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Abstract: The hot deformation behavior of beta C titanium alloy in £ phase field was investigated by isothermal compression tests
on a Gleeble—3800 thermomechanical simulator. The constitutive equation describing the hot deformation behavior was obtained and
a processing map was established at the true strain of 0.7. The microstructure was characterized by optical microscopy (OM),
scanning electron microscopy (SEM) and electron back-scattered diffraction (EBSD) technique. The results show that the flow stress
increases with increasing strain rates, and decreases with increasing experimental temperatures. The calculated apparent activation
energy (167 kJ/mol) is close to that of self-diffusion in f titanium. The processing map and microstructure observation exhibit a
dynamic recrystallization domain in the temperature range of 900—1000 °C and strain rate range of 0.1—1 s, An instability region

exists when the strain rate is higher than 1.7 s'

. The microstructure of beta C titanium alloy can be optimized by proper heat

treatments after the deformation in the dynamic recrystallization domain.
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1 Introduction

Beta C titanium alloy (Ti—3AI-8V—-6Cr—4Mo—4Zr)
is a metastable £ alloy which can be solution treated and
aged to achieve a very high ultimate strength of about
1500 MPa [1,2]. After proper heat treatments, beta C
titanium alloy can possess a combination of high tensile
strength, good ductility, fatigue strength and toughness.
Meanwhile, beta C titanium alloy exhibits good
hardenability, excellent corrosion resistance and can be
cold-worked. Therefore, it can be applied to aerocraft
springs, fasteners, deep-sea cables in oceanographic
surveys, gas and petroleum piping systems [3—5]. These
lead to a great interest in beta C titanium alloy in both
technical and academic communities. SCHMIDT
et al [1] and EL-CHAIKH et al [2] studied the effect of
duplex aging on the fatigue properties of beta C titanium
alloy. They found that homogeneous dense precipitates
of a phase can be obtained by carefully choosing
solution and pre-aging conditions, which benefits the
fatigue properties of this alloy. SOMERDAY and
GANGLOFF [6] investigated the environment-assisted
cracking resistances of beta C titanium alloy with
different microstructures, and showed that cold-worked

beta C titanium alloy with single § phase and shortly
aged beta C titanium alloy with f/a microstructure have
enhanced resistance to environment-assisted cracking in
aqueous NaCl. GAUDETT and SCULLY [7] reported
that this alloy with only solution treatments has lower
hydrogen embrittlement susceptibility than that with both
solution and aging treatments. RHODES and PATON ([8]
claimed that beta C titanium alloy possesses the best
combination of strength and ductility when the
microstructure consists of large non-coherent a phase
and f matrix. The ordering behavior and superplasticity
of beta C titanium alloy have been also studied [9,10].
LUKASZEK-SOLEK and KRAWCZYK [11] studied the
hot deformation behavior of the alloy with the initial
microstructure consisting of a and g phases. They
obtained the processing, microstructural changes and
hardness maps by the dynamic material model (DMM)
[12,13]. XU et al [14] studied the effect of different
strains on hot deformation behavior of beta C titanium
alloy. They observed that abnormal coarse grains have
been formed when the strain reached 1.2 at the
temperature of 950 °C and strain rate of 1 s
Nevertheless, except for the above work, few other
papers have discussed the hot deformation behavior of
beta C titanium alloy. Despite the lack of investigation,
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hot deformation is an important process for the
manufacture of beta C titanium alloy. There are two
major purposes for hot deformation [15], i.e., producing
finished shapes of products, and improving mechanical
properties of materials by controlling microstructure
during different stages of hot deformation. The
microstructure after hot deformation has great influences
on both subsequent processes of semi-products and the
performance of final products [13]. Therefore, it is of
profound importance to investigate the hot deformation
behavior of beta C titanium alloy in order to optimize the
processing and improve its properties and applications.
Moreover, alloys with different processing history and
initial microstructures show different hot deformation
behaviors [16]. Hence, an initial microstructure different
from previous studies was adopted in this work. In
addition, the constitutive analysis and processing maps
based on DMM have been extensively used to study the
hot workability of various alloys, e.g., magnesium alloys
[17—19], superalloys [20—22], aluminum alloys [23,24],
steels [25—27] and titanium alloys [11,15,16,28—31].
These investigations have shown that the constitutive
analysis and processing maps have good capacity for
determining hot deformation mechanisms and predicting
microstructural evolution. Therefore, in this study,
isothermal compression tests have been conducted on
beta C titanium alloy in f phase field. The object of this
study is to investigate the mechanisms of hot
deformation and optimal processing conditions of beta C
titanium alloy in f phase field based on the constitutive
equation, processing map and  microstructural
observations.

