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Abstract 

The high temperature oxidation behavior of some TiAl alloys at low partial 

pressure oxygen (10.1 pascal) at 750°C, 850°C and 950°C. Oxidation mass gain of the 

alloys at different temperatures was measured and the corroded surface was 

characterized using SEM, EPMA and XRD. Parabolic oxidation kinetics was 

observed in most samples suggesting a diffusion limited mechanism followed , 

generally by a transition in oxidation kinetics to a slower rate. The sample that 

contains 2.5 % Nb showed least oxidation rate at all temperature. For the other 

samples, the higher the % of a2 phase the greater the oxidation rate at 750°C but at 

950°C the sample with high % of 0.2 is the least in oxidation rate. 

Keywords: High temperature - oxidation - heat treatment - TiAl alloys - mass gain -

oxygen low partial pressure. 

Introduction 

Intermetallics specially such as TiAl systems have recently attracted the 

attention of many researchers*1'55. TiAl alloys are regarded as very promising 

candidates for high temperature structural materials because of their low density and 

high strength at high temperature. However, their tendency for oxidation in air and 

their reduced ductility at room temperature restrict their application to the high 
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temperature structure components. Their temperature limit for high temperature 

oxidation is lower than that for high temperature mechanical properties. This has 

become an important obstacle for these materialscl*2). In general, a protective AJ2O3 

scale doesn't form on TiAJ, particularly in air, but a scale composed of TiC»2 and 

AJ2G3 forms. Such scales grow mostly parabolically with time^and consists of two 

or even three layers. Generally, an outer layer of finely dispersed mixture of Ti02 and 

Ai203
(3'4'6"s'9) is observed. 

The phase diagram of the TiAJ system(l0) reveals that there are two main 

phases can be formed in this alloy, y phase and 0.2 phase. Ti-49AJ has a duplex 

structure (y + aa) while Ti-51 AJ is a single y phase. Several attempts were made to 

develop better oxidation resistance of this alloy for example the addition of alloying 

elements such as molybdenum, silicon, phosphorous or niobiumcn-14). Other 

methods such as heat treatment, spray coating and plasma coating have been 

developedC15"17 .̂ Thermodynamics predict that the tendency to oxidize aluminum 

rather than titanium is increased as the partial pressure of oxygen decrease. The aim 

of this work is to study the high temperature oxidation behavior of some TiAJ alloys 

at low oxygen partial pressure (10.1 pascal). This may lead to develop and understand 

a technique for preoxidation to create a protective film and hence protect the alloy 

from high temperature oxidation. 

Experimental 

Materials 

The Ti-AJ alloys used in this investigation were kindly provided by Kobe Steel 
Co. Japan. The details of the heat treatment of the alloys were introduced in a 
previous work*18*. Table 1 lists the chemical composition and the % of ct2 phase 
content in the alloys used. 
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Table 1 The alloys used and the contents of 02 phase in 

a matrix of y phase 
Alloy 012 phase 

Ti-51 Al 0 % 

Ti-51 Al 15% 

Ti-49 Al 2 5 % 
Ti-51 Al 37 % 

Fig. 1 shows a schematic representation of the system used for measuring the 
mass gain for the samples oxidized in a reduced oxygen partial pressure, 10.1 pascal. 
Pure helium and oxygen, passed over silica gel (I) for drying, then passed through 
flowmeters (2) to adjust the volume proportions that the oxygen is 100 ppm then the 
gases are mixed through mixing chamber (3). Samples were taken from the mixing 
chamber and analyzed to ensure the proper proportions (100 ppm oxygen). The gas 
mixture is passed through the furnace (4). The electric furnace (4) is regulated by 
Heraus temperature regulator and Pt/Pt-Rh thermocouple. When the temperature 
reaches the corresponding value, the gas mixture is allowed to pass, after about 2 
minutes the sample is placed at the hot zone using the holder (5), through the window 
(6), which is closed tightly after placing the sample. The effluent gas mixture is taken 
away through the exit (7) to purify the helium for recycling. The corroded surfaces of 
the samples were analyzed using X-ray diffraction analysis using a Shimadzu XRD 
610 diffractometer, from Shimadzu (Japan). The instrument uses a Cu tube producing 
Cu Kai radiation at 600 W with a wavelength of X = 1.54 A. X-ray microanalysis 

(XMA) using Shimadsu instrument were used. The morphology of the corroded 
surface was examined using an SBM model JEOL-JSM.T20, Japan. 
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(1) 

Fig. 1 Schematic representation for the system used for high temperature 

oxidation of Ti-Ai alloys in reduced oxygen partial pressure (10.1 Pascal) 

mixed with helium gas. 

