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ABSTRACT

The high temperature low cycle fatigue tests of DZ22 superalloy and K403 superalloy
are carried out under strain controlled. The low cycle fatigue test data of DZ22
superalloy at 850°C and K403 superalloy at 750°C are processed by Coffin-Manson
method. When experimental data is processed, negative or small plastic strain values
often appear and the results of life prediction fail to meet the needs of the designer. In
order to solve the problem, a new method based on stress fatigue and Coffin-Manson
method is developed, the results of life prediction are given by using new method at
the same time. The results showed that new method is more accurate than the Coffin-
Manson method. The life prediction capability of two methods for DZ22 superalloy
proves more effective than K403 superalloy.
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NOMENCLATURE
E(MPa) elastic modulus o f (MPa) fatigue strength coefficient
0,(MPa) fracture limit b fatigue strength exponent
0, ,(MPa) yield strength 6“'/ fatigue ductility coefficient
8 (%) elongation c fatigue ductility exponent
v (%) reduction of area Omax (MPa)  the maximum stress
Ag, () elastic strain O min (MPa)  the minimum stress
Ae, (%) plastic strain a, d material constants
Aé‘t (%) total strain n cyclic hardening exponent
Ao /2 (MPa) cyclic stress range K (MPa)  cyclic hardening coefficient
Ag |2 (%) strain amplitude s standard deviation
N, failure cycle number N ;-) predicted life
2N, failure reverse number N 7 experimental life
p ,C material constants n number of data points
INTRODUCTION

Nickel-base superalloy can be widely used in the manufacture of aircraft engine
components because of its excellent high temperature mechanical properties,
resistance to high temperature oxidation and hot corrosion resistance. Guo Xiaoguang
et al. (2007) considered that during the service, these components bear the start-stop
transient load cycle at high temperatures, which may be the cause of early fatigue
fracture.

High temperature low cycle fatigue behaviors of nickel-based superalloys have
been studied by many scholars. Sun Jihong et al. (2010) analyzed the low cycle fatigue
behaviors of K435 superalloy at 900°C. Fitted formula was calculated according to the
tests, the plastic strain energy formula and power exponent function formula were
modified. Zhang Guodong et al. (2004) analyzed the low cycle fatigue behaviors of
K403 superalloy under strain controlled, at temperature 700°C. Experimental data
were processed by Manson-Coffin method and results of life prediction were given.
Wang Chunsheng and Li Qingchun (1995) analyzed the complex fatigue properties of
DZ22 superalloy on the conditions of different test temperature, different low cycle
stress.
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Life prediction of the high temperature low cycle fatigue has been a concern to
the engineering and academic comparison. In order to predict the high temperature
conditions engineering material fatigue damage total life, various methods have been
established over the years. Chen Ling et al. (2006) proposed low cycle fatigue life
prediction energy models. Chen Lijie et al. (2006) proposed low cycle fatigue life
prediction method based on power-exponent function model. Miner (1945) proposed
damage accumulation model. Coffin (1973) proposed the frequency correction coffin-
Manson equation. Halford et al. (1973) proposed the strain range partitioning method.
Coffin (1974), Tomkins and Wareing (1977), and Batte (1983) made a comprehensive
review on the suitability of various life prediction models. However, at high
temperatures, material fatigue damage exclude the effect of creep-fatigue interaction.
Young II Kwon and Byeong Soo Lim (2011) considered that the behavior of creep-
fatigue interaction is not clear. Therefore, it is still difficult to predict the fatigue life
of high temperature components.

In this paper, high temperature fatigue behaviors of two superalloys were studied
under conditions of total strain control. High temperature fatigue life of two superalloys
was predicted by Coffin-Manson method and the life prediction method based on
stress fatigue and Coffin-Manson (SCM) method. In addition, the predictive ability of
two life prediction models was assessed.

EXPERIMENTAL METHODS

Material

DZ22 superalloy and K403 superalloy are used as the testing material. Aeronautical
Materials Handbook Edit Committee (2002) presents the chemical composition of
DZ22 superalloy and K403 superalloy. The tensile property for DZ22 superalloy at
20°C and 850°C are shown in Table 1. The tensile property for K403 superalloy at
750°C are also shown in Table 1 (Xie Jizhou, 1992).

Table 1. The tensile property for two superalloys

Elastic  Fracture Yield . Reduction
. . Temperature .. Elongation
Material C) modulus limit strength 8,%(weight) of area
E (MPa) o, (MPa) ¢ ,(MPa) olwelg Y, %(weight)
20°C 132000 1181 995 8 10
DZz22
850°C 88500 1051 800 11 13

K403 750°C 165000 950 — 9.5 14.6
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Test conditions and methods

The low cycle fatigue test condition and method of DZ22 superalloy at temperature
850 °C are presented in Table 2. The low cycle fatigue test condition and method
of K403 superalloy at temperature 750 °C are also presented in Table 2 (Xie
Jizhou, 1992).

