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ABSTRACT--A new configuration for compression-shear 
soft-recovery experiments is presented. This technique is 
used to investigate various failure mechanisms during dy- 
namic multiaxial loading of an AI203/SiC nanocomposite and 
TiB2. Velocity profiles of the target surface are measured 
with a variable sensitivity displacement interferometer, yield- 
ing normal and transverse velocity-time histories. A dynamic 
shear stress of approximately 280 MPa is obtained, in the 
AI203/SiC nanocomposite, for an imposed axial stress of 
about 3.45 GPa on a 540 Ixm thick sample. This dynamic 
shear stress is well below the value predicted by elastic wave 
propagation theory. This could be the result of stress-induced 
damage and inelasticity in the bulk of the sample or inelas- 
ticity on the sample surface due to frictional sliding. To gain 
further insight into the possible failure mechanisms, an investi- 
gation of compression-shear recovery techniques, with simul- 
taneous trapping of longitudinal and lateral release waves, is 
conducted. 
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Normal impact soft-recovery experiments have been used 
in the past to study crystal plasticity 1 and microcracking in 
brittle materials. 2-5 In these experiments, a star-shaped flyer 
impacts a square specimen backed by another square plate 
called a momentum trap. Well-defined short duration ax- 
ial stress pulses followed by a controlled release of waves 
were achieved. The main idea in this configuration is to keep 
a central octagonal region of the specimen plate relatively 
free from the effects of lateral unloading waves. Cylindrical, 
spherical and conical waves are generated at the flyer bound- 
ary (for a detailed discussion, see Ref. 1), directing most of 
the energy associated with the side rarefactions to regions at 
the periphery of the target plate and, hence, away from its 
center. 

Chang e t  aI. 6 further investigated the effect of flyer plate 
thickness and shape on the stress history within the spec- 
imen. They observed that tensile cracks form, normal to 
the free edges of brittle square specimens, when a thick, 2 
mm to 4 mm star-shaped flyer is used. By means of three- 
dimensional numerical simulations, Chang e t  al. showed 
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that in-plane tensile stresses are induced, on the back face of 
the sample, that could lead to the formation of cross-shaped 
cracks. This effect was attributed to the size mismatch be- 
tween the flyer and the sample. As an improvement, Chang 
e t  al. recommended the use of side momentum traps, follow- 
ing the ideas of Smith 7 and Hartman, 8 and a simple square 
flyer. Despite the additional complications in manufacturing 
specimens, with side momentum traps and small tolerances, 
this configuration could not prevent the formation of cross- 
shaped cracks (see Fig. 12 in Ref. 6). 

Through three-dimensional numerical simulations of the 
dynamic event and the observation of crack patterns in alu- 
mina samples, the efficiency of the star-shaped flyer design 
was confirmed later by Espinosa e t  aL 4 In contrast to the 
experiments reported by Chang et al. ,6 the recovered spec- 
imens did not exhibit cross-shaped cracks for pulse dura- 
tions of about 300 ns and impact velocities up to 100 m/s. 
However, a highly cracked ceramic was observed on a ring 
connecting the inner corners of the star-shaped flyer. Based 
on three-dimensional calculations, Espinosa e t  al. 4 attributed 
this damage to spherical release waves emanating from the 
flyer corners. 

More recently, wave trapping in the direction of 
wave propagation was extended to compression-shear 
experiments. 9-18 A multiplate flyer with a fluid lubricant 
was used by Yadav e t  al. and Machcha and Nemat-Nasser, 
whereas a thin solid polymer layer, easy to manufacture, was 
used by Espinosa and colleagues. 

