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Abstract An investigation has been carried out on the
adiabatic shear band (ASB) in a Ti-3Al-5Mo-4.5V (TC16)
alloy deformed at high strain rate by a split Hopkinson
pressure bar (SHPB). ASB in TC16 alloy is a “white” band
with a width of about 13 pm. Microhardness of the ASB is
larger than that of the matrix. The elongated cell structures
of width about 0.2-0.5 pm with thick dislocation exist in
the boundary of the shear band. Results suggest that the
fine equiaxed grains with o-phase and «’-phase coexist in
the shear band. The “white” band is a transformation band.
Calculation of the adiabatic temperature rise indicates that
the maximum temperature within ASB is about 1,069 K
that is above the phase transformation temperature. Finally,
formation of an ASB in the TC16 alloy and its micro-
structure evolution are described.

Introduction

Adiabatic shear banding is an important thermoviscoplastic
instability mode observed in metals when processed at high
strain rates [1]. Due to the properties of low heat conduc-
tivity and high adiabatic shearing sensitivity, adiabatic
shear band (ASB) is easily observed in titanium and its
alloys [2-4]. Ti-3Al-5Mo-4.5V (TC16) alloy is a kind of
martensite strengthening (o 4+ f3) titanium alloy with good
mechanical and processing properties, such as hot
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deformability, weldability, machine workability, and cor-
rosion resistance, and it has wide application in the
aerospace industry [5]. Many researches had been carried
out in the study of the conventional processing of Ti-Al-
Mo-V alloy [6-9]. However, there are few reports about
the high-velocity shear deformation of the TCI16 alloy,
especially the report of ASB in it.

The objectives of this paper are to report observations of
the microstructure in ASB in TC16 alloy and to discuss the
formation of ASB and to calculate the thermal-mechanical
parameters in ASB during the deformation.

Experimental

The composition (wt.%) of the TC16 alloy was: Al 3%, Mo
5%, V 4.5%, Ti constituting the remaining. The alloy was
previously cold worked and received as a cylinder with a
diameter of 20 mm and a length of 200 mm.

The hat-shaped specimen, originally developed by
Meyer and Manwarig [10], was used to produce ASBs in
TC16 alloy at a high strain rate under adiabatic conditions.
The specimen was dynamically compressed using a split
Hopkinson pressure bar (SHPB).

From the results of Andrade and Meyers [11], the shear
stress (1), strain (), and strain rate () in the shear band
were expressed as Eqs. 1, 2, and 3, respectively. Culver
[12] introduced a simple relation between the true strain (¢)
and the shear strain () expressed as Eq. 4.

_ Eoe(r)
(1) = I 1 d) (1)
= 2Cald ©)



J Mater Sci (2008) 43:1576-1582

1577

t
1= [ par (3)
0
,))2
e=1In 1+y+? 4)

where Eq and C, were the elastic modulus and elastic wave
speed in SHPB, e.(f) and e(f) shown in Fig. 1 were
experimentally measured strains of reflected and transmit-
ted stress pulse on the Hopkinson bars, L and W were the
length and width of the shear band, d; and d, were the
geometrical parameters of the hat-shaped specimen shown
in Fig. 2.

The specimen impacted by SHPB had a circular cross-
section and a narrow overlapping region concentrated the
shear deformation. The etchant for TC16 alloy was
2.5 mL HF + 3 mL HNO; + 5 mL HCI + 91 mL H,O.
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Fig. 1 Shear signals with the hat-shaped specimen attached between
the bars
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Fig. 2 Schematic diagram of the hat-shaped specimen

Investigations of Optical Microscope (OM) were performed
with a POLYVAR-MET microscope. Microhardness tests
were carried out with a microhardness instrument HMV-2
manufactured by SHIMADZU CORPORATION. The
loading weight was 0.025 kg and the loading time was
60 s. Scanning electron microscopy (SEM) observations
were carried out with a Sirion200 field emission scanning
electron microscope operated at 10 kV. After hand
grinding, the sample was reduced to a thickness of about
0.10 mm, and then the foils were perforated upon the
shear band by electropolishing in a solution of 300 mL
CH;O0H + 175 mL C4H;00 + 30 mL HCIO, at 243 K.
Finally, the foils for the transmission electron microscopy
(TEM) were prepared by the sputter ion. TEM observa-
tions were carried out with a Tecanai G* 20 transmission
electron microscope operated at 200 kV.

