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Abstract: The isothermal oxidation behavior of TiAl based alloys at 900 ℃ in air with a combination of Nb (5%−10%, mole 
fraction) and Si (1%−5%, mole fraction) was investigated. The microstructure and the composition of the oxidation scale were 
studied by using XRD, TEM and EPMA. The results show that the combination of Nb and Si can improve the oxidation resistance of 
the alloys significantly. The element Si can change the typical microstructure of oxidation scale on TiAl based alloys. In alloys with 
Si addition, the compact Al2O3 forms in the interior side of oxidation scale. When x(Si)＞3%, the Ti5Si3 phase forms and the coarse 
crystal TiO2 forms on Ti5Si3 phase after oxidation. The increase of Nb content in the TiAl based alloys impedes the growth of Ti5Si3 
phase, and the formation of TiO2 on surface and on Ti5Si3 phase is also impeded. 
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1 Introduction 
 

Titanium aluminum (TiAl) and its alloys are 
promising structural materials for use at high 
temperatures in aerospace, automobile and gas turbine 
industries, because of their high elevated-temperature 
strength and specific strength[1]. However, the 
commercial application of γ-based alloys is currently 
limited by their poor oxidation resistance at temperatures 
above 850 ℃[2]. 

It was shown that alloying can effectively improve 
the oxidation resistance of TiAl, e.g. the addition of 
Nb[3−6], Cr[7], W[8], Mo[9], and Si[10]. Among these 
elements, Nb improves not only the oxidation resistance 
of TiAl-based intermetallics, but also the creep resistance 
and room temperature toughness[11−12]. However, a 
large amount of Nb addition will densify the TiAl based 
alloys, and thus limit the applications. And Si addition 
also improves the oxidation resistance of TiAl based 
alloys[10], but it will become detrimental to the 
oxidation resistance with the increase of its concentration 
due to the formation of Ti5Si3 phase. The previous study 
showed that the combined addition of Nb and Si is more 

effective for improving the high temperature oxidation 
resistance of TiAl alloy than alloying with Nb or Si 
alone[10]. However, the mechanism of the effect of both 
Nb and Si is not clearly understood. 

In this work, the effects of Nb and Si on the 
oxidation behavior of TiAl based alloys at elevated 
temperatures are appraised, and the mechanism of 
oxidation is discussed. 
 
2 Experimental 
 

The experimental alloys were prepared by high 
purity Ti, Al, Nb and Si powders. The purities of 
powders were 99.5%, 99.8%, 99.8%, 99.8% (mass 
fraction), respectively. The TiAl-xNb-ySi alloys had a 
fixed proportion of x(Ti)׃x(Al)=1 1׃ while varied contents 
of Nb and Si (as listed in Table 1). The ingots were 
prepared by non-consumable electrode arc melting in an 
argon atmosphere. Each alloy button specimen with 
approximately 20 g was remelted and turned over for 
three times to ensure homogeneity. The buttons were cut 
by the electrical discharge method for oxidation 
experiments. The specimens for oxidation tests were 
about 10 mm×10 mm×1 mm, and their surfaces were
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Table 1 Composition of specimens (molar fraction, %)  
Sample No. Ti Al Nb Si 

1 47.5 47.5 5 0 
2 47.0 47.0 5 1 
3 46.0 46.0 5 3 
4 45.0 45.0 5 5 
5 45.0 45.0 10 0 
6 44.5 44.5 10 1 
7 43.5 43.5 10 3 
8 42.5 42.5 10 5 

 
polished with emery papers up to 1000#, and cleaned 
with acetone to remove grease. 

The isothermal oxidation tests were performed at 
900 ℃ in a box furnace in static air at atmospheric 
pressure for 24 h. At the end of the test, the specimens 
were furnace cooled. The phases formed in the scales 
were identified by Rigaku D/max-2200 X-ray 
diffractometry (Cu Kα, 40 kV, 40 mA). The morphology 
of the scale and the distribution of elements were 
examined by electro-probe micro-analyses(EPMA) 
(JXA-8100, JEOL) and transmission electron microscope 
(TEM)(JEM-2100F, JEOL). 
 
