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The superplastic tensile behaviors andmechanisms of Ti6Al4V alloys and TiBw/Ti6Al4V compositeswith tailored
architecturewere comparatively studied in order to reveal the superplasticitymechanisms. The superplastic ten-
sile tests were carried out at the temperatures of 900 °C, 925 °C, 950 °C and 975 °C with the strain rate of
0.000316/s, 0.001/s and 0.00316/s, respectively. The composites exhibited higher superplasticity, higher strain
rate sensitivity indexm and lower activation energyQ than the alloys. Thismight be attributed to the small lamel-
lar aspect ratio and TiBw reinforcement addition. Microstructural observation showed that the aspect ratio of α
phase in the Ti6Al4V alloys decreased with increasing strains, and transferred to equiaxed grains only in the tip
area. Therefore, necking could not be constrained and transferred to other positionswith unfavorablemicrostruc-
ture, led to the needle-like fracture macro morphology. On the contrary, the TiBw/Ti6Al4V composites hadweak
necking tendency due to the globalization process completed at small strain,which contributed to the large elon-
gations. Recrystallization should be responsible for the decrease in lamellar aspect ratio and increase in volume
fraction of β phase, which are considered to be the major coordination mechanism of superplasticity for the as-
extruded TiBw/Ti6Al4V composites.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium matrix composites (TMCs) possess high specific strength,
specific stiffness, wear resistance and high temperature durability,
which promoted them extensive applications in the field of aerospace,
shipping and chemical engineering [1–3]. In the past decades, lots of re-
searches have been concentrated on achieving a homogeneous distribu-
tion of reinforcement in the matrix [4,5]. However, the experimental
results revealed that the composites with a homogeneous microstruc-
ture could only exhibit a limited improvement in strength but at the
cost of ductility [6,7]. Recently, Huang et al. [8] has proposed a kind of
TMCs with tailored network microstructure. It is surprising to find
that the TiBw/Ti6Al4V composites with network microstructure exhib-
ited superior strength and ductility over thosewith a homogeneous one
[9]. Zhang et al. [10] further verified the superiority by designing and
fabricating similar inhomogeneous microstructure of TiBw/Ti6Al4V
composites.

However, the high cost and poor machinability of the TMCs have re-
stricted their wide applications. In addition, the TMCs components
xiping_0725@163.com
prepared via casting route cannot avoid casting defects like porosity
and blowholes. Superplastic deformation (SPD), an economical and
near net shape technique and the key solution to solve the above two
problems, has become one of the essential processing techniques for
the TMCs due to the specific advantages such as reducing material
waste, component weight reduction, ability tomanufacture special ma-
terials and cutting processing cost [11–13].

Many efforts have been made from academic and industries to re-
search the superplastic behaviors, optimize deformation parameters
and superplastic properties of the TMCs for establishing the theoretical
basis to guide the superplastic deformation process [14,15]. Sinha et al.
[16] studied the superplastic deformation behaviors of the 0.1wt.% B re-
inforced Ti6Al4V alloys with equiaxed and fine grain microstructure.
The results suggested that the optimal deformation temperature of
the Ti6Al4V–0.1B composites was 900 °C, which was similar to the con-
ventional Ti6Al4V alloys. In addition, based on the calculation of activa-
tion energy and microstructure observation results, grain boundary
sliding accompanied by dislocation motion along grain boundaries
was the operating deformation mechanism for the composites. Lu
et al. [17] carried out superplastic tensile test on the (TiB + TiC)/
Ti6Al4V composites with coarse grain size. The maximum elongation
of 462% was obtained at 920 °C and 0.001/s for the composites, but
much smaller than that of Ti6Al4V alloys with similar microstructure.
The decrease in elongation could be attributed to the cavities formed
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around the reinforcements in the composites. Finally, the dislocation
movement inside α phase was found to be the main accommodation
mechanism in superplastic deformation of coarse-grained composite.
Huang et al. [18] conducted preliminary researchon the superplastic be-
haviors of the as-sintered TiBw/Ti6Al4V compositeswith novel network
microstructure. It can be observed from themorphology of tensile spec-
imen that the equiaxed networkmicrostructure was drawn into lamina
microstructure after superplastic tensile test. What's more, the dynamic
recrystallization of Ti6Al4V alloymatrixwas found to be an essential co-
ordination mechanism for the composites. However, contrary to the
other reports, the novel network distribution of the TiBw reinforce-
ments was considered to be helpful for superplastic deformation pro-
cess by inhibiting local deformation, decreasing crack propagation rate
and refining grain size.

