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The formation of shear bands in collapsing thick-walled cylinders (TWC) occurs in a
spontaneous manner. The advantage of studying spontaneous, as opposed to forced, shear
localization, is that it highlights the inherent susceptibility of the material to adiabatic
shear banding without prescribed geometrical constraints. In the case of spontaneous
shear localization, the role of microstructure (grain size and grain boundaries) on localization, is still unresolved. Using an electro-magnetic set-up, for the collapse of thickwalled cylinders, we examined the shear band formation and evolution in seven metallic
alloys, with a wide range of strength and failure properties. To assess microstructural
effects, we conducted systematic tests on copper and Ti6Al4V with different grain sizes.
Our results match quite well with previously reported data on much larger specimens,
showing the absence of a size effect, on adiabatic shearing. However, the measured shear
band spacings, in this study, do not match the predictions of, existing analytical models,
indicating that the physics of the problem needs to be better modeled.
& 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Shear localization is an important and often dominant failure mode at high strain rates, acting as a precursor to catastrophic
failure (Bai and Dodd, 1992). The formation of an adiabatic shear band (ASB) in a dynamically loaded metal is viewed as a structural
and/or material instability. The strength evolution of a material is controlled by two opposing mechanisms: hardening, such as
strain and strain-rate hardening, and softening such as thermal (Zener and Hollomon, 1943; Davidenkov and Mirolubov, 1935) and
microstructure-related softening (Rittel et al., 2006; Osovski et al., 2012). The classical approach of Zener and Hollomon (1943),
found recently (Dodd et al., 2015) to be earlier presented by Kravz-Tarnavskii (1928) and Davidenkov and Mirolubov (1935), relates
the initiation of adiabatic shear localization to the dominance of the thermal softening over the hardening mechanisms. Namely,
under high rate deformation, the thermal softening results in a loss of strength which leads to a feedback mechanism between the
plastic work and the consequent decrease in flow stress. This is a simple mechanism but one can argue that it is questionable since,
as the material softens, it also generates less heat. In the last decade, an alternative process was proposed for ASB formation
(Osovski et al., 2012; Rittel et al., 2008), identifying microstructural evolution (dynamic recrystallization) as the dominant mechanism. In these works, the dynamic stored energy of cold work is identified as the driving force for shear localization, which is, in
fact, preceded and triggered by dynamic recrystallization (Rittel et al., 2006).
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The initiation and growth of shear bands have been extensively studied since the pioneering work of Zener and Hollomon (1943), using various experimental techniques with which the formation of a shear band is well defined. The Kolskybar technique is widely used for the study of shear localization with specially designed shear specimens, such as the “Hat”
(Meyer and Manwaring, 1986) and “Punch” (Dabboussi and Nemes, 2005) geometries, or the Shear Compression Specimen
(SCS) (Dorogoy and Rittel, 2005a, 2005b). The torsion bar is used to induce ASB in tubular specimens. This technique was
used in the seminal work of Marchand and Duffy (1988), who identified the successive stages in the evolution of the
adiabatic shear bands. Other experiments used pre-notched plates with a symmetric double notched specimen, as in
Kalthoff and Wrinkler (1987), or an eccentric single notched specimen, as in Mason et al. (1994) and Zhou et al. (1996a,
1996b). In this set-up, the single or double notched plate is impacted by a projectile, causing a dominant mode II shear load.
The shear bands initiate at the root of the notches, and their propagation is examined for various impact velocities. The
common basis for all of these well-used techniques is that they all refer to a state of forced shear localization. In such cases,
shear bands are formed in well-defined regions, dictated by the specimen geometry, parallel to the direction of the maximum
shearing load. A controlled shear band has many advantages, enabling one to study the evolution of the shear localization
process. Yet, the process of shear initiation is in fact dictated geometrically, and therefore externally forced.
In order to examine the initiation stage of shear localization, a different set-up is used, referring to spontaneous shear
localization (as referred to by Chen et al. (1999)). In this case, the loading characteristics do not constrain the specific
locations or directions of shear banding and multiple shear bands can evolve in regions and in directions other than the
direction of the prescribed load. The major advantage of examining spontaneous shear localization is that it highlights the
inherent susceptibility of the material to adiabatic shear banding.
The evolution of shear bands in the collapse of a thick-walled cylinder is an excellent example for spontaneous shear
localization. In this case, an external pressure induces an inward collapse of the cylinder. The cylindrical symmetry lacks a
transverse boundary, and shear bands which evolve from the inner surface of the collapsing cylinder, do not form on a clear
boundary or by stress concentration. Free of transverse boundary constraints, the initiation of the shear bands occurs
spontaneously. Nesterenko and Bondar (1994) and Nesterenko et al. (1989) introduced a well-controlled and repeatable
technique to create multiple shear bands in collapsing thick walled cylinders, which is most suitable to study the properties
and evolution of spontaneous ASB's. The Thick Walled Cylinder (TWC) is sandwiched between two cylindrical copper shells,
which are driven inwards by an explosive cylinder, while the outer and inner copper shells control the extent of collapse of
the sample. The diagnostics of this technique are post-mortem: the recovered sample is cut and polished to reveal the shear
bands in the specimen. This technique has been used for various materials such as stainless steel (Xue et al., 2004; Meyers
et al., 2003), CP Titanium and Ti6Al4V (Xue et al., 2002), aluminum alloys (Yang et al., 2008, 2009), ceramics (Espinosa and
Gailly, 2001) and reactive materials (Nesterenko et al., 1994). Stokes et al. (2001) conducted several TWC experiments on the
Pegasus-II facility using electro-magnetic forces as the driving collapsing force. A pronounced advantage of this loading
technique is due to the more uniform collapse of the specimen, as compared with the explosively driven ones, which are
also driven by an axial force due to the directional ignition of the explosive driver. More recently, we introduced an electromagnetically driven version of the TWC technique (Lovinger et al., 2011), using a pulsed current generator. This method
has the advantage that it is highly controllable and somewhat simpler than the use of explosives or alternatively, the use of a
large scale Mega-Joule energy facility.
In a TWC experiment, one can measure the number, spacing and length of the spontaneously initiated ASBs, as in Xue
et al. (2004) and Lovinger et al. (2011). Consequently, the TWC techniques, either explosive or electromagnetic, offer an ideal
experimental platform to validate existing models for ASB formation, and use the data to calibrate material models for shear
band formation and patterning.
Several theoretical predictions of the spacing of shear bands can be found in the literature, such as those of Grady (1982),
Grady and Kipp (1987), Wright and Okendon (1996) and Molinari (1997). These works are based on two main approaches to
address the shear band phenomenon. Grady (1982) was the first to propose a perturbation solution for shear instability. This
approach ties the mathematics of perturbations with the physical phenomena, suggesting that shear bands evolve at a
spacing which is determined by minimum energy considerations, matching a dominant wave number, which is revealed by
the perturbation calculation. Accounting for a viscous constitutive equation and linear thermal softening, Grady (1982)
reached the following expression for the spacing, LG, between shear bands:
1/4

