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Abstract: To increase efficiency and improve performance, reducing cost and emissions, advanced single crystal Ni-based 
superalloys are required in aerospace propulsion and power generating gas turbines. With the development of alloy, significant 
improvements in casting techniques have been achieved by introducing the directionally solidified (DS) casting process followed by 
single crystal (SX) technique. The deviation of preferred orientation of single crystal superalloys is one of the most important defects 
in casting. In directional solidification equipment with high temperature gradient, single crystal specimens of DZ417G alloy were 
prepared successfully by the modified Bridgeman method with spiral grain selector. The orientation was investigated by means of 
X-ray diffraction (XRD) and electron backscattered diffraction (EBSD).The results show that the crystal selector with a smaller angle 
can effectively reduce the deviation of preferred orientation. 
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1 Introduction 
 

Aero-engine turbine blades sit in the severe 
environment behind the combustor and rotate at high 
speed in order to extract energy from the high 
temperature gas stream. The need to achieve increased 
efficiency and performance, while reducing cost and 
emissions, in aerospace propulsion and power generating 
gas turbines requires advanced single crystal Ni-based 
superalloys [1−3]. With the development of alloy, 
significant improvements in casting techniques have 
been achieved over the last 30 years by introducing the 
directionally solidified (DS) casting process followed by 
single crystal (SX) technique [4]. However, newer 
generation single crystal alloys exhibit increased levels 
of solidification segregation which leads to the formation 
of casting defects. The transition from DS to SX was 
achieved by introducing a crystal selector which consists 
of two parts, a starter block referring to the grain 
orientation optimization and a spiral part to ensure that 

only one grain can eventually survive and grow into the 
blade. 

Recently, it was found that the mechanical 
properties of the Ni-based superalloys are not isotropic 
[5]. For instance, blades with [001] crystal index have 
higher temperature creep strength compared with those 
with [011] or [111] index. During the growth of grains, 
the preferred growth direction is known to be [001]. The 
goal of single crystal casting is to align the [001] single 
crystals along the length of the turbine blade. However, 
this unidirectional process does not always assemble 
such turbine blades. The deviation of preferred 
orientation of single crystal superalloys from [001] often 
happens and it becomes one of the most important 
defects. In general, the product with less 10° deviation of 
preferred orientation is judged to be well oriented [6]. A 
process model is described, which is based upon a 
thermal analysis of the heat transfer occurring in a 
commercial casting furnace, and a cellular-automaton 
model for competitive dendrite growth [7,8]. But there 
are several reports about the experiment. In order to get a  
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smaller deviation of preferred orientation, the angle of 
the crystal selector and the length of the spiral part were 
studied by experiment. 
 
2 Experimental 
 

Experiment was carried out in a home-made 
vacuum directional solidification furnace [9]. The 
schematic is shown in Fig. 1. In the experiment, the 
DZ417G alloy was used, with composition (mass 
fraction, %): C 0.18, Cr 8.96, Mo 3.08, Co 9.72, V 0.86, 
B 0.015, A1 5.41, Ti 4.50, Fe 0.23, P 0.002, S 0.002,   
Si 0.04, Mn 0.05 and the balance Ni. The shell mold 
which contained six ingots was made of the corundum. 
The six ingots were divided into two groups. Each group 
had three ingots with different angles (30°, 45° and 60°) 
of the selector. The difference between two groups was 
the length of the crystal selector: one was 15 mm and the 
other was 30 mm. The melt of alloy was heated and hold 
at 1 520 °C and the withdrawing rate was 1.5 mm/min. 
The macro-corrosion reagent was H2O2 (1.5 mL) + HCl 
(5 mL, 36.5%). Electron backscattered diffraction 
(EBSD) and X-ray diffraction (XRD) were used to detect 
the grain orientation. 
 

 
Fig. 1 Schematic of vacuum unidirectional solidification 
furnace 
 
3 Result and discussion 
 

The ingots were eroded by the macro-corrosion 
reagent for the macro-structure analysis and their 
macro-structure is shown in Fig. 2. The grain orientation 
was measured by EBSD and XRD. In order to facilitate 
the study, the ingots were marked from No. 1 to No. 6. 
The length of crystal selector of samples 1, 2 and 3 was 
30 mm, and the length of samples 4, 5 and 6 was 15 mm. 
The angle of the selector for samples No.1 and 4 was 30°, 
No. 2 and 5 was 45°, No. 3 and 6 was 60°. All ingots 
were metallurgical single crystals and no grain boundary 
on surface could be found, as shown in Fig. 2. 

