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ABSTRACT 

The microstructural characteristics of the CMSX-4 single crystal produced by the Bridgman 

method at a withdrawal rate of 2 mm/min, was investigated through experimental measurements 

as a function of the distance from chill plate in the present study. The single crystal examined in 

this research was fabricated using a vertical Bridgman device equipped with a radiation baffle. The 

microstructural characteristics of the primary dendrite arm spacing (λ₁) and the secondary dendrite 

arm spacing (λ₂) have been calculated from transverse and longitudinal sections at different 

distances from the chill plate, using software analysis of images prepared with an optical 

microscope (OM). The comparison of the obtained values for the microstructural characteristics 

λ₁ and λ₂ reveals that both variables increase with increasing distance from the chill plate by 19.6% 

and 18.8%, respectively, in the single crystal. Additionally, the thermal gradient has been 

calculated based on the primary and secondary dendrite arm spacing and the result obtained from 

the primary dendrite arm spacing was found to be more reasonable due to its better alignment with 

experimental values. 
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1. Introduction 

A grain is a small or microscopic single crystal, 

which has a periodic arrangement of atoms. Most 

metals in general use are polycrystalline, thus 

consisting of grains separated by grain boundaries 

(GBs), whereas single crystal metals have a single 

grain throughout the entire sample and have no 

GBs. Single crystal metals have different 

properties and uses than their polycrystalline 

counterparts [1].  For the first time, single crystal 

superalloys were utilized by Pratt & Whitney Air 

Industries in the manufacture of engine blades and 

vanes in 1969. CMSX-4 is a nickel-based single-

crystal superalloy that was introduced by Cannon 

Muskegon in 1990, and it belongs to the second 

generation of nickel-based single-crystal 

superalloys. The CMSX-4 superalloy consists of 

two phases, γ and γ', where γ is the matrix phase 

and γ' deposits are dispersed within it. The 

strengthening mechanism of this superalloy arises 

from the creation of a solid solution via the 

addition of Cr, W, and Ta elements, as well as the 

precipitation of Al and Ti elements through the 

formation of γ' phase [2,3].  

The primary solidification parameters that have a 

substantial impact on the microstructure and 

physical properties of the final casting are the 

thermal gradient (G), crystal growth rate (R), and 

concentration of alloy elements (C0). The 

evaluation of dendritic microstructure is 

performed based on parameters that are dependent 

on solidification conditions. The primary dendrite 

arm spacing (λ₁) is dependent on the thermal 

gradient, growth rate, and chemical composition. 

Equation 1 is a widely accepted result of most 

theoretical studies in this field:  

(Eq. 1)  𝜆1 = 𝐴𝐺−𝑚𝑅−𝑛 

Variables G and R represent the thermal gradient 

and crystal growth rate, respectively. The variable 

A is dependent on the chemical composition of the 

superalloy, whereas m and n are specific constants 

with values of 0.5 and 0.25, respectively. 

According to the research conducted by Flemings, 

the secondary dendrite arm spacing (λ₂) is also a 

function of the thermal gradient and crystal growth 

rate. 
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It is calculated by equation 2:  

(Eq. 2) 𝜆2 = 𝐶(𝐺𝑅)−𝑛     

The variable C in equation 2 is a constant, and the 

value of n is 1/3 [4]. The thermal gradient in the 

solidification front and the crystal growth rate are 

two fundamental variables that play a crucial role 

in the formation of the microstructure of single-

crystal superalloy parts [5]. According to 

Milenkovic and Lee's research [6], increasing the 

thermal gradient and crystal growth rate in 

M247LC nickel superalloy leads to a reduction in 

dendrite arm spacing, resulting in a finer 

microstructure. Additionally a higher thermal 

gradient is also found to reduce dendrite arm 

spacing and microsegregation. The increase in 

thermal gradient that occurs due to the increase in 

cooling rate (heat transfer rate) causes 

interdendritic distances to decrease, which will 

lead to a finer microstructure in single crystal cast 

parts, ultimately resulting in improved mechanical 

properties [7].  

