J. Mater. Sci. Technol., Vol.22 No.6, 2006

o Review

Deformation, Phase Transformation and Recrystallization in the
Shear Bands Induced by High-Strain Rate Loading in Titanium
and Its Alloys

Yongbo XUV, Yilong BAI?) and M.A.Meyers®)

1) Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences,

Shenyang 110016, China

737

2) Laboratory for Non-linear Mechanics of Continuous Media, Institute of Mechanics, Chinese Academy of Sciences,

Beijing 100080, China
3) Department of Mechanical and Aerospace Engineering, University of California, San Diego, La Jolla,
CA 920930-0411, USA
[Manuscript received February 16, 2006, in revised form April 24, 2006]

a-titanium and its alloys with a dual-phase structure (a+() were deformed dynamically under strain rate of
about 10* s~!. The formation and microstructural evolution of the localized shear bands were characterized
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The results reveal that
both the strain and strain rate should be considered simultaneously as the mechanical conditions for shear
band formation, and twinning is an important mode of deformation. Both experimental and calculation show
that the materials within the bands underwent a superhigh strain rate (9x10° s~!) deformation, which is two
magnitudes of that of average strain rate required for shear band formation; the dislocations in the bands can
be constricted and developed into cell structures; the phase transformation from « to ais within the bands was
observed, and the transformation products (as3) had a certain crystallographic orientation relationship with
their parent; the equiaxed grains with an average size of 10 um in diameter observed within the bands are
proposed to be the results of recrystallization.
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1. Introduction

Metals and alloys may be deformed plastically by
dislocation glide, twinning or transformation. Shear
deformation localization, shear instability and adia-
batic shear which manifest in adiabatic shear bands
are known to occur in many extreme inhomogeneous
deformation processes in such diverse areas as ballis-
tic impact, explosive fragmentation, high-speed shap-
ing and forming, machining, high velocity fabrication
wear in a diverse of materials, including metals, al-
loys, composites and even engineering plastics. The
initiation of the shear localization is a critical event,
which can be trigged by either external geometric fac-
tors, resulting from stress and strain concentration, or
material internal microstructural factors, arising from
the structural softening by some mechanisms in the
specimens tested. The occurrence of shear instabil-
ity is an important mode of deformation, and once
it occurs, the materials always appear to be failure
with low ductility and toughness. Needleman!! has
mentioned that “now everybody loves a localization
problem, and such localizations are of significance as
a precursor to fracture as a mechanism of plastic de-
formation”, and Rogers!? has also pointed out that
“the localization is always catastrophic”. Because of
its technological importance, localization poses an in-
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teresting challenge to scientists in mechanics, mate-
rials and even physics, and much attention has been
paid on the aspects of both mechanics and materials
during the past thirty years. Theoretically, mechani-
cians have focused their efforts on the constitutive
analysis. They have intended to determine the criti-
cal conditions for the plastic flow instability®~°! and
a variety of constitutive models have been proposed
to describe localized shear. Experimentally however,
the materials scientists have concerned the effect of
localized shear deformation on the mechanical behav-
ior of materials. They want to understand how the
microstructural parameters influence the occurrence
of shear instability, and then design a material with
higher resistance to shear band formation, delay or
even control the proliferation of the shear localiza-
tion, and hence get better performance. A number of
reviews>1011 and articles!'>~18! are available.
Titanium and its alloys are very susceptible to
localized shear deformation which dominates defor-
mation behavior of the alloys under high-strain rate
loading. Therefore, localized shear deformation of ti-
tanium and its alloys has been investigated exten-
sively in recent years['9~36l. Winter!'! has studied
the shear bands of Ti-6Al-4V alloy produced during
impact loading. He found that the shear band was
composed of the fine grains in which the microhard-
ness was higher than that of regions outside the band,
and the spherical cavities distributed along the shear
bands. Hence he considered that the material in the
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Fig.1 Experimental configuration for collapse of thick-walled cylinder (a), pure shear deformation of an element
as tube collapses (b), and cross-sections of the shear bands after explosion (c)

