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Abstract Low cycle fatigue behavior of a nickel-based single-crystal superalloy DD10 was investigated at 760 and

980 �C under different strain ranges. Results show that the fatigue life (Nf) of DD10 alloy exhibits different temperature

dependence under various strain ranges. Under low strain range, the alloy exhibits a longer Nf at 760 �C than that at

980 �C. However, under high strain range, a reverse result is obtained. This difference can be attributed to the change of

dominant damage modes under various test conditions, which is manifested in different modes of crack initiation (crack

nucleation and its early propagation). At 760 �C, the crack initiates at pores in subsurface due to local stress concentration.

This process is mainly controlled by plastic amplitude and plastic property, but not affected by oxygen-induced damage

before the crack propagates to the surface. At 980 �C, the crack initiates at surface instead of pores due to the more

homogeneous plastic deformation and the disharmony between the external oxidation layer and the bulk material when the

strain amplitude is high. At that temperature, the process is mainly controlled by oxidation damage and strain amplitude

simultaneously. Therefore, under high strain range, the crack initiation is much easier at 760 �C due to plastic deformation

and the poor plasticity, while under low strain range obvious oxidation damage at 980 �C may accelerate the crack

initiation.
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1 Introduction

Single-crystal (SX) nickel-based superalloys are good candi-

dates for turbine blades and vanes in jet engines due to their

excellent high-temperature performances [1–3]. Low cycle

fatigue (LCF) is an important property for blade materials [4–

6]. Considerable work has been conducted on LCF behaviors,

especially the effects of loading waveforms, temperature,

frequency, orientation, environment and microstructure on

fatigue life, fatigue crack initiation, and propagation [7–13].

It is traditionally believed that the fatigue life (Nf) decreases

with the increasing total strain amplitude (etotal) under the

constant temperature [11, 14–19]. However, the temperature

dependence of Nf also exhibits a strong dependence on etotal,

and Nf of many superalloys does not monotonously decrease

with the increasing temperature. Under low strain range, Nf

decreases sharply with increasing temperature; while under

high strain range, this trend seems to be weakened. The Nf of

some alloys at high temperature is even longer than that at low

temperature. This abnormal phenomenon has been noticed by

many researchers [8, 15, 17, 20–24], whereas the mechanism

behind is still under debate. Some researchers [15, 16, 25]

attributed this phenomenon to the variation of dominant fati-

gue damages under different test conditions. Under low strain

range, the fatigue time is relatively long. Nf is severely

affected by the oxidation and creep damage. These two factors

can accelerate trans-granular crack initiation and assist inter-
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granular cracking progress. It is obvious that the higher the

temperature is, the more apparent the oxidation and creep

damage are. Therefore, a shorter Nf is expected at higher

temperature and under low strain range. With the increment of

etotal, Nf decreases sharply, the effect of oxidation and creep

damage can be neglected under this condition. However, the

corresponding explanation for the converse temperature

dependence of Nf in high strain range has not been proposed

yet [15, 16, 25]. In addition, it should be mentioned that the

viewpoint mentioned above is obtained mainly in columnar

grain superalloys and polycrystal superalloys. The abnormal

temperature dependence of Nf for SX superalloys has not been

reported.

It is recognized that the LCF life usually consists of

three stages, namely crack initiation, crack steady propa-

gation, and the crack fast propagation. According to engi-

neering standard, crack initiation (micro-crack nucleation

and early propagation) accounts for most part of fatigue

life, and those factors related with this process should be

emphasized [20]. However, the relationship between the

crack initiation mode and the temperature dependence of

fatigue life in different strain ranges still calls for further

investigation.

In this paper, strain-controlled LCF tests on SX super-

alloys DD10 were conducted at 760 and 980 �C under

different strain ranges. Process of crack initiation under

different test conditions was analyzed and discussed.

2 Experimental

Nickel-based SX superalloy DD10 used in the present

experiments contains 13 wt% Cr, 4 wt% Co, 7.8 wt%

(Al ? Ti), 11–13 wt% (Ta ? W ? Mo), with minor C and

B, and Ni in balance. The SX specimens were fabricated by

a vacuum induction furnace with high-rate solidification

technique. Those bars within 8� of the [001] direction were

solution treated at 1,250 �C for 3 h in air, precipitation heat

treated at 1,100 �C for 5 h, and aged at 870 �C for 24 h.

