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Abstract: Single crystal superalloys of AM3 with different carbon levels were prepared at withdraw rate of 50 μm/s. The effect of 
carbon addition on the carbide morphology was investigated. It was found that there were four types of MC-type carbides, acicular, 
nodular, blocky, and Chinese script-type in the crystals. With an increase in carbon level, the volume fraction of carbide increased 
significantly while the volume fraction of eutectic decreased significantly. Furthermore, the size of carbide in high level carbon alloy 
became much larger. 
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1 Introduction 
 

The recent re-introduction of carbon into single 
crystal nickel-based superalloys has been useful in 
reducing casting defects [1−4].  It is believed that the 
formation of carbides can reduce the driving force of 
defects [5]. Meanwhile, carbon (C) addition is also 
helpful in reducing oxide inclusions and surface scale  
[6]. Previous investigations [7] have shown that carbon 
additions (up to 0.125% in mass fraction) to high- 
refractory element content single-crystal superalloys 
would assist in stabilizing against the formation of 
thermosolutal convective instabilities during directional 
solidification. 

The main types of carbide precipitates including 
MC, M23C6 and M6C [8] have an important influence on 
the mechanical properties of superalloys [9]. MC 
carbides are usually formed during solidification process 
and they are major forms of carbon for the alloy [10,11]. 
Some recent work has reported the decomposition of 
primary carbides into secondary carbides such as 
M23C6-type and M6C-type due to heat treatment in 
similar alloy systems [12]. However, it was found that 

Ta-rich MC carbides remained stable during heat 
treatment [13,14]. 

The solidification rate has great effects on carbide 
size and morphology with higher-rate produced finer 
carbides [15−17]. Also, some researches have shown the 
additions of elements would affect the segregation 
behavior of the constitutive refractory elements, and 
intentional carbon additions also affect the morphology 
of carbides [11]. Tantalum and niobium additions to 
superalloys alter carbide composition, but not 
morphology since they do not significantly affect the 
solidification temperature [18]. 

The morphology of the primary MC-type carbides 
would be expected to have an impact on the fluid flow 
and defect formation during solidification of the single 
crystals. However, the carbide growth rules have not 
been reported. Moreover, the relationship between the 
minor carbon addition and the carbide morphology 
requires further investigation, addressing relationships 
among carbon level, carbide growth rule and growth 
dynamics. Therefore, in this study, the influence of 
carbon on the carbide morphology of a single-crystal 
Ni-based superalloy and growth rule of carbides was 
investigated. 
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2 Experimental 
 

The baseline alloy used in this study was a 
first-generation nickel-based single-crystal superalloy 
AM3. Five alloys with different carbon levels were 
examined in this study. The chemical compositions of the 
experimental alloys are listed in Table 1. Single-crystal 
samples were prepared in a Bridgman-type directional 
solidification furnace by bottom seeding method. A 
constant withdrawal rate of 50 μm/s was utilized. The 
thermal gradient was measured as 300−400 K/cm. The 
orientation of each single-crystal sample was determined 
by XRD techniques. Any sample with a misorientation of 
greater than 7° was considered defective and was not 
utilized in this study. 

 
Table 1 Chemical compositions of experimental superalloys 

No. 
w(C)/ 

% 
w(Cr)/ 

% 
w(Co)/ 

% 
w(Mo)

/% 
w(W)/ 

% 
w(Al)/ 

% 
w(Ti)/

% 
w(Ta)/

% 
1 0.001 7.87 5.50 2.31 5.10 6.06 2.12 3.55
2 0.006 7.87 5.50 2.31 5.10 6.06 2.12 3.55
3 0.045 7.87 5.50 2.31 5.10 6.06 2.12 3.55
4 0.085 7.85 5.47 2.30 5.03 6.00 2.09 3.56
5 0.150 7.85 5.47 2.30 5.03 6.00 2.09 3.56

 

Optical microscope (Leica DM4000M) was used to 
examine the microstructures and measure primary 
dendrite arm spacings (PDAS) and second dendrite 
spacings (SDAS). The as-cast samples were etched by a 
solution (10 mL HNO3 + 20 mL HF + 30 mLC3H8O3). In 
order to reveal the carbide morphology, a deep etching 
was performed using a solution containing 70% HCl and 
30% H2O2 (volume fraction). 

