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Abstract: The isothermal oxidation behavior of NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho directional eutectic alloy was investigated with 
the help of scanning electron microscopy and X-ray diffraction. The results revealed that a continuous Al2O3 scale was formed and 
owned excellent oxidation resistance in the temperature range of 900−1100 °C. When the temperature was up to 1150 °C, the 
continuous Al2O3 oxide film ruptured. Trace rare earth element Ho distributed uniformly in the alloy and relatively high level of Al in 
Cr(Mo) phase are beneficial to the formation of continuous and compact Al2O3 scale. During the oxidation, a phase transformation 
from θ-Al2O3 to α-Al2O3 existed on the surface of oxidation film. It resulted in the abnormal oxidation mass gain happening when the 
alloy was oxidized at 1000 °C or 1050 °C. 
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1 Introduction 
 

Ordered intermetallics NiAl is a kind of great 
potential high-temperature materials for aircraft engine 
because of its high melting point, low density, good 
thermal conductivity and excellent oxidation resistance. 
Over the years, scholars at home and abroad have taken 
up with the industrial application of NiAl and have 
achieved some results [1−4], one of which is the 
directionally solidified NiAl−31Cr−3Mo eutectic alloy 
with good overall performance. According to the reports 
of National Aeronautics and Space Administration 
(NASA), toughness of directionally solidified 
NiAl−31Cr−3Mo alloy at room temperature is up to 
17−22.1 MPa·m1/2, and its high temperature strength is 
further improved by micro-alloying. Therefore, its 
overall performance can be comparable with that of 
NiAl−28Cr−6Mo eutectic alloy [5]. But its chemical 
stability in the service environment must be considered. 
Due to the complex preparation and high cost of 
directional solidification, usually the regularly cast 
NiAl−Cr(Mo) eutectic alloy is studied to speculate the 

oxidation of equiaxed directionally solidified eutectic 
alloy at high temperature. The results showed that the 
addition of a large number of alloying elements severely 
reduced the oxidation resistance of NiAl alloy [6]. At 
higher temperatures, Cr2O3 and Mo oxides are unstable 
and volatilizable, which undermines the continuity and 
compactness of oxide film and reduces its productivity. 
However, trace amount of rare earth element, such as Ce, 
Nd, Ho and Dy, is useful to improve the oxidation 
resistance of NiAl−Cr(Mo) eutectic alloy. Because trace 
rare earth element can change mass transfer mechanism 
of Al and Cr in the oxidation process, namely, outward 
transmission of Al and Cr is changed to inward 
transmission of O. It results in elimination of interspace 
in the oxide film and the significant reduction of 
oxidation mass gain [7−9]. Directionally solidified 
NiAl−28Cr−6Mo eutectic alloy has superior oxidation 
resistance compared with ordinarily cast 
NiAl−28Cr−6Mo eutectic alloy. The rapid cooling rate of 
directional solidification could refine eutectic 
microstructure and increase Al element content in Cr(Mo) 
phase, which is conducive to formation of a continuous 
Al2O3 oxide film [10]. 
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In the present work, NiAl−31Cr−3Mo eutectic alloy 
is directionally solidified by liquid metal cooling (LMC) 
process to study the high temperature oxidation behavior 
and its mechanism. Meanwhile, in order to both 
strengthen high temperature strength of the directionally 
solidified eutectic alloy and also its antioxidant 
properties, trace Hf and rare earth element Ho are added 
according to Refs. [6−10]. 
 
2 Experimental 
 

A vacuum induction melted and drop cast ingot 
with nominal composition of NiAl−31Cr−2.9Mo− 
0.1Hf−0.05Ho (mole fraction, %) alloy was directionally 
solidified in a Al2O3−SiO2 ceramic mold under Ar 
atmosphere by liquid metal (Sn) cooling technique. 
Based on the technical parameters of this furnace, the 
thermal gradient (G) at the solid/liquid interface is about 
150 K/cm. Specimens of 15.0 mm in diameter and 210 
mm in length were obtained with withdrawal rate of 3 
mm/min. 

