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Abstract—The radial collapse of a thick-walled cylinder under high-strain-rate deformation (~10*s™")
was used for the investigation of shear-band initiation and pattern development in titatium. Exper-
iments were carried out in which the collapse was arrested in two stages, in order to observe the in-
itiation and propagation of shear bands. The occurrence of shear bands to accommodate plastic
deformation in response to external tractions is a collective phenomenon, because their development is
interconnected. The bands were observed to form on spiral trajectories and were periodically spaced.
The spacing of the shear bands decreased with the progression of collapse, and was equal to approxi-
mately 0.6 mm in the final stage of collapse. The shear-band spacing was calculated from two existing
models, based on a perturbation analysis and on momentum diffusion. Values of 0.52 and 3.3 mm were
obtained with material parameters from quasi-static and dynamic experiments. The predictions are
found to give a reasonable first estimate for the actual spacings. The detailed characterization of the
shear-band front leads to an assessment of the softening mechanisms inside a shear localization region.
The initiation of localization takes place at favorably oriented grains and becomes gradually a continu-
ous process, leading eventually to dynamic recrystallization. © 1997 Acta Metallurgica Inc.

1. INTRODUCTION

Shear bands have been the object of research since
the 19th century, when they were first observed and
correctly interpreted by Tresca [1]. However, intense
investigative efforts have only taken place since the
second World War, and were triggered by the clas-
sic work of Zener and Hollomon [2]; studies [3, 4]
have addressed both mechanistic and microstruc-
tural features of shear bands. It is recognized that
shear localization is a very important and often
dominating mechanism for plastic deformation in a
number of materials especially at high strains and
strain rates.

The behavior of shear bands is an essential part
of the global high-strain-rate response of a material.
Whereas the first mechanistic model of Recht [J]
considered a simple balance between hardening and
softening, more advanced treatments by Clifton [6],
Bai [7], and Molinari and Clifton [8] introduced a
perturbation analysis. Most studies were concerned
with an isolated shear band, whereas the accommo-
dation by internal plastic deformation in response
to externally applied tractions takes place by the
cooperative initiation and propagation of assem-
blages of shear bands. Some historical analogy with
dislocations (the elementary carriers of plastic de-
formation at the microlevel) is suitable here. More
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recent efforts, dealing with self-organization and
low-energy configurations of dislocations, are eluci-
dating, in a quantitative manner, the plastic re-
sponse of materials (e.g. Kuhlmann-Wilsdorf [9]
and Kubin [10]).

A recurrent topic in studies of damage in ma-
terials is the question of spacing between damage
sites. The ability to predict and possibly control sig-
nificant features of the failure patterns, such as
numbers, sizes, locations, and velocities of residual
particles is dependent on a fundamental and quanti-
tative understanding of evolution laws for these
localized damage sites. A first step in obtaining an
answer would be to estimate the spacing of initial
nucleation sites since damage tends to grow in
specific places in the material. Of course, this leaves
out such questions as secondary damage and sub-
sequent interaction of damage sites but it is still a
crucial beginning.

The analyses carried out by Grady and Kipp [11],
Wright and Ockendon [12], and Molinari [13] are
theoretical efforts at elucidating the collective beha-
vior of shear bands. The analysis by Grady and
Kipp [11] is based on momentum diffusion as
unloading occurs within the band and the one by
Wright and Ockendon [12] and Molinari [13] uses
perturbation of rate dependent homogeneous shear-
ing; they are described in Section 3. Among other
theoretical attempts to describe periodic propagat-
ing bands (shear band patterning) the approach by
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Aifantis [14], based on the introduction of higher
order gradients into the constitutive equation,
should be mentioned. It is difficult to compare these
predictions with experiments because of the lack of
information on coefficients in the higher order
terms, as well as the relatively arbitrary selection of
a “dispersion” term, especially for essentially non-
linear problems.

The objectives of this paper are to report obser-
vations of shear-band assemblages obtained under
controlled initiation conditions and to compare
these observations with the Grady-Kipp [11] and
Wright-Ockendon [12] models. The experimental
data, in conjunction with parameters of the consti-
tutive equation of the material under investigation,
allow comparison with these or other theoretical
approaches. The thick-walled cylinder technique,
developed by Nesterenko and coworkers [15-1§]
was used, and the results are presented in Section 2.