Mitigation of lateral release waves in compression-shear 
experiments was extensively investigated by Machcha and 
Nemat-Nasser. 13 Their results show that usage of the Kumar 
and Clifton concept results in lower tensile stresses within 
the specimen central region. Two types of star-shaped ge- 
ometries and a square plate rotated 45 deg were investigated. 
However, the investigated multiplate flyer geometries made 
use of the star-shaped geometry on the second plate rather 
than the first plate. Moreover, Machcha and Nemat-Nasser 
conducted experiments only on round samples at impact ve- 
locities around or below 100 m/s. The ceramic samples were 
not recovered intact but rather as large fragments. How- 
ever, cross-shaped cracks were observed when circular plates 
were employed for the first flyer plate, sample plate and back 
plates, and square plates were used as the second plate in 
multiplate flyers. 

We address the difficult problem of recovery of brittle 
specimens subjected to axial and shear stresses high enough 
to initiate damage but not necessarily leading to catastrophic 
failure. Typically, shear stresses of a few GPa are needed for 
initiating damage in confined brittle material such as A1203, 
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SiC and TiB2. In this work, impact velocities between 100 
m/s and 200 m/s are selected to achieve this goal. The upper 
limit is approximately twice as high as the impact velocities 
reported in the literature in similar studies. We also examine 
the use of the star-shaped flyer as a first plate in the multi- 
plate flyer design. The response of square and round ceramic 
specimens is also investigated. In the latest case, a confining 
plate with a square shape is utilized. 

P r e s s u r e - s h e a r  R e c o v e r y  E x p e r i m e n t s  

Plate impact experiments offer unique capabilities for the 
mechanical characterization of advanced materials under dy- 
namic loading conditions. 3 These experiments allow high 
stresses, high pressures, high strain rates and finite defor- 
mations to be generated under well-characterized conditions. 
The testing techniques can be divided into two categories: (a) 
stress wave propagation tests (compression-shear impact and 
normal impact) and (b) nominally homogeneous deformation 
tests (high strain rate compression-shear configuration). All 
rely on the generation of one-dimensional waves in the cen- 
tral region of the specimen to allow a clear interpretation of 
the experimental results and the mathematical modeling of 
the material behavior. 

Compression-shear loading is attained by inclining the 
flyer, specimen and target plates with respect to the axis of 
the projectile. 19 By varying the angle of inclination c~, a va- 
riety of loading states may be achieved. The experimental 
setups for high strain rate compression-shear and wave prop- 
agation configurations, designed for specimen recovery, are 
shown in Figs. 1 and 2. Pressure shear recovery experiments 
offer several advantages over other experimental techniques 
in the study of damage and inelasticity in advanced materi- 
als. The stress amplitudes and deformation rates obtained 
in these experiments allow the identification of damage and 
material instabilities. Furthermore, if intact samples are re- 
covered, the information gathered from these experiments 
can be substantially increased by correlation of real-time ve- 
locity profiles and microstructural features associated with 
mechanisms of inelasticity and damage. 

