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Abstract 

The effects of microstructure on the creep behavior in a new developed Ni-Co 

base superalloy were investigated and two microstructures were obtained by different 

heat treatments. The results show that the air cooling microstructure, consisting of 

large spherical  and small spherical , resulted in a slow creep rate and small creep 

strain. While the slow cooling microstructure, consisting of large flowery and small 

spherical , resulted in a fast creep rate and large creep strain. The  channel and 

morphology are two main factors for these differences, the large  channel and 

flowery  in the slow cooling microstructure causing the dislocations slip easily in the 

 matrix and cut into the precipitates with low stress.  

Keywords: Microstructure; creep behavior; superalloy  

1 Introduction 

The newly developed Ni-Co base superalloy is designed to mainly use in aero 

engine and the gas turbine disk. The disc rotors in the high pressure compressor 

accommodate higher temperatures and stresses. Therefore, the alloy must possess the 

inherent capacity to retain strength and resistance to creep, while the creep resistance 

is an important performance index for this alloy. 

Alloy composition and microstructure are two important factors that determine the 

creep resistance of a polycrystalline Ni-base disk superalloy. Yuan et al. has 

investigated the effect of alloy composition on the creep mechanism at intermediate 

temperature in the newly developed Ni-Co base superalloys [1-3]. Their results 

indicate that Co content affect the stacking faults energy effectively. With higher Co 

content, the stacking fault energy is lower leading to a high density of deforming twin 
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in the deformation microstructure, which can improve the mechanical properties. 

Besides alloy composition, the mechanical properties of Ni-base superalloys are 

influenced by the size scale and distribution of theprecipitates, which is the prime 

strengthening constituent in Ni-base superalloys. The effect of  distribution on the 

creep deformation has been investigated by Locq et al. in NR3 at 700 C and 500, 650 

MPa [4]. The results show that the creep rate is much more rapid with a monomodal  

size distribution and it deforms by way of a/2<110> dislocation in a climb/bypass 

mechanism. While the bimodal  microstructure is more resistant and it deforms 

through precipitate shearing. Viswanathan et al. have studied the effect of cooling rate 

on the creep deformation in Rene DT88 [5]. Results shows that slow cooled 

microstructure results in an isolated faulting deformation mode. While the faster 

cooled microstructure resulted in micro twinning deformation mode and corresponded 

to a much more creep resistant microstructure. Thus, the creep properties can be 

improved by modification of the  precipitate microstructure, which is directly 

determined by the heat treatment [6-9]. 

According to previous studies, microstructure plays a major role in determining 

the creep properties and the deformation mode. Therefore, it is important to study the 

effect of microstructure on the creep properties in order to get more creep resistant 

microstructure in the newly developed Ni-Co based superalloy. 

2 Experiments 

The mother ingot of Ni-Co based superalloy with chemical composition listed in 

Table 1 was prepared by vacuum induction melting (VIM) followed by hot extrusion. 

The hot extrusion was produced at 1140C with extrusion ratio of 5.3. After extrusion 

the alloy was subject to two different heat-treatments to get different microstructures. 

One was1170 ºC /4h /AC +1080 ºC /4h /AC+845 ºC /24h /AC + 760 ºC /16h /AC to 

get bimodal spherical. The other one was1170 ºC /4h /5 C/min +845 ºC /24h /AC + 

760 ºC /16h /AC. In this heat treatment schedule the cooling rate was controlled at 5 

C/min after solution to get large . The specimens for creep tests were cut from the 

heat treated bars with a gauge length of 25 mm the diameter of 5 mm. Constant-load 

tensile creep tests were done at 760 C and 630 MPa. The samples for optical 
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microscope (OM) observations were etched in a solution of modified Kalling reagent. 

