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A single-pass and multi-pass compression experiments with a Ti-6Al-4V alloy fabricated with hot isoslatic pressing (HIP) were
carried out on a Gleeble-1500D simulator. The true stress-strain curve, microstructure and microhardness of the alloy deformed
at a total strain of about 70 % were studied. The results show that the stress value increased as the strain rate increased during
each deformation pass and the same was true for the single pass. At the initial deformation stage, the flow stress increased rap-
idly with the increase in the strain until it reached the peak: then it showed a different softening extent, which was more obvious
for the three-pass deformation than for one-pass and two-pass deformation. During the multi-pass deformation, the lamellar «
phase was mainly distorted, but during the one-pass and two-pass deformation, it was bent; the spheroidisation of the lamellar
phase mainly occurred during the three-pass deformation, significantly increasing the extent of softening. Meanwhile, the de-
gree of the spheroidized @ phase and the volume fraction of S-transformed phase () increased as the strain rates increased.
Finally, a tri-modal microstructure, including the §-transformed phase (f,), lamellar « phase and equiaxed @ phase was obtained
during three-pass deformation. In the process of multi-pass deformation, the microhardness increased with the increase in defor-
mation passes. When the strain rate was 1 57!, the microhardness increased from 299.5 HV and 309.1 HV to 342.6 HV with the
increase in deformation passes. It was also found that the microhardness increased with an increase in the strain rate under a cer-
tain amount of deformation.
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Avtorji v pricujofem ¢lanku opisujejo enostopenjski in vefstopenjske preizkuse tlatne deformacije zlitine Ti-6Al1-4V s
postopkom vrofega izostatskega stiskanja (HIP: angl.: Hot Isostatic Pressing) na simulatorju Gleeble-1500D. Analizirali so
krivulje teCenja, mikrostrukturo in mikrotrdoto deformiranih zlitin pri pribliZno 70 % celotni deformaciji. Rezultati preizkusov
so pokazali, da stopnja deformacije narasCa z vsakim prehodom (korakom) oz. poveCanjem hitrosti deformacije in je enaka kot
pri enostopenjski deformaciji oz. ekvivalentni deformaciji z enim prehodom z najvecjo hitrostjo deformacije. V zaCetnem
stadiju deformacije nagib krivulj teCenja hitro narai€a z naraS¢ajoco hitrostjo deformacije dokler ni doseZen nek maksimum in
nato pride do razli¢ne stopnje mehcanja zlitine. Pri deformaciji s tremi koraki je to bolj izrazito kot pri deformaciji v enem ali
dveh korakih. Med veCstopenjsko deformacijo je v glavnem priflo do preureditve lamelarne a faze in krivljenja pri deformaciji
v enem ali dveh korakih. Do sferoidizacije lamelarne « faze pa je v veliki meri prislo pri tristopenjski deformaciji, pri kateri se
je pomembno povecalo meh¢anje zlitine. Medtem sta stopnja sferoidizacije in volumski deleZ iz § v f, transformirano fazo
narasCala z nara$CajoCo stopnjo deformacije. Navsezadnje aviorji ugotavljajo nastanek tri-modalne mikrostrukture pri
tristopenjski deformaciji. Ta vklju€uje 8, transformirano fazo, lamelarno « fazo in enakoosno a fazo. Pri ve&stopenjski
deformaciji je mikrotrdota postopoma nara§€ala z vsako stopnjo spremembe hitrosti deformacije. Pri hitrosti deformacije 157" je
mikrotrdota z vsakim korakom povecanja hitrosti deformacije narasla z 299,5 HV na 309,1 HV do 342,6 HV. Prav tako avtorji
ugotavljajo, da je mikrotrdota naraScala tudi s poveCanjem hitrosti deformacije pri dani stopnji deformacije.

Kljucne besede: zlitina Ti-6Al-4V, vedstopenjska deformacija, meja teCenja, mikrotrdota, mikrostruktura
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1 INTRODUCTION

Ti-6Al-4V alloy is increasingly becoming a signifi-
cant material in the fields of aircraft manufacturing, na-
tional defense and automobiles due to its high strength,
high rigidity, low density, good corrosion resistance, rea-
sonable ductility and high-temperature performance.'-*
The development of modern science and technology has
higher requirements for material processing and perfor-
mance, such as integral forming, rapid prototyping and
high-strength forming. Therefore, different processes
have been carried out on titanium alloys to optimize the

