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Abstract

The synthesis of novel brittle materials with tailored microstructures requires the understanding of new physical phe-

nomena related to the failure of these materials. Observation capabilities with spatial resolution of atomic dimensions,

e.g., scanning tunneling microscopy (STM) and high resolution electron microscopy (HREM), have opened new fron-

tiers in the mechanical characterization of these advanced materials. The challenge is to design experiments capable of

loading the material in a controlled fashion such that defects, resulting in well de®ned macroscopic stress and velocity

features, are produced. In this article, techniques for the measurement of surface and in-material particle velocities and

in-material axial and transverse stress measurements are reviewed. Examples on the usefulness of these techniques in the

study of brittle failure are provided. A variable sensitivity displacement interferometer is used in the measurement of

normal and in-plane motion in pressure±shear recovery experiments conducted on ®ber composite materials. In-mate-

rial stress measurements with piezoresistance gauges are used in the identi®cation of so-called failure waves in glasses.
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1. Introduction

Experimental techniques that allow the identi®-
cation and modeling of failure from a microme-
chanical standpoint are currently available. They
consist in wave propagation experiments which uti-
lize diagnostic tools possessing the spatial and tem-
poral resolution for resolving features related to
the failure processes. For instance, laser interfero-
metry for point and full ®eld measurements, with
a resolution of 1 ns and a few micrometers, is a
powerful tool currently in use in wave propagation
studies. These studies can be designed to identify

existing damage or inelasticity in the material with-
out further generation or modi®cation of microde-
fects, or they can be designed to initiate and
accumulate inelasticity within the material in a con-
trolled fashion. The ®rst class of wave propagation
experiments falls into the subject of nondestructive
evaluation of material systems. The latest are wave
propagation experiments, e.g., impact experiments,
resulting in extensive microstructural modi®cation
within the specimen. A variety of con®gurations
exist in which plates and rods are utilized. Here
we will discuss in some detail plate on plate impact
experiments to illustrate the applicability of the ve-
locity and in-material stress measurement tech-
niques. The reader should note that the theory
presented is completely general.
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Plate impact experiments are essentially wave
propagation experiments which have been success-
fully employed in studies of microplasticity (Ku-
mar and Clifton, 1979), high strain rate
properties of metals (Clifton and Klopp, 1985),
microcracking (Espinosa and Clifton, 1991), rheo-
logical properties of lubricants (Ramesh and Clif-
ton, 1987), and material instabilities (Zhou et al.,
1994). The experimental technique consists of
launching a ¯yer plate against a target plate using
a light gas gun. Normal and shear waves, with a
time resolution of a few nanoseconds and magni-
tudes up to several gigapascals (GPa), are generat-
ed within the plates upon impact. A schematic of
the pressure±shear recovery impact experiment is
shown in Fig. 1(a). Elastic wave fronts for a plane
wave analysis of a high strain rate pressure±shear
recovery experiment, in a Lagrangian X±t dia-
gram, are shown in Fig. 1(b). At impact, plane
compression waves and shear waves are produced
in both the impactor and the target. Since the
shear wave velocity is approximately half the lon-

gitudinal wave velocity, a thin ®lm with very low
shear resistance needs to be added to the ¯yer plate
such that the arrival of the unloading shear wave
to the impact surface precedes the arrival of the
unloading longitudinal wave generated at the back
surface of the second ¯yer plate. The thickness of
the target plate must be selected so that the arrival
of longitudinal unloading to the impact surface,
from the target back surface, does not prevent
the transfer of the main shear pulse to the target
plate.

In the case of recovery experiments (Espinosa
and Clifton, 1991; Espinosa, 1992; Espinosa et al.,
1992, 1997a; Machcha and Nemat-Nasser, 1994,
1996; Yadav et al., 1993), postmortem examina-
tion of the specimens, by means of SEM, TEM
and other observational methodologies, allows
the identi®cation of failure mechanisms. These ob-
servations form the bases for (i) the comprehensive
understanding of the processes occurring during
material deformation and (ii) the formulation of
physically based constitutive models. Inter-
ferometric records, obtained during the wave
propagation event, are used as a diagnostic tool
in the examination of derived or postulated mod-
els. The resolution and location, free surface or
in-material, of these measurements are essential
to the identi®cation process.

2. Surface velocity measurements with laser inter-

ferometric techniques

Laser interferometry has proven to be a highly
reliable and accurate means for measuring particle
motion in wave propagation experiments. Particle
velocity histories were initially monitored in wave
propagation experiments by means of a normal ve-
locity interferometer (NVI) developed by Barker
and Hollenbach (1965). In this technique, normal-
ly re¯ected laser light from the target plate is col-
lected and split into two separate beams which
are subsequently interfered after traveling through
di�erent path lengths. The interferometer's sensi-
tivity is a function of the delay time s between
the interfering beams, and the resulting fringe sig-
nal is related directly to changes in normal particle
velocity.