2 Experimental

Beta C titanium alloy bar with the diameter of 6 mm
was used in this study; its composition is shown in Table
1. The B transus is about 750 °C measured by the
metallographic method. The initial microstructure
consists of equiaxed f grains of 20—30 pum in diameter,
as shown in Fig. 1. Cylindrical compression samples
were machined to 6 mm in diameter and 9 mm in height.

Table 1 Chemical composition of beta C titanium alloy used in
this experiment (mass fraction, %)

Al V. C Mo Zr C O N H Ti

3.46 8.08 6.04 3.94 392 0.02 0.10 0.014 0.001 Bal.

All the isothermal compression tests were carried
out on a Gleeble—3800 thermomechanical simulator. The
temperature range was 800—1000 °C with 50 °C intervals
and the strain rate range was 0.001-10 s™'. After being
heated to the deformation temperature with a heating rate

of 5 °C/s, samples were soaked for 2 min and then
compressed by 60% height reduction (true strain £=0.9).
The deformed samples were air-cooled to room
temperature. In order to measure the instantaneous
temperature, thermocouples were welded on the middle
surface of samples. The ends of samples were coated
with lubricant consisting of high quality nickel powder
and graphite. Tantalum foils were placed between the
ends and the rams to reduce the friction and obtain
uniform deformation. The deformed samples were
sectioned parallel to the compression axis and prepared
for metallographic using  standard
techniques. Microstructure observations were carried out
using a ZEISS Axiovert 200MAT OM and a
SHIMADZU SSX-550 SEM. EBSD analysis was
conducted on a HITACHI S—-3400N SEM with the
HKL-CHANNEL 5 analysis package.

examinations

Fig. 1 Initial microstructure of beta C titanium alloy used in
this study

3 Results and discussion

3.1 Stress—strain behavior

The true strain—true stress curves of beta C titanium
alloy deformed at 800 and 1000 °C are shown in Fig. 2.
The true strain—true stress curves under other conditions
show the similar features with them. The flow stress
increases with the increase of strain rates and the
decrease of experimental temperatures. When the strain
rate is 10 s', the stress reaches a high level at low strain
and the curves reveal slight strain hardening followed by
continuous flow softening. At the end, flow stresses
achieve the steady state.

The extent of the flow softening decreases with
increasing experimental temperature. One mechanism of
flow softening is suggested to be deformation heating
[28]. The real temperature of samples increases (Table 2)
because the deformation heating cannot be conducted to
surroundings in time due to the short deformation time
and the low thermal conductivity of titanium alloys. With
increasing temperature, atom diffusion and dislocation
movements occur more easily, which causes the flow
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Fig. 2 Flow curves of beta C titanium alloy deformed at 800 °C
(a) and 1000 °C (b)

Table 2 Temperature difference between instantaneous
temperature and experimental temperature of beta C titanium
alloy under different deformation conditions

Temperature/  Strain Temperature difference/°C

°C rate/s | £=0.3 &=0.5 ¢=0.6 &=0.7
0.1 -1 -2 -2 -3
800 1 18 3 -6 -8
10 23 38 43 46
0.1 -2 -2 -2 -3
850 1 11 -5 -6 -4
10 23 30 35 39
0.1 -1 -2 -2 -3
900 1 8 -10 -5 -3
10 18 29 33 36
0.1 -3 -3 -3 -3
950 1 -1 -8 -8 -9
10 12 19 22 23
0.1 -1 -2 -3 -3
1000 1 3 -5 -5 -6
10 16 22 24 25

The temperature differences for other conditions are zero.

stress to decrease. Meanwhile, when compression
reaches adiabatic conditions, adiabatic heating can
cause flow localization leading to flow instability. In
addition, superplasticity, dynamic recovery (DRV) and
dynamic recrystallization (DRX) can also
softening [30,31].

