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To investigate the mechanical properties of the Ti-6Al-4V alloy fabricated by laser solid forming technology,
both static and dynamic shear tests were conducted on hat-shaped specimens by a servohydraulic testing
machine and an enhanced split Hopkinson pressure bar system, over a temperature range of 173-573 K.
The microstructure of both the original and deformed specimens was characterized by optical microscopy
and scanning electron microscopy. The results show that: (1) the anisotropy of shear properties is not
significant regardless of the visible stratification and the prior-b grains that grow epitaxially along the
depositing direction; (2) the ultimate shear strength of this material is lower than that of those Ti-6Al-4V
alloys fabricated by forging and extrusion; (3) the adiabatic shear bands of approximately 25.6-36.4 lm in
width can develop at all selected temperatures during the dynamic shear deformation; and (4) the observed
microstructure and measured microhardness indicate that the grains become refined in adiabatic shear
band. Estimation of the temperature rise shows that the temperature in shear band exceeds the recrys-
tallization temperature. The process of rotational dynamic recrystallization is considered to be the cause of
the grain refinement in shear band.

Keywords adiabatic shear band, dynamic recrystallization, high
strain rate, laser solid forming, microstructure, Ti-6Al-
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1. Introduction

Ti-6Al-4V alloy has become the most widely used and
relatively economical titanium alloy. There are many applica-
tions for this two-phase a + b-type alloy, principally in the
aerospace industry. Examples of applications are for fasteners,
engine components and load-carrying components. However,
to manufacture the products with complex and/or irregular
geometrical shapes, the traditional material processing tech-
nologies usually result in high buy-to-fly ratio and long lead
time for production. Laser solid forming (LSF) technology,
which is a solid freeform manufacture method, can be
employed in near-net-shape fabricating of metallic components.
This technology has great potential for the fabrication of
aerospace components.

Many studies were conducted on the LSF technology of
titanium alloys, including Ti-6Al-4V alloy. The processing
parameters for LSF were analyzed by the Air Force Research
Laboratory in 1997, and the properties of the Ti-6Al-4V alloy
fabricated with LSF (designated as Ti-6Al-4V alloy (LSF)
hereafter) were evaluated (Ref 1, 2). Kobryn et al. (Ref 3)
discussed the influence of processing parameters on the

microstructure, the porosity and the build height of Ti-6Al-
4V alloy (LSF). Bontha et al. (Ref 4) observed the effects of
processing variables on the grain morphologies of Ti-6Al-4V
alloy (LSF). Zhang et al. (Ref 5) showed that with the
decreasing cooling rates and the increasing solution tempera-
tures, the primary a-laths in Ti-6Al-4V alloy (LSF) exhibit an
increase in width and a decrease in the volume fraction and
aspect ratio. Such phenomena lead to lower hardness, lower
tensile strength and higher ductility of this material. Li et al.
(Ref 6) investigated the plastic flow behavior of the Ti-6Al-4V
alloy fabricated by 3D laser deposition technology under tensile
and compressive loading. They considered the initial defects as
an important source for the crack initiation and propagation.

As it has been shown, most of the previous studies are
focused on the formation process, the microstructural charac-
teristics, the influence of the processing parameters, and the
tensile and compressive properties of Ti-6Al-4V alloy (LSF).
Shear test is also a very useful method that can be used to study
the mechanical behaviors of metals because they basically
deform plastically by shear (Ref 7). The shear test not only
provides a fundamental loading mode, but also has advantages
over the uniaxial tension and compression tests, which are used
more frequently. The advantages of shear test mainly include:
(1) larger strains and higher strain rates generally can be
reached in shear test, by which better material modeling is
achieved, (2) shear test is useful for some materials to study the
mechanisms leading to shear localization and (3) an unam-
biguous relation exists between true and engineering values of
the stress since there is no cross-sectional reduction in the
specimen subjected to shear (Ref 8). Moreover, in many
technical applications metals are often loaded either statically or
dynamically in shear (machining, deburring, blanking, impact,
etc.). In the case of shearing, the deformation may become
unstable, which can result in the onset of adiabatic shear bands
(ASBs) followed by possible fracturing (Ref 7). Also, the initial
microstructure of Ti-6Al-4V alloy (LSF) is unique compared
with that of conventional processed Ti-6Al-4V alloys. The
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unique characteristics of this alloy is caused by high-temper-
ature melting followed by rapid cooling of Ti-6Al-4V powders,
so that some manufacturing defects may exist in the initial
microstructure. Therefore, investigations on the dynamic shear
behaviors of Ti-6Al-4V alloy (LSF), together with the related
study of adiabatic shear band, are indispensable.