Polished samples for scanning electron microscope (SEM) observations were 

electronically etched in 17 ml H2O 1 ml glacial acetic acid and 2 ml nitric acid 

solution at 1.5 V for 30 s. Foils for transmission electron microscopy (TEM) 

observations were prepared by twin-jet thinning technique using a solution of 10 ml 

perchloric acid and 90 ml alcohol, at a voltage of 20 V, current of 15 mA and 

temperature of -20 ºC. 

3 Results 

3.1 Microstructure before creep 

Fig. 1 shows the optical microstructure of the alloy after heat-treatment. In order 

to dissolve all the  into the matrix, the solution temperature is higher than the  

melting temperature (C). Therefore the grains grow quickly into a large size 

(400 m) for lack of the precipitate impediment. 

Fig. 2 shows SEM image of the samples after different cooling rates. Some MC 

carbides are still in the grain after both heat treatment schedules. The grain boundary 

is plain after air cooling, while it is serrate after slow cooling as shown in Fig. 2 and 

Fig. 3. Previous investigation shows that the degree of the grain boundary serrations is 

function of the cooling rate. Decreasing the cooling rates results in an increase in the 

amplitude of serration and our observation is consistent with previous reports. Fan 

type is found along the grain boundary in the sample subjected to slow cooling as 

shown in Fig.3. Fig. 4(a) shows the  morphology in the sample after air cooling. The 

large spherical  precipitated during air cooling after solution and grew during aging 

at 1080 C. The small spherical  precipitated during cooling from 1080 C and then 

grew when aged at low temperature. The mean diameter of the large spherical  is 

400 nm; and the mean diameter of the small spherical  is 60 nm. Fig. 4(b) shows the 

 morphology in the sample after slow cooling. The large flowery formed during 

slow cooling after solution and the small spherical formed at low temperature and 

grew during aging. Obviously, the  matrix channel between  precipitates is small in 

the sample subjected to air cooling; by contrast, the  matrix channel is large in the 

sample subjected to slow cooling. To sum up, the grain size is similar but the shape of 



4 
 

the grain boundary and the  morphology and distribution are different after two heat 

treatments. 

3.2 Creep curves 

Fig. 5 illustrates the creep curves of the alloy subjected to air cooling and slow 

cooling at 760 C/ 630 MPa. Fig. 5 shows that the primary stages are short after both 

heat treatments. Most of the creep strain is accumulated during the accelerating creep 

stage, however, the creep strain of the alloy after slow cooling increased more rapidly 

than the one after air cooling. In another word, the creep rate in the alloy after slow 

cooling is larger than the alloy after air cooling. Therefore, the creep life of the alloy 

after slow cooling (25 h) is a little shorter than that of after air cooling (32 h), while 

the alloy after slow cooling possess a larger creep strain (ruptured at 25.9%) than that 

of after air cooling (rupture at 10.6%).  

3.3 The microstructure after creep 

Fig. 6 shows the fractograph of the samples after creep rupture. Fig. 6(a) and (b) 

are the fractograph of the samples subjected to air cooling. Faceted-cleavage is 

observed as the arrow shows in Fig. 6(a), while river pattern and small quantity of 

dimples are all observed from Fig. 6(b). Complete dimple-ductile fracture is observed 

in the sample subjected to slow cooling from Fig. 6(c) and (d) in which the dimple 

size is nearly 4 m. In a word, from the fractograph observation, the fracture type of 

the alloys is different: a quasi-cleavage type fracture in the sample after air cooling 

and a complete dimple-ductile fracture in the sample after slow cooling. 

Fig. 7 shows the creep deformation microstructure after rupture in the sample 

with air cooling. Fig. 7 (a) is the bright file (BF) image and Fig. 7 (b) is the dark field 

(DF) image in which the selected area diffraction patterns (SADP) is inserted. 

Dislocations pileup around the , stacking faults and microtwin are found from Fig. 7 

(a). It seems that stacking faults formed only in  and microtwin formed continuously 

in the  and  matrix. Fig. 7 (b) shows the dark field image of the microtwin in which 

the microtwin density is higher than in the bright field image and the microtwins are 

observed mainly in  phase. 

