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Abstract Fundamental studies of microstructural changes and high temperature deformation of titanium aluminide (TiAl)

were conducted from the view point of the effect of Al content in order to develop the manufacturing process of TiAl.

Microstructures in an as cast state consisted mainly of lamellar structure irrespective of Al content. By homogenization at 1473

K, the microstructures of Ti-49Al and Ti-51Al were transformed into an equiaxial structure which was composed of γ-TiAl,

while the lamellar structure that was observed in Ti-46Al and Ti-47Al was much more stable. We found that the reduction of

Al content suppressed the formation of equiaxial grains and resulted in a microstructure of only a lamellar structure. On Ti-

49Al and Ti-51Al, dynamic recrystallization occurred during high temperature deformation, and the microstructure was

transformed into a fine equiaxial one, while the microstructures of Ti-46Al and Ti-47Al contained few recrystallized grains and

consisted mainly of a deformed lamellar structure. We observed that on the low-Al alloys the lamellar structure under hard mode

deformation conditions deformed as kink observed B2-NiAl. High temperature deformation characteristics of TiAl were strongly

affected by Al content. An increase of Al content resulted in a decrease of peak stress and activation energy for plastic

deformation and an increase of the recrystallization ratio in TiAl.
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1. Introduction
 

Titanium-aluminide alloys based on TiAl are expected

to be a lightweight high temperature structural material,

because of their small density and excellent high tem-

perature strength. Basic studies on the structure and plasticity

have been actively performed.1-5) Recent investigations

reveal that mechanical properties of TiAl intermetallics

are greatly influenced by aluminum content.6-10) Many

factors responsible for the change in mechanical pro-

perties with aluminum content have been pointed out,

such as the decreasing of interstitials in the gamma phase

with a decrease in aluminum content because of a high

degree of absorption of interstitials in the increased α2

phase.11) However, many problems exist in this material.

One of them is the lack of the room temperature ductility

and the other lies in the manufacturing technology, in

particular, high temperature plastic working and structural

controlling, and these manufacturing processes have not

yet been established. 

In this study, we investigated composition dependence

on high temperature deformation behavior and micro-

structural changes in order to understand the main factors

to be controlled in plastic deformation characteristics of

TiAl.

2. Experimental Procedure

By vacuum arc-melting, Ti-46, 47, 49, 51 at%Al (after

this at% is omit) were prepared. Chemical compositions

of these ingots are listed in Table 1. In order to examine

microstructural changes by homogenization treatment at

1473 K × 2 h, small specimens were cut out of ingots.

Observation of microstructure was carried out using an

optical microscope (GX41, OLYMPUS). After homog-

enization at 1473 K × 2 h, high temperature compression

tests (AGS-X, SHIMADZU) were performed under

vacuum atmosphere at working temperature of 1273-
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1473 K, at strain rate of 1 × 100-10−4 s−1, and at the re-

duction of 60 %. A specimen size was 5 mm in diameter

and 10 mm long. High temperature deformation behaviors

were investigated by observation of microstructure and

stress analysis.

3. Results and Discussion

3.1 Microstructure of Ingots

Fig. 1 shows microstructures of Ti-Al ingots and homog-

enized specimens. In an as cast state, all microstructures

consist primarily of the lamellar structure irrespective of

Al content. Massive structure of γ-TiAl tends to appear

with increasing Al content. 

It is considered that this lamellar structure is composed

of γ-TiAl and α2-Ti3Al as pointed out previously.12) By

homogenization at 1473 K × 2 h, microstructures of Ti-

49Al and Ti-51Al which are single phase, γ, on the phase

diagram are transformed into an equiaxial one.13) But, it

is confirmed that few equiaxial grains appear in low-Al

alloys.

As we have already stated, in low-Al alloys, it is re-

cognized that lamellar structure is stable and required a

longer holding time to change into an equiaxial one.

