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Abstract: Hot deformation behavior and microstructure evolution of TC11 (Ti—6.5A1-3.5Mo—1.5Zr—0.3Si) alloy with equiaxed
structure were investigated in the two-phase field at temperatures in the range of 980—800 °C and at strain rates of 0.001 s ', 0.01 5",
0.1 s '. Effects of thermo-mechanical parameters on both of the stress—strain curves and microstructure evolution were analyzed.
Grain boundary characteristics of deformation microstructures were tested by electron backscattered diffraction (EBSD). The results
reveal that f-phase dominates the deformation and presents discontinuous dynamic recrystallization at 980 °C; meanwhile, a-phase
coarsens at lower strain rates and dissolves at higher strain rates, and a-phase volume fraction and grain size decrease with increasing
strain rate. Super-plastic deformation occurs at 950-900 °C and strain rate of 0.001 s'. And the deformation is dominated by soft
f-phase, phase interfaces and grain boundaries. Microstructural mechanism operated at 850 °C is continuous dynamic

recrystallization of a-phase that dominates the deformation, and f-phase deforms to match the deformation of a-phase.
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1 Introduction

Microstructure plays a very important role in the
mechanical properties of alloys. For example, the
lamellar microstructure in titanium alloys possess higher
creep resistance, fracture toughness and crack
propagation resistance, but the equiaxed microstructure
has a good combination of strength and ductility [1]. The
complex two-phase nature of titanium alloys not only
provides a variety of microstructures ranging from the
f-transformed (martensitic or lamellar) to the equiaxed
o—f microstructure, but also poses many challenges in
microstructural  control  during
processing to meet final forged component properties

[2].

thermo-mechanical

The flow stress data and microstructure observation
(OM, SEM and TEM) usually are applied to identifying
various microstructural mechanisms that operate under
different temperature and strain rate combinations [3,4].
Recently, an approach of processing maps has
been developed to optimize workability, control

microstructures, and avoid defects for some material
systems [5—7]. But electron backscattered diffraction
(EBSP) can provide the orientation map of crystallites
used to identify regions which may be grains or
sub-grains, and has made a possible great leap forward to
investigate the grain boundary evolution during recovery
and recrystallization [8—10]. Recrystallization is the
formation of a new grain structure in a deformed material
by the formation and migration of high angle grain
boundaries (greater than a 10°—15° misorientation)
driven by the stored energy of deformation; and recovery
occurs without the migration of a high angle grain
boundary [11]. Thereby, dynamic
recrystallization occurring in alloys with lower stacking
fault energy (SFE), such as y-steel, was identified [12].
And geometrical dynamic recrystallization occurs in
alloys with higher SFE, such as Al or Zr alloys [13,14].
Microstructure evolution of titanium alloys during
hot working is very sensitive to process parameters, such
as temperature, strain rate, strain, and “history” of the
material (chemistry and starting microstructural
condition) [15]. One of the very common industrial
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processes is the super-plastic forming generally
conducted on the equiaxed structure in the two-phase
field of titanium alloys. The super-plastic deformation in
Ti—6Al-4V has been studied in Refs. [5-7],
microstructural mechanisms have been identified to be
dynamic recrystallization in other reports [16,17]. The
present work aims to study microstructural mechanisms
of the TCI11 alloy with an equiaxed starting
microstructure during hot compression in the two-phase
field and by EBSD tests.