Fig. 1. (a) Schematic of high strain rate pressure±shear con®g-

uration. (b) Lagrangian X±t diagram for the case of pressure±

shear recovery experiment.
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Barker and Hollenbach (1972) introduced a sig-
ni®cantly improved NVI system termed VISAR
(velocity interferometer for any re¯ecting surface).
The VISAR was developed by using the wide angle
Michelson interferometer (WAM) concept, result-
ing in an interferometer capable of velocity mea-
surements from either a spectrally or di�usely
re¯ecting specimen surface. Another improvement
incorporated into the VISAR was the simulta-
neous monitoring of two fringe signals 90� out of
phase. A schematic of the light path in a ®ber optic
VISAR with adjustable air delay leg is shown in
Fig. 2. Laser light is transported to the back sur-
face of target plate by means of a ®ber optic probe
manufactured by Valyn International. Lenses 1
and 2 are used to form an image of Retrore¯ec-
tor/PZT (M3) at M30 such that M1 and M30 ap-
pear coincident when viewed from the detectors.
The polarizer beam splitter, after the collimator,
is used to generate a diagnostic beam and to polar-
ize the light transported by the 300 lm core diam-
eter ®ber. The k/2 wave plate is used to rotate the
light polarization axis while the k/4 wave plate is
utilized to retard the P-light component by a phase
angle of 90�. Detector outputs A(t) and A0(t) and
B(t) and B0(t) are subtracted by a di�erential am-

pli®er not shown in the ®gure. The output from
the di�erential ampli®ers is recorded in a 1 GHz
bandwidth oscilloscope. Quadrature coding is ob-
tained by adding a quarter-wave retardation plate
and two polarizing beam splitters. It eliminates
ambiguity in the sign of the acceleration and im-
proves accuracy when data reduction is performed
using the high resolution regions of the traces. In
most VISAR systems, three signals are recorded,
the two quadrature optical signals obtained from
horizontally and vertically polarized components
of light that di�er in phase because of the retarda-
tion plate, plus the intensity monitoring signal
used in data reduction. However, higher signal-
to-noise ratios can be obtained by subtracting
the two s-polarized beams and the two p-polarized
beams, both pairs 180� out-of-phase (Hemsing,
1979). This feature known as push±pull signi®cant-
ly reduces the noise introduced by incoherent light
entering the interferometer. The VISAR has been
successfully used to monitor normal particle veloc-
ity histories in shock wave experiments for over
two decades and remains a principal tool of the
®eld.

Another laser interferometer to emerge in that
decade was the LDV or laser Doppler velocimeter

Fig. 2. VISAR interferometer with air delay leg and ®ber optics to transport the laser light.
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developed by Sullivan and Ezekiel (1974). The
LDV can be used to monitor in-plane motion
but does not lend itself to the simultaneous moni-
toring of normal motion. The need to measure
both normal and in-plane displacements prompted
the development of the TDI (transverse displace-
ment interferometer) by Kim et al. (1977). The
TDI takes advantage of di�racted laser beams gen-
erated by a grating deposited or etched onto the
specimen rear surface. In this technique, the zero-
eth order re¯ected beam is used to monitor longi-
tudinal motion in a conventional way by means of
an NVI, or NDI (normal displacement interferom-
eter) while any pair of nth order symmetrically
di�racted beams may be interfered to obtain a di-
rect measure of the transverse particle displace-
ment history. The sensitivity of the TDI is given
by 1=2rn [mm=fringe] where r is the grating fre-
quency and n represents the order of the interfer-
ing di�racted beams.

Chhabildas et al. (1979) presented an alternative
interferometric technique particularly suited for
monitoring in-plane particle velocities in shock
wave experiments. The technique employs two VI-
SARs which monitor speci®c di�racted laser beams
from a target surface. Since one or both of the re-
sulting signals contains a linear combination of the
normal and in-plane components of surface mo-
tion, it is always possible to decouple the transverse
velocity from the normal velocity through a linear
combination of the two fringe records.

Both techniques, the two-VISAR and the NDI±
TDI, have advantages and disadvantages. The
combined NDI±TDI system has a much better res-
olution at low velocities, but requires the deposi-
tion of grids on the free surface of the target
plate. On the other hand, the two-VISAR tech-
nique provides velocity pro®les directly without
the need to di�erentiate displacement pro®les. Al-
though the two-VISAR technique is simpler to use
when optical windows are needed, it was shown
(Espinosa, 1996) that a combined NVI±TDI with
window interferometer is feasible. In contrast to
the embedded electromagnetic gauge technique to
measure velocity histories, both of these interfer-
ometers can be applied to a wide variety of mate-
rials, metallic or nonmetallic. Moreover, the
noncontact feature of the measurement system

makes these techniques ideal for high temperature
studies of materials.

The development of the NVI was motivated by
the relatively small range of velocities that can be
measured by the NDI. The latter interferometer
is a derivative of the original Michelson interfer-
ometer in which a light beam re¯ected from a mov-
ing target is interfered at a beam splitter with a
stationary reference beam. The sensitivity of the
NDI is given by k=2 [mm=fringe] where k repre-
sents the laser light wavelength. The extreme sensi-
tivity of this interferometer severely limits its
application in wave propagation experiments due
to the inordinately high signal frequencies which
may be generated.