band was very hot (possibly molten) and had then
recrystallized. Timothy and Hutchings!?:?? have ob-
served the white-etching band, resulting from ballistic
impact in Ti-6Al-4V with different microstructures,
and found that the well-developed bands consisted of
zones of intense shearing distortion of the original mi-
crostructure, modified by the effects of elevated tem-
perature. They concluded that there was no clear evi-
dence in this alloy to suggest that the shear bands had
undergone a martensitic phase transformation. Me-
Bar and Shechtman!?® have reported that the high
temperature generated in the band in Ti-6Al1-4V bal-
listic targets could cause a transformation from the
« to f-phases, and in some instances might lead to
melting. Bayoumi and Xiel?”) have reported that a
non-diffusion phase transformation which led to the
loss of the (-structure took place in the process of
shear band formation during machining of the Ti-
6Al1-4V alloy. Based on either the appearance of the
shear band or the measured temperature rise, Liao
and Duffy?®] have suggested that the material within
the bands in Ti-6A1-4V had undergone a phase trans-
formation. Recently, Deepak et al.[*?l have reported
an investigation of shear band growth and microstruc-
tural evolution of a-titanium using transmission elec-
tron microscopy (TEM) observation, and they found
the following results: planar dislocation motion and
twinning, and grouping of dislocations into cells as
well as development of equiaxed grains occur in the
band. Their observations are similar to those which
were obtained by Meyers et al.*3] in the same mate-
rial of a-titanium. Li et al.*¥ have studied formation
of the shear bands in Ti-6Al-4V target which was im-
pacted by GCrl5 steel balls at a speed of 1.5 km/s.
They found that two-types of adiabatic shear bands:
deformed- and white-etching bands formed near the
craters. They proposed that the former formed at an
early stage of localization, and then the latter trans-
formed into the white-etching band with increasing
the strain.

This paper presents an extensive overview and in-
vestigation of the microstructural evolution within the
localized shear bands, including o/-phase transforma-
tion, recovery and recrystallization, twining and high-
order twining as well as superhigh strain rate defor-
mation characteristics in the bands of the titanium

and its alloys.
2. Experimental Techniques and Materials

a-titanium and its titanium alloys with a dual-
phase structure (a+3) of Ti-6A1-4V and Ti-4.0Al-
2.0Zr-1.0Mo-0.8Nd-0.255n were selected to study lo-
calized shear behavior induced during deformation
dynamically. The alloys were heat treated, and the re-
sulting microstructure is composed of equiaxed grains.

2.1 Shear band generation

The localized shear bands were generated by two
methods: (1) The cylinder-impact specimen with a
diameter of 4.0 mm and height of 4.0 mm, using a
split Hopkinson pressure bar (SHPB) in a compression
mode to generate large shear strain in the direction of
about 45° to the compression direction. (2) The ex-
plosive collapse of a thick-walled cylinder under con-
trolled conditions which was developed by Nesterenko
and Bondar®7. The specimen is sandwiched between
a copper driver tube and a copper stopper tube and
is collapsed inwards during the test. The internal di-
ameters of the inner copper tube were selected to pro-
duce prescribed and controlled final strains. In some
special cases, a central steel rod was also used. The
explosive is axisymmetrically placed around the spec-
imen. The detonation is initiated on the top. The ex-
pansion of the detonation products exerts a uniform
pressure on the cylindrical specimen and drives the
specimen to collapse inward (Fig.1(a)). The detona-
tion velocity of the selected explosive is approximately
4000 m/s and its density is 1 g/cm®. The velocity of
the inner wall of the tube was determined by an elec-
tromagnetic gage, and the initial velocity of collapse
of the inner tube was found by Xue et al.['8) to be
approximately 200 m/s. The stress state generated
within the collapsing cylinder before localized shear
is one of pure shear as shown in Fig.1(b). Selected
dimensions of copper tubes sandwiched in the sam-
ple control the collapse of thick-walled cylinder spec-
imen. Figure 1(c) shows schematically cross-sections
of the localized shear bands produced during explo-
sion. They have spiral trajectories and initiate at the
internal surface of the cylinder. The strain rate im-
parted is in the order of 10* s~!. The unstable defor-
mation, which is initially homogeneous, gives rise to
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Fig.2 Cross-section and butt method for preparing
TEM sample: (a) cross section, (b) and (c¢) butt

Fig.3 FESEM micrograph of the cross-section of a thick-
walled cylinder specimen showing that a number
of localized shear bands initiate at the internal
surface (indicated by arrows), and propagate out-
wards

shear bands along the internal surface. These bands
grow outward to the thick-walled cylinder.