It can be concluded from the above analysis thatmechanismsbehind
the superplastic behavior of the TMCs were still ambiguous. In addition,
the compositeswith inhomogeneousmicrostructure exhibited a superi-
or combination of strength and ductility compared with the homoge-
neous composites. Therefore, it is significant to carry out superplastic
tensile tests on the TMCs with inhomogeneous microstructure and re-
veal the deformation mechanisms thereby promoting further applica-
tions of TMCs with superior mechanical properties.

Plastic deformation plays a significant role in improving the me-
chanical properties of TMCs [19]. Among all the plastic deformation
techniques, hot extrusion is the most popular one. In addition, the pre-
vious studies [8,20,21] have revealed that the tensile strength could be
further increased by 13% and the elongation remarkably improved
from 3.6% to 6.5% after extrusion, which suggested an excellent combi-
nation of strength and ductility of the as-extruded TiBw/Ti6Al4V com-
posites with tailored architecture. Therefore, the present work focuses
on the difference of superplastic tensile behaviors and mechanisms be-
tween the as-extruded Ti6Al4V alloys and TiBw/Ti6Al4V composites.

2. Experimental procedures

In this study, the TiBw/Ti6Al4V composites with tailored architec-
ture were fabricated according to the quasi-continuous network princi-
ple [8]. In addition, to study the effect of TiBw reinforcements during
superplastic deformation process, the Ti6Al4V alloyswere also prepared
by the same methods. Spherical Ti6Al4V powders with a diameter of
150 μm on average and hexagonal-prismatic TiB2 powders with a size
range from 1 to 8 μm were adopted in this study. The morphology of
the two raw materials was shown in Fig. 1(a) and (b). Afterwards, in
order to make the fine TiB2 powders adhere onto the surface of large
spherical Ti6Al4V powders, low energy ball milling with a speed of
150 r/min for 5 h was carried out. The morphology of Ti6Al4V and
mixed Ti–6Al4V–TiB2 powders after ball milling was shown in
Fig. 2(a) and (b), respectively. It can be seen from the SEM images
Fig. 1. Morphologies of (a) spherical Ti6Al4V powd
that the morphology of spherical Ti6Al4V remained unchanged
and the TiB2 powders coated onto the surface uniformly after the low
energy ball milling. Subsequently, the Ti6Al4V alloys and 3 vol.% TiBw/
Ti6Al4V composites were fabricated by reactive hot pressing (RHP) in
vacuum at 1200 °C for 1 h with a pressure of 25 MPa. During this pro-
cess, the TiBw reinforcements were in situ synthesized around the
spherical Ti6Al4V powders and formed the network microstructure
[22], according to:

Tiþ TiB2→2TiB: ð1Þ

Fig. 3 shows the morphology of the as-sintered Ti6Al4V alloys and
TiBw/Ti6Al4V composites after RHP. It can be seen from Fig. 3(a) and
(b) that the Ti6Al4V alloys had coarse grains with a typical
widmanstätten microstructure. The grain size was measured to be
2 mm on average, much larger than that of Ti6Al4V powders, which
suggested that no physical interface left after RHP. However, the
widmanstätten microstructure formed due to the high temperature
combined with a slow cooling speed in furnace was considered to be
unfavorable for the strength, ductility and creep resistance of the titani-
um alloys. The microstructure could be eliminated by followed defor-
mation and heat treatment. Fig. 3(c) and (d) shows the morphologies
of TiBw/Ti6Al4V composites fabricated at the same parameters. It is
clear that the lamella (similar but not equal to the basketweave) instead
of widmanstätten microstructure formed in TiBw/Ti6Al4V composites,
which was suggested to be caused by the space restraint from TiBw re-
inforcements with network microstructure.