The aim of this work is to evaluate the mechanical responses
of Ti-6Al-4V alloy (LSF) under static or dynamic shear loading
with the selected initial temperatures of 173, 293 and 573 K.
Static and dynamic compression tests were also carried out for
reference and comparison purpose. The microstructure of both
the original and deformed specimens was characterized by
optical microscopy (OM) and scanning electron microscopy
(SEM). Finally, the grain refinement in adiabatic shear band
was discussed. The results from this work will not only provide
an understanding of the mechanical response and microstruc-
tural characteristics of Ti-6Al-4V alloy (LSF) under shear
loading, but also provide insights for improving the shear
resistance of such materials.

2. Material and Experimental Procedures

2.1 Material

The investigated material was selected to be Ti-6Al-4Valloy
(LSF). A LSF system consisting of a continuous wave CO2

laser, a powder feeder with a coaxial nozzle, and a four-axis
numerical control worktable was used in the fabrication
process. A schematic illustration of the LSF setup is presented
in Fig. 1. The substrate was pure titanium plate. Gas-atomized
Ti-6Al-4V alloy powders of 100-150 lm in diameter were used
in the process. The chemical composition of the Ti-6Al-4V
powders (in wt pct) was: 6.02 Al, 4.00 V, 0.098 Fe, 0.033 Si,
0.025 C, 0.04 N, 0.008 H, 0.16 O and the balance of Ti. The
fabrication process was conducted inside a controlled atmo-
sphere box that was filled with argon gas. The oxygen content
was lower than 150 ppm in this box to keep the melting pool
from oxidizing. The processing parameters of the LSF route are

summarized in Table 1. The Ti-6Al-4V alloy (LSF) used in this
work was in the so-called as-deposited condition.

The LSF technology was used to produce a cubical block of
Ti-6Al-4V alloy and the dimensions were approximately
80 mm9 53 mm9 60 mm. Specimens were sliced from the
block along the Y-direction and Z-direction, respectively. The
Y-direction represents the laser scanning direction, while the
Z-direction represents the depositing direction. Then the
specimens were stress relief annealed at 500 �C for 4 h and
were cooled in furnace (Ref 9).

As shown in Fig. 2(a), the stratification and layer bands
exist along the Z-direction. The thickness of layer bands is 1-
3 mm approximately. This stratification is caused by the
repeating melting-solidification process. It can be seen that an
epitaxial columnar prior-b grain grows across a few layer
bands. The growth direction of b grain is along the Z-direction
and is inclined to the Y-direction slightly. The spacing of b
grains is approximately 300-500 lm, and the length is a few
millimeters. The perimeters of the prior-b grains are decorated
with a-phase grain boundaries. The crystallographic
microstructure in the b grains is composed of a string of
needle-like a phase, a lot of Widmanstätten a-laths and a few b
phases between a-laths (Fig. 2b and c). The microstructure of
needle-like a phase and Widmanstätten a-laths is both thin and
in needle shape. This microstructure has high strength and is
harmful to the plasticity. Figure 2(b) shows that there is a lot of
a-lamellae phase that precipitates along the b grain boundary.
Such phenomenon causes the dislocation glide easily and leads
to the lower yield strength. Figure 2(c) shows that the
Widmanstätten a-laths are coarsened along the b grain bound-
ary. These coarse Widmanstätten a-laths can decrease the
inhibition of the dislocation glide and reduce the strength of this
alloy. Meanwhile, they improve the plasticity and the synergy
deformation ability.

The microhardness measurement results indicate that no
distinct difference exists in microhardness between the layer
bands and of the layer interiors. The microhardness of the layer
interiors (HV = 290) is slightly higher than that between layers
(HV = 275). The energy-dispersive spectroscopy (EDS) mea-
surements were performed on the a phase and b phase of the
original specimen. The chemical composition of a phase (in wt
pct) is: 90.88 Ti, 6.34 Al, 2.78 V and no trace of Fe. In the case
of b phase, the composition (in wt pct) is: 82.57 Ti, 4.50 Al,
12.94 Vand 0.15 Fe. Al is an a stabilizer, and V is a b stabilizer.

2.2 Compression Tests

We first conducted compression tests on the material. The
static compression test was carried out with the strain rate of
0.001 s�1 by a DNS100 servohydraulic testing machine. The
initial temperatures for the static compression test were selected
to be 293, 573, 873 and 1173 K, respectively. The deformation
of specimens was determined by subtracting the displacement
due to the compliance of the loading frame from theFig. 1 Schematic of the LSF setup

Table 1 Processing parameters of the LSF route

Laser power,
kW

Scanning velocity,
mm s21

Powder feed rate,
g min21

Carrier gas flow,
L h21

Laser spot diameter,
mm

Increment of Z
axis, mm

7 10-15 15-30 9-12 6 0.8-1.5
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displacement measured by the linear variable differential
transducer (LVDT) mounted on the testing machine.