The pole figures of samples for XRD analysis are 
shown in Fig. 3. It is found that not all of the ingots are 
physical single crystals, the Sample 4 has two grains and 

 

 
Fig. 2 Macro pictures of ingots after corrosion 
 
samples 3 and 5 have polycrystalline trend. HU et al [10] 
suggested that, only when the length of grain selection 
device is longer than 20 mm, the selector can play the 
role in the crystal selection and the unwanted grains can 
be eliminated. The length of spiral part of samples 4, 5 
and 6 is 15 mm. It is shorter than the length suggested by 
HU et al (20 mm) [10], so the polycrystal and 
polycrystalline trend happened. In order to obtain the 
single crystal, the crystal selector with different angles 
needs an optimum length of the spiral part which is 
related to the angle of grain selector. 

In spiral geometries [11], when the angle of grain 
selector (α) is small, there is a little chance that the grain 
selection would take place in the channel of selector. In 
this case, almost all grains disappear at the wall of grain 
selector. On the other hand, when α is large, the grain 
selection may take place in the channel; however, the 
selector can not efficiently eliminate the badly oriented 
grains at the wall of the grain selector and guarantee the 
existence of only one grain. In this study, the angles used 
are 30°, 45° and 60°, which are not too large or too small. 
So, we can prepare single crystals in the three angles. 

But all the single crystals that we got have a 
deviation of preferred orientation. The inverse pole 
figures of ingots obtained by EBSD are shown in Fig. 4. 
After calculation, the angles deviated from preferred 
orientation [001] are listed in Table 1. Only Sample 1, 
which had a deviation of preferred orientation [001] less 
than 10°, was judged to be well oriented. 

Almost all the simulations show the spiral grain 
selector can quickly but randomly select one grain with 
no optimization on the grain orientations [12−15]. But it 
needs a large amount of experiments to prove. Our 
present experiments find that there may be some relation 
between the angle and the grain orientations. 

In conclusion, there is an appropriate angle of grain 
selector to get optimal orientation. From the result, we 
can see that the crystal selector with a smaller angle can 
effectively reduce the deviation of preferred orientation. 
In this study, the appropriate angle of grain selector is 
around 30°. 
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Fig. 3 Pole figures of six ingots: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6 
 

 
Fig. 4 Inverse pole figures of six ingots: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6 
 
Table 1 Angle deviated from preferred orientation [001] of 
samples 1−6 

Angle deviate/(°) 
Sample No. 

XRD EBSD 

1 9 6 

2 12 14 

3 12 17 

4 9/15 19 

5 18 17 

6 12 17 

 
4 Conclusions 
 

1) The spiral of the crystal selector possesses the 
great influence on crystal orientation of single crystal 
blade prepared by the high rapid solidification. 

2) In order to obtain the single crystal with a smaller 
deviation of preferred orientation, the length of the spiral 
part must be longer than 20 mm and the optimum length 
is related to the angle of grain selector. 

3) The crystal selector with a smaller angle can 
effectively reduce the deviation of preferred orientation. 
The appropriate angle of grain selector to get optimal 
orientation is found to be around 30°. 
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摘  要：对于航天推进和发电燃气轮机，为了实现更高的效率和性能并同时降低成本和排放，需要发展先进的镍

基单晶高温合金。随着合金的发展，合金的铸造技术已经从定向凝固(DS)发展到单晶(SX)。单晶取向与择优取向

的偏差已经成为单晶高温合金最重要的铸造缺陷之一。在自行设计的高温度梯度定向凝固装置中，采用改进的

Bridgeman 法，用螺旋选晶器拉制出 DZ417G 合金的单晶。使用 XRD 和 EBSD 对其取向进行分析研究。 结果表

明：较小角度的螺旋选晶器可以有效地减少单晶取向与择优取向的偏差。 

关键词：镍基高温合金；定向凝固；单晶高温合金；晶粒取向；螺旋选晶器 
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