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Abstract

A new experimental technique is presented that allows for the recovery of a sample that has been subjected to a
single well-characterized high-rate shear loading and a single well-characterized longitudinal pulse within a pressure-

shear plate impact con®guration. Pressure-shear plate impact experiments are traditionally used to investigate the
behavior of materials under conditions of very high rate (105±106 sÿ1) simple shearing under high hydrostatic
pressures. The new techniqueÐknown as High-Strain-Rate Pressure-Shear Recovery or HSRPSRÐis valuable for

the investigation of microstructural in¯uences on the plastic ¯ow of materials under these conditions. Several
successful experiments have been performed at strain rates of 105 sÿ1 using the HSRPSR technique. The recovered
specimens are compared with specimens obtained after deformation within conventional pressure-shear plate impact

experiments. As an example of the utility of this recovery technique, the paper presents the microstructural
characterization of specimens of a-titanium after deformation at strain rates of 105 sÿ1 and under superimposed
hydrostatic pressures of several GPa. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction and background

A number of experimental approaches have been developed for investigation of the high-strain-rate
behavior of materials. These include the compression Kolsky bar or split-Hopkinson pressure bar
(Kolsky, 1949), and modi®cations of the latter technique known as the torsion Kolsky bar (Du�y et al.,
1971) and the tension Kolsky bar (e.g. Chichili and Ramesh, 1995) which allow the development of
other stress states. The strain rate range attainable with Kolsky bars is 102±104 sÿ1. The technique most
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commonly used for obtaining stress-strain curves at higher strain rates is the high-strain-rate pressure-
shear (HSRPS) plate impact technique (Clifton and Klopp, 1985; Yadav and Ramesh, 1995) which can
develop shear rates of 104±106 sÿ1 under superimposed compressive stresses of several GPa. When these
techniques are combined with the more traditional servohydraulic testing approaches at lower (10ÿ6

±100 sÿ1) strain rates a complete description of the rate-dependent mechanical response of a material
becomes possible (Yadav et al., 1995; Chichili et al., 1997).

Through such approaches, a large number of materials (especially metals) have been shown to develop
substantially higher ¯ow stresses at high rate of deformation. A fundamental understanding of this
material behavior at high strain rates requires an understanding of the microscopic mechanisms that are
active during dynamic deformations, and consequently of the evolution of microstructure with loading.
An understanding of these mechanisms would allow for the design of materials with the desired
behavior at high strain rates (high strain rates are developed within a number of manufacturing and
machining processes, and in armor/anti-armor interactions). However, characterizing the evolution of
microstructure at high strain rates requires a di�erent experimental capability, that of recovering
specimens of the material after they have been subjected to a well-characterized high-rate loading. Thus,
controlled dynamic experiments (also called dynamic recovery experiments) are essential for
understanding the evolution of microstructure with the loading history. Various methods have been
developed to recover samples in the compression Kolsky bar (da Silva and Ramesh, 1997; Nemat-
Nasser et al., 1991). Microstructural characterization of specimens recovered using these techniques, in
conjunction with specimens recovered from servohydraulic testing at lower rates, has led to substantial
improvement in understanding of material behavior at rates as high as 104 sÿ1 (Chichili et al., 1997;
Follansbee and Gray, 1989). However, an equivalent high-strain-rate recovery capability has not been
available, until now, at strain rates above 104 sÿ1. Since the strongest rate sensitivity of materials is
often observed at these higher rates, this lack of capability has constrained the development of rational
mechanism-based models for the high-strain-rate behavior of materials.

Models for the rate-dependent inelastic deformation of solids (e.g. the Johnson-Cook model) often
represent empirical ®ts to data and are not related to the evolving microstructure. Such empirical
models are unable to capture second derivatives, such as the dependence of the strain hardening on
strain rate, and are unable to account for evolving microstructural e�ects such as the in¯uence of prior
loading (at a di�erent strain rate or temperature) on the current strength. A number of more recent
models attempt to incorporate microstructural information into the constitutive description by choosing
functional forms that correspond to speci®c microscopic deformation mechanisms (Mecking and Kocks,
1981; Zerilli and Armstrong, 1987). Current versions of all of these models are typically unable to
capture the very high rate (>104 sÿ1) response of materials because of an insu�cient understanding of
the microstructural mechanisms active at these very high strain rates. The ability to recover and then
characterize the microstructure of specimens that have been subjected to controlled deformations at very
high strain rates (>104 sÿ1) is therefore of great interest.

The high-strain-rate pressure-shear (HSRPS) plate impact technique (Clifton and Klopp, 1985; Yadav
and Ramesh, 1995) is able to develop very high shear rates (104±106 sÿ1). However, accurate correlation
of the micromechanisms of deformation with the recorded loading history is not possible in these
experiments because the specimen experiences repeated passages of the longitudinal and transverse
pulses due to re¯ections from the ¯yer and anvil plate surfaces. In addition, the specimen may be
severely damaged in the high energy collision between the projectile and catcher. It is therefore necessary
to modify this technique to enable recovery.

