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Abstract: The influence of Zr and Y on the cast microstructure of a nickel-based superalloy was investigated by optical microscopy 
(OM), scanning electron microscopy(SEM), electron probe micro-analysis (EPMA) and X-ray diffraction (XRD). The γ+γ′ eutectic 
volume in the superalloy rises notably with the increase of Zr or Y content. Meanwhile, the morphologies of primary MC carbides 
change from needle and platelet-like to blocky shape with increasing Zr and Y doped. The XRD results show that the primary MC 
carbide lattice constant increases with Zr and Y additions, and EPMA investigation shows that the platelet-like MC carbides contain 
primarily Nb and C, while those carbides in blocky shape have 39.2% Zr and 39.6% Nb in average,. These influences on the cast 
microstructure can be attributed to the atomic size effects of Zr and Y. 
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1 Introduction 
 

The creep and stress-rupture properties of 
conventionally-cast nickel-based superalloys can be 
notably improved by adding an appropriate amount of 
trace element [1−3]. The improvement primarily results 
from the enhanced grain boundary cohesive strength by 
alloying with minor element [4−6]. Other mechanisms 
reported include counteracting detrimental elements by 
forming stable compound [7−9], stabilizing the MC 
carbides [10]. With the application of vacuum induction 
melting (VIM) and the decreasing content of impurities 
in raw materials, minor alloying method has been greatly 
restricted within the past decade. Recently, trace 
elements have been reintroduced into the fourth and fifth 
generation single crystal superalloys because of their 
certain roles. 

Although tremendous work has been carried out 
since the 1960’s, and good agreement has been made on 
the effects of Zr and B, a clear understanding of the 
underlying mechanism remains unclear. Because of the 
complexity of superalloy constitution and the difficulty 
of direct investigation of minor alloying behavior, some 
results are controversial and often contradictory. One of 
the reasons for the confusion is the lack of systematic 

study on the effect of minor alloying elements, linking 
their role with the elements character. Specifically, little 
attention has been paid specifically to the general 
characters of the trace elements. Studying the 
relationship between common effect of minor alloying 
and its common elements characters is important. This 
provides a thought that gives insight into the mechanisms 
of minor alloying based on their common characters. 
This is a new approach, and will help us to understand 
the underlying mechanism of minor alloying. This study 
focuses on the influence of trace elements having large 
atomic radii. These elements are Zr, Y and Hf. The role 
of minor alloying is discussed in detail with respect to 
the as-cast microstructure changes. 
 
2 Experimental 
 

The experimental alloy was M951, and its nominal 
chemistry compositions, except the minor elements 
studied here, were 0.05C, 0.023B, 9Cr, 5Co, 6Al, 2.2Nb, 
3Mo, 3.5W, and balanced Ni. The mother alloy was first 
prepared on a 500 kg vacuum induction melting(VIM) 
and cast into 30 kg alloy rods. Then the alloys were 
remelted in a 10 kg laboratory VIM furnace, where the 
minor elements were introduced into just before pouring 
to prepare alloys with various contents of trace elements. 
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The real Y contents were (mass fraction, %) 0, 0.002, 
0.006, 0.013, 0.014, 0.017, and the real Zr contents were 
(mass fraction, %) 0, 0.005, 0.013, 0.04, 0.049, 0.11. 
Each ingot was about 4.5 kg, and the diameters of the 
specimens were 10 mm. The pour temperature was 
approximately 1450 °C and the cooling rates were 
believed to be identical with an estimation of 100 
°C/min. 

For optical examination, the specimens were 
polished, etched in a solution of 100 mL HCl + 80 mL 
H2O + 20 g CuSO4, and observed on a LEICA MEF4M 
optical microscope (OM) and JSM6480 scanning 
electron microscope (SEM). A zone with 5 mm in 
diameter was randomly picked to count the eutectic 
volume. In this zone, all images with eutectic colonies 
were selected with a magnification of 500, which were 
counted by SISC IAS V8.0 image analysis system. The 
minor phases in the alloys were extracted by using the 
electrolyte of 50 mL hydrochloric acid + 100 mL 
glycerol + 1000 mL methanol. The extraction 
temperature was placed between −3 °C and 2 °C and the 
current density was 0.07 A/mm2. Then the extracted 
powder was observed by SEM and the compositions of 
these minor phases were investigated via an electron 
probe micro analyzer (EPMA) and energy dispersive 
X-ray spectroscope (EDS). All the samples reported here 
were as-cast. 
 
