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The morphology of the a-phase in titanium alloys considerably affected their physical and
mechanical properties. In this research, the effect of applied strain and inter-pass times on the
morphology of the a-phase was studied in the two-step hot deformation process. Hot
compression tests were performed at 900 °C and 0.001 s™! while the strains in the first and
second passes were set as (first cycle: 0.6 and 0.3) and (second cycle: 0.3 and 0.6) respectively,
with various inter-pass times. The work softening parameter obtained from the stress-strain
curves showed that the proper time for globularization of a-layers for the first pass strain of 0.6
was 240 s and for the second strain of 0.3 it was 240 and 300 s. Microstructure results indicated
that the first pass strain of 0.3 and the inter-pass time of 240 s were the optimum conditions for
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1. Introduction

Due to high strength, low density, low modulus (high
ductility), high resistance to corrosion and remarkable
compatibility for in-vivo applications, titanium and its
alloys have been considered as one of the most
interesting subjects in different applications [1, 2]. In

recent years, Ti-6Al-4V (Ti-64) alloys have been used
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instead of commercially pure titanium due to their high
strength and reasonable toughness [3]. In this field,
many attempts have been made to develop titanium
alloys for use for medical uses such as implants [4, 5].
Therefore, one of the main goals is to improve the
mechanical properties of the titanium alloys. Many
researchers have focused on the effects of hot

deformation parameters such as the strain, strain rate,
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temperature, and heat treatment on the morphology
optimization of a-phase of Ti-64 alloy which is one of
the most significant aspects of this alloy [6-8]. Recent
research has demonstrated that titanium alloys with a
homogeneous distribution of globularized a-phase in 8
matrix presents suitable mechanical and physical
properties like high strength, low density, and high
corrosion resistance [9, 10].

Kim et al. [6] investigated the quantity and quality of
globularized a-phase as well as the alloy microstructural
changes caused by the multi-step hot deformation
process in the Ti-64 alloy. They examined the
globularized phenomenon of o layers under the
deformation process by measuring the aspect ratio (L/D
ratio: L and D are the length and the width of a-layers,
respectively) and the size of a-layers. Based on their
results, thinner layers of a-phase easily changed their
morphology to a globularized state. Zhang et al. [11]
explored globularization mechanisms in Ti alloys such
as bending, breaking up, and separating of o layers.
Dutta et al. [12] investigated microstructure changes of
the Ti-64 alloy under multi-step hot deformation.
According to their experiments, the speed of the
softening phenomenon decreased by increasing the
deformation temperature. Zherebtsov et al. [13] studied
the effect of initial microstructure and hot deformation
parameters on the microstructure properties of titanium
commercial alloys. Accordingly, the initial martensitic
microstructure considerably affected the formation of
globularized and homogeneous microstructures. Kim et
al. [14] considered the effect of a-phase layer thickness
on the amount of globularization by two different heat
treatments that took place before the deformation
process. Stefansson et al. [15] studied the microstructure
evolution of Ti-64 alloy from lamellar to equiaxed
morphologies by the hot deformation process. They
concluded that the amount of globularized a-phase
increases by the increment of the amount of strain and
annealing heat treatment time. Warchomicka et al. [16]
also studied the effects of heat treatment and hot
deformation parameters on the microstructure of Ti-64
alloy through hot compression tests and achieved the

same results. He et al. [17] showed a grain refining

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3

structure in the alloy by the microstructural changes
under hot deformation and phase transformation. Ding et
al. [9] indicated that the microstructure of Ti-6Al-4V
alloy is extremely under the influence of initial
microstructure, hot working temperature, strain, strain
rate, and also the cooling rate during hot compression
tests. Zhang et al. [18] studied the effect of initial
microstructure on hot deformation behavior and
microstructure evolution of Ti-64 alloy. They confirmed
that the globurization of o phase at a low strain rate and
the formation of hear bands at a high strain rate are the
main mechanisms of microstructure evolutions taking
place during deformation.