2 Experimental

TC11 having the following composition (mass

fraction, %) was used in the present investigation: 6.42Al,

3.29Mo, 1.79Zr, 0.23Si, 0.025C, 0.077Fe, 0.960,
0.0044N, 0.0034H and balance Ti. The f transus
temperature for this material is about 1008 °C [18]. The
starting microstructure shown in Fig. 1 is the perform
equiaxed structure.
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Fig. 1 OM metallographic photo showing starting structure of
TC11 alloy

Compression specimens with 12 mm in height and 8
mm in diameter were machined for testing. Concentric
grooves with 0.2 mm in depth were made on the top and
bottom faces of the specimens to trap lubrication and
assist in reducing friction. Thermocouples welded in the
middle surface of the specimens were used to measure
the actual temperature of the specimens. Isothermal hot
compression  tests were conducted using a
thermecmastor-Z  thermo-mechanical simulator at
temperatures in the range of 980—800 °C at strain rates of
0.001s",0.01s",0.1s". The specimens were deformed
to the specified reduction and quenched to freeze
microstructure after deformation. The true stress—true
plastic strain curves at different temperatures and strain
rates were obtained.

Deformed specimens sectioned parallel to the
compression axis were prepared for metallographic
examination. The microscopy specimens were etched

with Kroll’s reagent and optical micrographs were
recorded by ZEISS-AXIO. EBSD tests were conducted
on TESCAN—-5136XM SEM, and scan step was 1 um for
200x200.

3 Results and discussion

3.1 Flow stress behavior

The typical flow stress curves exhibited by TC11
alloy with the equiaxed starting microstructure are given
in Fig. 2, which reveal that the flow stress behavior is
different at different strain rates and temperatures. The
curve exhibits strain hardening firstly and then reaching
the steady state at 0.001 s~' and 950 °C. This kind of
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Fig. 2 True stress—strain curves of TC11 alloy at different
temperatures: (a) 980 °C; (b) 950 °C; (c) 850 °C
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steady-state type curve indicates that the mechanism of
softening is sufficiently fast to balance the rate of work
hardening and is suggestive of mechanism like dynamic
recovery or super-plastic deformation [5—7]. At strain
rate of 0.1 s ' and all temperatures, the curves exhibit a
broad softening after the first strain hardening, and then
reaching the steady state at larger strains, which has been
observed for discontinuous dynamic recrystallization of
titanium alloys with equiaxed structures [16,17]. At other
strain rates and temperatures, the curves exhibit a slight
softening after the first strain hardening, and then
reaching the steady state quickly. This kind of curve
indicates that softening is also sufficiently fast to balance
the rate of work hardening, and reach the microstructure
state similar to that at 0.001 s ' and 950 °C.

3.2 Kinetic analysis

The temperature and strain rate dependence of flow
stress in hot deformation is generally expressed in terms
of a kinetic rate equation given by

¢ = Ao exp(—R—QT) (1)

where & is the strain rate; o is the flow stress; 4 is the
material constant; Q is the deformation activation energy;
R is the mole gas constant; T is the thermodynamic
temperature in Kelvin; 7 is a stress exponent.

In order to identify the mechanism of hot
deformation, the kinetic parameters, n and Q in Eq. (1),
are to be evaluated. The variation of peak stresses with
strain rates is shown in Fig. 3(a) on a In o—In¢ scale.
The inverse of the slope of this curve represents the
stress exponent, #n. From Fig. 3(a), it is seen that n is
temperature and strain rate dependent over the entire
range in this study, especially at 950 °C, 900 °C and
strain rate of 0.001 s '. Because the strain rate sensitivity
index m equals the inverse of n, it is seen obviously in
Fig. 3(b) that the strain rate sensitivity indexes at 950 °C,
900 °C and strain rate of 0.001 s~ are much greater than
0.3, others are between 0.3 and 0.15. It is suggestive that
the mechanism of deforming at 950 °C, 900 °C and
strain rate of 0.001 s ' is super-plastic deformation, and
the mechanism of deformation at other parameters in this
study is dislocation glide and climb mainly.