An NVI or a VISAR on the other hand, has a
variable sensitivity given by k=�2s�1� d�� [mm=
ls=fringe] whereby s represents a time delay be-
tween the interfering light beams introduced by
an air delay leg or etalon in the interferometer.
The factor (1 + d) is a correction term to account
for the refractive index of the etalon. A quite ap-
pealing feature of this interferometer is that the
fringe record is a direct measure of particle veloc-
ity, thereby alleviating the need for di�erentiation
of the reduced signal. Moreover, signal frequencies
generated by an NVI are proportional to particle
acceleration and are therefore lower than equiva-
lent signal frequencies generated by an NDI. How-
ever, during an initial time period s, an NVI is
functioning as an NDI since the delayed light ar-
riving at the detector from the delay leg or etalon
is re¯ected from a stationary target (Clifton, 1970).
Ironically, it is the interpretation of the NVI in the
interval where it operates as an NDI that limits the
usefulness of the NVI in the low velocity range
(0.1±0.25 mm=ls). In this velocity range, values
of s in the neighborhood of 5 ns or more are re-
quired in order to obtain records with at least three
or four fringes. This in turn leads to a greater av-
eraging of the velocity measurements. Further-
more, elastic precursors causing velocity jumps of
more than 0.1 mm=ls in a time less than s cannot
be detected because the early time NDI signal fre-
quency may exceed the frequency response of the
light detection system. This feature is described
as lost fringes in the Valyn VISAR User's Hand-
book (VALYN VISAR, 1995).
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Clearly, the NDI and VISAR principles de-
scribed here indicate that there is a velocity range
between 0.1±0.25 mm=ls over which particle vel-
ocities may not be measured with the desired accu-
racy. Barker and Hollenbach (1972) investigated
the accuracy of the VISAR experimentally. They
found that measurements with 2% accuracy can
be obtained when a delay time of approximately
1 ns corresponding to a velocity per fringe con-
stant equal to 0.2 mm=ls is used. Certainly, veloc-
ities below 0.2 mm=ls can be measured, but the
uncertainty of the measurement increases because
only a fraction of a fringe is recorded. In this case,
signals in quadrature have to be recorded immedi-
ately before the experiment and assume the ampli-
tude remains the same during the experiment
(VALYN VISAR DATA REDUCTION PRO-
GRAM, 1995). It should be pointed that the VI-
SAR data reduction is very sensitive to the
position and shape of the Lissajous (VALYN VI-
SAR DATA REDUCTION PROGRAM, 1995).
In both interferometers it might appear that so-
phisticated light detection systems having several
GHz of bandwidth are required. Such systems al-
though currently attainable remain for the most
part prohibitively expensive.

Espinosa et al. (1997a) introduced a variable
sensitivity displacement interferometer (VSDI) to
provide an alternative to the NDI, and VISAR in-
terferometers as applied to plate impact experi-
ments, particularly within the noted velocity
range of 0.1±0.25 mm=ls. The sensitivity of such
an interferometer is fully variable; thus, it can op-
erate over a wide range of particle velocities with-
out exceeding the frequency response of the light
detection system. Moreover, the VSDI system
eliminates the need for very expensive optical com-
ponents and ultra-fast oscilloscopes.

The methods discussed thus far represent the
primary optical tools used to measure the surface
motion in plate impact/shock wave experiments.
Additional optical techniques for measuring the
surface displacements of solids have been success-
fully developed and applied in other disciplines of
scienti®c research. Most notably, in the ®eld of ul-
trasonic detection, in-plane and out-of-plane sur-
face displacements have been measured by high
speed Holographic techniques (Wagner, 1986) dif-

ferential laser Doppler anemometry (McKie and
Wagner, 1988) and heterodyne speckle interfero-
metry (Dandliker and Willemin, 1981). Recently,
Cand et al. (1994) introduced a technique for si-
multaneous detection of in-plane and out-of-plane
ultrasonic displacements through a two-channel
confocal Fabry±Perot interferometer. The accura-
cy of the technique was examined by measuring
the surface displacements associated with Rayleigh
surface waves generated by a Q-switched Nd:YAG
laser and found to be quite satisfactory. Despite its
reliability and acceptance as a tool in the measure-
ment of ultrasonic displacements, the Fabry±Perot
interferometer has not found widespread use in plate
impact/shock wave studies due to its relatively
high photon ®ll time (Johnson and Burgess, 1968).
This characteristic response time limits the resolu-
tion of the interferometer in the same way a long
delay time, s, limits the resolution of the VISAR.

A common feature of all interferometers discus-
sed in this section is that successful signal acquisi-
tion requires good fringe contrast during the time
of the experiment. Contrast losses arise from two
main causes, interferometer imperfections and tar-
get motion (displacement and tilt). These losses
can be in general time varying. For instance, a
beam splitter that does not split light equally will
produce a constant loss of contrast, while unevenly
curved surfaces will produce a variable contrast
change as a function of the light path in the inter-
ferometer. Target rotations that change the light
path can be very detrimental to most interferome-
ters. In this respect, interferometers that use scatter
light from the target and ®ber optics to transfer the
laser light will minimize the loss in fringe contrast
because the light path in the interferometer is
®xed. Furthermore, even target rotations of a
few milliradians will not result in signal loss in
such systems. By contrast, standard interferometer
set ups, without ®ber optics, require tilts smaller
than 1 mrad to avoid a change in the light path
that can o�set the beam from the optical compo-
nents of the interferometer. This feature is particu-
larly relevant in 2-D and 3-D wave propagation
problems, e.g., penetration experiments, in which
signi®cant surface rotations are expected at diag-
nostic points. Recently, Barker developed a VI-
SAR with these features (VALYN VISAR, 1995).
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2.1. Variable sensitivity displacement interferometer
theory

In this section we cover the theory of the VSDI
as an example. An analysis of the VSDI sensitivity
is provided and the equations used in the data re-
duction of recorded signals are derived.

