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Abstract: The cyclic stress response behavior and failure modes of nickel-based single crystal superalloys DD11 with [001] 

orientation in low cycle fatigue at 980 ºC and strain amplitude range of 0.5%~1.2% were investigated. The relationship between 

deformation microstructure and fatigue behavior was established. The results show that cyclic softening occurs and the softening 

degree decreases with increasing the strain amplitude. The coarsening of γ' and the broadening of transverse channels of γ are liable 

to cause the movement of dislocation in the γ channel and result in cyclic softening. Moreover, the dislocation recovery occurs at the 

low strain amplitude, which also causes cyclic softening. The pilling-up of dislocation occurs at the γ/γ' interfaces as the degree of 

coarsening γ' and broadening transverse channels of γ decreases when the strain amplitude is large than 0.8%, which results in a 

decrease in the degree of cyclic softening. The fatigue failure mode changes from normal fracture to shear fracture, corresponding to 

the transition of crack from stable propagation to the instant fracture. 
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Nickel-based single-crystal superalloys (SCs) are widely 

used as blade materials in gas turbines due to their excellent 

creep resistance, persistent strength and thermal fatigue 

resistance at the elevated temperature 

[1-3]

. Nevertheless, it is 

needed to consider the fatigue behavior of the turbine blade, 

especially in the platform region, where low cycle fatigue is 

one of the most common failure modes

[4-7]

.  

The strain amplitude is a key factor that dominates the low 

cycle fatigue life and fatigue mechanisms of disks or blade 

components made from Ni-based SCs, which may be 

subjected to the engine start-up and cooling-down at the 

moderate temperatures. It was confirmed that with increasing 

the strain amplitude, the density of dislocation increases

[6]

 and 

the plastic deformation state and microstructure change 

completely from anisotropy to isotropy

[8]

. The cyclic stress 

response, including the cyclic hardening and cyclic softening, 

is related to dislocation or stacking fault that is dependent on 

the strain amplitude and fatigue testing temperatures 

[6]

. 

Noteworthily, Li found that the slip bands can still be 

observed and the movement of dislocation is not 

homogeneous at 750 °C

[9]

. However, the understanding of the 

effect of strain amplitude on LCF behaviors of the Ni-based 

SCSs is still far from systematization. 

The fatigue deformation mechanism is the key factor 

influencing the cyclic stress response behaviors and fatigue 

fracture of the Nickel-based SCs, and is governed by 

microstructure of alloy, loading condition and environment, 

etc

[9-13]

. The cyclic softening behavior is related to the 

coarsening of γ' under the fatigue loading conditions 

[14]

. At 

elevated temperatures, the movement mode of dislocation is 

glide-climb

[15]

, and the rapid generation of dislocation 

networks at the coarse γ/γ' interfaces may cause cyclic 
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softening 

[16,17]

.  

When the temperature was low and the loading frequency 

was high, the failure of the SCs occurred at the {111} 

octahedral slip plane facet which was oblique to the direction 

of loading stress. On the contrary, the fatigue fracture was 

perpendicular to the loading direction, and then the failure 

mode changed from crystallographic to a non-crystallographic 

normal fracture type

[18]

. In addition, the morphology of the γ' 

phase could change the direction of crack propagation. The 

crack propagated along the γ channels or the γ/γ' interfaces 

when the γ/γ'-rafts was perpendicular to the stress axis in 

CMSX-4 and CMSX-6 alloys at 1050 °C 

[19]

. 

DD11 is a novel second generation Nickel-based SCs which 

will be used for the blades and vanes in gas turbine engine. 

Some mechanical properties under tension and creep have 

been obtained 

[20,21]

. However, the low cycle fatigue properties 

have not been investigated systematically. In this paper, the 

objective is to investigate the fatigue deformation behaviors at 

980 °C. The low cycle fatigue was performed by the total 

strain-controlled tests to understand the effect of strain 

amplitude on the fatigue life, stress response, microstructural 

evolution and fracture modes. 

