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Abstract. The occurrence of high temperatures in combustion chambers of jet engines and gas 

turbines has led to the demand for new technologies and new materials for the manufacture of one 

of the most critical elements of these systems - the turbine blades. These elements have to withstand 

extreme temperatures for extended periods without loss of mechanical strength, conditions under 

which many alloys fail. Such failure is ascribed to the combination of high temperatures and high 

centrifugal forces, resulting in creep. This is especially prevalent in multi-crystalline structures in 

which grain boundaries present weaknesses in the structure. High temperature resistant alloys 

formed as single crystal (SX) structures offer the necessary material properties for safe performance 

under such extreme conditions. 

 

Modelling and simulation techniques were first used to study the directional solidification (DS) of 

crystal structures during vacuum investment casting. These models allowed the study of the 

dendritic growth rate, the formation of new grains ahead of the solid/liquid interface and the 

morphology of the dendritic microstructure. These studies indicated the opportunity to optimise the 

velocity of the solidification front (solidification rate) for single crystal structures. 

 

The aim of this study was therefore to investigate the effect of the solidification rate on the quality 

of SX castings. The investigations were carried out for nickel-based superalloy CMSX-4 turbine 

blade casts and rods using the Bridgman process for vacuum investment casting. 

 

1. Introduction 

 

Superalloys allow the production of components with superior properties of strength, creep and 

oxidation resistance at elevated temperatures. Compared to other alloys, Ni-based superalloys 

provide the best durability and strength at high temperatures, more particularly at operating 

temperatures of up to 1100 
0
C [1-4]. 

 

Single crystal (SX) castings are produced using techniques similar to those used for directionally 

solidified castings, with one important difference: a method of selecting a single, properly 

orientated grain. In this study, the spiral selector (helix) technique is used, which is based on the 

selection of one crystal from a set of columnar grains with low-modulus [001] texture orientation to 

the solidification direction. The spiral selector is connected to a starter and a cast. The starter is 

located at the chill plate, from which the process of nucleation and dendrite growth in the direction 

of heat flow takes place. The selected grain eventually fills the mould cavity [5-7]. 
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2. Experimental Procedure 

 

The second generation SX  Ni-based superalloy, CMSX-4, was used in the  experiments. The 

chemical composition of CMSX-4 is given in Table 1. The directional solidification of the single 

crystal turbine blades were performed using the Bridgman method, in a VIMIC 2 E – DS/SX 

vacuum casting system manufactured by ALD Vacuum Technologies, located at the Laboratory for 

Aerospace Materials, Rzeszów University of Technology. 

 

Table 1. Nominal compositions of CMSX-4 

Elements Cr Co Mo W Ta Re Al Ti Hf Ni 

Weight % 6.5 9.0 0.6 6.0 6.5 3.0 5.6 1.0 0.10 balance 

 

The molten alloy is poured into a hot ceramic mould at a temperature of approximately 1520˚C, 
which is maintained by radiation heating in the furnace. A water-cooled copper chill plate is located 

at the bottom to initiate the solidification. During solidification, the solid-liquid growth front can be 

controlled through heat flow in the mould. 

 

By slowly withdrawing the mould out of the furnace, metal solidifies directionally from bottom to 

top, producing either large, columnar grains or a single crystal structure, elongated in the direction 

of withdrawal. The grain selector, which is added at the base of the mould, allows only one grain 

with a preferred orientation to eventually survive at the top of the grain selector and grow into the 

main body of the turbine blade. The resulting casting will be free of high angle grain boundaries, 

which are preferential sites for crack initiation, dramatically improving the creep resistance of the 

castings. 

 

For the experimental analysis, three wax pattern models were deployed, each one having two 

turbine blades with different configurations of blade and grain selector with starter block (turbine 

blade 1 and turbine blade 2, Fig. 1). Additional wax models of 1 rod (diameter 12mm) with 

thermocouples and 3 rods without thermocouples were deployed for mechanical and microstructural 

investigations. 

 

 
(a) (b) 

Figure 1. (a) Wax models of blades with different geometry, and (b) and thermocouples locations 

in the mould. 

 

The temperature measurements for the castings were recorded during the solidification and the 

remaining part of the cooling cycle. The results obtained were used as a basis for verification of 

imposed boundary conditions, heat coefficients physical materials factors, nucleation and grains 

growth coefficients that were used in the numerical simulations. 
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A methodology for cast temperature measurement was developed. Type B thermocouples (PtRh30, 

PtRh6) with a diameter of 0.2 mm were used. The junctions of the thermocouples were secured 

against the influence of the liquid alloy by placing them inside the one-hole shields with an outer 

diameter of 1.5 mm. The temperature was measured at six points in the cast rod, the corresponding 

thermocouples placed at different positions in the ceramic shell mould (Fig. 1b). The thermocouple 

wires, which were outside the mould, were placed inside two-hole ceramic shields to protect the 

thermocouple wires against carbon degradation. 

