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The TC6 alloy produced in Baoji nonferrous metals work, Xian, China, is one of the best titanium alloys
with good resistance against heat and corrosion and is widely used in the aviation and aerospace industries.
In this paper, isothermal compression tests were conducted on the TC6 alloy in the Thermecmastor Z
simulator, at temperatures between 800 and 1040 °C at strain rates between 0.001 and 50 s−1 to a 50%
height reduction. The experimental results are presented as variations of flow stress with deformation
temperature, strain rate, and strain. On the basis of the present experimental results and deformation
behavior, a constitutive equation for the TC6 alloy was proposed by employing an Arrhenius-type equa-
tion. The activation energy of deformation (Q) and work-hardening index (n) are found to be a function
of strain. The present equation is in good agreement with the experimental data.
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1. Introduction

A constitutive equation that expresses the correlation be-
tween deformation behavior and process parameters is impor-
tant in investigating the deformation behavior of alloys and in
optimizing their performance. In establishing a constitutive
equation, the first step is to consider the micromechanisms that
occur during deformation, including the movement of disloca-
tions, slip step formation, static and dynamic recovery, and
recrystallization (Ref 1-4). The next step is to construct a nu-
merical model using an artificial neural network (Ref 5, 6). The
third step considers the correlation between the flow stress and
process parameters (Ref 7, 8). The latter is easily applied in
practice because only a few physical variables must be measured.

The TC6 alloy is a new titanium alloy with two phases. It
possesses good ductility and toughness, and has a high relative
strength and good resistance against heat and corrosion. The
service temperature of the TC6 alloy can reach 450 °C. The
TC6 alloy is widely used to manufacture important compo-
nents, for example, aerofoil blades and disks in the aviation and
aerospace industries.

In this research, isothermal compression tests were con-
ducted on the TC6 alloy in the Thermecmastor-Z simulator
(Japan) at temperatures between 800 and 1040 °C at strain rates
between 0.001 and 50 s−1 up to a 50% height reduction of the
sample. According to the present experimental results, the ef-
fect of process parameters on flow stress is investigated and a
constitutive equation for the TC6 alloy is established utilizing
an Arrhenius-type equation.

2. Experimental Procedures

2.1 Material

The TC6 alloy was obtained as a round bar 42 mm in
diameter. The chemical composition is shown in Table 1. The
heat treatment procedure before isothermal compression con-
sisted of the following steps: heated to 870 °C and soaked for
1 h; the temperature adjusted to 650 °C with the sample soaked
for an additional 2 h; and then cooled in air to room tempera-
ture. Cylinder specimens, 8 mm in diameter and 12 mm in
height, were machined from the heat-treated bars, and the cyl-
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Table 1 Chemical composition of a TC6 titanium alloy
(wt.%)

Al Cr Fe Mo Si Ti

6.29 1.42 0.42 2.71 0.33 Balance

Fig. 1 Optical micrograph of a TC6 alloy before deformation
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inder ends were grooved for retention of the glass lubricants
during hot compression testing.

2.2 Hot Compression

The isothermal compression experiments were conducted at
a constant strain rate on the Thermecmastor-Z simulator for hot
working. The specimens and compression rams were heated by
high-frequency induction under vacuum conditions to avoid

oxidation. The lower ram was fixed while the upper ram was
free to move up and down at constant strain rates. A chromel-
alumel thermocouple was welded at the midspan of each speci-
men. The thermocouple was used to control the electric current
supply to the heating coil and to monitor the specimen tem-
peratures during the test. Quartz foil, 0.1 mm thick, was used
to reduce heat exchange between the specimens and the rams
during the hot compression tests.

The specimens were held for 3 min at the deformation tem-
perature before applying the load to ensure well-proportioned
temperature fields along the sample length. After compression,
the specimens were immediately quenched by nitrogen gas to
achieve a cooling speed of 30 °C/s so that the as-deformed
microstructures would be retained.

To investigate the effects of process parameters on flow
stress and deformation behavior, nominal deformation tem-
peratures between 800 and 1040 °C were used. The strain rate
was varied between 0.001 and 50 s−1 at each temperature.
Isothermal compression tests were performed to 50% reduction
in height for each combination of deformation temperatures
and strain rates.