When the strain rate is below 10 s ', all curves show
that flow stresses increase rapidly and reach peak
stresses at a small strain level (<0.03) and then drop
sharply. These are due to discontinuous yielding
phenomenon which has been observed in a great number
of p titanium alloys [15]. The extensively accepted
mechanism for this phenomenon is the dynamic theory
which associates discontinuous yielding with the rapid
generation and multiplication of new mobile
dislocations. This starts at grain boundary sources and is
then transmitted to grain interiors [29,32]. At constant
temperatures, the yielding drop increases with the
increase of strain rates from 0.001 to 0.1 s and reaches
the greatest drop at 0.1 s ', then decreases when strain
rates are faster than 0.1 s '. In this study, it is also found
that increments of experimental temperatures result in
decrements of yielding drops at a constant strain rate. It
can be concluded that the discontinuous yielding drop is
a function of temperature and strain rate. This agrees
with previous studies [32].

After the discontinuous yielding, all the curves,
except for the one of 0.001 s, show flow softening.
However, the flow softening has accelerated periods in
certain true strain ranges, e.g., 0.55—0.65 at 800 °C,
0.4-0.6 at 1000 °C, before a steady-state type flow
behavior when the strain rate is 1 s™'. During the
accelerating period the instantaneous temperature of
samples is lower than the experimental temperature
(Table 2), which intensifies the work hardening.
Therefore, the apparent softening acceleration indicates
that the softening processes in the samples are more
intensified than the work hardening. XU et al [14] have
studied the effect of strain on hot deformation behavior
of beta C titanium alloy. They suggested that the
apparent softening acceleration is because of the fierce
microstructural evolution which consumes power and
reduces the dislocation density of matrices [14]. When
strain rates are 0.1 s ' and 0.01 s, the flow curves reach
the steady state after a long period of slight flow
softening and show slight hardening at the end.
Moreover, the curves show different extents of
oscillations (Fig. 2) when strain rates are higher than
0.01 s™'. Mechanisms for the phenomenon may be DRX,
flow instability or micro-cracking [30]. When the strain
rate is 0.001 s ', the curves are of steady-state types
indicating that the softening like superplasticity, DRV or
DRX is sufficiently fast to balance the rate of work

cause

hardening.
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3.2 Kinetic analysis

The relationship among flow stress o, strain rate &
and deformation temperature 7  during hot
deformation is generally described as a constitutive
equation [13,18,30,31]:

&=Ao" exp(—R—QT) (1)

where Q is the apparent activation energy, R is the mole
gas constant, n is the stress exponent and A is the
material constant. In order to determine the constitutive
equation and analyze the mechanisms of hot deformation,
n and Q were calculated. Steady-state stresses
(corresponding to ¢=0.7) were used as ¢. From Eq. (1),
the stress exponent, #, is defined by

n—( olné j 2
Olno )
and the activation energy, O, is defined by
nROIno
O=|—— 3)
o/T) ),

The values of n and Q can be computed from the
plots of Ing vs In ¢ and 1000/T vs In o (Fig. 3).
Figure 3 was plotted using the linear regression fit. The
stress exponent is estimated to be 4.1 and QO for beta C
titanium alloy is calculated to be 167 kJ/mol. It has been
reported that O of hot deformation for beta titanium
alloys was in the range of 130—183 kJ/mol [15, 33]. O
calculated in this work is within the reported range. It is
very close to the activation energy for self-diffusion in
titanium (153 kJ/mol [34]), so it is reasonable to consider
the dislocation climb as the main deformation
mechanism [34,35]. In some reports, this is believed to
imply that DRV is the rate controlling mechanism in f
phase field [15,35]. However, taking the large strain into
consideration, recrystallization or selective
recrystallization may occur and DRX has been found
during deformation in J phase field when the
deformation temperature is above 0.87, (T, is the
melting point) [33]. Furthermore, beta C titanium alloy
has a high content of alloying elements which can
provide nuclei for DRX. Therefore, further investigations
are needed to determine the microstructural evolution
mechanisms.

The combined influences of strain rate and
deformation temperature on hot working process can be
evaluated by Zener—Hollomom constant Z which is also
used to assess the wvalidity of the constitutive
equation [23,29]. Z is a temperature compensated strain
rate parameter defined by

Z=¢ exp(%) 4)

The values of Z and steady-state stresses are plotted
with a linear regression fit in Fig. 4. It can be seen that
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Fig. 4 Plot of Zener—Hollomon parameter with different flow

stresses

there is a nice linear relationship between In Z and In ¢
and the correlation coefficient is 0.99.