Based on the literature, determining the optimal
parameters for the removal of lamellar a-phase structure
and achieving a globularized structure in titanium alloys
is very significant. Therefore, the current work aim is to
examine the effect of deformation parameters on the
microstructure of Ti-64 alloy during the two-step hot
deformation process to determine appropriate conditions

to obtain a globularized microstructure.

2. Experimental Procedure

Ti-64 alloy was used as the initial material with a
chemical composition, as reported in Table 1. All the
samples were prepared with a length and diameter of 15
mm and 10 mm, respectively, from the rod with a
diameter of 16 mm. Hot compression tests were
performed by using a Zwick-Roell 250 universal testing
machine equipped with a resistance furnace with a
temperature control precision of +5 °C. The samples
were kept for 3 min at the deformation temperature to
avoid any temperature gradient. Moreover, Mica sheets

were used as a lubricant during process.

Table 1. Chemical composition of Ti-6Al-4V alloy used in
this study

Elements Al V Si Zr Fe C (0] N Ti
Wt% 6.3 4.1 0.03 0.02 0.18 0.01 0.018 0.01 base

Samples Fig. 1 shows a schematic illustration of the
two-step hot deformation process with the first pass

strains of 0.6 and 0.3 and second pass strains of 0.3 (with
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inter-pass times of 120, 240 and 480 s) and 0.6 (inter-
pass times of 240, 300 and 500 s), respectively. In all
cycles, the hot deformation temperature and strain rate
were set as 900 °C and 0.001 s, respectively. Due to the
higher level of the first pass strain in the first cycle (Fig.
1 (a)), the periods between deformation steps were
shorter. The appropriate strain rate in tests was selected
based on the globularization process of a-phase via f3-
phase diffusion rate into created boarders in a-layers. At
high temperatures and low strain rates, the volume
fraction of the globularized a-phase is increased due to
suitable conditions for migration of lamellar structures
by diffusion [8, 19, 20]. Furthermore, it has been
reported that the hot compression tests applied in the
temperature range of P+a two phases (800-975 °C)
results in a better globularized a-phase [21-26].
Samples were sectioned by wire cut parallel to the
axis of pressure to examine the microstructure. A
(a) ion containing 6% HNOs;, 2% HF, and 92% H>O
was used as etchant. Microstructural images were taken
using Optical Microscopy (Olympus-GX51) and
Scanning FElectron Microscopy (SEM) in different

conditions.
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Fig. 1. Schematic illustration of the two-step hot

deformation process with the first pass strains of (a) 0.6 and
(b) 0.3 and various inter-pass times.
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3. Results and Discussion

Initial microstructure of Ti-64 alloy is shown in Fig.
2 (a). The suitable microstructure for deformation should
be martensitic. Therefore, the alloy was heated up to the
temperature of 1020 °C (temperature range of B-single
phase) with a holding time of 30 min and then quenched
in water (Fig. 2 (b)). The grain size of  phase after the
heat treatment was measured at about 87 um.

The true stress-strain curves of Ti-64 alloy at the
temperature of 900 °C and strain rate of 0.001 s*!' during
the two-step deformation process are shown in Fig. 3 (a,
b). In all curves, flow stress presents a peak in low
strains. By increasing the amount of strain, the softening
phenomenon occurs and the stress level decreases. The
curves can be divided into three sections: Firstly, the
stress level rises quickly because of the hardening
phenomenon during the deformation process. The
second section is commenced by slowing down the work
hardening and the occurrence of work softening and the
creation of dislocation-free grains by microstructural
changes [12, 20]. Thermally activated processes control
microstructural changes and morphology of phases. In
this step, the decrement of hardening continues until it
reaches zero. As a result, competition between the
hardening and softening phenomena creates a peak in the
true stress-strain curves. In the third section, the rate of
the softening phenomena decreases until the level of
stress reaches a stable value and the rate of hardening is
equal to the rate of softening called the steady state
region [27-33].

