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Single-crystal (SC) nickel-based superalloys are 
widely used as turbine blade materials because of 

their excellent mechanical properties[1]. The superior 
high-temperature behavior is mainly attributed to the 
two-phase microstructure consisting of a γ-matrix (Ni) 
and a large volume fraction of γ′-precipitates (Ni3Al) 
in the range of 65% to 70%. Within this optimum γ′ 
volume fraction range, the strengthening effect of 
the γ′-precipitates depends largely on their size and 
morphology[2–4]. 

During high-temperature service, the γ/γ′ two-phase 
microstructure will be degraded due to a coarsening 
process, during which the γ′ precipitates evolve from 
cuboidal into plate-like morphology, accompanied by 
a loss of the precipitate coherency and deterioration 
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of the mechanical properties[5,6]. The driving forces 
for coarsening are the reduction of the γ/γ′ interfacial 
area, the decrease of the lattice mismatch strain, and 
reduction of the modulus misfit[7,8]. The γ′ coarsening 
process is strongly affected by service temperature 
and time and vary with compositional differences 
in Ni-based superalloys due to the diffusion-related 
coarsening process. Since single-crystal blades and 
vanes work for a long time at elevated temperatures 
during service, a reliable mechanical performance is 
essential for engineering application as gas turbine 
blades. Consequently, the stability of the microstructure 
and mechanical properties after long-term exposure at 
elevated temperature have been extensively investigated 
in all of the widely used single-crystal Ni-based 
superalloys, such as CMSX-4 and CMSX-10[9,10].  

Recently, a second-generation single-crystal 
superalloy, DD11, with 3wt.% Re has been developed 
by Beijing Institute of Aeronautical Materials for 
aeroengine blade applications. DD11 has shown 
excellent high-temperature tensile and stress rupture 
properties and is a promising blade material[11]. However, 
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little is known about the high-temperature microstructural 
evolution and resultant mechanical properties, in particular for 
long-term thermal exposure at temperatures close to the service 
limiting conditions. In this study, microstructural stability during 
thermal exposure for up to 3,000 h at 1,070 °C was evaluated. 
Stress rupture properties and rupture behavior after thermal 
exposure for different times were explored to understand the 
effects of microstructural changes on the mechanical properties. 
This study provides fundamental information on the high-
temperature long-term microstructural stability and mechanical 
performance of DD11 for alloy optimization and engineering 
aeroengine applications. 

1 Experiment
The chemical composition of single-crystal superalloy DD11 is 
listed in Table 1. Directionally solidified single-crystal bars with 
a diameter of 15 mm and length of 200 mm were produced in 
investment casting cluster molds. The samples were processed 
using standard high-gradient industry practices in a Bridgeman-
type withdrawal furnace in the [001] direction at a constant 
withdrawal rate of 3 mm·min-1. The Laue back-reflection 
technique was used to determine the longitudinal orientation 
of the single-crystal bars. Single-crystal bars with orientation 
within 10° of [001] were used in this study.

Table 1:  Chemical compositions (wt.%) of single-crystal superalloy DD11

Cr Co Mo W Re Ta Nb Al Hf Ni

4.0 8.0 2.0 7.0 3.0 7.0 0.5 6.0 0.2 Bal.

Full heat treatments of the single-crystal bars were performed 
according to the following standard procedure: 1,290ºC/1h 
+ 1,300ºC/1h + 1,310ºC/2h + 1,318ºC/6h (air cooling) + 
1,130ºC/4h (air cooling) + 870ºC/32h (air cooling). After 
heat treatment, each single-crystal bar was machined into two 
cylindrical and threaded stress rupture test bars. The gage 
section of the test bar was 5 mm in diameter and 25 mm in 
length, and the overall sample length was about 60 mm. The 
remainders of the single-crystal bars were subjected to long-
term unstressed high-temperature exposure to determine the 
microstructural stability of the alloy. The thermal exposure of 
the bars was performed at 1,070 ºC for 20, 50, 100, 200, 300, 
500, 1,000, and 3,000 h, respectively (Table 2). After thermal 
exposure, samples were cut from the single-crystal bars by 
electric wire-cutting machining. The stress rupture samples 
were machined into threaded test bars. Constant load stress 
rupture testing was conducted at 1,070 ºC under a tensile stress 
of 140 MPa. The tests were performed until the rupture of the 
specimens occurred. The fracture surfaces were characterized by 
a scanning electron microscopy (SEM). 

