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Formation of submicrocrystalline structure in 
TiAI intermetallic compound 

R. M. IMAYEV,  V. M. IMAYEV,  G. A. S A L I S H C H E V  
Institute for Metals Superplasticity Problems, USSR Academy of Sciences, Ufa 450001, USSR 

The TiAI intermetallic compound was used to illustrate an approach which enables the 
creation of a submicrocrystalline structure (d-~0.1 pm) in massive semifinished products made 
of hard-to-deform materials by means of their deformation at elevated temperatures. Tensile 
mechanical properties of the TiAI intermetallic compound with a mean grain size of 0.4 pm 
were tested. In this state, the lower temperature limit of superplasticity in TiAI was found to be 
800~ At this temperature and at an initial strain rate of 8.3 x 10 -4 s -1, the relative 
elongation to rupture attains 225%. 

1. In t roduct ion  
Interest in metallic materials with submicrocrystalline 
structures (d < 1 gin) has recently considerably in- 
creased. This is due to the fact that such materials 
possess specific physical and mechanical properties 
[1-8].  One of the ways of creating the submicrocrys- 
talline structure in massive semifinished metallic pro- 
ducts is their deformation at elevated temperatures. 
The formation of such a structure is induced by 
dynamic recrystallization developing in the material 
[9-11]. The application of this technique is substan- 
tially complicated with reference to hard-to-deform 
materials, such as intermetallics and ceramics. The fact 
that the ductility of these materials is limited even at 
high temperatures often prevents the attainment of a 
strain level required to initiate dynamic recrystalliz- 
ation. However, selecting the optimal scheme of load- 
ing, temperature-rate  conditions of deformation, and 
original microstructure, the deformability of inter- 
metallics and ceramics can probably be substantially 
increased and dynamic recrystallization can be in- 
duced in them. So far, practically no systematic studies 
in this field have been carried out. 

The present paper is concerned with elaborating a 
universal method of obtaining submicrocrystalline 
structures in massive semifinished products prepared 
out of hard-to-deform materials. 

The TiA1 intermetallic compound (superlattice Llo) 
was used for the investigation. This compound posses- 
ses properties that are common for both the majority 
of intermetallics and ceramics. It is brittle and hard-to- 
deform [12, 13], and was selected because dynamic 
recrystallization in it is facilitated due to intensive 
high-temperature twinning [14, 15]. Thus, TiA1 is 
rather convenient for solving the problem in question. 

2. Exper imenta l  p r o c e d u r e  
The Ti-35.8 wt % A1 (TiA1) alloy was used for the 
experiment. The material was prepared in the 
following two ways: (1) compaction of granules, and 

(2) casting. The intermetallic microstructure was re- 
fined by means of hot straining in the modes presented 
in Table I. 

Flat samples with the working area of 10mm 
x 5 mm x 2 mm and 10 mm x 3 mm x 1 mm were ten-~ 
sile strained in an Instron machine in the temperature 
ranges 900-1050 and 600-900~ respectively, at a 
strain rate of 8.3 x 10 .4  s -1. At 1025 ~ the samples 
were strained in the strain rate interval (1.6-83) 
• 10 -4 S-1 

Samples of diameter 10 and 15 mm high were com- 
pression strained in a testing machine 1231U-10 at 
temperatures ranging from 900-1100~ at initial 
strain rates of 1 .6x10 -~, 8 .3x10 -4, and 8.3 
x 10 -3 s -1. Samples with dimensions of 16mm 
x 16 m m x  35 mm were compressed in a hydraulic 
press EU-100 in the temperature interval 700-950 ~ 
at an initial strain rate of 8.3 x 10 - r  s-1. 

In all cases, the time of removal of the sample from 
the hot zone never exceeded 1 rain. 

The tensile diagrams helped to define the following 
parameters: 6, relative elongation to rupture; ~5o, true 
flow stress at 50% strain; cy u, conventional ultimate 
strength. The strain rate sensitivity coefficient m, was 
evaluated by the inclination of the lgc~5o-lgg (for 
State 1) and by switching the rates (for State 3). 