3.2 High temperature deformation behavior

3.2.1 Structural change during high temperature defor-

mation

In the view point of microstructure, Ti-46Al is equiva-

lent to Ti-47Al, and Ti-49Al is equivalent to Ti-51Al. So

we will mainly describe Ti-47Al and Ti-51Al here. Fig. 2

shows microstructures after deformation. This shows that

microstructure of Ti-51Al is more easily altered than that

Fig. 1. Microstructures of Ti-Al alloys.

Fig. 2. Microstructures after deformation until 60 % degree of deformation.

 

Table 1. Chemical compositions of titanium aluminide (Al : at%,

others : wt%).

Al O N H C Ti 

Ti-46 at%Al 45.9 0.041 0.004 0.0003 0.006 bal.

Ti-47 at%Al 47.1 0.039 0.002 0.0003 0.007 bal.

Ti-49 at%Al 48.7 0.031 0.003 0.0003 0.006 bal.

Ti-51 at%Al 50.8 0.034 0.001 0.0003 0.008 bal.
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of Ti-47Al. Both the recrystallization ratio and the

recrystallized grain size of Ti-51Al are larger than Ti-

47Al. Especially, after deformation at 1473 K and at 1 ×

10−3 s−1, microstructure is covered with fine equiaxial γ-

grains. Otherwise, microstructure of Ti-47Al consists mainly

of a deformed lamellar structure, and the recrystallized

area is extremely small. The profile of stress-strain curve

and the recrystallization during deformation indicate that

γ-TiAl possibly undergoes dynamic recrystallization during

high temperature deformation.14,15)

The microstructural changes with varying degrees of

reduction are shown in Fig. 3. On Ti-51Al, it is con-

firmed that some grains include deformation twinning,

but no recrystallized grains appear up to 10 % degree of

reduction. Recrystallized grains are observed after 20 %

or more degree of reduction. 

Especially, the whole surface is covered with re-

crystallized grains by deformation in 80 % reduction.

And it is considered that the nucleation site of recry-

stallization is the grain boundary. While on the subject of

Ti-47Al, at first, deformation is caused by flexure of the

lamellar structure whose twin boundary lies at inter-

mediate angles (0o < φ < 90o) from compression axis, and

this flexure is caused by easy mode deformation as

Yamaguchi et al. described.16) As the deformation goes

on, in order to follow the easy mode deformation,

lamellar structure under hard mode condition where twin

boundary is parallel to compression axis is deformed by

lamellar structure kinking. And it is considered that this

kinking of lamellar structure is similar to kinking ob-

served in B2-NiAl.17) Otherwise, on the recrystallization

of Ti-47Al, the whole surface is not covered with

recrystallized grains and the deformed lamellar structure

remains even if deformation is completed up to 80 %

degree of reduction. In case of Ti-47Al, nucleation site of

recrystallization is the grain boundary and at few

recrystallized grains appear at the twin boundary. 

3.2.2 Deformation behavior

Fig. 4 shows stress-strain curves obtained by tests at

1373 K and at 1 × 10−2 s−1. At both compositions, the flow

stress lowers after it reaches the peak, and passes into the

steady state stress condition. Peak stress of Ti-47Al with

lamellar structure is extremely larger than that of single

phase, γ, Ti-51Al. 

Fig. 3. Microstructural changes with reduction.

Fig. 4. Typical compressive stress-strain curves (T = 1373 K, = 1 ×

10−2 s−1).

′ε

Fig. 5. Composition dependence of peak stress.
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And composition dependence of peak stress is shown

in Fig. 5. From this figure, peak stress is directly in-

fluenced by Al content. Peak stress decreases with Al

content, that is to say, peak stress increases as the ratio of

lamellar structure increases. But in the last stage of

deformation, flow stress is almost equal. And we con-

sider it is concerned with the existence of lamellar

structure under a hard mode deformation condition that

peak stress is too high in Ti-47Al, so it is considered that

peak stress of Ti-47Al is stress required to form kink.

And we consider that stress lowers because the defor-

mation is facilitated by the formation of kinks. 

Examples of peak stress-strain rate curves are shown in

Fig. 6. These indicate that the gradient of these corves

increases as the deformation temperatures raises; that is,

strain rate sensitivity (m-value) considerably increases in

both alloys. And m-value increases with Al content.