 

The wax patterns (Fig. 2a) were used for manufacturing the multilayer ceramic shell moulds (Fig. 

2b). The average thickness of the ceramic shell mould wall was approximately 10 mm. 

 

The 4 kg material load was inductively melted. Its solidification process was conducted in vacuum. 

The ceramic shell mould was placed on the chill plate and annealed in the heated space of the 

furnace, at a temperature of 1793K (1520C). The moulds were filled with the CMSX-4 nickel 

superalloy at the temperature of 1793K (1520C). After pouring, the moulds were shifted from the 

heated space to the cooled space of the furnace. Three different production cycles were undertaken, 

each with different withdrawal velocities (vw = 1; vw = 3; and vw = 5 mm/min). 

 

   

a) b) c) 

Figure 2. Wax pattern with blades and rods (a), ceramic shell mould with thermocouples (b) and the 

casting after removal of the ceramic shell and sandblasting (c). 
 

As mentioned before, different configurations of turbine blades ware produced to better understand 

the process of solidification and to investigate casting defects. 
 

3. Results and discussion 

 

3.1 Numerical Simulation 
Casting simulations needed to provide temperature distribution were performed for the different 

turbine blade configurations using ProCAST simulation software. The simulation results for the 

solidification process and shape of the mushy zone are shown in Fig. 3. For blade 2, the 

solidification front is not so regular, and in one region, a new grain is developed at some angle. For 

blade 1, the solidification front is more stable without creating new grains, and is therefore more 

suitable for uniform solidification. These results indicate that the design (geometry and shape) of 

the turbine blade can significantly influence the quality of single crystal castings. Furthermore, the 

shape of the solid liquid interface depends on localisation of the turbine blades in the mould 

(perpendicularly or parallel to radius of the base of the pattern). 
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Figure 3. Solidification simulation in mushy zone for turbine blades (ProCAST simulation output) 
 

3.2 Temperature Gradient 
 

The temperature-time curves obtained from the experimental castings, as the one shown in Fig. 4, 

allows the calculation of temperature gradients at different heights in the casting rod. 
 

 
 

Figure 4. Thermal curves at different heights in casting rod for vw= 3 mm/min 

(thermocouples T1…T5). 
 

Table 2. Values of temperature gradient in the mushy zone for the different withdrawal velocities 

Withdrawal 

velocity vw 

(mm/min) 

Average temperature 

gradient (K/mm)  

in mushy zone for 

thermocouples 4-3 

Average temperature 

gradient (K/mm)  

in mushy zone for 

thermocouples 5-2 

1 2.4 No result 

3 1.7 1.4 

5 3.0 1.9 

 

High temperature gradients during single crystal solidification, however, can achieve finer dendrite 

arm spacing, reduced grain defects, and reduced element segregation. The temperature gradient 

ahead of the liquid/solid interface is a key parameter that assures sequential solidification along the 

axial direction and prevents equiaxed grains from occurring under constitutional undercooling in the 

melt. However, this does not necessarily guarantee the SX structure for the higher withdrawal 

velocities due to related casting defects that may arise. 
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3.3 Microstructural Analysis 
 

The three cast rods, cut at 3 different cross sections, were used to investigate the influence of 

withdrawal velocity and temperature gradient on the microstructure. Sections located at the top, 

middle and bottom were machined from as-solidified single crystal bars for dendrite analysis. 
 

 
Figure 5. Cross sections for samples 

 

The nine samples acquired from all the casting runs were prepared for metallographic examination 

and analysed using both Scanning Electron Microscopy (SEM) for analysis of single  crystal 

structure as well as Optical Microscopy (OP) for dendritic structure. Only the latter results are 

discussed in this paper. 
 

 
c) 

Figure 6. Dendritic microstructure observed in the lower part of the cast 
– withdrawal rate of: a) 1 mm/min, b) 3mm/min c) 5 mm/min. 

 

From the OP micrographs shown in Fig.6, it can be seen that the final microstructure and, hence, 

properties of the CMSX-4 superalloy samples are very sensitive to the thermal conditions present 

during solidification. Solidification is dendritic in character, and the primary and secondary 

dendrite arm spacing are dependent on the cooling rate (a function of withdrawal velocity R and 

thermal gradient G) [9-10]. 

 

3.4 Macrostructual Analysis 

 

The benefits of SX as opposed to conventionally cast and directionally solidified (DS) components 

critically depends on avoiding the introduction of casting defects, such as stray grains, freckles, or 

deviations from the required crystal orientation. 

Macrostructural analysis was conducted to examine casting defects on the surfaces of the turbine 

blades and casting rods. This also provides the opportunity to observe the nucleation and crystal 

growth (competition growth dendrites) in the starter blocks. 
 

