yield strength r0:2 reflects a material�s resistance to
plastic deformation. The ultimate tensile strength rb is the
maximum resistance a material can sustain before necking. The
strain-hardening exponent n represents a material�s response to
plastic deformation (Ref 5). The value of the strain-hardening
exponent n equals to the maximum strain before necking, so,

the strain-hardening exponent n signifies the magnitude of the
ultimate tensile strength rb (Ref 5). In other words, the
criterion related to the ratio between the ultimate tensile
strength and the yield strength rb=r0:2 is virtually the same as
that related to the strain-hardening exponent n. Therefore, it is
not strange that both criteria have an indeterminate range.
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Fig. 9 Stress-strain curves of 30CrMnSiNi2A
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Fig. 10 Stress-strain curves of LY12CZ (rod)
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Fig. 11 Stress-strain curves of 7075-T6
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Fig. 12 Stress-strain curves of 2124-T351
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Fig. 13 Stress-strain curves of 451
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4. Cyclic Hardening/Softening Factor

To further describe the cyclic hardening/softening, a cyclic
hardening/softening factor is introduced. This cyclic hardening/
softening factor is denoted by b and is defined as:

b ¼
K 0en

0
pa

Kenp
ðEq 20Þ

In Eq 20, K 0 is the cyclic strength coefficient, n0 is the cyclic
strain-hardening exponent, K is the monotonic strength coeffi-
cient, n is the monotonic the strain-hardening exponent, epa is
the cyclic plastic strain amplitude, and ep is the plastic strain.
Obviously, the cyclic hardening/softening factor b quantita-
tively describes the relative position between the cyclic
stress-strain curve and the tensile one. If b > 1, the cyclic
stress-strain curve lies above the tensile stress-strain curve,
and the material behaves in a cyclic hardening manner. How-
ever, if b < 1, the cyclic stress-strain curve lies below the
tensile stress-strain curve and the material behaves in a cyclic
softening manner. The more b deviates from 1, the more
alloy cyclic hardening/softening there is. When

epa ¼ ep ¼ 1% ðEq 21Þ

Equation 20 changes to:

b ¼
K 0en

0
pa

Kenp
¼ K 0ð0:01Þn

0

Kð0:01Þn ðEq 22Þ

If b1 represents the calculated values from Eq 22 for different
materials, and if

d ¼ b� rb=r0:2j j
rb=r0:2

ðEq 23Þ

describes cyclic hardening materials, while

d ¼ b� r0:2=rbj j
r0:2=rb

ðEq 24Þ

describes cyclic softening materials, a comparison between b1

and rb=r0:2 can be made. For the cyclic hardening materials
listed in Table 2,

b1 �
rb

r0:2
ðEq 25Þ

while for cyclic softening materials listed in Table 3,

b1 �
r0:2

rb
ðEq 26Þ

b1 represents cyclic hardening/softening factor b for cyclic
plastic strain amplitude epa and plastic strain ep equal to 1%.
In fact, when cyclic plastic strain amplitude epa and plastic
strain ep change from 0.2% to 5%, the cyclic hardening/
softening factor b is always approximately equal to the ratio
between the ultimate tensile strength and the yield strength,
rb=r0:2: Thus, in the same manner as b, rb=r0:2 also
describes the cyclic hardening/softening degree. The more
rb=r0:2 deviates from 1, the greater the extent alloy hardening/
softening.

Table 2 Cyclic hardening factor for cyclic hardening materials (Ref 4, 5, 12, 13)

Materials

LY12CZ

LC4CS LC9CGS3 2024-T4 7075-T6 2024-T351 2124-T351 082Rod Plate

ef (%) 18 30.2 18 28.3 43 41 28 24 160
a (%) 3.0 8.0 3.0 6.0 15.1 13.5 7.2 5.0 127.7
rb 545.1 475.6 613.9 560.2 476 579 469 439 345
r0.2 399.5 331.5 570.8 518.2 303 469 379 274 262
K 849.8 545.2 775.1 724.6 807 827 455 545 531
n 0.158 0.0889 0.063 0.071 0.2 0.113 0.032 0.111 0.16
K¢ 870.5 645.8 949.6 905.9 764 1151 655 1100 462
n¢ 0.097 0.0669 0.08 0.101 0.08 0.146 0.065 0.155 0.12
rb=r0:2 1.36 1.43 1.08 1.08 1.57 1.23 1.24 1.60 1.32
b1 1.36 1.31 1.13 1.09 1.65 1.20 1.24 1.65 1.05
d (%) 0.0 8.4 4.6 0.9 5.1 2.4 0.0 3.1 20.5

Table 3 Cyclic softening factor for cyclic softening materials (Ref 4, 5, 12, 13)