One of the problems of the compression-shear recovery 
experiment is the simultaneous trapping of the longitudinal 
and shear waves by a back plate. To solve this problem, the 
present investigation uses the multiplate flyer discussed in 
Refs. l0 and 14-17. Such a flyer consists of a thin solid film 
made of a material with a very low shear flow stress (e.g., a 
polymer), sandwiched between two thicker hard plates. Due 
to mismatch in impedances between the thin solid film and 
the bounding plates, a few reverberations within the polymer 
film are required to achieve the imposed normal stress at the 
impact face. This feature imposes another requirement in the 
design and manufacturing of the thin polymer film. The re- 
quirement is that the thickness of the thin film be minimized 
such that the time required to achieve a homogeneous stress 
state is only a small fraction of a microsecond. We have 
manufactured such a multiplate flyer by bonding two hard 
plates with a uniform 1 txm thick polymer layer (photoresist 
AZ 1350J-HOECHST CELANESE). We have observed that 
the uniformity of the thin film prevents tilt between the flyer 
plates that would otherwise perturb the interferometric mea- 
surements. To have a well-defined stress history within the 
sample, the flyer plate is backed by a low-impedance material 
and the projectile is stopped by a hard steel anvil. 
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Fig. 1--(a) High strain rate configuration, (b) Lagrangian X- 
t diagram of compression-shear high strain rate experiment 
according to one-dimensional elastic w a v e  theory (VSDI = 
variable sensitivity displacement interferometer) 
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As shown in Figs. 1 and 2, two compression-shear config- 
urations were investigated. In the case of compression-shear 
high strain rate experiments, the specimen is a thin wafer, i00 
t~m to 500 Ixm thick, sandwiched between two anvil plates. 
The multiplate flyer consists of a double plate containing a 
thin polymer film. The first and second flyer plates have 
thicknesses dg~ and all, respectively (see Fig. 1). The elastic 
wave fronts for this configuration are given in a Lagrangian 
X-t diagram in Fig. 1. At impact, plane compression waves 
and shear waves are produced in both the impactor and the 
target. Because the shear wave velocity is approximately 
half the longitudinal wave velocity, a thin film with very low 
shear resistance needs to be added to the flyer plate such that 
the arrival of the unloading shear wave to the impact surface 
precedes the arrival of the unloading longitudinal wave gen- 
erated at the back surface of the second flyer plate. Certainly, 
the thickness of the anvil plate must be selected such that the 
arrival of longitudinal unloading to the impact surface, from 
the anvil back surface, does not prevent the transfer of the 
main flyer pulses to the target plate. It should be noted that a 
residual shear wave remains trapped into the flyer/specimen 
plates because of the small but finite shear resistance of the 
thin solid film. 

One advantage of this experiment is that it allows the 
constitutive relation between stress, strain and strain rate to 
be obtained directly. According to one-dimensional elastic 
wave theory, 19 the normal stress is given by tr = pcluo/2, 
in which pcl is the flyer and anvil longitudinal impedance 
and uo is the normal component of the impact velocity V, 
that is, u0 = Vcosc~. The strain rate is given by the veloc- 
ity difference between the two faces of the sample divided 
by its thickness, that is, ~ = ( I J f  - O a ) / h  --= (1) 0 - v fs ) /h ,  
where v f  and v a are the flyer and anvil transverse veloci- 
ties, respectively, at their interfaces with the specimen, and 
vo = Vsina and Ofs are, respectively, the transverse compo- 
nents of the impact velocity and the velocity of the free surface 
of the anvil plate. The integration of the strain rate over time 
gives the shear strain y(t) = f~ ~dt. One-dimensional elas- 
tic wave theory can be used again to express the shear stress 
in terms of the measured free surface transverse velocity, that 
is, x = pc2vfs/2, where pc2 is the anvil shear impedance. 
These equations can be used to construct the x-y curves at 
strain rates as high as 1 x 105 s -I  and pressures in the range 
of 2 GPa to 5 GPa. 

In the wave propagation compression-shear recovery con- 
figuration, the first flyer plate is a star-shaped plate while the 
second flyer plate could be another star-shaped plate or a 
square plate. This configuration is shown in Fig. 2. Note that 
in this figure, the overall thickness of the multiplate flyer is 
dl. The specimen thickness is d2, and the momentum trap 
thickness is d3. The elastic wave fronts for this configuration 
are given in a Lagrangian X-t diagram in Fig. 2. Note at this 
point that Machcha and Nemat-Nasser positioned the star- 
shaped flyer as a second flyer plate. Such a design does not 
exploit the mitigation of lateral release waves, in the central 
portion of the sample, to its maximum potential. In fact, the 
impacting front flyer plate has a square shape. Therefore, 
strong cylindrical release waves are generated from the four 
plate edges, independent of the star-shaped geometry used in 
the second flyer plate, for a duration equal to the wave round 
trip in the first flyer plate. 

