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The present article introduces a new technique for window interferometry in the case of combined
normal and shear wave motion. The method can, in principle, be used for micromechanical studies
of damage and inelasticity in a variety of materials. Preliminary tests conducted on brittle materials
indicate the feasibility of the technique and its advantages over other in-material measurements
using embedded manganin gauges or electromagnetic particle velocity gauges. An analysis of the
interferometric signals, incorporating variations in the index of refraction of the window material, is
used in the interpretation of the velocity histories. The suitability of the technique in the study of
dynamic failure and material instabilities is presented. Furthermore, the use of the in-material
measurement technique in the design of pressure-shear recovery experiments is described. ©1996
American Institute of Physics.@S0034-6748~96!00811-8#

I. INTRODUCTION

One of the major challenges in applied mechanics is the
correlation between macroscopic events and processes occur-
ring at the microlevel. The development of observation ca-
pabilities with spatial resolution of atomic dimensions, e.g.,
scanning tunneling microscopy~STM! and high resolution
electron microscopy~HREM!, has opened new frontiers in
the mechanical characterization of advanced materials. Un-
fortunately, very limited effort has been directed towards the
development of experimental techniques that would allow
the identification and modeling of failure mechanisms from
an atomic or molecular standpoint. Plate impact experiments
offer unique features within the spirit of the stated needs.
The experimental technique consists of generating normal
and shear waves with a time resolution of a few nanoseconds
and magnitudes up to several gigapascals~GPa!, in specially
designed target plates. In the case of recovery experiments,
postshock examination of the specimens by means of STM,
HREM, and other observational methodologies, allows the
identification of failure mechanisms. These observations
form the bases for~i! the comprehensive understanding of
the processes occurring during shock deformation and~ii !
the formulation of physically based constitutive models. In-
terferometric records, performed during the wave propaga-
tion event, are used as a diagnostic tool in the examination of
derived or postulated models. The resolution and location,
free surface or in-material, of these measurements are essen-
tial to the identification process. In this article, the in-
material measurement techniques are investigated.

Several research efforts have been made for in material
measurements of longitudinal and shear waves in dynami-
cally loaded solids. The measurement of displacement or ve-
locity histories at different depths within the material is es-
pecially valuable in its mechanical characterization. Damage,
plasticity, phase transformations, and other material instabili-
ties can be identified under stress conditions that are undis-
turbed by wave reflections from free surfaces. Gupta,1

Young and Dubugnon,2 and Guptaet al.,3 reported success-
ful experiments where velocity profiles have been obtained

at interior surfaces by inserting metallic gauges in a magnetic
field and measuring the current generated by their motion:
these are called electromagnetic particle velocity~EMV!
gauges. This technique can be applied only to nonmetallic
materials. Furthermore, Feng and Gupta,4 have shown that
the thin epoxy bond, used in the assembly of EMV gauges, is
responsible for the transmitted shear wave amplitude. Their
computer simulations of pressure-shear experiments con-
ducted in SiO2 revealed that the visco-plastic response of the
epoxy bond controls and limits the in-plane motion transmit-
ted to the specimen. This phenomenon is highly undesirable
in the study of damage and inelasticity in modern materials
like ceramics and composites.

The other technique developed for in-material measure-
ments, Williams and Keough,5 Rosenberg and Bless,6 em-
ploys manganin gauges placed between the specimen back
face and a thick polymethyl methacrylate~PMMA! disk to
measure the time history of the longitudinal stresss1. The
measurement of the transverse stress,s2, is accomplished by
placing another manganin gauge at an interface made in the
direction of wave propagation. The shear stress is obtained as
one half the difference between the two normal stresses,
s1 ands2. A concern with this technique is the perturbation
of the one dimensionality of the wave propagation due to
the presence of a thin layer, perpendicular to the wave front,
filled with a material having a different impedance and me-
chanical response. Calculations by Wong and Gupta,7

show that the inelastic response of the material being studied
affects the gauge calibration. Recently, Rosenberg and
Brar,8 reported that in the elastic range of the gauge
material its resistance 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 analy-
sis shows that in the plastic range of the lateral gauge re-
sponse, a single calibration curve for all specimen materials
exists. These findings provide a methodology for the appro-
priate interpretation of lateral gauge signals, and increase the
reliability of the lateral stress measuring technique. Addi-
tional studies concerning the validity of the assumptions
made in the work by Rosenberg and Brar,8 and the role of
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specimen inelasticity in gauge resistance change should be
pursued.