In Bridgman's single crystal growth process, the 

withdrawal rate, which is the rate of movement of 

the solidification front, is approximately equal to 

the withdrawal rate [8]. Matache et al. [9], have 

proposed theoretical equations 3 and 4 to calculate 

the primary (λ₁) and secondary (λ₂) dendritic arm 

spacing in CMSX-4 single crystals: 

(Eq. 3)  λ1 = 255(𝐺 ∙ 𝑉)−0.34 

(Eq. 4)  λ2 = 47.83(𝐺 ∙ 𝑉)−0.35 

Another critical microstructural variable is the 

deviation of the crystal direction of the final single 

crystal casting from the preferred crystal 

orientation. In CMSX-4 single crystal castings, the 

preferred crystal orientation is [001], and a 

significant increase in deviation from this 

orientation leads to a substantial drop in 

mechanical properties at high temperatures. 

Additionally, the highest deviation from the 

preferred crystal orientation is typically observed 

in the upper portion of the casting, which is 

farthest from the chill plate. The maximum angle 

between the single crystal blade axis and the [001] 

direction should be no more than 12°, but to 

achieve the best mechanical properties, 

particularly fatigue resistance, it is desirable to 

maintain this angle as low as possible [10].  

Based on the previous discussion, the primary 

objective of this research is to investigate the 

variations in the microstructural characteristics λ₁ 

and λ₂ in CMSX-4 single crystals fabricated using 

the vertical Bridgman method by increasing the 

distance from the chill plate (decreasing the 

thermal gradient). Additionally, this research aims 

to extract the thermal gradient by plotting a 

diagram of dendrite arm spacing versus distance 

from the chill plate, and then compare the 

experimental λ₁ and λ₂ values with theoretical 

results obtained from equations 3 and 4. 

2. Materials and Methods 

The single-crystal growth in this research was 

conducted in a vertical Bridgman furnace 

equipped with a graphite radiation baffle, utilizing 

the HRS method. Figure 1 presents a schematic 

design of this casting process. After the melt 

pouring operation, the mold was thermally 

stabilized by remaining motionless for 1 minute 

before being slowly moved to the cold area at a 

withdrawal rate of 2 mm/min. Prior to pouring, the 

ceramic mold was preheated to a temperature of 

1500°C. The ceramic mold consists of layers of 

zirconia and alumina with varying particle sizes.  

 
Figure 1. The schematic design of vertical Bridgman furnace 

[11]. 

 

Figure 2 presents a schematic image of the ceramic 

mold and its components. It is important to note 

that the described mold features a central rod for 

the entry of the primary melt, surrounded by four 
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dumbbell-shaped chambers, as depicted in the 

illustration. 

 
 

(b) (a) 
Figure 2. The schematic image of (a) the ceramic mold used 

in the present research and (b) longitudinal cross-section of 

the mold. 

 

The alloying process was performed using vacuum 

induction melting (VIM), and the resulting ingot 

was then melted in a HRS Bridgman furnace to 

produce single crystals. The chemical composition 

of the CMSX-4 superalloy ingot (Table 1) was 

determined using quantometry. 
Table 1. The chemical composition of the CMSX-4 ingot 

used in the present research. 
Element Ni Al Ti Cr Co Mo Ta W Re Hf 

wt. % Bal. 5.60 0.98 6.50 9.59 0.70 6.60 6.60 3.05 0.01 

 

To investigate the microstructure of the final single 

crystal casting, cross-sections were created at 

specific distances from the chill plate (Figure 3). 

To reveal the dendrites in the obtained samples, the 

following etching solutions were used: Marble 

solution (50 ml of hydrochloric acid, 50 ml of 

distilled water, and 10 g of copper(II) sulfate), 

Kalling II solution (5 g of copper chloride, 100 ml 

of hydrochloric acid, and 100 ml of ethanol), and 

V2A solution (119 ml of hydrochloric acid, 12 ml 

of nitric acid, and 119 ml of distilled water). Each 

sample was submerged in its respective solution 

for 1 minute. Microstructural examination was 

performed using an Olympus DP 25 optical 

microscope. 