The selection of plate materials depends on the application 
for which experiments are conducted. In the characterization 

of hard materials, demanding requirements are placed on the 
manufacturing of flyer and momentum trap plates. These 
plates must be hard enough in compression and shear to re- 
main elastic at the high stress levels required for the inelastic 
deformation of the specimen, yet strong enough in tension 
to prevent failure at 45 deg when the shear wave propagates 
through the unloaded region adjacent to the rear surface of 
the momentum trap [see Fig. 2(b)]. These requirements are 
met by using speed-star steel plates with a 0.2 percent off- 
set yield stress greater than 2200 MPa in shear and a tensile 
strength in excess of 1500 MPa. Another important feature 
in the selection of the flyer material is that its longitudinal 
and shear impedances must be smaller or equal to those of 
the specimen. In this way, a single compression-shear pulse 
is introduced in the sample. Moreover, the longitudinal and 
shear impedances of the momentum trap plate must match 
the impedances of the sample to avoid wave reflections at the 
specimen-momentum trap interface. Density, wave speeds 
and impedances for the materials used in this investigation 
are reported in Table 1. 

In the present study, a variable sensitivity displacement 
interferometer (VSDI) 15,16 is used to monitor both normal 
and in-plane particle displacements. The system consists of 
two interferometers working in tandem. A schematic of the 
optical measuring system is shown in Fig. 3. A diffraction 
grating is used to produce a normally reflected beam and sev- 
eral diffracted beams. The normally reflected beam is split at 
beam splitter BS1, and each half of the normal beam is then 
made to interfere with one of the diffracted beams via beam 
splitters BS2 and BS3. As a result, a O + VSDI system and a 
19- VSDI system are generated. In cases where the surface 
motion simultaneously exhibits both in-plane and normal dis- 
placements, the fringes represent a linear combination of the 
longitudinal and transverse components of motion. Decou- 
piing of the normal and in-plane displacement histories may 
be achieved through a linear combination of the two VSDI 
records. Alternatively, it is always possible to decouple the 
components of motion by combining a VSDI record with an 
independent measurement of either component. The VSDI 
fringe sensitivity is dependent on the angle 0 or, equivalently, 
the frequency cr of the grating manufactured at the observa- 
tion point and the order n of the diffracted beams. 

It is shown in Ref. 16 that the normal and transverse par- 
ticle motions introduce frequency modulation through the 
time-varying phase term 

2x [U ( t  - ! )  (1 -cosO) ~P• ( t ) :  

=F V ( t - ~ ) s i n O ] + d ~ ~  -~, 

(1) 

where )~ is the wavelength of the laser source, l is the ini- 
tial path length transversed from anvil to detector, c is the 
speed of light, U and V represent the normal and in-plane 
displacements of the point of observation from its position at 

0 4- time t = 0, and d~ and d~ are the arbitrary constant phase 
terms of the reflected and 0 • diffracted beams, respectively. 
Equation (1) shows that each VSDI system will generate a 
different signal frequency when used to monitor the same 
given combined state of motion. 

Decoupling of the normal motion component U (t) from 
the in-plane component V (t) is accomplished through one of 
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TABLE 1--SUMMARY OF MATERIAL PROPERTIES 
BII  , i 

Density c[ 
Material Kg/m 3 rnrn/ixs 

i 

C2 OCl pC2 
mm/IxS G P a J m r n / l ~ S  GPa/mm/txs 

Speed-Star Steel 8138 5,852 3.128 47.62 25.46 
TiB 2 4452 10.93 7.3 48.66 32.5 
AI203/SiC 3890 10.56 6.24 41.08 24.27 
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Fig. 3--Optical layout of a variable sensitivity displacement interferometer,(VSDI) system. The |177 VSDI system is obtained by 
combining a normally reflected beam and a diffracted beam at an angle 0 • In this figure, mirrors M0 to M5 and beam splitters 
BS1 to BS3 are used to obtain the VSDI systems. The lens with focal length F is used to focus the beam at the grating plane 
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the two possible schemes, Both schemes involve the simul- 
taneous application of two interferometers and the use of eq 
(1) to decouple the two components of motion. In the first 
scheme, two VSDI systems are employed. The normally re- 
flected beam is split into two beams, one of which interferes 
with the 0 + beam to form the 0 + VSDI system and a second 
one that is made to interfere with the 0- beam to form the |  
VSDI system. The two resulting signals may then be linearly 
combined through the use of eq (1) to solve for longitudinal 
motion U(t) and transverse motion V(t), respectively. Ad- 
dition of the phase terms of the | and |  VSDI signals 
provides an expression for a new phase term associated solely 
with a normal displacement U given by 

~ ( t ) + + ~ ( t )  - = --47tu(t - ~ ) ( 1  - cos0) 
k (2) 

+ 2 ~ o  - 4 , -  - ~ ,+.  

