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Abstract
This paper focuses on the influence of crystallographic orientation on creep resistance of CMSX-4 nickel-based 
superalloy. The single-crystal rods of CMSX-4 superalloy were manufactured with the use of the Bridgman method at a 
withdrawal rate of 3 mm/min. The crystallographic orientation of the rods was determined by the X-ray Ω-scan method 
with OD-EFG diffractometer and the Laue back-reflection technique. The creep tests were performed at a temperature 
of 982°C and the value of stress σ = 248 MPa. Microstructural investigation before and after the creep test of CMSX-4 
superalloy was performed using a scanning electron microscope. The results showed that the distribution of the values 
of α angle strongly affects the creep resistance of a single-crystal superalloy.
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1. Introduction

The high-pressure turbine blades are the elements of a 
turbojet engine critical for flight safety. These parts are 
exposed to high temperatures, high static and variable 
stresses, and strong cyclic thermal loads during their 
operation. Hence, they should be characterized by very good 
mechanical properties, especially high creep resistance at a 
temperature below 1,170 °C. The single-crystal nickel-based 
superalloys are used for the production of high-pressure 
turbine blades. Elimination of grain boundaries in single-
crystal superalloys reduces the creep rate leading to an 
increase in the time of safe operation of the turbojet engine. 
Grain boundaries provide high diffusivity paths for vacancies 
during creep. Therefore, the elimination of grain boundaries 
has reduced grain boundary cavitation and cracking, resulting 
in significantly enhanced creep ductility [1–6].
Moreover, another important factor that determines the creep 
resistance of turbine blade is crystallographic orientation of 
a single crystal. The high creep strength of turbine blade 
requires that the direction of single-crystal withdrawal should 
be parallel or slightly deviated from [001] crystallographic 
direction (deviation angle a) (Figure 1). The high deviation 
angle of single-crystal casting leads to a decrease in its 
mechanical properties in longitudinal direction. Therefore, it 
is usually assumed that the value of the deviation angle a 
should be lower than 15° [1, 7–14].
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Figure 1. Deviation angle α between the direction of single-crystal 
withdrawal and [001] crystallographic direction [15].

The modern method of measurement of the deviation angle 
a, which was developed as an alternative to the Laue back-
reflection technique, is X-ray (Ω-scan method). Using a 
conventional X-ray source, the Ω-scan method gives more 
precise results for the crystal orientation of castings made from 
single-crystal superalloys [9, 16, 17]. In this study, the W-scan 
method was used to determine the value of the deviation angle 
a of single crystal made from commercial CMSX-4 nickel-based 
superalloy in the as-cast state. As well, the Laue back-reflection 
technique was applied for comparison. Furthermore, another 
purpose of the work was to evaluate the influence of the value 
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a on a surface perpendicular to the direction of withdrawal 
(specimen B) were determined using Laue back-reflection 
technique. The Laue X-ray diffraction was performed at the 
University of Silesia using X-ray diffractometer EFG XRT-
100. The values of deviation angle a of both specimens (A 
and B) were determined before the creep test. Evaluation 
of creep resistance of single-crystal rods was carried out 
at a temperature of 982  °C and stress s = 248 MPa in air, 
according to the ASTM E139 standard [18].
The creep test was performed using a Walter  +  Bai AG 
LFMZ—30 kN testing machine. The samples for creep tests 
were made from specimen A of single-crystal rods. Before and 
after the creep test, the microstructure of CMSX-4 superalloy 
was characterized using Hitachi S-3400N scanning electron 
microscope (SEM). The microstructure of the superalloy 
was revealed by chemical etching in 3  g MoO

3  +  100  mL 
HNO3 + 100 mL HCl + 100 mL H2O reagent.

3. Results and Discussion

Mapping of the values of deviation angle a of three single-
crystal rods on the surface parallel to the direction of withdrawal 
is shown in Figure 3, and extreme values of α angle for three 
rods are presented in Table 2. It was found that the values of 
angle a measured in different places on the parallel surface of 

of deviation angle a on creep behavior of single-crystal 
superalloy. In addition, the microstructural changes of the 
CMSX-4 superalloy after creep rupture are also described in 
this paper.