Fig. 8 shows the creep deformation microstructure after rupture in the sample 



5 
 

with slow cooling. It can be seen from Fig. 8 (a) the dislocation density is very high in 

the sample. Besides the high density dislocation, stacking faults and microtwin are 

also found. The dislocations mainly pile up around the phase while the stacking 

faults and the micro twin continuously penetrate the  phase and the  matrix. It can 

be seen that the density of stacking faults and microtwin are very high in  

precipitates from Fig. 8 (b). Since the orientations of stacking faults and the micro 

twin are different there must be two more slip systems started.  

4 Discussions 

4.1 Effects of the grain boundary  

The grain boundary structure is important in determining many mechanical 

properties, in particular creep and intergranular crack growth [10-12]. From Fig. 2 and 

Fig. 3 it can be seen that the grain boundaries are serrated after slow cooling. It has 

been reported that this serrated grain boundary has superior creep damage tolerance 

compared to planar grain boundaries [11,13,14]. For the serrated grain boundaries are 

more resistant to the intergranular damage mechanisms. In addition, the formation of 

the serration reduced the local misorientation between grains. Grain boundary 

misoriention can be described by the Coincident Site Lattice (CSL) model in which 

the  number is the reciprocal density of common lattice point along the grain 

boundary. Lower  orientations, often referred to as ‘special’ boundary, are known to 

have much lower energy and diffusive [15]. And growing evidence shows that 

increasing the fraction of low--oriented boundaries improves creep properties. Low 

 boundaries are more effective dislocation barriers causing an increase in the 

matrix-dislocation density and an increase in the internal stress, thereby lower the 

effective stress [15-17]. Although, lots of evidences show that the serrate grain 

boundaries are conducive to improving the creep properties, the creep rupture life is 

still lower in the sampler after slow cooling with serrated grain boundaries. From Fig. 

1 it can be seen that the grain size in the sample is as large as 400 m, and the gauge’s 

diameter of the creep sample is only 5 mm. Therefore, the grain boundaries have no 

significant effect on the creep properties, while the width of the channel and the  

morphology are the main reasons for the difference of creep properties [18]. 
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4.2 Effect of the  channel width 

Previous studies show that the volume fraction of the small tertiary  is important 

for the creep properties of the PM superalloys such as NR3 and Rene DT88 [4, 5, 19]. 

Actually, the volume fraction of the tertiary  affects the  channel width which 

determines the mode of the matrix dislocation propagation. It influences in particular 

the value of the Orowan stress required to bow out and therefore to propagate the 

dislocations between the  precipitates. The Orowan stress or can be described as 

following equation: 

or =2 /T bL          (1) 

Where b is the Burgers vector, T is the line tension of the bowing dislocation and L is 

the  channel width. It shows that the Orowan stress is inversely proportional to the 

channel width. In case of the  channel width is not too small, the a/2<110> 

dislocation can bow and bypass the  precipitates. On the other hand, when the 

channel width is too small the Orowan stress is very high; as a result, the 

dislocations must enter into the  particles where they dissociate according to 

following reaction. 

[110] [112] [211]
2 6 3

a a a
SISF         (2) 

Therefore, when the channel width is small, it is difficult for the dislocations to 

move through the corresponding microstructure. As Fig. 4 shows the volume fraction 

of small  is very high after air cooling and the  channel width is small in this 

sample, however, the volume fraction of small  is low after slow cooling and the  

channel width is large. According to above analysis, when the  channel width is small 

dislocations will cut into the precipitates for the high Orowan stress, leading to low 

creep rate and small creep strain. While the  channel is large dislocations can slip in 

the matrix and bypass the precipitates easily, thus the creep rate is high and the 

creep strain is large in the sample after slow cooling. 