Results and discussion
Flow stress—strain response

The strain rate within the shear band can be obtained from
Eq. 2 and the time function of the reflected pulse strain is
shown in Fig. 1. The starting time for ASB formation is
just the instant when the strain rate reaches the first
vibration peak [13, 14]. The shear deformation time for the
specimen is about 122 ps, as shown in Fig. 3. The relation
of the true flow stress and true strain in the ASB shown in
Fig. 4 can be easily obtained by using Eqs. 1-4. It can be
seen that three stages are proceeded during the shear
deformation process. At first, the true flow stress increases
with the true strain as (a — c) in Fig. 4 due to the strain
hardening and the strain rate hardening, and the true flow
stress reaches the maximum value at the first vibration
peak. Next, the accumulation of the deformation energy is
transformed into heat and increases the temperature when
the deformation proceeds during (c — d) in Fig. 4, and the
true flow stress fluctuations in a small area are a result of
the rough balance of the thermal softening and the strain
hardening and the strain rate hardening. Finally, the ther-
mal softening is obviously larger than the hardening during
(d — e) in Fig. 4, and the thermoviscoplastic instability
occurs, that is, the ASB generates in the specimen.

Microstructure of the shear band

Figure 5 shows a montage of optical micrographs of ASB
running through the gap of the specimen, and ASB is a
“white” band with a width of about 13 pm. The “white”
band in titanium alloy is often considered as a transfor-
mation band [1, 15, 16].
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Fig. 3 Variation of the
measured strain rate with the
loading time
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Fig. 4 The true flow stress versus true strain in the shear band during
plastic deformation

Microhardness of ASB is tested at the middle part of the
specimen, as shown in Fig. 6. We can see that the mi-
crohardness of the shear band is larger than that of the
matrix due to the large deformation and very fine grains in
the shear band [2, 3].

Figure 7 shows the scanning electron micrographs of
ASB. It can be seen that the structure in the shear band
is refined and elongated along the shear direction, and
fiber structures exist in the transition zone between the
center of ASB and matrix as a result of the strong shear
deformation, and the pattern of the center of ASB
obviously differs from that of the boundary of ASB and
the structure is too dense to distinguish. Thus, there is
obvious structure change from the boundary to the center
of the shear band.

The grains in the boundary of ASB are shown in Fig. 8.
It can be seen that the strong shear deformation upon the
shear band leads to highly elongated grains in the boundary
of the shear band and forms elongated cell structures of
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Fig. 5 A montage of optical micrographs of an ASB

width about 0.2-0.5 pm with thick dislocation. The
boundary of the shear band is often so narrow that the
investigation of the elongated cell structures is difficult [3,
17, 18]. However, elongated cell structures are easily
observed in this alloy as the fine grains of the matrix.

Figure 9 illustrates the microstructure in the center of
the shear band. It consists of a number of equiaxed grains
of diameters about 0.2 pm with low dislocation density,
and these grains have a typical recrystallized character.
SAD pattern taken from the center of the shear band shown
in Fig. 9c indicates that the a-phase grains still exist in the
region. From Fig. 9a and b, it can be seen that lots of plate
structures are in the center of the shear band. There are two
monocrystalline diffraction patterns of the plate structures
in Fig. 9d because the sizes of the grains are less than those
of the selected area. The indexed SAD pattern inserted in
Fig. 9d reveals that the orthorhombic o’-phase martensite
grains are generated in the shear band. The phase trans-
formation 5 — o occurs in the ASB in TC16 alloy and
causes the “white” band in Fig. 5.
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Fig. 6 Microhardness of the matrix and an ASB. (a) is the pattern of
the microhardness, (b) is the microhardness versus position in the
specimen. Note that the range of five tests in each position is marked
in an error line

Fig. 7 SEM micrographs of ASB

Fig. 8 The light field pattern of the microstructure in the boundary of
the shear band

Estimate of adiabatic temperature rise and the
formation of ASB

At high strain rates (>103 s_l), the deformation process is
extremely fast and can be considered as an adiabatic pro-
cess. The adiabatic temperature rise is an important
parameter for the formation of an ASB and is calculated by
the following equation [3, 19].
B[

AT_T—TO—IOTv 5 ode (5)
where T is the ambient temperature, p is mass density, C, is
heat capacity, ¢ is the strain, ¢ is the stress, and f is the
fraction of plastic energy converted to heat; commonly f is
0.9. For TC16 alloy, p is 4,647 kg/m3, C, 15470 J/(kg x K).
Here, T, is 293 K.

By substituting the dynamic response data in the shear
band during plastic deformation shown in Fig. 4 into Eq. 5,
the adiabatic temperature rise can be estimated as follows.