In addition, there are instabilities or serrations in all
the curves due to adiabatic conditions during
deformation. During hot deformation, the low thermal
conductivity of the Ti-64 alloy leads to temperature
rising in some regions because the produced heat is not
easily able to transfer through other parts of the sample;
so.it creates the localized reduction of flow stress during
the process [29, 34]. Moreover, in the two-step
deformation process, the required stress for starting the
second stage increases by incrementing the inter-pass
times which can be attributed to the delay in dynamic

globularization by increasing the thickness of a layers
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[29, 30]. For analyzing the true stress-strain curves in the

two-step deformation, the softening parameter (S) can be

defined. This parameter is defined as the ratio of

maximum (c;) to minimum amount (os) of stress, and it
is directly related to microstructure evolutions. The
higher amount of S parameter indicates that the
microstructure is mainly affected by globularized -
layers. The values of S parameter for three different time
periods and the first pass strains of 0.6 and 0.3 are
reported in Tables 2 and 3, respectively. Based on the
results and the highest value of the softening parameter,
the most appropriate time for globularization of (-layers
for the first pass strain of 0.6 is 240 s and for 0.3 it is 240
and 300 s.

(b) after treatment at 1020 °C for 30 min, quenched in water.

Table 2. Maximum and minimum true stresses and softening
parameter in the two-step compression tests of Ti-64 alloy on
the first pass strain of 0.6

Time (s) 120 240 480

Gi Os Gi Os Gi Os
True stress
(MPa) 149 138 164 129 174 149

Softening 1.07 1.27 1.17
parameter
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Table 2. Maximum and minimum true stresses and softening
parameter in the two-step compression tests of Ti-64 alloy in
the first pass strain of 0.3
Time (s) 120 240 480

Gi Os Gi Os Gi Os
True stress

(MPa) 172 89 208 104 19 112

Softening 1.93 2 1.70

parameter
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Fig. 3. Two-step true stress-strain curves obtained at 900 °C
and 0.001 s-1 and various inter-pass times of (a) the first
cycle, (b) the second cycle.

A macroscopic image of the deformed sample of Ti-
64 alloy at 900 °C and strain rate of 0.001 s™! is illustrated
in Fig. 4. As can be seen from the image, the deformed
microstructure can be divided into three areas including
(1) the area without deformation, (2) the area which is
partially deformed under tensile stress and (3) the highly
deformed area which is under the shear stress.

Fig. 5 presents the microstructures of different zones
shown in Fig. 4. In the area without deformation, o
phase morphology has no change and neither do lamellar
and martensitic (Fig. 5 (a)). In the partial deformation
zone (Fig. 5 (b)), although many changes in the
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morphology of a phase have occurred, this phase is still
observed as a lamellar structure through many parts of
the sample. This microstructure is called “Bimodal”
microstructure. In the third zone (Fig. 5 (c)), the effect
of strain is enough to break down a layers and change
their morphology from lamellar to globularization. Thus,
dynamic globularization is observed in the second and
third zones. In these zones, a layers orient in the
perpendicular direction of the applied strain axis.

In the two-step deformation process, one of the most
significant factors is the inter-pass time. Inter-pass time
can be directly related to o layer thickness [14]. The
microstructure images of deformed Ti-64 alloy and
details according to the first cycle and various inter-pass
times (Fig. 2 (a)) are illustrated in Fig. 6 and Table 2.
According to Fig. 6(a), the applied stress during
deformation causes remarkable changes in the
morphology of a layers. By increasing the inter-pass
time of deformation up to 240 s, the volume fraction of
a-phase has not noticeably changed, but on the other
hand, the size and aspect ratio of these layers have
decreased (Fig. 6 (b)). Therefore, the amount of
globularized o phase has increased by increasing the
inter-pass time. With further increase of inter-pass time
up to 480 s (Fig. 6 (c)), the size and continuity of a layers
have increased. It is noteworthy to mention that by
holding the sample in deformation temperature, the
thickness of o layers increases which leads to a
proportional increase of the required stress value for
separating and squeezing the layers. Furthermore, the
strain of 0.3 in the second step is not sufficient for

splitting these layers. Moreover, B-phase diffusion into

thicker layers of a phase for globularization is more
difficult.

Fig. 4. Macroscopic image of the deformed sample of Ti-64
alloy at 900 °C and strain rate of 0.001 s™'.
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deformation at 900 °C and strain rate of 0.001 s™! at different
zone of 'l (b) zone 2, (c) zone 3.