The as-sintered Ti6Al4V alloys and TiBw/Ti6Al4V composites were
hot extruded at 1100 °C with a ratio of 9 in this study according to the
optimized parameters in previous work [8,10]. The superplastic tensile
testswere carried out on the as-extruded alloys and composites. The su-
perplastic tensile tests were carried out at the temperature range from
900 °C to 975 °C. The strain rates were decided to be 0.000316/s,
0.001/s and 0.00316/s, respectively. In order to prevent serious oxida-
tion of the tensile specimens at the evaluate temperatures, a layer of
glass-ceramic protective coating was covered uniformly on the surface
with a melting point of 800 °C and then adhered onto the surface of
specimen. After the tensile test, the microstructure and morphology of
tensile sample and fracture was characterized using a scanning electron
microscopy (SEM, Quanta 200FEG).

3. Results and discussion

3.1. Microstructure observation

The superplastic deformation behavior was found to be sensitive to
microstructure, grain size and morphology in particular. Therefore, the
microstructure of the as-extruded Ti6Al4V alloys and TiBw/Ti6Al4V
ers and (b) hexagonal-prismatic TiB2 powders.



Fig. 2. SEM images of the (a) Ti6Al4V powders and (b) mixed powders after low energy ball milling.
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composites were studied by SEM in detail. Fig. 4(a) and (b) shows the
microstructure of Ti6Al4V alloys along cross section (CS) and longitudi-
nal section (LS), respectively. It is not surprising to find that the
widmanstätten microstructure transferred to typical basketweave mi-
crostructure after deformation because the extrusion process was car-
ried out above β transus temperature followed by a proper cooling
speed. In addition, the microstructure of the as-extruded Ti6Al4V alloys
along the two sections was discovered to be similar but not totally the
same with each other because the grains along cross section were
pressed while the ones along longitudinal section were elongated dur-
ing extrusion process.

Fig. 4(c) and (d) shows themicrostructure of the TiBw/Ti6Al4V com-
posites along cross section and longitudinal section, respectively.
Fig. 3.Morphologies of the as-sintered (a) Ti6Al4V alloys with typical widmanstätten microst
composites showing the novel network microstructure and (d) the morphology of different ph
Compared with that of the as-sintered composites, the lamellar micro-
structure did keep unchanged but the network distribution of TiBw re-
inforcements was elongated along longitudinal section. At a higher
level, this inhomogeneous distribution is similar to columnmicrostruc-
ture, i.e., the Ti6Al4V matrix particle with column morphology and the
TiBw reinforcement distributed around the column matrix particle
[21]. Similar column microstructure is also obtained to improve me-
chanical properties in other work [10]. At last, to evaluate the difference
between the as-extruded Ti6Al4V alloys and TiBw/Ti6Al4V composites,
a number of grains (α-phase) along different sections was studied, the
lamellar length and width was measured, as shown in Table 1. It can
be concluded from the table that the as-extruded Ti6Al4V alloys had a
large aspect ratio along two sections. This microstructure was
ructure and (b) the feather-like microstructure at a high magnification, (c) TiBw/Ti6Al4V
ases at high magnification.