However, because the m-values are 0.22 for Ti-47Al and

0.26 for Ti-51Al even when the deformation temperature

is 1473 K and deformation stress is very high, it is

identified that TiAl has not undergone the superplastic

deformation.

In general, high temperature flow stress of metals can

be represented by Z-parameter.18) The relationship between

deformation stress and Z-parameter is shown in Fig. 7.

Z-parameter is given as a function of deformation con-

dition (T, ) and activation energy for deformation (Q),

and it is represented as Z = ·exp(Q/RT). This shows that

an analysis method for common metals can be applied to

TiAl.

Activation energies obtained in this study are listed in

Table 2. Here, for comparison, activation energies based

on steady stress are also listed in Table 2.

In case of based on peak stress, it is considered that Qp

far low-Al alloys is larger than that for high-Al alloys

because of the difference in microstructure. That is,

microstructures of low-Al alloys consist of lamellar

structure, while microstructures of high-Al alloys consist

of equiaxial γ-grains. And the difference between Qp and

Qe for low-Al alloys is caused by different deformation

behavior. In the case of peak stress, recrystallization does

not start and deformation is only caused by deformation

of lamellar structure as shown in Fig. 3. While under

steady stress condition, recrystallization occurs at grain

boundaries, so deformation occurs more easily because

deformation progresses in the recrystallized area. In high-

Al alloys, dynamic recrystallization occurs at low defor-

mation strain, so there is no change in deformation

behavior between under peak stress condition and under

steady stress condition. Accordingly, it is considered that

Qe is similar to Qp. Difference of Q for Ti-49Al and Ti-

51Al is caused by Al content in γ-TiAl.

In order to be discussing about deformation mechanism,

it has been considered based on activation energy for

inter-diffusion, 135-165 kJ/mol, using (pure-Ti)-(TiAl)

couples by Ouchi et al. because self-diffusion of TiAl

had not been investigated.19) As a result, it was considered

that deformation mechanism or creep mechanism of TiAl

was not put under control of simple diffusion model.20)

But, it was regarded that dynamic recrystallization was

put under control of diffusion.21) And it is expected that

′ε

′ε

Fig. 7. Relationship between peak stress and deformation condition

(peak stress vs. Z-parameter).

Fig. 6. Relationship between the peak stress and strain rate; (a) Ti-

47Al and (b) Ti-51Al.

 

Table 2. Activation energy for high temperature deformation.

Ti-46Al Ti-47Al Ti-46Al Ti-47Al

Activation energy

(Kj / mol)

based on peak stress (Qp) 491 486 380 407

based on peak stress (Qe) 454 420 364 404
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activation energy for self-diffusion is much larger than

that for interdiffusion in regard to lattice structure, L10,

of TiAl. So, it is regarded that activation energy for self-

diffusion is similar to that for deformation under steady

state condition where dynamic recrystallization occurs.

That is to say, it is considered that activation energy for

self-diffusion in γ-TiAl is about 350~400 kJ/mo1.

4. Conclusion

Experimental results on high temperature deformation

behavior in TiAl are summarized as follows:

1) Microstructures in an as cast state consist mainly of

lamellar structure irrespective of Al content. And by the

homogenization at 1473 K × 2 h, microstructures of Ti-

49Al and Ti-51Al is transformed into an equiaxial

structure which is composed of γ-TiAl, while the lamellar

structure that is observed in Ti-46Al and Ti-47Al is

much more stable.

2) On Ti-49Al and Ti-51Al, dynamic recrystallization

occurs during high temperature deformation, and micro-

structure is transformed into fine equiaxial one. While

microstructures of Ti-46Al and Ti-47Al contain few

recrystallized grains, and consists mainly of deformed

lamellar structure. And on low-Al alloys, it is observed

that lamellar structure under hard mode deformation

condition deforms as kink observed B2-NiAl.

3) Peak stress and activation energy for deformation

increase as Al content decrease.

4) Workability of Ti-49Al and Ti-51Al is much better

than that of Ti-46Al And Ti-47Al.
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