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Abstract: The high temperature deformation behaviors of a+f type titanium alloy TC11 (Ti—6.5A1-3.5Mo—1.5Zr—0.3Si) with coarse
lamellar starting microstructure were investigated based on the hot compression tests in the temperature range of 950—1100 °C and
the strain rate range of 0.001-10 s™'. The processing maps at different strains were then constructed based on the dynamic materials
model, and the hot compression process parameters and deformation mechanism were optimized and analyzed, respectively. The
results show that the processing maps exhibit two domains with a high efficiency of power dissipation and a flow instability domain
with a less efficiency of power dissipation. The types of domains were characterized by convergence and divergence of the efficiency
of power dissipation, respectively. The convergent domain in a+f phase field is at the temperature of 950—990 °C and the strain rate
0f 0.001-0.01s ", which correspond to a better hot compression process window of a+f phase field. The peak of efficiency of power
dissipation in o+ phase field is at 950 °C and 0.001 s™', which correspond to the best hot compression process parameters of o+f3
phase field. The convergent domain in 4 phase field is at the temperature of 1020—1080 °C and the strain rate of 0.001-0.1 s™', which
correspond to a better hot compression process window of f phase field. The peak of efficiency of power dissipation in f phase field
occurs at 1050 °C over the strain rates from 0.001 s ' to 0.01 s™', which correspond to the best hot compression process parameters of
f phase field. The divergence domain occurs at the strain rates above 0.5 s ' and in all the tested temperature range, which
correspond to flow instability that is manifested as flow localization and indicated by the flow softening phenomenon in stress—
strain curves. The deformation mechanisms of the optimized hot compression process windows in a+f and f phase fields are
identified to be spheroidizing and dynamic recrystallizing controlled by self-diffusion mechanism, respectively. The microstructure
observation of the deformed specimens in different domains matches very well with the optimized results.
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strain rates [2,3]. Since different microstructures have
different properties [3], thus, the microstructure should
be strictly controlled during deformation in such a way to

1 Introduction

TCII is an o+ type titanium alloy widely used for
applications in the components of aircraft engine. This
alloy has a nominal composition of Ti—6.5Al—
3.5Mo—1.5Zr—0.3Si (mass fraction, %) with the f transus
temperature of about 1008 °C. The properties of titanium
alloy are mainly dependent on its microstructures, which
are related to chemical composition, hot working history
and heat treatment process [1]. During high temperature
deformation, the shape and the microstructure are
changed simultaneously at different temperatures and

obtain the needed properties of forgings. To strictly
control the microstructure, the forging process
parameters must be controlled strictly as the
microstructure of the titanium alloy is very sensitive to
the deformation temperature and strain rate [4]. The
irrational forging process windows could result in the
occurrence of various metallurgical defects such as
adiabatic shear band, flow localization, dynamic strain
aging, and the reduction of mechanical properties of the
forgings.
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Processing map technique is very useful to correlate
hot working process parameters with microstructure
evolutions. The theory of processing map is based on the
dynamic materials model and was developed by
PRASAD et al [5—7]. At present, the processing map is
widely used to predict flow instability [8—10], optimize
process parameters [11,12] and control microstructure of
the hot working components for many materials [13,14].
It is an effective approach for design and optimization of
hot working process parameters. From a thermodynamics
viewpoint, the workpiece in hot working process may be
viewed as a closed system, where the total absorbed
power (p) from equipment is dissipated through the
temperature rise and microstructure change of the
workpiece. The dissipated powers caused by the
temperature rise and microstructure change are called G
content and J co-content, respectively. The strain rate
sensitivity of flow stress (m) decides the partition of the
total power between G and J. For an ideal plastic flow
(m=1), J reaches its maximum Jy,=p/2. Thus, a
dimensionless parameter called the efficiency of power
dissipation (y) is derived by comparing the non-linear
power dissipation (m<1) occurring instantaneously in the
workpiece with that of a liner dissipater (m=1) and
defined as [15]
7= J _ 2m 1
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The variation of # with temperature and strain rate
constitutes a power dissipation map. In order to identify
the regime of flow instability, a continuum instability
criterion is developed according to the extremum
principle of irreversible thermodynamics as applied to
large plastic flow and given by [16]
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The variation of 5(8) with temperature and strain

rate constitutes an instability map, which s
superimposed on a power dissipation map to develop a
processing map. In a processing map, there are some
domains where different microstructural mechanisms
operate, and flow instabilities are predicted to occur
when &(£) becomes negative.