Scanning electron microscope (SEM) was used to 
examine microstructure. Secondary electron mode was 
used for analyzing carbide morphology. Backscattered 
imaging was used to quantitatively identify the 
composition of carbides. Carbide morphologies of the 
as-cast samples were examined in transverse and 
longitudinal planes. The carbide volume fraction and 
carbide size were calculated by 13×15 point grids (195 
points per sample) overlaid on transverse micrographs 
using backscattered SEM micrographs at a magnification 
of 500 times. At least five fields of view were used and 
the average was taken. 
 
3 Results 
 

Similar dendrite structures were observed in all 
alloys with well-developed secondary arms, regardless of 
carbon content, as shown in Fig. 1. The increase in 
carbon content altered the dendrite morphology slightly, 
making secondary and tertiary arms more pronounced, as 

 

 
Fig. 1 Optical micrographs of as-cast dendrite microstructure 
for alloys with different carbon levels: (a) 0.001% C;        
(b) 0.006% C; (c) 0.045% C; (d) 0.085% C; (e) 0.15% C 
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shown in Fig. 1(e). Addition of carbon to the alloy used 
in this study resulted in the formation of a carbide phase 
in the interdendritic region of the structure, as shown in 
Fig. 1(d). The volume fraction of carbide phase increased 
with increasing the carbon content in the model alloy, as 
shown in Fig. 2, and carbide size also increased with 
increasing the carbon level (Fig. 3). 
 

 
Fig. 2 Carbide volume fraction in alloys with different carbon 
levels (mass fraction) at withdrawal rate 50 μm/s 
 

 

Fig. 3 Carbide size in alloys with different carbon levels (mass 
fraction) at withdrawal rate 50 μm/s 
 

The micrograph of the alloy with 0.001% carbon 
showed large pools of eutectic, and no MC carbides were 
observed (Fig. 4(a)). Backscattered images showed that 
carbides were formed in the interdendritic regions therein 
other samples (Figs. 4(b), (c), (d) and (e)). MC-type 
carbides appeared to be bright. As the carbon content 
increased, an interdendritic network of carbides became 
more prominent. This carbide network formed alongside 
the dendrites during solidification. The 0.15% carbon 
addition showed a carbide network that grew in a 
“dendritic” fashion in the interdendritic region of the 
microstructure. Figure 4 shows that the carbide network 
occupied most of the interdendritic area. This result is in 
agreement with that in Refs. [19,20]. Some carbides also 

 

 
Fig. 4 Backscattered images of samples with carbides in 
different carbon levels: (a) 0.001% C; (b) 0.006% C;        
(c) 0.045% C; (d) 0.085% C; (e) 0.15% C 
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can be seen in the dendrite. This is because of the high 
carbon level, and some carbide forming elements have 
not enough time to form carbides in the interdendritic 
during the solidification process. 

Figure 5 shows the carbide morphologies of deep 
etched sample containing 0.006% C. It can be seen that 
the sample contains a little carbide. The sizes of these 
carbides were small, and also the volume fraction of 

carbides in this sample was small. This result is 
agreement with that of Fig. 2. 

Figure 6 shows that most of the carbides in the 
0.045% C alloy were blocky and sheet-like. Figure 7 
reveals that the carbide morphologies were acicular in 
the 0.085% C alloy, sheet-like and nodular. With 
increasing the carbon content, the carbide morphology 
became Chinese-script like (Fig. 8). 

 

 
Fig. 5 SEM images showing carbide morphologies in deep etched sample containing 0.006% C: (a) Low magnification; (b) Blocky; 
(c, d) Acicular 
 

 
Fig. 6 SEM images showing carbide morphologies in deep etched sample containing 0.045% C: (a) Low magnification; (b, c) Blocky; 
(d) Sheet-like 
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Fig. 7 SEM images showing carbide morphologies in deep etched sample containing 0.085% C: (a) Low magnification; (b) Acicular; 
(c) Sheet-like; (d) Nodular 
 

 
Fig. 8 SEM images showing carbide morphologies in deep etched sample containing 0.15% C: (a) Low magnification; (b,c,d) 
Chinese-script carbides 
 

The carbide grown from the center was cubic 
dendrite shape. It can be drawn that with increasing the 
carbon level, the carbide size also increased. This SEM 
result is agreement with that in Fig. 4. Although the 
equilibrium morphology of carbides is octahedron based 
on the minimum surface energy, most of the carbides 

formed in the high carbon level alloy were 
Chinese-script-like morphology. 