The as heat-treated microstructure contains a precipitation

of cuboidal c0 particles, with size of about 0.4 lm and

volume fraction of about 65%. No residual c/c0 eutectics

are visible, as depicted in Fig. 1.

Prior to LCF tests, tensile tests were carried out at 760

and 980 �C in air. LCF specimens with 5 mm in diameter

and 12 mm in gage length were machined from heat-trea-

ted bars. A servo hydraulic testing machine was used to

perform the fatigue tests at 760 and 980 �C. The total axial

strain was measured and controlled by an extensometer

mounted upon the ledges of specimens. The total strain

range varied from ±1.4% to ±2.4% at 760 �C and from

±0.8% to ±2.4% at 980 �C with a fully reversed strain-

controlled push–pull mode, i.e., R = - 1. The strain rate

was 5 9 10-3 s-1, applied in a triangular waveform. The

temperature fluctuation over the gage length was main-

tained within ±2 �C; all the tests were performed in air.

Interrupted experiments were also conducted at different

cycle numbers in order to figure out whether the crack

initiation occurred. After the LCF tests, longitudinal sec-

tions, fracture surfaces, and exterior surfaces were exam-

ined by scanning electron microscopy (SEM) to identify

modes of fatigue crack initiation.

3 Results

3.1 LCF Life

The classical Manson–Coffin relationship is widely used to

describe the strain-controlled low cycle fatigue behavior.

The total strain amplitude can be separated into the plastic

and elastic strain amplitude, expressed as follows [26]:

Fig. 1 OM image a, SEM image b showing the microstructure of DD10 after solution heat treatment

Z.-D. Fan et al.: Acta Metall. Sin. (Engl. Lett.), 2015, 28(2), 152–158 153

123



Manson–Coffin equation

Dep=2 ¼ e
0

fð2NfÞ�c; ð1Þ

Basquin equation

Drt=2 ¼ r
0

fð2NfÞ�b; ð2Þ

Detotal

2
¼ Dee

2
þ Dep

2
¼ r

0
f

E
ð2NfÞ�b þ e

0

fð2NfÞ�c; ð3Þ

where Dee/2 is the elastic strain amplitude, Dep/2(Detotal/

2 - Dee/2) is the calculated plastic strain amplitude, Drt is

the full stress range, Nf is the number of cycles to failure,

r
0
f and e

0
f are the fatigue strength and fatigue ductility

coefficient, respectively, b and c are the material’s con-

stants for a selected alloy, and E is the Young’s modulus.

The relationships of Detotal/2, Dee/2, and Dep/2 versus Nf

at different temperatures are plotted respectively in Fig. 2.

It is noted that DD10 shows a decrease in Nf with

increasing strain amplitude at both temperatures, the same

as most nickel-based superalloy [11, 14–21, 27]. At all

testing strain levels, the values of Dep/2 in alloy DD10 are

much smaller than Dee/2 at both temperatures, indicating

that there is no transition fatigue life (Ntf) that Dep/2 = Dee/

2. This result disagrees with Yao [24]. In addition, the Dep

of DD10 at 760 �C is much smaller than that at 980 �C

under the condition of identical Detotal.

The fatigue parameters are listed in Table 1, and the

corresponding parameters of tensile properties are listed in

Table 2. It demonstrated that DD10 exhibits superior

plastic properties but a poor strength at 980 �C. In Table 2,

eyield refers to the strain amplitude when the alloy yields.

For engineering applications, an important property of a

selected alloy under LCF test is the fatigue life as a func-

tion of total strain amplitude [28]. The strain fatigue data

were analyzed at 760 and 980 �C, respectively, using an

apparent linear fit program according to Eq. (3). The result

is presented in Fig. 3.

The temperature dependence of fatigue life is contrary

under different strain ranges. Under high strain range, alloy

DD10 at 980 �C exhibits a longer fatigue life than that at

760 �C, while a reverse result is gained under low strain

range. Similar results were reported by other researchers

[11, 15, 16, 24]. It should be noted that the slope of the

Detotal/2 versus 2Nf curve at 980 �C is larger than that at

760 �C, which indicates Nf varies more acutely with Detotal/

2 at 760 �C than at 980 �C. In other words, Nf is more

sensitive to strain variation at 760 �C.

3.2 Fracture Behavior

At 760 �C, the fracture surface is characterized by one or

more cleavage-like facets inclined to the loading axis at all

strain levels. This morphologies of stage I fracture surface

are in good agreement with observations on many other

nickel-based superalloys under similar conditions [11, 19,

20, 29, 30]. Typical images of the fatigue fracture mor-

phology at 760 �C are presented in Fig. 4.

