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Isothermal compression of the TC6 alloy was carried out in a Thermecmaster-Z (Wuhan Iron and Steel
Corporation, P.R. China) simulator at deformation temperatures of 800~1040 °C, strain rates of
0.001~50.0 s~', and maximum height reduction of 50%. The deformation behavior of the TC6 alloy in
isothermal forging was characterized based on stress-strain behavior and Kinetic analysis. The activation
energy of deformation obtained in the isothermal forging of the TC6 alloy was 267.49 kJ/mol in the 3 phase
region and 472.76 kJ/mol in the o+f3 phase region. The processing map was constructed based on the
dynamic materials model, and the optimal deformation parameters were obtained. Constitutive equations
describing the flow stress as a function of strain rate, strain, and deformation temperature were proposed
for the isothermal forging of the TC6 alloy, and a good agreement between the predicted and experimental

stress-strain curves was achieved.

Keywords constitutive relationship, high-temperature deforma-
tion, processing map, titanium alloy

1. Introduction

The TC6 (Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si) alloy is a new
two-phase alloy that has high relative strength, good resistance
against heat and corrosion, good ductility, toughness, and a
service temperature of 450 °C, all of which make it an ideal
choice for many aerospace applications, for example, aerofoil
blade and disc in the aviation and aerospace industries (Ref 1).

To develop processing methods such as forging, it is nec-
essary to characterize the deformation behavior under process-
ing conditions, which include flow stress behavior, deforma-
tion mechanisms, and microstructure evolution. Many
investigations were carried out on the hot deformation behavior
of high-temperature titanium alloys, such as Ti-6Al-4V,
IMI834 (Ref 2-7). The hot deformation behavior of Ti-6Al-4V
with an equiaxed a-f perform microstructure was modeled in
the temperature range of 750~1100 °C and strain rate range
0.0003~100 s™' by Seshacharyulu et al. (Ref 2). Wanjara et al.
(Ref 4) investigated the flow stress behavior of near-a alloy
IMI834 by compression testing at isothermal deformation con-
ditions of different deformation temperature and strain rates up
to a strain of 0.8.

The two-phase TC6 alloy was developed recently, and not
much information about deformation behavior is available. In
this paper, isothermal compression was conducted at different
temperatures, strain rates, and height reduction during the high-
temperature deformation of the TC6 alloy, and the deformation
behavior was investigated.

2. Experimental Procedures

The TC6 titanium alloy produced by Baoji nonferrous metal
works, P.R. China, is 42 mm in diameter. Its chemical com-

position is shown in Table 1. The heat treatment procedure
before isothermal compression was to heat at 870 °C, keep for
1 h, adjust to 650 °C, keep for 2 h, and cool in air to room
temperature. Cylinder specimens 8 mm in diameter and 12 mm
in height were machined from the heat-treated bars, and the
cylinder ends were grooved for retention of the glass lubricants
used during isothermal compression tests.

To investigate the effects of process parameters on defor-
mation behavior of the TC6 alloy in isothermal compression,
the nominal deformation temperatures were arranged as 800-
1040 °C at intervals of 30 °C and the strain rates as 0.001-50.0
s~ for each deformation temperature. Isothermal compression
was performed to 50% of maximum height reduction at each
combination of deformation temperatures and strain rates. The
isothermal compression experiments with constant strain rate
were conducted on a Thermecmaster-Z simulator for hot work-
ing with optical dilatometer (Wuhan Iron and Steel Corpora-
tion, P.R. China). The specimens were kept for 3 min at the
deformation temperature before the commencement of defor-
mation to ensure well-proportioned temperature fields. After
compression, the specimens were immediately quenched by
nitrogen gas at the cooling speed of 30 °C/s to retain the as-
deformed microstructures.

The load-stroke data were converted to stress-strain curves
using standard equations. The flow stress was obtained as a
function of deformation temperature, strain rate, and strain.
The activation energy of deformation and processing map were
generated from the experimental data.