2. EXPERIMENTAL PROCEDURE AND RESULTS

Figure 1(a) shows the experimental configuration
used to produce the radial collapse of the metallic
specimens. Commercial purity titanium (Grade 2,
Altemp Alloys, CA) with equiaxed grains having an
average size of 20 um was used in the investigation.
It was machined from 2 in. bar stock. The system
was developed by Nesterenko and coworkers [15-
18] and uses the controlled detonation of an explo-
sive to generate the pressures required for the col-
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Fig. 1. (a) Experimental configuration for collapse of
thick-walled cylinder and (b) pure shear deformation of an
element as tube collapses.
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lapse of a thick-walled cylinder. The metallic
specimens are placed within a copper driver tube;
the system extremities are composed of steel plugs.
The explosive is placed coaxially with the specimen
and detonation is initiated at the top, propagating
along the cylinder axis. An internal copper tube
establishes the maximum collapse of the titanium
tube. In the absence of copper, total collapse of
titanium is obtained and the final radius is
~0.5mm. Two different copper tube initial radii
were used to arrest the collapse of the titanium at
different stages.

The use of inner copper tube allows for “soft”
termination of the collapse process and preserves
the details of shear band geometry, especially the
size of displacements on the inner radius of Ti. In
these experiments, shear bands were not opened
into cracks as was the case in previous experiments
[19]. It also preserves the details of shear band
structure and ensures that propagation of shear
bands is not replaced by propagation of cracks
developing from shear bands during elastic unload-
ing. To arrest the collapse at different radii, central
rods with different radii were also used. However,
the impact of Ti inner surface, having a structure
developed by shear bands, with the rods destroys
details of the shear bands.

The explosive parameters in the thick-walled
cylinder method (detonation velocity, density, and
thickness) were carefully selected to provide
“smooth” pore collapse; wave reflection effects are
minimized and spalling of the internal cylinder sur-
face is nonexistent. An explosive with low detona-
tion velocity (D ~ 4000 m/s) with initial density 1 g/
em® was used in the experiments. A description of
the method can be found in [15~19]. The velocity of
the inner wall of the tube was measured by an elec-
tromagnetic gage, described by Nesterenko and
Bondar [16, 17].

The state of stress generated within the collapsing
cylinder before shear localization starts is one of
pure shear. This is shown in Fig. 1(b), in which the
distortion of an elemental cube of radius rqy is fol-
lowed as it moves towards the axis of the cylinder.
The strain in the axial direction is zero, and there is
no rotation of the elemental cube. The planes of
maximum shear lie at 45° to a radius, as indicated
at ry in Fig. 1(b), and remain unrotated as defor-
mation proceeds inwards, at least until shear bands
develop.

As the tube is collapsed inwards, its inner surface
experiences increasing strains which tend to infinity
as radius of the cavity Ry—0. These experiments
were carried out by Nesterenko et «l. [19] and
reveal the shape, spacing, and configuration of
shear bands after complete collapse of the cylinder.
Thus, this technique is well suited for the study of
both shear-band initiation and propagation. For
the specimen dimensions used in the current investi-
gation the initial radii of the internal copper cavity,
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Fig. 2. Effective strain in Ti as a function of radius in partially collapsed geometry for two configur-
ations: Rp=15.5 mm (smaller collapse strain) and Ro=6.25 mm (larger coliapse strain).

Ry, were equal to 5.5 and 6.25 mm with internal
radius of Ti cylinder equal to 7 mm for both cases.
This provided two values for the maximum shear
strain in the Ti specimens.

