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A cold-rolled Ti-6Al-4V sheet was subjected to heat treatmentprior to processing by high-pressure torsion (HPT). Quantita-
tive measurements revealed that the volume fractions were 25% equiaxed a phase and 75% lamellar (a+f). The grain size of
the a phase was 9.5+1.5 pm. The processing by HPT was performed at room temperature with a pressure of 6.0 GPa and a
rotation speed of 1 rpm. Processing of the material was conducted through a total number of revolutions, N, of 1/4, 1, 5, 10
and 20. After 1 turn in HPT, the traces of shear deformation appeared. When the turns increased to 5, shear deformation was
more severe. After 10 turns, the fibrous structure basically disappeared and ultrafine equiaxed grains were formed. When
the deformation proceeded to 20 turns, a series othigh-angle boundaries were formed in the sample and the average size of
equiaxed grains was 77+15 nm.After HPT processing, the microhardness increased as the numbers of HPT turns increased
and the distribution of hardness tended to be relatively homogeneous when the HPT continued to 20 turns.Superplastic de-
formation tests were performed at 873K at different strain rates in the material processed by HPT and an elongation of 790%
was achieved when deforming at 873K and 10*s™.
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Vismenbuenne 3epeH B cnnaBe Ti-6Al-4V kpyuennem
II0J], BBICOKVM JIaB/IeHNEM M HU3KOTeMIlepaTypHasa
CBEPXIUIACTUYIHOCTD

JIuct npokaranHoro ciiaBa Ti-6Al-4V 6bUI TOABEpPrHYT TepMudeckoil o6paboTke Ieper gedopMalueil KpydeHreM IOf
BoicokuM aasnenneM (KBT). KonndyectBennble n3aMmepeHnsi OKa3an, YT0 MaTepua COgep>KuT 25% obbpeMHoit gonu o gpassl
u 75% mwracTuH4aroii (a+{) ¢assl. Pasmep 3epen a ¢asbl 6611 paBen 9.5 + 1.5 mxm. Jepopmanys mytem KB]J 6bi1a ocymmect-
BJI€Ha IIPJ KOMHATHOJI TeMIleparype 1of fasneHueM 6.0 [Tla npu ckopocTu Bpamenus 1 06/muH. [ledpopmanusa MaTepuana
MIPOM3BOAMIACH 10 TTO/THOTO Yncia o6oporos N, paBHoro 1/4, 1, 5, 10 u 20. TTocre ogroro o6opora KB]I mosiBisitoTcst criefpt
medopmany cisurom. Korzma ancio 060poToB focturaet 5, fedopMariyis CABUIOM CTaHOBUTCA Oorlee BhIpakeHHOIL. [Tocre
10 060pOTOB BOJIOKHMCTAsA CTPYKTypa IIPaKTUIeCKN ucye3aeT, U GOpMUPYIOTCA YIbTpaMe/Kiie paBHOOCHBIe 3epHa. Korma
medopmanys npopo/mkaercs o 20 060poToB, B 06pasiie 06pas3yeTcss MHOXKECTBO BBICOKOYITIOBBIX I'PaHMI] 3€PeH, U Cpefi-
HUIJT pa3Mep PaBHOOCHBIX 3epeH paBeH 77+15 um. ITocne fedpopmannu KBJI MUKPOTBEPHROCTD pacTeT ¢ YBeIMIeHIEM YNCIa
000pOTOB I VIMeeT TeHIEHIIMIO OTHOCUTEIBHO PABHOMEPHOro pacnpenenenus, korfa KB]I npopomxkaercs o 20 060poTos.
Bpmn mpoBefieHbl MCIIBITAHMA Ha CBEPXIUIACTIYECKYIO fedopManuio Mateprana nocie KB npu temuneparype 873 K npu
PasIMYHBIX CKOPOCTAX AedopMaLuy, M JOCTUTHYTO OTHOCKUTEIbHOE yaHeHue 790% mpu fepopmanyi npu 873 K 10 ¢

KnroueBblie c10Ba: 13MeIbUYeHIIE 3€pEH, KpyU€HME 110} BBICOKVIM J1aBJIEHNEM, MUKPOTBEPIOCTD, CBEPXIVIACTUIHOCTD, CIIAB Ti-6Al-4V

281



Jie Fu et al. / Letters on materials 5 (3), 2015 pp. 281-286

1. Introduction

Titanium alloys have been extensively utilized in the
aerospace and automobile industries as they possess high
strength, high toughness and good corrosion resistance.
They are also good bio-materials due to their excellent
biocompatibility.