A recovery technique for normal plate impact was developed by Kumar and Clifton (1979) for the
study of dislocation mobility in lithium ¯uoride. In this approach a momentum trap mounted behind
the specimen is designed to absorb the momentum from the ¯yer, and a specially designed specimen
holder reduces the projectile velocity to zero immediately after impact. The technique ensures that the
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microstructural changes in the specimen result only from the initial compression pulse and not from
reverberations of the pulse or additional deformation caused by the projectile reloading, and is thus a
true recovery technique (although it is associated with compressive wave propagation rather than
homogeneous high-rate loading). However, the approach of Kumar and Clifton cannot be applied
directly to the pressure-shear plate impact case, because both longitudinal and transverse waves in the
¯yer plates must be trapped if the specimen is to be subjected to a well-characterized loading pulse.
Because transverse (shear) waves travel more slowly than longitudinal waves, a simple momentum trap
con®guration may leave behind a portion of the transverse pulse.

Two distinct types of pressure-shear plate impact recovery experiments can be designed, each with
distinct applications:

(i) Single Wave Pressure-shear Recovery (SWPSR), and
(ii) High-Strain-Rate Pressure-shear Recovery (HSRPSR).

The goal of the ®rst kind of experiment (single wave pressure-shear recovery or SWPSR) is to
compress the specimen with a normal compression wave and apply shear with a single transverse shear
wave, and then to recover the specimen without further loading. This is of great value in studying the
e�ects of large amplitude wave propagation and in studying damage modes in materials. The goal of the
second kind of experiment (high-strain-rate pressure-shear recovery or HSRPSR) is to recover a
specimen that has been subjected to a single well-characterized homogeneous deformation at high strain
rates (>104 sÿ1). This is the best approach to studying the microscopic deformation mechanisms that
are active at very high strain rates, and this information can then be more easily fed back into
constitutive models for material behavior at high strain rates. This paper describes an experimental
technique of the second kind and provides an example of the application of the technique. A very brief
description of the SWPSR technique is provided in the next paragraph for completeness.

In single wave pressure-shear recovery (SWPSR), all of the ¯yer and target plates are impedance
matched. A single wave pressure-shear recovery technique was developed by Yadav et al. (1993) for
examining the development of damage in an alumina/aluminum composite. A similar con®guration was
used by Machcha and Nemat-Nasser (1994) to study alumina ceramic specimens. In this technique, a
stationary target assembly consisting of a thin specimen, anvil plate and an impedance-matched
momentum trap is impacted by a sandwich consisting of two hard plates separated by a `shear trap'
composed of a very thin polymeric layer (Yadav et al. 1993) or a thin lubricant layer (Machcha and
Nemat-Nasser, 1994). However, this technique is very time consuming and expensive due to the large
number of plates required for the ¯yer and target assemblies.

This paper describes the newly developed high-strain-rate pressure-shear recovery technique, presents
some experimental results using the technique, and compares the results of the new recovery technique
with the results of the conventional (non-recovery) pressure-shear con®guration. The conventional high-
strain-rate pressure-shear plate impact technique is ®rst described brie¯y to establish some of the
fundamental characteristics of such very-high-rate experiments. The new recovery technique is then
easily described as a modi®cation of the conventional technique. The paper concludes by presenting the
application of the technique to the examination of deformation twinning in a-titanium at very high
strain rates.

2. Conventional high-strain-rate pressure-shear plate impact experiments

The conventional high-strain-rate pressure-shear plate impact technique was developed speci®cally for
the study of the shearing behavior of materials undergoing homogeneous shearing deformations at
extremely high shear rates while under superimposed hydrostatic pressuresÐa more detailed description
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of this technique is provided by Clifton and Klopp (1985) and a description of the speci®c
implementation of the technique used here is provided by Yadav and Ramesh (1995). The experiment
involves the impact of plates that are ¯at and parallel but inclined relative to their direction of approach
(Fig. 1). The specimen used is a thin (0100 mm) plate carried on a hard elastic plate (the `¯yer'); the
¯yer is carried on a projectile which is launched down the barrel of a gas gun (with velocity V0) towards
a stationary target plate (sometimes called the `anvil'). The ¯yer and the target plates are aligned before
impact using an optical technique developed by Kumar and Clifton (1979). At impact, plane
longitudinal (compressive) and transverse (shear) waves are generated in both the specimen and the anvil
plates due to the angle between the direction of projectile motion and the surface normals of the plates.
These waves reverberate within the specimen, remaining loading waves since the impedance of the
material of the ¯yer and target plates is (by design) higher than that of the specimen material. Due to
the ®nite compressibility of the specimen, the normal stress in the specimen attains an equilibrium value.
Measurements of the normal and transverse particle velocities at the free surface of the anvil plate are
made using laser interferometry o� a di�raction grating (typically 200 lines mmÿ1) that is photo-
deposited onto the rear surface. The experiments are so designed that the target and ¯yer plates remain
elastic. Hence, the information on the stress levels sustained by the specimen material can be obtained
by measuring particle velocities in the target plate. The entire experiment is completed before any
unloading waves from the periphery of the plates arrive at the point of observation, so that only plane
waves are involved and a one-dimensional analysis can be used.