LG =

2π ⎡ kC ⎤
⎢
⎥
γ0̇ ⎣ α 2τ0 ⎦

(1)

where k is the thermal conductivity, α is the thermal softening coefficient, γ0̇ is the strain rate, C is the heat capacity and τ0
is the shear flow stress at quasi-static conditions.
Later works by Wright and Okendon (1996), and by Molinari (1997) addressed this issue with a similar approach, by
extending the materials' constitutive law to include rate dependency (Wright and Okendon, 1996) and strain hardening
(Molinari, 1997). In these analyses the following expressions can be found.
1

1

The thermal softening coefficient is defined for all models as α =

dτ
.
dT ε, ε̇
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The band spacing according to Wright and Okendon (1996), is given by

⎡ 3 ⎤1/4
m kC
LWO = 2π ⎢ 3 2 ⎥
⎢⎣ γ0̇ α τ0 ⎥⎦

(2)

while, according to Molinari (1997), using a constitutive model with linear thermal softening and power law strain
hardening (with power n), the spacing is given by
1/4

LMo

−1⎡
⎤
⎡
3 ρC n(1 − αT ) ⎤ ⎢ m3kC (1 − αT0)2 ⎥
⎥
= 2π ⎢1 −
2
3
2
4 βτ0
βαγ
⎣
⎦ ⎢⎣ (1 + m)γ0̇ α τ0 ⎥⎦

(3)

For a non-hardening material (n ¼0) Molinari's model takes the following form:

LMo

⎡ 3
⎤1/4
m kC (1 − αT0)2 ⎥
⎢
= 2π
⎢⎣ (1 + m)γ03̇ α 2τ0 ⎥⎦

(4)

The spacing expressions of Wright and Okendon (1996) in Eq. (2) and that obtained by Molinari (1997) in Eq. (4) show
similar dependencies on strain hardening (power of 3/4), thermal conductivity (power of 1/4), heat capacity (power of 1/4)
and strain rate (power of  3/4).
The second basic approach, due to Grady and Kipp (1987), extends Mott's (1947) analysis for dynamic fracture and
fragmentation to shear banding. As Mott suggested, the velocity of the stress release wave is controlled by momentum
diffusion. The momentum diffusion results with stress relaxation between evolving shear bands and the spacing expression
is obtained by minimizing the localization time during which the shear band reaches a critical width. The spacing is then
given by

⎡
⎤1/4
9kC
L GK = 2⎢ 2 2 ⎥
⎢⎣ γ0̇ α τ0 ⎥⎦

(5)

using the same notations as above.
The predictions of these models were compared with experimental spacings in TWC tests in Meyers et al. (2003),
Xue et al. (2002, 2004), Lovinger et al. (2011), Lovinger and Partom (2009). Significant differences are found between
the predictions from the two approaches: the perturbation approach matches better the initiation stage of the shear
bands, while the model of Grady and Kipp (1987) matches better the spacing between fully developed shear bands.
The explanation for this difference is quite clear considering the derivation of the two models: the perturbation
approach searches for a basic spatial frequency at which the shear bands will initiate. On the other hand, Grady
and Kipp's approach is based on energy and momentum considerations, which are relevant to the mature stage
of the developed shear bands, with a defined width and a reduced load bearing capacity. The comparison between
the theoretical predictions and the experimental results shows the right order of magnitude agreement for both stages
of initiation and of fully developed bands. Yet, quantitative comparison is still off by a factor of 3–4. Xue et al. (2004)
addressed this gap by considering two-dimensional effects related to the interaction between shear bands, during
their evolution process. The models, based either on perturbation analyses or momentum diffusion, assume that the
thermal softening mechanism drives the material instability, accountable for the shear localization. The limited comparison
in the literature does not enable a comprehensive elucidation of what defines the spacing between shear bands, and
whether the thermal softening mechanism is in fact the dominant factor for the evolution of shear bands and their spatial
distribution.
Beyond purely mechanical considerations, such as those mentioned above, one may consider the role of the microstructure of the material (grain-size and shape), as the initial geometrical perturbation for the initiation process. Answers to
this issue are both relatively scarce and contradictory. On the one hand Xue et al. (2004) examined the influence of grainsize on the spacing in SS304L stainless steel using TWC specimens with grain sizes of 30–280 μm. They found the same
spacing for all grain-sizes, even for the maximum grain-size, which exceeded the spacing distance. On the other hand,
Bondar and Merzhievskii (2006), who examined the evolution of shear bands in TWC experiments with copper specimens
having different grain sizes, reported a strong dependence of shear band initiation and evolution on grain size. Their experimental results showed that the critical strain for localization was much smaller for the coarse-grained material in
comparison with the fine-grained one.
The measured values of the band spacing (Xue et al., 2004) and critical strains for localization (Bondar and Merzhievskii,
2006) in these two works are different, and do not enable a quantitative comparison. However, the conclusions from those
two works are contradictory and call for a re-assessment of the influence of the microstructure on shear bands spacing.
Consequently, from the above literature survey, it appears that
(1) A sufficiently large database for the spacing of ASB's is still missing.
(2) The variety of investigated materials is still somewhat limited.
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(3) A clear validation or possibly, further examination of the predictive analytical models for spacing between shear bands is
still needed.
(4) Finally, the influence of the material’s microstructure on the shear localization process remains to be elucidated.
The purpose of our work is to address these four points. The present paper is essentially experimental, introducing briefly
the experimental setup, the various investigated materials and their microstructural and mechanical characteristics. This is
followed by the experimental results about the distribution of the ASB spacing, namely their length distribution and
numbers, for seven metallic alloys. These are compared with available data in the literature and with the above-mentioned
analytical models.