Superplastic deformation is an effective way to process
materials with high deformation resistance such as Ti alloys
and grain refining can result in a decrease in deformation
temperature which is beneficial to the energy savings and
the reduction of tool costs. Generally, the superplastic
deformation temperature of Ti-6Al-4V alloys is relatively
high (~1173 K) so that many techniques have been adopted
to refine the grain size of the alloy in order to decrease
the superplastic temperature of the material. When
thermomechanical processing was utilized, the grain size was
reduced to about 3 pm and the alloy was able to achieve good
superplasticity at 1073 K [1].

In practice, severe plastic deformation (SPD) techniques
are very efficient in refining the grain sizes of materials.
They have been used to refine the microstructures of
Ti-6Al-4V alloys and the superplastic behavior of ultrafine
grained materials has been investigated [2—6]. It was
demonstrated that the elongation was increased significantly
with an increase in the equal channel angular pressing
(ECAP) straining from 4 to 8 and this was associated with
a higher proportion of high-angle boundaries and a lower
activation energy [2,3]. An elongation of 530% was achieved
at 923 K and 107*s. Superplastic behavior of the ultrafine-
grained Ti-6Al-4V alloy produced by high pressure torsion
(HPT) has been investigated and a relatively high elongation
(>500%) was observed during tensile testing at 923 K and
in the strain rate range from 107 to 10™*s [4,5]. It was also
reported that the superplasticity of nanocrystalline Ti-6Al-4V
alloy was improved above 873 K after torsional straining [6].

Recently, there was a report of an investigation into
the ultrafine-grained microstructure of the Ti-6Al-4V
alloy produced by a hot working process by deforming an
o' -martensite microstructure and low temperature and high
strain rate superplastic behavior of the material was attained
[7,8]. An elongation of 550 % was reported at 973 K and
107*s™ and it was stated that 8 -phase precipitation, which
was accelerated during the deformation, acted as an accom-
modation mechanism and contributed to the enhancement
of superplasticity of the material.

The influence of the phase volume fractions on the
processing of a Ti-6Al-4V alloy by HPT were investigated
[9,10] and it was demonstrated that the grain size decreased
with increasing numbers of turns in HPT processing and
grain refinement may be optimized by processing an alloy
with an approximately equal volume fraction of the two
constituent phases. In earlier research, three different heat
treatment schedules were adopted to attain different fractions
of lamellar structure and it was demonstrated that the
reduction in grain size was more severe when the fraction of
lamellar structure increased [11].

Although some work has been conducted on the grain
refining of ultrafine Ti-6Al-4V alloys, reports on the micro-
structural evolution during SPD in the initial material with

a high proportion of lamellar structure and the superplastic
behavior of the material are limited. In the present study,
the grain refining process was investigated using HPT in the
Ti-6Al-4V alloy containing about 75% lamellar structure.
Microstructural evolution of the material during HPT was
observed and the variation of microhardness was also mea-
sured. The occurrence of low temperature superplasticity was
investigated to evaluate the potential of a material processed
by HPT in further reducing the superplastic temperatures of
the alloy.

2. Experimental material and procedures

A commercial cold-rolled Ti-6Al-4V sheet with a
thickness of 2.3 mm was used. Prior to processing by
HPT, a heat treatment was conducted at temperatures of
1243 K/45 min +823 K/3 h. The processing by HPT was
performed at room temperature using a conventional HPT
facility [12]. The processing involved quasi-constrained
conditions in which there is a small outflow of material
around the periphery during the straining operation [13,14].
A pressure of 6.0 GPa was applied to the disk and the
lower anvil was rotated with a speed of 1 rpm. Processing
of the material was conducted through total numbers of
revolutions, N, of 1/4, 1, 5, 10 and 20.