2. Material and Methods

Three single-crystal rods (I, II, and III) in the as-cast state 
made from CMSX-4 nickel-based superalloy (Table 1) 
were used in the experiment. The rods were obtained by 
the directional solidification process using the Bridgman 
method in a vacuum furnace ALD VIM-IC 2 E/DS/S.C. The 
withdrawal rate of single crystal from the furnace was 3 mm/
min. The manufacturing process was performed in the R&D 
Laboratory for Aerospace Materials of Rzeszow University of 
Technology.
Specimens were prepared from two fragments of single-
crystal rods (A and B specimens), which were cut along the 
direction of their withdrawal (Figure 2).
Specimen A was used to determine the values of deviation 
angle a of single-crystal rods in different places on the 
surface parallel to the direction of withdrawal. The values 
of deviation angle a of specimen A were determined by the 
X-ray W-scan method with OD-EFG diffractometer. The 
crystallographic orientation and values of deviation angle 

Table 1. The chemical composition of CMSX-4 single-crystal superalloy
Element content, wt.%

Cr Co Mo W Ta Al Ti Hf Re Ni

6.5 9 0.6 6 6.5 5.6 1 0.1 3 bal.

Figure 2. The sampling points of single-crystal rods made of CMSX-4 superalloy.
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The results obtained using the W-scan method and Laue X-ray 
diffraction were comparable. The Laue method confirmed that 
rod III is characterized by the smallest value of α angle (Table 
3). The crystallographic orientation of the tested rods was 
also determined by the Laue method. The rods II and III were 
characterized by [001] crystallographic direction, whereas rod 
I has main crystallographic direction [011] (Table 3 and Figure 
4).
The tested rods made of CMSX-4 superalloy demonstrate 
a substantial degree of creep properties anisotropy at a 
temperature of 982 °C and stress of 248 MPa (Figure 5).
Rod I had the longest time to rupture t = 133.5 h. However, 
rod III has been characterized by the highest creep strain at 
rupture e  =  33.7%. The crystallographic orientation studies 
show that the creep anisotropy existed between the two 

rods show some scatter for all tested specimens. The smallest 
values of angle a = 10.7° ̧  14.1° were measured for rod III, while 
the highest values of angle a = 27.1° ¸ 28.4° were measured 
for rod I. Furthermore, rod III is characterized by the biggest 
spread of values of deviation angle a between [001] direction 
and withdrawal direction of the rod (Table 2). However, it can 
also be observed that the values of α angle in rod III changed 
evenly along the length of the rod—from the smallest value 
(a = 14.1°) to the highest (a = 10.7°). In the case of rod I, the 
microvolumes were observed with large differences in values 
of α angle. The most homogeneous distribution of values of α 
angle was determined in rod I (Figure 3).
To compare the results obtained from the W-scan method, 
the Laue X-ray diffraction was performed on a flat surface of 
specimen B, which was cut from the tested rods (Figure 2). 

Figure 3. The values of a angle on the parallel surface of the tested rods made of CMSX-4 superalloy (specimen A): (a) rod I, (b) rod II, and 
(c) rod III.

Table 2. The values of deviation angle α determined by the X-ray Ω-scan method
rod I rod II rod III

Min (deg) Max (deg) Δ
(deg)

Min (deg) Max (deg) Δ
(deg)

Min (deg) Max (deg) Δ
(deg)

27.1 28.4 1.3 17.1 19.5 2.4 10.7 14.1 3.4

Table 3. The results of crystallographic orientation measurements carried out by the X-ray Laue back-reflection method.
rod I rod II rod III

Main crystallographic  direction [011] [001] [001]

Deviation angle α, deg 30.5 15.9 11.8
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perpendicular to the axis of the specimen (N-type rafting).
A large number of internal cracks were observed in the failed 
specimens below the fracture surface and a perpendicular 
direction to the fracture surface. The cracks were also formed 
in the interdendritic area (Figure 7). In the as-cast state of 
superalloy, porosity was also observed in the interdendritic 
area. Therefore, it is possible that cracks nucleated at pores. 
The propagation of cracks can be caused by the coalescence 
of creep-induced voids and casting pores. However, a 
significant difference in the amount of porosity in the tested 
rods before the creep test has not been observed during 
SEM investigation. After the creep test, the highest number 
of cracks was observed in rod II and the lowest number of 
cracks in rod I.