*Corresponding author’s e-mail:
yongxue395@163.com (Yong Xue)
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mechanical properties and forming properties.”’ How-
ever, traditional casting and forging techniques included
in integral forming usually present a series of issues such
as bulk microstructure, shrinkage cavity defects and
composition segregation as these result in low ductility
and poor stability. Although the mechanical properties of
a forged titanium alloy are better than that of a casting,
the forging technology is more about getting simple
structures. As we all know, the control of the @ phase is
one of the keys to improve the performance of
Ti-6Al-4V alloy. Generally, the microstructure of a
Ti-6Al-4V alloy includes a widmanstatten structure, bi-
modal structure and equiaxed structure.®
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Research shows that a tri-modal structure (equiaxed
a phase + secondary & phase + 8 transformation) can be
obtained by controlling the multi-pass deformation pa-
rameters (deformation passes, deformation amount, tem-
perature) and heat-treatment parameters.” Its room-tem-
perature strength is higher than that of the equiaxed
structure; the plasticity and thermal stability of the
equiaxed structure are at the same level; the high-temper-
ature performance is higher than that of the bimodal
structure; and the fracture performance and fatigue per-
formance are higher than those of the bimodal structure.
Therefore, it is very important that the hot isostatic
pressing (HIP) of the billet in this study is used to ex-
plore the evolution of the microstructure through the
subsequent multi-pass deformation. Zhang et al.' stud-
ied the effect of different initial microstructures on the
microstructure and flow behavior of a titanium alloy dur-
ing subtransus hot deformation. Youngmoo Kim et al.!
studied the effects of three different powder types and
pressing methods on the microstructure and mechanical
properties of a hot isostatic pressed Ti-6Al-4V alloy. But,
there are few systematic studies of the relationship be-
tween the microstructure and properties of a HIPed
Ti-6Al-4V alloy during multi-pass deformation.

In this study, single-pass and multi-pass deformations
were conducted to investigate the relationship between
the deformation history, flow behavior, microstructure
and properties of a HIPed Ti-6Al-4V alloy. The effects
of different processes and deformation conditions on the
flow stress were discussed. Also, the effects of different
deformation conditions on the microstructure and micro-
hardness were studied.

2 EXPERIMENTAL PART

The hot-compressed material used in this experiment
was a hot isostatic pressed (HIPed) Ti-6Al-4V alloy and
its chemical composition is shown in Table 1. Experi-
mental samples were obtained with hot isostatic pressing
at a temperature of 920 °C and a pressure of 120 MPa
applied for 2 h, and then furnace-cooled to room temper-

ature. Figure 1 shows the morphologies of the tested
powders and the initial microstructure of the HIPed
Ti-6Al-4V alloy. The initial microstructure includes par-
allel/staggered lamellar & phases (shown in the white
pane) and a small amount of equiaxed structure (shown
in the white circle) with a widmanstatten structure. The
dimensions of the hot-compressed samples were
¢8 mm x 12 mm and hot compression was carried out on
the Gleeble-1500D thermo-simulation machine at differ-
ent deformation parameters. Table 2 shows the multi-
pass-compression test programme. The tested samples
were deformed at 950 °C and 2.4 mm for a 20-% reduc-
tion during one-pass deformation; then they were de-
formed at 900 °C and 2.4 mm for another 20-% reduc-
tion during two-pass deformation, and finally they were
deformed at 850 °C and 3.6 mm for a 30-% reduction in
three-pass deformation. All the specimens of hot com-
pression were deformed to a maximum deformation of
about 70 %. For comparison, single-pass deformation
was carried out at a deformation temperature and strain
rate range from (850, 900, 950) °C and 0.01 s' to 1 s,
respectively. After the deformation of each sample, the
test sample was quenched immediately with water in or-
der to keep the deformation microstructure. The tested
samples were cut along the longitudinal center, polished
and eroded with the Kroll corrosive agent
(HF:HNO;:H,0 = 1:3:7) for 15-20 s. The microstructure
of a tested simple was analyzed with an optical micro-
scope (OM) and SU5000 scanning electron microscope
(SEM).

Table 1: Chemical composition of Ti-6Al-4V alloy powder (w/%)

Al v Fe C N H O Ti
587 | 394 | 036 | 067 | 1.22 | 0.012 | 0.09 | Bal.

Table 2: The multi-pass compression test programme

One-pass def. Two-pass def.
TI°C | el% | Is' | TI°C | &/% | Is' | TIPC| el% | Is!
| 0.01 0.01 0.01
950 | 20 | 0.1 | 900 | 20 | 0.1 | 850 | 30 | 0.1
1 1 1

Three-pass def.