The technique presented here is an extension, to the case
of combined normal and shear motion, of the window inter-
ferometer introduced by Barker and Hollenbach.9 It can be
used for both of the techniques that produce pressure-shear
loadings: oblique impact and normal impact with anisotropic
crystals, such asY-cut quartz,~Chhabildas and Swegle.!10

The wave histories are obtained by direct measurement of
displacements or particle velocities which are accomplished
by manufacturing a high pitch diffraction grating at the
specimen-window interface. A normal displacement interfer-
ometer ~NDI!, or a normal velocity interferometer@~NVI !,
Barker and Hollenbach#,11 and a transverse displacement in-
terferometer@~TDI! Kim et al.#12 can be utilized.

This article starts with a description of pressure-shear
with window interferometry, followed by a discussion of the
experimental procedure used in the manufacturing of diffrac-
tion gratings within the window plate. The requirements on
the window, in which the grating is embedded, are analyzed
in detail. Experimental results obtained on a ceramic and a
ceramic composite are presented together with some obser-
vations for future improvements in the interferometric in-
material measurements. An analysis of the signals, incorpo-
rating variations in the index of refraction of the window
material, is used in the interpretation of velocity histories.
Applications of the technique to the study of dynamic failure
and material instabilities are presented. Furthermore, the use
of the in-material measurement technique in the design of a
pressure-shear recovery experiment is described.

II. PRESSURE-SHEAR EXPERIMENT WITH WINDOW
INTERFEROMETRY

In this section, a plate impact experiment leading to
combined dynamic loading is described. The experimental
configuration is shown in Fig. 1~a!. Compression-shear load-
ing is accomplished by inclining the flyer and target plates
with respect to the projectile axis. By varying the angle of
inclination, a variety of loading states can be obtained. At
impact, plane compression waves and shear waves are pro-
duced in both the impactor and the specimen. The elastic
wave fronts for a plane wave analysis are given in a La-
grangiant-X diagram in Fig. 1. In the absence of a gap at the
specimen-window interface, the major part of the compres-
sive pulse propagates into the window, and the remainder,
not shown in Fig. 1, is reflected due to a small mismatch in
impedances. Another reflected pulse is generated when the
transmitted compressive pulse reaches the free surface of the
window. When this tensile pulse arrives at the specimen-
window interface, slippage can take place due to the strong
reduction in normal stress; therefore, useful information on
the shear wave is limited to times less than the time corre-
sponding to pointE in Fig. 1. Similar features are encoun-
tered in the history of the shear wave.

One of the motivations for the development of the tech-
nique discussed here, is the elimination of states of pure
shear stresses, or equivalently tensile and compressive
stresses at 45°, that can develop within the specimen due to
normal wave reflection at free surfaces. When the dynamic

tensile strength of the material is a small fraction of the com-
pressive strength, as is the case in ceramics and ceramic
composites, failure of the material in tension prevents the
identification of failure mechanisms under combined
compression-shear loading. This failure mode was experi-
mentally observed in WC/6Co anvil plates by Espinosa and
Clifton.13 Since pressure-shear impact experiments are espe-
cially suitable for the characterization of the dynamic shear
resistance of materials under high strain rates and pressures,
tensile failure is highly undesired in this type of experiment.
The addition of a window plate to the target assembly moves
the state of pure shear loading, region 4 in Fig. 1~b! to the
window plate. The net effect is that this undesired stress
state, within the specimen, is eliminated. It should be noted
that the window material must withstand the pure shear load-
ing state without damage and/or inelasticity.