2.2 Microstructure characterization

Very thin region of shear deformation localization
makes the microscopic examination difficult, partic-
ularly in making thin-foil specimen for TEM exam-
ination, because the perforation produced by known
ordinary methods such as double jet polishing and
ion-milling, does not just correspond to the region of
the shear band. Therefore, “cross-section and butt”
method was used in some special cases to prepare
thin-foils for TEM observations. First, the matrix ma-
terial on one side of the band was moved off (Fig.2(a)),
and then, two or three bands were butted and glued
face to face (Fig.2(b)) till the epoxy was then cured.
After then, the specimens were mechanically ground
and dimpled to a thickness of less than 20 um as
shown in Fig.2(c). The microstructure and its evo-
lution characteristics within the shear bands were ex-
amined by field emission scanning electron microscopy
(FESEM) and TEM.

3. Results and Discussion

3.1 Topography and distribution of the shear bands
The collapse of thick-walled cylinder specimen
generates in a plane strain condition, and the stress
state can be considered as a superposition of a hy-
drostatic pressure and a pure shear stress due to the
axisymmetrical geometry and loading. While the ra-
dial stress is zero at the internal surface, the tangen-
tial stress is maximum. The shear stress is highest
at the internal surface, and this is where shear lo-
calization starts. Figure 3 is typical FESEM micro-
graph of the cross-section of a thick-walled cylinder

specimen of Ti-6A1-4V alloy which was subjected to
explosive testing. It can be found that a number of
localized shear bands initiate at the internal surface
of the thick-walled cylinder, and propagate outwards,
leaving the big steps behind at the internal surface
indicated by arrows, and some of them appear to
be cracking along the length of the bands because of
highly localized shear strain. The height of the step in
the inner surface (Fig.3) provides a displacement. The
displacement, divided by the thickness of the bands,
gives the shear strain. Routinely, shear strain as high
as 100 was achieved. The angle between the shear
and radial directions is around 45° which is the plane
of maximum shear stress (strain). It is seen clearly
that the distribution of the shear band pattern ap-
pears to be regular (Fig.3). This characteristic spac-
ing and a periodical distribution of the bands are a
function of material parameters'8). Figure 4 shows a
long and straight shear band occurred when the cylin-
drical specimen was subjected to an explosive loading,
and Fig.5 shows the initiation and coalescence of the
voids within the bands. From Figs.3, 4 and 5, sev-
eral features should be mentioned. First, the thick-
ness of the band is not uniform, but changes between
10~30 pm, indicating that the shear strains would
correspondingly change. Second, the voids generated
within the band appear to be elliptical, and some of
them are connected under the combined action of the
shear and normal stresses. Obviously, the tempera-
ture rise and high strain in the bands promote the
nucleation and connection of the voids, leading to fi-
nal fracture of materials with low toughness and low
ductile along the bands. Third, severely deformed and
destroyed structures in the band can be seen clearly
when the comparison of the microstructures is made
between inside and outside the band. In addition to
these, another important feature of the bands found
in the exploding cylinder geometry is that the end of
the bands is not sharp, but divergent. This referred to
as bifurcation, is geometrically necessary due to the
spiral trajectory of the bands, starting in the internal
surfacel'8,

3.2 Deformed and “transformed” bands

The localized shear bands can be classified as ei-
ther deformed bands or “transformed” bands on the
basis of their appearance in metallographic section/8!.
The “transformed” bands are often referred to as
white-etching bands or white shear bands in steels,
and have been received much attention because once
the phase transformation occurs within the bands
it suggests that phase transformation temperature
is reached in the narrow band of material, support-
ing the thermo-plastic instability theory of shear lo-
calization. In addition to steels, the white-etching
bands have been reported extensively also in tita-
nium and titanium alloys[?1:22:30 Figure 6 shows two
types of shear bands in a titanium alloy subjected
to dynamic impact compression bands produced in
Ti-4.0A1-2.0Zr-1.0Mo-0.8Nd-0.255n alloy under high-
strain rate impact compression. The evidence for oc-
currence of phase transformation in the bands in steels
seems to rise from the white in a natal etch, a well-
defined width, distinct boundaries between the band
and the matrix, and also very high hardness. Trent!39]
made the earliest observation of the white-etching
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Fig.4 SEM montages, showing a long and straight shear deformation band produced during explosion