Results and Discussions 

Fig.2 shows the variation, with time, of the mass gain of the alloys oxidized at 

lO.lpascal oxygen at 750°C. Generally, in the first part of the curve, region (I) the 

kinetics reveals parabolic behavior 

{d In (mass gain)} / d In t ~ 0.5 (1) 

This reveals diffusional limited kinetics and suggests that the formed oxide, 

progressively, acts as barrier to retard the inward diffusion of oxygen and/or the 

outward diffusion of the metal ions. 
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Fig 2 Variation with the time of oxidation of the mass gain ofthe alloy 
Ti-51 Al with and without addition of 2.5% Nb at low partial pressure 
oxygen (10.1 pascal) at 750°C 

According to thermodynamics, the driving force for oxidizing aluminum compared to 

titanium increase by decreasing the partial pressure for oxygen, this can be shown as 

follows, for reaction of oxidation of a metal M ; 

x M + *-Q2 -> MO 
2 y 

AG° =-RTln prod 

rcaol 
+ ^RTlnp0i 

(2) 

(3) 

Applying the above equation for the oxidation of aluminium in air and in 10.1 pascal 

oxygen/ helium 

2Al+-02 -> Al203 

then 

(4) 

£sG°=-RT\nPr (5) 



for oxidation of titanium 

Ti + 0 2 - » T i O a (6) 

AGD = RT In P0i (7) 

The Lower in free energy as the partial pressure decrease in case of oxidation of 

aluminium is greater than in case of oxidation of titanium. This means the expecting 

predominance of AI2O3 at lower oxygen partial pressure. 

However the alloy that contains 2.5 % niobium shows lower oxidation rate. 

This may be attributed to the argument that niobium fills the electron deficient 

vacancies in the n-type oxide Ti02 or AI2O3 (or both). Consequently retard the 

inward diffusion of oxygen and to a lower oxidation rate. 

Fig.3 shows the time variation of the mass gain for the alloys with different % 

of a2 phase in 10.1 Pascal oxygen at 750°C. It can be noticed that the sample with no 

ct2 phase is the best as oxidation resistance under these conditions, and generally the 

oxidation rate increase by increasing the % of ct2 phase. The general trend in the 

kineticsis the parabolic behavior at the first part of the curve followed by a slower rate 

region: 

{d In (mass gain)} / d In t = 0.5 for region 1 

{d In (mass gain)} / d In t — 0.3 -0 .4 for region 2 

However, the oxidation rate constant increases by increasing ct2 content in the 

alloy. This is compatible with our previous findings for the oxidation in air and others 

findings (1S'20). This was explained in terms of the scavenging effect of the cc2 phase 

for oxygen. Although the partial pressure of oxygen here is small, the same 

phenomena is observed. 

■ 
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In (Time, hrs) 
Fig.3 Variation with the time of oxidation of the mass gain of the alloy 
TJ-51AI with different contents of a2 phase at low partial pressure 
oxygen (10.1 pascal) at 750QC 

Fig. 4 is the time variation of the oxidation mass gain in 10.1 Pascal oxygen at 

850QC. The curves, in general can be classified into two regions for both alloys. Pirst 

region is almost parabolic behavior and during the second region the oxidation slows 

down. The sample with 2,5% Nb, in region I is exactly parabolic which reveals that 

the oxidation process is mainly controlled by diffusion. The oxidation rate constant 

increased by increasing the temperature in both samples under the test conditions. 

The general trend of the parabolic behavior which eventually followed by 

slower rate of the oxide growth is also observed for the oxidation of the alloys with 

different contents of a2 phase in 10.1 pascal oxygen at 850°C, Fig 5 . However, the 

order, now, doesn't fit the order of increasing a? phase content. The sample with 37% 
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Fig.-4 Variation with the time ofoscidaticn of ths mass gain of the alloy 
Ti-51 Al with and without addition of 2.5% Nb at low partial pressure 
oxygen (10.1 pascal) at 850°C 
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Fig.5 Variation with the time of oxidation ofthe mass gain ofthe alEoy 
Ti-51 Al with different contents of a., phase at low partial pressure 
oxygen [10.1 pascal) at &50°C 



an phase is now has the slowest rate of oxide growth. The order of the other samples 

is 0% > 15 % > 25% a2 phase. 