The primary dendrite arm spacing (λ₁) was 

measured using the dendrite core count method in 

cross-sectional microstructure images analyzed 

with Image-J software. The number of dendrites 

was counted and inserted into equation 5, which 

was proposed by Van et al. [12]. Note that, S and 

N represent the areas where primary dendrites are 

counted and the number of primary dendrites 

counted, respectively. Given the regular 

arrangement of dendrites, the variable c in 

equation 5 was set equal to 1. 

(Eq. 5)  𝜆1 = 𝑐√
𝑆

𝑁
 

The secondary dendrite arm spacing (λ₂) was 

measured by calculating the distance between 

secondary dendrites in longitudinal cross-sectional 

images of the sample, obtained after etching, using 

Image-J software. This measurement was made 

according to the D method proposed by 

Vandersluis and Ravindran [13]. 

 

 
Figure 3. The schematic image of transverse cross-sections 

of the grain selection system and the single crystal casting. 

 

Figure 4-a shows the single crystal casting 

fabricated at a withdrawal rate of 2 mm/min, 

featuring a grain selection system consisting of a 

starter block and a spiral grain selector. To verify 

that the final casting is single crystal, X-ray 

diffraction using the Laue method was performed 

at 9 distinct points on the cross-sectional surface, 

95 mm away from the chill plate. The Laue method 

employed a wavelength range of 0.28 Å to 2.50 Å, 

and the data analysis was carried out using the 

OrientExpress software, as depicted in Figure 4-b. 

The diffraction patterns from all points showed 

matching results, with an angle of deviation from 

the preferred crystal orientation reported to be 

13.5° ± 0.1°. 
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(b) (a) 

Figure 4. The image of (a)dumbbell-shaped single-crystal casting with the grain selection system and (b)diffraction data 

analysis performed in OrientExpress software. 

3. Results and Discussion 

Figure 5 illustrates the microstructure of cross-

sections at various distances from the chill plate in 

the starter block. The solidification pattern 

transitions from cellular (section a) to dendritic 

(sections b, c, and d), indicating a significant 

reduction in thermal gradient with increasing 

distance from the chill plate in this region. Section 

b exhibits delicate and challenging-to-distinguish 

dendrites, whereas sections c and d display clearly 

visible primary dendrites. 

 
Figure 5. Microstructural images with 50 times 

magnification of cross-sections of the starter block at 

distances a)0, b)14, c)21 and d)29 mm from the chill plate. 

 

According to Moreira et al. [14], the cooling rate 

near the chill plate is 18 °C/s, which corresponds 

to a G/R value greater than 16,000 °C·s/mm. Using 

the withdrawal rate (2 mm/min) as R and 

considering Lee et al.'s [15] findings, this value 

suggests that cellular growth is likely to occur, as 

presented in Figure 5-a. 

The average primary dendrite arm spacing (λ₁) in 

sections b, c, and d of Figure 5 was calculated 

using equation 5, yielding values of 131, 280, and 

287 micrometers, respectively. As the distance 

from the chill plate increases, λ₁ initially increases 

steeply and then levels off. The results for λ₁ in the 

cross-sections of Figure 5 are presented in Figure 

6, with error bars included to reflect the variability.  

 
Figure 6. The diagram of the average primary dendrite arm 

spacing versus the distance from the chill plate (sections b, c 

and d of Figure 5). 