TABLE I TiAI processing methods 

S t a t e  Processing method 

1 Hot compression straining of compacted TiAI at 
1000 J025 ~ at an initial strain rate of 10 -3 s- 1 and 
80% strain 
As (1), plus 70% restraining under the same condi- 
tions changing the compression axis by 90 ~ but for 
cast TiAI 
As (2), plus additional 80% straining at 800 ~ at the 
same rate with another change of compression axis 
by 90 ~ 
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TABLE II Dependence of the average size~ of recrystallized grains, d .... and specific recrystallized volume, V~, on the temperature of 
deformation, t (at g = 8.3x 10 -4 s- 1) and on the. strain rate, ~ (at t = 1025 ~ in the TiAI intermetallic compound 

Microstructure t (~ g (s-1) 
parameters 

950 1000 1050 1100 1.6 x 10 -4 8.3 x 10 -4 8.3 x 10 -3 

dre c (gm) 1-2 4.5 10.5 12.5 6 4.5 4 
Vr~ c (%) 80 87 90 93 90 87 80 

T A B L E I I I Temperature dependence of the TiAI mechanical properties (+ = 8.3 x 10- 4 s- 1) 

t~of (~ 

750 800 900 950 975 1000 1025 1050 

~u (MPa) 485 325 195 150 135 120 110 100 
(%) 45 95 155 175 195 215 250 175 

Electron microscopy was performed on a JEM- 
2000 EX microscope with the accelerating voltage of 
200 kV. 

The mean grain size of the tensile-strained samples 
was defined near the rupture site by optical photo- 
graphs; that of the compression-strained samples was 
measured in the sample centre from the electron 
micrographs. The grain size, d, the recrystallized 
volume, Vr~, and the fraction of second phase were 
measured using the linear intercept method. 

3. Results and discussion 
The effect of hot compression straining on the micro- 
structure of the coarse-grained TiA1 intermetallic 
compound was studied. The compacted state was used 
as coarse grained. Its microstructure is characterized 
by a considerable diversity of grain sizes which is due 
to the non-uniform distribution of the czz-phase grains 
(TiaAl-superlattice DO19) size 0.1--3 gin, their volume 
fraction being 3% or less. "Coarse ' -grained and 
"fine'-grained fractions constitute 80% and 20%, re- 
spectively. The grain size of the "fine'-grained fraction 
is 3-8 gin, while the mean grain size of the "coarse"- 
grained one is 35 gin. It was established that the 
development of dynamic recrystallization during the 
deformation of TiA1, the original microstructure is 
refined. Table II  presents the dependencies of the 
mean grain size and specific volume of recrystallized 
grains on the temperature-rate  conditions of deforma- 
tion. It  can be  seen that as the temperature decreases 
and the strain rate grows, Vrcr and dr~r remarkably 
diminish. The latter is in an agreement with a well- 
k n o w n  dependence of drcr on the Zener -Hol lomon 
parameter  [16]. The reduction of the recrystallized 
volume correlates with a drop in the TiAl ductility. 
Thus, during compression at 900~ and ~ = 8.3 
x 10 .4  s -1, the maximum strain to cracking is only 
3 0 % 4 0 % .  Hence, to stimulate recrystallization in the 
intermetallic compound,  its deformability must be 
substantially increased. This is possible if the original 
microstructure is refined, for it is known [17] that the 
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ductility of TiA1 considerably increases when fine 
grains are available. 

Table I I I  demonstrates the dependence of the fine- 
grained TiA1 tensile properties (State 1) on the temper- 
ature of deformation. In spite of the transition to a 
more rigid scheme of loading, the intermetallic com- 
pound exhibits high ductility. The relative elongation 
grows with the rising temperature of deformation, but 
upon reaching its maximum value at 1025~ it 
abruptly drops. 