T
100pm

Figure 1: SEM images of the morphologies of: a) powder, b) HIPed Ti-6 Al-4V alloy
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Figure 2: Schematic illustration of a multi-pass and single-pass de-
formed sample

3 RESULTS AND DISCUSSION

3.1. Flow-stress behaviors during hot deformation

Figures 3a and 3b show the flow stress curves of the
HIPed Ti-6Al-4V alloy after the single-pass and
multi-pass deformation at the temperatures of (950, 900,
850) °C and different strain rates, respectively. Fig-
ure 3b shows that the flow stress increases significantly
as the deformation temperature decreases and strain rate
increases during the multi-pass deformation, indicating
that the stress is sensitive to the deformation conditions,
i.e., the temperature and strain rate. It can also be ob-
served from Figure 3 that, due to the effect of work
hardening, the stress value suddenly increases to a peak
during the initial stage of deformation, which is mainly
caused by an increase in dislocations. With the increase
in the strain, the stress value gradually becomes stable
after the flow stress reaches the peak value, which is at-
tributed to the balance between work hardening and soft-
ening caused by dynamic recovery and recrystalliz
ation.'

It can also be found that the softening degree in-
creases with the decrease in the strain rate during sin-
gle-pass deformation, but this phenomenon was not obvi-
ous during multi-pass deformation. This is mainly
because the softening degree increased during multi-pass
deformation. By comparing Figures 3a and 3b, it can be
found that the change in the stress value is very small for
the peak value during one-pass deformation compared
with the single-pass at 950 °C, which is mainly attributed
to the same initial deformation conditions. During
two-pass deformation, the peak stress is lower than that
of the single-pass at the temperature of 900 °C, which is
mainly attributed to the extensive flow softening and the
change in the microstructure in one-pass deformation.
Research shows that the flow softening is strongly re-
lated to different microstructures or localized flows, as
observed in the Ti-6Al-4V alloy with a lamellar micro-
sturcture.”® During three-pass deformation, the influence
of the softening extent on the stress is obvious with an

increase in the strain rate and it is also greater than those
of one-pass and two-pass deformation. This means that
the dynamic softening and spheroidisation of the
lamellar a phase occur due to the accumulation of defor-
mation-activation energy during dynamic recrystalliz-
ation, recovery and spheroidisation of the lamellar
phase, which counteracts the initial work hardening.'* It
can also be found from Figure 3 that when the strain
rates are higher than 0.01 s-!, the peak stress during
three-pass deformation is lower than during the sin-
gle-pass at the deformation temperature of 850 °C,
which is mainly attributed to the strain accumulation,
microstructure change and a large number of nucleation
sites, causing a greater softening extent compared to sin-
gle-pass defomation.”

3.2. Microstructure investigations
3.2.1. Microstructure of the HIPed Ti-6Al-4V alloy
after single-pass deformation

Figure 4 shows the OM morphologies of the HIPed
Ti-6Al-4V alloy after single-pass deformation at the

850°C
2504 900°C
950°C
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850°C
0 T T T T T
0.0 0.2 04 0.6 08 1.0 1.2
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Figure 3: True stress-strain curves of HIPed TC4 alloy: a) single-pass,
b) multi-pass deformation
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strain rate of 1 s and different temperatures. When the
deformation temperature was 850 °C, which was in the
a + f two-phase range, the quenched microstructure of
the deformed specimen was composed of equiaxed & and
transformed g structure (f,) (Figure 4a). According to
Table 3, the content and average size of the equiaxed &
phase were 42.2 % and 3.76 pm at the temperature of
850 °C, respectively, and then they decreased as the tem-
perature increased. The lamellar @ phase was distorted
due to deformation, and a small amount of fine equiaxed
o grains appeared at the same time, indicating that some
dynamic recrystallization occurred at this temperature.
With the increase in the deformation temperature from
850 °C to 900 °C, the volume fraction of dynamic
recrystallization increased and dynamic recrystallization
became more sufficient (Figure 4b). It can also be found
from Table 3 that the width of lamellar & decreased with
the increase in the temperature, and the volume fraction
of transformed f3, increased instead. This confirms the as-
sumption that the content of the lamellar & and § trans-
formation phase, deformed at 900 °C was larger than at
the deformation temperature of 850 °C.'® The main rea-
son for this is that the deformation at a higher tempera-
ture provides higher energy needed for the occurrence of
dynamic recovery and recrystallization (dynamic recov-
ery is mainly used in this experiment); the obtained
microstructure was also more uniform.