Fig. 2 Total, elastic, and plastic strain amplitude versus number of cycles to failure of DD10 at 760 �C a, 980 �C b

Table 1 Strain fatigue parameters of DD10 alloy at 760 and 980 �C

Temperature (�C) e
0
f (% ) c r

0
f ðMPaÞ b E (GPa) K (MPa) n0

760 0.523 0.36 1,084 0.0669 102 1,540 0.0751

980 1.054 1.04 1,832 0.1946 73 1,572 0.1685
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The fatigue crack initiation site lies at a small rough

plain in the vicinity of surface. Further observation reveals

that fatigue crack initiates at defects in subsurface, such as

micro-pores and script carbides. It is found that fatigue

crack initiates at a cluster of micro-pore and script carbide

(Fig. 4b), and then propagates along the slip bands until

fracture (Fig. 4c). In addition, a few pits, which are

believed to be the trace of carbides destroyed by oxidation,

are dispersedly distributed on the exterior surface (Fig. 4c).

However, these pits failed to develop into crack initiation

sites.

At 980 �C, the fracture surface is characterized by a

stage II rough plane macroscopically normal to the loading

axis at all strain levels. Figure 5 shows representative

images of fracture texture of DD10 at 980 �C. It is found

that fatigue crack initiates at surface rather than at the

internal micro-pores (Fig. 5a), similar crack initiation sites

are visible in other specimens. Many micro-cracks arisen

from oxidation damage are emerged at lateral surface

(Fig. 5c, d), but only part of them continues to propagate

until final fatigue failure. Additionally, slip bands are rarely

observed around the crack root or the crack tip, indicating

that local plastic deformation is not common in alloy DD10

at 980 �C.

Typical plots on interrupted specimens shown in Fig. 6

demonstrated that in specimens interrupted after 1,500 cyc

at 760 �C with Detotal/2 = 0.7%, no micro-crack is

observed in evidence around micro-pore at subsurface

(Fig. 6a, b), whereas specimens at 980 �C almost failed

through 1,500 cyc with Detotal/2 = 0.7%. Similarly, for

specimens interrupted after 30 cycles at 980 �C with

Detotal/2 = 1.2%, no micro-crack is evidenced at surface

(Fig. 6c), but specimens at 760 �C almost have failed

through 30 cyc at the same strain level. It is worth noting

that carbides at surface are easily destroyed by oxidation

damage, and it tends to split along the interface between

carbides and matrix at 980 �C (Fig. 6d).

4 Discussion

4.1 Assessment of Fatigue Crack Initiation

under Different Testing Conditions

At 760 �C, the interaction between defects and slip bands

results in intense stress concentration around these defects

in the subsurface [31]. Based on the defect sizes, the stress

Fig. 3 Total strain amplitude (Detotoal/2) versus number of cycles

(2Nf) to failure of DD10 at 760 and 980 �C

Fig. 4 SEM images of fracture after LCF at 760 �C with Detotal/2 = 1.2%: a macroscopical fracture topography; b crack initiation site; c slip

bands on outer surface

Table 2 Tensile properties of heat-treated DD10 alloy at 760 and

980 �C

Temperature

(�C)

ef

(%)

Reduced area

(%)

eyield

(%)

r0

(MPa)

E (GPa)

760 15.9 15.9 0.89 1,038 98.2

980 30.4 30.7 0.42 392 79.3
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intensity factor, K, is calculated by using the following

formulae:

K ¼ aDr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
ffiffiffiffiffiffiffiffiffiffiffiffi

Adefect

p

q

; ð4Þ

where Dr refers to the stress amplitude, Adefect refers to

area of defects projected on a plane normal to the loading

axis, and a and Adefect can be regarded as constants for a

given alloy with the same directional solidification

parameters [32]. The precondition of crack initiation is that

K reaches a threshold value Kth, namely that Dr simulta-

neously reaches the corresponding peak. It is worth noting

that the Dr mentioned in Eq. (4) actually refers to the local

stress amplitude around the micro-pore, because Dr will

increase with the increasing number of cycles rather than

remain constant after several cycles as Drt does. Actually,

Dr is determined by the accumulation of dislocation

amount around the micro-pore in every cycle and the cyclic

number. At 760 �C, activated slip systems of specimens

with crystal orientation around [001] are limited and dis-

location climbing is embarrassed. Slip bands are obstructed

by defects at subsurface easily (Fig. 4b). Consequently, Dr
around defects increases sharply in a short time, and so

does K [31]. It should be emphasized that the initiation

process in this case is not responsive to the oxidation

damage until the micro-crack reaches the exterior surface,

and Dep is the key factor in this process. It is also the reason

why the Nf is more sensitive to the variation of Detotal at

760 �C in comparison to 980 �C, just the same as reported

[17].