The pressure-shear with window interferometry experi-
ment presents several advantages over the other techniques
mentioned previously. The method preserves the fundamen-
tal advantage that the measured wave profiles are undis-
turbed by reflections of the compressive wave at free sur-
faces. No interfaces are required that can perturb the one
dimensionality of the wave propagation. The method can, in
principle, be used for metallic and nonmetallic materials as
long as a suitable window material, e.g., lithium fluoride,
sapphire, glass, with a matching impedance can be found.
The measurement of both longitudinal and shear waves are

FIG. 1. Schematic of pressure-shear impact with window interferometry and
correspondingt-X diagram.
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made independently and at the same spatial point with a time
resolution of approximately 2–3 nanoseconds. The indepen-
dent measurement of normal and shear waves has the addi-
tional advantage that different interferometric techniques can
be utilized on each measurement; for instance, TDI and NVI
~see Fig. 2!. Although a velocity interferometer can be used
to monitor both waves simultaneously~Chhabildaset al.!,14

this approach has the major drawback that the sensitivity
required by each wave component, normal and in-plane
waves, is completely different, making the selection of the
appropriate delay leg a difficult task. By contrast, the vari-
able sensitivity of the TDI makes the experimental set up
discussed in this article very suitable for the recording of low
and high interface transverse velocities.

III. GENERAL EXPERIMENTAL PROCEDURE

Sapphire has been chosen as the window material be-
cause it remains transparent up to normal stresses of 15 GPa
and it has an impedance that matches many ceramics and
ceramic composites. Its spall strength is close to the Hugo-
niot elastic limit, which is of the order of 20 GPa in theZ
direction. This stress is considerably larger than the stresses
encountered in the experiments reported here, therefore, the
window material remained elastic. Therefore, difficulties in
the interpretation of the experimental records associated with
inelasticity in the window material, are not expected.

For the experiment to be successful, the specimen-
window interface should transmit the in-plane motion with-
out damage or plastic flow. In addition, a grating that can
generate the necessary diffracted beams for the measurement
of transverse velocities is required. The manufacturing of a
multilayer tailored interface, described next, meets both of
these requirements. Moreover, considering that the film can
be made a few microns thick, a negligible perturbation to the
longitudinal and/or shear waves, due to impedances mis-
match, is expected.

A Ronchi ruling grating made of Ti strips is embedded
within the sapphire window. The process starts with the sput-
tering of a Ti layer 100 nm thick. Then, by using standard
photolithographic techniques a photoresist mask 1mm thick
is constructed with the desired pitch. The exposed Ti is
chemically etched by using an etchant with the composition:
distilled water 100 ml hydrofluoric acid~40%! 1 ml, and
nitric acid 2 ml ~Kroll’s reagent!. Alternatively, reactive ion
etching~RIE! using CF418% O2 successfully etched Ti with
the following parameters: rf power per unit area50.4 W/cm2,
bias voltage5560 V, total chamber pressure520 mT, CF4
flow rate537 sccm, O2 flow rate53 sccm, and Dwell time
51.2 s. RIE was needed in the manufacturing of submicron
gratings; up to 600 l/mm gratings have been made with this
procedure.

After removing any remnant photoresist, an Al2O3 layer
with thickness between 5–10mm, is sputtered onto the sap-
phire substrate containing the diffraction grating. Al2O3
amorphous thin films of high quality, characterized by their
transparency, adhesion to the substrate, layer uniformity and
good stoichiometry, have been obtained. The parameters
used were, rf power55 W/cm2, chamber pressure530 mT,

and a distance between the Al2O3 target~99.99% purity! and
the sapphire substrate of 1.4 in. The rate of deposition was
20 nm/min. In order to avoid cracking due to the generation
of thermal stresses in the substrate and target, both target
plate and the window plate were maintained at room tem-
perature by a cooling capability incorporated in the design of
the sputtering machine.