Table 3: Microstructure parameters of HIPed Ti-6Al-4V alloy after
single-pass deformation

Volume . . Volume
Tempera- | _ "™ Size of | Width of )
(°C) phase (%) (pum) (um) B (%)
850 42.2 3.76 1.21 37.1
900 32.3 2.49 0.77 55.6

When the deformation temperature reached 950 °C,
which was close to the 8 phase transition temperature,
the lamellar e¢ was sharply reduced and most of the «
phase was transformed into the § phase (Figure 4c). It
can be seen from Figure 4c that the § grains after defor-
mation were coarser with an average size of 150 pm, and
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Figure 4: OM images of HIPed Ti-6Al-4V alloy after single-pass deformation at a strain rate of 1 s~! and different temperatures: a) 850 °C,
b) 900 °C, ¢) 950 °C

the grain boundaries were clear and easy to distinguish.
At the same time, short lamellar & phases with different
orientations precipitated in some parts of the § phase,
and the distribution was not uniform. It can be found that
when the deformation temperature was up to 950 °C, the
transformation from « to  was easy to occur and the
coarse f phase and lath martensite were obtained by wa-
ter cooling after deformation. When the temperature was
lower than 900 °C, the deformation was in the a + f8
two-phase range, and both the & and 8 phases were de-
formed. However, as the original structure was very
small, the microstructure evolution in the two-phase re-
gion mainly included dynamic recrystallization and
spheroidisation of the lamellar structure, which could be
verified with the flow softening of the HIPed Ti-6Al-4V
alloy deformed in the a + 8 phase field."”

3.2.2. Microstructure of the HIPed Ti-6Al-4V alloy
after one-pass deformation

Figure 5 shows the microstructure of the HIPed
Ti-6Al-4V alloy after one-pass deformation at 950 °C
with different strain rates. It can be clearly seen that the
microstructure of the tested specimens after one-pass de-
formation consists of needle-like or acicular @ with an
average thickness of 5 um and f.. Moreover, the thick-
ness of the ¢ layers at the § grain boundaries increased
from 1.4 pm and 1.8 pm to 2.9 pm and the size of the
grains also increased as the strain rate decreased, which
was mainly because the f grains had enough time to
grow as the strain rate decreased."® Compared with the
undeformed specimens, the microstructure of a com-
pressed sample lost the original flake shape and equiaxed
a phase, while only a part of the  grains were destroyed
and most of them still kept the original polygonal shape.
It can also be seen that a few new equiaxed f§ grains ap-
peared due to dynamic recrystallization, as observed in
Figures 5a, 5c and Se.

During one-pass deformation, the primary § grains
were elongated along the flow direction and some f3
grains began to blend, while boundary & began to frac-
ture and was stretched simultaneously along the vertical
extrusion direction; in addition, distorted and straight
lamellar & appeared, as can be observed in Figure 5. A

Materiali in tehnologije / Materials and technology 55 (2021) 4, 559-570
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Figure 5: OM and SEM images of HIPed Ti-6AI-4V alloy after one-pass deformation at a temperature of 950 °C and different strain rates: a) and
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comparison between Figure 1b and Figures 5b, 5d, 5f
shows that the size of the lamellar and needle-like &
phase decreased with deformation and a finer micro-
structure appeared. With the increase in the strain rate,
there was little difference in the microstructure (Fig-
ure 5). The # grains still had the shape of large polygons
surrounded by a grain-boundary « layer and crisscross

LAGBs=37.4%
HAGBs=62.6%

0.3

Number Fraction
Area Fraction

0.1

0.0

10

20 30 40
Misorientation Angle [degrees)

50

short @ phases, while the § grain size was obviously re-
duced, which means that an increase in the deformation
rate can refine the grains. There were a few fine equiaxed
p grains at the intersection and boundary of deformed
grains, and it can be seen from Figure 5b that the pro-
duction of these equiaxed « grains was mainly concen-
trated at the distorted- and broken-grain boundaries. The
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Figure 6: EBSD analysis results for one-pass deformation at 950 °C: a) IPF, b) DRXed grains, ¢) coarse grains, d) misorientation distribution,