3 Results 
 
3.1 Thickness and phase constitution of oxidation 

scale 
The variation of oxidation scale thickness with Nb, 

Si content (x(Nb), x(Si)) in the series of TiAl-xNb-ySi is 
shown in Fig.1. The scale thickness of the alloys 
increases with the increase of Si content. With the same 
Si content, the thickness of the scale on the 10Nb alloys 
is thinner than that on the 5Nb alloys, indicating that Nb 
addition can further improve the oxidation resistance of 
the alloys. For these eight alloys, the scale formed on 
TiAl-10Nb-5Si alloy is the thinnest, and the thickness is 
about 2 μm, which is thinner than that of the scales on 
TiAl-10Si alloy[13] and TiAl-15Nb alloy[14]. This 
means that the combination of Nb and Si results in much 
better oxidation resistance than the individual element 
addition. 

The XRD pattern obtained from the high 
temperature oxidized specimen surface of TiAl-10Nb-5Si 
alloy is given in Fig.2. It is demonstrated that in 
TiAl-10Nb-5Si alloy, the major oxidation phases are 
TiO2 and Al2O3, and TiN is also observed, but no Nb 
oxidation and Si oxidation are detected. Since the 
oxidation scale is thin, the Ti5Si3 phase and TiAl phase 
from the matrix can be detected in XRD. 
 
3.2 Surface morphologies of alloys before oxidization 

Fig.3 shows the back scattered electron images of 

 

 
Fig.1 Change of scale thickness with Nb and Si contents 
 

 
Fig.2 XRD pattern obtained from surface of TiAl-10Nb-5Si 
alloy after oxidizing in air at 900  for 24℃  h 
 
the surface morphologies. For TiAl based alloys, when 
x(Si)=3%, the pin-like additional phases are introduced 
(Fig.3(a)). As shown in Fig.2, the additional phase is 
confirmed as Ti5Si3 phase. When x(Si)=5%, the rod-like 
grains of Ti5Si3 phase are introduced in the alloys 
(Fig.3(c)). By comparing Fig.3(a) with Fig.3(b) and 
Fig.3(c) with Fig.3(d), it can be seen that the increase of 
Nb addition can refine Ti5Si3 phase effectively and let 
them distribute symmetrically in the matrix. 
 
3.3 Surface morphologies of oxidation scale 

Fig.4 shows the surface morphologies of oxidation 
scale formed on the TiAl based alloys. The SEM 
observation indicates that the surface morphology of the 
scale differs for different alloys, which is related to the 
quantity of the elements addition. It can be seen that as 
the x(Si) increases, the oxides formed on the alloys 
become finer and smoother (Figs.4(a) and (c)). When 
x(Si)＞3%, the coarse TiO2 is formed on the island-like 
Ti5Si3 phase(Figs.4(c) and (d)). When x(Nb) increases 
from 5% to 10% in alloys, the TiO2 phases formed on the 
surface and on Ti5Si3 phase all become finer (Figs.4(c) 
and (d)). 
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Fig.3 BEM photographs of alloys before oxidation: (a) TiAl-5Nb-3Si; (b) TiAl-10Nb-3Si; (c) TiAl-5Nb-5Si; (d) TiAl-10Nb-5Si 
 

 
Fig.4 Surface morphologies of oxidation scale: (a) TiAl-5Nb-1Si; (b) TiAl-10Nb-1Si; (c) TiAl-5Nb-5Si; (d) TiAl-10Nb-5Si 
 
3.4 Cross-section morphology 

Fig.5 shows the back scattered electron micrographs 
of cross-sections of the oxidation layer. For TiAl-5Nb- 

3Si (Fig.5(a)), the oxidation layer adheres to the matrix 
incompactly and there are several voids and pores in the 
oxidation scale and at the layer interfaces.
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Fig.5 Cross-sectional micrographs of alloys: (a) TiAl-5Nb-3Si; (b) TiAl-10Nb-3Si; (c) TiAl-5Nb-5Si; (d) TiAl-10Nb-5Si 
 
When x(Nb) increases from 5% to 10%, the oxidation 
layer becomes continuous and adheres to the matrix 
compactly. This indicates that the addition of Nb can 
improve the adherence of oxidation layer to the matrix. 
Since the thickness of oxidation scale becomes thinner 
with the increase of x(Si) and x(Nb), as demonstrated in 
Fig.1, the oxidation scale on TiAl-10Nb-5Si is the 
thinnest. Furthermore, it adheres to the matrix compactly. 
  