The original microstructure with coarse lamellar is
one of the common microstructures prior to forging apart
from the equiaxed original microstructure. The forging
process optimization for titanium alloy TCI11 with
equiaxed original microstructure has already been
investigated [17], but there is no literature found so far
for the optimization of forging process parameters for the
alloy with coarse lamellar original microstructure. To

optimize the forging process parameters and control the

microstructure of the alloy with coarse lamellar starting
microstructure, the high temperature deformation
behaviors and deformation mechanisms are investigated,
and the optimal hot compression process window is also
determined in this work. The research provides the basis
and fundamental for production of the alloy forgings
with high quality and good mechanical properties.

2 Experimental

The as-received TC11 alloy is a cylindrical billet
with the diameter of 150 mm. The billet was soaked at
the temperature of 1040 °C for 30 min and
furnace-cooled to room temperature in such a way that
the coarse lamellar original microstructure, as shown in
Fig. 1, was obtained. The microstructure consists of
equiaxed prior B grains containing a transformed
structure of colony a. The prior S grain size is
approximately 642 pum, and the mean thickness of «
lamella is about 2.4 pm. The as-received billet was
machined into the cylindrical compression specimens
with the dimensions of 8 mm in diameter and 12 mm in
height. The isothermally constant strain rate compression
tests were conducted in the temperature range of
950—1100 °C with the interval of 50 °C and the strain
rate range of 0.001—10 s ' at an interval of an order
magnitude by using a THERMECMASTOR-Z hot
working simulator. The specimens were heated at a rate
of 10 °C/s up to the deformation temperature and
soaked for 210 s to make the specimen temperature
homogeneous. In addition, the temperature of the
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Fig. 1 Original microstructures of as-received TC11 alloy:

(a) Lower magnification; (b) Higher magnification
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specimen was monitored by using a platinum-rhodium
thermocouple welded at the middle of specimen and the
isothermal condition was maintained within +1 °C.

All the specimens were compressed up to a true
strain of 0.7, which is equivalent to the height reduction
of 50%. The specimens were then helium gas-jet cooled
immediately to room temperature at a rate of about
40 °C/s to retain the deformed microstructure at high
temperatures. The deformed specimens were sectioned
into two parts along the compression direction and the
cut surfaces were polished and etched in a solution of 4%
HF, 16% HNOs;, and 80% H,O (volume fraction). The
microstructure observation was then conducted by using
optical microscope (OM).

3 Results and discussion

3.1 Stress—strain curve

The stress—strain curves of the alloy obtained at
different strain rates and temperatures are shown in
Fig. 2. It is found from Fig. 2 that the stress—strain
curves at the temperatures of 1000, 1050 and 1100 °C,
show similar characteristics due to the fact that these
temperatures are in f§ phase field or slightly lower than S
transus temperature (1008 °C) and the deformation is
mainly controlled by f phase. At these temperatures, the
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curves exhibit a peak stress at a relatively low strain
followed by the moderate flow softening at the strain rate
of 0.1 s and above. The curves have a steady state at
the strain rate below 0.1 s '. But at the temperature of
950 °C, all the curves, except for the case of 0.001 s !
exhibit flow softening after a peak stress. The
microstructure change and/or the deformation heating are
responsible for the flow softening [18]. The flow
softening at low strain rates or high temperatures is
mainly caused by the microstructure change. At high
strain rates or low temperatures, it is mainly attributable
to the deformation heating due to the low thermal
conductivity of the titanium alloy and the short
deformation time. The steady state flow behavior at
lower strain rates means that the dynamic softening
balances to work hardening. The mechanisms for
dynamic softening in o+f field and f§ field could be
spheroidization = and  dynamic  recrystallization,
respectively [19]. The peak flow stresses at all tested
temperatures are observed to increase with increasing
strain rates and decreasing temperature. In addition, it is
found that the higher the strain rate, the higher the
increasing rate of flow stress. Therefore, the flow stress
is significantly affected by the deformation temperature
and strain rate. The above results indicate that the TC11
alloy with coarse lamellar original microstructure has a
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Fig. 2 Stress—strain curves of alloy at different strain rates and temperatures: (a) 950 °C; (b) 1000 °C; (c) 1050 °C; (d) 1100 °C
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poor workability and the deformation should be taken
under low strain rates.

3.2 Processing map

In order to obtain many more flow stresses and
facilitate the calculation of 5 and &(¢) values under
different temperatures,
experimental data of isothermally constant strain rate
compression are first interpolated by the cubic spline;

strain rates and strains, the

and then the method of the least square polynomial
fitting is used for data processing, finally the processing
maps at the strains of 0.2 and 0.6 are constructed, as
shown in Fig. 3. In Fig. 3, the contour numbers represent
the values of # and the shaded regions correspond to
flow instability where the values of £(¢) are negative.
It can be seen that there are two convergent domains with
high value of # and a divergence domain with a lower
value of # in the processing maps. The convergent
domain in which the value of # is getting bigger and
bigger towards the centre of the domain represents the
better hot compression process window. The divergence
domain in which the value of # is getting smaller and
smaller towards the centre of the domain represents the
flow instability window. The two convergent domains
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Fig. 3 Processing maps of alloy at strains of 0.2 (a) and 0.6 (b)

are in atf (at 950—990 °C) and S fields (at 1020—1080
°C), respectively. In addition, it is found that the strain
affects the location and area of the convergent domain
and the flow instability domain to a certain extent.