The dynamic compression test was carried out with the
respective strain rates of 1000 and 5000 s�1 by NPU�s

enhanced split Hopkinson pressure bar system (Ref 10, 11),
which was firstly developed by Nemat-Nasser and Isaacs (Ref
12, 13). The initial temperatures for the dynamic compression
test were selected to be 173, 293, 573, 873 and 1173 K,
respectively. The required high temperatures for the specimens
were attained by using a radiant-heating furnace. The cylindri-
cal specimens of Ti-6Al-4V alloy (LSF) for static and dynamic
compression tests were prepared with the nominal dimensions
of 5 mm in diameter and 4 mm in length, i.e., U5 mm9 4 mm.

2.3 Shear Tests

The static shear test was performed at the temperature of
293 K using the DNS100 servohydraulic testing machine. The
dynamic shear test was performed by the enhanced split
Hopkinson pressure bar system at strain rates of 105 s�1 order.
For the purpose of discussing the influence of temperature and
in consideration of the service temperature range of Ti-6Al-4V
alloy, the initial temperatures for dynamic test were selected as
173, 293 and 573 K.

Hat-shaped specimens, originally developed by Meyer et al.
(Ref 14), were used in both of the static and dynamic shear
tests. The geometry of a hat-shaped specimen is axisymmetric
and it consists of an upper ‘‘hat’’ portion and a lower ‘‘brim’’
portion with the shear region located at the transition part
between the hat and the brim. The shape and dimensions of the
specimen design are illustrated in Fig. 3.

All the hat-shaped specimens and cylindrical specimens
were tested along the Y-direction and Z-direction. After that, the
hat-shaped specimens were cut in half along the loading axis by
electrical discharge machining. Then the specimens were
ground lightly and polished. A solution of 46 mL
H2O + 3 mL HNO3 + 1 mL HF was used to etch the speci-
mens for three minutes until the microstructure was revealed.
The metallographic analyses of the etched half sections were
made by OM (NIKON SMZ800) and SEM (ZEISS SUPRA
55). The microhardness measurements were also obtained on

Fig. 2 Initial microstructure of Ti-6Al-4V alloy (LSF) in (a, b) Y-Z
plane and (c) X-Y plane

Fig. 3 Shape and dimensions of the hat-shaped specimen design
(unit: mm)
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the etched half sections with a Vickers diamond indenter at a
load of 10 g for 10 s dwelling time.

3. Results and Discussion

3.1 Mechanical Response

Figure 4 shows the true stress-strain curves of cylindrical
specimens under compression. The material constants of the
Zerilli-Armstrong constitutive model were calibrated using
these experimental data. In turn, this model was used to
calculate the temperature rise in adiabatic shear bands of
specimens during the shear deformation. These true stress-
strain curves exhibit remarkable temperature sensitivity and
strain rate sensitivity. For the compression test with strain rate
of 5000 s�1, the flow stress curves drop down slightly when the
strain increases from 0.01 to 0.05. This phenomenon is caused
by the dynamic recrystallization (DRX), which is the major
deformation mechanism in the high-strain-rate loading process
(Ref 6). The energy absorbed by each specimen until the
adiabatic shearing failure is indicated by the area enclosed by
the flow stress and the plastic strain. These areas are nearly the
same along the Y-direction and Z-direction, which indicates that
the propensity of adiabatic shear deformation and failure is also
nearly the same along the two directions.

For the dynamic shear test on hat-shaped specimens, the
shear displacement (Du), the shear stress (s), the nominal shear
strain (c) and the nominal shear strain rate ( _c) can be calculated
as:

Du ¼
Z t

0
2Cberdt ðEq 1Þ

s ¼ Eb
Ab

ASR

� �
et ðEq 2Þ

c ¼ Du=w ðEq 3Þ

_c ¼ 2Cber=w ðEq 4Þ

where Cb and Eb are the longitudinal elastic wave velocity
and Young�s modulus of Hopkinson bars, er and et are the re-

flected and transmitted strain pulse in Hopkinson bars, Ab and
ASR are the area of Hopkinson bars and shear region, w is the
width of adiabatic shear band (w is measured using OM and
then confirmed by using SEM in the central area of each
specimen).

The shear strain rates are estimated to be between
4.409 105 s�1 and 6.649 105 s�1, which are extremely high
compared with 0.001 s�1 during the static compression test.
Table 2 shows the results together with the values of shear
strain (c) and longitudinal strain (e). Based on the geometry, the
shear strain (c) can be related to the longitudinal strain (e) as
(Ref 15):

e ¼ ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2=2þ cþ 1

p
ðEq 5Þ

The shear stress-displacement curves of hat-shaped speci-
mens are shown in Fig. 5. It is noteworthy that the shear stress
along the Y-direction and Z-direction are nearly the same
despite the initial temperatures. The ultimate shear strength (the
maximum in the shear stress-displacement curve) along the
Z-direction is about 600 MPa at 573 K, whereas the ultimate
shear strength is about 800 MPa at 173 K, corresponding to a
25% increase. Such observation indicates a significant increase
in the shear stress with lower initial temperature. The Ti-6Al-
4V alloy (LSF) still exhibits remarkable temperature sensitivity
under high-strain-rate shear loading.