3. Results and Discussion

3.1 Flow Stress

Typical stress-strain curves in the (a+) region and 3 re-
gion of TC6 titanium alloys are shown in Fig. 1. These curves

Table 1 Chemical composition of a TC6 titanium alloy,
wt. %
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Al Cr Fe Mo Si Ti

6.29 1.42 0.42 2.71 0.33 bal.
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Fig. 1 True stress-strain curves of the TC6 titanium alloys during isothermal compression

show that the flow stress decreases with an increasing defor-
mation temperature for the given strain rate, and the flow stress
increases with the increasing of strain rate for the given tem-
perature. As can be seen in Fig. 1, the curves exhibit a flow-
softening behavior in which the flow stress reaches a peak at a
critical strain and then decreases with further straining. The
critical strain from the peak stress to the steady flow increases
with increasing strain rates. The peak stress in the isothermal
compression of the TC6 alloy is shown in Fig. 2(b). From Fig.
2(b), the effect of deformation temperature on peak stress is
shown to be slight at a lower strain rate, otherwise there is a
significant effect. The peak stress of the alloy has a slope drop
and then is steady above a deformation temperature of 960 °C,
which results from dynamic recrystallization. The steady flow
stress in the isothermal deformation of the TC6 alloy is shown
in Fig. 2(a). From Fig. 2(a), the steady flow stress in the iso-
thermal compression of the TC6 alloy is shown to be sensitive
to the strain rate but not to a deformation temperature above
960 °C.

Most plastic power converts to heat and results in a tem-
perature rise in the high temperature deformation process. If
the strain increment is Age and the homogeneous temperature
rise AT can be calculated in the in Eq 1 (Ref 8):

A= ["5as

) (Eq 1)
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where c is the specific heat (J/g-K™"), p is the material density
(g/cm?), & and € is the equivalent stress (MPa) and strain, 7 is
thermal efficiency being calculated by Eq 2.

1 £=10s"

1
m=1936+1g)  0.001 sT<e<10s" (Eq2)

0 £=0.001s"

According to Eq 1 and 2, the temperature rise in the isothermal
compression of the TC6 alloy was calculated and is illustrated
in Table 2. The actual deformation temperature in the high-
temperature deformation of the TC6 alloy will increase with
the temperature elevation resulting from plastic deformation.

3.2 Kinetic Analysis

The dependence of flow stress on the deformation tempera-
ture and strain rate at high-temperature deformation is gener-
ally expressed in terms of a kinetic equation given by:
&€= Ac" exp(Q/RT) (Eq 3)

where A is a constant, ¢ is the strain rate (s™'), o is the flow
stress (MPa), Q is the activation energy of deformation (kJ/
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Fig. 2 Steady and peak stress during isothermal compression of the
TC6 alloy

Table 2 Calculated temperature rise during isothermal
compression of the TC6 alloy

Strain rates, s™!

Deformation

temperature, °C 50 10.0 1.0 0.1 0.01
800 29.88 26.82 21.11 12.32 3.67
830 26.44 23.29 18.09 8.93 3.08
860 22.98 19.67 13.84 6.98 2.25
890 18.80 15.93 11.26 5.13 1.78
920 15.14 11.82 7.98 3.76 1.10
950 12.30 10.30 6.10 2.62 0.78
980 10.08 7.62 5.19 1.92 0.53
1010 9.12 6.82 445 1.75 0.46
1040 8.60 6.65 4.23 1.69 0.43

mol), R is the gas constant (8.314 J/mol-K™"), T is the absolute
deformation temperature (K), and # is the stress exponent.
To identify the high-temperature deformation mechanism,
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Fig. 3 Variation of the flow stress with deformation temperature and
strain rate

the kinetic parameters n and Q in Eq 3 are to be evaluated.
From Fig. 3, it is seen that n is strain rate and temperature
dependent when considered over the entire range of strain rate
and temperature used in this study. The activation energy of
deformation will represent the workability of materials and
could be calculated by the Eq 4 (Ref 9).

dlné Aln &
O=-R 1 =-R 1 (Eq4)
8? ) A? )

The (a+f) — B transus for this studied TC6 titanium alloys is
about 960 °C, and so the kinetic parameters may be evaluated
separately in the two-phase region (800~950 °C) and the
single-phase region (980~1040 °C). The flow stress values are
markedly different in these two regions.