3.5 Elements distribution 

Fig.6 shows the TEM photograph and EDS analyses 
of a cross-section of the oxidation layer on TiAl-10Nb- 
5Si after exposure at 900 ℃ for 24 h. The distribution 
of elements in the oxidation scale is shown clearly in this 
photo. According to the intensity of O Kα, the location of 
oxidation scale can be defined. It can be seen that the 
oxidation scale is divided into two layers, i.e. the coarse 
grain region closed to the surface and the fine grain 
region near the scale/substrate interface. Nb is found to 
be enriched in the fine grain region but not the coarse 
grains region, which means that the fine zone grows by 
inward diffusion of oxygen ions and the coarse zone 
grows by outward diffusion of metal ions. From the peak 
of Al Kα, it can be seen that Al2O3 mainly distributes in 
the substrate side near the fine region. In the left side of 
oxidation scale, there is an area, in which the intensity of 
Al Kα is weak compared with that in the substrate. It is 
believed that this area is the diffusion zone. In this zone, 

the peak of N Kα coincides with that of Ti Kα, which 
implies the existence of TiN. And the peak of Si Kα 

coincides with that of Nb Kα, which is an indication of 
probable NbSi compound formation. In addition to the 
above findings, the distribution of Nb Kα and Si Kα 

suggests that a certain amount of Nb is dissolved in the 
scale, while Si is depleted in this region. 
 

 
Fig.6 TEM photograph of cross-sectional morphology of 
TiAl-10Nb-5Si and corresponding EDS patterns 
 
4 Discussion 
 

The Si addition can change the typical 
microstructure of oxidation scale on TiAl based alloys, 
which is composed of the inner layer formed by inward 
diffusion of oxygen ions and the outer layer formed by 
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outward diffusion of metal ions[15]. The oxidation scale 
is basically composed of two layers, i.e. a surface layer 
of coarse crystal TiO2, followed by a Al2O3-rich area in 
the interior of surface and then a mixed layer of TiO2+ 
Al2O3[16−17]. However, in our present study, it can be 
seen from Fig.6 that the microstructure of oxidation scale 
on alloys with 5% Si is different from the typical 
microstructure. For TiAl-10Nb-5Si alloy, the outer layer 
of oxidation scale is TiO2, and the Al2O3-rich area is not 
in the interior side of the outer layer, but in the interior 
side of the inner layer(Fig.6). This structure is considered 
as a transitional structure of a uniformly condensed 
Al2O3 layer. From the distribution of elements in Fig.6, 
the content of Al is lower than that of other elements in 
the diffusion zone, indicating that Al content increases 
correspondingly in oxidation scale. It can be explained 
by the fact that Si promotes the diffusion of Al in 
oxidation scale or Si stabilizes Ti and then enhances the 
thermodynamic activity of Al. Due to the low solid 
solution of Si in the oxidation scale, as the growth of 
oxidation scale, Si gathers in the diffusion zone, which 
enhances the activity of Al further, and thus the 
Al2O3-rich layer always locates in the interior side of 
oxidation scale. When Si content exceeds a certain value, 
a uniformly condensed Al2O3 layer will form in the 
interior side of oxidation scale. XIAO et al[13] showed 
that, when x(Si)=15%, the dense and protective Al2O3 
layer forms at the early stage of the oxidation process. It 
can thus be summarized that Si addition changes the 
typical structure of oxidation scale and promotes the 
formation of a compact Al2O3 layer and hence improves 
the oxidation resistance. 