e) grain size
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SEM image (Figure 5b) shows that the microstructure of
the a phase with the needle or acicular morphology was
arranged in a cross-parallel arrangement along different
directions with a typical basketweave structure, which
included f grains and formed mostly on the original 8
grain boundaries.'” Figure 6 shows an EBSD analysis of
all grains: DRXed grains and coarse grains at 0.1 s-! dur-
ing one-pass deformation. The fraction of DRX (fprx) for
one-pass deformation was 6.4 % (Figure 6b). Addi-
tionally, the average grain size, the fraction of high-angle
grain boundaries (HAGBs) and low-angle grain bound-
aries (LAGBs) were 19.88 pm, 62.6 % and 37.4 %, re-
spectively, as shown in Figures 6d and 6e. It can also be
seen from Figure 6c that dynamic recrystallization
mainly occurred at the intersection and kink regions of
grain boundaries, which was also found in high-tensile
Ti-6Al1-4V alloy with initial coarse equiaxed phases.?

3.2.2. Microstructure of the HIPed Ti-6Al-4V alloy
after two-pass deformation

Figure 7 shows the microstructure of the HIPed
Ti-6Al-4V alloy after two-pass deformation at the defor-
mation temperature of 900 °C and different strain rates.
As it can be seen in Figures 7a and 7d, the coarse
equiaxed f grains formed during one-pass deformation
further grew at the strain rate of 1 s-! during two-pass de-
formation; there are a large amount of an acicular
martensite structure and a small amount of a lath
martensite structure in the  grains. This is mainly due to
the long time and high deformation temperature during
rapid quenching, promoting a continuous growth of
grains and the precipitation of martensite. It can be seen
on Figures 7a, 7b and 7c¢ that with the increase in the
strain rate, the content of the equiaxed a phase was in-
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creased and distorted S grain boundaries mainly
occurred, which was mainly due to a kinked grain-
boundary intersection and grain-boundary separation
spheroidisation during two-pass deformation. This is
mainly the result of the formation of sub-grain bound-
aries inside the originally stable lamellar ¢ phase and
recrystallized grains inside the « phase, which was also
found by Margolin® in the study on a titanium alloy with
a widmanstatten structure. Due to the surface tension, the
p phase easily entered the newly formed a/a interface
(Figure 7f).

With the continuous penetration of the 8 phase, the «
phase gradually separated to form new « grains. It can
also be seen in Figures 7b, 7c and 7d that the & phase at
the B grain boundary was distorted and broken, which
occurred at the intersection of f grains and near the de-
formation zone. This was mainly due to the insufficient
phase transition from the initial « phase to the f phase
after two-pass deformation and the facts that some of the
p phase and a small amount of the & phase were broken,
forming finer grains. Figures 7e and 7f show the
spheroidisation of the initial lamellar &, which mainly
occurred in the area of large deformation. The lamellar e
phase was elongated, deflected and kinked at the same
time during the large deformation along the compressing
direction. Due to the atomic diffusion, the § phase gradu-
ally diffused into the sub-structure of the lamellar
phase and some lamellar & phase was gradually segre-
gated along the sub-structure, or was directly segregated
due to the localized shearing with further deformation, as
shown in Figure 7f.

Weiss and Peter?'-?? found that the mechanisms for
the separation of lamellar & into shorter segments are the

Spheror

Figure 7: OM and SEM images of HIPed Ti-6Al-4V alloy after two-pass deformation at the temperature of 900 °C and different strain rates:

ayandd) 1s',b),e)and N 0.1 s, ¢)0.01 5!
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formation of sub-boundaries across the a plate, and the
localized shear and rotation of lamellar & during hot de-
formation. The driving force of spheroidisation is a de-
crease in the surface energy, which promotes the penetra-
tion of the 8 phase into the & phase.” Figure 8 shows the
EBSD analysis of all grains, DRXed grains and coarse
grains at 0.1 s*! during two-pass deformation. The frac-
tion of DRX (fprx) for two-pass deformation was 10 %
(Figure 8b). Additionally, the average grain size and the
fraction of high-angle grain boundaries (HAGBs) and
low-angle grain boundaries (LAGBs) were 10.56 pum,
80 % and 20 %, respectively, as shown in Figures 8d
and 8e. This was different from one-pass deformation as
a large number of substructures appeared in the lamellar
o phase, gradually separated and spheroidized with the
permeation of the § phase during two-pass deformation.
So, a large number of bent lamellar and equiaxed
a-phase mixed structures were observed in Figure 8a.