From Egs. (1) and (4), the correlation of Z and o can
be expressed as

Z = Ac” %)

Equation (5) is consistent with Fig. 4. The stress
exponent given by the slope of the plot is 4.07 which is
very close to that given by Fig. 3. The material constant
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A can be calculated from Fig. 4 being 1.81x102 Based
on the above results, the constitutive equation describing
the hot deformation behavior of beta C titanium alloy in
S phase field is expressed as

- 5 a0r . —167000
£=1.81x10"¢o exp(T) (6)

The high correlation coefficient suggests that it is
reasonable to use the obtained constitutive equation to
describe the hot deformation behavior of beta C titanium
alloy in f phase field. Equation (6) may provide the basis
for choosing the hot working parameters and numerical
simulations of plastic processing of beta C titanium alloy.

3.3 Processing map

On the basis of DMM [12,13], the processing map
of beta C titanium alloy at the strain of 0.7 was plotted.
In this model, the partitioning between the two parts of
powers dissipated as heat through plastic deformation
and that dissipated by microstructural evolution is
determined by the constitutive flow behavior of materials
and calculated by the strain rate sensitivity m which is
defined by

4 _Algo

7
4G Algé 2

where G content and J co-content represent the power
dissipated by heat and microstructural evolution,
respectively. The value of J is normalized with respect to
the power dissipation through the microstructure in an
ideal dissipater to obtain a dimensionless parameter
called the efficiency of power dissipation defined by
— ®)

m+1

Plotting # as a function of strain rate and
deformation temperature gives the power dissipation
map which indicates the process of microstructural
evolution during hot deformation. A continuum criterion
for the flow instability is obtained from the principle of
the maximum rate of entropy production expressed by

_oln[m/(m+1)]

S(é) Iz <0 (€))

where £(¢) is the instability parameter which is a
function of strain rate and deformation temperature. The
contours of different ¢ with various strain rates and
temperatures constitute an instability map. A processing
map is produced by superimposing the instability map on
the power dissipation map.

The processing map at ¢=0.7 is shown in Fig. 5
which is different from the one in Ref. [11] due to
different initial microstructures. The microstructural
evolution during hot deformation is also different. As can

be seen, the instability region (the shadow area) is on the
top of the map. When the strain rate is higher than
1.7 5™, flow instability takes place during hot working
over the entire temperature range. At high strain rates,
the time for deformation is limited and the deformation
heat cannot be conducted to other parts of the sample in
time so that the local temperature rises and the flow
stress becomes lower, which causes plastic flow to be
localized. When adiabatic conditions are satisfied, flow
localization bands are generated and flow instabilities
occur [30]. This can be illustrated by the microstructural
observation as shown in Fig. 6. The flow localization
bands at an angle of about 45° to the compression axis
can be seen clearly from Fig. 6. In addition, fine grains
are formed within the flow localization bands, which
makes microstructures inhomogeneous. As shown in

1.0
0.5
0
-0.5
-1.0

In(é/s™)

=1.5

=201

=25 [ (

—3_0 1 1 1 L 1
800 825 850 875 900 925 950 975 1000
Temperature/°C

Fig. 5 Processing map for beta C titanium alloy at £=0.7

Fig. 6 Macrostructure and microstructure of beta C titanium
alloy deformed at 800 °C, 10 s (a) and 1000 °C, 10 s~ (b)
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Fig. 2, when the strain rate is 10 s, flow curves exhibit
continuous flow softening. Since there is no sample
cracking under tests, and no micro-cracking or voids
have been observed, the flow localization is the reason
for the instability. During hot working of beta C titanium
alloy, the instability region should be avoided.

In the processing map, there is a high efficiency
domain (7=47%—52%) in the temperature range of
900—1000 °C and strain rate range 0.1-1 s~ with a peak
efficiency of 52%. This domain is associated with DRX
of high stacking fault energy materials like BCC
metals [29,33]. That is to say, in the above domain, DRX
is the dominant mechanism of microstructural evolution
in this study. For other domains, the efficiency of power
dissipation is lower, indicating that DRV is the main
mechanism under these conditions. DRX is beneficial to
hot workability since it can refine microstructure and
lower flow stresses. Therefore, it is safe to hot work beta
C titanium alloy in the DRX domain and the optimum
condition is suggested to be 1000 °C and 0.5 s’
according to the processing map.