1  Experiment 

The nominal chemical composition of DD11 is listed in 

Table 1. The cylinders with [001] orientation, 15 mm in 

diameter and 170 mm in length, were prepared by the high 

rapid solidification method with a withdrawal rate of 3 

mm·s

-1

. The cylinders were heat treated at 1315 ºC for 6 h, 

and then aged at 1130 ºC for 4 h and 870 ºC for 24 h. 

The specimens with a diameter of 6 mm were used for the 

low cycle fatigue tests. The orientation of the test bar 

deviating from [001] was within 8°, which was determined by 

the X-ray backscattering Laue method. The tests were 

conducted by the MTS (Material Test System) servo 

hydraulic testing machine under the total strain-range-control 

mode in air at 980 ºC. The strain ratio R was −1 and the strain 

amplitudes (∆ε/2) were 0.5%, 0.6%, 0.7%, 0.8%, 1.0%, 1.2%, 

which were controlled by an extensometer. The strain rate of 

all tests was 5×10

-3

 s

-1

. 

After the fatigue test, the microstructures of the 

longitudinal metallographic sections and the fatigue fracture 

surfaces were mechanically polished and chemically etched 

in a solution of 50 g CuSO

4

+160 mL HCl+10 mL H

2

SO

4

+200 

mL H

2

O and observed using FEI-nano 450 scanning electron 

microscope (SEM). The fatigue fractured specimens were 

ultrasonically cleaned in a mixture of acetone and ethanol for 

15~20 min. Transmission electron microscopy (TEM, 

JEM-2100F) was operated at a voltage of 200 kV to 

investigate the dislocation morphology. The TEM samples 

were taken from the transverse and longitudinal sections of 

the tested specimens by conventional grinding and twin-jet in 

a solution of 90% C

2

H

5

OH+10% HClO

4 

at −20 °C. 

Table 1  Chemical composition of the DD11 (wt%) 

Cr Co W Mo Ta Re Al Hf B C Ni 

4 8 7 2 7 3 6 0.2 0.1 0.1 Bal. 

 

2  Results 

2.1  Cyclic stress response behavior 

Fig.1 shows various cyclic stress response behaviors at the 

∆ε/2 values from 0.5% to 1.2%. It was found that the cyclic 

stress response, including the cyclic softening and stability, is 

closely related to the strain amplitude in this work. The 

degree of the cyclic softening decreased progressively as the 

strain amplitude increased. At ∆ε/2 of 0.5%, the alloy 

exhibited cyclic softening behavior, and the peak value of 

stress decreased from 500 MPa at the beginning stage to 400 

MPa at the fracture time. At ∆ε/2 of 0.8%, the alloy 

underwent cyclic hardening during the first 150 cycles, 

followed by cyclic softening till failure. This behavior is 

similar to the condition when ∆ε/2 is 1.0%, indicating the 

cyclic hardening in the first 75 cycles and cyclic softening 

followed. When the ∆ε/2 value was 1.2%, the alloy exhibited 

cyclic stability and the fatigue life decreased gradually. The 

coarsening of γ phase and the formation of dislocation 

networks are the most important roles for the softening 

behavior

[14,16]

. The stress amplitude rapidly decreases for all 

strain amplitudes, as a result of quick propagation of the 

crack when the fatigue fracture takes place. 

2.2  Hysteresis loops of the alloy under LCF loading  

The hysteresis loops at the ∆ε/2 values from 0.5% to 1.2% 

are shown in Fig.2. The plastic strain energy was indicated by 

the area of the hysteresis loops at the half of fatigue life. It 

can be found that the area of hysteresis loops increases with 

the increasing strain amplitude. The LCF life of superalloys 

at high temperatures can be expressed by Coffin-Manson 

relationship as shown in Eq. (1):  

∆ε

p

/2=ε

f

(2N

f

)

c

                                 (1) 

where ε

f

 denotes the fatigue ductility coefficient, c is the fatigue 

ductility index and the N

f

 is the fatigue life. Thus, the fatigue 

life is prolonged as the plastic strain amplitude decreases. 