3.2.3. Microstructure of the HIPed Ti-0Al-4V alloy
after three-pass deformation

Figure 9 shows the microstructure of the HIPed
Ti-6Al-4V alloy after three-pass deformation at 850 °C
with different strain rates. As seen in Figure 9b, the
martensitic structure was transformed into a mixture of &
and f phases consisting of the f-transformed phase, in
which the « phase was present as a fine needle-like
structure. The microstructures of the specimens obtained
after the three-pass deformation at 0.1 s-! exhibit a
tri-modal structure, which include the equiaxed a phase,
lamellar & phase and S-transformed phase (8,). The vol-
ume fraction and size of the equiaxed « phase, the width
of the lamellar & phase and the volume fraction of the

LAGBs=20%
HAGBs=80%

§ 020
]
i
2
2 0.10

0.00

10 20 30 40 50 60
Misorientation Angle [degrees)

p-transformed phase () characterize the morphology of
the microstructure of the HIPed Ti-6Al-4V alloy after
three-pass deformation at different strain rates, measured
and shown in Table 4. From Table 4, it can be seen that
the volume fraction of the equiaxed a phase increased
with a decrease in the strain rate at the deformation tem-
perature of 850 °C, while the size of the equiaxed «
phase had a different trend. In addition, the size of the
equiaxed ¢ phase and the width of lamellar & decreased
from 3.46 pm to 2.44 pm and from 2.16 ym to 1.68 um
as the strain rate decreased, respectively. The main rea-
son for this is the fact that with the decrease in the vari-
able rate, the lamellar & phase has more time for sphero-
idisation and, at the same time, more recrystallized
grains appear due to the strain accumulation, so the grain
size decreases.”

Compared with two-pass deformation, the fraction of
the equiaxed « phase increased and its size decreased,
indicating that dynamic recrystallization occurred during
three-pass deformation, which is also confirmed with the
dynamic-recrystallization-grain map from Figure 10b.
As shown in Figures 9d, 9e and 9f, the spheroidisation
of lamellar ¢ was mainly due to the deformation leading
to the formation of sub-grain boundaries inside the origi-
nally stable lamellar & phase, which caused the f phase
to permeate into the lamellar & phase, forming a new a/f
interface, and the lamellar structure to be transformed
into a spherical structure.” Therefore, after three-pass
deformation, the spheroidisation of lamellar @ mainly
occurred due to grain boundary separation sphero-
idisation. It can also be seen that the content of the

equiaxed « phase increased gradually with the decrease
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Figure 8: EBSD analysis results for two-pass deformation at 900 °C: a) IPF, b) DRXed grains, ¢) coarse grains, d) misorientation distribution,

e) grain size
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Figure 9: OM and SEM images of HIPed Ti-6Al-4V alloy after three-pass deformation at the temperature of 850 °C and different strain rates:
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in the strain rate, which was mainly due to enough time
for the nucleation and growth at a low strain rate.?

Compared with the two-pass deformation specimens,
the microstructure of the compressed specimen lost the &
phase at the prior # grain boundary and transformed into
an equiaxed and lamellar & phase, mainly contributing to
the distortion and fracturing of the & phase of the prior g
grain boundary during long-term deformation. In this ex-
periment, under certain temperature and deformation
conditions, the thickness of lamellar ¢ gradually de-
creased, but the content of the S-transformed phase grad-
ually increased with the decrease in the strain rate, indi-
cating that the secondary lamellar « phase precipitated
into the prior § phase during three-pass deformation.
Semiatin and Bieler?” studied the effect of a platelet
thickness on the plastic flow of Ti—-6Al-4V with a
p-transformed microstructure, showing that the thickness
of the lamellar & phase was noticeably influenced by the
deformation parameters and initial microstructure.

It can be seen from Figure 9c that the microstructure
of the tested specimens consists of the equiaxed and
lamellar & phase + f-transformed phase (8,) whose
microstructure proportions were 11.4 %, 65.1 % and
23.5 % at the strain rate of 0.1 s-!, respectively. With the
decrease in the strain rate from 1 s*' and 0.1 s! to
0.01 s, the f-transformed phase (f;) correspondingly in-
creased from 20.1 % and 23.5 % to 26.7 %, as shown in
Table 4. It can be concluded that the strain rate mainly
affects the content of the f-transformed phase and the
spheroidisation of the lamellar & phase during three-pass
deformation. The mechanism of the microstructure evo-
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lution during three-pass deformation was different from
that during two-pass deformation. The differences are in
the volume fraction of the equiaxed e phase, and the
spheroidisation mechanism of the second lamellar
phase and f-transformed structure.