3.4 Microstructural observation

Figure 7 shows the typical microstructures of
deformed samples. After deformation, prior S grains are
elongated transversely to the compression axis. Prior f
grains become coarser with increasing temperature at
constant strain rates. At constant temperatures, the prior
f grains become thinner with the increase of strain rate
since the compressed prior § grains have less time to
grow at higher strain rates. For all conditions, the prior
f-grain boundaries are serrated and substructures appear
in the interior of elongated prior § grains. These are
signatures of DRV. It can be seen that new fine
undeformed grains are generated under the conditions of
950—1000 °C, 0.1-1 s '. This indicates that DRX occurs.
These observations are consistent with the processing
map analysis. In addition, the new fine grains appear
along prior grain boundaries instead of the interior of
prior S grains. Moreover, the flow curves under these
conditions present oscillation and show multipeak
stress values (Fig. 2). These behaviors may imply
discontinuous dynamic recrystallization [36]. When the
strain rate reaches 0.1-10 s ', uniform subgrains are
formed in some elongated prior £ grains and some prior
[ grains thin down to the width of one to three subgrain
at the center of the samples (Fig. 7), which results in
geometrical dynamic recrystallization (GDRX) [36]. This
may be authenticated by flatter prior f-grain boundaries.
At the large strain, the prior f grains become elongated
and thin. Meanwhile, grains do not have sufficient time
to grow at large strain rates. When the prior f grains are
thinned down to the size of three subgrains or even
smaller one, serrated grain boundaries on opposite sides

may contact, pinching-off the grains and reducing
surface energy. As a consequence, the grains are
shortened and their neighbors are thickened. This
phenomenon is also called grain refining DRV [36]. It
should be pointed out that the flow localization has also
been observed at 950 °C and 10 s™!, which is not shown
in Fig. 7(c) since it just illustrates the very center area of
the sample.

Fig. 7 Microstructures of beta C titanium alloy deformed at
950 °C, 0.1 s ' (a), 950°C, 1 s' (b) and 950 °C, 10 s’ (c)
showing typical GDRX

Figure 8 shows grain boundary characteristics of
deformed beta C titanium alloy obtained by EBSD
technique. As shown in Figs. 8(a) and (c), substructures
exist in the prior § grains implying the occurrence of
DRV. Misorientation angle distribution maps (Figs. 8(b)
and (d)) demonstrate clearly that the ratio of high angle
boundaries is high at 950 °C, 0.1 s !, which is evidence
of DRX occurrence.

In many cases, hot deformed materials are used as
intermediate products for subsequent processes, e.g., heat
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Fig. 8 Grain boundary maps (a) and (c), and corresponding
misorientation angle distribution maps (b) and (d) of beta C
titanium alloy deformed at 800 °C, 0.1 s™' (a, b) and 950 °C,
0.1 s ' (c, d), respectively (Red lines in (a) and (c) represent
low-angle boundaries between 2° and 15° and black lines
represent high-angle boundaries higher than 15°)

treatments, before application. In order to examine the
effects of hot deformation on the microstructure of beta
C titanium alloy during subsequent heat treatments,
deformed specimens were heat treated at 800 °C for
70 min and then air cooled. The microstructure after heat
treatment is shown in Fig. 9. The microstructure of the
specimen deformed at 1000 °C and 0.1 s consists of
fine grains. The average size of the grains is about 18 um.
It is reasonable to consider that the alloy with this kind of
microstructure has excellent properties. By contrast, the
grain sizes of specimens deformed at 800°C, 0.1 s™' and
1000 °C, 0.001 s' are much thicker. These validate that
deformation in the DRX domain obtained in this study
will optimize the microstructure of beta C titanium alloy
and may result in excellent properties.

Fig. 9 Microstructure of beta C titanium alloy deformed at
800°C, 0.1 s ' (a), 1000°C, 0.001 s™' (b) and 1000°C, 0.1 s
(c) after annealing at 800 °C for 70 min and air cooling

4 Conclusions

1) The apparent activation energy was calculated to
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be 167 klJ/mol. Constitutive equations are obtained to
characterize the hot deformation behavior of beta C
titanium alloy in f phase field.

2) In the temperature range of 900—1000 °C and

strain rate range of 0.1-1 s', DRX is the dominant
microstructural evolution mechanism and accompanied
with DRV. Under other conditions, the microstructure
mainly undergoes DRV. This agrees with the processing
map. When the strain rate is 0.1-10 s, the GDRX
occurs during hot deformation.

3) The microstructure of beta C titanium alloy

deformed in the DRX domain obtained and then heat
treated at 800 °C for 70 min consists of fine grains which
may improve mechanical properties.
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