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Abstract: (TiB2+TiC)/Ni3Al composites were prepared by mechanical alloying of elemental powders and subsequently spark plasma 
sintering. Microstructure of (TiB2+TiC)/Ni3Al composite sintered at 950 °C was finer than that of composite sintered at 1050 °C. The 
influence of grain size on cyclic oxidation behavior was investigated. Cyclic oxidation results showed that the composite sintered at 
950 °C had smaller mass gains than the composite sintered at 1050 °C. XRD and EDS results indicate that finer grain size is 
beneficial for increasing the oxidation resistance by improving the formation of a continuous TiO2 outer layer and a continuous Al2O3 
inner layer on the surface of the composites sintered at 950 °C. 
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1 Introduction 
 

Intermetallic compound Ni3Al is of a great interest 
for its attractive applications in aerospace and power 
industries as a high-temperature structural material due 
to its low density, high strength and good oxidation 
resistance at elevated temperatures [1,2]. However, the 
practical use of Ni3Al is still severely restricted by its 
low-temperature brittleness and poor high-temperature 
creep resistance. One approach to enhance the 
high-temperature strength and the high-temperature 
creep resistance is to reinforce the brittle intermetallic 
matrix with appropriate volume fraction of ceramic 
phases, which may provide a good combination of 
high-temperature strength, creep resistance, 
environmental stability with adequate ambient 
temperature ductility [3,4]. 

For application at high temperature, it is essential 
that mechanical properties of Ni3Al were improved 
without lowering its high-temperature oxidation resistance. 
Ni3Al exhibits an excellent oxidation resistance because 
of its capability of forming a continuous Al2O3 layer 
below an outer layer of NiO and an intermediate layer of 
NiAl2O4 at high temperatures [5]. However, the addition 
of ceramic particles like TiB2 and (or) TiC may reduce 

the oxidation resistance by the formation of 
discontinuous oxide layers. Some researchers [6−8] 
reported that Ni3Al compound with fine microstructure 
obtained good anti-oxidation ability since increased grain 
boundaries (GBs) can promote the selective oxidation of 
Al to form continuous oxide layer in cyclic oxidation of 
Ni3Al. It is reasonable to deduce that grain refinement 
may be a possible way to optimize the oxidation 
performance of (TiB2+TiC)/Ni3Al composites. The effect 
of grain size on oxidation resistance of Ni3Al matrix 
composites has not been researched quit well. 

To achieve fine microstructure, spark plasma 
sintering (SPS) is an effective technique, which 
fabricates materials by charging a high pulsed electric 
current directly through powders in a graphite die under 
externally applied pressure [9−11]. 

In this study, the microstructure and cyclic 
oxidation of (TiB2+TiC)/Ni3Al composites were 
examined. Effect of grain size on cyclic oxidation 
performance was investigated. 
 
2 Material and methods 
 

In this work, 20%(TiB2+TiC)/Ni3Al composites 
(volume fraction), in which the volume ratio of TiB2 to 
TiC was 1:1, were prepared by using mechanical alloying 
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method. Starting powders used in this study were 
elemental Ni (99.9% purity, 3 μm), Al (99.9% purity,   
3 μm), Ti (99.9% purity, 10 μm), B (99.7% purity, 1 μm) 
and C (99.7% purity, 1 μm) powders. The elemental 
powders were ball milled in a vibration ball milling 
machine equipped with water-cooled chambers for 30 h 
prior to sintering by SPS. The ball-to-powder mass ratio 
was 10:1. Ball milling was performed under an Ar gas 
atmosphere to prevent the oxidation of the powders 
during the process. After ball milling, the powders were 
sintered in a DR. SINTER type SPS−1050 apparatus 
(Sumitomo Coal Mining Co. Ltd.). The powders were 
heated in a vacuum of 10 Pa to 950 °C (or 1050 °C) at a 
heating rate of 150 °C/min for a holding time of 10 min. 
During SPS process, a uniaxial pressure of 65 MPa was 
applied to punches. And then, after a cooling process 
with a rate of 100−40 °C/min, (TiB2+TiC)/Ni3Al 
composites were achieved. 