The shear stress can be converted into normal stress, r, by
the following formula:

r ¼ 2s: ðEq 6Þ

The ultimate shear strength along the Y-direction is about
640 MPa at the temperature of 293 K, corresponding to a true
stress of 1280 MPa. The stress level is in the same range of the
strength measured for the cylindrical compression specimens at
293 K, which can be confirmed by the results shown in Fig. 4.

For the purpose of comparing the mechanical property, the
shear stress-displacement curves of the conventional forged and
extruded Ti-6Al-4V alloys were also analyzed. The hat-shaped
specimen of the forged Ti-6Al-4V alloy, whose shape and
dimensions are illustrated in Fig. 3, was tested under the
condition of dynamic shear loading and initial temperature of
293 K. The corresponding data of the extruded Ti-6Al-4V alloy
were obtained from the literature (Ref 7). As shown in Fig. 6, the
ultimate shear strength is about 800 MPa for the forged Ti-6Al-
4V alloy and 830 MPa for the extruded one. The curves of the
LSFed and forged Ti-6Al-4V alloys share similar trend in shear
stress but with different values. The ultimate shear strength is
only about 640 MPa for Ti-6Al-4V alloy (LSF). These compar-
isons indicate that the ultimate shear strength of the Ti-6Al-4V
alloy (LSF) is lower than that of the conventional forged and
extruded Ti-6Al-4V alloys under dynamic shear loading.

A large variety of micro- and macroscale defects can arise in
additively manufactured materials. The mechanical properties
may thus be influenced by these defects. Zhao et al. (Ref 16)
reported that the fatigue strength of the Ti-6Al-4V specimens
prepared by selective laser melting and electron beam melting
is lower than that of the cast and annealed alloys because of the
pores contained in the as-fabricated specimens. Chen et al. (Ref
9) found that the stomatal defects within the microstructure of
Ti60 alloy (LSF) lead to a sharp decrease in mechanical
properties, and the defects have much greater influence than
other microstructural features.Fig. 4 Stress-strain response under comparison along Y-direction

and Z-direction at selected initial temperatures and strain rates
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The initial defects are still inevitable even though the
technology of LSF has been improved greatly. Figure 7 shows
the two main types of initial defects, namely initial void and
lack-of-fusion (LoF). The shape of initial voids is cycloidal or
elliptic and the diameter is about 1-10 lm. Such voids are so
small that they cannot be detected by nondestructive testing
techniques, such as x-ray or ultrasonic scan. The inwall of
initial voids is quite smooth. The distribution of these voids in
Ti-6Al-4V alloy (LSF) is fairly random. The initial voids may

be caused by the gas that is entrapped in the hollow powders
and remains after solidification due to the high cooling rate, or
by the impurities in the powders (Ref 5, 17).

The presence of LoF may be attributed to the incomplete
melting or the excessively high powder feeding rate. This type
of defect is often in wedge shape or band shape and the inwall
is relatively coarse, as shown in Fig. 7(b). This defect is known
to be detrimental to mechanical properties. The sharp angles of
the LoF defects may lead to local stress concentration during
the loading process. These defects, therefore, may play an
important role in early fracture, especially along the transverse
direction (Ref 18). In general, the LoF defects are distributed on

Table 2 Experimental condition and deformation parameters for dynamic shear test

Specimen Loading direction Initial temp., K w, lm c e _c, 105 s21

Y-1 Y-direction 173 30.1 11.0 2.14 6.64
Y-2 Y-direction 293 33.8 10.4 2.09 4.73
Y-3 Y-direction 573 28.6 33.2 3.19 5.24
Z-1 Z-direction 173 32.6 10.1 2.07 6.13
Z-2 Z-direction 293 36.4 9.62 2.02 4.40
Z-3 Z-direction 573 25.6 38.7 3.33 6.25

Fig. 5 Shear stress vs. displacement curves of Ti-6Al-4V alloy
(LSF)

Fig. 6 Comparison of the shear response among the Ti-6Al-4V
alloys fabricated by three different processes

Fig. 7 Initial defects of Ti-6Al-4V alloy (LSF). (a) Initial void; (b)
Lack-of-fusion
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the interface between the depositing layer and the substrate or
between the two lower depositing layers, while they disappear
in the higher depositing layers. It is difficult to prevent or even
detect this type of defect without a destructive inspection.

