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Abstract 
 

The analysis of influence of mould withdrawal rate on the solidification process of CMSX-4 single crystal castings produced by Bridgman 

method was presented in this paper. The predicted values of temperature gradient, solidification and cooling rate, were determined at the 

longitudinal section of casting blade withdrawn at rate from 1 to 6mm/min using ProCAST software. It was found that the increase of 

withdrawal rate of ceramic mould results in the decrease of temperature gradient and the growth of cooling rate, along blade height. Based 

on results of solidification parameter G/R (temperature gradient/solidification rate), maximum withdrawal rate of ceramic mould 

(3.5 mm/min), which ensures lower susceptibility to formation process of new grain defects in single crystal, was established. It was 

proved that these defects can be formed in the bottom part of casting at withdrawal rate of 4 mm/min. The increase of withdrawal rate to 5 

and 6 mm/min results in additional growth of susceptibility of defects formation along the whole height of airfoil. 
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1. Introduction 
 

Nickel superalloys are widely used in manufacture of aircraft 

engine and industrial gas turbine hot-section components which 

are working under heavy loads and are especially exposed to 

factors responsible for inducing hot corrosion and thermal fatigue 

[1, 2]. The turbine blades and vanes are produced mostly by 

investment casting method [3, 4]. 

The manufacture of castings by directional solidification 

method is based on the withdrawal of ceramic mould poured with 

molten metal, at a certain rate from the heating zone to the 

cooling area of furnace [5, 6]. In this way, positive value of the 

temperature gradient and a movement of the solidification front 

along the height of the casting can be achieved. The positive 

temperature gradient in the casting can be obtained by the 

application of directional heat flow in the casting through intense 

cooling of the mould part located below the heating area of 

furnace. The methods that are used on industrial scale for 

manufacturing single crystal nickel based superalloy castings 

have been developed: Bridgman, LMC (Liquid Metal Cooling) 

and GCC (Gas Cooling Casting), depending on the cooling 

process. 

Two different production techniques of single crystal castings 

of nickel based superalloys with predetermined crystallographic 

orientation are usually applied, of which grain selector or seed 

technique are frequently used [1]. The use of a grain selector can 

provide the growth of one grain in the whole volume of casting in 

particular crystallographic direction [001]. The shape of selector 

has changed with the development of technology of single crystal 
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castings. Currently, the most commonly used is a spiral grain 

selector. The application of a starter and selector allows the 

solidification of casting grains of crystallographic orientation 

[001] close to symmetry axis.  The crystallographic orientation 

other than [001] is often required in the single crystal castings [7]. 

It was observed that the manufacturing of castings of orientation 

near to [111] further improved its creep resistance. The nickel 

based superalloy single crystal castings of predetermined 

crystallographic orientation are manufactured using casting seed. 

The method is used to control the orientation of the single crystal 

casting produced on industrial and on laboratory scale [8]. 

Temperature gradient, solidification and cooling rates 

determine the shape of solidification front and microstructure of 

morphology of single crystal castings [9]. The increase of cooling 

rate leads to the reduction of secondary dendrite arm spacing, 

fragmentation of eutectic island (') and ' precipitate particles 

as well as the decrease of duration and cost of heat treatment 

process. The temperature gradient and solidification rate influence 

the formation of defects (freckle, low and high angle grain 

boundary, stray grain), especially in nickel superalloys single 

crystal castings [10]. Thus, there is a tendency to raise the 

temperature gradient and cooling rate of castings, as well as the 

increase of the withdrawal rate of the mould in order to produce 

the single crystal casting with lower susceptibility to defect 

formation and decreased cost production [11]. 

The areas of defect formation in single crystal castings are 

often predicted using numerical simulation of solidification 

process [12-18]. The effect of mould withdrawal rate on the 

formation of stray grains in platform blades is usually analyzed by 

applying macro-scale 3D Cellular Automaton Finite Element 

(CAFE) model. The heterogeneous nucleation coefficients such as 

the values of undercooling T of the formation of stray grains in 

the bulk metal and at the surface of mould as well as growth rate 

of dendrite tip depending on T for the nickel based superalloy 

are required in this method. Their values are particularly difficult 

to determine experimentally. 