In the (a+P) region, the value of stress exponent, n, is
estimated to be about 5.06. The apparent activation energy is
estimated as about 472.76 kJ/mol. In the B region, the value of
the stress exponent, n, is estimated to be about 4.46. The ap-
parent activation energy estimated is about 267.49 kJ/mol.

3.3 Processing Map

The TC6 alloy is one of the difficult deformed alloys, which
has poor formability resulting in limited deformation tempera-
ture ranges and great variation of flow stress with deformation
temperature and/or strain rate. The characterization of defor-
mation behavior is thus essential for the optimization of hot
forging processes. The deformation behavior at high tempera-
ture has been modeled using the approach of processing maps,
which are generated on the basis of the principles of the dy-
namic materials model (DMM) (Ref 10, 11). The DMM ap-
proach assumes that the instantaneous power P absorbed by the
workpiece during plastic flow is dissipated by the dissipator
content G, which is the power dissipated by plastic work and
the dissipator co-content J, which is the work related to the
metallurgical mechanisms that occur dynamically to dissipate
power. Plastic instability and fracture processes are associated
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Fig. 4 Processing map of the TC6 alloy at a strain of 0.5

with G, and microstructure evolution is associated with J. The
power P absorbed by the workpiece during plastic flow can be
written as:

P:&?:f:waffadézuc (Eq5)

where @ is the equivalent stress and & the equivalent strain rate.
The partitioning of power between J and G is given by
Eq 6.

—=—= Eq6
dG  Gde  d(log®) (Fa©)
The ratio is equivalent to the strain rate sensitivity parameter,
m. The strain rate sensitivity m is a power partitioning index
that disperses the energy for plastic deformation (G) and the
energy for the metallurgical mechanism (J).

The dissipator co-content J can be described as:

m
J= (oF]
m+1

(Eq7)

The efficiency of power dissipation m can be defined as:

(Eq 8)

The parameter m is a dimensionless parameter, indicating how
efficiently the material dissipates energy by microstructure
changes and to determine the optimum conditions for thermo-
mechanical processing. The variation of m with temperature
and strain rate gives the power dissipation map, which charac-
terizes microstructural changes occurring during hot deforma-
tion. In the theory proposed by Kumar (Ref 12), the regimen
where the metallurgical instability occurs during plastic flow
was obtained when the following instability condition is satis-
fied,
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Fig. 5 Variation of the flow stress with deformation temperature and
strain

a]Ogm +1

£&@&)= —alogé +m<0 (Eq9)

where &(¢) is called the instability parameter, the variation of
which with temperature and strain rate constitutes an instability
map. The instability map may be superimposed on the power
dissipation map to obtain a processing map that not only ex-
hibits the domains characteristic of different mechanisms but
also the regimes in which microstructural instabilities occur.
The processing map obtained at 0.5 strains is presented in
Fig. 4. The contour numbers indicate the efficiency of power
dissipation ), and the shaded areas represent unstable regions.
The region in which the value of this parameter &(¢) becomes

Journal of Materials Engineering and Performance
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Table 3 Material constants in Eq 14
Strain
rates € B, B, B, B, B,
(a+B) <1.0s™" 14.7491 -1.4469 0.0426 -0.0004 -0.1089
region =1.0s"' -152824 04741 0.0017 -0.0001 -0.1244
B region <1.0s™ 31.3844 —4.8599 0.2559 -0.0042 -0.0738
=1.0s"" 6.9398 -0.7682 0.0397  0.0006 -0.0548

negative characterizes the possibility of unstable flow. The
greater the negative magnitude of the parameter, the greater the
chances of unstable flow. The map shows a peak efficiency of
0.67 at about 950 °C and 107> s™', indicating that the region is
an optimum condition for thermomechanical processing of this
alloy. The unstable regions are observed in three areas. The
first domain of unstable region occurs at 830~880 °C and
10.0~100.0 s, the second at 940~970 °C and 0.040~0.251 ™",
and the last at 980~1040 °C and 0.025~1.585 s™'. The hot
forming should not be performed in the three unstable regions
to avoid the occurrence of the fracture.