Figure 10 shows the EBSD analysis of all grains,
DRXed grains and coarse grains at 0.1 s' during
three-pass deformation. The fraction of DRX (fprx) for
three-pass deformation was 47 % (Figure 10b). Addi-
tionally, the average grain size, the fraction of high-angle
grain boundaries (HAGBs) and low-angle grain bound-
aries (LAGBs) were 4.56 um, 41 % and 59 %, respec-
tively, as shown in Figures 10d and 10e. Compared with
one-pass and two-pass deformation, the fraction of DRX
(forx) increased from 6.4 % and 10 % to 47 % during
three-pass deformation and the increased extent of DRX
(forx) was 40.6 % and 37 %, respectively (Figure 10b).
It can be found that the proportion of low-angle grain
boundaries (LAGBs) was the largest compared with the
one-pass and two-pass deformation. The appearance of
low-angle grain boundaries (LAGBs) indicated that the
initial lamellar ¢ phase was divided into many fine
equiaxed subgrains by sub-boundaries, and sphero-
idisation occurred during recrystallization, indicating
that the formation of sub-grains or sub-grain boundaries
is a necessary stage for the spheroidisation of a lamellar
a phase.

Lin et al.” found that the dynamic-softening behavior
is mainly induced by a severe dynamic globularization of
lamellar & phases, accompanied by the formation of
HAGBs of a Ti-6Al-4V alloy with thick lamellar micro-
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structures during uniaxial hot tensile deformation. It can
be concluded that recrystallization is beneficial for the
spheroidisation of the lamellar & phase. Figure 11 shows
X-ray diffraction (XRD) patterns at different conditions.
It can be observed that the diffraction peak of the « lat-
tice plane of (0002) and (10-11) increased with the in-
crease in the strain rate and deformation passes, as
shown in Figures 11a and 11b. The (110) § peak at
39.5° changed little with respected to the strain rate, but
it increased with the increased deformation passes (Fig-
ure 11). It can be concluded that the strain rate has little
effect on the content of the g phase, which gradually de-
creases with the increase in the deformation passes; this
is mainly due to the deformation temperature that gradu-
ally becomes lower than the fS-phase transition point.
This phenomenon was also found by Ji when investigat-
ing the flow softening and dynamic transformation of a
Ti-6Al-4V alloy in the two-phase region during hot de-
formation.?®

Table 4: Microstructure parameters of HIPed Ti-6AI-4V alloy after
three-pass deformation

Volume frac-

Strain
rate

(sh

tion of
equiaxed
a phase (%)

Size of
equiaxed
a (um)

Width of
lamellar
a (um)

Volume
fraction of

Br (%)

1

8.2

3.46

2.16

20.1

0.1

11.4

3.28

1.79

23.5

30 40 50 60 70
20(degree)

Figure 11: XRD patterns of HIPed Ti-6Al-4V alloy for: a) three-pass
deformation at different strain rates, b) different deformation passes at
0.15"!
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3.3. Microhardness of the HIPed Ti-6Al-4V alloy

Figure 12 shows the microhardness of the specimens
of the HIPed Ti-6Al-4V alloy after multi-pass and sin-
gle-pass deformation at different deformation parame-
ters. The microhardness of titanium alloy is affected by
many factors such as deformation temperature, strain
rate, deformation amount, phase content and distribution,
and microstructure morphology. Figure 12a shows that
the microhardness of the tested specimens decreases
with the increase in the deformation temperature at the
strain rate of 1 s-'. It can be concluded that the micro-
hardness changes from 351.5 HV and 330.1 HV to
315.4 HV with the increase in the temperature under
constant deformation and strain rate, indicating that the
temperature has a great influence on it. According to the
analysis from Figure 4 and Table 3, where the strain rate
and strain were constant, the volume and size of the a
phase increased with the decrease in the temperature dur-
ing single-pass deformation. The results show that the
Ti-6Al1-4V alloy is an @ + f§ alloy, in which the & and 8
phase are body-centered cubic (BCC) and hexagonal
close-packed (HCP) structures, respectively. So, during
single-pass deformation, the increase in the microhard-

a 380

" Is!

HVO0.2

3404

Micro hardness/
(] [ o]
oo (=] [ ]
(=] (=] o

260 +———— , — ;
840 860 880 900 920 940 960
Temperature/C

=p
[
2y
S

e (.1s'
A 0.01s"

HVO0.2
[ o N
[ T
= @ = o

1

L
—
=

(]
=]
=

Micro Hardness/

[
o
(=]

280 +——— ; : : —
840 860 880 900 920 940 960
Temperature/'C

Figure 12: Microhardness of HIPed Ti-6Al-4V alloy: a) single-pass
deformation, b) multi-pass deformation
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ness with the increase in the temperature is mainly
caused by the content of the « phase.