Fig. 4.Morphologies of the as-extruded (a) Ti6Al4V alloys along cross section and (b) longitudinal section, showing the basketweave microstructure, (c) TiBw/Ti6Al4V composites along
cross section and (d) longitudinal section, showing the inhomogeneous distribution of the TiBw reinforcements.
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considered to be unfavorable for the superplastic deformation com-
pared with the fine and equiaxed grains. However, the aspect ratio of
as-extruded TiBw/Ti6Al4V composites was much smaller than that of
alloys along both of the two sections. This phenomenon might be
accounted by two factors. Firstly, the ellipsoid distribution of TiBw rein-
forcements restrained the grain coarsen [23,24]. Secondly, the TiBw
acted as nucleation sites for recrystallization due to the high density of
dislocation around reinforcements during deformation [25]. These two
factors led to a distinct decrease in aspect ratio, especially along the lon-
gitudinal section, were considered to be beneficial for superplastic
deformation.

3.2. Superplastic tensile behaviors

3.2.1. The stress–strain curves
The high temperature tensile tests were carried out to study the su-

perplastic deformation behaviors of the as-extruded Ti6Al4V alloys, and
the engineering stress-engineering strain curves were displayed in
Fig. 5. As can be seen in the figures, the stress climbed up to its peak
which denoted the beginning of plastic deformation at a small strain
about 15%, and then transferred to steady-state flow stage in which
the true stress changed slowly. However, the as-extrudedTi6Al4V alloys
Table 1
The lamellar parameters of the as-extruded Ti6Al4V alloys and TiBw/Ti6Al4V composites
along different sections.

Lamellar length (μm) Lamellar width (μm) Aspect ratio

CSTi6Al4V 24.5 1.7 14.4
LSTi6Al4V 48.9 1.4 34.9
CSTiBw/Ti6Al4V 14.0 1.8 7.8
LSTiBw/Ti6Al4V 17.2 2.1 8.2
did not acquire large elongations at 900 °C or 925 °C, nomore than 200%
at all the strain rates, which indicated weak resistance to necking ten-
dency during plastic deformation at low temperature. Itwas also proved
by the macro morphology of the tensile specimen after test that the
fracture occurred at the necking position and formed needle-like
shape.With the increasing deformation temperatures, the plastic defor-
mation abilities of the as-extruded Ti6Al4V alloys improved, especially
at low strain rate. The as-extruded Ti6Al4V alloys acquired its largest
elongation of 304% at 950 °C with the strain rate of 0.000316/s, and
296% at 975 °C with the strain rate of 0.001/s, which achieve superplas-
tic deformation.

Compared with other reports on the superplastic deformation be-
haviors of Ti6Al4V alloys with equiaxed microstructure and fine grain
size [26–28], the elongations obtained in this study were much lower,
which could be accounted by the inappropriate microstructure which
has been observed in the previous section. The basketweave micro-
structure with a large aspect ratio was unfavorable for plastic deforma-
tion because the grain rotation was limited when compared to the
equiaxed microstructure. In addition, powder sintering process before
extrusion deformation maybe accompanied by harmful factors such as
oxygen absorbing and grain coarsening [8], which are negative to plastic
deformation of the prepared alloys. Therefore, the highest elongation of
300% should be reasonable for the prepared Ti6Al4V alloys. In summary,
the titanium alloys with basketweave microstructure fabricated by
powder metallurgy followed by extrusion deformation just exhibit
low superplasticity.

Fig. 6 shows the true stress–strain curves of the as-extruded TiBw/
Ti6Al4V composites. It can be seen from the figures that the elongations
of the composites were apparently improved when compared with
those of the Ti6Al4V alloys, especially at low temperature. For example,
at 900 °C, the elongations were measured to be 210%, 320% and 150% at
the strain rates of 0.00316/s, 0.001/s and 0.000316/s, respectively.