To examine the governing equation for a vari-
able sensitivity displacement interferometer, con-
sider the e�ect of interfering a normally re¯ected
beam with a beam di�racted at an angle h with re-
spect to the specimen normal as shown in Fig. 3.
The normally re¯ected beam is split at beam split-
ter BS1. Each half of the normal beam is then
made to interfere with one of the di�racted beams
via beam splitters BS2 and BS3. The resulting sig-
nals generated by each interfering beam pair are
monitored by photodetectors. The combined ®eld
for either pair of interfering plane waves leads to
a classical interference expression of the form

I�t� / I0 � I�

� 2
�������������
�I0I��

p
cos �b� cos W��t�: �1�

Here, I0 and I� represent the time averaged inten-
sities of the respective contributing light ®elds and

b is the angle between their respective polarization
vectors. Normal and transverse particle motion in-
troduce frequency modulation through the time
varying phase term, namely,

W��t� � 2p
k

2U t ÿ l0

c

� �
ÿ U t ÿ l�

c

� ��
1� �cos h� � V t ÿ l�

c

� �
sin h� �l0 ÿ l��

�
� /0 ÿ /�; �2�

where k is the wavelength of the laser source, U(t)
and V(t) represent the normal and in-plane dis-
placements of the point of observation from its po-
sition at time t� 0; /�, /ÿ represent constant
arbitrary phase terms; and l�, lÿ, and l0 represent
the ®xed initial path lengths traversed from target
to detector by the h� di�racted beams and the nor-
mally re¯ected beam, respectively. Observe that
the transverse motion phase term is subtracted
for the case where the h� beam is employed and
otherwise added when interfering with the hÿ

beam. Next, setting l0� l� � lÿ leads to a more
simpli®ed and useful form, i.e.,

Fig. 3. Schematic of VSDI system. The H� VSDI system is obtained by combining a normally re¯ected beam and a di�racted beam at

an angle h�. In this ®gure, mirrors M0±M5 and beam splitters BS1±BS3 are used to obtain the VSDI systems. The lens with focal

length F is used to focus the beam at the grating plane in the anvil back surface.
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W��t� � 2p
k

U t ÿ l
c

� �
�1ÿ cos h�

�
�V t
�
ÿ l

c

�
sin h

�
� /0 ÿ /�: �3�

Eq. (3) shows that each VSDI system will generate
a di�erent signal frequency when used to monitor
the same given combined state of motion. This ef-
fect is con®rmed in pressure shear experiments at
the time corresponding to the arrival of the shear
wave at the target rear surface. With the delayed
arrival of the shear wave, the signal now represents
a linear combination of the two motion compo-
nents. Consequently, the signal frequency is altered
as indicated by Eq. (3), and each VSDI system ex-
hibits a sudden increase or decrease depending up-
on whether the h� or hÿ beam is being interfered.

Case of purely normal motion: (Desensitized
normal displacement interferometer, DNDI). For
V(t)� 0, a full fringe shift associated with a normal
displacement dU satis®es

DW�t� � 2p
k
�dU�t ÿ l=c���1ÿ cos h� � 2p: �4�

Rearrangement of this expression and use of the
grating equation, d sin h� nk, n��1; 2; . . . ; gives
the fringe constant relation

normal displacement

fringe
� k

1ÿ cos h

� k

1ÿ
����������������������
1ÿ �nkr�2

q ; �5�

where r � 1=d represents the frequency of the dif-
fraction grating and h is used for h� since both the
H� and Hÿ VSDI systems will function as identi-
cal desensitized normal displacement interferome-
ters. The fringe constant varies from in®nity at
h � 0� to k [mm/fringe] at h � 90�. Therefore, a
variable sensitivity displacement interferometer is
obtained which is particularly well suited for nor-
mal plate impact experiments with particle veloci-
ties in excess of 100 m/s. Clearly, the selection of
the appropriate angle h should be based upon
some a priori knowledge of the frequency range
that will be spanned.

Case of purely in-plane motion: (Desensitized
transverse displacement interferometer, DTDI).

Referring to Eq. (3), we may consider the case
where U(t)� 0, i.e., the case of pure in-plane mo-
tion. In this case, the variable phase is

W�t�� � 2p
k
� V t ÿ l

c

� �
sin h

� �
� /0 ÿ /� �6�

and the H� and Hÿ VSDI systems now act as iden-
tical transverse displacement interferometers. A
full fringe shift associated with a transverse dis-
placement dV corresponds to

dW�t� � 2p
k

dV t ÿ l
c

� �
sin h

� �
� 2p �7�

which may be rearranged and combined with
d sin h� nk to give the fringe constant relation

transverse displacement

fringe
� k

sin h
� 1

rn
: �8�

The DTDI sensitivity ranges from a complete loss
of sensitivity at h � 0� to a theoretical sensitivity
limit of k [mm/fringe] at h � 90�. The interferome-
ter is ``desensitized'' in the sense that, for the same
di�raction orders, it exhibits one-half the sensitiv-
ity of the TDI (Kim et al., 1977).