Figure 8 shows that most of the carbides in the 
0.15% C alloy were Chinese-script like morphology, 
which fully formed the carbide network in the 
interdendritic region. Stereo pair images of these scripts 
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carbide showed rods at the center of the dendritic 
carbides pointing out of the image. From the center, the 
carbides started to form in four directions starting with 
sheets and then splitting to form rods. These carbides 
grew laterally between the secondary dendrites into four 
directions to finally form the dendritic carbides. This 
observation was based on the stereo pair images in the 
cross sections of samples where rod-like carbides were in 
the center of the dendritic carbide. 

A representative wavelength dispersive 
spectrometry spectrum is shown in Fig. 9. The result 
shows that all-cast carbides were Ta-rich, MC-type 
primary carbides. Due to the high withdraw rate of 50 
μm/s during solidification, there is not enough time for 
carbide forming elements to diffuse and form the 
equilibrium carbide morphology. As the matrix of γ and 
γ′ forms the carbon, tantalum is rejected to the liquid and 
gets rich in carbide forming elements. The accumulation 
of carbide forming elements along with the high 
withdraw rate results in the formation of a complicated 
carbide network in the alloy. Script-like carbides of TaC 
were also formed in other nickel base superalloys at a 
withdrawal rate of 50 μm/s [21]. In addition, as reported 
in literature, with the high level of carbon, volume 
fraction of script-like carbides is expected to be higher 
than that of faceted carbides at a growth rate of 18 cm/h 
or higher [22]. The morphologies of these carbides were 
also affected by the carbide precipitation temperature 
with respect to the liquids and solidus temperatures of 
the alloy. 
 

 

Fig. 9 Wavelength dispersive spectrometry analysis of carbide 
 
4 Discussion 
 

Addition of carbon to the single-crystal superalloy 
used in this study resulted in the formation of a carbide 
phase in the interdendritic region of the structure. The 
OM images revealed that the cast microstructures of the 
alloys with different carbon levels are all cruciate 
dendrite, which mainly contain dendrite core and 

interdendritic zone. Carbides distribute mainly in 
interdendritic region, which indicates that the 
carbon-containing modifications do not significantly 
affect as-cast microstructure or solidification segregation, 
but the modifications do result in the reduction of 
volume fraction of eutectic and increase of carbide. The 
different carbon additions do result in changes in the 
primary dendritic carbide morphology during 
solidification. However, with increasing the carbon level, 
the volume fraction of carbide increased significantly 
and the volume fraction of eutectic decreased 
significantly. The size of carbide became large with 
increasing the carbon level. Meanwhile, the carbide 
morphology changes from acicular, nodular, and blocky 
to Chinese-script type with increasing the carbon 
addition. All as-cast carbides were Ta-rich, MC-type 
primary carbides. 

 
5 Conclusions 
 

1) The cast microstructures of the alloys with 
different carbon levels are all cruciate dendrite, which 
mainly contain dendrite core and interdendritic zone, 
with a great deal of irregular eutectics distributed in 
interdendritic zone. 

2) The volume fraction of carbide in the single- 
crystal superalloy increases with increasing the carbon 
level. The average carbide size increases with increasing 
the carbon level. At the withdrawal rate of 50 μm/s, the 
carbide mainly distributes at the interdendritic zone, but 
also can be seen in dendrite core when the carbon level is 
above 2.4 μm. 

3) Minor additions of carbon to single-crystal 
superalloy resulted in the formation of Ta-rich, MC-type 
interdendritic primary carbides with different 
morphologies. And the morphologies of carbide trans 
form from acicular, blocky, sheet-like and nodular to 
Chinese-script morphology. 
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碳对镍基单晶高温合金碳化物形貌的影响 
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摘  要：在抽拉速率为 50 μm/s 的条件下制备 5 种不同含碳量的单晶高温合金，研究碳对单晶高温合金中碳化物

形貌的影响。研究发现，铸态组织中存在 4 种形貌的 MC 型碳化物，呈针状、球状、块状以及中文汉字状。随着

碳含量的增加，碳化物的体积分数增大而共晶组织的体积显著减少。同时，碳化物的尺寸随着碳含量的增加亦呈

增大趋势。 

关键词：单晶高温合金；定向凝固；碳含量；碳化物形貌 
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