3 Results 
 

The microstructures of M951 alloy with various Y 
or Zr contents are shown in Fig. 1. It can be seen that the 
secondary dendrite spacings are all 100−150 μm. The 

similarity in secondary dendrite spacings indicates that 
the solidification situations are roughly the same. As 
shown in Fig. 1(a), no eutectic colony can be observed. 
With increasing Zr and Y contents, appreciable eutectic 
colonies present at the vicinity grain boundaries, which 
are given in Figs. 1(b), (c) and (d). It can be seen from 
Fig. 2 that trace elements exert a significant impact on 
the eutectic volume of the superalloy. The eutectic 
volume steadily increases with the rise of Zr or Y 
contents. In particular, when Y content exceeds 0.013%，

or Zr content exceeds 0.04, the eutectic volume increases 
drastically. 

Powders extracted from alloys with various levels 
of trace elements were examined by SEM and XRD. As 
shown in Fig. 3, the powder actually consists of two 
phases, the major phase of MC carbides, and very minor 
M3B2 borides. The carbide morphologies are presented in 
Fig. 4. As shown in Fig. 4(a), in the low level Zr and 
Y-free alloy, the MC carbide is predominantly needle or 
platelet-shaped. While learned from Fig. 4(b) and Fig. 
4(c), for those alloys containing appreciable level of Zr 
or Y, discrete blocky carbide particles are predominant. 

The difference in the metallic element content of 
MC will directly affect the morphology of carbides. 
Figure 5(a) shows that the platelet-like carbide contains 
primarily Nb and C, which means that M in MC is 
predominantly Nb. By contrast, the blocky carbide 
contains appreciable Y and Zr contents (Fig. 5(b)). This 
results have good repeatability. The compositions of 
carbides in varied shape are listed in Table 1, and each 
composition represents an average of 5 carbides. As 
illustrated in Table 1, the Nb mass fraction in platelet- 
like MC carbide is about 72%. As for those discrete  

 

 
Fig. 1 Microstructures of M951 alloy with various Y or Zr contents: (a) Zr and Y free; (b) 0.04%Zr; (c) 0.014%Y; (d) 0.017%Y 



ZHOU Peng-jie, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1594−1598 1596 
 
blocky carbides, their Nb component drops notably, with 
a remarkable rise of Zr content. Also, it is clear that the 
MC carbides are not simply NbC or ZrC, but a 
compound of MC (M=Nb,Zr,Cr,Ni,Y). It is indicated 
that some of Nb atoms in MC carbides are substituted by 
Zr. The average Y content of carbides in 0.017% Y alloy 
is 1.4%, which is much higher than that of bulk material. 
Thus, the modification in carbide morphology may be 
related to its chemical composition modification. 
 

 
Fig. 2 Eutectic volume in alloys with various Y or Zr contents 
 

 
Fig. 3 XRD pattern of extracted phases 
 
Table 1 Compositions of carbides in varied shape 

Carbide w(C)/% w(Zr)/% w(Nb)/% w(Cr)/% w(Ni)/%

Blocky carbide 7.8 39.2 39.6 5.5 13.9

Platelet carbide 8.7 1.7 72 4.0 7.8 

 
4 Discussion 
 

From the above results, it is clearly shown that the 
addition of Zr or Y to the M951 alloy has the following 
effects upon microstructure: 1) the γ + γ′ eutectic volume 
in superalloy drastically increases with increasing Zr or 
Y content; 2) the needle-and platelet-like carbides are 

 

 
Fig. 4 Carbide morphologies in alloys with 0.005% Zr (a), 
0.11% Zr (b) and 0.017% Y (c) 
 

 
Fig. 5 EDS patterns of carbides in platelet-like shape (a) and 
discrete blocky-like shape (b) 
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modified to a blocky particulate morphology. 
Besides Zr and Y, it was reported that Hf also has a 

significant influence on eutectic colonies [11]. It can be 
seen that Zr, Y and Hf have larger atomic radii than 
others. The atomic radii of Zr, Y and Hf are 1.60 Å, 1.80 
Å, 1.59Å, respectively. In contrast, the atomic radii of 
other main elements used in superalloy range from 1.24 
Å to 1.47 Å[12]. The large atoms in the melt make them 
harder for the diffusion of other elements, such as Al, 
which means a smaller diffusion coefficient DL. 
Furthermore, Zr is found to be enriched in the final 
solidified regions. Thereby, segregation of the eutectic 
elements in the mushy zone was aggravated. An effective 
distribution coefficient, ke, can be described by the 
following equation: 
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where k0 is the equilibrium distribution coefficient; v is 
the solidification or growth rate; δ is the thickness of 
boundary layer in the melt; DL is the diffusion 
coefficient. 