In order to dissolve the γ′ phase, the samples were 
mechanically polished and etched with an etchant (5 g CuSO4 + 
25 mL HCl + 20 mL H2O + 5 mL H2SO4). The microstructures 

were examined by SEM. Images were taken of the secondary 
dendrite arms, which represent the greater part of the 
microstructure. The morphology of the dislocation in the γ/γ′ 
interface was examined by transmission electron microscopy 
(TEM). Transmission microscopy foils were sectioned from 
the (100) crystal plane and thinned by the twin jet polishing 
technique using an electrolyte consisting of 10% perchloric acid 
and 90% ethanol.

2 Results and discussion
2.1 Microstructure
The initial microstructures of single-crystal superalloy 
DD11 after full heat treatment are presented in Fig. 1. The 
γ′ precipitates exhibited a uniform distribution and cuboidal  
morphology with an average edge length of about 370 nm, and 
were aligned along {100} habit planes and separated by thin γ 
channels with a mean thickness of about 40 nm. The volume 
fraction of the γ′ precipitates was about 68%, while no other 
phase was observed in addition to the γ and γ′ phases. The γ/
γ′ two-phase microstructures from both bottom and top of each 
single-crystal bar were examined, and no apparent variation was 

Table 2:  Conditions of thermal exposure and stress rupture test

Sample Thermal exposure
temperature (°C)

Thermal
 exposure time (h)

Condition of 
stress rupture

1 Baseline

1,070°C/140MPa

2

1,070

20

3 50

4 100

5 200

6 300

7 500

8 1,000

9 3,000

found among them.
 The microstructures of single-crystal superalloy 

DD11 subjected to long-term thermal exposure at 
1,070 ºC from 20 to 3,000 h are shown in Fig. 2, where 
the continuous growth of both the γ channels width 
and the γ′ precipitate size as well as the morphological 
change of γ′ precipitates can be seen. Compared with 
the initial microstructure, the morphology of γ′ 
precipitates after thermal exposure within 50 h shows 
a similar cuboidal shape [Fig. 2(a, b)]. After thermal 
exposure of 100 to 300 h, the cuboidal γ′ precipitates 
gradually coarsened into rafts aligned along the <100> 
direction [Figs. 2(c-e)]. The rafting morphology 
developed completely after 500 h of thermal exposure 
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Fig. 1:  SEM (a) and TEM (b) images of microstructure of DD11 alloy after full heat treatment
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Fig. 2:  Microstructure of DD11 alloy after thermal exposure at 1,070 ºC for different times:
     (a) 20 h; (b) 50 h; (c) 100 h; (d) 200 h; (e) 300 h; (f) 500 h; (g) 1000 h; (h) 3,000 h

[Fig. 2(f)], and then remained nearly unchanged when the 
exposure time was prolonged to 3,000 h [Fig. 2(g, h)].

The volume fraction of γ′ phase and dimensions of γ′ and γ 
phases during thermal exposure at 1,070 ºC are shown in Fig. 3. 
It demonstrates that the γ′ phase volume fraction remained stable 
within 50 h, declined gradually from 100 to 500 h, and then 
reduced very slowly after 500 h thermal exposure. The size of 
the γ′ phase and the width of the γ channel show similar trends. 
The dimensions of the γ′ and γ phases increased slowly after 
thermal exposure for 50 h, then increased faster from 100 to 500 
h, and then remained stable with increasing thermal exposure 
time up to 3,000 h. 

The γ/γ′ interfacial energy was the driving force for the 
coarsening of the microstructure. The Young's modulus of 
nickel superalloy is the lowest in the <100> direction, which 
results in the low strain energy {100} crystal plane. The 
Ni-based single-crystal superalloys contain a large amount 
of refractory elements, in particular Re and W, with lower 
diffusion coefficients and larger atomic radii, which influence 
the process of diffusion and the misfit stress of the γ/γ′ phase. 
This leads to directional diffusion flow[12,13] and the formation 
of γ′ rafts aligned along the <100> direction during thermal 
exposure. 

Theoretical studies on the coarsening behavior of γ′ phase in 

superalloys at elevated temperature have been widely conducted 
based on classic Lifshitz-Slyozov-Wagner (LSW) coarsening 
theory of Ostwald ripening:  

                                       r3−r0
3 = kt 

where r and ro are the mean radius of γ′ phase at times t and 
to, respectively, and the constant k is the coarsening rate 
coefficient. When T > 0.6TM  (where TM is the melting point of 
the superalloy), the growth and coarsening of γ′ phase are in 
favor of the dislocation motion. The dislocation structures of 
single-crystal superalloy DD11 subjected to long-term thermal 
exposure at 1,070 ºC for 50, 200, 500 and 3,000 h are shown in 
Fig. 4. Figure 4(a) shows the dislocation structure after thermal 
exposure for 50 h: there were a few dislocations. After 200 h [Fig. 
4(b)], the number of dislocations deposited at the γ/γ′ interface 
increased. After 500 h, the dislocation network appeared in the γ 
matrix [Fig. 4(c)], and after 3,000 h [Fig. 4(d)], the morphology 
of the dislocation network remained roughly constant. Without 
the external stress, the misfit stresses would be relieved by 
dislocation network to promote the rafting process[14]. When 
the dislocation network formed, the cuboidal γ′ precipitates 
disappeared. Once the rafted structure had developed 
completely, its morphology remained almost unchanged as the 
thermal exposure time was prolonged. 