Case of combined normal and in-plane motions:
(VSDI system). When the material point exhibits
both normal and in-plane components of displace-
ment, frequency modulation results through a lin-
ear combination of both motion components as
dictated by Eq. (3). Decoupling of the two mo-
tions can be achieved by adding or subtracting
the time varying phase terms of the H� and Hÿ

VSDI signals. Addition provides an expression
for a new phase term associated solely with a nor-
mal displacement U given by

W�t�� �W�t�ÿ � 4p
k

U t ÿ l
c

� �
�1ÿ cos h� � 2/0

ÿ /ÿ ÿ /�: �9�
Hence, the fringe constant relation of this new sig-
nal is

normal displacement

fringe
� k

2�1ÿ cos h� : �10�

It should be noted that this sensitivity is twice the
sensitivity obtained by a single VSDI system for
the case of pure normal motion, basically, because
the signal obtained by addition of two VSDI
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systems exhibits a double recording of the normal
displacement. By subtracting the phase terms of
the H� and Hÿ VSDI signals, an expression for
a phase term associated solely with an in-plane
motion V is obtained, viz.,

W�t�ÿ ÿW�t�� � 4p
k

V t ÿ l
c

� �
sin hÿ /ÿ � /�:

�11�
The fringe constant of this new signal is given by

transverse displacement

fringe
� k

2sin h
: �12�

This sensitivity is the same as the one exhibited by
the TDI (Kim et al., 1977). This result is not sur-
prising since the signal obtained by subtracting
the two VSDI systems eliminates the e�ect of the
normally re¯ected beam. We can conclude that
this resulting signal is nothing other than a TDI
signal.

An alternative approach for determining the
normal and in-plane motions is to use the phase in-
formation of both a TDI system and a HÿVSDI
system. For instance, by subtracting the time vary-
ing phases of a HÿVSDI system and a TDI system
we obtain an expression for a phase term associat-
ed solely with the normal displacement U�t�,
namely,

2W�t�
HÿVSDI

ÿW�t�
TDI
� 4p

k
U t ÿ l

c

� �
�1ÿ cos h�

� /0 ÿ /
TDI
ÿ /

HÿVSDI
: �13�

This equation shows once more that the normal
motion can be recorded with the sensitivity given
by Eq. (10). The in-plane motion V can be directly
obtained from the TDI signal (Kim et al., 1977).

2.2. Example: Pressure±shear recovery experiment

We next present results obtained with the VSDI
system applied to pressure±shear recovery experi-
ments. The pressure±shear soft-recovery experi-
ment (Espinosa et al., 1997a; Espinosa, 1996;
Espinosa et al., 1995) is particularly suitable to in-
vestigate the applicability of the variable sensitivi-
ty displacement interferometer because normal
velocities in the range 0.1±0.3 mm=ls need to be
recorded. The con®guration is shown in Fig. 1(a).

The elastic wave fronts for a plane wave analysis
of a high strain rate pressure±shear recovery exper-
iment are given in a Lagrangian X±t diagram in
Fig. 1(b).

In the present study the multi-plate impactor
and target plates were made of speed-star steel
(AISI type M2 tool steel) (Smith, 1993). The plates
were lapped ¯at using a lapping machine and 15 lm
alumina powder. A ¯atness better than 3 rings was
measured by means of a Newton interferometer.

The specimen consisted of a woven glass ®ber-
reinforced polyester (GRP), 0.31 mm thick, glued
to the two steel plates in the periphery. A sample
density q � 1:952 � 0:036 Kg/m3 and a longitudi-
nal ultrasonic wave speed of 3:21� 0:01 Km/s
were measured for this material (Chou and DeLu-
ca, 1993). The composite material was found to be
transversely isotropic. Measured independent elas-
tic sti�ness constants were C11 � 31:55� 3:8 GPa,
C12 � 15:86� 4:53 GPa, C13 � 9:75� 3:83 GPa,
C33 � 20:12� 0:4 GPa, C44 � 4:63� 1:22 GPa,
C66 � 4:94� 1:31 GPa.

The multi-plate impactor, 57 mm in diameter,
was made of two speed-star steel plates 3.3 and
2.4 mm thick, respectively, bonded by a 1 lm thick
polymer ®lm. The speed-star target plate was 6.45
mm thick, see Fig. 1(a).

The impactor was glued to the front end of a ®-
ber glass tube with the impact plane skewed from
the axis of the tube at an angle of 18�. An alumi-
num back with two rubber O-rings was mounted
in the rear end of the tube to seal the wrap-around
breech. A key was mounted on the middle of the
®ber glass tube to prevent rotation of the projec-
tile. The projectile velocity was measured, just be-
fore impact, by recording the times of contact of
four wire pins placed in the path of the projectile.
An impact velocity of 0.132 mm=ls was measured
in the experiment.