 

As depicted in Figure 6, the slope of the increase 

in average primary dendrite arm spacing declines 

with increasing distance from the chill plate. 
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Notably, however, the average primary dendrite 

arm spacing at distances of 21 mm and 29 mm 

from the chill plate does not exhibit a significant 

difference. Furthermore, the error bars in Figure 6 

suggest that the uniformity of the dendritic 

microstructure in the cross-sections improves with 

increasing distance from the chill plate, implying 

that grain competition during solidification in the 

starter block is reduced as the number of grains 

decreases with increasing distance from the chill 

plate. Figure 7 presents the microstructure of three 

cross-sections in the single crystal casting, which 

have been etched using different etching solutions: 

Kalling II solution for sections a and b, Marble 

solution for section c, and V2A solution for section 

d. In all images, primary dendrites are clearly 

visible. 

 
Figure 7. Microstructural images at 50 times magnification 

of the cross-sections of the single-crystal casting at distances 

of a)75, b)80, c)95 and d)210 mm from the chill plate. 
 

Based on equation 5 and the primary dendrite 

counts obtained from the sections in Figure 7, the 

average distance between primary dendritic arms 

in sections a, b, c, and d is 281 μm, 336 μm, 336 

μm, and 336 μm, with a notable 19.6% increase in 

λ₁ observed between section a and d. Figure 8 

displays the results of calculating λ₁ for the 

corresponding sections in Figure 7. 

The diagram in Figure 8 illustrates the stability of 

the distance between primary dendrite arms in the 

single crystal casting. Notably, this distance is 

dependent on the solidification rate and thermal 

gradient, as described by equations 1 and 3, 

respectively. Since the solidification rate is 

equivalent to the withdrawal rate under stable 

solidification conditions. 

According to Figure 8, the diagram indicates that 

stable solidification conditions can be achieved at 

a distance of 80 mm from the chill plate. 

Furthermore, using equation 3, if λ₁ is taken to be 

a constant value of 336 μm and the growth rate of 

the single crystal is equivalent to the withdrawal 

rate at 0.034 mm/s, the thermal gradient can be 

calculated as follows:  

𝐺 = √
255

𝜆₁∙𝑉0.34

0.34
= √

255

336×0.0340.34

0.34
= 13.33 

̊𝐶

𝑚𝑚
  

Therefore, it can be concluded that the thermal 

gradient in the single crystal casting has stabilized 

after the solidification front reaches a distance of 

80 mm from the chill plate, and its value is 

approximately 13.33°C/mm, as calculated above. 

 
Figure 8. The diagram of the average primary dendrite arm 

spacing versus the distance from the chill plate in sections a, 

b, c and d of Figure 7. 

 

Figure 9 presents microstructure images of 

longitudinal sections at various distances from the 

chill plate. Notably, secondary dendritic arms are 

visible in all sections a to d of Figure 9, and the 

average distance between secondary dendrite arms 

in these sections is 59 μm, 48 μm, 51 μm, and 57 

μm, respectively. The results of calculating the 

average secondary dendrite arm spacing (λ₂) with 

error bars are depicted in Figure 10. The presented 

data reveals that the changes in distance between 

secondary dendrite arms with increasing distance 

from the chill plate do not exhibit a discernible 

trend. 

Due to the large dispersion of the results, if section 

a in Figure 9, which corresponds to the exit section 

of the grain selector, is excluded, the average 

secondary dendrite arm spacing has increased by 

18.8% from 48 µm to 57 µm in the single crystal 

area as the distance from the chill plate increases 

from 69 mm to 200 mm. However, despite the 

dispersion of results and the overlap of error bars 
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in Figure 10, there is no statistically significant 

trend evident. 

 

 
Figure 9. Microstructural images of longitudinal sections at 

distances a)34, b)69, c)88 and d)200 mm from the chill plate. 

 

 
Figure 10. The diagram of the average secondary dendrite 

arm spacing versus to the distance from the chill plate in 

sections a, b, c and d of Figure 9. 