2. Experimental set-up
We developed an electro-magnetic (EM) setup to provide the collapsing force on the cylindrical specimen, which was
presented in detail in Lovinger et al. (2011), and so the following is only a brief summary. The EM setup is based on a pulsed
current generator (PCG) using a 35 μF capacitor bank system. The capacitors are charged to voltages of 20–30 kV, which are
released by using an array of low inductance rail spark-gaps, allowing a fast and simultaneous discharge into the conductor
system. The currents created are of the order of 1–2 MA, with a typical rise-time of  1 μs. The conductor system is made of
two plates, each attached to an opposite pole, separated by an isolating layer. The specimen is an assembly of coaxial
cylinders: an inner Cu cylinder (inner diameter 3.1 mm, outer diameter 3.5 mm), the cylinder of the tested material (inner
diameter 3.5 mm, outer diameter 5.0 mm), an outer Cu cylinder (inner diameter 5.0 mm, outer diameter 5.5 mm), attached
to the upper conductor plate, an insulating plastic cylinder and an external cylinder made of brass (attached to the lower
conductor plate). When the voltage is discharged, a current flows on both sides of the plastic isolator: on the internal
boundary of the external cylinder and the internal boundary of the outer copper cylinder, but in opposite directions, thus
creating repulsive magnetic forces between them. The external cylinder is driven outwards by expansion and the internal
assembly of cylinders is collapsing inwards. The controllable parameters in the set-up are the charging voltage of the
capacitors, resulting in different magnetic pressures, and the specimen’s geometry, controlling the extent of collapse which
determines the stage of shear band evolution.
The main diagnostics is post-mortem: the collapsing specimens, which come to a stop at the end of the experiment, are
cut and polished to reveal the spatial distribution of shear bands and the spacing and lengths of the bands are measured. We
use a B-dot probe (Lovinger et al., 2011) to assess the time history of the current-flow, in order to calculate the magnetic
pressure. We use this also as the driving pressure in numerical simulations we are conducting to reconstruct the experimental results.
2.1. Experimental considerations on uniformity and repeatability
In order to establish the reliability of the results obtained with the experimental set-up, we carefully examined two
important issues:
(1) The lengthwise uniformity of the collapsing process.
(2) Test repeatability.
The importance of these two issues is in assuring that the measured shear band distribution is not related to the specific
cross-section we chose along the specimen to analyze the shear bands. In other words, show the universality of the results
and their repeatability with several tests.
2.1.1. Uniformity of collapse
The lengthwise uniformity of the collapse process has been demonstrated in the explosively driven experiments by
processing different cross sections cut from a single specimen and examining the number of shear bands and their spatial
distribution (Chen et al., 1999; Nesterenko and Bondar, 1994; Nesterenko et al., 1989). Despite the pronounced directionality
in these experiments, the uniformity was found to be very good, with small variance between adjacent cross sections. The
collapse of the EM driven specimens was visually very uniform. In some of the specimens, the shear bands reached the
external boundary, resulting in external “jigsaw” features (e.g in Ti6Al4V as shown later). These features were evident along
the entire length of the specimens.
Nevertheless, we closely examined a SS304L specimen, by three different cross sections along its length, comparing the
number of shear bands and their distribution in each cross section. Fig. 1 shows the comparison between these cross
sections: the shear bands are evident at the inner boundary as a “jigsaw” pattern. The number of shear bands was very close
in all three cross-sections (50–52). To compare the shear band distribution we examined the empirical cumulative distribution function (ECDF) (Lovinger et al., 2011) as a quantitative measure we chose to use. Evidently, the ECDF for the three
cross-sections compare well and are within the lower and upper boundaries of the ECDF estimation.
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Fig. 1. Uniformity of collapse in a SS304L specimen: (a) micrographs of the three cross sections and (b) shear band distribution in the three cross sections
using the ECDF measure for comparison (Lovinger et al., 2011).

Fig. 2. A demonstration of repeatability of tests on the EM set-up: two specimens of wrought Ti6Al4V having the same geometry and the same loading
conditions, showing similar behavior and number of shear bands.
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To summarize, the lengthwise uniformity of the collapsing EM driven specimens was found to be very good.
2.1.2. Repeatability
Repeatability was examined by repeating tests with the same geometry and loading conditions and was found to be very
good. An example of the quality of these repeated tests is shown in Fig. 2, for wrought Ti6Al4V specimens.
To summarize, the experimental set up was established as a controllable and repeatable technique for studying the
evolution of multiple shear bands in collapsing cylinders. This set up enables one to conduct large numbers of experiments
in a laboratory facility, with relatively low costs and high throughput of 2–3 tests a day. This is a significant improvement
compared with the explosively driven technique. We used this experimental set-up to conduct about 40 tests on various
materials to examine the evolution of spontaneous shear bands in different materials and to examine the effect of grain size
on shear band initiation, as presented next.

3. Tested materials
Using the EM set-up described above, we conducted tests on seven materials:
(1)
(2)
(3)
(4)
(5)
(6)
(7)

Stainless steel – ss304L.
Titanium (CP grade2).
Ti6Al4V – wrought material.
Ti6Al4V – fabricated by LMD (Laser metal deposition – “printed” material).
Cast aluminum alloy Al-A356.
Cast magnesium alloy Mg-AM50.
OFHC Copper – heat treated copper with variable grain size (to assess the effect of grain-size on shear band distribution).

The dynamic strength of each of the tested materials was characterized by tests on our Kolsky bar system (Split-Hopkinson pressure bar). Characteristic stress–strain curves from these tests are shown in Fig. 3. Strain rates in these tests were
3000–5000 s  1
The different tested materials cover a large span of strength and ductility. The first three materials listed above – SS304L,
CP-Ti and Ti6Al4V – were previously studied in the explosively driven experiments, and they were used to compare our
results with those reported in the literature (Xue et al., 2002, 2004; Meyers et al., 2003). The additional materials were
selected for the following reasons:
(1) LMD-Ti6Al4V – was chosen to examine the influence of microstructure and grain size, in comparison with the wrought
Ti6Al4V.
(2) OFHC Copper with different grain sizes – was chosen to systematically examine the influence of grain size, with reference to the work of Bondar and Merzhievskii (2006).
(3) MgAM50 has a similar behavior as Ti6Al4V, as both materials experience failure at low strains (  20%) in the Kolsky-bar
tests.
(4) Al-A356 was chosen as a very different material, with low tensile ductility (3.5% failure strain in tension), although in
compression it showed a very high ductility, close to that of copper as shown in Fig. 3.
1600
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Fig. 3. Dynamic compression stress–strain curves obtained from Kolsky-bar (SHPB) tests. Strain rates are 3000–5000 s  1.
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3.1. Material characterization
3.1.1. Specimen processing
Each specimen was processed through the following stages:
Microstructural characterization – A metallographic specimen was prepared to characterize the initial microstructure and
the average grain-size. Characterization was done for a non-tested machined specimen.
Sectioning – The specimen was (diamond/alumina) cut close to the mid section, to avoid edge effects. The uniform part of
collapsed specimen was estimated to be at least 20 mm long.
Polishing – The sectioned specimen was embedded in an epoxy resin and polished using a semi automatic polishing
machine following gradual the usual stages of coarse to fine grinding, using diamond fluids with 9 μm and 3 μm particles.
Final (0.04 μm) polish was achieved using a colloidal silica suspension, which also causes initial specimen etching as well.
Etching – Specific etching reagents were used for each material: Kalling's #2 for SS304L, Kroll’s solution for CP-Ti and
Ti6Al4V, 10% NHO3 for OFHC Cu. For the cast Mg-AM50 and Al-A356, the etching achieved from the colloidal solution was
sufficient to reveal their microstructure.
Analysis – Optical microscopy (Nikon L-150) was used with a high-resolution camera. Full frame pictures of the specimen
were obtained by stitching 10–12 pictures taken at a magnification of 100x.
3.1.2. Results of microstructural characterization
The polished and etched specimens reveal the multiple shear bands’ pattern at different stages of collapse. For each
specimen we characterized the following parameters:

 Final dimensions – We measured the dimensions of the collapsed cylinders with an optical microscope. These measurements determined the final effective strain reached in the experiment.