The local solidification parameters (temperature gradient G 

and solidification rate R), are often determined in the areas of 

casting defects in order to understand better the phenomenon of 

their creation [19, 20]. It was found, that the stray grains and 

freckles form in the SX1 superalloy of single crystal rod at the 

critical values parameters of G/R <2700 K s/cm2 [19]. The value 

of parameter G/R can be determined using numerical simulation. 

Hence, the potential areas of defect formation in the single crystal 

casting blades can be predicted through the critical value of 

parameter G/R determined experimentally earlier. 

Therefore, in this paper the maximum withdrawal rate of 

mould, which ensures lower susceptibility to defect formation and 

better control of solidification of CMSX-4 nickel based single 

crystal casting produced with the Bridgman method is determined 

applying the G/R criterion.  

 

 

2. Methodology  
 

The numerical simulations of the temperature distribution and 
solidification parameters in the castings depending on withdrawal 
rate of mould were conducted with the use of the ProCAST 
software. The three-dimensional model assembly and the 

ambience of ceramic shell mould were designed. The assembly 
consists of 5 starters, 5 selectors, 5 blades, a gating system, 
pouring cup and chill plate. The casting blade contains of a 
continuer, airfoil, platform and root (Fig.1). 
 

 
Fig. 1. The geometric model of casting blade and temperature 

measurements points (1÷5) 
 

The construction of the vacuum furnace, used for 
manufacturing the single crystal castings with the Bridgman 
method, was a basis for creating the three-dimensional ambience 
model of ceramic shell mould. The ambience describes the 
internal space of the heating and cooling area. The geometric 
model of the heating chamber contains the inner surface of two 
heaters with diameter of 300 mm and the upper plate of the 
thermal insulation. The model of the thermal insulation layer was 
30 mm thick and of internal diameter 250 mm. It was placed on 
chill rings, in the lower part of the furnace heating area. The 
cooling area of the furnace consisted of the inner surface of chill 
rings with the diameter of 250 mm and the cooling chamber with 
the diameter of 594 mm (Fig.  2c). The model of radiation baffle 
was additionally created in the three-dimensional ambience of the 
ceramic mould (Fig. 2b). This model with the internal diameter of 
220 mm and thickness of 2.5 mm was placed on the thermal 
insulation plate. 

 

 
Fig. 2. The finite elements mesh: a) model assemble, b) shell 

mould and both thermal baffle and insulation, c) surface of the 
melting (heating) and the cooling area of furnace and mould 
 
The geometric model assembly and the three-dimensional 

ambience of ceramic shell mould were divided into 5 parts. The 
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three-dimensional finite elements mesh was generated at 1/5 of 
the model assembly (Fig. 2a), thermal insulation and the radiation 
baffle (Fig. 2b). The layer of ceramic shell mould with thickness 
of about 9 mm was created at the model assembly (Fig. 2b). 
Additionally, the finite elements mesh of surface was generated at 
heating and cooling area of ceramic shell mould ambience (Fig. 
2c). 

The materials and suitable values of thermophysical 
parameters (specific heat, density, thermal conductivity) were 
assumed for the geometric models of ceramic shell mould, 
insulation and radiation baffle [3, 5, 11]. The CMSX-4 nickel 
based superalloy was used for the models of casting rods and 
gating system. The thermophysical parameters of superalloys and 

values of liquidus (1380 °C) as well as solidus (1320 °C) 
temperatures were assumed on the basis of literature [21]. 

The suitable boundary conditions at 2 and 3D geometric 
model were applied during the simulation [22]. The surface 
temperature of heating area was equal to 1520 °C. The 
temperature of the chill ring and the cooling area was assumed to 
be 20 °C. The emissivity value of the surfaces of both heater and 

insulation (graphite) was equal to =0.85 and for ceramic shell 

mould of =0.8. The value of emissivity on the surface of chill 

rings and the internal surface of cooling area was =0.7 and =0.5, 
respectively [23]. The surface heat transfer coefficient of h= 
5000 W/m2K and temperature of 20 °C at internal surface of the 
chill plate (cooling water) was assumed. The value of interface 
heat transfer coefficient was fixed to be h=20 W/m2K on the 
contact surface of the ceramic shell mould and the casting, on the 
contact surface of casting and the chill plate. The constant value 
of h = 200 W/m2K was assumed for the remaining interface [5, 
11]. 

The simulation of preheating of the ceramic mould and the 
thermal insulation was executed, until the constant temperature 
(1520 °C) in their cross-section was reached. After the appropriate 
duration of heating, the mould was poured with liquid alloy 
(1510 °C) and afterwards withdrawn from the heating to cooling 
area of the furnace at rates of 1÷6 mm/min. 