The radial, tangential, and axial strains for this
geometry are given by:

& = ln(r—o) Epp = —ln(r—o) ==&y &z =0. (1)
rt Ui

The radii r and r¢ (Fig. 1(b)), representing the initial
and final positions of a general point, are related by
the conservation of mass, if deformation is uniform:

ra— Ry =17 — R} )
The effective strains
2 2 ro
Eef :ﬁ Err :ﬁ lnr—f

for material points being collapsed to different final
radii r¢ are depicted on Fig. 2 for the initial radii
Ro=5.5mm and Ry=6.25 mm. Each line designates
the strain of a material point as it converges inward.
The extremity of the line designates the radius and
strain of the inside surface, after the collapse was
arrested.

The strain rate for a general material point can
be evaluated from the radial velocity of the cylindri-
cal cavity v (¢), which was measured by an electro-
magnetic technique [16. 17]. The insertion of Ti
cylinders inside a copper driver tube, shown in
Fig. 1(a), does not significantly change the time of
collapse in comparison with the uniform copper

cylinder having the same geometrical dimensions,
because the replacement of the central part of the
copper by Ti cylinders changes the overall mass
(and initial velocity) by no more than 20%. That is
why the velocity data obtained for a monolithic
copper cylinder can be used, as a first approxi-
mation, to calculate the strain rate. For example,
for a point on the inner cavity, the following re-
lationship is used to calculate the shear strain rate
at 45° to the radius:

1dR 0

a2y =2 =2
' Rdr ™~ "(Ro — [y v(ndD)

3

Fig. 3 shows the shear strain rates during the col-
lapse process for two points corresponding to two
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Fig. 3. Shear strain rate vs time for different final radii
(r¢=5.5 mm; re=8 mm).
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Fig. 4. (a) Initial and (b, c) collapsed configurations of titanium specimens; (b) Ro=35.5mm; (c)
Ro=16.25 mm.
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value of final radii, which are the ends of shear
bands in Ti. The strain rate is seen to fiuctuate
around corresponding mean value and the variation
(£15%) is not significant. That is why, to a first ap-
proximation, the strain rates for these material
points can be considered as constant and equal to
3.5%10%s7" and 6 x 10*s7".

Figure 4 shows the (a) initial, and (b) and (c)
final configurations of specimen cross-sections. The
copper ‘“‘stopper’ tubes, which have initial internal
radii Ry equal to 5.5 and 6.25 mm, are completely
collapsed by the implosion, subjecting the titanium
tube to two levels of plastic strain.

Three different experiments were carried out for
each condition. They are labeled M1, M2, and M3
for the first set and M4, M5, and M6 for the second
set. The reproducibility of the shear-band patterns
observed is clearly shown in Figs 5 and 6. The radii
Ry=15.5and 6.25 mm were chosen based on observed
strains for shear-band propagation by previous stu-

10 mm

Fig. 5. Shear-band traces for three different experiments
Ro=15.5mm; C and CC represent regions of clockwise and
counterclockwise dominances, respectively.
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Fig. 6. Shear-band traces for three different experiments
Ry=6.25mm; C and CC represent regions of clockwise
and counterclockwise dominances, respectively.

dies. Meyers et al. [20] obtained shear-band propa-
gation in commercial purity titanium (grain size
72 um; Grade 2), for an effective strain between 0.2
and 0.45. This was determined in a Hopkinson bar
using hat-shaped specimens. Previous experiments
by Nesterenko et al. {19] on the same Ti revealed
that the effective strain for shear-band propagation
was equal to 0.22. For the two experimental setups
used in the current research, the effective strains
can be readily calculated.

2 2 ro
In

Gof = —= &y = —= In—.

€ \/5 T \/§ re
Since r(z)—R5=r% and ro=7 mm, then the strains for
the collapsed inner surface of Ti with two initial
sizes of inner copper tubes are:

4)

For Ry = 5.5 mm
For Ry = 6.25 mm

gef = 0.554 at ry = 4.5 mm.
ger = 0.923 at re = 3.3 mm. (5)

The value of &,=0.554 should provide strains
higher than those required for initiation according
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(a) (b)

Ty

(c)
Fig. 7. Schematic sequence of events during collapse of
cylinder; (a) initial configuration, (b) initiation of shear-
band formation and (c) spiral propagation of shear bands
during collapse.

to [19,20], whereas &,r=0.923 should provide a
well-developed shear-band pattern. This is exactly
borne out by the observations shown in Figs 5
and 6. The following observations can be made:

(a) The shear bands initiate at the internal surface
of the titanium specimen and propagate out-
wards;

(b) The angle of the extremities of the shear bands

with the radial directions fluctuates around 45°,

which is the plane of maximum shear stress

(and strain). This is shown for three shear

bands in Fig. 6.