 Number and length of shear bands – Counting all shear bands of all lengths.
 Shear band distribution – We created a high-resolution picture and mapped the shear bands, resulting in the distribution of band



lengths as a function of the polar position (as in Xue et al. (2004, 2002), Meyers et al. (2003)). For a quantitative description of
shear band distribution, a probabilistic measure is needed, which highlights the statistical character of shear bands’ occurence
at each point in both directions of maximum shear stress, 745°. After examining several probability functions, we adopted an
empirical cumulative distribution function (ECDF) (Lovinger et al., 2011). The ECDF does not follow a particular parametric form
of a probability function, but produces a non-parametric density estimate that adapts itself to the data. The stair-step function
simply assigns a probabiliy of 1/n to each of the n observations in a sample. We use Greenwood's formula (Cox and Oakes, 1984)
for calculating lower and upper confidence bounds for the calculated ECDF.
Average spacing between shear bands – As will be further discussed, we found that the number of shear bands remained
constant during the collapse process, thus, new shear bands do not initiate during the later stages. The significant value
of spacing will be that at the initiation stage, referring to one of the basic questions of this research, namely what defines
the spacing between shear bands for different materials.

As we examined specimens at different stages of collapse, the spacing between shear bands changed (became smaller)
with the extent of collapse. Thus, we worked out a way to normalize the results. Clearly, the spacing should be obtained by

Spacing =

2πR*
NSB

(6)

where Rn is the inner radius of the cylinder upon band initiation and NSB is the total number of shear bands. The radius upon
initiation is calculated through the definition of the equivalent failure strain:

εpeff =

2
2
R*
ln
εrr =
= εf
R0
3
3

(7)

where εf is the equivalent failure strain, εpeff is the equivalent plastic strain, εrr is the radial strain, R0 and Rn are the inner
boundary radii at the initial stage and at shear band initiation, respectively. The failure strain at which initiation occurs is
calculated from our calibrated failure criterion for shear band formation. We are using a strain energy density criterion
which incorporates the physics of a process leading to shear band initiation and evolution rather than a threshold criterion
like a value of strain. We define W as the strain energy density:

W=

1
ρ

∫ε

ε2

σdεp

(8)

1

where s is the equivalent stress, εp is the effective plastic strain and ρ is the material density. We define a damage parameter
0 ≤ D ≤ 1 evolving by

D=

W − Wi
Wf − Wi

Wi < W < Wf

(9)
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where Wi is the strain energy density until the onset of shear initiation and Wf is the strain energy density at full localization
when the flow stress in the band decreases to zero. D is used to decrease the flow stress, Y, through

Y = Y0⋅(1 − D) = Y0

Wf − W
Wf − Wi

(10)

where Y0 is the initial flow stress of the material. We used this model in our numerical simulations and calibrated it for all of
the materials we tested.. This model was used successfully also in the recent work of Dolinski et al. (2010) for reproducing
shear bands in scenarios of forced shear localization.
We calculated the initial strain (εf) from the calibrated Wi parameter, integrating the stress–strain curves which appear
in Fig. 3:

1
ρ

∫0

Wi*ρ =

∫0

Wi =

εcr

εf

σdε
σdε ⇒ εf

(11)
n

With the determined failure strain, we then calculate R , using Eq. (7) and then the spacing is determined using Eq. (6).
However, as will be shown in the summary of the results (Table 3), the calculated spacing is not very sensitive to the exact
value of the failure strain.
At this stage, we should note two remarks:

 The definition of the effective plastic strain in Eq. (7) is derived under simplified assumptions of material in-



compressibility to provide a simple measure for the average strain in the tests, as well as for comparison between
different specimens. As pressures are not very high in the specimens (calculated by numerical simulations, not presented
in the scope of this paper), the assumption of incompressibility is expected to be not very far from the actual value of the
effective plastic strain. Yet, this definition of strain is different from the effective plastic strain calculated further in the
numerical code, where compressible flow is taken into account.
This definition of spacing is different from that used in the literature, e.g. Xue et al., (2004). In references Xue et al. (2004,
2002), Meyers et al. (2003), an extra factor of √2 multiplies Eq. (6), as a geometrical factor, referring to the 45 degree
shear band direction of propagation. We found this factor to be superfluous at the initiation stage, when shear bands just
initiate on the inner boundary (when the spacing is to be defined), and they are still radially oriented.

4. Experimental results
The experimental results are presented in this section for the seven materials tested in this work. A detailed analysis
following the above explained characterization is presented in detail for one material, SS304L, while for the others, the
results are given in a shortened version, mainly focusing on the measured spacing and number of shear bands and special
observed additional features of relevance to this work.
4.1. Results for SS304L
The material was annealed, with an average grain size of  100 μm and apparent twins, shown in Fig. 4. Dynamic
strength was measured using the Kolsky-bar test (Fig. 3).
The results of two out of the seven tested specimens are shown in Fig. 5. On the polished specimens before etching, the
inner copper cylinder and remains of the outer copper cylinder are evident. Joule heating of the outer copper cylinder causes
melting of the external side of the cylinder, and in most of the specimens, only small melted remains are found on the
collapsed specimen (see Fig. 5c). The current flows through the outer surface of the external Cu cylinder and the specimen is
heated only by conduction from the external copper. As the overall time of collapse, calculated by simulations is about 8
μsec, the specimen is not significantly heated over this short duration, having a negligible effect on the formation of the
shear bands.
The inner copper stopper was recovered with a hole at its center, as seen in Fig. 5a and c. After measuring the collapsed
dimensions and calculating the materials’ volumes we found that the copper came to a full collapse into the center, and the
observed hole in the center was created by a hot jet which formed when the copper collapsed upon itself. Evidence of the
copper jets was found also on a witness plate, placed perpendicular to the cylinders’ axis and in Fig. 5a and c the solidified
melted copper is evident around the hole.
Fig. 5b and d are the etched cross sections which reveal all of the shear bands in the specimens, while before etching
(Fig. 5a and c), only shear bands which opened to cracks are evident. The average effective plastic strain of the specimens
was calculated using Eq. (8). For each specimen, the number of shear bands at all lengths was counted. These are detailed in
Table 1.
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Fig. 4. SS304L: original microstructure.