Figure 12b shows the microhardness of the tested
specimens after multi-pass deformation at different strain
rates. The result shows that the microhardness increased
with the increase in the deformation passes. When the
strain rate was 1 s”!, the microhardness of the tested
specimen increased from 299.5 HV and 309.1 HV to
342.6 HV with the increase in the deformation passes. It
also can be found that the microhardness increased with
the increase in the strain rate under a certain amount of
deformation. During multi-pass deformation, with the in-
crease in the deformation passes, the microhardness of
the tested sample also gradually increased with the in-
crease in deformation from 20 % and 40 % to 70 %, as
shown in Figure 12b. This is mainly due to the fact that
the increase in the strain and decrease in the deformation
temperature from 950 °C and 900 °C to 850 °C with the
increase in the deformation passes, resulted in a gradu-
ally increased content of the a phase, ascribed to the
strain-enhanced f/a phase transformation, causing an in-
crease in the microhardness.

He and Dehghan® studied the microstructure devel-
opment during the concurrent hot deformation and p/a
phase transformation in a Ti-6Al-4V alloy, and found
that an improvement in the grain refinement and phase
transformation was ascribed to the strain-enhanced S/
phase transformation. When the deformation passes of
multi-pass deformation are defined, the microhardness
values show an increasing trend with the increase in the
strain rate; the microhardness values at strain rates rang-
ing from 0.01 s and 0.1 s™' to 1 s~! during three-pass de-
formation are 342.6 HV, 338.1 HV and 327.2 HV, re-
spectively. According to the analysis from Figure 9 and
Table 4, the volume of the equiaxed a phase decreased
with the increase in the strain rate; however, its size and
the width of the lamellar & phase increased with the in-
crease in the strain rate, which shows that the « phase
has a great influence on the microhardness. Compared
with the single-pass deformation analysis, it can be seen
that the microhardness of the Ti-6Al-4V alloy is greatly
affected by the content, size and morphology of the «
phase.

4 CONCLUSION

Multi-pass and single-pass deformations were carried
out to investigate their effects on the hot-deformation be-
havior, microstructural evolution and microhardness of a
HIPed Ti-6Al-4V alloy. The microstructure was charac-
terized with an optical microscope and scanning electron
microscope (SEM). The microhardness of the tested
specimens were measured via the Vickers hardness test
at room temperature. The following conclusions are at-
tained from the experiment results:

1) During single-pass and multi-pass deformations,
all the true stress-strain curves exhibited a peak stress,
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followed by different flow-softening extents. The soften-
ing extent of single-pass deformation was obvious at a
low temperature and strain rate, and recrystallization was
the main softening mode. However, with respect to
multi-pass deformation, the softening extent of
three-pass deformation was more obvious than those of
one-pass and two-pass deformation. Based on the obser-
vation of the microstructures, one-pass and two-pass de-
formations mainly led to a distortion and spheroidisation
of the lamellar & phase and fractures of grain boundaries,
while dynamic recrystallization mainly occurred during
three-pass deformation, which is the main softening
mechanism of this process.

2) After the multi-pass deformation at the tempera-
ture range from 950 °C and 900 °C to 850 °C, the pri-
mary 3 grains were elongated along the flow direction
and some of B grains began to blend. As @ boundaries
began to fracture during one-pass deformation, there
were a lot of distorted and broken grain boundaries due
to the spheroidisation after two-pass deformation and, fi-
nally, spheroidisation and dynamic recrystallization oc-
curred and the spheroidisation ratio increased with the
increase in the strain rate, while the volume fraction of 3,
also increased, exhibiting a tri-modal microstructure in-
cluding the equiaxed « phase, lamellar @ phase and
p-transformed phase (f,) at 0.1 s-! after three-pass defor-
mation.

3) The microhardness of the HIPed Ti-6Al-4V alloy
during multi-pass deformation increased with the in-
crease in deformation passes. When the strain rate was
1 s7!, the microhardness of the tested specimen increased
from 299.5 HV and 309.1 HV to 342.6 HV with the in-
crease in deformation passes. It can also be seen that the
microhardness increased with the increase in the strain
rate under a certain amount of deformation.
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