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The temperature dependence of tensile properties of a two-phase titanium aluminide with
nearly lamellar microstructure has been investigated and brittle-to-ductile transition (BDT)
temperatures (TBDS) have been determined under different strain rates from 10−5 to
10−1 s−1. It is found that TBD rises with the increase of strain rate. From the positive strain
rate sensitivity of TBD, the apparent activation energy of BDT is determined to be 324 kJ/mol
by means of Zener-Hollomon factor. The determined activation energy approximates to the
activation energies of self-diffusion of Ti atoms, and inter-diffusion of Ti and Al atoms in
TiAl phase. The approximation, fractography analysis and theoretical calculation using the
Nabarro Model add up to the speculation that the BDT of the alloy is controlled by
dislocation climbing. C© 1999 Kluwer Academic Publishers

1. Introduction
γ -TiAl/α2-Ti3Al two-phase intermetallics (hereafter
referred to as the TiAl alloy) have recently received
increasing attention because of their potential as struc-
tural materials for high temperature applications. TiAl
alloy is brittle at room temperature but becomes ductile
at high temperature, manifesting brittle-to-ductile tran-
sition (BDT) in the intervening temperature range. It
has been found that the brittle-to-ductile transition tem-
perature (TBD) of the alloy, which usually ranges from
600 to 820◦C, depends on chemical composition and
microstructure of the alloy and that alloys with duplex
(DP) microstructure have lowerTBD than those with
fully lamellar (FL) or nearly lamellar (NL) microstruc-
ture [1, 2]. Moreover,TBD was found qualitatively to go
up with the strain rate in TiAl alloy with near gamma or
DP microstructure by Lipsittset al. [3], Seetharaman
et al. [4] and Kumpfertet al. [5]. Nevertheless, none
of Refs. [2–5], which addresses BDT in TiAl alloys,
gives a quantitative criteria forTBD evaluation. The re-
lationship betweenTBD and the strain rate has yet to be
investigated quantitatively, especially in the alloy with
FL or NL microstructure.

In this paper a two-phase titanium aluminide with
NL microstructure is chosen to study the strain rate
sensitivity ofTBD. The controlling mechanism of BDT
is speculated accordingly.

2. Experimental
The chemical composition of the chosen alloy is Ti-47at
%Al-2at %Mn-2at %Nb. The alloy was produced by
vacuum melting technique, and then, was thermally
mechanically processed into plates with a thickness of
about 6 mm and heat treated to have NL microstruc-
ture at room temperature. Initial microstructure, the mi-
crostructure before deformation, was etched by a mix-
ture of 2.5% volume of HF, 2.5% volume of HNO3 and
95% volume of H2O, and observed using a Neophot-II
optical microscope.

Plate specimens with a gauge section of 15× 3.5×
1.8 mm were used. The specimens were cut from
the 6 mm-thick plates using an electro-discharging
machine, polished by emery paper first and electro-
polished finally to eliminate their surface defects and
damage. The polishing solution was a mixture of per-
chloric acid,n-butanol and methanol, whose volume
ratio was 6:35:60, and the temperature and voltage were
maintained at 213–223 K and 50 V, respectively.

Tensile tests were conducted on a Shimadzu AG-
100kNA material testing machine. The initial strain
rate, which is the ratio of constant velocity of the cross-
head to the gauge length, 15 mm, was chosen as 10−5,
10−4, 10−3, 10−2 and 10−1s−1, respectively. The test-
ing temperature was chosen as 285, 398, 523, 598, 673,
773, 873, 973, 1073, 1173, 1273 and 1373 K. For testing
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temperature above 1073 K, the samples were covered
with oxidation-proof coating.

The fracture morphology was analyzed by a S520-
type scanning electron microscope (SEM), operating at
an accelerating voltage of 20 kV.

3. Result
3.1. Initial microstructure
The initial microstructure of the alloy is shown in Fig. 1,
which proves that the alloy possessed NL microstruc-
ture before tensile testing. The average size of lamellar
colonies is about 0.5 mm.

3.2. The effect of temperature and strain
rate on tensile properties

Fig. 2 shows the temperature dependence of yield
strength (σ0.2) and elongation (δ) under different strain
rates. As can be seen in Fig. 2, under the strain rate of
10−5s−1, the yield strength starts to decrease sharply
while the elongation starts to increase abruptly when
the temperature rises to 973 K. If the temperature at
which the elongation reaches 7.5% is defined asTBD,
theTBD of the alloy is determined to be 1023 K under
the strain rate of 10−5s−1. TheTBDs under other strain
rates are determined in the same way, and the results are
tabulated in Table I, which shows thatTBD is sensitive
to the strain rate, going up with the increase of the latter.

Figure 1 Initial microstructure.

Figure 2 Temperature dependence of (a)σ0.2 and (b) elongation under different strain rates.