250 µm

remains of melted outer
copper cylinder

250 µ m

Fig. 5. Collapsed SS304L specimens: SS304L#1 (εAvg ¼0.66): (a) polished, (b) etched, SS304L#2 (εAvg ¼0.80): (c) polished, and (d) etched.

The number of shear bands in all of the specimens, at different stages of collapse, with average plastic strains of 0.37-0.80, is
practically the same. This significant finding shows that the number of shear bands remains constant from the stage of
SS3
initiation during all stages of collapse. The average number of shear bands in the SS304L specimens was NSB °4L ¼52.
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Table 1
Results for collapsed SS304L specimens.
Specimen
number

1
2
3
4
5
6
7a

a

D0 – Initial inner diam
[mm]

Df – Final inner diam
[mm]

Average effective plastic
strain2/
√3 ln(D0/Df)

Number of
shear
bands

3.5
3.5
3.5
3.5
3.5
3.5
3.5

1.98
1.76
2.34
2.33
2.53
2.44
1.83–
1.90

0.66
0.80
0.46
0.47
0.37
0.42
0.71–0.75

52
52
52
53
51
52
50–52



Specimen #7 was examined at 3 different sections, thus the span of values.

The spacing is then calculated, referred to an average failure strain of 0.45 (calculated from the calibrated failure criterion
we are using, as explained above). We calculate the radius at failure using Eq. (7), and then the spacing using Eq. (6):
SpacingSS3°4L ¼0.143mm70.01mm
We should point out that specimens #5 and #6, at an early stage of initiation, reach calculated average strains of 0.37 and 0.42,
respectively, which are lower than the value we assigned to the failure strain (0.45). We explain this result by the difference
between the average strain defined by a convenient approximation of an incompressible thin walled cylinder (Eq. (7)), and the insitu strains which are highest at the inner boundary when calculating the strains in the in-fact thick-walled cylinder. For an average
failure strain of 0.37, the strains at the inner boundary, where the shear bands initiate, already reach the calculated failure strain of
0.45. Moreover, we show later, in Table 3, that the calculated spacing is not very sensitive to the exact failure strain.
The distributions of the shear band lengths, for the two specimens are presented in Fig. 6. A shielding effect is noticed in
the specimens: areas adjacent to the well developed shear bands are characterized by much shorter shear bands, since they
develop within stress-relieved regions, where their propagation is slowed down or even completely arrested.
The ECDF for each of the specimens with the upper and lower confidence boundaries (UCB and LCB, respectively) are shown in
Fig. 6e and f. The ECDF shows the typical distribution of shear band lengths in a collapsing cylinder: Many of the shear bands are
small because they come to an early stop, due to the shielding effect. For both specimens one can see that about 70% of the shear
bands have lengths smaller than 0.2 mm which are the “shielded” shear bands. In specimen SS304L#2, a single shear band, which
propagated through the entire wall-thickness, is noticeable. We assume that this can occur in cases where a point disturbance,
caused by the machining process, results in a stress concentration leading to a much earlier initiation of shear.
The ECDF is used to compare experimental results with simulations, or between different simulation results, as shown
in Espinosa and Gailly (2001).
4.2. Results for pure titanium
The material was annealed. The original microstructure before deformation had an average grain size of 150 μm, with
no twins apparent.
The results of two specimens after etching are shown in Fig. 7. A smaller number of shear bands was found in these
specimens in comparison with the SS304L specimens.
Ti
The average number of shear bands in the CP-Ti specimens was NSB ¼31.5.
The spacing is calculated, referring to a failure strain of 0.50:
SpacingTi ¼0.205 mm70.01 mm.
Profuse twinning was observed, as shown in Fig. 8.
4.3. Opening of cracks in the evolved shear bands
An interesting result in the pure Titanium specimens relates to the mechanism of crack opening on evolved shear bands. We
found clear evidence that the opening of cracks occurs through a mechanism of growth and coalescence of voids. In Fig. 9, a very
fine, recrystallized structure is evident in the shear band, inside which one observes elongated voids which are close to each other.
This observation corresponds to pore opening within the SB, where the material experiences high temperatures and very low
strength (close to melting). Under these conditions, and reverberations of weak tension waves (rarefaction waves emanating from
the free boundaries), pores can open and eventually coalesce to a continuous crack, as seen in Fig. 9b. The shape of the elongated
voids indicates that they grow under shear stresses. This phenomenon was reported in several works in the literature for Titanium,
Ti6Al4V, steel 4340 and U-2Mo (Giovanola, 1988a, 1988b; Grebe et al., 1985; Me-Bar and Shechtman, 1983; Rogers, 1979; Dodd and
Atkins, 1983), including numerical simulations by Teng et al. (2007). This phenomenon was not observed in the other materials
which we studied, and it certainly needs further investigation.

144

Z. Lovinger et al. / J. Mech. Phys. Solids 79 (2015) 134–156

2000

SS304L#1

SS304L#2
1500

1500
1000

1000

500

500

0

0

-500

-500

-1000

-1000

-1500

-1500

-2000

-2000
-2000

-1000

0

1000

2000

-2000

-1000

[µm]

Length of Shear Band [mm]

Length of Shear Band [mm]

1000

2000

1.5

1.5

1

0.5

0

0

[µm]

0

100

200

300

1

0.5

0

400

0

100

Angle [deg]

200

300

400

Angle [deg]

1

1
ecdf

ecdf

UCB

UCB

LCB

0.8

LCB

0.8

0.6

CDF

CDF

0.6

0.4

0.4

0.2

0.2

0

0

0.1

0.2

0.3

0.4

0.5

SB length[mm]

0.6

0.7

0.8

0

0

0.5

1

1.5

SB length[mm]

Fig. 6. Shear band distribution in specimen SS304L#1, SS304L#2 (a) and (b) specimen sketch using image procedure; (c) and (d) SB length distribution;
(e) and (f) calculated ECDF (UCB and LCB are the upper and lower confidence boundaries).

4.4. Results for wrought Ti6Al4V
We used an annealed material, for which the original microstructure before deformation had an average grain size of
 1–2 μm. The results of three specimens, after etching are shown in Fig. 10. The shear bands in Ti6Al4V apparently occur at
a very early stage, as expected from the stress–strain curves of Ti6Al4V in the Kolsky-bar tests. In order to reach the stage of
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Fig. 7. Collapsed titanium specimens (after etch): (a) Ti#1 (εAvg ¼ 0.85) and (b) Ti#2 (εAvg ¼ 0.46).