Both clockwise and counterclockwise spirals are

observed, in contrast with earlier observations

by Nesterenko et al. [19]. Figure 6 shows that
these clockwise and counterclockwise spirals
organize themselves into four families. They are
marked C and CC in Fig. 6. The differences
between the present results and those of

Nesterenko et al. [19] are not completely under-

stood and could be due to pre-existing texture

in the titanium specimens under current investi-
gation, which is revealed by anisotropy of
plastic deformation in compression tests.

(d) The number of shear bands increases with plas-
tic strain. The number of shear bands (N)
counted at the internal surface of the cylinder is
marked in Figs 5 and 6. It was possible to esti-
mate an average spacing between the shear
bands for experiments M4, M5, and M6, where
the pattern was well established. This spacing
was calculated considering only shear bands
with the same orientation, either clockwise (C)
or counterclockwise (CC). The average spacings

~

(c
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between the shear bands, also marked in Fig. 6,
are L = 0.49, 0.61, and 0.67 mm for specimens
M4, M35, and M6, respectively. The averaging
procedure was made for a number of shear
bands equal to 25, 23 and 23. This procedure
can cause some decrease in real shear-band spa-
cings (up to 27%) as a result of their actually
unknown nucleation radius, which in any case
should be between radii of inner Ti tube equal
to 4.5 mm (Fig. 5) and 3.3 mm (Fig. 6).

(e) Some shear-band bifurcation is observed in
Fig. 6; it is marked by arrows.

The initiation and propagation of shear bands
during the collapse is schematically shown in Fig. 7.
When the internal radius of Ti sample (initial value
equal to ry, Fig. 7(a)), reaches a value r;, the critical
shear strain for shear band initiation is attained
(Fig. 7(b)). Upon further collapse, the shear bands
grow outward (Fig. 7(c)).

The experiments cannot track exactly the shear
strain at which shear bands initiate. Nevertheless,
the small size of the shear bands in Fig. 5 shows
clearly that the effective strain of 0.554 is slightly
above the minimum strain for the initiation.

The global strains at the tips of the bands (at r,,
Fig. 7c¢) were also calculated. Figure 8 shows the
distribution of strains at the shear-band tips. For
the initial collapse (Ro=S5.5mm, Fig. 8(a)), the
minimum strain at the shear-band extremity is
equal to 0.35 and they range from 0.35-0.5. For the

well-developed shear bands (Fig. 8(b),
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Fig. 8. Distribution of global effective strains at tips
(r = ry) of bands for two different radii; (a) Ro=5.5mm;
(b) Ry=6.25 mm.
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Ry=6.25 mm), the minimum strain is actually the
same (0.3), but a wider distribution of strains 0.3—
0.9 is observed. The minimum strain at the tip of
the shear band is consistent with the calculated in-
itiation strain, which was estimated to range from
0.2-0.45 [20]. Tt is also consistent with earlier results
by Nesterenko et al. [19]: &,4=0.22.

The radial span of the shear bands was measured
and correlated with the height of the steps at the in-
ternal surface, A. The results are shown in Fig. 9.
More developed shear bands create a larger step.

The results shown in Figs 5-9 enable the con-
clusion to be made that shear bands start to form
at an effective strain equal to 0.3 along the internal
surface of the hollow cylinder. As the collapse pro-
ceeds, the number of shear bands increases. The dis-
tribution in the radial spans of the shear bands is a
direct consequence of their gradual formation: the
bands that form first propagate farther outward.

3. ANALYTICAL PREDICTIONS OF SHEAR BAND
SPACING

In the present experimental configuration the sim-
plest question to be posed is the number of initial
sites for shear localization to be expected around
the circumference of the inner surface as the cylin-
der collapses.