The best macrostructural results were obtained for the case of withdrawal velocity 3 mm/min. At 1 

mm/min and 5 mm/min, casting defects, such as sliver, new grains on the surface and freckles, were 

discovered. All these casting defects can be caused by low temperature gradients and low/high 

solidification velocities. 

b) a) 
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3.5 Mechanical Creep Tests 

 

CMSX-4 superalloys are used for high temperature applications due to their good resistance to 

plastic deformation. The progressive deformation of a metal at constant stress is called creep. The 

creep test measures the dimensional changes which occur due to exposure to elevated-temperatures 

under load, while the stress rupture test measures the effect of temperature on the long time load- 

bearing characteristic. 

 

 

Figure 8. Samples for creep tests. 
 

Creep specimens with a diameter of 11.0 mm, a uniform gauge section of 25 mm and a total length 

of 70 mm, were prepared according to the shape described in ASTM Test Methods E8 (Fig 8). 

Creep strain test pieces of diameter 5.0 mm and gauge length 28 mm were machined from the 

CMSX-4 single crystal samples, in the form of 1 cm diameter cast rods. Creep strain testing was 

carried out using a 4.87 kN constant load creep testing machine (as per the British Standard UDC. 

The tests were performed in air at 982◦C under constant loads, using a lever system and a three- 

zone furnace, according to the recommendations made in ASTM Designation E: 139 (Standard test 

methods for conducting creep, creep-rupture, and stress rupture tests of metallic materials). 

Thermocouples attached to the samples were used to measure the temperature. 

 

The elongation creep equation is given by: 

 

Ax = ∆L/Lo 100% (1) 
 

where, Ax = elongation , %; ∆L = increase the gauge length, mm; ∆L = Lk-Lo, mm; Lo = initial 

gauge length, mm; Lk = final gauge length after the test, mm. 
 

The reduction of area is given by: 
 

Z = [1 – (dz/do)
2
] 100% (2) 

where, Z = reduction of area, %; do = initial gauge diameter, mm; dz = final gauge diameter at the 

fracture, mm. 

Table 3. Creep Results for CMSX-4 

Sample Sample ID Time to 

rupture (h) 

Time to 1 % 

creep 

elongation 

(h) 

Elongation 

creep, Ax % 

Total % 

creep 

elongation 

Reduction of 

area, % 

1.1 P1/12/121/05 98.52 23.1 54.0 50 49.6 

1.2 P1/12/121/06 82.37 18.6 66.7 55 50.7 

3.1 P1/12/121/03 116.18 35.0 31.0 29 34.4 

3.2 P1/12/121/04 126.52 38.9 44.2 36 42.5 

5.1 P1/12/121/01 118.58 41.9 27.5 24 61.1 

5.2 P1/12/121/02 102.34 31.2 34.3 32 59.0 
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b) 

 

The creep test results given in Table 3, indicates that the blade samples 3.X performs better than 

both the lower and higher withdrawal velocities. This implies the possibility of optimizing the 

withdrawal velocity for SX castings. 

 

4. Diffraction Analysis for Single Crystal structures 

 

The properties of SX superalloys are highly dependent on their crystallographic direction. Hence 

the assessment of crystallographic orientation is the basis to determining the mechanical properties. 

It is generally assumed that, for acceptable creep resistance, the deviation of the angle of direction 

[001] from the single crystal growth axis (angle α) should not exceed 15°. 

 
Specialised X-ray diffractometry was used to determine the crystal orientation distribution on the 

surface of the SX samples. The determination of crystallographic orientation on a 3D surface is 

especially significant due to technological reasons – it creates a non-destructive method for the 

crystallographic orientation studies of single crystal blades of aircraft engine turbines. The map 

(distribution) of the crystallographic orientation on the studied surfaces for withdrawal velocity 3 

mm/min is given in Fig. 9, showing deviation angle α between 8.3
0 

and 9.4
0
. 

 
 

  
a) c) 

 

Figure 9. Deviation angle α at the base, in the middle and at the top of the rod casted with 

withdrawal rate 3 mm/min. 

 

 

5. Conclusions 
 

Numerical simulations indicate that the shapes and dimensions of turbine blades can influence the 

quality of single crystal turbine blade castings. Geometrical constraints for single crystal structure 

are therefore important considerations in the turbine blade design process. 

 

As predicted by theory on solidification of SX structures (not presented in this paper), the 

withdrawal (or solidification) velocity influences the quality of SX castings. This is primarily 

evident in terms of the primary dendrite arm spacing, which affects both the propensity for casting 

defects and the final mechanical properties. 

 

Mechanical creep test investigations have shown improved properties for the samples with 

withdrawal velocity of 3 mm/min, compared to those with withdrawal velocities of 1 mm/min and 5 

mm/min. Furthermore, acceptable (single) crystal orientation was obtained only in the case of 

withdrawal velocity of 3 mm/min. 
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Overall, this study has shown that the withdrawal velocity in the Bridgman process for SX castings 

influences the quality of the castings, and that there may exist optimum control parameters for the 

solidification of such castings. 
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