The boundary conditions and thermophysical parameters 
assumed in the simulations were experimentally verified 
comparing both, the predicted and the experimental cooling 
curves at the withdrawal mould rate of 3 mm/min. To do so, the 
single crystal casting blades were produced using Bridgman 
method at the withdrawal rate of 3 mm/min. The temperature 
measurements were carried out in 5 points using type B 
thermocouples (PtRh6 and PtRh30) with the diameter of 0.2 mm, 
which were placed along the symmetry axis of the blade at the 
distance of 29, 47, 83, 101, 116 mm from the casting base (Fig.1).  
The production technique of moulds and castings as well as the 
method of temperature measurements were discussed more 
precisely by Szeliga et al [3-5, 24]. 

The solidification parameters, such as: temperature gradient 
G, solidification rate R and cooling rate v was determined using 
the ProCAST software on the basis of predicted value of 
temperature distribution. In order to characterize the kinetics of 
casting solidification process, the average cooling rate for the time 
range between reaching liquidus and solidus temperatures (alloy 
solidification process) was determined based on equation:  
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 (1) 
 
where: TL and TS – liquidus and solidus temperature, tL and tS – 
time of reaching the liquidus and solidus temperature.  
 
The temperature gradient was determined at the liquidus isotherm 
(solidification front). It was assumed, that the rate of movement of 
liquidus isotherms, determined the solidification rate R. The 
values of solidification parameters of G/R in the analyzed castings 
were determined applying the RGL criteria with the use of 
ProCAST software. The RGL criterion (referred also as mapping 
factor) was defined by the following equation:  

 
dcb vGaRM 

 (2) 

 
where: G – temperature gradient, K/cm; R – solidification rate, 
cm/s; v – cooling rate K/s. For the assumed coefficients values: 
a=1, b= -1, c =1 and d=0, the equation (2) defines solidification 
parameters: 

 

G/RM   (3) 

 

 

3. Results  
 

3.1. Temperature distributions  
 

The numerical simulation was used for establishing the 
temperature distribution in the casting, ceramic shell mould and 

both heating and cooling areas (Fig. 3 a, b, c). Based on those 
results, cooling rate, temperature gradient, solidification rate, 

solidification parameter G/R and maximum withdrawal rate of 
casting, manufactured with Bridgman method were determined.  

The temperature distributions were also established 
experimentally at the withdrawal casting rate of 3 mm/min. Those 

measurements were the basis for the verification of temperature 
distribution along the height of blade. A good agreement of 

experimental and predicted cooling curves was found, especially 
in the upper part of the blade (3-5 points). It confirmed that the 

values of thermophysical parameters and boundary conditions 
were appropriately assumed in the simulations. 

It was observed on the basis of cooling curves, that few 
seconds after pouring, the liquid metal heats up to the maximum 

temperature as the result of thermal interaction of mould and 
metal. Then cooling of the alloy is performed by the withdrawal 

of the ceramic shell mould from the heating to cooling area of the 
furnace. Between the liquidus and solidus temperature the shape 

of curve changes, especially for the root and platforms (points 7 

and 6). The solidification process starts, when the liquid metal 

reaches the liquidus. There is an intensive solidification of  phase 
crystals accompanied by additional release of transition heat. The 

intensity of solid phase formation is the highest during the initial 
stage of transition. Afterwards, it decreases gradually until the 

solidification temperature of eutectic in nickel superalloy is 
reached. The solidification process ends at the solidus point 

(1320 °C).  
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3.2. Cooling rate 
 

The average cooling rate in the mushy zone was determined 
along the height of casting blade withdrawn at rate from of 1 to 6 

mm/min (Fig. 4, 5). It was found that the cooling rate attained the 

largest value in the connection area of casting base and selector 
 

 
Fig. 3. The predicted and measured temperature distribution along the height of casting blade (a, c) and shell mould with heating and 

cooling areas after 1650s from start of pouring (b) and withdrawal rate of 3 mm/min. 1÷5 – temperature test points depending on distance 

to casting base ( 1÷4 –airfoil, 5 – platform)  
 

 
Fig. 4. The cooling rate along the height of casting blade for withdrawal rates: a) 1, b) 2, c) 3, d) 4 and e) 6 mm/min  