The rate dependence of the mechanical properties 
was studied at temperatures matching the highest 
values of the relative elongation (Fig. la). It  can 
be seen that with the growing strain rate, the 
relative elongation increases, reaching its maximum 
(~ = 250%)at  ~ = 8.3 x l0 -4 s-1, but decreases with a 
further growth of the strain rate. The flow stress, o50 , 
also depends on the strain rate to a great extent and in 
a certain rate interval its strain-rate sensitivity is 
rather high. The latter fact is confirmed by a non- 
monotonic dependence of the coefficient m on strain- 
rate characteristic for the structural superplasticity of 
metals [18]. The maximum value o fm is 0.43 (Fig. lb). 
The interval of the highest values of m is matched with 
the largest values of & Under these conditions, the 
samples are uniformly elongated to rupture. Fig. 2 
shows stress-strain curves corresponding to different 
strain rates at 1025 ~ On the whole, they are quite 
similar to those conventionally observed in different 
regions of superplasticity [18]. Hence, in State 1, the 
TiA1 intermetallic compound exhibits superplastic 
features. 

The metallographic analysis of the deformed 
samples revealed the peculiarities of the influence of 
the temperature-rate  conditions of deformation on 
the microstructural changes in the intermetallic com- 
pound. Table IV presents the strain-rate dependence 
of the mean grain size in the sample working area and 
head a t  1025 ~ It  can be seen that as the strain rate 
increases compared with a certain optimal one, the 
microstructure is rapidly refined and, vice versa, de- 
creasing strain rate entails the growth of grains, the 
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Figure 1 Strain-rate dependence rate of (a) the relative elongation 
to rupture, 6 (@), and true flow stress, ~ 0  (�9 and (b) strain-rate 
sensitivity of flow stress m, in State 1 TiA1 at 1025 ~ 

mean grain size of the sample head being independent 
of the testing time. 

Deformation at an optimal superplasticity strain 
rate remarkably transforms the original microstruc- 
ture of the intermetallic compound (Fig. 3a, b). It 
becomes much more homogeneous. A comparison of 
the histograms of the distribution of grain sizes in the 
working area in the sample strained 160% and in that 
of the original sample (heated and exposed at the test 
temperature for 30 rain), indicates that the" micro- 
structure homogeneity increases due to the simultan- 
eous growth of "fine" grains and refinement of 

T A B L E  IV Strain-rate dependence of the average grain size, d, of 
the TiA1 intermetallic compound in the sample head and working 
area 

Microstructure i (s-  1) 
parameters 

1.6 x 10 4 8.3 x 10 a 8.3 x 10 -3 

d (gm): head 8 8 8 
working area 11 7.5 4.5 
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Figure 2 Stress-strain curves of TiAI in State 1 at 1025~ and 
different strain rates: (1) + = 8.34 x 10 -3 s -1, (2) L = 8.3 • 10 -4 s -  1, 
( 3 ) ~ =  1.6• 10-4 S -1. 

"coarse" ones (Fig. 3c). The distribution of the second, 
i.e. ~2-phase (superlattice DO19), becomes more 
homogeneous, its fraction being no larger than 
3 vol %. The ~2-phase particles sized 0.1-3 ~tm are 
mainly of a spherical shape and can be found both in 
the boundaries and within the grains of TiA1. 

Thus, at 1025 ~ and ~ = 8.3 x 10 -4 s-l ,  the follow- 
ing two processes are concurrently in progress in TiA1 
during its deformation: the growth of "fine" grains and 
simultaneous refinement of "coarse" ones, both the 
processes being in relative equilibrium. As the 
temperature-rate conditions change, the equilibrium 
probably shifts to one side or the other. This condition 
is indispensable for a further refinement of structure. 
From the above observations, let us proceed to con- 
sider microstructural changes occurring in TiA1 dur- 
ing the deformation at temperatures below those at 
which the superplastic features are displayed. The tests 
were performed on samples in State 2 prepared by 
superplastic treatment which yielded a homogeneous 
fine-grained microstructure (d = 5 ~tm). Samples with 
such microstructure were compression strained in the 
temperature range 700-950 ~ In this case, too, the 
intermetallic compound contains about 3 vol % ~2- 
phase shaped as spherical particles of size 0.1-3 i.tm. 