Oxide samples having a gauge section of 10 mm×10 
mm×2 mm were cut from the directionally solidified 
alloy by an electron discharge machine (EDM). Their 
surfaces were removed to 800 grit by abrasive paper. 
Then oxide samples were ultrasonic cleaned with acetone 
and ethanol. 

Thermal oxidation tests were carried out in an 
ordinary muffle furnace for 100 h. The experimental 
temperature range was 900−1150 °C. To prevent 
oxidation film from brittle and splashing out during 
cooling, the samples were put into two overlap Al2O3 
crucibles with constant mass. Every a certain amount of 
time, the oxidation mass gain of sample was measured 
by electronic balance in the sense of 2×10−5 g. Oxidation 
mass gain was the average mass gain of three. S−3400N 
scanning electron microscope (SEM) equipped with 
energy dispersive X-ray spectroscopy (EDX) and Rigaku 
D/max−2500CC X-ray diffraction was used to analyze 
the microstructure and phases of the oxidation samples. 
 
3 Results and discussion 
 
3.1 Microstructure 

Figure 1(a) shows the microstructure of 
directionally solidified Ni−33Al−31Cr−2.9Mo−0.1Hf− 
0.05Ho eutectic alloy. It was composed of black  

dendritic primary NiAl, NiAl/Cr(Mo) eutectic cell and 
white phase which was identified as Hf solid solution 
(Hfss) with the help of EDX (Table 1). Most of Hfss 
distributed along the eutectic cell boundaries (see    
Fig. 1(b)). The intercellular spacing of directionally 
solidified eutectic alloy is 1−10 μm, less than that of 
ordinarily cast eutectic alloy [11]. 

The compositions of the observed phases obtained 
by energy dispersive spectroscopy (EDS) are listed in 
Table 1. Al content in Cr(Mo) phase is similar between 
directionally solidified (DS) NiAl−Cr(Mo)−Hf eutectic 
alloy and ordinarily cast NiAl−Cr(Mo)−Hf eutectic alloy 
[11]. However, Cr content in NiAl phase of DS 
NiAl−Cr(Mo)−Hf eutectic alloy is higher than that of 
ordinarily cast NiAl−Cr(Mo)−Hf eutectic alloy. 
Ni2Al3Ho phase was detected by TEM at the NiAl grain 
boundary[12], but any Ho compounds were not found in 
Cr(Mo) and Hf solid solution phases. In addition, Si is an 
impurity element which was from the reaction between 
SiO2 mold shell materials and liquid NiAl−Cr(Mo)−Hf 
eutectic alloy in the process of directional solidification. 
 

 
Fig. 1 SEM−BSE images showing microstructure of 
directionally solidified NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho 
eutectic alloy: (a) Transverse section; (b) Locally high 
magnified image 

 
Table 1 Compositions of phase in directionally solidified eutectic alloys by EPMA 

Phase x(Al)/% x(Hf)/% x(Si)/% x(Mo)/% x(Cr)/% x(Ho)/% x(Ni)/% 

Hf solid solution 0 84.28 0 0.89 6.97 0.08 7.78 

Cr(Mo) 6.93 0 0.57 7.33 76.76 0 8.41 

NiAl 43.29 0.02 0.04 0.23 8.54 0 47.89  
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3.2 Oxidation kinetics 