Materials 30CrMnSiNi2A 30CrMnSiA AISI4340 451 40 Ti-8Mo-1Mo-1

ef (%) 74 77.27 84 75.3 102 66
a (%) 39 41 47.9 39.8 65 31.7
rb 1655.3 1177.0 1241 934 931 1020
r0.2 1308.3 1104.5 1179 716 883 1007
K 2355.4 1475.8 1579 1124 1172 1596
n 0.091 0.063 0.066 0.094 0.06 0.078
K¢ 2647.7 1771.9 1889 1237 1434 1764
n¢ 0.13 0.13 0.14 0.136 0.14 0.14
rb=r0:2 0.79 0.93 0.95 0.77 0.95 0.99

b1 0.94 0.88 0.85 0.92 0.85 0.83
d (%) 19.0 5.4 10.5 19.5 10.5 16.2
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5. Conclusions

(1) The new fracture ductility parameter a expresses cyclic
hardening/softening. There are three critical values—2, 20, and
65.4%. If

a< 2%

or if

20%< a< 65:4%

the alloy behaves in a cyclic softening manner. However, if

2%< a< 20%

or if

a> 65:4%

the alloy behaves in a cyclic hardening manner.
(2) The cyclic hardening/softening factor describes the

degree of cyclic hardening/softening. By definition:

b ¼
K 0en

0
pa

Kenp

If b > 1, the material behaves in a cyclic hardening manner,
but if b < 1, the material behaves in a cyclic softening man-
ner. The more b deviates from 1, the more alloy hardening/
softening there is.

For cyclic hardening materials:

b � rb

r0:2

For cyclic softening materials:

b � r0:2

rb

Therefore, in the same manner as b, rb=r0:2 describes the
cyclic hardening/softening response. The more rb=r0:2 devi-
ates from 1, the greater degree of alloy hardening/softening.

(3) Compared with the traditional criteria, on the one hand,
the present criterion has no indeterminate range, while on the
other hand, the cyclic hardening/softening factor quantitatively
describes the extent of cyclic hardening/softening. There-
fore,these two parameters provide a more descriptive way to
understand cyclic hardening/softening behavior for metallic
materials.

Acknowledgments

The authors gratefully acknowledge the financial support of
both Shaanxi province Nature Science Foundation and Air Force
Engineering University Academic Foundation.

References

1. S. Kocanda, Fatigue Failure of Metals, Sijthoff – Noordhoff, Alphen
aan den Rijn, The Netherlands, 1978

2. Z. Xiulin, Mechanical Behaviors of Engineering Materials, North-
western University Publishing House, Xi�an, 2004 (in Chinese)

3. N.E. Frost, K.J. Marsh, and L.P. Pook,Metal Fatigue, Clarendon Press,
Oxford, 1974

4. Science and Technology Committee of Aeronautic Engineering
Department, Handbook of Strain Fatigue Analysis, Science Publishing
House, Beijing, China, 1987 (in Chinese)

5. H. Mingzhi, S. Deke, and J. Zhihao, Metal Mechanical Properties,
Xi�an Jiao Tong University Publishing House, Xi�an, 1986 (in Chinese)

6. Z. Zhongping, Z. Wenzhen, Z. Zhongping, W. Weihua, C. Donglin, and
S. Qiang, New Formula Relating the Yield Stress-Strain with the
Strength Coefficient and the Strain-Hardening Exponent, J. Mater. Eng.
Perform., 2004, 13(4), p 509–512

7. Z. Zhongping, L. Chunwang, S. Qiang, Q. Yanjiang, and Z. Wenzhen,
Formula Relating the Fracture Strength and the Fracture Ductility with
Strength Coefficient and Strain-Hardening Exponent, J. Mater. Eng.
Perform., 2006, 15(5), p 618–621

8. Z. Zhongping, Z. Wenzhen, S. Qiang, and L. Chunwang, Theoretical
Calculation of the Strain-Hardening Exponent and the Strength
Coefficient of Metallic Materials, J. Mater. Eng. Perform., 2006,
15(1), p 19–22

9. R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering
Materials, 3rd ed., John Wiley and Sons, New York, 1989, p 490–502

10. M.R. Mitchell, Fundamentals of Modern Fatigue Analysis for Design,
John Wiley and Sons, New York, 1989, p 385–437

11. C. Lijia, W. Zhongguang, Y. Ge, and T. Jifeng, Investigation of High
Temperature LowCycle Fatigue Properties of aCastingNickel Base Super-
Alloy K417, Acta Metall. Sinica, 1999, 35(11), p 1144–1150 (in Chinese)

12. Z. Qingxiang, H. Guoqiu, and C. Chengshu, A Study on the Low Cycle
Fatigue Characteristics and Micromechanism of a High Strength Steel,
J. Northwestern Jiaotong Univ., 1999, 34(2), p 190–195 (in Chinese)

13. X. Lin and G. Haicheng, The Low-Cycle Fatigue Behavior of Pure Zr
at 300 K and 673 K, Proceedings of the 6th National Conference on
Fatigue, August 1993, The Chinese Society of Theoretical and Applied
Mechanics, Xiamen, China, 1993, p 69–73 (in Chinese)