Disks of 3 mm diameter were punched from the HPT
samples at positions 3 mm from the center for transmission
electron microscopy (TEM) as illustrated in Fig. 1. The TEM
samples were ground mechanically to a thickness of about
50 pm. The foils for TEM were produced by twin-jet chemi-
cal polishing at a temperature of 243 K in a solution of 5%
perchloric, 35% butanol and 60% methanol. Microstructural
observations were performed using a Tecnai G220 TEM and
the Vickers microhardness, Hv, was measured on the disks
along the radial directions using an FM-700 microhardness
tester under a load of 0.5 kg and with a dwell time of 15 s.
The procedure is also illustrated in Fig. 1. Miniature tensile
specimens were cut from the samples and superplastic defor-
mation testing was carried out using a Zwick 30KN Proline
testing machine operating at a constant rate of cross-head
displacement.

I ———4 Tensile
Specimen
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/ \Hardness Measuresments

TEM Sample

Fig. 1. Schematic illustration of the HPT sample showing the location
of the TEM sample and tensile testing specimens and procedures
for microhardness measurements.
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Fig. 2. Microstructures of the alloy: (a) as-received and (b) after heat
treatments for 1243 K/45 min + 823 K/3 h.

3. Experimental results

3.1. Effect of heat treatment on the microstructures
of the Ti-6Al-4V alloy

The microstructures of the as-received material and the
material after the annealing treatment are shown in Fig. 2.
It can be seen that the matrix is o phase and a small amount
of B phase exists in the as-received material (Fig. 2a). After
the heat treatment, quantitative assessment revealed that the
fraction of a phase in the alloy was about 25 % and the grain
size of the a phase was 9.5£1.5 pm (Fig. 2b). The appearance
of lamellar structure is because the annealing temperature
approached the (B transformation temperature and part
of the a phase transformed to  phase when heated and a
secondary o phase formed during cooling.

3.2. Microstructural evolution during HPT processes

Figure 3 presents representative microstructures of the
alloy at different turns during HPT examined by TEM. In
the primary stage, deformation was not very homogeneous.
After 1 turn, traces of shear deformation appear and the
SAED pattern exhibits individual spots indicating that
the orientation angles among these traces are quite small
(Fig. 3a). When the numbers of turns increases to 5
(Fig. 3b), it can be seen that the shear deformation is more
severe, showing an increased dislocation density and finer
curved fibrous a and P phases are observed. The diffraction
pattern is nearly ring-like and this indicates the grain

Fig. 3. TEM micrographs after processing by HPT for different turns
(a) 1 turn; (b) 5 turns; (c) 10 turns; (d) 20 turns.

misorientations have increased as the process proceeds. After
10 turns, the fibrous structure has essentially disappeared and
ultrafine equiaxed grains are formed (Fig. 3¢c). The average
grain size was about 80+20 nm and the diffraction patterns
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are now more diffuse, thereby indicating that high-angle
boundaries have formed. When the deformation proceeds
to 20 turns, the Debye rings appear which means that more
high-angle boundaries are formed in the sample (Fig. 3d).
The average size of these equiaxed grains was 77+15 nm.
It appears that the extent of grain refining has saturated at
this stage, and this is also suggested by the microhardness
measurements described in the following section.