The convergent domain in o+f phase field has an
appreciable trend extending to lower temperatures and
strain rates with the increase of strain, moreover, # may
reach a higher value with decreasing temperature and
strain rate, as shown in Fig. 3. This domain is about in
the temperature range of 950—990 °C and strain rate
range of 0.001-0.01 s, which represents the better hot
compression process window due to its high # value and
convergent characteristics. The # value of the domain is
greater than 0.46 and its peak value of 0.55—0.65 is at
950 °C and 0.001 s ™', which are the best hot compression
process parameter. The # value as high as 0.55-0.65
indicates that the deformation mechanism in this domain
could be dynamic recrystallization or superplasticity or
spheroidization [15,19]. In general, the sliding of grain
boundaries will be involved during superplastic
deformation [20], which needs fine and equiaxed grains
to provide adequate sliding interfaces and needs two
phases to prevent mutual growth. But for the studied
TC11 alloy, a phase is coarse lamellar, the superplasticity
can thus be eliminated. In this domain, the typical
micrographs of the specimens deformed at 900 °C and
the strain rates of 0.01 s™' and 0.001 s ' are shown in
Figs. 4(a) and (b) respectively, it is obviously seen
that spheroidizing of a lamellac takes place. The
volume fraction of the spheroidized a phase at 0.001 s~
is more than that at 0.01 s™', which suggests that the

Fig. 4 Microstructures of alloy deformed at 950 °C under
different strain rates: (a) 0.01 s '; (b) 0.001 s



Shi-qiang LU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 353-360 357

spheroidization nucleation depends on the strain rate.

This result is agreement with that studied by LI et al [21].

Furthermore, the size of the spheroidized a phase
increases with decreasing strain rate. This is because
there is more time for the spheroidization of a lamellae
and the growth of spheroidized o phase in low strain rate
deformation process. SESHACHARYULU et al [19,22]
investigated the spheroidization process of a lamellae in
Ti—6Al-4V alloy and proposed that the spheroidization
process may be regarded as a type of dynamic
recrystallization since it involves two competitive
processes, i.e., rate of nucleation and rate of migration.
The spheroidizing deformation mechanism and the
spheroidized microstructure in a+f phase field are
favorable for workability and mechanical properties of
the alloy, respectively, which indicates that the above
optimized forging process window based on the
processing map is right and reasonable.

The convergent domain in f phase field obviously
shifts toward higher strain rates with increasing strain, as
shown in Fig. 3. This domain is about in the temperature
range of 1020—1080 °C and strain rate range of
0.001-0.1 s™', which presents the better hot compression
process window. The # value of the domain is greater
than 0.42 and its peak value of 0.52—0.61 occurs at a
temperature of 1050 °C and a strain rate range of
0.001-0.01 s', which correspond to the best hot
compression process parameters. In this domain, the
typical micrographs of the specimens deformed at
1050 °C and the rates of 0.1, 0.01 and 0.001 s are
shown in Fig. 5. In Fig. 5, the dynamic recrystallizing
characteristics of f can be obviously observed. It can
also be seen that the dynamic recrystallization only took
place partly at 0.1 s™' (Fig. 5(a)), while fully happened at
0.01 and 0.001 s (Figs. 5(b) and (c)). The average
dynamic recrystallized S grain size increases with
decreasing strain rates. The average dynamic
recrystallized f§ grain sizes measured by image analysis
Software installed in the optical microscope system are
about 24.9, 36.5 and 78.9 pm at 0.1, 0.01 and 0.001 s,
respectively. Since the fine grain is helpful for obtaining
excellent strength and good plasticity, thus, the strain rate
of 0.01 s ' is preferable for hot compression of the alloy
in f phase field.

The dynamic recrystallizing deformation
mechanism and dynamic recrystallized microstructure in
f phase field are desirable for workability and
mechanical properties respectively, which mean that the
above optimized hot compression process window based
on the processing map is right and reasonable.