The average value of stress exponent, n, is
estimated to be about 3.8 over the entire temperature
range in this study. The apparent activation energy
estimated from Eq. (1) and the average value of stress
exponent is 471.6 kJ/mol, which is lower than that in the
previous work [18]. The error may come from different
specimen sizes and the principle of thermo-simulators.
But the two values are both in the reasonable range of
400—600 kJ/mol [19]. This value is much higher than
that for self diffusion in a-Ti (150 kJ/mol) and £-Ti (153

kJ/mol) [5—7]. The abnormally high values of the
activation energy probably due to the a- and fS-phase
volume fraction are not constant over the experimental
temperature range and Eq. (1) does not include the
influence of these factors on deformation kinetics.
BRIOTTET et al [19] accounted for the reason of the
high activation energy in the two-phase field compared
with the activation energies of the constituent phases.
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Fig. 3 Variation of peak stress of TC11 with strain rate (a) and

variation of strain rate sensitivity index with temperature (b)

3.3 Microstructure observation and characterization

From the above analysis, it is seen that the
mechanisms at strain rate of 0.001 s™' may be different at
different temperatures in the two-phase field of TC11
alloy. This may be due to the dramatic transformation at
strain rate of 0.001 s ', and the a- and f-phase volume
fractions are not constant over the whole experimental
temperature range.

The microstructures obtained on the compressed
specimens under different temperatures and strain rates
were examined, and typical microstructures obtained at a
strain rate of 0.001 s ' and different temperatures are
shown in Figs. 4—6. From these microstructures, it is
seen that the a grain size as well as the a-phase volume
fraction decrease with increasing temperature. From
these plots, it may be noted also that different
microstructure morphologies and grain boundary



506 CHEN Hui-qin, et al/Trans. Nonferrous Met. Soc. China 22(2012) 503—509

0.16F _ 0.08}
%‘ 0.12} g 0.06
= =
g (=0
£ 0.08) £ 0.04F
0.04F 0.02}
n 1 e HH nn"nunnnﬂgu{;ﬂﬂn

0 10 2030 40 60 0 20 40 60 8 100
Beta misorientation angle/(*) Alpha misorientation angle/(°)

Fig. 4 OM (a), EBSD map (HAGBs shown as thick lines and LAGBs as thin lines) (b), corresponding S-phase misorientation
distribution (c) and a-phase misorientation distribution (d) at 980 °C, 0.001 s ' and strain of 0.7
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Fig. 5 OM (a), EBSD map (HAGBs shown as thick lines and LAGBs as thin lines) (b), corresponding S-phase misorientation
distribution (c) and a-phase misorientation distribution (d) at 950 °C, 0.001 s " and strain of 0.7
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Fig. 6 OM (a), EBSD map (HAGBs shown as thick lines and LAGBs as thin lines) (b), corresponding S-phase misorientation
distribution (c) and a-phase misorientation distribution (d) at 850 °C, 0.001 s ' and strain of 0.7

characteristics present at different temperatures under the
same deformation strain rate of 0.001 s .

As shown in Fig. 4(a), f-phase dominates the
microstructure at 980 °C. f grains elongate slightly along
the deformation direction. a grains with smooth grain
boundaries locate in the triple junction region of f grains.

The bimodal distribution of S-phase misorientation in Fig.

4(c) indicates that the transition from low angle grain
boundaries (<15°, LAGBs) to high angle grain
boundaries (>15°, HAGBs) is discontinuous, which
identifies that discontinuous dynamic recrystallization
takes place in S-phase. However, the proportion of low
angle grain boundaries is much lower in the
misorientation distribution of a-phase (Fig. 4(d)). High
angle grain boundaries dominate in a-phase
misorientation. This indicates that a-phase presents small
deformation, and no recrystallization occurs in a-phase
during deformation at 980 °C and 0.001 s™".