crystallographic directions [011] and [001] (Table 3). Rod I 
with [011] crystallographic orientation presents the superior 
time to creep rupture. However, the highest deformation 
during creep has been measured in rod III, which has 
crystallographic orientation [001]. From creep resistance, the 
ranking of crystallographic orientation for CMSX-4 superalloy 
is [111], [001], and [011] and depends on the temperature 
and the applied stress. Besides, the creep anisotropy can 
be attributed to different configurations of dislocation and the 
orientation dependence of the misfit and external stresses 
[19]. Probably, this creep anisotropy in tested rods does 
depend not only on the direction of crystal growth but also on 
distribution and difference in values of α angle.
The results of the SEM investigation of CMSX-4 superalloys 
before and after the creep test are shown in Figures 6 and 7. 
The microstructure of tested rods in the as-cast state consists 
of g’ phase precipitates in g matrix and (g + g’) eutectic in 
interdendritic areas (Figure 6).
The microstructure of CMSX-4 during creep deformation at 
a temperature below 950 °C undergoes three distinct stages 
of degradation: (i) coarsening of cuboidal precipitates of 
g′ phase, (ii) formation of transient type of microstructure 
composed of rafted and coarsened precipitates of g′ phase, 
and (iii) increase of fully rafted microstructure of superalloy. 
However, the coarsening of g′ precipitates and the increase 
of rafted microstructure are not homogeneous within the 
microstructure. The formation of spontaneous rafts is faster 
within the dendrite area than in the interdendritic area [20].
After the creep test, the microstructure of all single-crystal 
rods is completely rafted and somewhat coarsened (Figure 
7). The rafts of g′ phase are long and always oriented 

Figure 4. The images of Laue diffraction on a flat surface of tested rods made of CMSX-4 superalloy (specimen B): (a) rod I, (b) rod II, and 
(c) rod III.

Figure 5. Creep behavior of three single-crystal rods of CMSX-4 at 
982 °C/248 MPa.
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Figure 6. The SEM images of the microstructure of dendrite (a–c) and interdendritic areas (d–f) of tested rods made of CMSX-4 superalloy 
before creep test: (a, d) rod I; (b, e) rod II; and (d, f) rod III.

Figure 7. The SEM images of the microstructure of dendrite (a–c) and interdendritic areas (d–f) of tested rods made of CMSX-4 superalloy 
after creep test: (a, d) rod I; (b, e) rod II; and (d, f) rod III.
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4. Conclusion

The analysis of measurement results obtained by the W-scan 
method and Laue X-ray diffraction showed a significant effect 
of the character of the distribution of values of deviation 
angle a on creep resistance of single-crystal CMSX-4 
superalloy. It was found that the homogeneous distribution 
of the value of a angle on the surface parallel to the direction 
of withdrawal increased the time to creep rupture. The rod 
I exhibited the most homogeneous distribution of values 
of α angle, but with a much higher value of α angle, and 
a long time to rupture. Therefore, it can be concluded that 
the presence of areas with a large difference in the values 
of angle a reduces the creep resistance of the single-crystal 
superalloy (rod II). Moreover, the rod III was characterized 
by [011] crystallographic orientation, whereas the rest of the 
rods had main crystallographic orientation [001]. Therefore, 
the distribution of the values of a angle has a greater impact 
on creep behavior of single-crystal superalloy than the value 
of a angle or the direction of crystal growth.
The SEM investigation of rods shows that the microstructure 
of CMSX-4 superalloys has been changed during creep 
deformation. The g′ phase has been perpendicularly rafted 
to the axis of samples (N-type rafting). Moreover, the internal 
cracks are also formed in the failed specimens. The lowest 
amount of internal cracks was observed in rod I, which was 
characterized by the most homogeneous distribution of 
values of angle a.
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