Fig. 5. The stress–strain curves of the as-extruded Ti6Al4V alloys deformed at: (a) 900 °C, (b) 925 °C, (c) 950 °C and (d) 975 °C, respectively.
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When deformed at some specific parameters, an abnormal ‘hardening’
phenomenon that the stress increased with increasing strain occurred
at large strain,which contributed to the large elongations.With increas-
ing temperatures, the ‘hardening’ effectweakened. It is well known that
Fig. 6. The stress–strain curves of the as-extruded TiBw/Ti6Al4V composites de
the softening effect during high temperature deformation can be attrib-
uted to dynamic recovery and dynamic recrystallization [18]. It is cer-
tain that the softening effect is accompanied by hardening effect due
to strain hardening (dislocation density growth) and grain coarsening.
formed at: (a) 900 °C, (b) 925 °C, (c) 950 °C and (d) 975 °C, respectively.
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At some special status, the hardening effect is probably increased to be
equal to or even higher than the softening effect, which is related with
inhomogeneous reinforcement, lower temperature and large strain
rate. Therefore, it cannot be observed in the stress–strain curves of the
alloys and the composites at higher temperatures. The abnormal ‘hard-
ening’ phenomenonmaybe accompanied by the phenomenon that local
necking deformation is constrained and then transferred to other posi-
tions. At 925 °C, the as-extruded TiBw/Ti6Al4V composites acquired the
largest elongation of 275% at the strain rate of 0.000316/s. At 950 °C, the
composites acquired that of 360% at 0.001/s. It was surprising to find
that the as-extruded TiBw/Ti6Al4V composites exhibit higher elonga-
tions when compared with the Ti6Al4V alloys fabricated by the same
parameters. The decrease in aspect ratio analyzed in previous section
could be one possible reason. Therefore, there must be some particular
mechanisms functioned during the plastic deformation process of the
composites. At high temperature of 975 °C, the as-extruded TiBw/
Ti6Al4V composites did not acquire largest elongations at all tested
strain rates, indicating that the optimal superplastic deformation tem-
perature of the composites is lower than that of the alloys.

3.2.2. The calculation of strain rate sensitivity index and activation energy
The strain rate sensitivity indexm and activation energyQwere usu-

ally used to evaluate the plastic deformation behaviors. In this study, the
two values were calculated as well. The strain rate sensitivity index m
stands for the resistance to necking at each temperature, and could be
calculated based on the values of true stress at different strains.

However, due to the complex deformation mechanisms of the com-
posites and avoiding the abnormal ‘hardening’ effect at large strain, the
m valueswere calculated at small strains. The activation energyQ stands
for the deformation mechanism at each strain rate, and could be calcu-
lated based on the values of peak stresswhich denoted the beginning of
plastic deformation at different temperature according to [18,29]:

m ¼ d logσ
d log _ε

ð2Þ

∂ lnσ
∂ 1�

T

� � ¼ mQ
R

: ð3Þ

Both of the stain rate sensitivity indexes of the as-extruded Ti6Al4V
alloys and TiBw/Ti6Al4V composites were calculated and listed in
Fig. 7(a) and (b), respectively. It can be seen that the strain rate sensitiv-
ity index of Ti6Al4V alloys wasmeasured to be 0.29 on average, indicat-
ing low resistance to necking tendency. The strain rate sensitivity of
TiBw/Ti6Al4V composites was measured to be 0.35 on average, larger
than that of the alloys, which could possibly accounted for the increase
in elongations. However, the calculated m values showed weak consis-
tency with elongations at 975 °C, which could be discovered in both
Fig. 7(a) and (b). This phenomenon could be illustrated as follows:
Fig. 7. Calculation of the strain rate sensitivity index of the as-ex
The tensile samples were kept in the test temperature for 10min before
deformation. Therefore, themicrostructuremight have already changed
when the flow stress reached the peak value, especially at high temper-
ature and low strain rate. The grain coarsening might increase peak
stress and then weakened the consistency of the calculation results
and elongations. In addition, them valueswere calculated at small strain
ranging from 20%–30% in this study, the results could be adopted to
evaluate the necking tendency at the beginning of superplastic defor-
mation, but might be inappropriate to be used at large strain due to
the complicated superplastic deformation mechanisms behind the
dual phase titanium alloys and composites with lamellar and inhomo-
geneous microstructure.