A preliminary answer may be given by simply
adopting the result for spacing given by Grady and
Kipp (GK) [11] for rate independent materials or
the more recent analysis developed by Wright and
Ockendon (WO) [12] for rate dependent materials.
Both results were derived for one-dimensional
shearing of an infinite strip of material without
regard to boundary conditions. Therefore, the ap-
plication to the present case is only approximate.
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Fig. 9. Relationship between displacement at internal

cylinder surface, A, and radial range of shear bands, for
experiments with Ry=6.25 mm.
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Nevertheless, it is important from dimensional con-
siderations alone to find the appropriate nondimen-
sional groupings of physical quantities. The two
approaches will be reviewed and compared.

The basic notion, used in the GK analysis, is that
rapid loss of strength or ability to transfer shearing
stresses across the developing shear band affects
neighboring material by forcing it to unload. This
unloading process is communicated outward by
momentum diffusion, rather than by elastic wave
propagation, and ultimately the minimum separ-
ation between independently nucleating bands arises
from computing the distance traveled by the unload-
ing front during the time required to unload as
localization occurs. Their analysis also assumes that
the width of the shear band adjusts itself so as to
achieve a maximum growth rate, the growth rate of
narrower bands being limited by thermal diffusion
and that of wider bands by inertia. The details of
the analysis are too complex to repeat here, but the
predicted spacing, Lgk, given in their Equation (23),
with suitable changes in notation (thermal diffusivity
x has been replaced by thermal conductivity divided
by density and heat capacity, k/pC), is:

Lok = 29kC/7a )" (6)

In this formula the applied shear strain rate is , and
the relation between flow stress and temperature is
assumed to be

t:ro[l —a(T — To)] )

where 1, is the strength at a reference temperature
Ty, and a is a softening term. GK did not include
strain and strain-rate hardening in their analysis.

On the other hand, the WO analysis [12] is based
on the notion that shear bands arise from small,
but growing disturbances in an otherwise uniform
region of constant strain rate. Disturbances do not
propagate in perpendicular directions, but simply
grow in place, so the most likely minimum spacing
is obtained by finding the fastest growing wave-
length. The problem is posed by first finding the
uniform fields and then by finding differential
equations for perturbations with the uniform fields
taken as the ground state. Fourier decomposition of
the perturbation equations is followed by an asymp-
totic representation of the solution. Then it is a
simple matter of differentiation to find the wave-
length that grows the fastest.

WO assumed the following constitutive equation,
which has both thermal softening and strain-rate
hardening components:

g m
t = 1o[l — (T — To)](l—) . (8)
Yo
%o is a reference strain rate and m is the strain-rate

sensitivity. 1o is the flow stress at the reference tem-
perature T, and strain rate j.
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WO arrived at an expression for the wavelength
providing maximum growth of the perturbation.
This provides a shear-band spacing, Lwqo, equal to:

Lwo = 27‘[( T (9)

'}7
Although the approaches taken by GK and WO are
completely different, the former concentrating on
the stress collapse mechanism due to well developed
shear bands, and the latter concentrating on the
earliest stages of localization where shear bands are
practically absent being represented by nucleation
sites, it is a remarkable fact that, except for numeri-
cal factors and the rate constants, the two results
are similar. The assumed flow laws in equations
(7) and (8) differ only by the rate factor, and as a
consequence the major difference between equations
(6) and (9) is that strain rate sensitivity appears
strongly in the numerator and weakly in the de-
nominator of equation (9) (for most metals, m<<1),
whereas it does not appear at all in equation (6),
and that the dependence on strain rate is slightly
weaker in equation (6) than in equation (9). On the
other hand, there are only a finite number of ways
that the constants may be combined to obtain a
length scale (but there are certainly more than one)
e.g. (C" 7 /igka) 2, (k/pCP)'2, (o™ 2 /75 0) 2,
as well as that found in equation (9), so it is not
quite so surprising as it initially seemed that the
results are so similar,

The GK and WO formulations were applied to
the materials tested in Section 2 by means of the
use of equations (6) and (9), respectively. They
enabled the calculation of the shear-band spacings
Lgk and Lwo, respectively.