Fig. 8. Extensive twinning is collapsed titanium specimen Ti#1.

band initiation, only a minor collapse is needed, with relatively low magnetic pressures. The inner copper cylinder at this
stage did not fully collapse and was found separated from the specimen. At higher driving pressures, the shear bands which
evolve at an early stage, traverse the specimen's thickness dimension, separating the cylinder into fragments. These collapse
on onto the other, without experiencing additional plastic strains.
The calculated average plastic strain of specimen Ti6Al4V#2 (Eq. (7)) was 0.23. For the sheared-through specimens, the
average effective plastic strain could not be defined as the final geometry is a result of the rigid body motions of the
fragments.
Ti6Al4V
The average number of shear bands in the wrought Ti6Al4V specimens was NSB
¼20. The spacing is then calculated,
referred to a failure strain of 0.2:
SpacingTi6Al4V ¼ 0.46 mm70.02 mm.
The number of shear bands in Ti6Al4V was much lower than in all the other materials. The combination of an early
initiation stage with the small number of shear bands results in a large spacing, in comparison with CP-Ti or SS304L.
4.5. Results for LMD-fabricated Ti6Al4V
The Ti6Al4V produced by Laser Metal Deposition (LMD) was chosen to examine the effect of the microstructure on the
initiation of shear bands. This technology “prints” the material in layers of 30 μm: A layer of Ti6Al4V powder is placed on a
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50µm

50µm
Fig. 9. Crack opening within shear bands through void growth and coalescence: (a) void growth in a shear band and (b) a continuous crack as a result as
void coalescence.

working plane and then melted by the heat of a laser which tracks the pre-programmed geometry of the prescribed layer.
For our specimens we manufactured rods of 10 mm in diameter, which were machined into cylindrical specimens. After the
LMD process, the rods were heat treated for 4 h at 700 C°.
The microstructure had an average grain size of  100 μm, which is much larger than the 1–2 μm grain size of the wrought
material. The dynamic stress–strain curve, measured by the Kolsky-bar configuration (Fig. 3), showed two main differences in
comparison with that measured for the wrought material: (1) a slightly higher strength of about 5%, and (2) the absence of strain
hardening. On the other hand, no significant change in the failure-strain was measured (about 0.2 for both materials).
Pictures of etched specimens Ti6Al4V-LMD#1 and Ti6Al4V-LMD#2 are shown in Fig. 11. Similar results were also obtained in the wrought material at different extents of the collapse. We managed to conduct the weak collapse experiment
(specimen #1) at an even earlier stage with average strain of only 0.1.
Ti6Al4V-LMD
The average number of shear bands in the Ti6Al4V-LMD specimens was NSB
¼21.The spacing is calculated, with a
failure strain of 0.2, resulting in
SpacingTi6Al4V-LMD ¼0.43 mm70.02 mm
As discussed above, the difference between the average and local strain explains the difference between the definition of the
average value of the plastic strain (0.1), defined for the Ti6Al4V-LMD#1 specimen, and the 0.2 failure strain we used to calculate
shear band initiation at the inner boundary. The shear band evolution in the Ti6Al4V-LMD specimens was found to be similar, at
the low and high plastic strains, to that of the wrought material despite the significant differences in microstructure and grain size.
We further compared the shear band patterns to the results obtained for hot isostatically pressed (HIPed) Ti6Al4V by Gu and
Nesterenko (2007). The collapsed TWC of the HIPed material demonstrated a different behavior, with a better volume distributed
deformation pattern, what seems as a more ductile behavior. We believe this to be a result of different micro deformation mechanism in the HIPed material, also indicated by the additional differences in the shear band patterns such as multiple bifurcations
of the major shear bands, which were not evident in any of materials we examined.
4.6. Results for Mg-AM50
The Mg-AM50 alloy was expected to behave in a similar manner to the Ti6Al4V alloy, with a small initiation strain and a
large spacing between shear bands. This assumption was based on the fact that in the Kolsky-bar tests (Rittel and Wang,
2008), both materials fail at low strains of 0.17–0.25.
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Fig. 10. Collapsed wrought Ti6Al4V specimens (after etch): (a) Ti6Al4V#2 (εAvg ¼0.23); (b) Ti6Al4V#4; and (c) Ti6Al4V#5.

The magnesium alloy Mg-AM50 is a cast material with 95% Mg,  5% Aluminum and small quantities of Mn and Zn. The
original microstructure before deformation had an average grain size of  10 μm.
Pictures of specimens MgAM50#1 and MgAM50#2, with corresponding average effective plastic strains of 0.31 and 0.42,
are shown in Fig. 12. Surprisingly, the behavior was very different than that of Ti6Al4V, and closer to a more “ductile”
behavior such as that of the CP-Ti: A large number of shear bands evolved with a relatively homogeneous distribution, and
no shear bands reached the external boundary of the specimen.
Mg
The average number of shear bands in the Mg-AM50 specimens was NSB ¼35.The spacing is calculated, with a failure
strain of 0.3. This failure strain, calculated from the energy failure criterion, was larger than what has been reported for this
material in Kolsky-bar tests (  0.2, Rittel and Wang, 2008). We believe the higher failure strain in the TWC tests is due to the
pressure dependence of the failure strain in Magnesium, as reported in Hanina et al. (2007). The calculated spacing for MgAM50 was: SpacingMg ¼0.24 mm 70.01 mm.
4.7. Results for Al-A356
Aluminum Al356 is a sand-cast aluminum alloy with 90% Aluminum and 7% Silicon with small quantities of Fe, Cu, Ti and
Zn. The Al-A356 is rather brittle in tension (failure strain of 0.035), but was found to be very ductile under compression in
the Kosky bar tests (Fig. 3). Clearly, this material did not fail even compressed to plastic strains of  1.2.We used a sand-cast
aluminum with a T6 heat treatment.
We conducted a single test on this material, finding only 2 shear bands initiating at 0.7 average plastic strain reached in
the test (Fig. 13). The silicon phase, shown as gray needles, is aligned along the trace of plastic flow and a significant radial
alignment is noticeable. Basically, no shear bands evolved for this material up to the average strain of 0.7.
4.8. OFHC copper
OFHC copper specimens were used in order to examine grain size effect on the shear band distribution. As explained in
the introduction, the two materials for which grain size effect was examined so far were SS304L (Xue et al., 2004) and OFHC
copper (Bondar and Merzhievskii, 2006). We chose to examine OFHC copper in our research for the following reasons:
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250µm

1mm
Fig. 11. Collapsed Ti6Al4V-LMD specimens (after etch): (a) Ti6Al4V-LMD#1 (εAvg ¼0.10) and (b) Ti6Al4V-LMD#2.