TABLE I TBD of the investigated alloy at different strain rates

Strain rate (s−1) 10−5 10−4 10−3 10−2 10−1

TBD (K) 1023 1098 1173 1273 >1373

Figure 3 Variation of yield strength and elongation with the strain rate
at 1073 K.

The strain rate dependence ofσ0.2 andδ at 1073 K
is shown in Fig. 3. As the strain rate ascends,σ0.2 rises
whileδ drops, similar to the circumstances in the case of
lowering the temperature under a constant strain rate. In
other words, raising the strain rate produces an equiva-
lent effect on tensile properties to that of lowering the
temperature.

3.3. Fractography
Fig. 4 are micrographs from samples fractured under
the strain rate of 10−4s−1. Transgranular cleavage, in-
cluding translamellar cracking and delamination, ap-
pears to be the predominant mode of failure below
TBD (Fig. 4a) while dimple fracture plays the main role
aboveTBD (Fig. 4b).

Fig. 5 shows the fracture morphology of samples
deformed at 1073 K under two different strain rates.
Under the strain rate of 10−5s−1, with the correspond-
ingTBD (1023 K) lower than the testing temperature, the
fracture mode is dimple fracture while under the strain
rate of 10−1s−1, with the correspondingTBD higher than
the testing temperature, the fracture mode is mainly
transgranular cleavage (Fig. 5b).

As can be seen from Figs 4 and 5, BDT seems to co-
incide with the emergence of numerous dimples on the
fracture surface. Furthermore, from the similarity be-
tween Fig. 4a and Fig. 5b, Fig. 4b and Fig. 5a, increasing
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Figure 4 Fractographs at (a) 1073 K and (b) 1173 K under the strain rate of 10−4s−1.

Figure 5 Fractographs under the strain rates of (a) 10−5s−1 and (b) 10−1s−1 at 1073 K.

strain rate and lowering temperature are found to pro-
duce equivalent effects on the fracture mode.

4. Discussion
4.1. The change in fracture mode and

deformation mechanism above
and below TBD

Although it seems arbitrary to defineTBD as the temper-
ature corresponding to 7.5% elongation in this paper,
the definition is justified by the transition in fracture
mode from transgranular cleavage belowTBD to dim-
ple fracture aboveTBD. Huanget al. has estimatedTBD
in Ti-48Al alloy around 550◦C, but the tensile ductil-
ity of the Ti-48Al alloy they investigated is no more
than 2.4% at 550◦C and rises to only 5% at 600◦C (see
Fig. 9 in Ref. [2]). As the tensile ductility does not see
a rapid increase around 550◦C, it is not persuasive to
take 550◦C asTBD.

The transition in fracture feature also suggests a
change in the mechanism of deformation and fracture
in the course of BDT. The equalivent effects lowering
temperature and raising the strain rate produce on ten-
sile properties and fractograph indicate that BDT is a
thermally activated course. The suppression of dimple
fracture by raising the strain rate to a level high enough
further indicates that the deformation controlled by
dimple-producing mechanism is low. Dimples, which
form at high temperatures, may result from dislocation
climbing.

4.2. The apparent activation energy of BDT
It is generally accepted that both temperature and strain
rate affect mechanical properties. Zener and Hollo-
man [6] reduced the effect of temperature and strain
rate on mechanical properties to that of a factor, so-
called Zener-Holloman factor, expressed by:

Z = ε̇ exp(Q/RT) (1)

whereQ is apparent activation energy andR is ideal gas
constant. According to Zener and Holloman, as long as
the values ofZ are equal with each other, the corre-
sponding mechanical properties are also identical no
matter what the combination of temperature and strain
rate is [6].

Supposing that theZ value atTBD is a constant, Equa-
tion 1 can be converted into

ln ε̇ = ln Z − Q/RTBD (2)

which means that ln ˙ε has linear relationship with
1/TBD. The linear slope is−Q/R. Using the data in
Table I, lnε̇ is plotted against 1/TBD in Fig. 6, which
shows that the natural logarithm value of the strain rate
indeed has linear relationship with 1/TBD. From the
slope of the regressive line in Fig. 6, the apparent acti-
vation energy of BDT is determined to be 324 kJ/mol.
The value approximates to 291 kJ/mol [7], the self-
diffusion activation energy of Ti atom in single-phase
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Figure 6 ln ε̇ plotted against 1/TBD.

TiAl alloy, and 295 kJ/mol [8], the inter-diffusion
activation energy of Ti and Al atoms in TiAl phase.
The approximation points to that the BDT course of
the alloy is controlled by an atomic diffusion process.