Mechanical tests were performed on titanium
specimens at low and high strain rates in order to
obtain the parameters of the constitutive equations
used by GK and WO. The mechanical response at
ambient temperature is shown in Fig. 10(a). The
strain rate sensitivity m can be obtained from data
presented in Fig. 10(b) and is equal to 0.052. The
thermal softening parameter ¢ was obtained from
data by Meyers et al. [20] on a similar alloy (Grade
B, titanium with grain size of 72 um). The linear fit
to the thermal softening data is shown in Fig. 10(c);
a=10" K7 in the temperature range of 300-
1,000 K.

The physical parameters in the GK and WO
models and the calculated shear-band spacings Lgk
and Lwo are presented in Table 1 (to=0¢/2 where
oo is the yield stress in uniaxial loading). It is seen
that both models provide estimates of L which are

s 174
ka3y’0") /
a1

in agreement with the experimental results within
one order of magnitude; the WO and GK predic-
tions are 0.52 and 3.3 mm, respectively. The WO
analysis predicts spacings L that are approximately
one sixth of the GK calculations. The experimen-
tally obtained spacings (L = 0.6 mm after averaging
over the entire experimental results) are in excellent
agreement with predictions of the WO model.
Considering the one-dimensional character of the
models and three-dimensional geometry of exper-
iments, the neglecting of work hardening, the agree-
ment of theoretical predictions of WO model with
experimental results should be considered cau-
tiously. The recent calculations by Molinari [13] in-
corporate work hardening and predict a shear-band
spacing for Ti equal to 0.75mm, also in good
agreement with experimental results reported here.

It should be mentioned that the WO model
describes only the minimum spacing between in-
itiation sites for shear bands, whereas the GK
model describes the spacing of fully formed bands.
If the spacing of shear bands is determined by their
initiation, the WO model should be obeyed. On the
other hand, if the propagation stage establishes the
spacing, the GK model should dominate. It seems
clear that the WO analysis successfully predicts the
initiation for Ti. On the other hand, the bifurcation
of the shear bands observed in Fig. 6(c), is possibly
indicative of a momentum—diffusion (GK) process:
once the bands reach a spacing above a critical
value, new bands are formed to accomplish defor-
mation.

4. EXTREMITIES OF SHEAR BANDS

The two models predicting shear band spacings
are qualitatively different and reflect the different
stages of shear band development. In this context,
it is instructive to look at the tip of the shear bands
to identify the possible mechanism of their for-
mation and subsequent self-organization into pat-
terns.

Detailed observation of the tips of the shear
bands enables the identification of the progressive
mechanisms of plastic deformation as the strain
increases. The well-formed shear bands are clearly
visible by scanning electron microscopy as regions
with a thickness of 10-20 um with sharp boundaries
and with a microstructure that is only resolvable by
transmission electron microscopy. Indeed, Grebe et
al. [21], Meyers and Pak [22], and Meyers et al. [23]
were able to clearly identify microstructure consist-
ing of recrystallized grains of 0.1-0.3 yum diameter,

Table 1. Material parameters and theoretical predictions of shear—band spacing, L, for Ti

Material m 10 (MPa) k(J/sm K)

C(J/kg K)

aK™) 20 (7 Low (mm) Lok (mm)

Ti 0.052 280 19

107 1073 0.52 3.3
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with a fairly low dislocation density. A specific
mechanism for recrystallization was proposed and
discussed extensively [23,24]. The extremities show
a gradual progression of plastic deformation leading
to well-developed bands. Figure 11 shows a mon-
tage of the shear-band tip with larger magnifi-
cations of the fully formed band (left-hand side), as
well as the onset regions. These regions show an
alternation of sharp localization (center top) with
more gradual deformation (center bottom). These
alternations occur on the grain-size scale and indi-
cate that the tip of the band is evidently affected by
the local crystallography of plastic deformation.
The crystallographic aspects are lost in fully formed
bands. Some grains localize preferentially at the tip
of the band. Subsequently, less localized regions
connect more localized grains. As these regions join
up, they form a band. These irregularities at the
front contribute to the deviations of the shear-band
trajectories. Figure 12 shows, in a schematic
fashion, the configuration of the shear-band tips as
they are envisaged at this point. For clarity, the
shear-band tip is divided into three regions: I—
intermittent, IT—deformed; III—recrystallized. The
approximate lengths of the two precursor regions
(100 and 400 um) are also shown in this plot. The
initiation of shear-band formation takes place in
favorably oriented grains, and is initially discon-
tinuous. These shear-band segments gradually join
up and form a continuous front.