(1) Copper was reported in Bondar and Merzhievskii (2006) to have a significant grain size effect on the formation of ASBs,
even at relatively low strains.
(2) Copper has a very small Hall–Petch effect (Bondar and Merzhievskii, 2006). The work done on SS304L (Grady and Kipp,
1987) showed no grain size effect, but had a significant Hall–Petch effect resulting in differences in the yield strength,
which may have a “balancing” effect when combined with the change of grain size. Copper, on the other hand, has a
negligible Hall–Petch effect, which enables a more unequivocal assessment of the grain size effect, if any.
The original material was a 50 mm diameter rod with an initial grain size of 150 μm. We used ECAP (Equal channel
angular pressing) to breakdown the material grain size to an average size of 20 μm. The ECAP’ed rods were then wire-cut to
9 mm diameter rods. The small rods were heat treated in order to obtain different grain sizes and then machined to the
cylindrical specimens' final dimensions.
Different grain sizes were obtained by applying the following heat treatments:
Heat treatment

Average grain-size

Cu-I

500 C°@6 h

20 μm

Cu-II

600 C°@3 h

Cu-III

800 C°@1 h

Cu-IV

900 C°@1/2 h

100 μm

200 μm

300 μm

The influence of grain size on shear band initiation was examined in Bondar and Merzhievskii (2006) for “small grain”
(  30–50 mm) and “large grain” (150–200 mm) copper. A pronounced difference between the two materials was observed:
the small grain copper showed no shear bands whereas the large grain copper did, at a relatively low plastic strain of 0.26.
The four classes of grain-size obtained in our work were meant to widen the span of grain size in order to refine and better
understand the results and conclusions in Bondar and Merzhievskii (2006).
We conducted Kosky-bar tests to compare the dynamic strength of the different coppers, presented in Fig. 14. The results
show very similar stress strain curves for all specimens (the differences are within the experimental errors), confirming a
lack of significant Hall–Petch effect for the selected grain sizes.
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250 µm

1mm
Fig. 12. Collapsed Mg-AM50 specimens (after etch): (a) MgAM50#1 (εAvg ¼ 0.31) and (b) MgAM50#2 (εAvg ¼0.42).

Shear band initiation

100µm
Fig. 13. Collapsed Al-A356 specimen Al-A356#1.

Pictures of collapsed copper specimens with different grain sizes, after etching, are shown in Fig. 15. The geometrical
properties of the different specimens we examined are presented in Table 2.
No shear bands were found in all of the specimens. Since this result contradicts reported results in the literature, we
further examined the copper specimens using SEM (scanning electron microscopy). We identified 3–4 faint shear band
initiations in each of the specimens, about 10 μm long (see Fig. 16). These initiations were mostly grouped at one site and
did not show a collective behavior as seen in other materials, thus we did not consider this finding as a definite evidence for
shear banding, rather, it is a local behavior, due to a local machining flaw.
A recrystallized layer (100–150 μm) was evident at the inner boundary of the collapsed specimen (Fig. 16). This layer was
ruled out to be a result only from the machining of the specimen, as its thickness was measured on the initial geometry to be
much smaller, about 20 μm.
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Fig. 14. Stress strain curves for copper with different grain sizes (strain rate  3000–4000 [1/s]).

Profuse twinning is evident at the inner boundary, following the recrystallized layer. It can be surmised that the recrystallized layer and intense twinning might be joint mechanisms holding back the shear localization, as will be discussed
later.
For the coarse grain sizes of 200 μm and 300;μm, the inner boundary of the specimen is distorted due to the limited
deformation/rotation of the large grains (like the “orange peel” surface texture in tension tests of coarse grained materials
(Rittel et al., 1991)).
4.9. Summary of the results
The measured number of shear bands and spacing for all tested materials are summarized in Table 3. The spacing was
estimated by using the compression failure strain, as calculated from the energy criterion, presented above. Nevertheless,
we include a large span of 70.05 as an error bar, which in turn induces a very small change in the spacing values of
70.01 mm for most materials, and 70.02 mm for the Ti6Al4V spacing.

5. Discussion
From the above experimental results, two main issues can now be addressed, namely:
(1) How do the present results compare with those of the larger specimens tested in the explosively driven thick wall
cylinder (ED-TWC) experiments, which were reported in Xue et al. (2004, 2002), Meyers et al. (2003).
(2) How do the present results compare with the theoretical approaches predicting the shear band spacing for different
materials.

5.1. Comparison with ED-TWC experiment
The geometry of the specimens tested in this research is scaled down by a factor of 4 in comparison with the geometry
tested in the explosively driven experiments of Xue et al. (2004, 2002), Meyers et al. (2003). Also, as noted above, we
defined the spacing differently than in those references, so for comparison we calculated the spacing in the ED-TWC specimens using our definition, namely dividing the corresponding radii upon initiation by the number of shear bands. This
way, we can compare our results for SS304L, CP-Ti and Ti6Al4V, as summarized in Table 4.
As is clearly seen, our results are in good agreement with those of Xue et al. (2004, 2002), Meyers et al. (2003), with
differences of only 10–20%, despite the large scale-factor of the specimens.
The slightly larger spacing in the explosively driven tests could be possibly explained by the smaller strain rate in ED
tests, as compared to EM experiments (  6-8  104 s  1 vs. 2–3  105 s  1, respectively).
It can be concluded from this comparison that the spacing between shear bands does not depend on geometrical dimensions of the specimen (e.g. radius, wall thickness) but rather on material properties.
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Fig. 15. Copper specimens before and after collapse: (a) 20 um; (b) 100 um; -/ti–4 (c) 200 um; and (d) 300 um.
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Table 2
Results of collapsed copper specimens.

Cu_I_1
Cu_I_2
Cu_II_1
Cu_III_1
Cu_III_2
Cu_IV_1

D0 – Initial
inner diam
[mm]

Df – Final
inner
diam
[mm]

Effective plastic strain2/
√3 ln(D0/Df)

Number of
shear bands

3.3
3.3
3.3
3.3
3.3
3.3

1.95
1.58
1.77
1.83
1.58
1.81

0.61
0.85
0.72
0.68
0.85
0.70








250µm



250um

Fig. 16. Microstructure examination in specimen Cu-IV-1: (a) profuse twinning and recrystallized inner layer and (b) SEM figure showing one of three
eventual faint shear band initiations.
Table 3
Results summary for all tested materials.
Material

Grain size [μm]

Average number of shear bands

Compression failure
strain

Spacing [mm]

CP-Ti
Ti6Al4V wrought
Ti6Al4V LMD
ss304L
Mg-AM50
Al-A356
Cu-I
Cu-II
Cu-III
Cu-IV

150
2
100
100
10
100
20
100
200
300

32
20
21
52
35
No
No
No
No
No

0.50 (0.45–0.55)
0.20 (0.15–0.25)
0.20 (0.15–0.25)
0.45 (0.40–0.50)
0.30 (0.25–0.35)
40.70
40.85
40. 85
40. 85
40. 85

0.205 (0.2–0.22)
0.46 (0.44–0.48)
0.43 (0.42–0.46)
0.14 (0.13–0.15)
0.24 (0.23–0.25)
–
–
–
–
–