Samples with dimensions of 10 mm×10 mm×1 mm 
were cut from the composites by an electro-discharge 
machine. All samples were metallographically polished, 
and then cleaned ultrasonically in acetone, and dried in 
air. The mass and the size of the samples were measured 
carefully before oxidation exposure. Cyclic oxidation 
experiments were conducted at 900 °C in air. The 
samples were withdrawn from furnace every 2 h and 
cooled to room temperature, weighed before being put 
back into the furnace. The mass change during exposure 
was measured by an electron balance with a sensitivity of 
±0.01 mg. 

Microstructure of the composites was observed by 
scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). Phases in sintered 
composites were identified by X-ray diffraction (XRD). 
The oxidation scales formed at 900 °C for 2 h and 50 h 
were examined by α−2θ mode XRD with a 3° incident 
angle (α). Cross-section of the oxidation samples was 
observed by SEM equipped with an energy-dispersive 
spectroscope (EDS). Before SEM observation, the 
composites before and after oxidation were 
metallographically polished without erosion. 

For convenient, the 20%(TiB2+TiC)/Ni3Al 
composites fabricated at 950 °C and 1050 °C were 
signed as IC-950 and IC-1050, respectively. The 
composites synthesized at 950 °C and 1050 °C exhibited 
relative density of 99.1% and 99.8%, respectively, as 
measured by the Archimede’s method. 
 
3 Results and discussion 
 
3.1 Microstructure of composites 

XRD patterns of the 20%(TiB2+TiC)/Ni3Al 
composites fabricated by mechanical alloying and SPS at 
950 °C and 1050 °C are shown in Figs. 1(a) and (b), 

respectively. Both composites consist of Ni3Al, TiB2 and 
TiC. No other phases are found in the XRD patterns. 

Hardness of the composites was tested by using 
Vickers-hardness. The hardness values of IC-950 and 
IC-1050 were 8.5 GPa and 9.1 GPa, respectively. These 
values are much higher compared with coarse Ni3Al 
compound, which was reported by PAUL to be 3 GPa 
[12], meaning that ceramic addition and grain refinement 
can effectively improve the hardness of the composites. 
 

 
Fig. 1 XRD patterns of (TiB2+TiC)/Ni3Al composites sintered 
at 950 °C (a) and 1050 °C (b) 
 

Grain sizes of phases in the composites could be 
estimated by Scherrer equation according to peak 
broadening. However, the estimated grain sizes of 
different composites are in the same magnitude, which is 
not coincident with Fig. 2. The reason for this is that the 
peak broadening is not only due to the reduction of the 
particle size but also due to the significant residual strain. 
 

 
Fig. 2 Backscattered electron images of (TiB2+TiC)/Ni3Al 
composites sintered at 950 °C (a) and 1050 °C (b) 
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Backscattered electron (BSE) images of both 
sintered composites are shown in Fig. 2. Gray areas are 
ceramic phases (TiB2 or TiC) and bright area is Ni3Al 
phase. It can be seen that although both composites are 
nearly uniform, the microstructures of IC-1050 is more 
even than those of IC-950. The microstructure in IC-950 
is much finer than that in IC-1050. This can be approved 
by TEM observation shown in Fig. 3. The spacing 
between ceramic particles in IC-950 is greatly reduced 
compared with IC-1050. 

Bright field TEM images of both composites shown 
in Fig. 3 show that grains in both composites are 
essentially equiaxed. The grain sizes of Ni3Al and 
ceramic particles are in the same magnitude in each 
composite. The average grain sizes in IC-950 and 
IC-1050 are −40 nm and −300 nm, respectively. These 
indicate that lower sintering temperature can effectively 
stunt grain growth in the composites. 
 

 

Fig. 3 TEM bright-field images of (TiB2+TiC)/Ni3Al 
composites sintered at 950 °C (a) and 1050 °C (b) 

3.2 Cyclic oxidation of composites 
Mass changes of both composites cyclically 

oxidized at 900 °C for 50 h are shown in Fig. 4. 
Compared with IC-1050, IC-950 shows considerable 
improvement in oxidation resistance. The excellent 
oxidation resistance for IC-950 is due to the formation of 
a dense TiO2 scale in a short time, and the formation of 
double continuous oxide layers after longer oxidation. 
These can be testified by XRD and SEM observations on 
the oxide scales formed on both composites. 