Under solidification conditions in which v and δ are 
constant, a smaller DL leads to a greater ke. The residual 
melt with the concentration reaching the eutectic point, 
can be described as the following equation: 
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where fL is the fraction of residual melt; cE is the 
concentration of eutectic melt; c0 is the original 
concentration of melt. 

For Ni−Al system, k0<1, and ke is between k0 and 1. 
Here cE and c0 are assumed to be constant, cE>c0. 
Judging from above equation, a greater ke results in 
larger fraction of melt whose concentration reaches cE, 
which is apt for eutectic formation. So, introducing 
elements with large atomic radii into nickel-based 
superalloy will promote formation of γ + γ′ eutectic. 

The morphology of primary MC carbide may be 
influenced by the solidification processing [13,14] and 
alloy composition [15,16]. In the present study, the 
solidification parameters are the same, thus the cooling 
rates for all the alloys studied are assumed to be identical. 
By comparing the compositions of carbides with various 
morphologies, it is evident that carbides rich in Zr and Y 
always are in blocky morphology, while those carbides 
with needle- or platelet-like ones are primarily rich in Nb. 
Therefore, the appreciable Zr and Y components in MC 
are directly relevant to morphology modification. As 
listed above, Zr, Y and Hf have larger atomic radii; 
meanwhile, those elements are strong MC carbide 
formers [17]. 

For carbides with high Zr or Y content, an enhanced 
distortion in MC particle during solidification leads to a 
reduction of driving force. Furthermore, the statistical 
lattice constant in modified carbides is larger than that of 
the carbides in the matrix alloy. As seen from Fig. 6, the 
peak (311) of MC is shifted to a smaller angle. The peaks 
of Zr and Y modified carbides are broadened. This result 
confirms our conclusion. MC has an orientation 
relationship of { } { }MC Matrix

100 100  with 

MC Matrix001 || 001 , with the matrix in nickel-based 
superalloy [18,19]. Additionally, the Bravais unit of MC 
lattice is greater than that of the matrix. Therefore, the 
lattice misfit of the MC and matrix interface is improved 
by doping the trace elements. This leads to the higher 
energy due to the greater strain energy. Consequently, 
the driving force for the MC carbide formation decreases. 
As a result, the size of carbide in modified alloy appears 
to be smaller than that of unmodified alloys. It is 
generally accepted, with identical volume, a carbide in 
blocky shape has smaller surface than that in platelet- or 
needle-like ones. To minimize the surface energy, the 
carbide is apt to form carbides in blocky like rather than 
that in platelet- or needle-like ones. 
 

 
Fig. 6 XRD pattern of MC with various Zr and Y contents 
 
5 Conclusions 
 

1) The eutectic volume in M951 superalloy 
increases noticeably with increasing Zr or Y content. The 
matrix alloy is almost eutectic free, while the eutectic 
volume fraction is 0.23% for 0.017%Y alloy and 0.29% 
for 0.11%Zr alloy. 

2) Primary carbide morphology is modified by the 
two dopants. It is found that carbide in blocky shape 
tends to have higher Zr or Y contents. The average Zr 
content of discrete blocky carbides is 39.2%, which is 
much higher than that of platelet-like carbide. Much of 
the Nb atoms in MC are substituted by Zr or Y. The 
atomic radius of Zr or Y is larger than that of Nb,   
consequently, the composition modification of MC leads 
to a larger lattice constant of carbide. 
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Zr 和 Y 对铸态 M951 镍基高温合金显微组织的影响 
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摘  要：应用光学显微镜、扫描电镜、电子探针和 X 射线衍射研究 Zr 和 Y 对镍基高温合金铸态组织的影响。结

果表明，随着镍基合金中 Zr 和 Y 含量的增加，合金中的 γ+γ′共晶数量明显增多。同时，随着 Y 和 Zr 含量的增加，

合金的初生 MC 碳化物形貌也发生明显变化，由针状或片状转化为以孤立的块状为主。XRD 衍射测试发现，加

入一定量的 Zr 和 Y 后，MC 碳化物的晶格常数变大。电子探针结果表明，针状或片状碳化物主要含 Nb 和 C，而

块状的碳化物则平均含有 39.2%Zr 和 39.6%Nb。这两种元素对铸态显微组织的影响可以归结于它们所具有的原子

尺寸效应。 

关键词：钇；锆；碳化物；镍基高温合金；显微结构；凝固 
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