The selection of the Ti thin film as the reflecting part of
the grating is based on its strong adhesion to sapphire. Peel
tests conducted by KimY et al.15 show that Ti deforms plas-
tically when it is bonded to sapphire substrates. This behav-
ior was rationalized by the elastic properties of the substrate
and the chemical reaction at the interface where the oxygen
present in the sapphire microstructure contributes to the for-
mation of a TiO2 transition film. An important feature of the
multilayer embedded grating is that the Ti strips are confined
by the surrounding Al2O3 film. Hence, the shear resistance of
the layer is mainly controlled by the alumina thin film qual-
ity ~porosity, atomic structure!.

The frictional properties of the specimen-window inter-
face are utilized to transmit the in-plane motion. To do this,
the Al2O3 thin film on the sapphire window, is lapped to a
flatness better than 2 Newton rings~under monochromatic
light l5587.6 nm! and its roughness increased by using 15
mm diamond paste. It should be noted that the frictional re-
quirements at the specimen-window interface are less strin-
gent than at the impact surfaces, because the pressure wave
arrives at the interface before the shear wave@see Fig. 1~b!#.

The specimen and window plates are assembled in a
clean room. After they are clamped together, small epoxy
drops are applied at the edges. Neither epoxy nor alumina-
filled epoxy are used at the specimen-sapphire window inter-
face because they strongly limit the level of shear tractions
that can be transmitted to the window material~see Feng and
Gupta!.4

IV. ANALYSIS OF NVI AND NDI FOR WINDOW
INTERFEROMETRY

When a window material is used, the light rays reflected
from the specimen-window interface must pass through a
window region in which the wave motion has produced
variations in the index of refraction. These variations alter
the Doppler-frequency shift of the reflected laser light; there-
fore, new expressions for the calculation of displacements
~Michelson interferometer! and velocities~Velocity interfer-
ometer! must be derived.

Following Clifton,16 consider two rays which arrive at
the photodetector simultaneously~see Fig. 3!. Their relative
phases can be determined by tracing these rays backward
until a fixed position in the incident laser beam is reached.

If t̂ denotes the times at which the two light rays arrive
at the photodetector, then the time at which these rays leave
the reference plane are~see Fig. 3!:
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wheret is the delay time,H is the window thickness,A and
L arbitrary lengths used in the interferometer set up,n0 is the
refractive index of the unstressed window material,n is the
refractive index of the stress window material,U(t) is the
specimen-window interface normal displacement,c0 is the
speed of the laser light, andc1 is the longitudinal shock wave
speed. In the NVI shown in Fig. 2, the reference plane can be
identified with the location of mirror M5,A with the ray path
length from M5 to BS3, andL with the ray path length from
M5 to the window back surface.

The time difference of the two rays leaving the reference
plane is

t22t15t12c1t
n0
c0

2
2

c0
H E

U~ t !

c1t

ndx2E
U~ t2t!

c1~ t2t!

ndxJ .
~2!

The refractive indexn may be related to the normal
stress in the window by an expression of the form
n5n02as; a.0 wherea is a constant. Substitution of this
expression into the integrals gives,

t22t15t12c1t
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c0
H E
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c1t

~2as!dx

1E
U~ t2t!
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1U~ t2t!#J . ~3!

Furthermore, the integrals in space can be converted to
integrals, over time, of the velocity at the specimen-window
interface by using characteristic equations within the win-
dow. Substituting the integrand,sdx, by (2rc1U̇)c1dt, the
time difference between the light rays becomes

t22t15t12c1t
n0
c0

2
2

c0
H E

0

t

~arc1
2U̇ !dt

2E
0

~ t2t!

~arc1
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Then,

t22t15t1
2

c0
~n02arc1

2!@U~ t !2U~ t2t!#. ~5!

