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Table1 Experimental factors and levels

Level

Factor
1 2 3 4

A tension/torsion loading
0 30° 60° 90°
phase angle w
B axial strain ratio R -1 —0.1 0 0.05
C strain path angle @ 40° 50° 65° 80°
D equivalent strain range/% 1.4 1.5 1.6 1.7

E test temperature/°C 680 850 - -

1.2 IN#EEKE

BMERREEETELL REME, X
JH TN AR D) (90 (18 S5 28807 A i TR A DA s IS A
ol 1) AR BB 5517 i 12 A 3 R A 5 48 A T AR
A, 1) A 5 L 28 A 2 TR PR AR A A 43 T R O,
30°, 60°F190°, K 22 TE a4, b e RRAE
BN AR BRAR WP 2 BT, KR4k 5 IR 2 R S5 K
-, AR L, BT s R 3R 2 A 2 A HAEH,
TEFH Lo (4 x 23) IEAC R BETE L, WK 2.

x10—3

—4=0° phase angle

5

4 F—e—30° phase angle
3 | ——60° phase angle
2
1
0

shear strain

x10~3

axial strain
P2 AR B A
Fig. 2 Strain loading path

1.3 @AY @ TSEE T E
BEAT XU s /AT R 55, e S bl 45 AN AR
18 L ) AR RTT) i) AR R P HEENL e v
VU T AR B A S RN AR T 2 1200
(e11 — €22)” + (€22 — £33)° + (€33 — e11)?

2(u+1)?
1/2

G 2
K (F) btk ad) )

+

E€Heq = |:

A, K = L/F &S5, SRS EA



328 71 S5 =2 i 2012 fF 3 44 &
2 EXRITERAE
#*3 DD3BBEERSN (EEAEHIL
Table 2 Experiments of orthogonal design REA (BEASLL)
Table 3 Chemical composition of DD3 superalloy (weight
Specimen Factor percent ratio)
No. A B D E/C
° c /% / &t Co W Mo Al Ti C Ni
1 0 -1 40° 1.4 680
9.5 6.0 5.2 5.0 5.8 2.3 < 0.01 others
2 0 —0.1 50° 1.5 680
3 0 0 65° 1.6 850
4 0 0.05 80° 1.7 850 F#4 DD3EmERAEMHREL
5 30 -1 50° 1.6 850 Table4 Material constants of DD3 superalloy
6 30° —0.1 40° L7 850 Temperatrue/ C E/GPa G/GPa m
7 30° 0 80° 1.4 680 680 109.1 112.5 0.322
8 30° 0.05 65° L5 680 850 100.5 104 0.328
9 60° —1 65° 1.7 680
10 60° —0.1 80° 1.6 680
11 60° 0 40° 15 850 8 JR % 57 BAE A i B [ e, AR
12 60° 0.05 50° 14 850 RARSFan B 3 s, WFEbR IR 20 K 25 mm, P
13 90° 1 80° 15 850 12 ¢y = 11mm, JME ¢o =14 mm. A IR FEHIZ 2
14 90° ~0.1 65° 14 850 [001) X 7] /) 1 FE B AE9° LA . kA #h ik B N
15 90° 0 50° 1.7 680 1250 C x4 h [A[ AL ELFT 870 °C x 32 h I & Ab #iL.
16 90° 0.05 40° 1.6 680
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Fig. 3 Tension/torsion specimen for low cycle fatigue test
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Table 5 Results of experiment

Specimen Axial strain Shear strain Mises strain
No. range/% range/% range/%
1 1.07 0.43 1.11
2 0.96 0.58 1.03
3 0.68 0.85 0.88
4 0.30 0.90 0.71
5 1.03 0.72 1.13
6 1.30 0.64 1.37
7 0.24 0.67 0.50
8 0.63 0.66 0.76
9 0.72 0.75 0.87
10 0.27 0.78 0.58
11 1.15 0.56 1.21
12 0.90 0.63 0.99
13 0.26 0.86 0.62
14 0.59 0.74 0.76
15 1.08 0.65 1.16
16 1.23 0.50 1.27

number of specimen

0 05 1.0 15 20 25 30 35
number of cycle to failure N¢ x10*
B4 WEARA A fir Ne (J)
Fig. 4 Number of cycle to failure N¢ (cycle)
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Fig. 5 Initial cyclic stress-strain curve of specimen No.2
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Fig. 6 Initial cyclic stress (a) and strain (b) of specimen No.2
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Table6 Test results of range analysis

Mean value Factor
of level A B C D E
I 2163.6 6953.4 23574 11235 8904.8
IT; 11249.5 4202 3363.9 5256.5 3729.6
11T, 5927.1 10023 5014.1 5181.4 -
IV; 4683 4090.3 14533 3595.9 -
Range of
9085.9 59327 121756 7639.1 5175.2
factor R;
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Fig. 7 Variation of failure cycle with the factors
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Table 7 Correlation of failure cycle
with Mises strain range
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Parameter Power law curve fit R2
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Table 8 Correlation of failure cycle with
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Parameter Power law curve fit R2
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Fig.9 Correlation of LCF life with cyclic plastic strain energy
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STUDY ON LOW CYCLE FATIGUE OF SINGLE CRYSTAL NI-BASED
SUPERALLOY UNDER MULTIAXIAL NON-PROPORTIONAL LOADING Y

Ding Zhiping®?  Chen Jiping* Wang Tengfei* Zhao Ping’
*(School of Mechanical Engineering, Hunan University of Technology, Zhuzhou 412007, China)
t(China Awviation Power Plant Research Institute, Zhuzhou 412002, China)

Abstract Strain-controlled tension/torsion low cycle fatigue (LCF) tests of single crystal Ni-based superal-
loy,DD3,were carried out under non-proportional loadings based on orthogonal design at elevated temperatures,
using thin-walled tube specimens with [001] orientation. Experimental variable factors were chosen to be strain
range, strain path angle, tension/torsion phase angle, strain ratio and temperature. Results show that strain
path angle, tension/torsion phase angle and equivalent strain range, are the main affected factors on multi-
axial LCF life. Dividing diamond strain loading path into proportional loading and non-proportional loading
segments, the equivalent strain range parameter to characterize the effects of non-proportional loading was pro-
posed, and a strain triaxiality factor for single crystal superalloy was introduced to reflect the tension/torsion
strain path angle on multiaxial fatigue life. A formula of cyclic plastic strain energy, which is composed of the
equivalent strain range taking account of the effects of non-proportional loading path and the strain triaxiality
factor, is put forward as failure parameter. Multiple linear regression analysis show that a power law of the
failure parameter has a good correlation with the failure cycle, and all test data fall into a scatter band of the
factor of 2.0.

Key words single crystal Ni-based superalloy, low cycle fatigue, orthotropic, multiaxial non-proportional

loading, orthogonal design
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