Figure 2 shows the oxidation kinetics curves of 
directionally solidified NiAl−31Cr−2.9Mo−0.1Hf− 
0.05Ho eutectic alloy at 900−1150 °C. Oxidation mass 
gain increased with increasing temperature except 1100 
°C. Such an anomaly phenomenon was related with 
phase transition on surface of oxidation film. When the 
samples were oxidized for 100 h at 900, 1000, 1050, 
1100 and 1150  °C, oxidation mass gain values were 
0.15, 0.29, 0.34, 0.27 and 0.92 mg/cm2, respectively. 
Compared with NiAl, the oxidation mass gain of 
NiAl−Cr(Mo)−Hf eutectic alloy is similar [13]. But at 
1050−1150 °C, the mass gain is slightly lower than that 
of NiAl. Some Cr and Mo oxides in the oxidation film of 
eutectic alloy are volatile at high temperature. It can be 
seen from Fig. 2(b), compared with commonly cast 
NiAl−30.9Cr−3Mo−0.1Dy and 
NiAl−30.75Cr−3Mo−0.25Ho, the oxidation mass gain of 
directionally solidified NiAl−31Cr−2.9Mo−0.1Hf− 
0.05Ho eutectic alloy is about 1/2 and 1/3 respectively in 
the temperature range of 1050−1100 °C [14,15]. 
Although the influence of different rare earth elements 
on the oxidation mechanism of NiAl−28Cr−6Mo eutectic 
alloy exits, it can be sure that directional solidification 
process can improve the oxidation resistance of 
NiAl−31Cr−3Mo eutectic alloy. 
 

 
Fig. 2 Oxidation kinetics curves of NiAl and directionally 
solidified (DS) NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho eutectic 
alloy at different temperatures in air 
 
3.3 Surface morphology and phase composition of 

oxidation products 
Figure 3 shows the surface oxide film morphology 

at different temperatures. There is a good relationship 
between the oxide film surface morphology and the 
morphology of the matrix alloy under low magnification 
(Fig. 3(a)). 

At the initial oxidation stage, the oxidation was not 
serious. The mainly product of directionally solidified 
eutectic alloy was fine needle or flake θ-Al2O3 and tilting 

tumor (Fig. 3(b)) which was identified as Cr2O3 with the 
help of EDS. 

With increasing the oxidation time, fine equiaxed 
α-Al2O3 began to appear on the surface of DS eutectic 
alloy (Fig. 3(c)), which indicated the transformation of 
θ-Al2O3→α-Al2O3. Moreover, the transformation time 
decreased with increasing the temperature. At the same 
time, Cr2O3 tilting tumor presented honeycomb 
morphology (Fig. 3(d)). 

Based on the results of X-ray diffraction analysis 
(Fig. 4), when the oxidation temperature was 900 °C, 
oxide film was mainly composed of flake θ-Al2O3 and 
Cr2O3 tumor (Fig. 3(e)). When the temperature was 1000 
°C, there existed a small amount of fine equiaxed 
α-Al2O3 in surface film (Fig. 3(f)), and the quantity of 
α-Al2O3 increased with increasing the oxidation 
temperature. As the temperature was up to 1150 °C, 
oxide film was mainly composed of small and dense 
α-Al2O3 (Fig. 3(g)). Because of the easy formation of 
gaseous volatile CrO3, Cr2O3 tumor morphology 
gradually transformed from dense to loose honeycomb 
with increasing the temperature and oxidation time. 
During oxidation at 1150 °C for 100 h, Cr2O3 tumor 
completely disappeared, and the oxide film spalled 
seriously (Fig. 3(h)). The spalling reason was that poor 
adhesive Al2O3 oxide grew laterally and folded or 
cracked during cooling [11]. So, eutectic alloy oxidation 
mass gain increased dramatically at 1150 °C. There were 
not any Mo and Ho oxides in the film detected by X-ray 
diffraction, which is due to highly volatile Mo oxides 
and lower level of Ho content. 