Fig.5 Void initiation and coalescence produced during
explosion within the bands of Ti-6Al-4V alloy

bands generated in steel, and he found these bands ap-
peared to be white or slightly yellow on the sheared
surface. He assumed that this must be retained
austenite. Zener and Hollomon®® have reported
that the white-etching bands were caused by a rapid
quenching from the high temperature, and they sug-
gested that the strain rates in their punching test
may reach 2.0x10% s~! and temperature in the bands
may rise as high as 1000°C, and hardness of the
shear bands led Zener and Hollomon to postulate
that the bands were untempered martensite. An-
drew et al.["%! have studied the white lines in Ni-Cr
steel and suggested that both martensite and austen-
ite may form, and they considered that the austenite
may be retained. However, Scott et al.l*!! have re-
ported that the white-etching bands could not show
the tempering characteristics of conventional marten-
site even when heated to temperatures above normal
tempering temperatures. Timothy and Hutchings?!
have studied the shear bands in Ti-6Al-4V alloy, and
they have not found the martensiitc phase transfor-
mation to occur in this alloy. As regards the tem-
perature rise in the bands, a number of authors pro-
posed that the temperature rise during shear local-
ization may reach several hundred degrees above that
of the surrounding matrix. This is usually inferred
indirectly from metallurgical evidence, and the shear
band is then proposed to be rapidly cooled by the
surrounding bulk material when plastic deformation
ceases, and cooling rates as high as 107 K-s~! have

been calculated?3!. However, some authors have been

made directly measurements!**~4") and they found
that the highest temperature in the band region was in
the range of 440~550°C for Ti-6Al-4V0 450°C for
AISI 1018 cold rolled steel and AISI 1020 steell4:45],
590°C for HY-100 steell*3], and 460°C for AISI 4340
steell*6:47] " respectively. These measurements indi-
cate that the material within the shear band had not
undergone a phase transformation either in steels or
in titanium alloys. A number of investigations show
that there are many indications that the white-etching
shear bands may have different structures in different
materials and even that the structures may be differ-
ent in parts of the bands/?, and whether deformed
or transformed-bands, their formation corresponds to
different deformation stages, and the deformed band
forms at earlier stage of localization, and as deforma-
tion proceeds, the white-etching band develops within
the deformed bands!'7-22]. Their presence is generally
indicated by the different etching response in a nar-
row band of material in metallographic cross-sections.
The difference in structure orientation in the white-
etching bands is too small to be recognized by ordi-
nary optical microscopy and SEM. In other words,
both the ordinary light and secondary electron wave
could not be able to “see” the substructure difference
in orientation in the bands. So it is reasonable to pro-
pose that the white-etching is unlikely to be the occur-
rence of phase transformation in the bands. Recent
investigations have shown however, that the phase
transformation is surely to occur in the deformed-type
bands, which will be described in the next section.

3.3 Phase transformation in the shear bands

Recent investigations have revealed that the
o’-martensitic phase transformation occurs in the
shear bands in stainless steel'” and Fe-Cr-Ni single
crystal®] and this kind of phenomenon has also been
observed in the shear bands in Ti-6Al-4V. Figure 7
gives a set of TEM montage, showing that ao phases
occur in the band of the alloy. Figure 7(a) is bright-
field image taken from the primary-« grains in the
band, and Fig.7(b) is its combined electron diffrac-
tion pattern. Fig.7(c) and (d) are the dark-field im-
ages which were obtained by using strong diffraction
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Fig.7 TEM montage, showing bright-field of the high-strain rate deformation structure in Ti-6A1-4V alloy (a),
its [0001] zone axis diffraction pattern (b), and dark-field images obtained by using strong diffraction spots
{2200}~ marked by « (c) and weak super-lattice reflection {1100}, marked by « (d), respectively

(o) and super lattice reflection (as) spots, respec-
tively. According to the analysis of electron diffrac-
tion and dark-field image, it is confirmed that the as-
phases (TizAl) are proposed to transform from the
a-matrix, and z-axis of both the a-phases and as-
phases are parallel, and these two phases are com-
pletely coherent. This kind of transformation is, to
the authors’ knowledge, proposed to be the first obser-
vation within the shear bands in this alloy subjected
to explosive loading. Me-Bar and Shechtman!?3! have
studied the shear bands induced during ballistic im-
pacting in Ti-6Al-4V alloy, and suggested that the
temperature generated in the bands could cause a
transformation from the o to S-phase. Bayoumi and
Xiel?" suggested that a non-diffusion phase transfor-
mation which led to the loss of the (-phases, might
take place in the process of shear band formation in
Ti-6Al-4V alloy. In regard to a—ay (TizAl) trans-
formation in the titanium alloys, Mendiratta et al.[*%)
have reported that the ay (TigAl) precipitation may
occur in Ti-6Al-2Sn-4Zr-2Mo alloy during creep. Li
and Wanl® have investigated TisX (where X=Al,
V, and Zr) phase formation in a titanium alloy dur-
ing heat treatment, and they found that when the