14. C. Bathias, M. Gabra, and D. Aliaga, Low-Cycle Fatigue Damage
Accumulation of Aluminum Alloys, Low-Cycle Fatigue and Life
Prediction, ASTM STP 770, C. Amzallag, B.N. Leis, and P. Rabbe,
Eds., American Society for Testing and Materials, 1982, p 23–44

15. L. E. Tucker, R. W. Landgraf, and W. R. Brose, Technical Report on
Fatigue Properties, SAE, J1099, 1979

16. T. Endo and J.O. Dean Morrow, Cyclic Stress-Strain and Fatigue
Behavior of Representative Aircraft Metals, J. Mater., 1969, 4(1),
p 159–175

17. Y. Keng, Z. Peilei, and J. Chengyu, Low Cycle Fatigue Property of
TA5 Titanium Alloy Welded Joint, Trans. China Weld. Inst., 2005,
26(10), p 84–86 (in Chinese)

18. Z. Qiongmin, X. Yunqi, and P. Jin, The Study of 60Si2Mn Low-Cycle
Fatigue Characteristics, Proceedings of the 6th National Conference on
Fatigue, August 1993, The Chinese Society of Theoretical and Applied
Mechanics, Xiamen, China, 1993, p 58–60 (in Chinese)

19. R.W. Smith, Fatigue Behavior of Materials Under Strain Cycling in
Low and Intermediate Life Range, NAST TN D-1574, 1963

20. W. Hongliang, Y. Xiaoguang, and Y. Huichen, Constitutive Modeling
and Parameter Identification of Mechanical Behavior for GH4169
Alloy at High Temperature, Mater. Eng., 2005, 4, p 42–45 (in Chinese)

21. Y. Xiaohua, L. Nian, and J. Zhihao, Fatigue Stability of Metal
Materials, J. Mech. Strength, 1977, 19(4), p 61–65 (in Chinese)

22. Y. Xianjie, An Experimental Study of Low-Cycle Fatigue and Cyclic
Stress Ratcheting Failure of 45 Carbon Steel Under Uniaxial Cyclic
Loading, Acta Metall. Sinica, 2004, 40(8), p 851–857 (in Chinese)

23. V. Grubisic and C.M. Sonsino, Influence of Local Strain Distribution
on Low-Cycle Fatigue Behavior of Thick-Walled Structures, Low-
Cycle Fatigue and Life Prediction, ASTM STP 770, C. Amzallag, B.N.
Leis, and P. Rabbe, Eds., American Society for Testing and Materials,
1982, p 612–629

24. P. Zelin, Y. Kun, L. Zongde, M. Xueping, and A. Jiangying, An
Experimental Study on Fatigue Behavior and Life Prediction Model of
Coupling Bolt for the Steam Turbine, Proc. CSEE, 2002, 22(7), p 90–
94 (in Chinese)

25. S. Deguang, W. Dejun, and Z. Zhige, Experimental Study on
Multiaxial Cyclic Behavior for Medium Carbon Steel, J. Mech.
Strength, 1999, 21(1), p 51–53 (in Chinese)

26. F. Zhichao and J. Jialing, Investigation of Low Cycle Fatigue
Behaviour of 16MnR Steel at Elevated Temperature, J. Zhejiang
Univ., 2004, 38(9), p 1190–1195 (in Chinese)

27. A. Pellissier-Tanon, J.L. Bernard, C. Amzallag, and P. Rabbe,
Evaluation of the Resistance of Type 316 Stainless Steel Against

Journal of Materials Engineering and Performance Volume 18(3) April 2009—243



Progressive Deformation, Low-Cycle Fatigue and Life Prediction,
ASTM STP 770, C. Amzallag, B.N. Leis, and P. Rabbe, Eds., American
Society for Testing and Materials, 1982, p 69–80

28. S. Xiping and G. Haicheng, The Twining Behavior During Tension and
Fatigue at Low Temperature in Commercial Pure Titanium, Chin. J.
Mater. Res., 2000, 14(Suppl.), p 194–199 (in Chinese)

29. A. Moguerou, R. Vassal, G. Vessiere, and J. Bahuaud, Low-Cycle
Fatigue Under Biaxial Strain, Low-Cycle Fatigue and Life Prediction,
ASTM STP 770, C. Amzallag, B.N. Leis, and P. Rabbe, Eds., American
Society for Testing and Materials, 1982, p 519–546

30. R.W. Landgraf, J.D. Morrow, and T. Endo, Determination of the Cyclic
Stress-Strain Curve, J. Mater., 1969, 4(1), p 176–188

244—Volume 18(3) April 2009 Journal of Materials Engineering and Performance


	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4
	Sec5

	Sec6
	Sec7
	Ack
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