A grating with 1000 lines/mm was manufac-
tured in the 6.45 mm-thick target plate back sur-
face to produce the desired di�racted beams. The
target plate was mounted in a holder ring and
aligned to the impactor surface within 0.5 mrad
using the optical technique developed by Kumar
and Clifton (1977). In order to check the angle
of misalignment at impact, the times of contact
at four voltage-biased pins were recorded.
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Through a logical circuit, contact of the four pins
gave four voltage steps, in the ratio of 1:2:4:8,
which were recorded in an oscilloscope. A tilt of
1:5� 10ÿ3 rad was measured in the experiment.

A combined Hÿ VSDI±TDI system was utilized
to monitor the normal and transverse velocities at
the target free surface. The zero order re¯ected
beam was combined with the negative ®rst order
di�racted beam to produce a Hÿ VSDI system.
A TDI interferometer was obtained by mixing
the two ®rst order di�racted beams (Kim et al.,
1977). Additional details of the experimental pro-
cedure are given in (Espinosa et al., 1997a; Espino-
sa et al., 1995).

The signals produced by the combined Hÿ

VSDI±TDI system, were recorded in a Tektronix
DSA 602A oscilloscope. Decoupling between the
normal and in-plane motions was accomplished
by ®rst obtaining the in-plane motion, V , directly
from the TDI signal and then the normal motion,
U , from Eq. (13). To eliminate electronic noise,
the interference fringes were ®ltered using a fast-
Fourier transform method and a cut-o� frequency
higher than the maximum fringe frequency. Fur-
thermore, since the signal amplitude does not con-
tain displacement information, it is customary to
scale the signal to a constant amplitude prior to
the displacement calculation. Hence, the ®ltered
fringes were then scaled to obtain uniform fringe
amplitude.

Based on the displacement interferometer prin-
ciples, one can assume that the interferometer
signal consists of fringes in a sine-like function
of voltage versus time, e.g., y�t� � a�t� sin�f �t��
�b�t�, where a�t� is the amplitude, b�t� is the zero
o�set, and f �t� is the phase function. In general,
a�t� and b�t� are not constant. They can be evalu-
ated by ®nding the envelopes, h�t� and l�t�, formed
by peaks and valleys, respectively. These functions
are given by a�t� � 0:5�h�t� ÿ l�t�� and b�t� � 0:5
�h�t� � l�t��. The amplitude corrected signal, y0�t�,
is then determined by y0�t� � �y�t� ÿ b�t��=a�t�.
The signal phase function can be obtained from
f �t� � arcsin�y0�t��. Then the displacement can
be computed from d�t� � d0f �t�=2p. The constant
d0 is a function of the interferometer and is de®ned
by Eqs. (10) and (12) for the VSDI and TDI sys-
tems, respectively.

Velocities were obtained by di�erentiating the
displacement histories numerically. All the calcula-
tions were automatically performed with MAT-
LAB. The functions MENU, GINPUT, INPUT,
and STRCMP were used to input the data ®les.
The functions FIR1 and FFTFILT were used to
performed the fast Fourier transform ®ltering.
The function INTERP1 was employed to ®t the
peaks and valleys with cubic splines. The function
GRADIENT was utilized to perform the numeri-
cal di�erentiation.

The normal velocity-time pro®les obtained
from the experiment and the amplitude corrected
signal are plotted in Fig. 4. Upon arrival of the
normal wave, fringes are produced in the Hÿ

VSDI channel. A signi®cant frequency increase is
observed after arrival of the shear wave in accor-
dance with Eq. (3). The normal velocity exhibits
a jump in velocity to a level of approximately
0.05 mm=ls followed by a reduction and increase
in velocity due to wave reverberations in the thin
polymer layer used in the multi-plate ¯yer. An ap-
proximately constant velocity of 0.095 mm=ls is
monitored in the next 1.8 ls which is in agreement
with the elastic prediction.

The transverse velocity history together with
the amplitude corrected TDI signal are shown in
Fig. 5. The transverse particle velocity progressive-
ly increases to a maximum value of about 0.019
mm=ls corresponding to a shear stress of 240
MPa. In high strain rate pressure±shear experi-
ments, the recorded velocity at the target free sur-

Fig. 4. Normal velocity±time pro®le from pressure±shear recov-

ery experiment. The plotted time is after arrival of normal wave

to the steel target plate back surface.
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face can be used in the calculation of stresses, at
the target±specimen interface, using the method
of characteristics (Espinosa and Clifton, 1991).
In these calculations, a state of one dimensional
elastic strain is assumed.

Small ¯uctuations in the normal and transverse
velocity histories are due in part to errors in data
reduction arising from the insensitivity of the
VSDI and TDI at the peaks and valleys of the
trace (Espinosa and Clifton, 1991).

In summary, this section has discussed several
interferometric techniques which are commonly
used in impact experiments. In particular, the the-
oretical analysis of a VSDI, obtained by interfer-
ing a normally re¯ected beam with a beam
di�racted at an angle h with respect to the speci-
men normal, was presented as an example. It is
shown that in the VSDI a wide range of sensitivi-
ties can be obtained by changing the angle between
the two beams. In principle, the VSDI interferom-
eter presented here can be used in wave propaga-
tion experiments conducted on metallic and
nonmetallic materials in a variety of impact con®g-
urations including those in which an optical win-
dow is employed.