At the highest temperature of the test, 950°C, Fig. 6, here the parabolic 

behavior has been followed by, almost leveling off of the curve. This lead us to expect 

that, generally a change in mechanism occurs and a transition from parabolic to a 

slower rate of oxide growth occurs. The rate of oxide growth in the second region 

decreases with increasing the temperature. One may conclude that a protective oxide 

film composed mainly from A1203 is formed during the oxidation. The crystallinity of 

this oxide grows better as the temperature increase becoming more protective. 

A dramatic change in oxidation behavior can be observed for alloys with 

different contents of ci2 phase. The order is completely riverside and the rate of 

oxidation at 950°C, Fig 73 now is reversed. The rate of oxidation of the alloy samples 

under the test conditions is inversely related to the % of 1x2 phase content in the 

samples. This surprising result can be explained on reference to Fig. 8. Fig. 8 is SEM 

micrographs for cross section of the corroded sample that contains 37% ot2 phase 

oxidized in 10.1 Pascal at 950°C for 500 hrs. The micrograph shows that a phase 

transition occurs from 0,3 phase into y phase both near surface and in the bulk of the 

alloy. This transformation is due to aging effect due to the temperature of the test. A 

finding like this was observed in the reference t n \ 

Fig. 9 is SEM micrographs comparing the oxidation of the alloy Ti-51 Al with 

37% oa phase at 950°C in air (photo (a)) and in 10.1 Pascal oxygen (photo (b)). It can 

be noticed that sample (b) is covered with fine grains; it is expected to be AJ2O3. 

Sample (a) is covered with bigger Ti02 crystals on its surface. The composition of the 

film for the sample Ti5lAJ with 37% ct2 phase was confirmed by XRD that it is 
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formed mainly from A1203 and Ti02 , Fig 10. Fig. 11 and 12 are x-ray image and line 

spectra for the alloy Ti-51 Al containing 37% tx2 phase oxidized in 10.1 Pascal oxygen 

for 500 hrs. They reveals that the oxide film is composed of an outer AI2O3 layer 

followed by a thin inner layer which is composed of a mixture of AJ2O3 + Ti02. 
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Fig.6 Variation with the time of oxidation of the mass gain of the alloy 
T1-51AI with and without addition of 2.5% Nb at low partial pressure 
oxygen (10.1 pascal) at 950°C 
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Fig.7 Variation with the time of oxidation of the mass gain of the alloy 
Ti-51 Al with different contents of a2 phase at low partial pressure 
oxygen (10.1 pascal) at 95D°C 
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Fig. 8 SEM micrograph for cross section of Ti-51A1 alloy with 37% a2 phase after 

oxidation in low partial pressure oxygen (10.1 Pascal) at 950°C for 500 hrs, (a) near 

surface, (b) bulk of the alloy 
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Fig. 9 SEM micrographs for the oxidized surface of Ti-51 Al alloy with 37% a2 phase 

after oxidation in air and in low partial pressure oxygen (10.1 Pascal) at 950°C for 500 

hrs 
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Fig. 10 XRD for Ti-51AI alloy with 37% a2 phase after oxidation 

in low partial pressure oxygen (10.1 Pascal) at 950°C for 500 hrs 
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Fig. 11 X-ray image for a cross section of Ti-51 AJ alloy with 37% <*2 phase after 

oxidation in air and in low partial pressure oxygen (10.1 Pascal) at 950°C for 500 hrs 
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Fig, 12 X-ray line spectra (EPMA) for a cross section of Ti-51AJ alloy with 37% a2 

phase after oxidation in air and in low partial pressure oxygen (10.1 Pascal) at 950°C 

for 500 hrs 
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Conclusions 

1. The kinetics of the oxidation at low partial pressure reveals it is two stages the 

first is parabolic and the second is a low oxidation rate stage. 

2- The gradient of the second stage oxidation decrease by temperature, the oxide 

film becomes stable and protective 

3. Presence of 1x2 phase increase the oxidation rate at the lower temperature 

(750°C) due to acting as oxygen scavenger but lower the rate of oxidation at 

the higher temperature due to ageing effect which results in transformation 

from a.2 phase into 7 phase. 

4. The oxide film on Ti-51A1 alloys is formed mainly from AJ2O3 on the surface 

and thin a thin layer of the mixed oxides AJ2O3 + T1O2. 

5. A promising tool to protect Ti AJ alloys for oxidation at high temperature is to 

make pre-oxidation at low oxygen partial pressure to enhance formation of 

protective AJ2O3 layer, 
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