Normal particle velocity and transverse particle displacement of the rear surface of the anvil plate are
detected at the same point (at the center of the rear surface) by a Normal Velocity Interferometer (NVI),
shown in Fig. 2, and a Transverse Displacement Interferometer (TDI), shown in Fig. 3. This latter
interferometric technique was developed by Kim and Clifton (1977). The projectile velocity is measured
(just before impact occurs) using a laser line velocity sensor (LLVS, shown in Fig. 4) developed by Ramesh
and Kelkar (1995). Projectile velocities approaching 300 m sÿ1 can be achieved in this laboratory.

These experiments can be analyzed using a one-dimensional elastic stress wave analysis (Clifton and

Fig. 1. Experimental con®guration for the conventional high-strain-rate pressure-shear plate impact experiment. Projectile velocity

V0 is determined just before impact using the laser line velocity sensor, and particle displacement and particle velocity measure-

ments are made at the center of the rear surface of the anvil plate using laser interferometry.
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Fig. 3. Transverse Displacement Interferometer (TDI). A di�raction grating deposited on the target di�racts the incident beam at

discrete angles. Combining two nth-order di�racted beams at BS3 results in a phase-shift due to transverse particle displacement at

the rear surface of the target.

Fig. 2. Normal Velocity Interferometer (NVI). The re¯ected beam is split at beamsplitter BS1 and recombined at BS2 after one

component has traversed a delay leg. The resolution of the interferometer is controlled by the time delay introduced by the delay

leg.
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Fig. 5. Time±distance (Lagrangian) diagram of the wave propagation during a conventional high-strain-rate pressure-shear plate

impact experiment.

Fig. 4. Laser Line Velocity Sensor (LLVS). The moving projectile blocks o� part of the light as it crosses the laser sheet; the pro-

jectile velocity and acceleration can be determined by measuring the integrated light at the photodiode using the known (uniform)

intensity of the laser source.
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Klopp, 1985) because the waves generated by the planar impact are plane waves (until unloading waves
from the target periphery reach the point of observation). Fig. 5 is a time±distance diagram that shows
the wave propagation during such an experiment. When the impact occurs, a normal compression wave
and a shear wave are generated at the impact surface of the anvil plate and the specimen/¯yer assembly
(solid lines denote normal waves and dashed lines denote shear waves in Fig. 5). When the normal wave
in the anvil reaches the rear surface (at time a1) the compression wave re¯ects as a tension wave which
propagates back into the anvil plate, unloading the compression in the anvil. When this re¯ected normal
wave reaches the impact surface (at time b1), the normal stress in the specimen is unloaded; this
typically results in an e�ective unloading of the shear in the specimen as well, since the specimen/anvil
interface is likely to slip without a superimposed compression. Since the anvil remains elastic, there is a
linear relationship between the stresses and the particle velocities in the target plate. Hence, it is
su�cient to measure the normal and transverse particle velocities in the target plate to deduce the stress
state and deformation state within the specimen. Thus information on the compressive state of the
specimen is obtained using the normal velocity interferometer within the time denoted `NVI Window' in
Fig. 5 and information on the shearing of the specimen is obtained using the transverse displacement
interferometer within the region denoted `TDI Window'.

Once su�cient reverberations of the normal stress have occurred, the normal compressive stress is
given by:

sn � 1

2
rc1V0 cos y, �1�

where rc1 is the acoustic impedance of the target plate material, V0 is the projectile velocity and y is the
skew angle (using simple elastic wave theory). The hydrostatic pressure in the specimen can be
approximated to the normal compressive stress (Ramesh and Clifton, 1992), being less than sn by a
magnitude approximately equal to the ¯ow stress sustained (assuming J2-¯ow plasticity). The shear
stress in the specimen also increases with each reverberation of the shear wave within the specimen, until
the specimen starts ¯owing at a stress level t. Thereafter, a ®nite di�erence in the transverse velocity can
be maintained across the two surfaces of the specimen. The nominal shear strain rate in the specimen is
then given as:

_g � V0 sin yÿ vfs

h
, �2�

where vfs is the transverse particle velocity measured at the rear surface of the target and h is the
specimen thickness. The nominal shear strain rate in the specimen can be integrated to give the nominal
strain history in the specimen:

g�t� �
�t
0

_g�t� dt: �3�

The shear stress history in the specimen is obtained from the transverse particle velocity history using
the elastic characteristics of the target plate:

t�t� � 1

2
rcsvfs�t�, �4�

where rcs is the shear impedance of the target plate material. The shear stress and the shear strain in the
specimen can now be cross-correlated to give the shear stress vs shear strain curve for the material
tested at an essentially constant shear rate corresponding to eqn (2). The technique is thus able to
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provide a stress±strain curve for the material at high shear rate under a superimposed high compressive
stress.