Table 2. The fatigue test condition and method of two superalloys

Test condition and Material
method DZ22 K403
Control Method Axial strain Axial strain
Sample size d6.35mm d6.35mm
Loading Waveform Triangle waveform Triangle waveform
Strain ratio -1 -1
Experimental frequency 0.167~0.830Hz 0.083~0.830Hz
Failure criteria Fracture Fracture

1210°C, 2h, air-cooled+870°C,

32h. air-cooled 1210°C, 4h, air-cooled

Heat treatment

RESULTS AND DISCUSSION
Low cycle fatigue test results and discussion of DZ22 superalloy

Low cycle fatigue tests of DZ22 superalloy at 850 °C are carried out. Test data is
processed in accordance with the Manson-Coffin method. The elastic strain (4&,) and
plastic strain (A ) are obtained. The results are shown in table 3 (Xie Jizhou, 1992).

Table 3. Low cycle fatigue test results of DZ22 superalloy at 850 °C

Total strain  Elastic strain Plastic strain Stress amplitude Failure reverse

amplitude amplitude amplitude Ao /2 number

Ag, 12 (%) Ag, 12 (%) As, 12 (%) (MPa) 2N,
1.208 1.034 0.174 1009 22
1.002 0.939 0.063 915 280
0.797 0.0773 0.0024 763 1378
0.701 0. 687 0.014 668 5910
0.601 0.593 0.008 578 26406

0.509 0. 505 0.004 492 169680
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Figure 1 presents the linear relationship of Ag, /2 —2N s Ag, /2 —2N - and
Ag, /2 —2N, in double logarithmic coordinates. Regression equation 1 and
equation 2 can be obtained by regression analysis.

Ag, 12=0.00632N ;)" 1)
Ag, 12 =0.0141(2N ;)% @)
1 -
0.1 r
n'iﬁ': -":2
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Reverse mmber (2N, )
Fig. 1. Curve of A6 /2 —2N,

Figure 2 presents the curve of Ao /2 — Aé‘p / 2. Regression equation 3 can be
obtained by regression analysis.

Ao /2=3701.3(4¢, 1 2)*"** 3)
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Figure 3 presents the curve of Ao /2—2N in double logarithmic coordinates.
Regression equation 4 can be obtained by regression analysis.

Ao /2=13804(2N )™ (4)
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Fig. 3. Curve of Ac/2—2N,
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Low cycle fatigue test results and discussion of K403 superalloy

Low cycle fatigue tests of K403 superalloy at 750 °C are carried out. Test data is
processed in accordance with the Manson-Coffin method. The elastic strain (A¢,) and
plastic strain (A& ,) are obtained. The results are shown in table 4.

Table 4. Low cycle fatigue test results of K403 superalloy at 750 °C

Total strain  Elastic strain  Plastic strain Stress amplitude Failure reverse

amplitude amplitude amplitude Ao /2 Number

Ag, 12 (%) Ag, 12 (%) Ag, 12(%) (MPa) 2N,
0.794 0.525 0.269 892 10
0.697 0.511 0.186 864 18
0.598 0.496 0.102 838 34
0.510 0.484 0.026 848 182
0.404 0.402 0.002 650 1514
0.293 0.300 -0.007 481 8410
0.246 0.256 -0.01 418 43894

Figure 4 presents the linear relationship of Ag, /2—2N Ag /22— 2N, and
Ag, |2— 2N, in double logarithmic coordinates. Regresswn equatlon 5 and
equation 6 can be obtained by regression analysis.

As,/2=0.03042N )™ (5)

Ag, /2 =0.0068(2N ;)" (6)
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Figure 5 presents the curve of Ac/2—Aeg, /2. Regression equation 7 can be
obtained by regression analysis.

Ao /2=1285.5(4¢, 1 2)"" )
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Figure 6 presents the curve of Ao /2—2N, in double logarithmic coordinates.
Regression equation 8 can be obtained by regression analysis.

Ac12=1179.72N, ) ®)
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Fig. 6. Curve of Ao /2—2N,

FATIGUE LIFE PREDICTION
Life prediction by the Coffin-Manson method

Currently, there are a lot of low cycle fatigue life prediction methods. Coffin-Manson
method is widely used in low-cycle fatigue properties of the material and life prediction
(Reuchet, J. and Remy, L, 1983). Coffin-Manson method predicts life using equation 9
(Coffin, L. F, 1954; Manson, S.S, 1954).

Ag N7 =C ©)

where, £ and C are material constants.