The flow instability domain (i.e., the divergence
domain) predicted by the instability criterion (Eq. (2))
has a trend shifting to lower strain rates and temperatures
with increasing strain, as shown in Fig. 3. The process

Fig. 5 Microstructures of alloy deformed at 1050 °C under
different strain rates: (a) 0.1 s™; (b) 0.01 s '; (¢) 0.001 s~

window of this domain is at the high strain rate of above
0.5 s ' and whole investigated temperatures. The ; value
in this domain is less than 0.3, furthermore, the variation
of # values is divergent, which are typical characteristic
of the flow instability domain. The prediction of flow
instability domain based on the processing map is
validated via the observation of the manifestation of flow
instability in  the deformed specimen. The
microstructures of the specimens deformed at the same
strain rate of 10 s ' and temperatures of 950 °C and 1050
°C are shown in Figs. 6(a) and (b), respectively. These
microstructures exhibit flow localization at angles of
20°—40° to the compression direction. The generation of
flow localization mainly attributes to the short
deformation time and low thermal conductivity of the
alloy. The flow localization is also indicated by the flow
softening in stress—strain curves as discussed above.

The flow localizing is a deleterious deformation
mechanism for workability, and the generated
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microstructure is also not good for mechanical properties,
therefore, the flow instability process window must be
avoided in the practical hot compression.

500 pm

Fig. 6 Microstructures of alloy deformed at 10 s under

different temperatures: (a) 950 °C; (b) 1050 °C

3.3 Kinetic analysis

In order to assist in identifying the operative
microstructural mechanisms during the dynamic
recrystallization process of J phase, the value of
activation energy for the alloy is calculated based on the
following kinetic rate equation [23]:

& exp(gj =Ao"
RT

where ¢ is the strain rate; Q is the activation energy; R
is the gas constant; 7 is the temperature; 4 is a constant;
o is the flow stress and # is the stress exponent. Thus, the
activation energy Q can be determined by using the
following expression:

3)
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where 7 can be calculated by
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The plots of Ing versus Ino and Ino versus
1/T at strains of 0.2 and 0.6 in the temperature range of
1000—1100 °C and the strain rate range of 0.001-10 s™'
are shown in Figs. 7 and 8, respectively. The slope
values of the lines in Figs. 7(a) and 8(a) are the stress
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exponent n at strains of 0.2 and 0.6, and the values of n
at these two stains are 4.1 and 4.3 by calculation,
respectively. According to Figs. 7 and 8, the activation
energies of 157.1 and 147.7 kJ/mol at strains of 0.2 and
0.6 are calculated. The approximately equal activation
energies indicate that the deformation mechanisms at
these two strains are the same. The calculated activation
energies are very close to that of the self-diffusion in f-Ti
(153 kJ/mol) [24], which suggests that the dynamic
recrystallization of f phase is diffusion controlled.
Similar conclusion was also found in commercial grade
Ti—6Al1-4V  with lamellar starting structure by
SESHACHARYULU et al [19].

4 Conclusions

1) TC11 alloy with coarse lamellar original
microstructure has a poor workability. The two domains
with high and convergent efficiency of power dissipation
and a flow instability domain with less and divergent
efficiency of power dissipation are predicted based on
the processing maps of the alloy. The location and the
area of these domains are influenced by strain to a
certain extent, namely, the convergent domain in o+f
phase field slightly extends to lower temperatures and
strain rates, while in £ phase field, it obviously shifts
toward higher strain rates, the flow instability domain
shifts to lower strain rates and temperatures, with
increasing strain.

2) The convergent domain in a+f phase field occurs
at the temperatures of 950—-990 °C and the strain rates of
0.001-0.01 s, and the peak of efficiency of power
dissipation presents at 950 °C and 0.001 s ', which
correspond to the better hot compression process window
and the best hot compression process parameters,
respectively. The good workability due to occurrence of
spheroidizing deformation mechanism and good
mechanical properties due to formation of spheroidized
microstructure can be obtained when the optimal hot
compression process is adopted.

3) The convergent domain in S phase field occurs in
the temperature range of 1020—1080 °C and the strain
rate range of 0.001—0.1 s™', and the peak of efficiency of
power dissipation occurs at 1050 °C and the strain rate
range of 0.001-0.01 s™', which correspond to the better
hot compression process window and the best hot
compression process parameters, respectively. The
activation energy for hot deformation in f phase field has
been calculated to be 147.7—-157.1 kJ/mol, which means
that the dynamic recrystallization of § phase is diffusion
controlled. The good workability because of occurrence
of dynamic recrystallizing deformation mechanism and
good mechanical properties due to formation of dynamic
recrystallized microstructure can be achieved when the

optimal hot compression process is adopted.

4) The flow instability domain with less and
divergent efficiency of power dissipation emerges at all
experimental temperatures and the strain rates higher
than 0.5 s”'. The flow instability process window must
be avoided in practical hot compression of the alloy
because of manifestation of flow localization which is
deleterious for both workability and mechanical
properties.
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