3. Experimental Results and Constitutive
Equation

Figure 1 illustrates the microstructure of as-received TC6
alloy.

Fig. 2 Variation of flow stress with process parameters
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Figure 2(a) shows how the log � varies with strain-rate (�
.
)

and deformation temperature (1/T). Figure 2(b) shows how the
log sinh(��)varies with strain-rate (�

.
) and deformation tem-

perature (1/T), where � is 0.008 MPa−1. Figured 2(c) and (d)
show how log �̇ varies with log sinh(��) and/or log � at
different deformation temperatures. Figure 2(e) shows how the:

�log �
. +

Q

RT�
varies with log sinh(��) and/or log � at different strains. The
stress-strain curves obtained during hot compression tests of

the TC6 alloy at elevated temperature are shown in Fig. 3 (i.e.,
the dotted line).

When a constitutive equation is used to express deformation
behavior of a material, the “sinh-Arrhenius” equation (Eq 1) is
generally used to describe the flow stress and deformation state:

�� exp� Q

RT� = Asinh ����n (Eq 1)

where ��is the equivalent strain rate, � is the flow stress (MPa),
Q is the activation energy of deformation (kJ/mol), R is the gas
constant (kJ/mol K), T is absolute temperature (K), and A, �,
and n are material constants.

Fig. 3 Comparison of the calculated results (real line) of flow stress with the experimental (dotted line): (a) 860 °C, (b) 890 °C, (c) 920 °C, (d)
950 °C, (e) 980 °C, and (f) 1010 °C

Journal of Materials Engineering and Performance Volume 14(2) April 2005—265



From Eq 1, flow stress is related to deformation temperature
and strain rate. It is well known that flow is instantaneous
during hot deformation and is affected by the thermo-
mechanical behavior of the material. In establishing the con-
stitutive equation for TC6, the constants Q, A, and n are as-
sumed to be a function of strain.

Using the experimental data for TC6 from this study, the
constants �, ln A, n, and Q for a particular set of deformation
conditions at a strain level can be obtained from Table 2.

According to the experimental results shown in Table 2, Eq
(2a-d) can be used to compute the constants �, Q, ln A, and n:

� = {2.7818�– 4 − 2.3255�– 3 + 0.6432�– 2

− 0.0565�– + 0.0074 ��– � 0.35�

−0.3733�– 4 + 0.7756�– 3 − 0.5753�– 2

+ 0.1848�– − 0.0134 ��– � 0.35� (Eq 2a)

Q = {−14,667�– 4 + 10,089�– 3 − 1666.70�– 2

− 218.10�– + 586.71 ��– � 0.35�

6848.50�– 4 + 14,164�– 3 + 10,957�– 2

− 3783.50�– + 1005.60 ��– � 0.35� (Eq 2b)

ln A = {−3636.40�– 4 + 2820.20�– 3 − 663.33�– 2

+ 22.90�– + 59.14 ��– � 0.35�

969.70�– 4 + 1983.80�– 3 + 1501.80�– 2

− 502.15�– + 144.59 ��– � 0.35� (Eq 2c)

n = {−175.76�– 4 + 138.38�– 3 − 31.50�– 2

+ 0.53�– + 4.44 ��– � 0.35�

96.97�– 4 + 185.05�– 3 + 129.58�– 2

− 39.25�– + 8.37 ��– � 0.35� (Eq 2d)

where � is equivalent strain in each case.

Substituting Eq 2a-d into Eq 1, the flow stress can be com-
puted for each set of deformation conditions. Figure 3 shows
the comparison between the calculated results and the experi-
mental tests results for the TC6 alloy. The calculated results
agree well with the experimental data.

4. Conclusions

From the experimental results of TC6 alloy, the correlation
between deformation behavior and process parameters is sig-
nificant. In establishing the constitutive equation for the TC6
alloy, the activation energy of deformation (Q) and the work-
hardening index (n) are assumed to be a function of strain. On
the basis of the present experimental results and the deforma-
tion characteristics of the TC6 alloy, a constitutive equation for
TC6 is established by employing an Arrhenius equation. The
calculated results are in good agreement with the experimental
data.
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0.60 0.949 508.4 51.1 4.16
0.65 0.995 508.6 51.0 4.21
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