Surface morphologies of the oxide scales formed on 
both composites after 2 h oxidation in air at 900 °C are 
shown in Fig. 5. The oxide scales formed on IC-950 are 
much finer and denser than those formed on IC-1050. 
Pores are obviously seen in the oxide scales formed on  
 

 
Fig. 4 Cyclic mass change curves of (TiB2+TiC)/Ni3Al 
composites oxidized in air at 900 °C 
 

 
Fig. 5 SEM images showing surface morphologies of oxide 
scales formed on (TiB2+TiC)/Ni3Al composites after 2 h 
oxidation in air at 900 °C: (a) IC-950; (b) IC-1050 
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IC-1050. Dense oxidation scale is beneficial for 
increasing oxidation resistance. 

Cross-sectional morphologies of both composites 
after 50 h oxidation in air at 900 °C are shown in Fig. 6. 
IC-950 sample formed double sound continuous oxide 
layers after 50 h exposure. TiO2 layer with a thickness of 
around 3 μm is on the top. Al2O3 layer with a thickness 
of around 6 μm is under the TiO2 layer. Underneath the 
layers, there is an internal oxidation zone (IOZ) with a 
thickness of 12 μm. No continuous oxide layer is found 
on the surface of IC-1050 sample. Oxidized depth of the 
IC-1050 sample is around 27.5 μm, which is much 
thicker than the oxidation layer on IC-950. 
 

 

Fig. 6 SEM images showing cross-sectional morphologies of 
oxide scales formed on (TiB2+TiC)/Ni3Al composites after 50 h 
oxidation in air at 900 °C: (a) IC-950; (b) IC-1050 
 

The XRD (Fig. 7(a)) and EDS results indicate that 
the oxide scales on IC-950 mainly consist of TiO2(B) and 
minor TiO2 (rutile) after 2 h oxidation, while the oxide 
scales on IC-1050 is in reverse. TiO2(B) is a 
polymorph of TiO2. The crystal structure of TiO2(B) is  

 

 
Fig. 7 XRD patterns of (TiB2+TiC)/Ni3Al composites cyclic 
oxidized at 900 °C for 2 h (a) and 50 h (b) 
 
basically the same as that of VO2(B) [13,14]. 

TiO2(B) is a metastable polymorph [13]. However, 
our results indicate that this phase can be present at 900 
°C. Previous works [15,16] reported that when particle 
size decreases to sufficiently low value, the total free 
energy of rutile becomes higher. They also suggested that 
the number of potential nucleation sites is the 
rate-limiting factor to rutile formation. These hypotheses 
suggest that the TiO2(B) were formed and stable in this 
work owing to their surface or interfacial energy [17]. 
Meanwhile, the finer microstructure in IC-950 can 
provide more nucleation sites due to their smaller size of 
ceramic particles and great density of grain boundaries, 
which indicates that the ratio of TiO2(B) transformation 
to rutile is smaller in IC-950 than in IC-1050. As a result, 
there is more TiO2(B) formed which is more stable in 
IC-950 than in IC-1050. Experiments to determine the 
precise relation between the formation of TiO2(B) and 
oxidation conditions are in progress. 

For the oxide scales formed on IC-950 after 50 h 
exposure, the XRD (Fig. 7 (b)) and EDS results indicate 
that the outer oxide layer mainly consists of TiO2(B) and 
the inner oxide layer mainly consists of Al2O3. In IOZ, 
Al2O3 was formed due to the selective oxidation of Al 
between the oxide layers and the substrate. The oxide 
scales formed on IC-1050 consist of major TiO2(rutile) 
and a small amount of Al3BO6 and NiAl2O4. The 
discontinuous oxide mixtures cannot effectively protect 
the substrate from the inward diffusion of oxygen [18]. 

With a similar volume fraction of ceramic particles, 
IC-950 rather than IC-1050 can form continuous oxide 
scales. This is related to the different microstructure of 
the composites, which can be summarized as follows: 1) 
the spacing between ceramic particles is much smaller in 
IC-950 than in IC-1050; 2) the grain size of ceramic 
phases in IC-950 is finer than that in IC-1050; 3) the 
grain size of Ni3Al in IC-950 is finer than that in IC-1050. 



CAO Guo-jian, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1588−1593 1592 

With these characteristics, IC-950 exhibits an increased 
ability to grow TiO2(B) and alumina for the following 
reasons. 