From Fig.1 and Fig.4, as x(Si) increases, the 
thickness of oxidation scale becomes thinner and the 
oxides formed on the alloys become finer and smother. 
When x(Si)＞3%, the rod-like grains of Ti5Si3 phase are 
formed in the alloys, on which the oxides are coarse 
crystal TiO2. Since TiO2 grows much faster than Al2O3, 
and the brittleness of Ti5Si3 phase may initiate cracking 
in oxidation layers and spallation of the oxides, the 
formation of Ti5Si3 phase is harmful to the oxidation 
resistance of alloys. 

Nb improves the oxidation resistance of the TiAl 
based alloys with Si addition, firstly due to the impeding 
effect on the formation of the rod-like Ti5Si3 phase. From 
Fig.3, as Nb content increases, the amount of Ti5Si3 
phase decreases and Ti5Si3 phase becomes finer and 
smoother. Furthermore, Ti5Si3 phase distributes more 
symmetrically in the alloys. It is believed that Nb 
increases the solid solution of Si in γ-TiAl, which is 
related to the decrease of amount of Ti5Si3 phase. The 
distribution of elements in diffusion zone indicates that 
the Ti-rich portion coincides with the N-rich portion, and 
the Si-rich portion coincides with the Nb-rich portion. 

Therefore, after the recombination of elements by 
diffusion in the diffusion zone, the element Ti is likely to 
form TiN, and the element Si tends to form a NbSi 
compound. This implies that the increase of Nb content 
strengthens the tendency of decomposition of Ti5Si3 
phase. Second, the Nb addition improves the adherence 
of oxidation scale to the substrate. The adherence mainly 
lies on the nature of elements in diffusion zone. Actually, 
the elements recombine in diffusion zone based upon 
their thermodynamic characteristics. It should be stated 
that in the diffusion zone, the phases balanced with 
oxidation scale are TiN and NbSi compounds, but not 
Ti5Si3 phase. This suggests that there is a barrier layer 
between oxidation scale and Ti5Si3 phase, which impedes 
the direct contact of oxides with Ti5Si3 phase, and then 
improves the adherence. Third, the Nb addition impedes 
mass transfer in TiO2. As Nb content increases, the 
growth of TiO2 on surface and on Ti5Si3 phase are 
impeded noticeably, resulting in the improvement of 
oxidation resistance. Nb not only impedes the diffusion 
of Ti and oxygen ions, but also impedes that of Al 
ions[14]. This indicates that Nb eliminates the amount of 
Al in oxidation scale and then weakens the effect of 
Al2O3 on improving oxidation resistance. However, 
according to the analysis of Fig.6, the elements Nb and 
Si tend to form NbSi compounds, which means the effect 
of Nb on impeding the diffusion of Al ions is weakened. 

Based on the above analyses, the element Si can 
enhance the thermodynamic activity of Al in alloys and 
then strengthen the tendency to form protective Al2O3 
layer to improve the oxidation resistance, and the 
element Nb can improve the oxidation resistance of the 
alloys by impeding mass transfer in TiO2. Moreover, Si 
can weaken the deficiency of Nb in impeding Al ions and 
Nb can weaken the deficiency of Si in forming coarse 
Ti5Si3 phase. It is concluded that the combination of Nb 
and Si not only improves the oxidation resistance of 
alloys by different mechanism, but also weakens the 
mutual defects. 
 
5 Conclusions 
 

1) The typical structure of oxidation scale of TiAl 
based alloys is changed by Si addition. In alloys with Si 
addition, the compact Al2O3 forms in the interior side of 
oxidation scale. 

2) The Ti5Si3 phase forms in TiAl based alloys with 
x(Si)＞3%, and the coarse crystal TiO2 forms on Ti5Si3 
phase after oxidation. 

3) The increase of Nb content in the TiAl based 
alloys can impede the growth of Ti5Si3 phase, and the 
formation of the coarse crystal TiO2 formed on surface 
and on the Ti5Si3 phase is also impeded. 

4) The oxidation resistance of the TiAl based alloys 
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is improved by the combination of Nb and Si. 
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