Zhou et al. [25,26] investigated the initiation and
propagation of shear bands in a Ti-6 Al-4 V alloy.
They were able to measure the temperature within
the band and found that it rose to values of 750 K
at an impact velocity of 64.5m/s. They were also
able to establish the velocity of propagation of the
shear-band tips. For an impact velocity of 64.5 m/s,
the propagation velocity was equal to approxi-
mately 50-75 m/s. In the experiments carried out in
this research program it is also possible to estimate
a minimum velocity of propagation of the shear
bands. The collapse process of the internal void
takes place in the time interval of approximately
t = 8 us[17]. The most extensive shear bands show
a radial extension of approximately r, =6.8 mm at
re=3.3 mm. This is shown in Figs 7 and 9. These
values enable the estimation of a growth velocity:

—rf —f—‘/?_r2 —r?
p— vt T (10)

tv2

The shear band is approximated by a straight line
growing at a 45° angle to the radial direction. A
velocity of 500 m/s is obtained. The actual velocity
is higher, since the initiation of the shear bands
requires a critical plastic strain. This value of the
propagation velocity is higher by an order of mag-
nitude than the velocity measured by Zhou et al.
[25,26]. Hence, the propagation velocity should not

be considered a fixed value, but depends on the
external loading.

It is important to connect the WO and GK
models to microstructural processes happening in
the material. Possible micromechanisms for the in-
itiation of shear bands have been discussed by
Meyers et al. [20]. Local fluctuations in strain and
temperature lead to the initiation. Additionally, the
surface of the inner cylinder wall contains imperfec-
tions which lead to perturbations. A few possible
microstructural initiation sites are shown in Fig. 13;
they are all at grain scale. They are briefly discussed
below. There is always a distribution of grain sizes
within a material, and larger grains exhibit a lower
yield stress (o,, in Fig. 13), whereas smaller grains
have a higher yield stress (o, in Fig. 13). The large
grain will deform preferentially and could be an in-
itiation site. Grain rotation can lead to softening,
which is shown schematically in Fig. 13(b). The
increase in Schmid factor of a grain with plastic de-
formation leads to localized softening which can in-
itiate a shear band. The localized deformation of
one grain can propagate along a band as shown in
Fig. 13(c). This mechanism of localization through
the cooperative plastic deformation of grains has
been modeled by Peirce, et al. [27] and Anand and
Kalidindi [28]. A fourth mechanism is shown in
Fig. 13(d). A dislocation pile-up, upon bursting
through a grain boundary, can generate the local
temperature rise and plastic deformation which
would initiate shear band. This mechanism has
been proposed by Armstrong and Zerilli [29].

The temperature rise accompanying shear localiz-
ation can lead, eventually, to microstructural re-
arrangements of a significant nature. Stage III in
Fig. 12 shows the formation of a different micro-
structure. It is instructive to calculate the tempera-
ture rise within a shear band as a function of plastic
shear. The Johnson—-Cook constitutive equation pro-
vides a ready means of doing this. Figure 14 shows
the adiabatic stress—strain curves at three different
strain rates: 103, 10%, and 10°s™'. The temperature
rise as a function of plastic strain are also shown. A
broad range of strain rates was used to incorporate
the changes of strain rate occurring when the shear
band forms: the local strain rate is much higher
than the global strain rate. The temperature inside
the shear band rises to 700-800 K when the shear
strain is one. Strains larger than one can produce
dynamic recrystallization in titanium, which
requires 0.4 T,,, where Ty, is the melting point
(=1943 K). Indeed, dynamic recrystallization has
been previously identified [20,23-25] within shear
bands.