B / . B .
ATyax =—— | ode= Si=1,2,3,..)
¢ pCy J, pCuZ

s

(6)

where S; is the deformation energy per unit area. The
dynamic response data in the shear band shown in Fig. 4
can be divided into a large number of continuous blocks
with strain increment Ag;, and the area of each block (S;)

can be calculated from the following expression:
Ag; x 0+ 0(;
,.:—"2 T =1, 2,3, ..) (7)
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Fig. 9 TEM micrographs and
SAD patterns showing the
microstructure in the center of
shear band. (a) and (b) are the
light field pattern of the
microstructure in the center of
shear band, (¢) and (d) are the
dark field patterns and their
corresponding SAD patterns of
o-phase and o’-phase in (a),
respectively

By substituting S; into Eq. 6 the adiabatic temperature rise
is calculated. Therefore, the relationships of the true strain
to the temperature (here, T = Ty + AT.,) and of the time
to the true strain and the temperature can be easily obtained
by using Eqs. 3, 4, 6, and the measured data, as shown in
Fig. 10. It can be seen that the maximum temperature
within the shear band is about 1,069 K, as shown in
Fig. 10a. Therefore, temperature in the shear band during
the shear deformation is lower than the recrystallization
point (1,093-1,143 K) of TC16 alloy at normal condition
[5, 20]. However, the recrystallization occurs in the shear
band shown in Fig. 9. Because the high dislocation density
generated by adiabatic shear deformation increases the
driven force for recrystallization, the temperature for
dynamic recrystallization in material is lower than that for
static recrystallization at normal condition.

The formation of an ASB in the TCI16 alloy can be
described by Fig. 10b as follows.

Both the deformation temperature and the true flow
stress increase slowly with the true strain in the region
(a — b) before the first vibration peak (at about 240 ps) in

@ Springer

the time versus strain curve. It indicates that the material
has already been loaded before the adiabatic shear defor-
mation; however, deformation doesnot obviously occur due
to the fine grains of the matrix.

At the first stage in the region (b — c¢), the deformation
temperature increases with the increase of the true strain;
however, the increment speed of the temperature decreases.
And the inflectional point of the true strain emerges at
about 252 ps at the point ‘c’ owning to the thermal soft-
ening weakens the strain and strain rate hardening, where
the true strain is about 2.07 and temperature is about
505 K. In this stage, a large number of randomly distrib-
uted dislocations generated in the materials are deformed
by the severe shear deformation, and the grains are obvi-
ously elongated.

At the next stage in the region (c — d), although the
true strain increases slowly, the deformation temperature
within the shear band increases fast when the deformation
proceeds and reaches the first peak at about 341 us at the
point ‘d’, where the true strain is about 3.56 and temper-
ature is about 1,048 K. During this process, a large number
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Fig. 10 (a) is the relationship of the true strain to the temperature and
(b) is the relationship of the time to the true strain and the temperature

of the deformation works generate and provide the needed
energy for the microstructure evolution of the ASB.
Kinetics calculation of the dynamic recrystallization indi-
cated that this stage provided the stored energy and the
subgrains before the occurrence of the recrystallization
[20]. Elongated subgrains are plastically deformed leading
to break up and form approximately equiaxed subgrains.
At the third stage in the region (d — e), the true strain
increases little and the temperature within the shear band
reaches the maximum value (about 1,069 K) and the
thermoviscoplastic instability occurs at about 362 ps and
the adiabatic shear deformation is completed. Kinetics
calculation of the microstructural evolution in ASB in
many metals [19, 21, 22] indicated that the fine equiaxed
grains could be formed by the rotational dynamic recrys-
tallization mechanism and they had not undergone
significant growth by grain boundary migration during
cooling. Thus, during the last stage and the next cooling
stage, the new fine equiaxed grains form in manner of the
grain-boundary rotation about 30°; at the same time, the

phase transformation occurs and the microstructural
evolution in the ASB is completed.

Conclusions

Dynamic testing of Ti-3Al-5Mo-4.5V (TC16) alloy was
carried out in an SHPB at ambient temperature. ASB in
TC16 alloy is a “white” band with a width of about 13 pm.
The grains in the boundary of the shear band are highly
elongated along the shear direction and form the elongated
cell structures of width about 0.2-0.5 pm with thick
dislocation. The fine equiaxed grains with o-phase and
o/ -phase coexist in the shear band. The phase transfor-
mation occurring in the shear band causes the “white”
band. By substituting the dynamic response data in the
shear band during plastic deformation into the expression
of the adiabatic temperature rise calculation, the maximum
temperature within ASB is about 1,069 K that is above the
phase transformation temperature. Within the deformation
time (about 122 ps), the grains can carry out the following
processes: randomly distributed dislocations are generated,
the grains are obviously elongated, elongated subgrains
break up and form approximately equiaxed subgrains,
subgrains rotate, and finally form recrystallized grains.
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