Fatigue crack initiation does not occur at casting defects

at 980 �C, due to the low local stress concentration around

these casting defects induced by the more homogeneous

Fig. 5 SEM images of fracture surfaces after LCF at 980 �C with Detotal/2 = 1.2%: a macroscopical fracture topography; b crack initiation site;

c longitudinal section; d cracks at the exterior surface

Fig. 6 SEM images of longitudinal section for specimens interrupted after 1,500 cyc at 760 �C with Detotoal/2 = 0.7% a, b, that after 30 cyc at

980 �C with Detotoal/2 = 1.2% c, d
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deformation at this temperature. However, in DD10 alloy

at 760 �C, deformation mainly occurs in the slip bands,

which are not common at 980 �C as at 760 �C (Fig. 7).

According to the present results from the failed and

interrupted specimens, at 980 �C, the fatigue crack initiates

at surface as illustrated in Fig. 8. Defects at surface, such

as carbides and micro-grooves (Fig. 8a), suffer much more

severe oxidation damage. An oxidation layer originally

forms at the exterior surface (Fig. 8b), but this layer cannot

be elongated homogenously on the bulk material. Due to

the disharmony between exterior oxidation layer and bulk

material when deforming, micro-crack is likely to initiate

at such oxidized sites (Figs. 6d, 8c). Then, oxygen reaches

the crack tip through the micro-crack (Fig. 8d) and accel-

erates the crack propagation. The crack initiation process in

this case is influenced by oxidation damage and strain

amplitude simultaneously.

4.2 Temperature Dependence of Fatigue Life

under Different Strain Ranges

The crack initiation process is mainly controlled by plastic

strain amplitude at 760 �C, while by oxidation damage

together with strain amplitude at 980 �C. Therefore, the Nf

at 760 �C is more sensitive to strain variation than at

980 �C. The contrary temperature dependence of Nf under

various strain ranges can be attributed to the variation of

crack initiation modes.

Under high strain range, the intense stress localization of

DD10 alloy completes in a very short time due to the high

Dep and its poor plastic property at 760 �C. However, at

980 �C, only a high Dep is not enough to lead to crack

initiation, and an adequate time is needed for oxidation

damage. Additionally, superior plasticity makes the local

stress concentration much more difficult to happen. So, the

fatigue life at 980 �C is longer, as shown in Fig. 6c and d,

micro-crack is not visible at surface of DD10 alloy through

30 cycles at 980 �C, whereas specimens at 760 �C have

already failed.

Under low strain range, more severe oxidation damage

occurs on DD10 alloy at 980 �C, for the elongated expo-

sure time induced by a decrease in Detotal. At the same

time, the Dep cannot be ignored at 980 �C (Table 2).

However, the Dep value is small at 760 �C. According to

the tensile test results in Table 2, the alloy yields when the

strain reaches about 0.83% at 760 �C. Therefore, the crack

Fig. 7 SEM images of longitudinal section for failure specimens at 760 �C with Detotoal/2 = 0.7% a, 980 �C with Detotoal/2 = 0.4% b

Fig. 8 Illustration of crack initiation for alloys DD10 at 980 �C: a original surface; b exterior oxidation layer; c oxide ruptures due to

disharmony when deforming; d air passage to crack tip
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initiation process experiences more cycles for the accu-

mulation of local plastic deformation around defects. As

shown in Fig. 6a and b, no micro-crack is visible around

micro-pores at subsurface for DD10 specimens through

1,500 cycles at 760 �C, but specimens in the same cycle

condition at 980 �C have already failed.

5 Conclusions

Under low strain range, the fatigue life of DD10 at 760 �C

is longer than that at 980 �C, but under high strain range,

the contrary result is obtained. Different crack initiation

mechanisms result in the reverse temperature dependence

of the LCF life. At 760 �C, plastic strain is the key factor of

local stress concentration for limited slip systems, whereas

both of plastic strain and oxidation damage play the

dominant role together at 980 �C.
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