In terms of characterization of deformation micromechanisms, however, there remain normal waves
and shear waves propagating in the specimen/¯yer because the ¯yer is typically thicker than the anvil in
this con®guration. These residual waves can further deform the specimen at times after the NVI and
TDI information windows shown in the ®gure. In addition to the residual wave propagation, the
moving (and still accelerating) projectile re-accelerates the specimen/¯yer into the anvil and catcher and
causes further damage. Thus the technique does not generally permit recovery of the specimen except
under certain fortuitous conditions.

3. High-strain-rate pressure-shear recovery: a new experimental technique

The ®nal objective of a recovery experiment is an analysis of the deformation microstructures of a
specimen material due to some known loading conditions. By this de®nition, nearly all quasistatic
experiments can be thought of as recovery experiments. After being subjected to a low rate tensile or
compressive loading, during which stresses and strains are recorded, the specimen is removed and
sectioned for microstructural analysis. When conducting dynamic experiments, however, it becomes
more di�cult to avoid material deformations that occur after the data collection ends. This di�culty
arises mainly because large accelerations and velocities must be suddenly applied to accomplish the high
strain rate loading. In the case of pressure-shear plate impact, the projectile which carries the ¯yer
assembly must be stopped by ramming into some sort of catching device (a box of lead plates, for
instance). This is a high-energy impact which will damage the specimen material in ways that cannot be
accounted for when analyzing the deformed microstructure. Similarly, the stress waves that are
generated in the impacting plates normally persist longer than the data collection window, causing
unmonitored damage in the specimen material. Therefore, the design of a recovery experiment must
include elements which allow well-characterized deformations within the loading regime of interest to

Fig. 6. Experimental con®guration for the new High-Strain-Rate Pressure-Shear Recovery (HSRPSR) technique. A strong `stopper'

assembly is used to stop the forward motion of the projectile immediately after the specimen and ¯yer plates impact the target. The

¯yer/specimen assembly is mounted on a balsa wood plate to provide a very low-impedance condition at the rear surface of the

¯yer.
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occur, but prevent specimen damage outside of the data collection window due to residual velocities,
accelerations, stress waves or anything else which could alter the specimen's microstructure.

The experimental con®guration for the new high-strain-rate pressure-shear plate impact recovery
technique is presented in Fig. 6. The thin specimen is carried on a ¯yer, as in the conventional pressure-
shear experiment; however, the back of the specimen/¯yer assembly is glued to a plate of balsa wood (as
in the Kumar and Clifton (1979) normal recovery experiment) that provides a low-impedance rear
surface for control of the wave re¯ections. The balsa wood is itself glued to an extended `wedge', which
®ts into the projectile and de®nes the skew angle at which impact occurs. The part of the wedge that ®ts
into the projectile has a ¯at shoulder machined orthogonal to the projectile axis. Just after the ¯yer and
anvil plates impact, the ¯at shoulder of the wedge comes into contact with a strong `stopper' made of
heat treated steel so that the kinetic energy of the entire projectile is absorbed by the stopper assembly
and the projectile velocity is reduced to zero. The anvil itself is carried within a special holder that
allows for the initial alignment of the ¯yer and anvil plates, and the rear surface of the anvil plate has a
di�raction grating photo-fabricated onto the surface for interrogation by the interferometers. The
thickness of the balsa wood in the recovery experiments is 3±5 mm (these design parameters are critical
to ensure both timely stopping of the projectile and su�ciently small misalignment or tilt at impact).

The stopper assembly has a two-component design (Fig. 7). The main structural component is a
heavy, welded steel base which has two vertical supports and a stage for mounting the target plate
holder. The base is reinforced to prevent ¯exing (which would cause motion of the vertical supports)
and is heat-treated to remove residual welding stresses as well as to increase the toughness of the metal.
The second component of the stopper assembly is a removable crosspiece which is attached to the
vertical supports. The crosspiece is designed to transfer the momentum of the projectile to the vertical
supports without de¯ecting signi®cantly. The fact that the crosspiece is a separate component from the
base allows for easy alignment of the plates, and also makes the crosspiece a fairly inexpensive,
replaceable component. At the center of the crosspiece is a hole which allows the specimen/¯yer and the
front section of the wedge to pass through.

The wave propagation in the high-strain-rate pressure-shear recovery experiment is presented in the

Fig. 7. The stopper assembly for HSRPSR experiments. The actual impact occurs on the cross-piece which is removable to allow