These two types of defects are highly probable to serve as
the nucleation sites for adiabatic shear bands and the sources
for cracks in Ti-6Al-4Valloy (LSF) under high-strain-rate shear
loading. Therefore, the observed difference in the dynamic
shear strength between the Ti-6Al-4V alloy (LSF) and those
fabricated by conventional processes is presumably caused by
the initial defects in Ti-6Al-4V alloy (LSF).

In order to improve the shear resistance of Ti-6Al-4V alloy
(LSF), the process control and process parameters are important
to reduce the number of initial defects, such as initial void and
LoF. The solutions to attenuate initial void mainly include:
prolonging the existing time of melting pool, using the higher
laser power and raising the loose density of Ti-6Al-4V alloy
powders. To counteract the problem of LoF, the process
parameters such as laser power, overlapping ratio and incre-
ment of Z axis should be optimized. The complete suppression
of these defects may be achieved by carrying out hot isostatic
pressing.

3.2 Microstructural Characteristics

Since the specimens underwent complex thermomechanical
evolution during the dynamic shear deformation, the
microstructure changed greatly in a very short time. Investiga-
tion of the residual microstructure by using OM and SEM is
very helpful in understanding the evolution history and the
effect of loading direction and initial temperature. After
comparing the micrographs between specimens along the two
different loading directions, it is found that the microstructural
characteristics are similar regardless of the loading directions.

For comparison purpose, the microstructure of the statically
loaded specimens was also examined. Figure 8 shows a typical
micrograph of a specimen that was statically loaded in shear at
the temperature of 293 K. It is evident that this specimen failed
due to shear fracturing. This kind of fracturing is initiated by
the intense flow instability due to the shear localization, and the
shear localization initiates from the corners of specimens. As
shown in Fig. 8, the shear deformation does not form an
adiabatic shear band, but only distorts the initial microstructure
of the specimen. There exist some discontinuous voids in front
of the shear crack tip. In general, the voids are nucleated in
circular or elliptical shape at the weak points within the shear
region under static loading. Then these voids join together to be
separate ligaments. A main crack along the shear line is thus
formed (the shear line goes through the brim of hat-shaped
specimen, as indicated in Fig. 3). Besides, there are a few initial
voids distributed near the crack and in the shear region
randomly.

Figure 9 shows the optical micrographs of adiabatic shear
bands in the specimens, which were dynamically loaded at the
temperatures being 173, 293 and 573 K, respectively. The
adiabatic shear bands are long, narrow and straight bands that
are distinguishable from the surrounding matrix. The width of
the ASBs varies along their length. In addition, there are cracks
forming in the far ends of the ASBs. The ASBs exhibit a few
different external features for the specimens tested at different
temperatures. As shown in Fig. 9(a) and (b), two ASBs exist
within the specimens tested at 173 and 293 K, respectively.

They initiate at the corners of the specimens, where geometric
imperfection may cause the strain concentration. The two ASBs
expand very rapidly into the interior of the specimens along the
maximum shear stress direction. Then they merge into one fully
developed shear band that stretches from one corner to the
other. Figure 9(c) shows the ASBs that initiate from both
corners under the initial temperature of 573 K. In contrast to the
well-defined coherent ASBs in Fig. 9(a) and (b), the ASBs
shown in Fig. 9(c) are linked by a crack. They do not intersect
into each other but propagate in their own paths. In the shear
region, the cracks are formed not only at the corners (Fig. 9a
and b) but at other location inside the shear band (Fig. 9c). The
initiation of crack inside shear band may possibly be due to the
aforementioned initial voids. The heat cannot release instantly
because the high-strain-rate deformation is finished during a
very short time. Therefore, the initial voids will serve as
favorable sites for releasing the energy caused by the severe
deformation, and the micro-cracks start to expand from these
voids after accumulation of stress concentration.

The microstructure of specimen Z-1 (as listed in Table 2),
which was deformed at 173 K, is shown in Fig. 10. It is
observed that the location of shear band tip is not at the grain
boundary. In front of the shear band tip there is an oval-shaped
region, which is about 16.5 lm in length and about 8 lm in
width. The EDS measurement was taken in this region, and the
composition was found as (in wt pct): 88.62 Ti, 6.51 Al, 4.38 V
and 0.33 Fe. The shape and dimension as well as the
composition of this region indicate that it can possibly be an
initial defect, namely the lack-of-fusion. Generally, the grains in
shear band are seriously elongated and refined under the
dynamic shear loading. This lack-of-fusion defect still remains
intact, but some microcracks seem to appear on its surface. This
defect, directly located in front of the shear crack, neither
promotes any new crack initiation nor makes the shear band
deflected. Therefore, such defect configuration here does not
dramatically lower the local toughness of the material.