Journal of Materials Engineering and Performance

450 & —— Experinental  TCE alloy
we | +  Caiculated 920'c
356 +
g: e
§ P11 S
[ <3 -
e * .
» el S d_ s
é\:a. - ‘—:—— " ol - .
g— 1sc | B NP —..-MM‘““E»O.:S’
- e i ™
106 “\kw"”'—"’ . -
i g 2} (g
s —— 8.15"
I ¥ - . 0615’
B } T : i, 1 1 i L 1 ‘O Dc}ﬁ s"
11 8.1 0.2 0.3 04 0. 0.8 87
Sirain
(b) 920°C
140 + mﬁxperimemal M
»  Calouated 1040°C
¥ M
T g o

Flow strezss/MPa

O —M‘E 15"

T} 157

g3} 3157

- 018
a. i d. i i i
LR oy 2.2 i) a4 f.8 [:%] 67

(d) 1040°C

3.4 Constitutive Equation for Plastic Deformation

The flow stress of an alloy depends on a number of test
variables, including chemical composition, strain rate, strain,
and deformation temperature. Figure 3 shows the variation of
flow stress with strain rate at different temperatures, Fig. 5(a)
is the variation of flow stress with deformation temperature at
different strain rates, and Fig. 5(b) is the variation of flow stress
with strain at different deformation temperature. The steady-
state rate equation in the high-temperature deformation relates
the flow stress with the deformation temperature, strain rate,
and strain as:

Q
e"¢e exp < RT) = Adg"

where A is a constant, & is the strain rate (s™!), o is the flow
stress (MPa), ¢ is the strain, Q is the activation energy of
deformation (kJ/mol), R is the gas constant (kJ/mol-K™"), T is
the absolute deformation temperature (K), n is the stress expo-
nent, and m is the strain exponent.

(Eq 10)
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By taking logarithm, Eq 10 can be written as:

InA 1 (0] m
ln(r=7+; Iné+——|+—Ine (Eq 11)

RT n

where A, B, and C are material constants.
The temperature-compensated strain rate parameter or the
Zener-Hollomon parameter Z is defined as:

, 0
Z—sexp<RT (Eq 12)
Introducing the Zener-Hollomon parameter into Eq 11, Eq 11
can be modified as:
Inc=A+BInZ+Clne (Eq 13)
where A, B, and C are material constants.

To describe accurately the deformation behavior of the TC6
alloy in isothermal forging, Eq 13 is improved as:
Inc=B,+B,InZ+B,(InZ’+B;(InZ)’+B,Ine (Eq14)
where B, B, B,, B3, and B, are material constants.

The TC6 alloy is very sensitive to strain rate, so the material
constants in the constitutive Eq 14 should be different in vari-
ous strain rate region. By regression analysis to Eq 14 in vari-
ous strain regions separately, the material constants are deter-
mined and are shown in Table 3.

Substituting the material constants in Table 3 into Eq 14,
flow stress can be computed at different deformation condi-
tions. Figure 6 illustrates a comparison of the calculated flow
stress of the TC6 alloy with the experimental. The mean dif-

ference between the calculated with the experimental flow
stress is 6.73%.

4. Conclusions

During the isothermal deformation of a TC6 alloy, the de-
formation behavior is affected significantly by the process pa-
rameters, including the deformation temperature, height reduc-
tion, and strain rate.

e The deformation temperature and strain rate affect the
peak and steady stress in the isothermal deformation of the
TC6 alloy greatly. The peak and steady stress decrease
with an increase of deformation temperature and a de-
crease of strain rate.

* The activation energy of deformation in the high-
temperature deformation of TC6 alloy was estimated to be
267.49 kJ/mol in the B phase region and 472.76 kJ/mol in
the (a+f3) phase region.

* By construction of the processing map of the TC6 alloy,
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three unstable deformation regions were obtained, in
which the first unstable region occurs at 830~880 °C and
10.0~100.0 s', the second at 940~970 °C and
0.040~0.251 s~', and the last at 980~1040 °C and
0.025~1.585 s™". The combination of the deformation tem-
perature with strain rate should be avoided in the high-
temperature deformation of the TC6 alloy.

e The constitutive equations describing flow stress as a func-
tion of strain rate, strain, and deformation temperature
were established by employing the Arrhenius equation,
and a good agreement between the calculated results and
the experimental data was achieved.
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