for easier alignment. The cross-piece is also designed to be easily replaced if damaged.
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time±distance diagram of Fig. 8. The overall plate con®guration is similar to that in the conventional
high-strain-rate pressure-shear experiment, with the distinction that in the new recovery technique the
combined thickness of specimen and ¯yer is less than that of the anvil plate. A second distinction is that
the ¯yer in the recovery experiment is backed by the very low-impedance balsa wood. The immediate
consequence of the ®rst distinction is that the normal wave re¯ected from the back of the ¯yer plate
reaches the specimen (at time c1) before the normal wave re¯ected from the rear surface of the anvil
plate. The consequence of the second distinction (the low-impedance balsa wood backing) is that the
initial compressive longitudinal wave is re¯ected from the ¯yer/balsa-wood interface as a tensile
unloading wave. This re¯ected wave thus unloads the compressive stress in the specimen to zero. By
proper design of the ¯yer and anvil thicknesses, the re¯ected tensile wave from the rear surface of the
anvil arrives at the specimen at a later time b2. This tensile wave is now propagating into an unstressed
region and so the wave generates tension at the specimen/anvil interface. Since the specimen/anvil
interface cannot support tension, separation occurs between the anvil and the specimen; the anvil ¯ies
away towards the catcher at a velocity V0 cos y, carrying within it the entire longitudinal pulse and a
signi®cant fraction of the shearing pulse. Thus the anvil itself operates as a momentum trap.

The ¯yer/specimen assembly is at zero velocity in the normal direction after time b1 in Fig. 8. A very
short time later the moving projectile is brought to rest by the stopper assembly before it can re-
accelerate the ¯yer-specimen assembly. The interval of time before the projectile itself contacts the
stopper is determined by the thickness of the balsa wood spacer and the relative dimensions of the
stopper and target holder. Photographs showing top and rear views of the entire assembly (including
projectile and target holder) are presented in Figs. 9 and 10, respectively. The process through which the
projectile is stopped after impact should be clearly evident from these Figures. It is absolutely essential

Fig. 8. Time±distance (Lagrangian) diagram of the wave propagation during a High-Strain-Rate Pressure-Shear Recovery exper-

iment. When the normal unloading in the anvil arrives at the specimen interface, the anvil ¯ies away carrying all of the longitudinal

pulse with it, as well as a substantial fraction of the shear pulse. The remaining shear pulse in the ¯yer is unable to reload the speci-

men plastically.
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Fig. 10. Photograph of the stopper assembly (rear view, with the projectile velocity coming out of the plane of the paper). The base

of the stopper has a stage for setting the height and horizontal position of the specimen holder.

Fig. 9. Photograph of the projectile and stopper assembly (top view). The target plate is not shown.
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that a strong stopper assembly, robust enough to be used repeatedly, is employed for stopping the
projectile immediately after the initial plate impact. A disposable steel plate (Fig. 11) with a round hole
is used on the front surface of the stopper crosspiece for absorbing and redistributing the kinetic energy
of the moving projectile by deforming plastically around the hole.

Returning to the wave propagation diagram of Fig. 8, it is clear that a part of the shear wave still
exists in the ¯yer after the time c1. However, this shear pulse cannot reload the thin specimen because
the specimen/¯yer interface will slip because no pressure exists on the interface and simultaneously the
other side of the specimen becomes a free surface.

The primary e�ect of this residual pulse is to impart some residual rigid body velocity to the
specimen. The momentum transfer to the anvil and supports is such that at the end of the test the
specimen is typically recovered from the target chamber ¯oor.

The high-strain-rate plastic deformation of the material of the specimen occurs through a process
identical to that in the conventional high-strain-rate pressure-shear plate impact experiment, and the
data acquisition and data reduction procedures are identical to those for such experiments (i.e. using
eqns (1)±(4)). The requirements for plane wave loading are also met in the same way. As in the
conventional plate impact experiment, radial unloading waves from the peripheries of the plates will
pass through all regions of the specimen; however, these waves are too small to cause signi®cant plastic
deformation in comparison with the primary loading. Thus the design of the experiment allows for the
recovery of the specimen after it has been subjected to a single well-characterized homogeneous high-
rate shearing deformation under superimposed compression, with the magnitudes of the shear stresses,
shear strain rates and normal stresses determined directly from the outputs of the normal velocity and
transverse displacement interferometers using eqns (1)±(4).

The next section presents the results of the HSRPSR tests on a-titanium to demonstrate both the
operation and the utility of the new technique.

Fig. 11. Sacri®cial steel plate attached to the front of the stopper crosspiece, shown before and after impact. By plastically deform-

ing during the projectile impact, the steel plate absorbs some of the energy of the impact and helps to prevent extrusion of the pro-

jectile wedge.
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4. An application of HSRPSR: high-rate deformation mechanisms in a-titanium

4.1. Materials issues

The material investigated is a commercially pure a-titanium (a hexagonal close-packed metal)
obtained from President Titanium Inc. The material had been annealed at 7058C for 2 h and then air
cooled, and the resulting microstructure consisted of equiaxed grains with an average grain size of
35 mm. Table 1 lists nominal values for the quasistatic mechanical properties of the material in the as-
received condition.