 

Rezaei et al. [16] have demonstrated that 

increasing the distance from the chill plate in a Ni-

based superalloy results in a 30% increase in λ₁, as 

observed in the single-crystal portion of the 

casting. Matache et al. [9] reported a 15.5% 

increase in λ₁ and an 18.3% increase in λ₂ as the 

distance from the chill plate was increased from 85 

mm to 235 mm. Matuszewski et al. [17] 

investigated the correlation between λ₁ and 

withdrawal rate in CMSX-4, reporting a value of 

386 μm at a withdrawal rate of 2 mm/min, which 

represents a 14.8% increase compared to the 

present study, despite an associated error bar of 70 

μm. Körber et al. [5] also explored the relationship 

between λ₁ and withdrawal rate, finding a λ₁ value 

of approximately 320 μm at a withdrawal rate of 2 

mm/min, which is remarkably close to the result of 

this study. 

Based on the measured distance between 

secondary dendrite arms of 57 μm in the single 

crystal casting, and assuming a solidification rate 

of 0.034 mm/s, the thermal gradient can be 

calculated using equation 4 as follows: 

𝐺 = √
47.83

𝜆₂ ∙ 𝑉0.35

0.35

= √
47.83

57 × 0.0340.35

0.35

= 17.81 
̊𝐶

𝑚𝑚
 

Therefore, the thermal gradient calculated using 

equations 3 and 4 differs by approximately 34%. 

While the thermal gradient derived from equation 

3 appears to be more accurate due to its better 

stability and lack of dispersion in the results for 

primary dendrite arm spacing across different 

cross-sections of the single crystal casting. 

Additionally, when the thermal gradient calculated 

using equation 3 is substituted into equation 4, 

with the solidification rate set equal to the 

withdrawal rate of 0.034 mm/s, the distance 

between secondary dendrite arms can be 

calculated as approximately 63.1 μm, which falls 

within the range of values presented in Figure 10. 
λ2 = 47.83(13.33 × 0.034)−0.35 = 63.1 𝜇𝑚 

4. Conclusions 

The impact of the distance between the 

solidification front and the chill plate on the 

microstructural characteristics of CMSX-4 single 

crystal growth is investigated, and the following 

results are reported:  

1. As the distance from the chill plate 

increases in the single crystal piece, the 

primary (λ₁) and secondary (λ₂) dendrite 

arm spacings increase by 19.6% and 

18.8%, respectively. 

2. The average primary dendrite arm spacing 

(λ₁) exhibits a non-uniform increasing 

trend as a function of distance from the 

chill plate in the starter block region, with 

an initially steep slope that gradually 

decreases. Notably, a 156 μm difference in 

λ₁ values is observed between the mid-

cross-section and the top cross-section of 

the starter block, corresponding to a 119% 

increase.  

3. In the single crystal region, the changes in 

the average primary dendrite arm spacing 

(λ₁) as a function of distance from the chill 
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plate indicate that a steady state is reached 

between 80 and 210 mm from the chill 

plate. The dispersion of the obtained 

results for λ₁ at distances of 75, 80, 95, and 

210 mm from the chill plate is 15%, 10%, 

15%, and 8%, respectively. 

4. The thermal gradient was calculated to be 

13.33 °C/mm based on the average primary 

dendrite arm spacing (λ₁), assuming equal 

solidification and withdrawal rates.   
5. The average secondary dendrite arm 

spacing (λ₂) exhibits a 19% increase with 

increasing distance from the chill plate, 

from 69 mm to 200 mm. Additionally, the 

dispersion of the results for λ₂ at distances 

of 34, 69, 88, and 200 mm from the chill 

plate is characterized by values of 55%, 

17%, 28%, and 27%, respectively. 

6. The thermal gradient was calculated to be 

17.81 °C/mm based on the average 

secondary dendrite arm spacing (λ₂), 

assuming equal solidification and 

withdrawal rates, which is 34% higher than 

the value calculated based on the average 

primary dendrite arm spacing.  

7. The stability of the results for the average 

primary dendrite arm spacing (λ₁) suggests 

that the thermal gradient calculated using 

λ₁ is more representative of the real 

conditions compared to the results 

obtained for the average secondary 

dendrite arm spacing (λ₂) due to its better 

alignment with experimental values. 
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