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Hot deformation behavior and constitutive equations of titanium alloy Ti26
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Abstract: Samples of Ti26 (Ti-V-Sn-Cr-Al-Zr-Nb) alloy were compressed on the Gleeble—1500 heat stimulation machine. The
compression test was carried out at 900—1 150 °C and strain rates from 0.001 s ' to 10 s”'. Flow stress data at various temperatures
and strain rate were obtained; and the compressive true stress vs. true strain curves were measured and studied. The deformation
activation energy was calculated. The results show that the flow stress of Ti26 alloy decreases with the increase of temperature and
the decrease of strain rate, and the deformation activation energy is 278.11 kJ/mol in £ phase region. The flow stress curves and
deformation activation energy reveal that the main softening mechanism is dynamic recovery in g phase region. Constitutive
equations were formulated to describe the temperature dependence of the flow stress over a wide range of strain rates.
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1 Introduction

The Ti26 (Ti-V-Sn-Cr-Al-Zr-Nb) alloy is based on
Ti-15-3 alloy with little alloying element Zr and Nb. This
alloy has an advantage over Ti-15-3 in comprehensive
mechanical properties on the same conditions. The need
to hot work these materials at relatively low temperatures
in order to control microstructure and final properties
often requires the utilization of isothermal or near-
isothermal deformation processing. Many factors can
affect the deformation behavior of materials during hot
working, such as deformation temperature, deformation
rate and deformation degree. The constitutive equation of
material can express the relation among the hot working
parameter of flow stress, the strain rate and the
deformation temperature. The traditional constitutive
equation is classified as two groups: the
phenomenological and statistical constitutive equation.
The phenomenological constitutive equation indicates
the physical relationship measured by macroscopic
method among the stress, the strain and the strain rate by
mathematical statistics method or artificial neural
network method, but the micromechanism of relevant

atom and the molecular structures was not involved[1-3].

And then the statistical constitutive equation is

established on the micromechanism of atom and the
molecular model. Actual appliance of engineering widely
chooses to use the phenomenological constitutive
equation. The processing, heat treatment, mechanical
properties, and microstructure of Ti26 alloy were
reported in Ref.[4]. The aim of studying hot deformation
of the alloy at a given range of temperature and strain
rate is to obtain good hot work parameters in this work,
which can achieve a perfect combination of the hot work
with microstructures and properties.

In this work, the hot deformation behavior of a new
metastable S-type titanium alloy was investigated by
casting samples under the hot working conditions of
varying temperature and strain rate conducted on
isothermal compression heat stimulation machine. Hence,
the objective of the present paper is to study the
influence of the processing temperature, strain rate and
deformation degree on the flow stress behavior and to
perform constitutive modeling of the hot working
process for Ti26.

2 Experimental
The compression specimens were a cast specimen

received in the form of as-cast ingot with an outer
diameter of 160 mm. The f transus temperature of this
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alloy is approximately 770 C. The specimens were
machined into cylindrical shape with 8 mm in diameter
and 12 mm in length using linear cutting machine. The
hot compression test was carried on Gleeble 1500
simulator. In order to reduce the friction at the
die/specimen interface, a graphite foil was inserted
between the die and the specimen. A thermocouple was
welded at the mid-span of the specimens to provide an
accurate temperature control and measurement during
testing. The test was conducted at five strain rates (0.001,
0.01, 0.1, 1, 10 s") to a deformation of approximately
70% and at six temperatures (900, 950, 1 000, 1 050,
1 100, 1 150 °C). Specimens were automatic water
quenched immediately upon the completion of
compression test without moving the specimen from the
machine.

3 Results and discussion

3.1 Experiment stress—strain curves

The typical true stress—strain curves obtained at
900 C and 1 150 C in the strain rate range of
0.001-10 s " are presented in Fig.1.

In Fig.1 the true stress—strain curve showed a sharp
increase in stress at the beginning stage of the test. After
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Fig.1 True stress—strain curves of alloy at 900 ‘C and

1150 °C in various strain rates

the peak stress, the true stress—strain curves dropped
continuously and the steady state conditions were not
observed even up to a strain value of 0.8. The flow stress
increased with increasing strain rates. The difference
between the stress—strain behavior of Fig.1(a) and the
Fig.1(b) was that the flow stress of Fig.1(a) dropped
much faster than that of Fig.1(b).