4.2. Rate-dependent response and microstructural evolution

The rate-dependent mechanical behavior of a-titanium has been systematically characterized over a
wide range of strain rates (10ÿ5±10+5 sÿ1) using a combination of quasistatic and dynamic testing
techniques, including conventional high-strain-rate pressure-shear plate impact, in a previous work
(Chichili et al., 1997). Both the ¯ow stress and the degree of strain hardening of the material increase
with increasing strain rate, while the ¯ow stress decreases with increasing temperature. Chichili et al.
(1997) also performed a number of dynamic recovery experiments (da Silva and Ramesh, 1997) using
the compression Kolsky bar and observed that deformation twinning was a prominent feature of the
high-rate deformations of this material. The twin density in the deformed microstructure was observed
to be a function of the compressive ¯ow stress sustained. However, independent high-rate torsion tests
(Chichili, 1997) showed very little evidence of deformation twinning even at similar stress levels. It
appears, therefore, that the deformation twinning mechanism varies with the trajectory in stress space
(there is independent evidence of this at quasistatic rates, e.g. Yoo, 1981). Thus the newly developed

Table 1

Quasistatic mechanical properties of a-titaniuma

Young's

Modulus [GPa]

Poisson's

Ratio

Yield

strength [MPa]

Tensile

strength [MPa]

Elongation

%

105 0.34 337 506 25

a Young's Modulus and Poisson's Ratio are mean values taken from the literature, while the other properties listed were supplied

by the manufacturer.

Table 2

Summary of selected plate impact experiments for a-titanium

Test no. Thickness

[mm]

Velocity

[m sÿ1]
Angle

[degrees]

Pressure

[GPa]

Shear stress

[MPa]

Strain rate

[105 sÿ1]

Ti410a 122 119 24 2.45 463 1.04

Ti619a 122 123 22 2.57 460 0.91

Ti529 125 138 22 2.88 453 1.29

Ti969 118 123 22 2.57 446 0.97

a Recovery experiments.
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high-strain-rate pressure-shear recovery experiment promises to be of great utility in studying the
deformation twinning mechanism.

4.3. HSRPSR experiments on a-titanium

Two high-strain-rate pressure-shear recovery (HSRPSR) plate impact experiments and several
conventional high-strain-rate pressure-shear experiments have been performed on this a-titanium at
strain rates of 0105 sÿ1. Table 2 is a summary of a subset of the pressure-shear plate impact
experiments.

The material used for the ¯yer and anvil plates is Carpenter D-3 steel. The plates and specimen are
each 25.4 mm (1 inch) in diameter, and the ¯yer and anvil plates are 2.8 and 3.1 mm thick, respectively.
Since the specimens are 00.120 mm thick, the total thickness of the ¯yer and the specimen is less than
the anvil plate (as necessary to ensure recovery). The ratio of the specimen thickness to the ¯yer
thickness is typically 00.04. The specimens are made ¯at (to a half-wavelength of light) and parallel
using a special vacuum ®xture and a lapping machine. A 200 lines mmÿ1 di�raction grating was
deposited on the rear surfaces of the anvil plates in each of the experiments. A catcher tank ®lled with
corrugated lead plates is used to stop the projectile in the conventional pressure-shear tests. Since the
stopper assembly brings the projectile to rest in the HSRPSR experiment, a catcher is not needed during
a recovery test. However, a catcher tank carrying a foam front plate is used in the target chamber
during recovery experiments: the foam both stops the anvil and serves as a `witness plate' to determine
whether any other components develop a substantial residual velocity (this terminology is borrowed
from the ballistics community).

The transverse displacement interferometer (TDI) signal obtained during one of the HSRPSR
experiments (Test No. Ti619) is presented in Fig. 12 (time zero in this Figure corresponds to the arrival
of a trigger signal from the tilt pins used to measure the misalignment or tilt between ¯yer and anvil
plates). The initial arrival of the normal compressive wave at the rear surface of the anvil is clearly
evident, as is the arrival of the shear wave (the time when the fringes suddenly appear). The fringes end
at a time corresponding to the arrival at the specimen of the normal unloading wave from the ¯yer/
balsa wood interface. Each fringe on this TDI signal corresponds to a 2.5 mm transverse displacement;
this data is reduced to obtain the transverse velocity at the rear surface by applying a locally developed
algorithm that ®rst corrects for the amplitude variation in the fringes using an envelope technique. Once
the transverse free-surface velocity vfs is obtained, a shear stress vs shear strain curve can be computed
for the material of the specimen using eqns (2)±(4). For the case of the experiment shown in Fig. 12 the
shear strain rate was 0.91 � 105 sÿ1, and the corresponding superimposed compressive stress was about
2.57 GPa using eqn (1).

Fig. 13 presents the shear stress vs shear strain curve for a-titanium that is obtained by processing the
TDI signal (Fig. 12) from this experiment using eqns (2)±(4). The shear stress is observed to increase
somewhat at small strains, but the nature of the pressure-shear experiment is such that the small strain
data (<2%) should be discounted because of potential wave propagation e�ects. The material is
observed to sustain a fairly high ¯ow stress in shear, on the order of 400 MPa, at this nominal shear
rate of 0.91 � 105 sÿ1. Note that pressure-shear tests are inherently nearly adiabatic, because the total
time of the experiment is so short (01 ms). The stress±strain curve of Fig. 13 is therefore probably
a�ected by the thermal softening of the material (this is of course also true of the conventional high-
strain-rate pressure-shear test).