The calculation of activation energy Q of the as-extruded Ti6Al4V al-
loys and TiBw/Ti6Al4V composites was displayed in Fig. 8(a) and (b),
respectively. It could be concluded from Fig. 8(a) that the activation en-
ergy of the as-extruded Ti6Al4V alloys decreased with the decreasing
strain rates. At the strain rate of 0.00316/s, the activation energy was
measured to be 530 kJ/mol, close to double of that at the strain rate of
0.000316/s. The decrease in activation energy suggested a change in de-
formation mechanisms. At higher strain rate, volume diffusion was de-
duced to be the major coordination mechanism during superplastic
deformationprocess based on the large value of activation energy. How-
ever, with the decreasing strain rates, the activation energy was half of
that at high strain rate, close to the value of grain boundary diffusion,
which indicated that the grain boundary slidingbecame the superior co-
ordination mechanism. Fig. 8(b) shows the activation energy of the as-
extruded TiBw/Ti6Al4V composites. It can be seen that the values of ac-
tivation energy at different strain rates were close to each other, and
measured to be 352 kJ/mol on average. Compared with that of
Ti6Al4V alloys, the as-extruded TiBw/Ti6Al4V composites had a smaller
activation energy which suggests lower resistance to superplastic ten-
sile deformation. Moreover, this also indicated that the grain boundary
slidingmight be themajor coordinationmechanism, possibly attributed
to the smaller aspect ratio of lamellarmicrostructure [30]. However, due
to the calculation based on the values of peak stress, the activation ener-
gy was suitable for evaluating the superplastic deformation mechanism
at small strain.

3.3. Superplastic deformation mechanisms

3.3.1. Microstructure evolution
A preliminary conclusion could be drawn based on the stress–strain

curves that the volume diffusion was the major coordination mecha-
nism for the as-extruded Ti6Al4V alloys, which indicated that phase
movement and dislocation motion played a significant role in super-
plastic deformation process of Ti6Al4V alloys with basketweave micro-
structure. However, the superplastic tensile behaviors of the as-
extruded TiBw/Ti6Al4V composites were different with that of
Ti6Al4V alloys, especially at large strains. Therefore, a typical specimen
truded (a) Ti6Al4V alloys and (b) TiBw/Ti6Al4V composites.



Fig. 8. Calculation of the activation energy of the as-extruded (a) Ti6Al4V alloys and (b) TiBw/Ti6Al4V composites.
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with the largest elongation of 360% was adopted in this study to re-
search the microstructure evolution of the composites during super-
plastic tensile test by observing the morphology at different positions.
In addition, the specimen of the as-extruded Ti6Al4V alloys deformed
at the same parameters was studied as well to distinguish the function
mechanism of TiBw reinforcements during superplastic deformation.

The tensile specimen of the as-extruded Ti6Al4V alloys deformed at
950 °C and 0.001/s fractured at the elongation of 155%, suggesting a high
necking tendency, which formed the needle-like shape of fracture,
showed in Fig. 9. To study themicrostructure evolution, themorphology
at different strains was observed based on the nonuniform deformation
at different positions: the grip area is held by the chuck and the strain
equal to 0 while the true strain of necking area is much larger than
the final elongation. In this study, four areas were selected and the
Fig. 9. The microstructure evolution of the as-extruded Ti6Al4V alloys during ten
morphology of each area was shown in Fig 9(a)–(d), respectively. It
could be observed from the Fig. 9(a) that the basketweave microstruc-
ture kept unchanged and the aspect ratio of the lamellar α-phase did
not decrease in the grip area. Therefore, only static recovery and grain
coarsening functioned in the grip area during tensile tests carried out
below the β transus temperature of Ti6Al4V alloys. Fig. 9(b) shows the
morphology of the near-grip area with a small strain. In this area, the
basketweave microstructure could still be observed but the aspect
ratio of the lamellar α-phase apparently decreased. Compared with
the microstructure in the grip area, the difference between the two
areas should be attributed to the small strain deformation at the same
temperature for the same time. In addition, a group of lamella shared
the same orientation in this area which indicated that the lamellar α-
phase might slide by group, because the microstructure with a large
sile tests: (a) grip area, (b) near grip area, (c) near tip area and (d) tip area.
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aspect ratio was unfavorable for plastic deformation, especially for the
grain rotation. Fig. 9(c) shows the morphology of the near-tip area
with a large strain. As can be seen, a part of the primary lamellar α-
phase has transformed to equiaxed microstructure, and the equiaxed
(the circle 1 marked in the figure) and lamellar (the circle 2 marked in
thefigure)α-phase coexisted in this area. However, with the rising frac-
tion of transformed equiaxed α-phase, this area became more suitable
for plastic deformation than the areas with lamellar microstructure,
due to the effect of coordination mechanisms including grain boundary
sliding and grain rotation.