Fig. 4 shows stress-strain curves obtained at differ- 
ent test temperatures. The flow stress decreases with 
the rising temperature. In the studied temperature 
range, a peak of flow stress is observed at the initial 
stage. As the temperature decreases, this peak shifts 
towards higher strain levels. With further straining, 
the flow stress monotonically decreases and the steady 
flow stage is then observed. 

Analysis of the 80% strained samples at 700-950 ~ 
indicates that due to dynamic recrystallization, "new" 
grains are formed in the intermetaUic compound, their 
size being substantially smaller than in the original 
state (Fig. 5a, b). As the temperature rises, the mean 

4467 



30 

A 

20 

10 

(T } 

12) 

0 8 I6 24 32 

I t)  d (~m) 

grain size and specific volume of the recrystallized 
grains increases (Table V). Comparing Tables II and 
V, it can be seen that at a deformation temperature of 
950 ~ the specific volume of the recrystallized grains 
in the case of preliminary refined microstructure is 
remarkably larger than one in the coarse-grained 
samples. 

To study the peculiarities of the low-temperature 
dynamic recrystallization developing in TiA1, an 
evolution of microstrueture in the course of deforma- 
tion at 800 ~ was investigated. The initial stage of 
plastic flow (~ = 10%) is characterized by the rapid 
accumulation of dislocations, development of mech- 
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Figure 3 Microstructure and histograms of grain-size distribution 
in State 1 TiAI, 160% strained at 1025~ and i = 8.3x 10-4 s- l :  
(a) head; (b) working area; (c) histograms, (1) head, (2) working area. 

anical twinning in many grains, and local migration of 
original grain boundaries (Fig. 6a, b). At this stage of 
flow, subgrains have already been formed near the 
original boundaries (Fig. 6a) and subboundaries ap- 
pear in the intertwin space (Fig. 6b). After 40% strain, 
recrystallized grains are found in the microstructure 
(Fig. 6c); the twin boundaries bulge and the twins 
themselves become lens-shaped (Fig. 6d). New grains 
are probably formed due to (a) the increasing mis- 
orientation of subgrain boundaries up to high-angle, 
(b) fragmentation of intertwin space and rearrange- 
ment of the fragments' twin boundaries into random 
high-angle grain boundaries (Fig. 6d), (c) appearance 
of "necking" in the "bulging" regions of the boundary. 
On the whole, the mechanisms of the recrystallized 
grain formation are similar to those described pre- 
viously [15] where the TiA1 dynamic recrystallization 
in a coarse-grained state was reported. 
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Figure 4 Stress-strain curves of State 2 TiA1 at 700-900~ and 
~ =  8.3x 10 4s-1. 



T A B L E  V Temperature dependence of the average size of recrystallized grains d . . . .  and specific recrystallized volume, V~c, at 
= 8.3 x 10 -4 s -1 in the TiAI intermetallic compound 

Microstructure t (~ 
parameters 

700 750 800 850 900 950 

dro c (pm) 0.13 0.25 0.45 0.75 1,2 1.9 
V~c (%) 56 70 78 84 90 96 

Figure 5 Microstructure of State 2 TiAI (a) before deformation and (b) after 80% strain at 800 ~ and ~ = 8.3 x 10 4 s -  1. 

Figure 6 Evolution of State 2 TiAI microstructure during deformation at 800 ~ and ~ = 8.3 x 10 -4 s 1: (a, b) e = 10%; (c, d) ~ = 40%. 
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TAB LE VI Temperature dependence of the TiAI mechanical ProPerties (8 = 8.3 x 10 ̀4 s- 1) 

tdof (~ 

600 650 700 800 850 900 

(%) 13.3 75 130 225 260 220 
o, (MPa) 960 860 730 225 120 120 
00. 2 (MPa) 840 730 570 140 100 95 

As the strain level increases (e = 40%-80%), the 
specific volume of the recrystallized grains grows. The 
grains are of equiaxial shape and contain no mechan- 
ical twins. In the majority of "fine" and "average"- 
sized recrystallized grains, the density of dislocations 
is rather low (p = 108-5 x 108 cm-2). At the same 
time, in relatively coarse grains, the density of dis- 
locations is remarkably higher, reaching 
109-101~ cm -2 (Fig. 5b). The ~z-phase particles are 
refined, their size becoming 0.1-0.3 pm. They are 
spherical in shape and are located both in the bound- 
aries and within the grains. 