Both TiC and TiB2 will be oxidized at the tested 
temperature obeying the following equations [19]: 
 
TiC+2O2→TiO2+CO2  
TiB2+5/2O2→TiO2+B2O3  

At the onset of oxidation, ceramic particles in both 
composites nucleate TiO2. Taking into account that 
distribution of ceramic particles in the Ni3Al matrix was 
homogeneous, and supposing that the unit cell for the 
space distribution of ceramic particles in Ni3Al matrix 
has a simple cubic structure, the spacing between the 
initially formed TiO2 nuclei (d) can be roughly expressed 
by: 

3 4π 2
3

d r
V

⎛ ⎞
= −⎜ ⎟⎜ ⎟
⎝ ⎠

 

where r is the average radius of the ceramic particles and 
V is the volume fraction of ceramic particles. The 
calculated d was 30 nm for IC-950 and −225 nm for 
IC-1050, which means that the spacing between TiO2 
nuclei in IC-950 is dramatically reduced compared with 
IC-1050. This can also be clearly seen in Fig. 3. As a 
result, TiO2 formed on IC-950 is finer than that on 
IC-1050. As mentioned previously, the more TiO2 nuclei 
could stabilize the TiO2(B) phase. Consequently, there is 
more TiO2(B) in the oxide scales formed on IC-950 due 
to its finer microstructure than that on IC-1050. 
Meanwhile, the density of TiO2(B) (3.64 g/cm3) is lower 
than that of rutile (4.13 g/cm3) [13]. This indicates that it 
is easier for TiO2(B) to cover the composite surface due 
to its larger volume than rutile. As a result, it is easier for 
IC-950 to form a dense and continuous TiO2(B) layer 
than IC-1050 (Fig. 6). The growth of TiO2(B) on IC-950 
can perturb the reaction rate by acting as a gaseous 
diffusion barrier. Reversely, pores can be clearly seen on 
the surface of IC-1050 after 2 h oxidation, as shown in 
Fig. 5. This indicates that rutile as major phase formed 
on IC-1050 cannot effectively cover the composite 
surface. And the pores act as quick channel for oxygen 
diffusion and in turn decrease the oxidation resistance of 
IC-1050. 

Furthermore, Ni3Al is finer-grained in IC-950 and 
abundant GBs would enhance Al diffusion to the 
oxidation front and consequently promote the lateral 
growth of alumina [6−8]. Once a continuous Al2O3 layer 
formed, the growth of TiO2 and NiO was obstructed. In 
contrast, during the oxidation of IC-1050, broad spacing 
between alumina nuclei makes it impossible for them to 
form a continuous layer. Ni-rich phase, bright area in  
Fig. 6, was obviously seen in the oxide scales on 

IC-1050. As a result, the microstructure has a great 
influence on the oxidation performance of the 
(TiB2+TiC)/Ni3Al composites.  
 
4 Conclusions 
 

1) The (TiB2+TiC)/Ni3Al composite sintered at 950 
°C has a finer microstructure than that sintered at   
1050 °C. 

2) The microstructure of the (TiB2+TiC)/Ni3Al 
composites has a great impact on oxidation. Finer 
microstructure could improve the oxidation resistance of 
the composite. 

3) The finely dispersed ceramic particles (TiB2 and 
TiC) can promote the formation of compact and 
continuous TiO2 oxide layer. Meanwhile, the formation 
of continuous Al2O3 layer between TiO2 layer and 
substrate is favored by the ultra-fine-grained Ni3Al. In 
contrast, the lager-grained structure of IC-1050 prevents 
the formation of continuous oxide layer during oxidation.  
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摘  要：采用放电等离子烧结法制备(TiB2+TiC)/Ni3Al 复合材料。在 950 °C 下烧结的(TiB2+TiC)/Ni3Al 复合材料

的组织比在 1050 °C 下烧结的(TiB2+TiC)/Ni3Al 复合材料的组织更细小。对烧结温度分别为 950 °C 和 1050 °C 的

复合材料在 900 °C 下进行循环氧化性能测试。结果表明，在 950 °C 下烧结的复合材料的循环氧化质量损失要小

于在 1050 °C 下烧结的复合材料的。晶粒细化有助于在氧化过程汇总的选择性氧化，使得连续的 TiO2和 Al2O3氧

化膜得以在复合材料表面形成，从而提高复合材料的抗氧化性能。 

关键词：Ni3Al；复合材料；晶粒细化；氧化；机械合金化 
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