Similar characteristics is observed in specimen Y-2, which
was deformed under the loading condition of 4.739 105 s�1

and 293 K, as shown in Fig. 11. No distinct difference in the
microstructural characteristics is found between specimens
tested under room temperature and 173 K. It indicates that the
influence of initial temperature on the microstructural evolution
is not significant. It is well known that the shear localization
may come into being before the failure initiations, such as voids
and cracks. As shown in Fig. 11, a well-developed shear band
is accompanied by voids and cracks within it. The formation of
these voids is probably related to the stress concentration
caused by severe shear-deformation inhomogeneity in the
microscopic defects. The voids may also be form as a direct
consequence of thermal softening due to the high temperature
in ASBs (Ref 19). All these voids possess smooth surfaces and
they may nucleate, grow and eventually coalesce to form
cracks.

The adiabatic shear band in Y-2 specimen was magnified
under SEM (Fig. 12). It is shown that the microstructure pattern
of the central ASB is different from that of the boundary. The
central ASB structure is refined, and it is too dense to be
distinguished even with SEM. Some voids are found in the
interface between the ASB and the matrix material. The
nucleation of voids is considered as the result of the tensile
stress in ASBs (Ref 20). Due to the relatively lower temperature
of the boundary, the strength of the boundary is higher than that
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of the material in the ASB during the high-speed plastic
deformation (Ref 20, 21). Thus, the material in the interface is
relatively weak and it favors the nucleation of voids. One initial
void is also found near the shear band. This type of voids will
have influence on the material strength if they are just located
inside or very close to the shear band.

Figure 13 illustrates the microhardness distribution inside
and near the adiabatic shear band of specimen Y-2. The
microhardness inside the ASB is up to 330 HV in contrast to the
surrounding matrix (approximately 280 HV). The hardness
change observed in this work agrees well with the results of
earlier studies (Ref 22, 23), which indicates that the hardness
inside the adiabatic shear band is higher than that of the
surrounding matrix. This observation of increased microhard-
ness suggests that the grains inside the shear band have been
refined by the strong shear deformation, resulting in the
reduction in grain size (Ref 24).

To better understand the dynamic deformation characteris-
tics at higher temperature, we carried out the microstructural
analysis of specimen Y-3 under the loading condition of 593 K
and 5.249 105 s�1. The result is shown in Fig. 14. Two cracks
are clearly observed near the ASB. One crack is located in front
of ASB, and the other deviates from the direction of ASB. The
shear band is a preferred path for crack propagation at large
imposed shear strains (Ref 25, 26). The crack which deviates
from the direction of ASB presumably results from the initial
defects near the shear region, and it propagates in the region
where the stress level is very low. Finally, the crack stops
propagating inside the specimen. As a consequence, the shear
resistance of Ti-6Al-4V alloy (LSF) can be effectively
improved by adjusting the processing parameters of the LSF
technology to reduce the number of initial defects.

3.3 Dynamic Recrystallization in the Adiabatic Shear Band

The temperature rise in the adiabatic shear band is an
important parameter in the investigation of the microstructural
evolution. While the strain rate is higher than 103 s�1, the
deformation process of shear region will become very fast and
can be essentially considered as an adiabatic process. As the
temperature rise in specimens is difficult to be measured directly
due to the short duration of the test, the value of temperature (T)
in adiabatic shear band is expressed by an integral equation:

T ¼ T0 þ
b

qCP

� �Z e

0
rde; ðEq 7Þ

where T0 is the initial temperature, q the density
(4.43 g cm�3), CP the heat capacity, b the fraction of plastic
energy converted into heat, r the stress and e the strain.
Though determination of the heat conversion factor is still an
ongoing discussion, the value of b is often presumed to be
between 0.9 and 1 (Ref 27). In this work, b = 0.9 was cho-
sen. For Ti-6Al-4V alloys, the temperature dependence of CP

must be considered as its value may change from
0.58 J g�1 K�1 (20 �C) to 0.93 J g�1 K�1 (870 �C) (Ref 28).
Thus, the heat capacity CP(T) is given as (Ref 20):

CP Tð Þ ¼ 0:559þ 1:357� 10�4T � 3:366� 103=T 2

þ 2:767� 10�8T 2 J=gK½ �
ðEq 8Þ

Because of the uncertainties related to the shear area and the
shear displacement in hat-shaped specimens, the temperature
rise was estimated by integrating the Zerilli-Armstrong consti-
tutive equation with the deformation conditions. This consti-
tutive equation is as follows (Ref 29):

Fig. 8 Microstructure of the failed specimen under static shear at the temperature of 293 K. The hat schematic indicates the region pho-
tographed. The shear direction (SD) is the horizontal one. SPN strands for the shear normal plane
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Fig. 10 SEM micrograph of the specimen tested under the temperature of 173 K and strain rate of 6.139 105 s�1

Fig. 9 Micrographs of adiabatic shear bands in specimens tested under: (a) 173 K; (b) 293 K; (c) 573 K
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r ¼ C0 þ B0e
Cn exp �a0T þ a1T ln _eð Þ½ � þ B exp �b0T þ b1T ln _eð Þ½ �;

ðEq 9Þ

where C0, Cn, B0, B, a0, a1, b0 and b1 are the material con-
stants obtained by regression analysis based on the stress-
strain data provided mainly in Fig. 4. The final strain (e) in
Eq 7 can be calculated by converting the shear strain in adia-
batic shear band into the longitudinal strain based on Eq 5.
The calculated strain (e) is listed in Table 2. The stress (r) is
determined by using the Zerilli-Armstrong constitutive equa-
tion (Eq 9).