content of X in the alloy reaches a critical solution
degree, the long-region ordered phase (Ti3X ) with su-
per lattice structure starts to occur in o-Ti, and they
suggested that this is a process of transformation from
disordered « to ordered ay. The morphology of the
Tis X phases they observed is spheroid with 20 nm
in diameter which is completely similar to the results
at present investigation. However, the transformation
from a to g induced by high-strain rate in Ti-6Al-4V
alloy has not been reported so far, and further studies
of the transformation mechanism are still needed.

3.4 Mechanical conditions for shear band formation
The criterion for shear band formation has been
one of the most interesting projects, and a number
of approaches have been focused on the theoretical
treatments, consisting of the combination of a me-
chanical instability analysis with a thermal model for
over two decades. A number of researchers have pro-
posed that once a critical strain corresponding to a
macroscopic maximum load on a stress-strain curve
has been achieved, the shear bands form!®~%. Recht/?]
however, concluded that a critical strain rate was
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Fig.8 TEM image, showing two parallel shear bands (in-
dicated by arrows) produced during explosion

required for production of catastrophic shear based on
his result of titanium which was subjected to the ma-
chining dynamically. Zurek®!l has studied the white-
etching bands in 4340 steel, and reported that the av-
erage strain of 0.5 and the associated average strain
rate of 1.8x10* s=! were sufficient to induce an adia-
batic shear instability. Rogers[?! has pointed out that
“large strain can be achieved quasi-statically in steel
without transformed band formation; hence, provide
that a minimum strain achieved, there must exist a
strain rate above which the removal of heat from the
region of deformation is sufficiently limited that the
temperature can rise above that needed for transfor-
mation to occur—a critical strain rate”. All these im-
ply that both strain and strain rate should be required
for shear band formation. Unfortunately, few exper-
imental data are available that can be directly com-
pared with these analyses to verify and guide model
development of shear banding. Recent investigations
show that in addition to strain, strain rate should be
considered simultaneously as the mechanical condi-
tions for shear band formation. An example is the
localization process produced during high-speed im-
pact loading in Ti-4.0Al1-2.0Zr-1.0Mo-0.8Nd alloy and
shows that when the strain rate reaches 1.75x10% s~1,
corresponding to a strain of 16, the deformed shear
bands appear at first as shown in Fig.6(a), and as de-
formation proceeds, the width of the band becomes
gradually narrower. When the strain rate is approx-
imately 2.0x103 s~!, corresponding to strain of 20,
the white shear bands occur as a result of the fur-
ther development of the deformed bands as shown in

Fig.6(b)[®2. This result confirms further the similar
observation in the Al-Li alloys(®¥ and is verified by
recent observations!3%:5455] and also supports exper-
imentally the theoretical predictiond].

3.5 Slip and twinning

Slip and twinning are two kinds of essential modes
of deformation in materials, and they both are com-
peting processes. It is generally expected that the
twinning should become active and important mech-
anism of deformation at low temperature and high
strain rate. In particular for the materials with hcp
structure, the twinning may be the dominant mecha-
nism of deformation. The image shown in Fig.8 is the
low-magnification of the TEM bright-field, display-
ing two parallel localized shear bands (indicated by
arrows) generated in Ti-6Al-4V alloy which is sub-
jected to explosive collapsed loading at room tem-
perature, and all observations of the microstructure
induced by the dynamic loading are performed on
these two bands. Figure 9 shows typical substruc-
tures for Ti-6Al-4V in the central area along the shear
band. Analysis shows that the dislocations with Burg-
ers vector of [0001] determined under two-beam con-
dition developed the tangled dislocations (Fig.9(a)),
and the dislocations with Burgers vector 1/3[1120]
were constricted and organized into well developed
cell-walls (Fig.9(b)), suggesting that the recovery pro-
cesses are active in these areas. These observations
clearly indicate that the microstructure varies across
the shear band, implying that the strain in the band
appears to be also varied from point to point. Fig-
ure 10 is a set of TEM micro montage, showing the
highly deformed structure of the shear bands. Fig-
ure 10(a) is a bright-field image of the multi-twin
with high dense dislocation. Figure 10(c) is its elec-
tron diffraction. Figure 10(b) is the dark-field images
of the Fig.10(a). They were obtained by T; and Ty
in Fig.10(b), respectively. The similar observation is
shown in Fig.11, from which it can be seen clearly that
the thin micro-twin segments may produce within the
twins (indicated by arrows), and this kind of twin-
ning is proposed to be a continued and multiplicated
processes dynamically. These microtwin segments are
generally very thin with about several atom layers in
thickness!'”). Trace analysis shows that twinning is