The change in phase, expressed in numbers of fringes
from the onset of motion of the interface is given by

F[
v@ t22t12t#

2p
5

2v

2pc0
~n02arc1

2!@U~ t !2U~ t2t!#,

~6!

in which v is the frequency of the laser source. Since
v52pc0/l, the fringe count can be expressed in terms of the
laser wave lengthl, namely,

F5
2

l
~n02arc1

2!@U~ t !2U~ t2t!#. ~7!

If the interface moves smoothly so thatU(t)
2U(t2t)5u(t2t/2)t1O(t2), then the interface normal
velocity u at time t2t/2 is given by

uS t2 t

2D.
lF

2t~n02arc1
2!
. ~8!

A similar analysis can be carried out for the case in
which the normal shock wave has been reflected from the
window free surface, i.e.,t.H/c11t. In this case, the ex-
pression forF is

F5
2t

l
$~n02arc1

2!u~ t2t/2!2~n021!ufs~ t2t/2!

12arc1
2u@2~ t2H/c1!2t#%. ~9!

Assuming the window material remains elastic, we have
that the window free surface velocity is equal to two times
the interface velocity at time t2H/c1, i.e., ufs(t)
52u(t2H/c1), then the fringe count can be made a function

FIG. 2. Optical layout of combined NVI-TDI interferometers.

FIG. 3. Lines of constant phase along direct and indirect light ray paths.
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only of the particle velocity at the specimen-window inter-
face. For sapphiren02arc1

2.1.777, ~12n0!.20.78 and

arc1
2̇. 0. Hence,

F.
2t

l
$1.777u~ t2t/2!21.56u~ t2H/c12t/2!%,

for t.H/c11t

F.
2t

l
$1.777u~ t2t/2!% for t,t,H/c1 . ~10!

If the analysis were repeated for a displacement interfer-
ometer, the analysis would be the same as fort→`. Then,
for NDI:

F5
2

l
~n02arc1

2!U~ t !1
4

l
~12n0!U~ t2H/c1!

1
2

l
arc1

2U@2~ t2H/c1!#. ~11!

For sapphire we have:

F.
2

l
$1.777U~ t !21.56U~ t2H/c1!%. ~12!

The frequencyḞ is related to the interface normal velocity
according to

f[Ḟ5
2

l
$1.777u~ t !21.56u~ t2H/c1!%. ~13!

The expressions derived in this section will be used in
the calculation of the interface velocity histories measured in
the pressure-shear experiments discussed in the next section.

In closing this section, it should be noted that variations
in the window index of refraction equally and simulta-
neously alter the Doppler-frequency shift of the twonth order
diffracted beams used in the transverse displacement inter-
ferometer~TDI!. Therefore, the expression for the time vary-
ing phase function

C~ t !5
4p

l FVS t2 l

cD sin unG , ~14!

derived by Kimet al.,12 remains unchanged. A different sce-
nario appears in the case of the variable sensitivity displace-
ment interferometer~VSDI! developed by Espinosaet al.17

In this case, the corrections presented in this section must be
incorporated in the expression for the time varying phase
function because thenth order diffracted beam and 0th order
beam used in the VSDI have different path lengths within the
window.

V. EXPERIMENTAL RESULTS

Pressure-shear with window interferometry experiments
were performed in a 2.5-in light gas gun at Brown Univer-
sity. Sapphire windows 1 in. in diameter, 3.2-mm-thick were
used. A grating with an area of 7 mm34 mm and 200
lines/mm was manufactured in the middle of the windows
following the procedure described in Sec. III. Additional de-
tails of the experiments are given in Table I. The compres-