3. In-material stress and velocity measurement

techniques

Several research e�orts have been made for
inmaterial measurements of longitudinal and shear

waves in dynamically loaded solids. Gupta (1976),
Young and Dubugnon (1977), and Gupta et al.
(1980) reported successful experiments where ve-
locity histories have been obtained at interior sur-
faces by inserting metallic gauges in a magnetic
®eld and measuring the current generated by their
motion; these are called electromagnetic particle
velocity (EMV) gauges. This technique can be ap-
plied only to nonmetallic materials.

Another technique developed for in-material
measurements (Williams and Keough, 1968; Ro-
senberg and Bless, 1986), employs manganin gaug-
es placed between the specimen and a back plate,
to measure the time history of the longitudinal
stress, or by placing a manganin gauge at an inter-
face made in the direction of wave propagation, to
measure lateral stresses. In this con®guration the
dynamic shear resistance of the material can be ob-
tained by simultaneously measuring the axial and
lateral stresses.

An alternative technique for the in-material
measurement of the dynamic shear resistance of
materials, is the use of oblique impact with the
specimen backed by a window plate (Espinosa,
1996). In this technique longitudinal and shear
wave motions are recorded by a combined NDI,
or an NVI (Barker and Hollenbach, 1965), and a
TDI (Kim et al., 1977). Alternatively, the VSDI in-
terferometer previously discussed can be used. The
velocity measurements are accomplished by manu-
facturing a high pitch di�raction grating at the
specimen±window interface (Espinosa, 1996).

3.1. In-material stress measurements with embedded
piezoresistant gauges

Many materials exhibit a change in electrical re-
sistivity as a function of both pressure and temper-
ature. Manganin, an alloy with 24 wt% Cu, 12
wt% Mn, and 4 wt% Ni, was ®rst used as a pres-
sure transducer in a hydrostatic apparatus by
Bridgman (1911). Manganin is a good pressure
transducer because it is much more sensitive to
pressure than temperature changes. Impact exper-
iments performed by Bernstein and Keough
(1964), and DeCarli et al. (1976) show a linear re-
lationship between axial stress r1, in the direction
of wave propagation, and resistance change.

Fig. 5. Transverse velocity±time pro®le from pressure±shear re-

covery experiment. The plotted time is after arrival of shear

wave to the steel target plate back surface.
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Namely, r1 � DR=kR0 in which R0 is the initial re-
sistance and k is the piezoresistance coe�cient. For
manganin, DeCarli et al. (1976), found k � 2:5
�10ÿ2 GPaÿ1. The value of this coe�cient is a
function of the gauge alloy composition, therefore,
a calibration is required. Manganin gauges are
well suited for stress measurements above 4 GPa
and up to 100 GPa. At lower stresses, carbon
and ytterbium have a higher pressure sensitivity
(Chhabildas and Graham, 1987) resulting in larger
resistance changes and hence more accurate mea-
surements. Carbon gauges can be accurately used
up to pressures of 2 GPa while ytterbium can be
used up to pressures of 4 GPa. Various types of
manganin gauges are manufactured by Measure-
ments Group. Ytterbium and Carbon gauges are
manufactured by Dynasen.

In plate impact experiments, the gauge element
is usually embedded between plates to measure ei-
ther longitudinal or transverse axial stresses. A
schematic of the experimental con®guration is
shown in Fig. 6. If the gauge is placed between
conductive materials, it needs to be electrically in-
sulated by packaging the gauge using mylar, mica
or te¯on. Another reason for using a gauge pack-
age is to provide additional protection in the case
of brittle materials undergoing fracture.

Through the use of metallic leads, the gauge is
connected to a power supply that energizes the

gauge prior to the test. The power supply compris-
es a capacitor that is charged to a selected voltage
and discharged upon command into a bridge net-
work by the action of a timer and a power transis-
tor. The current pulse that is delivered to the
bridge is quasi-rectangular with a duration be-
tween 100 and 800 ls. The bridge network is basi-
cally a Wheatstone bridge that is externally
completed by the gauge. The gauge which is nom-
inally 50 X, is connected to the bridge with a 50 X
coaxial cable. The reason for using a pulse excita-
tion of the bridge, rather than a continuous excita-
tion, is that such approach permits high outputs
without the need for signal ampli®cation and
avoids excessive Joule heating e�ects that can re-
sult in gauge failure. The bridge output is connect-
ed to an oscilloscope for the recording of voltage
changes resulting from changes in resistance. The
relation between voltage and resistance change is
obtained by means of a calibration with a variable
resistor. A compensating bridge with these charac-
teristics is presently manufactured by Dynasen.

A concern with this technique is the perturba-
tion of the one dimensionality of the wave propa-
gation due to the presence of a thin layer,
perpendicular to the wave front, ®lled with a mate-
rial having a di�erent impedance and mechanical
response. Calculations by Wong and Gupta
(1991) show that the inelastic response of the ma-
terial being studied a�ects the gauge calibration.
Recently, Rosenberg and Brar (1994) reported that
in the elastic range of the gauge material its resis-
tance change is a function of the specimen elastic
moduli. In a general sense, this is a disadvantage
in the lateral stress gauge concept. Nonetheless,
their analysis shows that in the plastic range of
the lateral gauge response, a single calibration
curve for all specimen materials exists. These ®nd-
ings provide a methodology for the appropriate in-
terpretation of lateral gauge signals, and increase
the reliability of the lateral stress measuring tech-
nique.