3.3. Microhardness measurements

Figure 4 shows plots of the average microhardness values
against the distance from the center of the disk for the heat-
treated material and after processing by HPT. The micro-
hardness value, Hv, of the investigated alloy prior to HPT
processing was about 349. After HPT for 1/4 turn, the micro-
hardness increased and the average value reached 375, but
the microhardness distribution was not homogeneous along
the radial direction and ranged from 390 at the periphery to
360 in the center. After 1 turn, the microhardness increased
further to 410 at the edge but it remains relatively low in the
center at ~364. There was an obvious increase in microhard-
ness with increasing turns from 1 to 5. After 5 turns, the val-
ues at the edges of the disk are very close to the saturation
value whereas the hardness values in the center of the disk in-
crease significantly. After 10 turns, the microhardness at the
edges almost remains unchanged but it continues to increase
in the center. The average microhardness reaches 435 after
20 turns and is essentially homogeneous except for a small
area in the center. It is noticed that the central region with a
lower hardness decreases with increasing turns in the HPT
processing and the microhardness distribution is essentially
homogeneous except for a central diameter of about 1 mm.
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Fig. 4. Values of the Vickers microhardness plotted against the
positions on the disks.

3.4. Superplastic behavior

Figure 5 shows the stress-strain curves of the Ti-6Al-4V
samples deformed at a temperature of 873 K at different strain
rates. It can be seen that typical superplastic flow, showing a
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Fig. 5. Stress-strain curves for the alloy after HPT at 823 K and
different strain rates.

relatively stable flow with a low stress value, occurs at the
strain rate of 1.0x10*s'. When the strain rate increases, the
stress increases markedly and extensive strain hardening ap-
pears in the primary deformation stage, especially when de-
formed at 5.0x107s™".

The specimens prior to and after high temperature de-
formation are shown in Fig. 6. It is evident that the material
exhibits good superplasticity when deformed at a relatively
low temperature of 873 K within the strain rate range from
10 to 10*s'. The specimen demonstrates a maximum
elongation of 790 % at 873 K and 10*s™".

Ti - 6%Al - 4%V
HPT: 6.0 GPa, 20 turns, RT, 1 rpm
T=873K

Undeformed
540 %

Fig. 6. Shapes of the Ti-6Al-4V specimens tested at 873 K after 20
turns of HPT processing.

4, Discussion

Generally, HPT processing can lead to an exceptional grain
refinement of materials. In HPT processing, the factors in-
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fluencing grain size as well as the homogeneity of the mi-
crostructure are mainly the numbers of turns in torsion,
the applied pressure, the frictional effects and temperature.
For dual phase materials, the volume fractions of different
phases and their morphology also affect the grain refining in
HPT processing. The present work, together with previous
studies [9—11], indicates that processing by HPT with some
volume fractions of lamellar structure is more effective in
producing an ultrafine grain structure in the alloys by com-
parison with the near phase materials in HPT processing for
the Ti-6Al-4V alloy [2—5].

The influence of the phase volume fraction on grain
refining of Ti-6Al-4V alloys by HPT has been investigated
[10] and it was reported that higher hardness values
and smaller grain sizes were attained in the alloy with
approximately equal volume fractions of the constituent
phases compared with the alloy containing 85% equiaxed
a phase and 15% lamellar (a+f). In an earlier investigation
[11], Ti-6Al-4V materials with three different phase volume
fractions were chosen and the influence of the phase volume
fraction on the grain refinement of the alloy was examined
through processing by HPT. The results showed that the grain
size decreased more obviously after HPT processing with
increasing volume fraction of the lamellar structures.

In HPT processes, the deformation is mainly caused by
the axial compression and shear deformation. As deformation
proceeds, an interface stress between the o phase and 3 phase
is introduced due to the different features of the two phases
such as deformation resistance in the Ti-6Al-4V alloys. For
the lamellar structure, the stress concentration is more severe
compared with the equiaxed grains in dual phase materials
as it is more difficult to coordinate the deformation of two
phase constituents. In HPT processing, there is dislocation
slip accommodating the deformation strain and leading to
dislocation tangles and cells. This interface stress increases
with increasing strain which promotes dislocation movement
and the formation of dislocation cells. From the present
observations of the microstructural evolution, it is apparent
there exists a transition from low-angle boundaries to high-
angle boundaries during the HPT processing. This process
may be enhanced by the increase in dislocation density.
Therefore, the grain refining effect is more obvious when
increasing the volume fraction of the lamellar structure.
Microstructural refinement by severe room temperature
compression has been observed in a dual phase lamellar
Ti-3A1-4.5V-5Mo alloy [15] and it was suggested that
the interaction between the a phase and the  phase also
contributed to the microstructure refinement.