Consequently, by increasing the inter-pass time, the
change of morphology from lamellar to globularization
becomes more difficult.

Fig. 7 and Table 3 show the microstructures and
details of the Ti-64 alloy after the two-step hot
deformation in the first strain pass of 0.3 (Fig. 2 (b)). At
240 s (Fig. 7 (a)), the volume fraction of a phase and
aspect ratio are smaller than 300 s (Fig. 7 (b)). At 500 s
(Fig. 7 (¢)), the B phase has the appropriate opportunity
to penetrate the boundaries of o phase. Nevertheless, the
size of a layers in this condition is bigger than 240 s.

Consequently, the fracture of layers is more difficult in
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this condition. In addition, the size, volume fraction and
aspect ratio of a layers in the strain of 0.3 is smaller than
strain of 0.6 (Fig. 6). In general, deformation under an
initial strain of 0.3 provides more suitable conditions for
the globulariztion of layers. As explained, by holding the
sample in inter-pass period, the thickness of a-layers
increases. Therefore, the diffusion of B-phase into layers
is more difficult and the globularization process needs
more strain. Therefore, the strain of 0.3 in the second
step is inadequate for splitting and separating the layers.

The globularization mechanism of o phase
morphology is shown in Fig. 8. Fig. 8 (a) illustrates that
some o layers (dark color phase) are in wave form with
bending changes which are one of the starting
mechanisms of globularization. This mechanism
includes splitting and separating o layers by using shear
stress during the process (Fig. 8 (b)) which is controlled
by the rate of B-phase diffusion into the separated
regions. Similar results have been reported by the others
[21, 35, 36].

decreasing the strain rate, the rate of diffusion increases,

By increasing the temperature and

and separation takes place more easily [37-39]. Weiss et
al. [40], Park et al. [30] and Seshacharyulu et al. [41]
believed that the crushing a-layers is due to the bending

layers under applied shear stress and also the creation of

Table 3. Grain size, volume fraction and aspect ratio of a
phase based on analyzing microstructure images from Fig. 6

Volume
The a grain  fraction Aspect
first Time (s) size of a ratio of
cycle (pm) phase o phase
(%)
120 18 62 3.5
2 240 14 62.5 2.5
480 26 66 4

Table 4. Grain size, volume fraction and aspect ratio of a
phase based on analyzing microstructure images from Fig.7

Volume
The a grain  fraction Aspect
second  Time (s) size of a ratio of
cycle (pm) phase o, phase
(%)

240 14 40.5 1.5

300 18 61 2.4

3 500 15 71 33

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3

sub-grain boundaries in these layers. Semiatin et al. [42]

have also reported the initiation of dynamic

globularization of the twisted parts of these layers.

-~ -

£

Fig. 6. Optical microstructure of Ti-64 alloy deformed at 900
°C and 0.001s™!" and the first pass strain of 0.6, second pass
strain of 0.3 and inter-pass times of (a) 120, (b) 240, (c) 480 s.
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Fig. 7. Optical microstructure of Ti-64 alloy deformed at 900
°C and 0.001s™! and the first pass strain of 0.3, second pass
strain of 0.6 with inter-pass times (a) 240, (b) 300, (c) 500 s.
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Fig. 8. SEM micrographs of hot deformed Ti-64 alloy
showing the splitting and globularization of a phase.

4. Conclusion

In this work, the two-step hot deformation process

was designed to investigate the effect of the first and
second strains and inter-pass times on the morphology of
o phase of Ti-64 alloy. The following conclusions were

achieved:

In the two-step deformation process, the required
stress for starting the second stage was increased
with the increment of the inter-pass time due to the
delay in dynamic globularization.

The softening parameter indicated that the
appropriate time for globularization of Q-layers for
the first pass strain of 0.6 is 240 s, and for 0.3 is 240
and 300 s.

Microstructure results showed that the first pass
strain of 0.3 and inter-pass time of 240 s were the
optimum conditions for the globularization of o

layers.
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