2.3  Deformed microstructures of the alloy after LCF 

process 

Fig.3 shows the deformed microstructure near the fracture 

surfaces of the fatigued samples at the �ε/2 values of 0.5% 

and 1.0%. It has been found that the slip bands usually 

disappear when the temperature is higher than 800 °C 

[9,

 

22]

. 

However, the slip bands still appear near the fracture surface 

of this DD11 alloy, indicating the inhomogeneous plastic 

deformation during the low cycle fatigue process at 980 °C. 

This morphology is available in the fatigued samples at other 

∆ε/2 values. 

Fig.4 shows the morphologies in the longitudinal section of 

the samples at the ∆ε/2 values of 0.5%, 0.8%, 1.0% and 1.2%. 

Oxidation layers formed on the sample surface and they 
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Fig.1  Cyclic stress response curves of the alloy at different strain amplitudes: (a) ∆ε/2=0.5%, N

f

=18 870; (b) ∆ε/2=0.8%, N

f

 =1171; 

(c) ∆ε/2=1.0%, N

f

 =374; (d) ∆ε/2=1. 2%, N

f

 =158 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Hysteresis loops of the alloy under LCF loading at different strain amplitudes: (a) stress of −1000~1000 MPa and (b) stress of −300~300 MPa 

 

became thicker as the �ε/2 value decreased, i.e., the fatigue 

life increased. The multi-cracks starting from surface of the 

specimens were found to propagate predominantly per- 

pendicular to the loading axis when the strain was lower than 

1.2%, as observed in Fig. 4a~4c. At the �ε/2 value of 1.2%, a 

single crack propagated at an angle of 45° to the applied stress 

(Fig. 4d). 

Fig.5 exhibits the γ' morphology away from the fracture 

surface about 2 mm under different strain amplitudes. The γ' 

phase became coarser to some extent (Fig. 5a, 5b and 5c) and 

its cubic degree decreased. When the �ε/2 value was 0.5%, 

not only the γ' cubic degree droped sharply, but also the 

transverse channels of the γ phase broadened, as seen in Fig. 

5d. As the �ε/2 values were beyond 0.8%, the width of the 

transverse γ channels slightly increased, while the γ' cubic 

degree decreased a little. 

Fig.6a~6c show the dislocation morphologies of the longi- 

tudinal sections of the fatigued samples at �ε/2 of 0.5%. In 

this case, deformation zone only appeared in the γ channel and 

the dislocation density was low. The “zigzag” dislocation in 

the horizontal γ channel indicates that the cross-slip of the 

screw dislocation occurs on the {111} slip plane (Fig. 6b). In 

addition, a climbing mechanism of dislocations moving within 

the γ phase was confirmed, as seen in Fig. 6c, in which the 
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Fig.3  Slip bands of the longitudinal profile near the fatigue fracture surface of specimens: (a) ∆ε/2=0.5%, N

f

=18 870; (b) ∆ε/2=1.0%, N

f

 =374 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Oxide layer and secondary cracks near fatigue specimen surface: (a) ∆ε/2=0.5%, N

f

 =18 870; (b) ∆ε/2=0.8%, N

f

 =1171; (c) ∆ε/2=1.0%, 

N

f

 =374; (d) ∆ε/2=1.2%, N

f

 =158 

 

bow-line dislocations appear around the γ' phase. 

Fig.6d~6f show the characteristic of dislocation at∆ε/2 of 

0.8%. It is noteworthy that the density of dislocation increased 

and the distribution of dislocation was homogeneous, as 

compared to the ∆ε/2 value of 0.5% (Fig.6d). The irregular 

hexagonal dislocation network in the deformed zone was 

observed in Fig.6e and the dislocation loops were found 

bypassing the γ' phase through a mechanism of glide-climb 

(Fig.6f). The density of dislocations at the γ/γ' interface 

increased at the ∆ε/2 values of 1.0% and 1.2% (see Fig.6g and 

6h). The pilled-up dislocations at the interface and the homo- 

geneous cross-slip of dislocation were the main dislocation 

morphologies as the �ε/2 value was 1.2% (Fig.6i). 