It is noteworthy that the maximum temperature in the
adiabatic shear band of specimen Y-2 is about 1120 K. The
temperature that marks the onset of thermal recovery/recrys-
tallization process in metallic materials is usually given by

TRe ¼ 0:4� 0:5ð ÞTm, where Tm is the melting temperature. For
Ti-6Al-4V alloy, the value of TRe usually ranges from 770 to
963 K. Therefore, the temperature in shear band can exceed the
recrystallization temperature. By examining the microstructure,
the microhardness and the temperature in the adiabatic shear
band, we found that dynamic recrystallization (DRX) is most
likely the main process of the microstructural evolution.

As a matter of fact, many researchers agree that, in a large
number of metallic materials, dynamic recrystallization takes
place inside the shear bands during deformation (Ref 30-32).
Peirs et al. (Ref 33) studied the shear bands in Ti-6Al-4V alloy
by using the hat-shaped specimens under high-strain-rate
compression with a split Hopkinson pressure bar setup. The
results show that recrystallization occurs after strain localiza-
tion in the core region of adiabatic shear band. Rittel et al. (Ref

Fig. 11 SEM micrograph of the specimen tested under the temperature of 293 K and strain rate of 4.739 105 s�1

Fig. 12 SEM micrograph of the adiabatic shear band within the
specimen tested under the temperature of 293 K and strain rate of
4.739 105 s�1

Fig. 13 Microhardness as a function of distance across the middle
of shear band
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34) observed the nanograins in shear compression samples of
Ti-6Al-4V alloy. They concluded that DRX not only precedes
the adiabatic shear failure, but it is also likely to serve as a
dominant micromechanical factor in the very generation of the
band. Landau et al. (Ref 35) investigated the microstructural
evolution of Ti-6Al-4V specimens subjected to high-strain-rate
deformation and reported that the DRX grains are formed in the
early stages of deformation.

To distinguish whether the static recrystallization is involved
during the formation process of fine grains in shear band, the
Fourier heat conduction equations are used to calculate the
temperature during the cooling stage. The equations are (Ref
36):

qCP
@T

@t
¼ K0r2T þ s _c ðEq 10aÞ

and

r2 � 1

rp

@

@rp
rp

@

@rp

� �
þ 1

r2p

@2

@h2p
; ðEq 10bÞ

where the thermal conductivity, K0, is 3.07 W/(m K) and (rp,
hp) are the polar coordinates.

An acceptable estimation can be obtained by using a
one-dimensional calculation that considers a small shear
band in an infinite medium, because the shear band is
quite narrow and axially symmetric. Presuming a constant
rate of the heat generation and a uniform distribution of
temperature in the narrow shear band, the solution of the
heat equation can be simplified as the following expression
(Ref 36):

Tðx; tÞ ¼ 2dsðtmax � T0Þffiffiffiffiffiffiffiffiffi
4pkt

p e�ðx�RiÞ2=4ktðRi � ds <x<Ri þ dsÞ

ðEq 11Þ

where the material constant, k, is equal to K0/(qÆCP), Tmax is
the maximum temperature in shear band, ds the half-width of
shear band and Ri the distance from the center of shear band
to the center of specimen. These parameters used in Eq 11
are set as Tmax ¼ 1120K, T0 ¼ 293K, ds ¼ 16:9lm and
Ri ¼ 2:1mm. The value of x is set as 1.2 mm to study the
cooling stage in the core region of shear band. It takes about
590 ls for the adiabatic shear band to cool down from
1120 K to the initial temperature of 293 K after the shear
localization process ceases. The cooling rate is about

1.49 106 K/s, which is very high. Thus, the effect of static
recrystallization on the microstructure can be neglected during
such a short time.