Figure 5 shows the fracture surface of directionally 
solidified NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho eutectic 
alloy after 100 h oxidation at different temperatures. 
Directionally solidified eutectic alloy did not oxidize 
seriously at 900 °C, a continuous oxide film with 
thickness around 1 μm formed on the surface. When the 
oxidization temperature reached 1000 °C, a continuous 
and loose oxide film formed on surface, some larger 
block Cr2O3 existed in the oxide film, and a few holes 
distributed along the interface between matrix and oxide 
film. Moreover, internal oxidation along the NiAl / Cr 
(Mo) phase was serious. From Fig. 5(a), EDS analysis 
shows that small Ho oxides formed at the interface 
between oxide film and alloy substrate, and the small 
oxides had a pinning effect on oxide film [15] (Fig. 5(a)). 
Similar to cases at 1050 °C and 1000 °C, a continuous 
and dense oxide film formed on surface at 1100 °C  
(Fig. 5(b)). There was a Cr-rich layer between oxide film 
and alloy substrate. Characteristic X-ray surface 
scanning results show that the black oxide film was rich 
in Al and O elements. It could be identified as Al2O3 
according to X-ray diffraction analysis. 

There was phase transformation of θ-Al2O3→ 
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Fig. 3 Surface morphologies of directionally solidified NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho eutectic alloy oxidized in air: (a) 1000 °C 
for 1 h; (b) 1000 °C for 1 h; (c) 1050 °C for 12 h; (d) 1150 °C for 3 h; (e) 900 °C for 100 h; (f) 1000 °C for 100 h; (g) 1150 °C for 
100 h; (h) 1150 °C for 100 h 
 
α-Al2O3 in the oxidation process. At a lower temperature 
or initial oxidation stage, the metastable θ-Al2O3 grew 
rapidly. But at a high temperature or late oxidation stage, 
the needle metastable θ-Al2O3 transformed into equiaxed 
α-Al2O3. The mainly oxidized products of directionally 
solidified eutectic alloy are loose and continuous θ-Al2O3 
oxide film at 1000 °C and 1050 °C. Because of the faster 
growth speed and less protectiveness of θ-Al2O3 [6], 
serious internal oxidation occurred. A continuous and 
dense α-Al2O3 oxide film formed at 1100 °C, which 
enhanced the oxidation resistance. Therefore, oxidation 

kinetics of directionally solidified eutectic alloy appeared 
anomaly at 1000 °C and 1050 °C [16]. 
 
3.4 Discussion 

The oxidation experimental (higher than 900 °C) 
result of cast NiAl−28Cr−5Mo−1Hf eutectic alloy was 
reported in Ref. [6]. The higher content of Al in NiAl 
matrix would form a single Al2O3, and the Al2O3 film 
could be quickly formed along the substrate surface in 
oxidation process. Meanwhile, the Cr(Mo) phase and 
Heusler phase of eutectic alloy were exposed to air and 
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Fig. 4 XRD patterns of directionally solidified 
NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho eutectic alloy after 
oxidation in air for 100 h at 1000 °C and 1100 °C respectively 
 

 
Fig. 5 SEM−BSE cross-sectional morphologies of directionally 
solidified NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho eutectic alloy 
after oxidation in air for 100 h at 1000 °C (a) and 1100 °C (b) 
 
oxidation occurred. Because the growth of Al2O3 was 
slower than that of Cr2O3, Al2O3 film could not quickly 
cover the Cr (Mo) phase, resulting in the formation of 
nodular Cr(Mo)-rich oxide along the Cr(Mo) phase. In 
addition, because of the higher thermodynamic stability 
of Al2O3 phase than HfO2 phase, HfO2 oxide was formed 
on the surface of Heusler phase. Although the oxidation 
resistance of Cr2O3 was good at low temperature, the 
unstable Cr2O3 would become volatile CrO3 at high 
temperature. The CrO3 evaporation increased with 
increasing the oxidation temperature and time. In 
addition, the Mo oxides volatilize more at high 
temperature. Therefore, it undermined the continuity and 
compactness of oxide film and reduced the protection. 

The oxidation results of binary NiAl alloys showed that a 
continuous, dense Al2O3 oxide film with good oxidation 
resistance was formed in the oxidation process[13]. 