sion and shear wave behavior were recorded by monitoring
the time resolved motions of the specimen-sapphire interface
with normal velocity and transverse displacement interfero-
metric techniques~NVI and TDI!, Figs. 1 and 2. The mea-
surements were recorded on a transient digital oscilloscope
with a sampling period of 0.742 ns per data point. The inter-
ference fringes measured with the TDI were first filtered by
using a Fast–Fourier transform method. The filtered ampli-
tudes of the fringes were then scaled to obtain uniform fringe
amplitude. By numerical differentiation, the transverse ve-
locity versus time profile was obtained. Details of the data
reduction process can be found in Tong W.18 Similar data
processing was used for the NVI, except that differentiation
was not required. As discussed in the previous section, the
relationship between the number of fringes and the particle
velocity being measured must account for the refractive in-
dex changes of the window. Before the longitudinal wave
reaches the free surface of the window, this relationship is
given by Eq. ~8!. Since the form of this equation can be
related to the form given by Baker and Hollenbach,11 the
frequency corrections obtained by them for sapphire, when
the wave propagates along theZ-axis of the crystal, are used
in the interpretation of the experimental records reported
here.

Time resolved velocity profiles for a compression-shear
experiment performed on an AlN/AlN/Al ceramic compos-
ite, developed by Lanxide Armor Products, Inc., are dis-
played in Figs. 4 and 5. The composite consists of aluminum
nitride ~AlN ! reinforcement particles with a mean diameter
of 3 mm and a matrix of AlN/Al. The compressive wave

TABLE I. Summary of experimental results.

Shot
No.

Projectile
velocity

Skew
angle

Specimen
material/thickness

Impactor
material

- V0, @mm/ms# a, @deg# h, @mm#
91-04 0.231 18 AlN/AlN/Al/4.028 AlN/AlN/Al
91-07 0.124 22 Vistal/4.020 WC/6Co
95-09 0.158 18 GRP/0.370 Steel

FIG. 4. Normal particle velocity as a function of time measured at the
AlN/AlN/Al specimen-sapphire interface, Shot 91-04. The inside box repro-
duces the laser interferometer trace as recorded by the oscilloscope.
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shows a jump in particle velocity followed by a ramp-wave
structure. This profile is consistent with an initial elastic limit
followed by a dynamic hardening region; however, the ramp
may also be associated with closure of rough surfaces at the
specimen-window interface. The shear wave shows a similar
structure in the first 30 ns. The amplitude corresponding to
an elastic response is attained. The peak shear stress is
t5750 MPa. The decreasing shear stress observed at later
times can be attributed to wave attenuation due to inelastic
strain rates developing behind the wave front. Nonetheless,
the proper interpretation of this feature requires further char-
acterization of the shear resistance of the Al2O3 thin film and
the frictional properties of the specimen-window interface.

The same experimental configuration, Shot 91-07, has
been used successfully for conducting a test addressing the
dynamic shear resistance of an alumina manufactured by Co-
ors Co. under the trade name Vistal~99.99% alumina!. The
trace from the normal displacement interferometer is shown
in Fig. 6. During the first 275 ns, the frequency of the input
signal exceeded the frequency response of the digital oscil-
loscope. Upon arrival of the longitudinal wave to the win-
dow free surface, the frequency was low enough for its re-
cording. The observed low frequency signal is the result of
the frequency becoming a function not only of the specimen-
window interface normal velocity but also a function of the
window free surface velocity. The expression for this fre-
quency was derived in Sec. IV, Eq.~13!, and it can be writ-

ten in terms of the free surface velocity,ufs , by using the
relationufs(t)52u(t2H/c1). Hence,

f ~ t !5
2

l
@1.77u~ t !20.78ufs~ t !#. ~15!

Based on this expression for the frequency at timet,
interpretation of the experimental records can be accom-
plished by performing a numerical simulation of the
pressure-shear experiment with the model derived by Espi-
nosaet al.19 for ceramics containing a glassy phase between
alumina grains. Comparison of the measured signal fre-
quency and the frequency obtained from Eq.~15!, when the
numerically computed velocity historiesufs andu are used,
provides a means for further identification of the material
response. The computed velocity-time profile is given in Fig.
7. The parameters used in the model are those reported in the
article by Espinosaet al.,19 except for the value ofs̄* which
is taken equal to 850 MPa. This higher value ofs̄* is justi-
fied if one takes into account the strong pressure-sensitivity
of the glass flow stress.19,20 The velocity profile shows a
monotonically increasing stress in agreement with the fea-
tures present in the velocity-time profiles reported by Mun-
son and Lawrence21 in their study of pure alumina. The ex-
perimental and numerically computed frequencies are plotted
in Fig. 8. The good agreement in the initial value and the
slope of the curve suggests that the model prediction of the
normal particle velocity is quite accurate. The measured
transverse particle velocity at the specimen-window interface

FIG. 5. Transverse particle velocity-time measured at the AlN/AlN/Al
specimen-sapphire interface, Shot 91-04. The inside box reproduces the la-
ser interferometer trace as recorded by the oscilloscope.