For low cycle fatigue test under total strain amplitude control, total strain

Agp

Ag
amplitude (Tz) is composed of plastic strain amplitude (—%) and elastic strain

Ag
amplitude (%). T” and % are written in the form of commonly used power

function. Coffin-Manson method predicts life by following equation 10.
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Ag’ :ﬂ_}rﬁ

2 2 2

- %(mf)b +5,2N,) (10)

where, o-_'f is fatigue strength coefficient, b is fatigue strength exponent, g_‘f is fatigue

ductility coefficient, ¢ is fatigue ductility exponent. The — | b, ¢ ;and c values are
! E k

O'f

obtained by regression analysis. The , b, 8}- and c values are shown in table 5.

Table 5. Corresponding coefficient in equation 10 of two superalloys

o ,
Material - b &y c
E
D722 0.0141 -0.0838 0.0063 -0.4281
K403 0.0068 -0.0856 0.0304 -0.9744

Life prediction method based on stress fatigue and Coffin-Manson
(SCM) method

When the Coffin-Manson method to deal with low cycle fatigue test data are used,
plastic strain values are often very small value or negative value. Such plastic strain
point is shown as invalid data point.

To solve this problem, a new method SCM is developed. Based on to assumption
that there is an exponential relationship between the distribution of stress (4c’) and
low cycle fatigue life (N ), the relationship can be expressed as equation 11.

Ac o, —O
2 2

Where, 0, is the maximum stress, O, is the minimum stress respectively, a and

mh— (2N )¢ (1n

d are material constants.

The elastic strain (A¢&,) and plastic strain (A& ) can be expressed as equation 12
and equation 13.

A
Ae, = ?G (12)
Ao _qn
Ag, 2(?)(1/ ) (13)

Where, 71 is cyclic hardening exponent.

Ag
e, and ? can be

2

According to the equation 5, equation 12 and equation 13,
expressed as equation 14, equation 15 and equation 16.
Ae, Ao a

RET Al (14
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Ag Ao 4, a '
P — : (/n) — : 2N dq/n) 15
5 (—2 ) [_K (2N,)°] (15)
Ag, Ae, Ag, a ¢ . a d(in
’ — 4 —+ = — 2N + — 2N (W) (16)
2 2 2 E( 2 [K (@N,)"]

Where, K is cyclic hardening coefficient. The a, d, K "and 71 values are obtained
by regression analysis. The a, d, K and n values are shown in table 6.

Table 6. Corresponding coefficient in equation 16 of two superalloys

'

Material a d K n
DZ22 1380 -0.0942 3701.3 0.1953
K403 1179.7 -0.0926 1285.5 0.06

QUANTITATIVE EVALUATION OF LIFE PREDICTION ABILITY

Standard deviation is often used to evaluate quantitatively the life prediction ability
of model. The standard deviation is a statistic that shows how tightly all the various
examples are clustered around the mean in a set of data. Chen Lijia et al. (2006)
proposed that the smaller the standard deviation, the better life prediction ability of the
model. The standard deviation(s) can be expressed as equation 17.

s:{Zf(lgN;’—lgN}”) } an

(n=1)

Where, N ;’ is predicted life, N ;" is experimental life, n is number of data points.
While the fatigue life prediction for DZ22 superalloy and K403 superalloy by the
Coffin-Manson method has standard deviations of 0.1463 and 0.3509 respectively;
the SCM method has only 0.1447 and 0.3376 respectively. The standard deviation
of SCM method is smaller than that of the Coffin-Manson methods. Therefore, SCM
method to predict the life proves more effective than the Coffin-Manson method.

CONCLUSIONS

The high temperature low cycle fatigue tests were carried out in the present work in
order to study the effect of cyclic loadings on the fatigue behavior of DZ22 superalloy
and K403 superalloy. Cyclic stress-strain curves of the two superalloys were obtained.
According to experimental data analysis, there was a linear relationship between
the strain amplitude (A&/2) and reverse number (2N, ) in double logarithmic
coordinates. »

The low cycle fatigue life of DZ22 superalloy at 850°C and K403 superalloy at
750°C were predicted by Coffin-Manson method and SCM method. After conducting
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fatigue life prediction by Coffin-Manson method and SCM method, the results were
compared and the following conclusions were obtained within the scope of this
study.

As a fatigue life prediction method, SCM method is a method in which experimental
data can be used as much as possible. What is more, this method proves more effective
in testing the fatigue life prediction of two superalloys.

Coffin-Manson method and SCM method can accurately predict low cycle fatigue
life of DZ22 superalloy at 850°C. The fatigue life prediction for DZ22 superalloy by
the Coffin-Manson method and SCM method have standard deviations of 0.1463 and
0.1447 respectively.

The life prediction capability of two methods for DZ22 superalloy proves more
effective than K403 superalloy.
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