SB
SB
SB
SB
SB

5.2. Comparison with theoretical spacing models
As mentioned earlier, the three main models for spacing are those of Wright and Okendon (1996), Molinari (1997) and
Grady and Kipp (1987). The published experimental results in the literature are compared with these models, and we
examine here their ability to predict the spacing between shear bands for a wide variety of materials. The models of Wright
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Table 4
Comparison of shear bands' spacing between the EM and explosively driven TWC tests.
Material

Electro-magnetically driven
TWC-tests (this work) [mm]a

Explosively-driven
TWC tests [mm]a

Ti
Ti6Al4V
SS304L

0.20–0.22
0.44–0.48
0.13–0.15

0.24–0.25
0.53–0.58
0.11–0.17b

a

Spacing evaluation was calculated with the range of failure strains given in Table 3.
For the ED SS304L specimens the number of shear bands had a large span (192–272),
thus the large range of spacing.
b

and Ockendon and of Molinari refer to the initiation stage, thus we can compare our results to their predictions. However,
since the model of Grady and Kipp aconsiders well developed shear bands, it is of a lesser relevance here. The expressions
derived by Wright and Okendon (1996) and Molinari (1997) are shown in Eqs. (2) and (4).
The data used for our calculations are listed in Table 5, and the calculated spacings are given in Table 6. The strain rates in
our tests were taken from the numerical simulations, and we used here an average value of γ ̇ ¼ 2  105 s  1.
From the comparison between the calculated and the experimental spacings, one can draw the following conclusions:
(1) The theoretical expressions do not match the experimental results, as far as the spacings are considered.
(2) The high strain rate in our tests has a pronounced effect on the calculated spacing values. While for the explosively
driven tests, the spacing values for CP-Ti and SS304L Xue et al. (2004, 2002), Meyers et al. (2003) showed a limited
match with the models, the current higher strain rate (by a factor of 5) results in much smaller spacing values, for which
the matching is lost. The strain rate effect seems to override all other differences in the coefficients, according to a
variety of values reported in the literature.
(3) The models predict small differences in the spacing of CP-Ti and Ti6Al4V, as found also in the work of Xue et al. (2004).
Yet, our experimental results show a factor of 2–3 between the two materials.
(4) The models predict spacing values for aluminum and copper, which do not agree with our experimental results, in
which shear bands did not evolve.

At this stage, the observed discrepancy between theoretical predictions and measured spacing values can be tentatively
attributed to two reasons:
(1) The first reason is that the analytical models lack an accurate physical input of the mechanisms driving the formation of
shear bands.
(2) One possibility can be that the assumed dominance of thermal softening effects for shear band initiation, as the basis of
these models, should be modified to include other physical causes for material softening, as suggested in Osovski et al.
(2012), Rittel et al. (2008).

It should be noted that in recent publications examining the collapse of thick walled Ni-Al laminated cylinders (Chiu
et al., 2013; Olney et al., 2014, 2015), self-organized patterns of localized deformation were demonstrated, with no relation
to shear band evolution. The mesostructure of the Ni–Al laminated cylinders had a significant influence on the mechanism
of instability. Examining this result points out the mesostructure of the material as an additional factor aside than material
properties to be considered, when searching how to explain the number of shear bands and their spacing in collapsing thick
walled cylinders.

Table 5
Material properties for spacing calculation by Eqs. (2)–(5).
Static shear strength, τ0
[MPa]
CP-Ti
300
SS304L
300
Ti6Al4V
400
Cu
100
Mg-AM50 125
Al-A356
150

Heat conduction, k [J/s
m K°]

Heat capacity, c [J/
kg K0]

Thermal expansion coeff., a Strain rate hardening coeff.,
m [–]
[K0 ]-1

20
16.2
5.8
400
100
200

530
500
530
383
1020
900

6.2e  4
4.5e  4
6.2e  4
3.8e  4
5.1e  4
6.2e  4

0.012
0.05
0.035
0.025
0.025
0.015
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Table 6
Spacing calculation by Eqs. (2) and (4).
Material

Model

Calculated [mm]

Measured
[mm]

CP-Ti

WO
Molinari

0.075
0.07

0.205

Ti6Al4V
(Wrought)

WO
Molinari

0.11
0.10

0.46

Ti6Al4V (LMD)

WO
Molinari

0.11
0.10

0.43

ss304L

WO
Molinari

0.24
0.22

0.14

Mg-AM50

WO
Molinari

0.31
0.29

0.24

Al-A356

WO
Molinari

0.21
0.19

– (4 0.70)

OFHC- Cu

WO
Molinari

0.42
0.39

– (4 0.85)

5.3. Grain-size effect
One of the goals of this research was to examine the influence of grain size on shear band initiation. The present results
clearly show that the grain size has no effect on shear band initiation, and that grain boundaries do not play a significant role
as initiation sites. This claim is supported by the following results:
(1) For OFHC-Cu specimens with various grain sizes (20–300 μm), we found only faint signs of SB initiation, irrespective of
the grain size. This result is in contrast with the work of Bondar and Merzhievskii (2006), although the evidence of shear
bands in this work is questionable.
(2) We examined Ti6Al4V with two radically different microstructures.Yet, the measured spacings between shear bands
were practically the same for the two materials.
(3) Finally, for both CP-Ti and Ti6Al4V specimens, evidence of transgranular shear bands was found (Fig. 17).

6. Summary and conclusions
This work represents the first large scale study on spontaneous nucleation of adiabatic shear bands in various materials,
to the best of the authors’ knowledge. The outcome of this study is the generation of several physical observations that can
serve as a basis for future analytical models on this shear instability mechanism. We would like to emphasize the following
points. First, the shear band spacing is not characterized by a geometrical scale of the specimen size (e.g radius, wall

Fig. 17. Grain crossing evolution of shear bands in (a) Ti6Al4V-LMD#1 and (b) CP-Ti #1 specimens.
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thickness) but rather by material properties. This confirms the character of spontaneous adiabatic shearing as a material
rather than structural instability, when the two are generally hard to differentiate.
The next point is that the shear band spacing is not related to or dictated by the microstructure of the material (e.g. grain
size). This observation strengthens a continuum type of approach for modeling, in which subtle microstructural details need
not be taken into account, at least for engineering predictions.
Finally, the present study offers a wide experimental database which allows comparison with analytical expressions
describing the shear band spacing. We showed that the analytical models examined here, do not adequately predict the
measured spacings. The strong influence of the material’s strain-rate sensitivity, which is outlined as a dominant factor in
the theoretical predictions, was not found in the experimental data of the explosively and EM driven tests. It was suggested
that the limited ability of the theoretical 1D models (W&O, Molinari) to predict spacing in the experiments seems to
strengthen the notion that thermal softening is not the dominant factor responsible for the onset of localization. This point
is currently examined through numerical simulations indicating micro deformation mechanisms are a dominant factor
controlling the multiple shear band patterns.
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