Fig.2 shows that the flow stress decreased with
increasing deformation temperatures at the same strain
rate. The flow stress of the alloy in 900-1 150 C
increased and reached a peak stress, and then decreased
as the strain further increased, and finally reached a
steady state. The flow stress essentially remained
approximately constant at the high temperature (1 000— 1
1500 ‘C) and the high strain rate (10 s'), which
indicates that dynamic recovery occurred during the hot
deformation process at a particular temperature and
strain rate.
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Fig.2 True stress —strain curves of alloy at strain rate
0.001 s”'(a) and 10 s”'(b) at various temperatures

3.2 constitutive relationships and activation energy

The relationships between stress, strain, strain rate
and temperature can be described by constitutive
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equation. There are three Arrhenius type constitutive
models that have been widely used to describe the
constitutive relationships. They have the following
form[5]:

é=A410 ™ exp[-Q/(RT)] (1)
& = Ayexp(So)exp[-Q /(RT)] ()
é = Asinh(ac)" exp[~Q /(RT)] 3)
where O is the apparent activation energy of

deformation; n, n; are the stress exponent; A, 4, 4,, and
@, [ are the material constants; R is the gas constant; &
is the strain rate; and 7 is the absolute temperature. In
present study, the Arrhenius-type hyperbolic-sine
equation is used to express the hot deformation of Ti26
alloy. The other two Arrhenius-type equations are not
further studied here for the reason that Eqns.(1) and (2)
are merely extreme cases of Eqn.(3). In Eqn.(3), « is the
stress multiplier that provides an adjustable constant to
bring oo into the correct range in order to generate
constant temperature parallel lines in the Ing versus
In sinh(ao) plots. As «a increases, n decreases to
compensate, and the slope of the Arrhenius plot
(In sinh(a.o) versus 1/7), rises nearly linearly so that the
activation energy, Q levels to a stable value. In this work,
the constitutive relation given in Eqn.(3) was used to
determine the values for the stress exponent and
activation energy for Ti26.

In the case of Ti26, the activation energy of
single-phase [ regions is calculated. The constant
temperature logarithmic plots of the flow strain (&=0.6)
as a function of the strain rate that gives the best possible
linear fits at a « value of 0.009 3 is shown in Fig.3.
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At a constant strain rate the logarithmic plot of flow
strain (£=0.6) as a function of the inverse of temperature

gave linear plots that needed to be modeled for
determining the activation energies in the single-phase
regions, as shown in Fig.4. From the regression analysis
of the data plotted in Fig.4, the activation energy of the
beta regions was 278.11 kJ/mol. The activation energy of
IM1834 reported by WANJARA was 153 kJ/mol for the
beta. And the activation energy of TA15(Ti-6Al-
2Zr-1V-1Mo ) reported by XU was 205 kJ/mol for the
beta.
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For pure metals, the apparent activation energy of
deformation is often associated with that for
self-diffusion. With respect to self-diffusion in the beta
phase of pure titanium, BROWN and ASHBY calculated
a value of 250 kJ/mol while WALSCOEDE RECA and
LIBANATI obtained 152 kJ/mol. DYMENT[6] has
found that body centered cubic metals are characterized
by a continuous change in their diffusion properties and
the self-diffusion rate was determined to increase with
temperature up to the melting point. so a range of
activation energies for self-diffusion in beta-titanium
could be possible. For Ti26, in the beta phase field, the
activation energy for deformation are 278.11 kJ/mol. In
general, the activation energy for deformation is equal to
that for self-diffusion when the controlling mechanism
involves dislocation climb. Although the stacking fault
energy values have not been determined for the body
centered cubic crystal structure of the beta phase of
titanium, such a crystal structure leads to a high stacking
fault energy and the availability of a large number of slip
systems that facilitate easy cross-slip and climb of
dislocations in these materials, especially at high
temperatures[7]. Hence, dynamic recovery is likely the
main controlling mechanism for deformation in the
single-phase beta region of Ti26 as observed for IMI834
and Ti-6Al-4V[8].

The apparent activation energy obtained for the
deformation of Ti26 in the beta regions was used to
correlate the data in terms of the Zener—Hollomon
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parameter Z, where
Z = ¢ exp[Q/(RT)] “

The linearity of the data suggests that the flow stress
follows the expected trend from Eqn.(4) for strain rate
and temperature. The equation of state of the material for
deformation can be written as

& =¢""1"[sinh(0.009 36")]*** exp[—278.11/(RT)]

4 Conclusions

1) The true stress—strain curves are very alike. The
flow stress of Ti26 alloy decreases with the increase of
temperature and the decrease of strain rate. In the S
phase region, the flow stress is not sensitive to
temperature, and true stress—strain curves remain steady
state type at both high and low strain rate.

2) Constitutive equations are formulated to describe
the temperature dependence of the flow stress over a
wide range of strain rates.

3) In S phase region, the activation energy of 278
kJ/mol is close to that for self-diffusion. The deformation
model is dynamic recovery.
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