The normal velocity interferometer signal from this HSRPSR test is shown in Fig. 14 (time zero in
this ®gure is identical to that in Fig. 12). The normal wave arrival is clearly evident, as is the arrival of
the unloading wave from the ¯yer/balsa-wood rear surface. Both waves arrive at the times expected
from the wave-propagating diagram of Fig. 8, after accounting for the slight delay induced by the
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inevitable tilt (the misalignment in this test was 00.8 m rad). The wave arrivals indicate that the design
parameters for this HSRPSR test are appropriate for ensuring that the specimen has been loaded in
high-rate homogeneous shearing only once before the anvil/specimen interface separates. Closer
inspection of the fringes corresponding to normal wave arrival in Fig. 14 actually reveals two normal
wave arrivals about 66 ns apart. A very small gap between the thin specimen and the ¯yer plate results
in an initial normal wave arrival due to contact between the specimen and anvil, followed shortly by a
second normal wave arrival due to closure of the gap between the specimen and ¯yer. True material
behavior is therefore not observed until after the gap closure. For this reason, the TDI signal is shifted
by 66 ns (the gap closure time) so that the resulting shear stress vs shear strain curve re¯ects the true
material response.

The critical question that remains is that of ensuring that the projectile has been brought to rest
su�ciently quickly before imparting substantial additional momentum to the ¯yer/specimen assembly.
The specimen in this experiment was found between the specimen holder and the catcher, and the foam
`witness plate' on the catcher showed no evidence indicating a collision with the specimen. Therefore, it
can safely be concluded that the residual velocity of the specimen was very low (the catcher is about 0.3
m away from the specimen holder). Clearly a specimen that is only 120 mm thick is very easily bent, but
the recovered specimen was almost ¯at with just a few scratches as shown in Fig. 15 (which compares
the specimen obtained after the new HSRPSR test with a specimen obtained after a conventional high-
strain-rate pressure-shear test at identical velocity and skew angle). The di�erence between the two
specimens in Fig. 15 dramatically illustrates the value of the new recovery technique: it is obvious that
microstructural characterization of the conventional pressure-shear specimen cannot be related solely to
the homogeneous shearing sustained because of the initial loading.

The state of the ¯yer and anvil plates after the recovery test is shown in Fig. 16. It is observed that
the anvil plate has broken into several pieces, while the ¯yer plate is almost completely intact except for
two small chips near the periphery, also supporting the designed recovery mechanism. In summary, the

Fig. 12. Typical TDI signal from a HSRPSR experiment. The arrival times of the normal and shear waves are also shown. Each

fringe in this signal corresponds to a transverse displacement of 2.5 mm.
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Fig. 13. Typical shear stress vs shear strain curve derived from the HSRPSR experiment of Fig. 12. The shearing signal may be

a�ected by the tilted nature of the normal unloading wave. This stress±strain curve corresponds to a nominal strain rate of

0.91 � 105 sÿ1 and a superimposed compressive stress of 2.57 GPa.

Fig. 14. Typical NVI signal from the HSRPSR experiment of Fig. 12. The arrivals of the normal loading and unloading waves

occur at the times expected from the wave propagation diagram of Fig. 8
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Fig. 16. Photograph of the ¯yer and anvil plate after the recovery experiment. The anvil plate acts as a momentum trap and is cap-

tured by the foam witness plate in the catcher; it is therefore much more damaged than the ¯yer plate, which has a very small re-

sidual velocity after the impact. (Scale is cm.)

Fig. 15. Photograph comparing a-titanium specimens recovered using the HSRPSR technique and after a conventional high-strain-

rate pressure-shear plate impact experiment at identical projectile velocity and skew angle. The specimen recovered after the

HSRPSR experiment is clearly more suitable for the characterization of the microstructural mechanisms operational at these rates

of deformation. (Scale is cm.)
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experimental observations indicate that both the wave propagation control for recovery and the
momentum transfer mechanism designed for the new technique appear to function as desired, with only
a very small residual velocity for the specimen and ¯yer. The magnitude of this residual velocity
decreases with decreasing gap between the shoulder of the wedge and the front surface of the steel plate
attached to the stopper. A gap of about 0.5 mm, as measured by a feeler guage, is found to be
appropriate. The stopper assembly has been used successfully for projectile velocities of 70±200 msÿ1.
The 3 mm thick steel plate glued to the front surface of the crosspiece is deformed plastically in the area
around the hole after each test (see Fig. 11) and must be replaced, but the stopper frame has not
exhibited any perceptible permanent deformation to date.

4.4. Microstructural characterization of recovered titanium specimens

A peculiar di�culty associated with identi®cation of the relative importance of deformation
mechanisms within h.c.p. metals like a-titanium arises from the fact that these crystal structures may
undergo both slip and twinning during plastic deformation. There are therefore two major components
to the microstructural evolution that are of interest, the ®rst associated with dislocation substructure
and the second associated with deformation twinning. A complete description of the evolution of
dislocation substructure and deformation twinning with strain rate in a-titanium is presented by Chichili
et al. (1997) using specimens recovered in compression Kolsky bar experiments. At the microscopic
level, these authors observed macrotwins in the optical microscope and microtwins in the TEM; the
twins were of {1012} type with secondary twinning occurring at large plastic strains and high strain
rates. The density of these twins increased with both strain and strain rate, and was shown to be a
unique function of the compressive ¯ow stress for all of the strain rates and all of the strains at which
the microstructural measurements were made.