The volume fractions of f-phase and a-phase in
microstructures at 950 °C are almost equal (Fig. 5(a)).
As shown in Fig. 5(a), microstructure morphology with
rough grain boundaries and phase boundaries is
irregularity. In general, the rough boundaries possess
higher energies, which is the result of deformation along
these boundaries. The boundary characteristic of f-phase
(Fig. 5(c)) is similar to that at 980 °C. But the boundary

characteristic of a-phase (Fig. 5(d)) is different from that
at 980 °C. The proportion of lower angle boundaries is
higher in a-phase misorientation, and the frequency of
lower angle boundaries is uniform (Fig. 5(d)). This
characteristic of a-phase misorientation distribution
indicates that lower angle boundaries after the first strain
hardening on the flow stress curve became dynamic
stable, and induced the steady state type flow stress
Based on the characteristic of a-phase
misorientation distribution and the value of strain rate
sensitivity index in Fig. 3(b), it is identified that the
super-plastic deformation takes place at 950 °C and
0.001 s™', which is in agreement with the result in the
previous work [18]. The super-plastic properties of
titanium alpha/beta alloys are a result of the fine,
two-phase microstructure of equiaxed alpha and beta
grains (Fig. 5(a)). At strain rate of 0.001 s, the
microstructure deforms by diffusion controlling, grain
boundary sliding thus giving rise to stable low angle
boundaries (Fig. 5(d)) and high value of the strain rate
sensitivity index m (Fig. 3(b)) as well as deformed
microstructures which retain much of their original
equiaxed nature (Fig. 5(b)). The presence of two phases
helps to limit the growth of either to large extent, thereby
enabling the retention of the plastic properties to large
strains.

curve.
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At 850 °C, a-phase dominates the microstructure
(Fig. 6(a)). The transition from low angle grain
boundaries to high angle boundaries in a-phase
misorientation of Fig. 6(d) is continuous, which indicates
that continuous dynamic recrystallization takes place in
o-phase. But the volume fraction of pf-phase in
microstructures at 850 °C is much lower than that of
o-phase (Fig. 6(a)). As shown in Fig. 6(c), the proportion
of lower angle boundaries in the misorientation
distribution of S-phase is much lower, and high angle
boundaries dominate in f-phase misorientation. These
indicate that S-phase is not the dominated deformation
phase at 850 °C, and no recrystallization occurs in
f-phase also. Due to the irregularity morphology of
microstructure and rough grain boundary and phase
boundary, f-phase presents deformation to match the
deformation of a-phase.

Because of transformation in the two-phase field,
the volume fractions of a- and p-phases vary with
temperatures. Therefore, the flow stress behavior and
mechanism of hot deformation at different temperatures
are different, that is, transformation has influence on
deformation of TCI11 alloy in the two-phase field, vice
versa, deformation can influence transformation,
especially at 980 °C. Microstructures deformed to the
strain of 0.7 at 980 °C and different strain rates are
shown in Fig. 7. It is seen that the volume fraction and
grain size of a-phase decrease with increasing strain rate,
that is, a-phase dissolves at higher strain rates, and
coarsens at lower strain rates during deformation at 980
°C and 0.001 s™".

4 Conclusions

1) Because of transformation, hot deformation
behavior and microstructure evolution of TC11 alloy
with equiaxed structure in the two-phase field vary with
deformation temperature and strain rate.

2) The mechanism of deformation at 950 °C, 900 °C
and strain rate of 0.001 s™' is super-plastic deformation;
the mechanism of deformation at other temperatures and
strain rates in this study is dislocation glide and climb
mainly.

3) f-phase dominates the deformation and presents
discontinuous dynamic recrystallization at 980 °C.
Meanwhile, a-phase coarsens at lower strain rates and
dissolves at higher strain rates, and a-phase grain size
and volume fraction decrease with increasing strain rate.

4) During super-plastic deformation process, the

deformation occurs in soft f-phase, at phase interfaces
and grain boundaries mainly.
5) Microstructural mechanism operated at 850 °C is
continuous dynamic recrystallization occurring in
o-phase that dominates the deformation and p-phase
deforms to match the deformation of a-phase.

Fig. 7 Deformation microstructures at 980 °C and strain of 0.7
and different strain rates: (a) 0.001 s '; (b) 0.01s '; (c) 0. 15"
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