4.3 Effect of the morphology  

In the precipitation hardening alloys, the strengthening mechanisms are affected 

by coherency strains, interfacial energy and morphology, lattice friction stress. Mott 
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and Nabarro [20] recognize that the strain field resulting from the mismatch between 

precipitates and the matrix would be a source of strengthening. The strengthening 

stress is given by

=2 fG           (3) 

Where f is the volume fraction of the precipitates and  is the measure of the stain 

field which is influenced by the mismatch between precipitates and the matrix. It is 

common for a coherent precipitates to lose coherency when the particle grows to a 

critical size. According to Grosdidier et al [21-23] investigation in single nickel based 

superalloy when the  grow into dendrite morphology the  loss coherency with the 

matrix to make a smoother interface. It is reasonable to consider the flowery  in the 

sample after slow cooling lose coherency with  matrix. Therefore the strengthening 

stress caused by the strain field from misfit between  and  matrix is disappeared. 

Thus dislocations can cut into the flowery  more easily than the spherical , just as 

Fig. 7 and Fig. 8 shows. As a result, the creep rate is higher and the creep strain is 

larger in the sample after slow cooling. Therefore, the morphology and size should 

be controlled in order to lower the creep rate.  

Conclusion 

The creep test of the new developed Ni-Co base superalloy after two different 

heat treatments were conducted at 760 C 630 MPa. The effect of heat treatment on 

the creep performance was discussed and following conclusions were drawn: 

(1) The air cooling microstructure, consisting of large spherical  and small 

spherical , resulted in a slow creep rate and small creep strain. While the 

slow cooling microstructure, consisting of large flowery and small 

spherical , resulted in a fast creep rate and large creep strain. 

(2) The  matrix channel width and the morphology are two main factors for 

the differences in creep behavior. When the  channel is large in the slow 

cooling sample, the dislocations slip and by pass easily, resulting a high creep 

rate and large creep strain and vice versa for the air cooling sample. 

(3) When the  grow into flowery morphology, it loss coherency with the 

matrix. The strengthening from the strain field resulting from the mismatch 
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between  and  matrix is disappeared, dislocation cutting into flowery  is 

more easily than the spherical one.  
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Figure captions 

Fig. 1 Optical micrographs of heat-treated microstructure (a) Air cooling; (b) slow 

cooling 

Fig. 2 SEM image of grain boundaries after heat treatment (a) Air cooling; (b) slow 

cooling 

Fig. 3 the fan  along the grain boundary during slow cooling 

Fig. 4  morphology after heat treatment (a) Air cooling; (b) slow cooling 

Fig. 5 Creep curves showing plastic strain versus time for the test conditions. 

Fig. 6 Fractograph after rupture; (a, b) Air cooling; (c, d) slow cooling 

Fig. 7 The deformation microstructure after creep rupture in the alloy with air cooling 

Fig. 8 The deformation microstructure after creep rupture in the alloy with slow 

cooling  

Fig. 1 Optical micrographs of heat-treatedmicrostructure 

(a) Air cooling; (b) slow cooling 
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Fig. 2 SEM image of grain boundaries after heat treatment 

(a) Air cooling; (b) slow cooling 

 

Fig. 3 the fan  along the grain boundary during slow cooling 

 

 

 

 

Fig. 4  morphology after heat treatment 

(a) Air cooling; (b) slow cooling 
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Fig.5 Creep curves showing plastic strain versus time for the test conditions. 

 

 

 

 

 

 

 



13 
 

 

 

 

Fig. 6 Fractograph after rupture; (a, b) Air cooling; (c, d) slow cooling 

 

 

 

 

Fig. 7 The deformation microstructure after creep rupture in the alloy with air 

cooling  
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Fig. 8 The deformation microstructure after creep rupture in the alloy with slow 

cooling  

 

 

 

Table 1 Nominal composition of Ni-Co basedsuperalloy (mass fraction, %) 

 

 

 

 

 

Cr Co Mo Ti Al Fe C Zr Ni 

14.6 20.5 3.7 5.7 1.9 0.26 0.03 0.05 Bal. 