 

 

 
Fig. 5. The cooling rate along the height of casting blade for 

withdrawal rates from 1 to 6 mm/min 

The cooling rate significantly decreases with increasing distance 

from the casting base and in about half of the continuer its value 

in the connection area of casting base and selector. 
The cooling rate significantly decreases with increasing 

distance from the casting base and in about half of the continuer 
its value again increases. Above the distance of approx. 40 mm 

from the casting base, the value of cooling rate becomes constant 
for the withdrawal rate of 1÷3 mm/min and slightly increases for 

other rates. It was found, that the thickness of casting affects 
cooling rate. Its value significantly decreases below the platform 

and in the area of cross-section change (airfoil/platform 

transition). The increase of withdrawal rate of casting causes 
increasing differences of cooling rate between the airfoil and root. 

The most homogeneous distribution of cooling rate along the 
height of casting is achieved for the withdrawal rate of 1 mm/min. 

However, the cooling rate depends mostly on withdrawal rate of 
casting. Increasing the withdrawal rate brings about significant 

growth of cooling rate along the height of blade. The average 
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value of cooling rate is equal to 0.7, 0.23 and 0.31 K/s for 

withdrawal rate of 1, 3 and 6 mm/min, respectively. 
 

 

 
Fig. 6. The temperature gradient at liquidus isotherm along the height of casting blade for withdrawal rates: a) 1, b) 2, c) 3, d) 4 and e) 

6 mm/min 

 

 

3.3. Temperature gradient 
 

The distribution of temperature gradient at the liquidus 
isotherm was determined along the height of blades, which were 

withdrawn at rates from of 1 to 6 mm/min (Fig. 6). The values 
were obtained along the symmetry axis of blade (Fig. 7). It has 

been found that the temperature gradient achieves the largest 
value in the connection area of selector and casting base, which 

was approx. 45 and 55 K/cm for the withdrawal rate of 1 and 6 
mm/min, respectively. Its values significantly reduce in the 

continuer of blade to minimum values for distance approx. 13 mm 

from the casting base. Above this distance, the value of the 
temperature gradient gradually increases. In the upper part of 

blade at height of approx. 80 mm the temperature gradient 
considerably grows and its maximum value is attained in the area 

of cross-section change (airfoil/platform transition). Its value 
increases in the volume of airfoil below the platform in spite of 

constant thickness of casting. Thus, it was concluded that the 
temperature gradient in the analyzed area depends significantly on 

size of platform and root of blade. The increase of the root and 
platform blade thicknesses causes a significant drop of 

temperature gradient to the value similar to that of the airfoil. It 
has been found, that temperature gradient almost does not change 

along the airfoil height, regardless of the withdrawal rate. 
However, each change of cross-section of casting causes a large 

change of temperature gradient and conditions of solidification 
process. The temperature gradient – like the cooling rate – also 

depends on withdrawal rate of casting. The critical withdrawal 
rate, which would allow obtaining the maximum value of 

temperature gradient in the casting was not found. Its value 

increased in the whole volume of casting by about a similar value 
(approx. 4 K/cm at the distance of 60 mm from the casting base) 

with lowering withdrawal rate.  

 

 

 
Fig. 7. The temperature gradient at liquidus isotherm along the 

height of casting blade for withdrawal rates from 1 to 6 mm/min 
 

 

3.4. Solidification rate 
 

The shifting rate of the liquidus isotherms was defined along 

the symmetry axis of blade, which was withdrawn at rate from of 

1 to 6 mm/min (Fig. 8). It was assumed in the paper that the 

liquidus isotherm assumes the position of solidification front. 

Therefore the shifting rate determines the solidification rate of 

casting.  It was found that the solidification rate takes different 

values along the height of blade compared with the withdrawal 

rate of casting. The solidification rate increases in the connection 

area of the selector and casting base and then it attains the 

maximum value. For distances greater than 10 mm from the 

casting base, its value gradually decreases to the smallest value in 

the area of cross-section change (airfoil/platform transition). The 

gradual change of solidification rate in the airfoil – despite of the 
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same thickness – is a result of the application of selector and 

change of the heat flow during the withdrawal of mould.  
 