Thus, the increasing flow stress at the initial stage of 
deformation at 700-950~ is probably associated 
with defects accumulated in the intermetallic com- 
pound, i.e. dislocations and mechanical twins. The 
decrease of the flow stress during further deformation 
is due to the development of dynamic recrystallization. 
The attainment of the steady flow stage probably 
indicates a transition from dynamic recrystallization 
to superplastic flow. This is also confirmed by the 
reduced density of dislocations in "fine"- and 
"average"-sized grains after deformation. It should be 
noted that at a certain stage of hot deformation, this 
transition occurs in many materials [19-21]. 

Thus, in a massive TiAI semifinished product, the 
submicrocrystaltine state can be realized in the follow- 
ing three stages: 

1. deformation under the temperature-rate condi- 
tions of superplasticity resulting in the refinement 
of the original cast structure due to dynamic 
recrystallization; 

2. superplastic treatment yielding a homogeneous 
microcrystalline structure with a mean grain size of 
about 5 pm; 

3. the increasing ductility- enables deformation at 
temperatures lower than in Stages ! and 2, providing 
for dynamic recrystaltization. 

As indicated by the experiment, each stage of treat- 
ment requires a strict Observation of certain 
temperature-rate conditions of deformation. This is 
due to the fact that during deformation at elevated 
temperatures in TiA1, the growth of "fine" grains 
can coexist with refinement of "coarse" grains. The 
coexistence of these processes under superplastic de- 
formation, provides for the homogenization of the 
microstructure. This is why at the final stage of treat- 
ment, at lower temperatures, such temperature-rate 
conditions of deformation must be selected that could 
induce superplasticity in the intermetallic compound 
at the final stage of flow. The utilization of a favour- 
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Figure 7 Strain-rate dependence of the strain-rate sensitivity coeffi- 
cient, m, of State 3 TiA1 at (1) 800 ~ (2) 850 ~ and (3) 900 ~ 

able scheme of loading is another factor exerting a 
positive influence on the deformability of the inter- 
metallic compound and the homogeneity of the res- 
ulting submicrocrystalline structure. 

Table VI presents the mechanical tensile properties 
of submicrocrystalline TiA1 (State 3). In this case, the 
average grain size is 0.4 Ixm. Comparing Tables III 
and VI, it can be seen that the transition from State 1 
to State 3 results in a considerable growth of ductility 
and at 800 ~ the strain rate sensitivity is already 
rather high (m > 0.3) (Fig. 7). The maximum value of 
m is attained at a test temperature of 850~ 
(m = 0.47). The increased values of m are matched 
with the largest relative elongations. 

Thus, the creation of a submicrocrystalline struc- 
ture in massive TiAt semifinished products substan- 
tially decreases the lower temperature limit of super- 
plasticity. This fact supports the use of the above 
method for processing the intermetallic compound 
under study. The method is probably also applicable 
to other hard-to-deform materials. 

4 .  C o n c l u s i o n  
The TiAI intermetallic compound was used to elabor- 
ate a universal method of obtaining a submicro- 
crystalline structure in semifinished products made of 
hard-to-deform materials. It comprises the following 
stages: 



1. thermomechanical treatment yielding a fine- 
grained microstructure; 

2. superplastic treatment improving the micro- 
structural homogeneity; 

3. final thermomechanical treatment at temper- 
atures lower than in Stages 1 and 2 providing for the 
formation of a submicrocrystalline structure. In this 
case, the temperature-rate conditions must ensure the 
development of superplasticity in the final stage of 
plastic flow. 

The creation of the submicrocrystalline structure 
results in a considerable broadening of the temper- 
ature range where superplasticity can be displayed in 
the TiA1 intermetallic compound. 
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