Fig. 17. Microstructure of an a-Ti specimen deformed in a high-strain-rate pressure-shear recovery experiment (a) transverse to the

compression axis and (b) along the compression axis. The nominal shear rate was 1.04 � 105 sÿ1 and the superimposed compressive

stress was 2.45 GPa. (c) Microstructure (transverse to compression axis) of an a-titanium specimen deformed using a compression

Kolsky bar to the same e�ective strain as (a) at a strain rate of 3 � 103 sÿ1.
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One of the a-titanium specimens recovered after a HSRPSR experiment was sectioned for
microstructural examination, and an optical micrograph of the deformed structure is shown in Fig. 17(a)
and (b). The material is obviously heavily twinned, but it appears that the twin density is not as high as
observed in compression Kolsky bar experiments (the microstructure of an a-titanium specimen
deformed at a strain rate of 3 � 103 sÿ1 is presented in Fig. 17(c). This is unexpected, since the ¯ow
stresses developed in the pressure-shear experiments described in this paper are considerably higher than
those developed at compression Kolsky bar rates, and in light of the results of Chichili et al., 1997. It is
possible that the superimposed hydrostatic pressure has constrained the development of deformation
twins. It is also possible that shear stresses alone do not cause signi®cant deformation twinning in
polycrystalline a-titanium (little twinning was observed by Chichili (1997) in high-rate torsional Kolsky
bar tests). These important microstructural evolution observations are only possible because of the new
high-strain-rate pressure-shear recovery technique.

An interesting secondary observation that can be made from the through-thickness micrograph of
Fig. 17(b) is that the deformation was clearly macroscopically homogeneous, i.e. no shear bands are
observed within the plate impact specimens. Grebe et al. (1985) observed intense shear localization in a-
titanium when subjected to impact loading at velocities ranging from 600±800 msÿ1 and Kobayashi
(1987) observed shear localization in CP titanium at a critical strain of 50% (note that the total local
strains achieved in the tests of Grebe et al. (1985) were also very high). Since the total strains achieved
in the plate impact experiments described here are only of the order of 10%, shear bands should not be
expected within this plate impact specimen and indeed none are observed.

5. Discussion

The new experimental technique, while slightly more complex than the conventional high-strain-rate
pressure-shear experiment, is able to provide the same high-strain-rate constitutive response and in
addition allows for the evaluation of microstructural evolution within materials at very high strain rates.
This new capability will not only be useful for the development of improved, more mechanism-based
constitutive equations, but should lead to a much clearer understanding of the dependence of these
deformation mechanisms on the multiaxial stress states that can be attained through pressure-shear. This
latter application is clearly evidenced in the results presented on a-titanium here. Several potential
applications of the new technique are currently being pursued in this laboratory.

The new pressure-shear recovery technique can also be compared with the single-wave pressure-shear
recovery approach of Yadav et al. (1993) and Machcha and Nemat-Nasser (1994). The two pressure-
shear recovery techniques have two very di�erent objectives and so di�erent sets of applications. Both
SWPSR and HSRPSR experiments require the projectile to be stopped immediately after impact and
both rely on a momentum trap to carry away the entire compression loading pulse. The fundamental
di�erence lies in the fact that in the high rate con®guration (HSRPSR) it is not necessary to trap the
entire shear loading pulse in the momentum trap. Because the specimen is very thin, only a very small
fraction of the shear loading pulse remains in the specimen itself and causes negligible additional
deformation because the two specimen surfaces are quickly unloaded and are very close together. The
shear waves remaining in the ¯yer plate also cannot reload the specimen because there is no longer a
compressive stress to couple the ¯yer and specimen surfaces. These features greatly simplify the
HSRPSR technique. However, the substantial stando� created by the stopper assembly makes the pre-
test alignment procedure considerably more di�cult.
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6. Summary

The following points summarize this work:

. A new experimental technique, called the High-Strain-Rate Pressure-Shear Recovery or HSRPSR
technique, has been developed for the recovery of specimens that have been subjected to a well-
characterized homogeneous high-rate shearing deformation at strain rates on the order of 105 sÿ1.

. The new technique provides all of the primary attributes of the conventional high-strain-rate pressure-
shear experiment, while extending that technique to allow the determination of high-rate deformation
mechanisms within materials.

. This new pressure-shear recovery technique has proven successful in the recovery of a-titanium thin
specimens, and shear stress vs shear strain curves have been obtained at a strain rate of0105 sÿ1.

. The development of deformation twins in a-titanium at high strain rates appears to be a strong
function of not only the magnitude of the applied stress but also the multiaxial nature of the stress
state.
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