  Fig. 3:  Volume fraction of γ′ phase (a) and dimension of γ and γ′ phases (b) after thermal exposure at 1,070 ºC for different times
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  Fig. 4:  Dislocation morphology of DD11 after thermal exposure at 1,070 ºC for different times: (a) 50 h; 
(b) 200 h; (c) 500 h; (d) 3,000 h. B = [001], g = 020

2.2 Stress rupture properties
The stress rupture lives at 1,070ºC/140MPa of DD11 subjected 
to long-term thermal exposure at 1,070 ºC for different times 
are shown in Fig. 5. The rupture life increased significantly 
after short exposure for 50 h but dropped dramatically when the 
exposure time was prolonged to 500 h, and decreased slowly 
after exposure for further extended times. The stress rupture 
fractures are shown in Fig. 6. The rupture surfaces are mainly 
characterized by square-shaped dimples, which indicate that the 
samples displayed an almost ductile fracture mode consisting of 
square-like facets parallel {100} planes. 

The mechanical properties of Ni-based single-crystal are 
affected by the size and morphology of γ′ precipitate. It has 
been shown that the optimum γ′ size leads to the best high-
temperature strengthening of Ni-based superalloys with the γ/γ′ 
two-phase microstructure with cuboidal γ′ precipitates, because 
γ′ sizes that are too small or too large would favor Orowan 
looping or the precipitate shearing mechanism, respectively[15]. 
During thermal exposure, the average size of the γ′ precipitate 
increased gradually from 370 nm after full heat treatment to 
450 nm after 50 h, and the γ′ precipitate remained cuboidal. The 
cuboidal γ′ precipitates with slightly increased size are probably 
the reason for the best stress rupture properties observed in 
DD11 after 50 h of thermal exposure. With the prolongation of 
the exposure time, the width of γ channels increased gradually 

and the morphology of cuboidal precipitates gradually changed 
into a rafting structure.

The changes of the precipitate size and the matrix channel 
width have several effects on the mechanical properties. The 
precipitates are still coherent with the cuboidal morphology, and 
the coarsening plate-like structure indicates a loss of coherency 
at the γ/γ′ interfaces and a subsequent reduction of the misfit 
stress, so the precipitation phase strengthening effect is reduced. 

  Fig. 5:  Stress rupture lives at 1,070ºC/140 MPa of DD11 after 
subjected to thermal exposure at 1,070 ºC for different 
times 
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The precipitate shearing process becomes easier with the 
release of misfit stress[16]. The Orowan threshold τ is inversely 
proportional to the channel width:

 
                          

where G is the shear modulus, B is the Burgers vector, λ is the 
largest channel dimension in the slip plane, and h is the actual 
matrix channel width along the cube direction. It implies that the 
stress for the dislocation to pass through γ channel would reduce 
as the γ channel width increases, so a decrease of Orowan stress 
will occur during coarsening and lead to an increased matrix 
slip rate. Therefore, the stress rupture lives degraded with 
the coarsening of γ′ particles and widening of the γ channel 
after thermal exposure for 50 to 500 h, while later, the stress 
rupture properties dropped very slowly since the coarsening 
microstructure was approximately stable.

3 Conclusions
   (1) The γ/γ′ two-phase microstructure of single-crystal 
superalloy DD11 gradually coarsened under thermal exposure 
at 1,070 ºC from 20 to 3,000 h. The cuboidal γ′ precipitates 
remained cuboidal after thermal exposure for 50 h and then 
gradually changed into an irregular raft-like morphology 
by particle coalescence. After thermal exposure for 500 h 

and longer, the morphology of the microstructure remained 
approximately stable.

(2) The stress rupture lives of DD11 under conditions of 
1,070 °C and 140 MPa firstly increased after a short exposure 
time of 50 h, and then decreased significantly with prolongation 
of the exposure time to 500 h, followed by a slow decrease as 
thermal exposure time extended from 500 to 3,000 h. 

(3) After thermal exposure at 1,070 °C, the stress rupture 
lives did not decline when the γ′ remained cuboidal but dropped 
along with the γ′ precipitates coarsening process. After the rafted 
microstructures had formed completely, the stress rupture lives 
degraded very slowly. 
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