We can conclude that crystallographic
peculiarities play a very important role in shear
band initiation and are absent in both models (GK
and WO). Nesterenko, Bondar and Ershov [17]
observed that a decrease of initial grain size in cop-
per from 1000 um to 100 ym did not alter the num-
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Fig. 12. Schematic representation of regions at the tip of a
shear band.

ber of shear bands; however a further decrease
from 100 pym to 30 um resulted in an increase in the
number of shear bands from 30 to 50 under the
same conditions of loading as the current work,
with an attendant decrease of shear band spacings.
This tendency cannot be explained with the help of
the GK model because the reduction in grain size
cannot provide the eight-fold increase of the initial
yield strength required to explain the decrease of
spacings by a factor of 1.7 (equation (6)). A poss-
ible explanation of this result in the WO model can
be connected with a difference in strain-rate sensi-

o

Fig. 13. Possible shear-band initiation mechanisms in
single-phase homogeneous materials. (a) grain-size inhom-
ogeneity, (b) geometrical softening, (c) Peirce-Asaro—

Needleman textural localization and (d) dislocation pile-up
release.

0'<0'2
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tivity of yield strength in materials with different
grain sizes.

The synergism between the continuum softening
and the existence of microstructural initiation sites
might have a bearing on the shear-band spacing
and should be explored. A possible explanation for
the success of the continuum modeling for shear
band spacings is that self-organization of shear
bands is developed at a stage where thermal soften-
ing and heat conductivity play dominant roles in
stress collapse.

5. SUMMARY AND CONCLUSIONS

It has been experimentally demonstrated, using
the high-strain radial collapse of thick-walled cylin-
ders of titanium, that shear bands undergo a self-
organization process as they initiate and propagate.
The partial collapse of a thick-walled cylinder gen-
erates controlled and reproducible plastic defor-
mation gradients under a state of stress of pure
shear. The self-organization of shear bands mani-
fests itself in the formation of an array of shear
bands that diverge from the initiation region on the
internal surface of the thick-walled cylinder, that is
periodic, and that has a characteristic spacing.

The experimental results are compared with pre-
dictions of two models:

(a) The Grady-Kipp model {11} is based on
momentum diffusion: the formation of a shear
band produces an unloading of the adjacent
regions that is a function of the rate of soften-
ing. These unloaded areas are shielded from
subsequent initiation/propagation of shear
bands.

The Wright and Ockendon model [12] is based
on a perturbation analysis in one-dimensional
shear. In this analysis, the spacing of shear
bands is governed primarily by the strain-rate
sensitivity and thermal softening of the ma-
terial.

(b)

The experimentally obtained shear band spacing
in Ti (0.6 mm) is in good agreement with the pre-
dictions of the Wright and Ockendon model
(0.52 mm). It is felt that the OW theory better pre-
dicts the shear band patterning if it is mainly deter-
mined by the initiation stage, whereas the
propagation is affected by the momentum diffusion
in the GK approach. Prior to the onset of localiz-
ation, momentum diffusion is absent, and its role is
only fully felt in the propagation stage.

Possible microstructural relations to shear-band
initiation and propagation sites are analyzed. The
connection between shear-band spacing at initiation
and grain size, which provides favorably oriented
sites, is discussed.

The self-organization and collective behavior of
shear bands is essential in the accommodation of
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Fig. 14. Thermal excursion within shear band, assuming adiabaticity (values computed using Johnson-
Cook constitutive equation); calculation for 103, 10%, 10° s™! shown.

large plastic strains at high strain rates, and the
methodology developed herein can be extended to a
wide variety of materials. The present results also
clearly demonstrate that material instability is very
important in cylindrical pore collapse and is the
main reason for breaking symmetry of this process.
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Note added in proof—The existence of an intermittent
zone at the tip of a brittle fracture was proposed by W.
Gerberich (ASTM STP 945, 1988, p. 5) who called it the
semi-cohesive zone. Individual grains in this zone could
cleave if favorably oriented. The concepts of the intermit-
tent zone (proposed here) and the semi-cohesive zone (pro-
posed by Gerberich) are similar.
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