 
Fig. 8. The solidification rate along the height of casting blade for 

withdrawal rates from 1 to 6 mm/min 
 

 

4. Discussion 
 

The solidification parameters such as cooling rate v, 
temperature gradient G and solidification rate R influence the 
formation both of casting defects and dendritic microstructure in 
nickel based superalloys of single crystal casting blades. 
Therefore, the critical value of the parameter solidification G/R is 
often determined during the formation of casting defects [19, 20]. 

Pollock and Murphy [19] reported that the stray grains and 

freckle were formed in the SX1 superalloy of single crystal rod 

for the value of G/R <2700 K s/cm2. However, the lateral growth 

of dendrite appears for values G/R <3500 K s/cm2 for the CMSX-

486 superalloys [20]. The increase of solidification parameter G/R 

ensures a lower susceptibility to defect formation.  

The predicted value of G/R distribution was obtained 

on the surface of longitudinal section of casting blade and 

along the symmetry axis at withdrawal rate from 1 to 

6 mm/min (Fig. 10, 11). It has been found that the largest 

value of the solidification parameter G/R was obtained at a 

sudden change of cross-section of blade, although the 

lowest value of G/R was established at the bottom part of 

casting, in the continuer. The increase of withdrawal rate of 

casting brought about the reduction of the G/R value.  
 

 
Fig. 9. The macrostructure on the surface (a) and 

microstructure on cross section of airfoil (b) as well as 

longitudinal section of platform and root (c) for blade withdrawn 

with rate of 3mm/min. [001] - the growth direction of dendrite 

trunks, 1- cross section, 2 - longitudinal section 

 

 
Fig. 10. The solidification parameters G/R along the height of casting blade for withdrawal rates: a) 2, b) 3, c) 4, d) 5 and e) 6 mm/min 



A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  1 7 ,  I s s u e  2 / 2 0 1 7 ,  1 1 1 - 1 1 8  117 

The predicted formation areas of casting defects were 
determined through the numerical simulation of parameter G/R 
and experimentally determined critical value of G/R [19]. It was 
found that defects can be formed in the bottom part of blade at 
withdrawal rate of 4 mm/min (Fig. 11). The increase of 
withdrawal rate to 5 and 6 mm/min additionally elevated the 
susceptibility of defect formation along the whole height of 
airfoil. The lowest susceptibility of defect formation occurs for 
castings which are withdrawn at low rate (1 and 2 mm/min). 
However, the time and production cost of such castings is the 
highest. Therefore, the most suitable casting withdrawal rate is 3 
mm/min. The typical defects, in the single crystal blade 
withdrawn at the rate of 3 mm/min, were not observed in the 

micro- and macrostructure examinations (Fig.9). The dendrites in 
the platform, root and airfoil had a correct shape and their growth 
in [001] direction was close to the symmetry axis of blade 
(Fig.9b, c). Therefore, the resulting parameter of G/R and macro- 
and microstructure show that it is possible to increase the 
withdrawal rate to 3.5 mm/min or even 4 mm/min, which allows 
an additional reduction of the production time and cost of 
castings. The predicted critical withdrawal rate was compared 
with the results reported in the literature [25-28]. The analysis of 
literature results indicates that suggested withdrawal rates of 
castings are contained in the range 2.5 to 6 mm/min depending on 
the shape of casting. Elliott et al [25] produced large blades at the 
withdrawal rate of 2.5 mm/min. Miller and Pollock [26] used the 
rate of 2.5 and 3.4 mm/min for the vanes (CMSX-486) of 51 and 
19 mm thicknesses, respectively. However, the casting rods of 

diameter 10÷12 mm were usually withdrawn at 3.4 mm/min [27, 

28]. 
 

 
Fig. 11. The solidification parameters G/R along the height of 

casting blade for withdrawal rates from 1 to 6 mm/min 

 
 

5. Conclusions 
 

Based on the analysis of research results, the following 
conclusions were drawn:  

1. The increase of withdrawal rate of ceramic mould causes 
decrease of temperature gradient and increase of cooling rate 

along the height of blade.  

2. The solidification rate is usually characterized by another value 

along the blade height in comparison with the withdrawal rate of 
casting. 

3. The maximum withdrawal rate of mould was determined on the 
basis of G/R criterion to be 3.5 mm/min, which ensures lower 

susceptibility to the formation of new grain defect. 
4. The defects can form in the bottom part of casting at 

withdrawal rate of 4 mm/min. The increase of withdrawal rate to 
5 and 6 mm/min additionally increases the susceptibility to 

defects formation along the whole height of airfoil. 
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