FIG. 6. Normal displacement interferometer trace for pressure-shear experi-
ment with window interferometry performed on alumina, Shot 91-07.

FIG. 7. Normal velocity-time profile predicted by the model proposed by
Espinosaet al. ~Ref. 19! for Alumina, Shot 91-07.

FIG. 8. Comparison between experimental and numerical frequence after
the arrival of the compressive wave to the window free surface, Shot 91-07.
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is shown in Fig. 9. This velocity is essentially constant with
magnitude very close to the elastic prediction, dash line in
Fig. 9. Therefore, even if energy dissipation takes place dur-
ing the normal wave propagation event, the shear resistance
of high purity alumina~99.99% alumina! remains almost un-
changed at these stress levels.

Recently, a pressure-shear impact experiment conducted
at Purdue University, in a 3-in light gas gun, provided addi-
tional insight about the feasibility and resolution of in-
material interferometric measurements. In this experiment,
Shot 95-09, the impactor consisted in a 370-mm-thick glass
reinforced polyester woven composite~GRP! backed by a
speed star steel~AISI type M2 tool steel! plate 5.74-mm-
thick. A sapphire window, 1.5 in. in diameter and 6-mm-
thick, was used as target plate. A 600 lines/mm grating was
embedded in the window by means of the procedure de-
scribed in Sec. III. A TDI was employed to measure in-plane
motion and a differential normal displacement interferometer
~DNDI! was used to record normal motion. The DNDI was
obtained by combining the 0th order beam reflected from the
embedded grating and the reflected beam from the back sur-
face of the sapphire window. The displacement-fringe count
relation for the DNDI can be derived from the formulas dis-
cussed in Sec. IV, namely,

U~ t !5
l

2~n02arc1
2!
F~ t ! for t,

H

c1

U~ t !5
l

2~n02arc1
2 F~ t !12U~ t2H/c1!

for t.
H

c1
. ~16!

In the above expression, the free surface displacement at
time t was expressed in terms of the interface displacement
at time t2H/c1.

The transverse velocity profile and corresponding ampli-
tude corrected signal are given in Fig. 10. We can observe
that the transverse velocity increases to a maximum of 21
m/s and then progressively decreases. This reduction in in-
plane velocity can be the result of several processes; inelastic
behavior of the composite sample, interface sliding, and/or
inelasticity of the coating used to embed the grating in the

window plate. The last mechanism appears to be the most
likely in view that alumina coatings, manufactured by sput-
tering, are in general amorphous. It is known that amorphous
materials develop shear instabilities at room temperature
which can result in the observed reduction in transverse ve-
locity, Steifet al.22 More experiments are required to under-
stand the mechanism leading to this observation. After about
200 ns, the TDI fringe contrast was reduced significantly
making its interpretation difficult. The reduction in fringe
contrast in the TDI can be indicative of grating modification
due to plastic flow of the Ti strips. One avenue for improve-
ment is to embed the reflective strips within the sapphire
substrate, by appropriate reactive ion etching of the sapphire
window, eliminating the need of the Al2O3 thin coating. Al-
ternatively, manufacturing of a coating with a high shear
strength is required.