2.4  Fatigue fracture morphologies under different strain 

amplitudes 

The fracture morphologies of the specimens were different 

under various total strain amplitudes. The fatigue fracture 

morphologies shown in Fig.7a~7d can be divided into a 

fatigue source and a crack propagation region. 

At ∆ε/2 of 0.5%, the oxidation played an important role in 

crack initiation and propagation (Fig.7a'). The fatigue sources 

appeared at the margin of fracture surface which was flat and 

smooth and was connected by sliding steps. The macroscopic 

characteristic was relatively rough at the instant rupture region 
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Fig. 5  Microstructures of the longitudinal profile away from the fracture surface about 2 mm: (a) ∆ε/2=0.5%, N

f

 =18 870; (b) ∆ε/2=0.8%, 

N

f

 =1171; (c) ∆ε/2=1.0%, N

f

 =374; (d) width of the transverse channels of the γ phase 

 

due to the severe oxidation. When the ∆ε/2 value was 0.8%, 

the spalling of oxide layer caused the crack initiation (Fig.7b') 

and the instant region consisted of the cleavage-like faces 

(Fig.7b). As the ∆ε/2 value was 1.0%, the fatigue source 

appeared at various positions of the fracture surface and the 

oxidation was also the most important reason for crack 

initiation (Fig.7c'). It is clear that the instant region was 

composed of the slip stage and the cleavage plane (Fig.7c). At 

the ∆ε/2 value of 1.2%, the failure morphologies including 

fatigue and dimple were different from those of the ∆ε/2 

values in the range of 0.5% to 1.0%. The micro-porosity 

caused the crack initiation (Fig.7d') and the area of the fatigue 

sources was 5% of the fracture surface, much lower than at 

other ∆ε/2 values. The fatigue crack propagation region almost 

disappeared and the instant region showed that the radial 

feature terminated at the boundary of square-like area. 

Fig.8 shows the morphology of the crack propagation 

region. The fatigue striation was not observed at a ∆ε/2 of 

0.5% as the crack propagation region was severely oxidized. 

The width of the fatigue striation gradually increased from 

about 9 µm for ∆ε/2=0.7% to 60 µm for ∆ε/2=0.8% and 75 µm 

for ∆ε/2=1.0%. 

3  Discussion 

In this work, the cyclic stress response behaviors and the 

fatigue failure modes were different as the strain amplitude 

changed during the fatigue tests. The cyclic softening behavior 

was related to the interaction of dislocation-dislocation and the 

dislocation-precipitate. The oxidation and resolved shear 

stress intensity parameter were the main reasons to cause 

different failure modes. The following section will discuss the 

deformation microstructure and the dislocation to explain the 

cyclic stress response behavior and failure modes. 

3.1  Cyclic softening for different stain amplitudes 

The cyclic softening behavior dependent on the strain 

amplitudes was related to the γ' evolution and the movement 

of dislocation (Fig.1). At room temperature, the γ' was a softer 

phase. As the temperature increased, the hardness of γ and γ' 

changed gradually but the γ became the softer phase, and the 

dislocation movement was hindered by harder γ' phase

[23]

. 

Thus, the dislocation disappeared at the γ' phase and bowed 

out around the γ' phase (Fig.6). 

It is well known that the cubic γ' phase can well hinder the 

slipping of dislocations in the γ channel

[1-24]

. In this work, 

however, the γ' phase became coarser and its cubic degree 

decreased, which caused the interfacial misfit stress and the 

coherency stress which decreased during LCF at 980 °C (Fig.5). 