4.3. The contribution of dislocation
climbing to deformation rate

Generally speaking, deformation is undertaken by dis-
location motion. Although twinning is often argued to
play a role in the deformation of TiAl alloy [2, 3], it re-
sults from the motion of 1/6< 112 partial dislocation.
From the viewpoint of dislocation motion, diffusion
controlled deformation at high temperature can only be
proceeded by dislocation climbing. According to the
model of Nabarro [9], which is based on the theory of
steady-state diffusion creep, the strain rate produced by
dislocation climb is given by

ε̇ = Dbp3

πkT G2

/
ln

(
4G

πp

)
(3)

TABLE I I Value or expressions of the parameters in Equation 3
used to estimate the strain rates which may be provided by dislocation
climbing

Parameters Value or expressions

D (m2s−1) 1.53× 10−4 exp(−291000/RT) [7]–
2.80× 10−4 exp(−295000/RT) [8]

b (m) 2.83× 10−10 [10]
G (GPa) 72.24− 0.0141T [11]

TABLE I I I Comparison of the estimated strain rates, using Equation 8, provided by dislocation climbing with the externally applied strain rates
at 1073 K

True stress Estimated strain Externally applied true
measuredp (MPa) rate (×10−5s−1) strain rate (×10−5s−1)

Initial strain D
rate (s−1) (×10−18 m2s−1) G (GPa) yp max n/b yp max n/b yp max n/b

10−5 294 364 258 0.829–0.972 1.64–1.92 0.548–0.643 0.998 0.958 0.803
10−4 1.04–1.22 327 449 449 1.17–1.37 3.21–3.76 3.21–3.76 9.98 9.44 9.38
10−3 59.11 345 375 375 1.38–1.61 1.80–2.11 1.80–2.11 99.8 99.6 99.6
10−2 370 370 370 1.72–2.02 1.72–2.02 1.72–2.02 998 998 998

whereD, G andb are self-diffusion coefficient, shear
modulus, and the magnitude of Burgers vector of the
climbing dislocations, respectively;p is the flow stress
externally applied; andk is Boltzmann constant.

Although the investigated alloy contains a minor
phase ofα2-Ti3Al, the small fraction ofα2 phase dis-
qualifies the minor phase from controlling the plastic
deformation rate of the whole alloy. As a good approx-
imation, the deformation rate of the majorγ phase is
taken as that for the whole alloy. In order to calculate the
ε̇ in Equation 3 at 1073 K at three representative points:
the yield point (yp), the maxim load point (max) and the
necking point or fracture point when necking doesn’t
occur (n/b), the value of the parameters in Equation 3
are taken as those ofγ phase (listed in Table II). The
inter-diffusion coefficient of Ti and Al atoms measured
by Sprengelet al. [8] and the self-diffusion coefficient
of Ti atom measured by Krollet al. [7] are taken as up-
per and lower limit ofD, respectively, and the Burgers
vector magnitude of 1/2< 110] dislocations, which are
found most popular at high temperature [10], is chosen
asb. The calculation result, as well as the experimen-
tally applied strain rates for comparison, are listed in
Table III.

The data in Table III show that at the lowest ini-
tial strain rate, 10−5s−1, the strain rates produced by
dislocation climbing approach or exceed the externally
applied rates; when the applied initial strain rate rises
to 10−4s−1, the strain rates produced by climbing are
less than that externally applied by 1.5–7.5 times; when
the applied initial strain rate rises further to 10−3 and
10−2s−1, the strain rates produced by climbing lags be-
hind the externally imposed rates by 1–2 orders of mag-
nitude. The comparison between applied and calculated
rates shows that under the initial strain rate of 10−5s−1

climbing is fast enough to undertake the applied strain
rate while under the initial strain rates around 10−4s−1,
climbing start to not be able to keep up with the applied
strain rate and gliding and twinning have to be consid-
ered to be mainly responsible for plastic deformation.
At 1073 K, the alloy manifests BDT around the strain
rate of 10−4s−1. Whether the alloy is brittle or ductile
coincides with whether dislocation climbing can keep
up with the externally imposed strain rate or not, which
is also found by Kad and Fraser [10] in compression of
single-phaseγ -TiAl alloy.

The change in fracture mode below and aboveTBD,
the approximation of activation energy of BDT to those
of atomic diffusion in TiAl phase, and the concurrence
of dislocation climbing and good ductility lead to the
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speculation that the BDT in the investigated TiAl alloy
is initiated by dislocation climbing. The speculation has
been confirmed by Appelet al. [12], who deduced the
same conclusion from their thermal activation analysis
and transmitting electron microscopy observation on
several TiAl alloys.

5. Conclusion
(1) The TBD of TiAl alloy with nearly lamellar mi-
crostructure depends sensitively on the strain rate. It
increases from 1023 K to above 1373 K as the strain
rate increases from 10−5s−1 to 10−1s−1.

(2) The fracture mode of the alloy is affected by
temperature and strain rate. Transgranular cleavage (in-
cluding translamellar cleavage and delamination) dom-
inates belowTBD while dimple fracture plays the main
role aboveTBD.

(3) The brittle-to-ductile transition of the alloy is a
thermally activated process and its apparent activation
energy is 324 kJ/mol, approximate to the activation en-
ergies of self-diffusion of Ti atoms, and inter-diffusion
of Ti and Al atoms in TiAl phase.

(4) BDT course is speculated to be initiated by dis-
location climbing.
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