When it comes to the tip area showed in Fig. 9(d), all of the primary
lamellar α-phase has transformed to equiaxedmicrostructure with fine
grain size. Based on the calculation results in previous section, the acti-
vation energy of grain boundary diffusionwasnearly half that of volume
diffusion, suggested a reducing in flow stress with the decreasing of la-
mellar aspect ratio. Therefore, the engineering flow stress in this area
was smaller than the true stress, led to an increasing in strain rate. How-
ever, necking in this area could not be transmitted to other positions
with unfavorable microstructure. In addition, a small volume fraction
of voids could be observed only in the tip area, and found to distribute
along the tensile direction.

Fig. 10 shows themicrostructure evolution of the as-extruded TiBw/
Ti6Al4V composites deformed at 950 °Cwith a strain rate of 0.001/s, and
fractured at the elongation of 360%. Similar to the Ti6Al4V alloys, four
areas were studied to distinguish the microstructure evolution of the
composites during superplastic deformation. It can be seen from the
Fig. 10(a) that both the distribution of TiBw and lamellarmicrostructure
of α-phase kept the same with those before superplastic deformation,
suggesting that only static recovery and grain coarsen functioned in
Fig. 10. The microstructure evolution of the as-extruded TiBw/Ti6Al4V composites duri
the grip area [31]. However, in the near grip area with small strain
showed in Fig. 10(b), the microstructure was totally different from
that in the grip area. The primary lamellar α phase has already trans-
formed to the equiaxed ones (the dark phase in the figure) with a
grain size of 12 μm on average. In addition, the volume fraction of β
phase (the light phase in the figure) in this area increased obviously
compared with that in the grip area. When it came to the near tip area
as shown in Fig. 10(c), all the lamella microstructure had transferred
to the equiaxed grains. In addition, the grain size of the equiaxed α
phase further was slightly decreased compared with that near grip
area, and correspondingly the volume fraction of β phase was increased
to be about 50%. The phase transformation is considered to be favorable
for the superplastic deformation due to that the process is accompanied
with volume augmenting effect. However, the volume fraction of β
phase in the as-extruded Ti6Al4V alloys after superplastic tensile test
was much smaller, though deformed at the same temperature and
strain rate, suggesting that the phase transformation was not the
major coordination mechanism in the as-extruded Ti6Al4V alloys.

Therefore, the phase transformation companiedwith the grain glob-
alization process was induced by plastic deformation, which suggested
that the dynamic recrystallization might be the major coordination
mechanism for the as-extruded TiBw/Ti6Al4V composites. Fig. 10(d)
shows the morphology of the tip area. It can be seen that the volume
fraction of voids increased in this area and mainly distributed along
the tensile direction next to the TiBw reinforcements. On the one
hand, the reinforcements acted to pin the grain boundary and might
be unbeneficial for the grain boundary sliding. However, when com-
pared with that of the as-extruded Ti6Al4V alloys showed in Fig. 9(d),
it was interesting to discover that the volume fraction of voids in the
ng tensile tests: (a) grip area, (b) near grip area, (c) near tip area and (d) tip area.