As a result, the Orowan stresses of dislocation decreased due to 

the coarsening of γ' phase and the dislocations bowed into 
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Fig.6  Dislocation configurations of the DD11 alloys after LCF failure under different strain amplitudes: (a~c) ∆ε/2=0.5%, N

f

 =18 870; 

(d~f) ∆ε/2=0.8%, N

f

 =1171; (g) ∆ε/2=1.0%, N

f

 =374; (h, i) ∆ε/2=1.2%, N

f

 =158 

 

the γ phase. Moreover, the width of the γ channel increased in 

a direction vertical to the axial of stress (Fig.5d). These 

morphologies suggest that the movement of dislocation in 

cross-slip and climb modes in the γ channel is easy (Fig.6), 

subsequently resulting in the cyclic softening of the DD11 

alloy. 

Noteworthily, the density of dislocation was low and the 

dislocations bypassed the γ' phase by climbing at the strain 

amplitude of 0.5% (Fig.6c). This confirms that the recovery of 

the dislocation occurs, which is also responsible for the cyclic 

softening. When the ∆ε/2 value increased, numerous 

dislocations piled up at the γ/γ' interface and the density of 

dislocation increased (Fig.6g and 6h). The addition of Re may 

increase the lattice mismatch and the interface strength

[16]

. The 

follow-up dislocations can be hindered strongly by those 

dislocations blocked by the γ/γ' interface. As a result, the 

cyclic softening degree decreased with increasing the strain 

amplitude (Fig.1). 

3.2  Failure modes under different stain amplitudes 

The failure modes changed from a normal fracture 

characteristic (which was perpendicular to the loading 

direction) to a shear fracture characteristic (which was oblique 

to the loading direction) during LCF at 980 °C (Fig.7). The 

oxidation degree and the resolved shear stress intensity 

parameter dominated this failure mode transition

[24]

. In the 

�ε/2 range of 0.5%~1.0%, the failure mode was a normal 

fracture followed by shear fracture. The surface of specimen 

was oxidized and the crack in the fatigue source area mainly 

propagated in the perpendicular direction to the loading axis 

(Fig. 4a, 4b and 4c). At the beginning of crack propagation, the 

crack tip might also be oxidized, which accelerated the crack 

growth rate, while the loading stress was low and the length of 
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Fig.7  Characteristics of fatigue surface under different strain amplitudes: (a, a') ∆ε/2=0.5%, N

f

 =18 870; (b, b') ∆ε/2=0.8%, N

f

 =1171; 

(c, c') ∆ε/2=1.0%, N

f

 =374; (d, d') ∆ε/2=1.2%, N

f

 =158 

 

the crack was short at this moment. In this case, the pene- tration 

depth of oxygen per cycle was greater than the crack increment 

per cycle and the embrittling effect by the oxidation determined 

the crack growth

[18,25]

. In the instant region, the length of crack 

was long enough so that the resolved shear stresses intensity 

parameter and the crack growth rate were higher. Thus the 

resolved shear stresses played a key role in the process of crack 

growth and behaved the shear fracture with a cleavage-like 

morphology in the instant region. When the strain amplitude was 

1.2%, the loading and the resolved shear stress intensity 

parameter were higher enough, so the cracks always propagated 

by the shear fracture, leaving dimples on the fracture surface. 
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Fig.8  Characteristics of fatigue propagation region: (a) ∆ε/2=0.5%; (b) ∆ε/2=0.7%; (c) ∆ε/2=0.8%; (d) ∆ε/2=1.0% 

 

4  Conclusions 

1) The cyclic stress response behavior of the DD11 alloy is 

closely related to the strain amplitude level. The cyclic 

softening degree decreases progressively as the strain 

amplitude increases.  

2) With increasing the strain amplitude, the cyclic softening 

degree decreases due to the increase in the density of dislocation, 

and the distribution of dislocation becomes homogeneous. The 

follow-up dislocations can be strongly hindered by dislocations 

that is blocked by γ/γ' interface.  

3) The fatigue failure mode changes from the normal 

fracture mode to the shear fracture, corresponding to the 

transferring of stable propagation to instant fracture of the 

crack at 980 °C. The oxidation is the most important reason of 

the initiation of fatigue sources at the strain amplitudes less 

than 1%, while the porosity results in the crack initiation at the 

strain amplitude of 1.2%. 
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