mainly on {1012} and {1121} planes.

Fig.9 Bright-field image of the dislocations obtained under two-beam condition. The reflection g=0002 is shown
(a) and dislocations with Burgers vector of 1/3[1120] (b) are constricted to form the cell structures. The

reflection g=2200 is shown
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Fig.10 High-order twins with high density dislocation in a specimen subjected to explosive collapsed loading:
TEM bright-field (a) and its electron diffraction pattern (c), and dark-field image (b) obtained by a weak

diffraction spot in (c)

Fig.11 High-order twins and high density of dislocations viewed end-on in both inside (a) and outside (b) the

twins

Fig.12 Shear band in «-Ti developed during dynamic
compression. The grains were sheared by shearing
deformation

3.6 Superhigh strain rate deformation within the
band
It is well known that once localized shear defor-
mation has commenced, steep strain and strain rate
as well as temperature rise will appear in the shear
bands. Lil®6! has made an interesting observation and
calculation of strain rate within white-band in a-Ti as

shown in Fig.12, where it can be seen that both sides
of the band were made a relative displacement, for
example, the displacements from a to a’, b to ¥, ¢ to
¢ and d’' to d occur during localization. From these,
the average shear strain was measured to be 5.2, and
the width of the shear band was 12 ym. According
to the equation proposed by Dodd and Bail’"!| the
half-width of the shear band is expressed as follows:

A0
§= 4/ — (1)
TV
the temperature rise within the bands obtained by
assuming that 90% of deformation work is converted
into heat:

097
=

0. (2)
The time required for shear band formation can be
obtained by the following equation from Eq.(1) with

Eq.(2):

. pe
t= ’Y*/'Y* = méﬂ (3)
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Fig.13 Equiaxed and distortion-free grains observed within the shear band (left) and very large grains (right)

outside the shear band in Ti-6Al-4V

where 7., 7«, ¥+ are the shear stress, shear strain,
and strain rate, 6, is the temperature rise in the
band, A is the coefficient of the heat conduction, p
is the material density and c is the heat capacity.
The parameters used in Eq.(3) are: p=4.5 g-cm™3,
c=0.473 J-.g- K=', A=14.63 W-m 'K~ !, for a-Ti, and
t=0.16165*, where the unit of the ¢ is us, and the unit
of 0 is pm.

From Eq.(3), it is found that the time required for
formation of the band is 5.8 us, and therefore, strain
rate that the shear band underwent is 9x10° s~!
which is much higher, by two orders of magnitude,
than that average strain rate (2x10% s~1) required for
formation of the shear band, implying that formation
of the shear band may company an abrupt increase in
strain rate. In other words, the materials within the
band underwent a super-high-strain rate deformation.
This is confirmed by Xu et al.[® in the investiga-
tion of Al-Li alloy. They have determined strain rate
within the band, and found that the local strain in
band is 10.0, and the time for band formation is equal
to about 100 s, and then the strain rate within the
band is about 10x10° s~! which is much higher than
that of the average strain rate (2.6x 103 s=1) required
for formation of the bands. Giovanolal®® measured
directly shear strain rate in the shear band as a func-
tion of time in VAR 4340 steel by using a high-speed
photography technique, and found that shear local-
ization occurs in two sequential stages, and during
the first localization, the strain rate (10* s~1) jumps
by more than an order of magnitude to values larger
than 10° s~!, then approaching 1.4x10° s~! during
second localization. Such very high strain and strain
rate produced during localization in the bands have
also reported previously®®~% A number of investi-
gations show that a polycrystalline material with high
strain rate sensitivity will appear to be deformed at
a mode of super-plastic flow!61-62 First, the struc-
tures in the shear bands are very fine. For example,
if recrystallization occurs, the new grain size is lower
than 0.1 pm; second, the temperature in the bands
may reach, and even higher than 0.47,, (T), is the
melting temperature), all these provide the conditions
for super-plastic deformation of the materials in the
bands. Ashby and Verrall®3] have proposed a con-
stitutive equation to describe super-plastic flow of a

material under high strain rate as follows:

¢ =980/kTd*{c —0.72I'/d} D, - (1 +116/d - Dg/Dy)

where &: strain rate; f2: atomic volume; k:
Boltzmann’s constant; T: absolute temperature; d:
grain size: o: tensile stress; [': grain bound-
ary free energy; D,: bulk diffusion coefficient; o:
grain boundary width; Dg: boundary diffusion co-
efficient. They suggested that when polycrystalline
matter is deformed at temperature above 0.4T,,, one
possible mode of super plastic flow is a “diffusion-
accommodated flow”. Dodd and Bail®” have pointed
out that in the process of machining, although the av-
erage strain rate may be quite low, the strain rate in
these narrow bands of shear may be markedly higher.
Murr et al.l%% have also suggested that “the shear-
ing deformation actually achieved inside an adiabatic
shear band is extremely large; with shear strains as
large as 10, and the mechanism to achieve this large
strain involves dynamic recrystallization (DRX) and
superplastic flow by sliding of submicron, equiaxed
recrystallized grains”.

3.7 Recrystallization

Dynamic recrystallization, arising from high-
strain rate loading has been documented by some
researchers, and observed mainly in steels[18:66~68]
and also in copper®~71 in tantalum!">73] and other
materials{™, but there has been little work reported
in titanium alloys so far. Winter¥ studied adiabatic
shear bands produced during impact loading in Ti-
6Al1-4V alloy and based on the spherical cavities ob-
served along the bands. He concluded that the ma-
terial in the band was very hot (possible molten) and
had then recrystallized. However, he did not offer any
data and pictures about recrystallization that occur
in the bands. Recent investigations show that recrys-
tallization occurs in Ti-6Al-4V alloy. Figure 13 is a
set of TEM bright-field images taken from the shear
band, showing the equiaxed and distortion-free grains
(Fig.13(a)). For comparison, the large grains with an
average size of about 10 pm outside the bands are also
shown in Fig.13(b). These grains within the band are
much smaller than those outside the bands. Elec-
tron diffraction analysis indicates that these grains
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have low-angle boundaries. For example, the orien-
tation of the grain A is [001] as shown in Fig.13(a),
and its contrast is quite different from that of the
adjacent grain B at this moment. However, only a
rotation of 1° is performed around z-axis in micro-
scope, the orientation of the grain B is also brought
to be [001] (Fig.13(a)), indicating that the angle be-
tween both grains of A and B is about 1°. The same
operations are also performed on the other grains in
the field, and the results show that all boundaries
of the grains shown in Fig.13(a) are of low-angles.
These equiaxed and distortion-free grains observed
within the bands are proposed to be produced by dy-
namic recrystallization that occurs during explosion,
and it was attributed to a rotational recrystallization
mechanism'7.

4. Conclusions

(1) Localized shear bands initiate at the internal
surface of the Ti-6Al1-4V alloy specimen and propa-
gate outwards during explosion.

(2) Two-types of the shear bands: deformed- and
white-etching bands were observed in the alloy stud-
ied. Their formation corresponds to different defor-
mation stages, and the deformed band forms at ear-
lier stage of localization, and as deformation proceeds,
the white-etching band develops within the deformed
bands.

(3) There is a critical value of strain for occurrence
of the shear bands under certain strain rate condi-
tion. In other worlds, strain and strain rate are both
requested for shear band formation.

(4) The dislocations produced during explosion
may be constricted to form the cell structure with
high-dense dislocations.

(5) The twinning is an active and important mode
of deformation in this alloy under explosive loading.

(6) Shear band formation may company an abrupt
increase in strain rate which is much higher, by two
orders of magnitude, than that average strain rate re-
quired for production of the shear band. In other
words, the materials within the band underwent a
super-high-strain rate deformation.

(7) The equiaxed and distortion-free grains ob-
served within the bands are proposed to be the results
of dynamic recrystallization.

(8) The a—ay (TizAl) transformation was ob-
served during explosion in Ti-6Al-4V alloy, and the
transformed products (as-TigAl) have a certain crys-
tallographic orientation relationship with their par-
ent.
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