Several previous investigations reported the onset of
recrystallization under the high-strain-rate conditions in many
metallic materials (Ref 30, 31, 37). The theory named as
rotational dynamic recrystallization (RDR), proposed originally
by Derby (Ref 38) and modified afterward by Meyers et al. (Ref
39), is able to describe the nature of such kinetic process quite
well. According to the RDR theory, the formation of new grains
needs the rotation of local grain boundaries driven by the
minimization of interfacial energy. The time (t) required for this
process can be determined by the following equation (Ref 31):

t ¼ L1kTf hð Þ
4dgDb0 expð�Qb=RTÞ

; ðEq 12Þ

where d is the grain boundary thickness, g the grain boundary
energy, Db0 a constant associated with grain boundary diffu-
sion, Qb the activation energy for grain boundary diffusion,
L1 the average diameter of subgrains and h the subgrain
misorientation. Here the value of Qb is equal to (0.4-0.6) Q,
and Q is the activation energy for grain growth. The function
f(h) is given by

f hð Þ ¼ 3 tan hð Þ � 2 cos hð Þ
3� 6 sin hð Þ þ 2

3
� 4

ffiffiffi
3

p

9
ln
2þ

ffiffiffi
3

p

2�
ffiffiffi
3

p

þ 4
ffiffiffi
3

p

9
ln
tan h=2ð Þ � 2�

ffiffiffi
3

p

tan h=2ð Þ � 2þ
ffiffiffi
3

p :

ðEq 13Þ

Since there are no kinetic parameters available for Ti-6Al-
4V alloy (LSF) currently, the parameters of the commercial
pure titanium are used instead: d = 6.09 10�10 m, g = 1.19 J/
m2, Db0 = 1.09 10�5 m2/s, Q = 204 kJ/mol,
k = 1.389 10�23 J/K and R = 8.314 J/(mol K) (Ref 40). The
subgrain boundaries need to rotate approximately 30� to form
recrystallized grains according to the RDR theory. Thus, the
kinetic curves for the RDR process can be obtained by
substituting these parameters into Eq 12 and the results are
shown in Fig. 15(a) and (b). In Fig. 15(a), the temperature
varies from 0.40 Tm to 0.50 Tm for the subgrain of 0.1 lm in
size; in Fig. 15(b), the subgrain size, L1, varies from 0.1 lm to
1.0 lm at T/Tm = 0.50 (963 K). These results indicate that the
fine grains ranging from 0.1 to 1.0 lm can be formed within
10 ls by the grain boundaries rotation. Moreover, under higher
temperatures, less time is needed to form the grains of the same

Fig. 14 SEM micrograph of the specimen tested under the temperature of 573 K and strain rate of 5.249 105 s�1
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size. The time for plastic deformation (tPD) to occur can be
determined by dividing the displacement (given by Eq 1) by
the velocity of the incident bar (v): tPD ¼ Du=v. For specimen
Y-2, the deformation time is about 22 ls. It is longer than the
time needed for the RDR process. Therefore, the RDR process
is kinetically possible and the fine grains in adiabatic shear
band can be formed by grain boundaries rotation during the
deformation process. Moreover, the fine recrystallized grains
may rotate during the rest time of deformation and coalesce
along the shear direction (Ref 41-43). However, the newly
recrystallized grains rarely undergo remarkable growth by grain
boundary migration during the cooling stage due to the high-
speed cooling and the lack of drive force (Ref 44, 45).

4. Conclusions

In this study, the hat-shaped specimens of Ti-6Al-4V alloy
(LSF) were dynamically and statically sheared at various initial
temperatures with a servohydraulic testing machine and an
enhanced split Hopkinson pressure bar system. The microstruc-
tural characteristics of both the original and deformed speci-

mens were investigated. The dynamic recrystallization process
in the adiabatic shear band was discussed.

The following conclusions can be made based on this work:

1. No distinct anisotropy of the shear properties is found in
Ti-6Al-4V alloy (LSF) despite the visible stratification
and the prior-b grains that grow epitaxially along the
depositing direction.

2. There is remarkable temperature sensitivity of Ti-6Al-4V
alloy (LSF) under dynamic shear loading. This alloy pos-
sesses lower dynamic shear strength than the conven-
tional forged and extruded Ti-6Al-4V alloys. Such
difference presumably results from the initial defects in
Ti-6Al-4V alloy (LSF).

3. The adiabatic shear bands can be formed under the dy-
namic shear loading. They are straight, long and narrow
bands of 25.6-36.4 lm approximately in width. The
microstructure inside the shear bands cannot be identified
even with SEM at high magnification. The microhardness
test shows that the hardness inside the adiabatic shear
band is higher than that of the surrounding matrix. Such
phenomenon is caused by the strengthening effect of the
grain refinement.

4. The temperature in adiabatic shear band is calculated to
be about 1120 K, which is higher than the recrystalliza-
tion temperature. The high cooling rate estimated by the
Fourier heat conduction equations indicates that the effect
of static recrystallization on the microstructure can be ne-
glected. The formation kinetics of the fine grains can be
described by the rotational dynamic recrystallization the-
ory. These results together with the microstructural obser-
vations confirm that the grain refinement in the adiabatic
shear band is caused by rotational dynamic recrystalliza-
tion.
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