Fig. 11. The fracture morphology of superplastic tensile specimens of the as-extruded (a) Ti6Al4V alloys and (b) TiBw/Ti6Al4V composites deformed at 950 °C and 0.001/s.
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compositeswasmuchhigher.When the voids formed during the super-
plastic deformation process, the flow stress of the nearby grains in-
creased, as well as the true strain rate, which was similar to the
process of local necking. According to the previous analysis, the local
necking in the tip area of the as-extruded Ti6Al4V alloys could not be
transmitted to other positionswith unfavorablemicrostructure, thereby
the volume fraction of voids in the alloys was small and the cracks
formed on voids or grain boundary. However, when it comes to the
as-extruded TiBw/Ti6Al4V composites, the reinforcements constrained
the deformation and helped to prevent crack propagation and postpone
the failure of specimen during superplastic tensile test, leading to the
strong resistance to necking tendency and large volume fraction of
voids. In summary, the TiBw reinforcements could not only help to con-
strain deformation but also keep the grain from coarsening and cracks
from propagation, accounted for the weak necking tendency of the as-
extruded TiBw/Ti6Al4V composites. What's more, the TiBw reinforce-
ments contributed to recrystallization by promoting the density of
piled-up dislocation during deformation process. Contrast to the alloys,
the as-extruded TiBw/Ti6Al4V composites formed the equiaxed micro-
structure with a small aspect ratio at small strain. Therefore, the flow
stresses at different positions were similar and the necking could be ef-
fectively constrained and then transmitted to other positions, promot-
ing high elongations of the composites at proper deformation
parameters.
3.3.2. Fracture morphology
A comparative study on fracture morphology of the TiBw/Ti6Al4V

composites and Ti6Al4V alloys was carried out to reveal the function
mechanism of TiBw reinforcements. Fig. 11(a) shows the fracture mor-
phology of the Ti6Al4V alloys, and the typical dimple surfaces could be
observed. However, voids in this study were not formed by the second
phase particles but formed on the grain boundary by during superplas-
tic deformation process in the tip area of the tensile specimenwhich has
been observed in the Fig. 9(d). Afterwards, the flow stress of the posi-
tions with voids decreased but the necking could not be transferred to
other positions with unfavorable microstructure. Therefore, the true
strain rate at the necking position was much larger and then formed
the dimple surfaces, a typical fracture surface of the ductile alloys
when deformed at higher strain rates. However, the fracturemorpholo-
gy of the TiBw/Ti6Al4V composites was totally distinguished from that
of Ti6Al4V alloys. The intact grain appearance could be observed in
Fig. 10(b). Due to that the deformation was carried out at high temper-
ature, the grain boundary weakened and the strength decreased. Grain
boundary sliding and grain rotation were two major coordination
mechanisms of the Ti6Al4V alloys and TiBw/Ti6Al4V composites with
equiaxed microstructure at high elongation. However, necking in the
TiBw/Ti6Al4V alloys could be restrained by transferring to other posi-
tionswith similarmicrostructure, promoting the grain boundary sliding
and then led to the intact grain appearance.
4. Conclusions

(1) The as-extruded TiBw/Ti6Al4V composites with inhomogeneous
microstructure exhibited higher superplasticity/tensile elonga-
tion than the Ti6Al4V alloys fabricated by the same powder met-
allurgy and extrusion deformation.

(2) The strain rate sensitivity indexm of the prepared TiBw/Ti6Al4V
composites is higher than that of the Ti6Al4V alloys, which sug-
gests higher ability constraining necking deformation, while the
activation energy Q is smaller suggesting lower resistance by
the major coordination mechanism of grain boundary sliding.

(3) The as-extruded Ti6Al4V alloys failed with needle-like fracture
morphology, which can be attributed to serious necking defor-
mation due to lamellar microstructure, grain coarsening and re-
inforcement absence.

(4) The high elongation of the as-extruded TiBw/Ti6Al4V composites
can be contributed to inhomogeneously distributed TiBw rein-
forcement, globalization process and dynamic recrystallization
which are beneficial to constraining necking deformation, the
grain boundary sliding and grain rotation.
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