According to the experimental results, a continuous 
Al2O3 oxide film was formed on the surface of 
directionally solidified NiAl−31Cr−2.9Mo−0.1Hf− 
0.05Ho eutectic alloy at 900−1100 °C, which played a 
controlling role in oxidation and had a good antioxidant 
performance. It may be due to the following reasons. 

1) Trace rare earth element Ho changed mass 
transfer mechanism of alloying elements in the oxidation 
process, namely, outward transmission of Al and Cr is 
changed to inward transmission of O. It results in 
elimination of interspace in the oxide film and the 
significant reduction of oxidation mass gain. Ho oxide 
could pin the oxidization film and promote the adhesion 
of oxidization film [7,15]. 

2) Liquid metal cooling process with large thermal 
gradient gave rise to the microstructure and phase 
composition change of directionally solidified eutectic 
alloy. Based on the constitutional supercooling theory, 
cooling rate was proportional to the product of thermal 
gradient and withdrawal rate. As the cooling rate became 
higher, the corresponding cooling time was less, the 
diffusion time of solid solution atoms was shorter. At the 
same time, higher cooling rate could decrease the 
diffusion of atoms and shorten the diffusion distance, 
which could refine the directionally solidified eutectic 
alloy and increase the content of alloying elements in 
solid solution phase. For example, compared with cast 
NiAl−30.75Cr−3Mo−0.25Ho alloy, the directional 
solidification process refined the eutectic alloy and 
increased Cr content in NiAl phase. The refinement of 
microstructure may promote the Al2O3 film to cover the 
Cr(Mo) phase on the surface as soon as possible. Of 
cause, the Cr-rich layer was formed easily between oxide 
film and alloy substrate, which would reduce the internal 
stress during alternation of hot and cold and improve 
adhesion of oxide film [7]. 
 
4 Conclusions 
 

1) A continuous Al2O3 oxide film formed on the 
surface of DS NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho 
eutectic alloy at 900−1100 °C, which resulted in the 
good oxidation resistance. However, Al2O3 oxide grew 
laterally and folded or cracked during cooling at 1150 °C, 
and the adhesion of oxide film with the matrix was poor. 
So the oxidation resistance became bad. 

2) Directional solidification process with faster 
solidification speed restrained the diffusion to alloying 
element and increased the Cr content in NiAl phase, 
which was conducive to the formation of continuous 
Al2O3 oxide film on the surface of Cr(Mo) phase and 
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Cr-rich layer between oxide film and alloy substrate. 
3) Trace rare earth element Ho changed mass 

transfer mechanism of alloying elements in the oxidation 
process, namely, outward transmission of Al and Cr is 
changed to inward transmission of O. It results in 
elimination of interspace in the oxide film and the 
significant reduction of oxidation mass gain. Ho oxide 
could pin the oxidization film and promote the adhesion 
of oxidization film. 

4) There existed phase transformation from θ-Al2O3 

to α-Al2O3 in the oxidation process, which was the 
reason of abnormal oxidation mass gain of DS eutectic 
alloy at 1000 °C and 1050 °C. 
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摘  要：采用 SEM 和 XRD 等分析手段对 NiAl−31Cr−2.9Mo−0.1Hf−0.05Ho 定向共晶合金的高温氧化行为进行研

究。结果表明，在 900~1100 °C 下合金表面生成连续的 Al2O3氧化膜，从而使合金具有良好的抗氧化性能；在 1150 
°C 下合金表面的 Al2O3氧化膜破裂，氧化增重升高。定向凝固工艺细化合金的组织以及微量稀土元素 Ho 的加入，

均有利于在合金表面形成连续的 Al2O3氧化膜。在氧化过程中，表面氧化膜存在着 θ-Al2O3→α-Al2O3的相变过程，

从而导致 1000 °C 和 1050 °C 氧化增重反常现象的出现。 
关键词：金属间化合物；NiAl；高温氧化；定向共晶合金 
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