The superplastic deformation process is characterized
as boundary sliding accommodated by dislocation slip and
diftusion. For dual phase Ti-6Al-4V alloys, many studies have
been carried out to clarify the effects of grain size and volume
fraction of the two phase constituents on boundary sliding.
A study was made to investigate boundary sliding and its
accommodation mode with respect to the variation of grain
size and the o/p fraction during superplastic deformation
of a two-phase Ti-6Al-4V alloy [1]. It was reported that the
sliding resistance for the different boundaries is lowest in the
a/P phase boundary and increases in the order of a/p<<a/a=
B/B which plays an important role in controlling the super-

plasticity of the alloys with various o/p phase ratios. It was
also stated that the B phase deforms more readily than the a
phase at superplastic temperatures [5]. The f-phase usually
favors superplasticity by promoting grain boundary sliding
along the interphase boundaries and the appearance of even a
small amount of -phase in a Ti-6Al-4V alloy during heating
would make a contribution to superplasticity by inhibiting
significant growth and promoting grain boundary sliding.

Generally, superplastic flow in Ti-6Al-4V alloys is
achieved at an intermediate temperature range which is high-
er than 1073 K [1] and most of the tensile tests of the materi-
als processed by SPD have been conducted at temperatures
equal to or higher than 923 K [2—5]. It is excellent to achieve
superplasticity of the alloy in this investigation at the rela-
tively low temperature of 873K. Thus, the material processed
by HPT exhibits a very good superplasticity at a low tempera-
ture of 873K and in the strain rate range of 10°-10"*s".

In the present work, the volume fraction of the § phase is
significantly larger than in earlier reports [2—5] due to the
difference in the microstructure prior to HPT. It was reported
that the volume fraction of the  phase in a Ti-6Al-4V al-
loy increases with increasing temperature and this is rapid
beyond 1173 K but not markedly between 1023 and 1173 K
[16]. Therefore, in the case of the low temperature superplas-
ticity region of 873 K in the present work, the volume frac-
tion of the B phase present at the testing temperature is not
significantly changed. Therefore, the initial volume fraction
of the B phase in the samples processed by HPT will exert an
impact on the overall superplasticity. In the present investiga-
tion, the initial microstructure contains a large proportion of
B phase and it is anticipated that boundary sliding among the
a/B interfaces contributes to the relatively high elongations
of the material at this lower temperature. The present result
suggests the potential for manipulating the volume fraction
of lamellar structure and the interspacing of the lath and
grain size of the a phase by adjusting the annealing sched-
ules to further refine the grain size of the Ti-6Al-4V alloys
during HPT and thus to achieve good superplasticity at an
even lower temperature. This possibility will be investigated
in future studies.

5. Summary and conclusions

1. A Ti-6Al-4V alloy was subjected to a heat treatment
and the microstructure consisted of a phase and a lamellar
(a+P) phase. The volume fractions were 25 % o phase and 75
% lamellar (a+f) and the grain size of the o phase was ~9.5
pm.

2. After 1 turn in HPT, traces of shear deformation appear.
When the numbers of turns increase to 5, shear deformation
is more severe and the dislocation density increases. After 10
turns, the fibrous structure essentially has disappeared and
ultrafine equiaxed grains are formed. When the deformation
proceeds to 20 turns, high-angle boundaries are formed
in the sample. The average size of the equiaxed grains was
77x15 nm.

3. After HPT processing, the microhardness increased
as the numbers of HPT turns increased. Initially, the
distribution of microhardness along the radial direction was
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not homogeneous with low values in the center and higher
values at the edge. The distribution of hardness tended to be
relatively homogeneous when the HPT was continued to 20
turns.

4. The Ti-6Al-4V alloy demonstrates excellent superplas-
ticity in the strain rate range of 10°-10*s"'at 873 K. A total
elongation of 790 % was achieved at 873K and 1.0x10*s ' due
to adequate phase boundary sliding.
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