The normal velocity history recorded by the differential
displacement interferometer previously discussed is shown
in Fig. 11. The amplitude corrected signal is included in the
same figure. Since sapphire and steel have similar longitudi-
nal impedances, the trace presents a velocity history typical
of the pressure-shear sandwich configuration, Espinosa and
Clifton.13 The normal stress increases as a function of the
number of waves reverberations within the specimen. It
should be noted that a homogeneous state is not achieved
before the arrival of the release wave generated at the free
surface of the window plate. Two factors appear to contrib-
ute to this behavior. The existence of a small gap between
the composite sample and the backing steel plate, and the
composite inelastic behavior. The effect of the gap can be
observed as a reduction in normal velocity at approximately
150 ns. Concerning the composite high strain rate response,
we expect significant inelastic deformations due to the wo-
ven microstructure and the soft polyester matrix.

VI. DISCUSSION AND APPLICATIONS TO RELATED
RESEARCH

The methodology presented here opens several possibili-
ties for fundamental studies of micromechanics of inelastic
deformation and damage in solids. The technique allows the
measurement of transverse particle velocities at a range of
distances from the impact surface, including positions that

FIG. 9. Experimental transverse particle velocity-time profile for Alumina,
Shot 91-07. FIG. 10. Transverse particle velocity-time measured at the glass reinforced

polyester specimen-sapphire interface, Shot 95-09. The inside box repro-
duces the TDI trace after amplitude correction.
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are very close to the impact surface. By placing the point of
observation at different depths within the material, direct de-
termination of shear stress-time histories can be obtained.
This feature is of great interest for clarification of the re-
ported strong reduction in shear strength together with the
development of failure waves in glasses, Braret al.,23

Kanel.24 The approach should also be valuable in under-
standing the complex wave structure that arises in solids un-
dergoing phase transformations and shear localization.

An important application of window interferometry is
encountered in the design of a pressure-shear recovery
experiments.17,20 Details of the configuration are given in
Figs. 12 and 13. In this configuration, the momentum trap
plate is made of a window material to allow the measure-
ment of normal and in-plane motions at the back surface of
the sample. The simultaneous trapping of the longitudinal
and shear momentum, by the window plate, is accomplished
by manufacturing a multilayer flyer plate~see Figs. 12 and
13!. Such a flyer consists of a polymer thin film, approxi-
mately 1mm thick sandwiched between two thicker hard
plates, see Espinosaet al.17 for more details. A similar de-
sign has been proposed by Yadavet al.,25 but a lubricant was
used instead. The use of a very thin film is essential to the
minimization of the time required for the achievement,
within the thin film, of the normal stress imposed at the
impact surface. Due to impedance mismatch between the
thin film and the bounding plates, several wave reverbera-
tions are needed for the attainment of the maximum normal
stress. We have shown, Espinosaet al.,17 that the normal
wave unloading produced by the polymer thin film does not

result in significant shear stress reduction and/or interfacial
sliding at the impact surface. We have also observed that
film uniformity minimizes the tilt between the flyer plates
which can perturb the interferometric measurement of the
in-plane motion. The resulting elastic wave fronts are shown
in Fig. 13. The indicated residual shear wave is the result of
the small but finite shear resistance of the thin film material
and the inability of the specimen-momentum trap interface to
transfer shear motion upon the unloading of the longitudinal
wave.

We have shown that in-material measurement of com-
bined transverse and normal motions with interferometric
techniques is feasible. A NDI, or a NVI, and a TDI were
successfully utilized. The wave histories were obtained by
embedding a high pitch diffraction grating at the specimen-
window interface. Longitudinal and shear waves measure-
ments, at the same spatial point with a time resolution of 2–3
ns, were made in ceramic and composite samples. The better
spatial and time resolution of this technique, when compared
to manganin and electromagnetic gauges, make the window
interferometer a valuable tool for the measurement of normal
and shear wave speeds as well as the study of damage and
inelasticity of modern materials. It should be noted that
manufacturing of the grating within the window material, to
eliminate the need of a thin amorphous film that can control
the transmitted shear wave amplitude, may be needed. Since
the technique does not require special modifications of the
plate impact facilities, it can be easily applied in most shock-
wave laboratories.
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