3.2. Example: Identi®cation of failure waves in glass

In-material axial and transverse stress measure-
ment have been successfully used in the interpr-
etation of the so-called failure waves in glass

Fig. 6. Manganin gauge experimental con®guration. Gauges

G1 and G2 record the transverse stress. Gauge G3 records

the longitudinal stress at the specimen±back plate interface.
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(Brar and Bless, 1992; Espinosa, Xu and Brar,
1997). By using the con®guration shown in Fig. 6
with the longitudinal gauge backed by a PMMA
plate, the dynamic tensile strength of the material
was determined. In these experiments, manganin
gauges type LM-SS-125CH-048 manufactured by
Measurements Group, were used. Soda-lime and
Corning 1723 aluminosilicate glass plates were tes-
ted. The density and longitudinal wave velocity for
the soda-lime glass were 2.5 g/cm3 and 5.84 mm/ls,
respectively. The aluminosilicate glass properties
were: density� 2.64 g/cm3, Young's modulus� 86
GPa, and Poisson's ratio� 0.24.

By appropriate selection of the ¯yer plate thick-
ness, the plane at which tension occurs for the ®rst
time within the sample was located close to the im-
pact surface or close to the specimen±PMMA in-
terface. In experiment (7-0889) we impacted a
5.7-mm thick soda-lime glass target with a 3.9
mm aluminum ¯yer at a velocity of 906 m/s. The
manganin gauge pro®le is shown in Fig. 7. The
spall plane in this experiment happened to be be-
hind the failure wave. The pro®le shows the arrival
of the compressive wave with a duration of ap-
proximately 1.5 ls, followed by a release to a stress
of about 3 GPa and a subsequent increase to a
constant stress level of 3.4 GPa. The stress increase
after release is the result of re¯ection of the tensile
wave from material that is being damaged under
dynamic tension and represents the dynamic ten-
sile strength of the material (spall strength). From

this trace we conclude that soda-lime glass
shocked to a stress of 7.5 GPa has a spall strength
of about 0.4 GPa behind the so-called failure
wave. We repeated this experiment with a 2.4-
mm thick aluminum ¯yer (7-1533) and found com-
plete release from the back of the aluminum imp-
actor, see Fig. 7. A pull back signal is observed
after approximately 0.45 ls with a rise in stress
of about 2.6 GPa. It should be noted that the spall
plane in this experiment was in front of the failure
wave. These two experiments clearly show that the
spall strength of glass depends on the location of
the spall plane with respect to the propagating fail-
ure wave. For soda-lime glass a dynamic tensile
strength of 2.6 and 0.4 GPa are measured with
manganin gauges in front and behind the failure
wave, respectively. Similar results were obtained
by Dandekar and Beaulieu (1995) using a VISAR.

Additional features of the failure wave phenom-
enon were obtained from transverse gauge experi-
ments performed on soda-lime and aluminosilicate
glasses (Espinosa et al., 1997). In these experi-
ments one or two narrow, 2 mm wide, manganin
gauges (Type C-8801113-B) were embedded in
the glass target plates in the direction transverse
to the shock direction as shown in Fig. 6. A thick
back plate of the same glass was used in the target
assembly. Aluminum or glass impactor plates were
used to induce failure waves. The transverse stress,
r2, was obtained from the transverse gauge record.
Fig. 8 shows measured transverse gauge pro®le at

Fig. 7. Gauge pro®le from experiment 7-0889 showing reduced

spall strength. Gauge pro®le from experiment 7-1533 showing

complete release and a spall strength of 2.6 GPa.

Fig. 8. Manganin gauge records from shots 7-1717 and 7-1719,

showing transverse stress histories at two locations (see Fig. 6

for location of transverse gauges).
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two locations (shot-7-1719) in the Corning 1723
glass. One can clearly see the two wave structure
which results from the failure wave following the
longitudinal elastic wave. The ®rst gauge, at the
impact surface, shows an increase in lateral stress
to the value predicted by 1-D wave theory, 2.2
GPa in Fig. 8, immediately followed by a continu-
ous increase to a stress level of 4.2 GPa. The sec-
ond gauge, at 3 mm from the impact surface,
initially measures a constant lateral stress of 2.2
GPa followed by an increase in stress level on ar-
rival and passage of the failure wave. It should
be noted that gauge G1 records a continuous in-
crease in lateral stress up to 4.26 Pa. This can only
be the case if the failure wave has an incubation
time of less than 250 ns. By contrast, gauge G2
sees the arrival of the failure wave about 700 ns af-
ter the arrival of the elastic wave (see step at 2.2
GPa). Furthermore, these traces also con®rm that
the failure wave initiates at the impact surface and
propagates to the interior of the sample. This in-
terpretation is in agreement with the impossibility
of monitoring impact surface velocity with a VI-
SAR system (Dandekar and Beaulieu, 1995) when
failure waves are present.

The impact parameters used in the above exper-
iments are summarized in Table 1. Measured pro-
®les of manganin gauges were converted to stress±
time pro®les following the calibrations of longitu-
dinal and transverse manganin gauges under shock
loading given in Rosenberg and Partom (1985) and
Rosenberg and Brar (1994), respectively.
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