Hence, the fringe constant relation of this new signal is 

normal displacement ] k 
] - 2(1 --cosO)" (3) 

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 
the phase terms of the two VSDI systems exhibits a double 
recording of the normal displacement. 

By subtracting the phase terms of the | and @- VSDI 
signals, an expression for a phase term associated solely with 
an in-plane motion V is obtained, that is, 

= t sin O 
k 

- * -+C .  
(4) 

The fringe constant of this new signal is given by 

transverse displacement ] = k 
fri-~ge J 2 sin 0" (5) 

This sensitivity is the same as the one exhibited by the trans- 
verse displacement interferometer (TDI). 2~ This result is not 
surprising, since the signal obtained by subtracting the phase 
terms of the two VSDI systems eliminates the effect of the 
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normally reflected beam. We can conclude that this resulting 
signal is a TDI signal. 

In cases where the dual VSDI arrangement is ruled out 
due to frequency considerations, it is always possible to in- 
dependently monitor one of the motion components through 
the simultaneous implementation of an alternative technique. 
For example, the corresponding transverse displacement his- 
tory V(t) may be obtained through the employment of a 
TDI. In this technique, the transverse displacement history 
is obtained by interfering two symmetrically diffracted laser 
beams. It was shown by Kim et al. 2~ that if the path lengths 
l + and l -  of the diffracted beams are kept equal, then the 
resulting fringe record remains unaffected by the presence 
of normal motion and is solely a measure of the in-plane 
displacement. The transverse displacement history V(t) de- 
termined in this way can be combined with a VSDI record 
to decouple the normal displacement U (t) through the use of 
eq (I). For instance, by subtracting the time-varying phases 
of a |  VSDI system and a TDI system, we obtain an ex- 
pression for a phase term associated solely with the normal 
displacement U (t), namely, 

- = t - (1 - cos O) 
k 

+ ~)TDI -- dP~}_VSDI. (6) 

This equation shows again that the normal motion can be 
recorded with the sensitivity given by eq (3). The in-plane 
motion V can be directly obtained from the TDI signal. In 
eq (6), r and r174 represent the arbitrary constant 

phases of the TDI and |  VSDI systems, respectively. 

Experimental Procedure 

Pressure-shear recovery experiments were carried out in a 
3.0 in. gas gun at Purdue University. The multiplate flyer and 
target plates were made of speed-star steel. The specimens 
were made with two types of ceramics. In the high strain 
rate compression-shear experiment, an A1203/SiC nanocom- 
posite wafer was used. The nanocomposite was manufac- 
tured at Purdue University following the technique discussed 
in Ref. 21. Micrographs of the material microstructure are 
shown in Figs. 4(a) and 4(b). The A1203/SiC nanocomposite 
has an average grain size of 1 Izm. Nanosize SiC particles can 
be observed in the transmission electron microscope image 
shown in Fig. 4(b). These particles are smaller than 30 nm 
in size and located within the A1203 grains and at their grain 
boundaries. Some SiC particles are large enough to produce 
dislocations within the grains upon cooling during the sin- 
tering process. The material exhibits a flexural strength of 
about 1 GPa and a macroscopic toughness of about 4 MPa 

TiB2 plates manufactured by CERCOM were employed in 
the wave propagation compression-shear experiments. Two 
specimen configurations were investigated. The first consists 
of a square specimen with the same dimensions as the star- 
shaped flyer. The second configuration consists of a hollow 
square steel plate in which a TiB2 ceramic rod, 12.7 mm in 
diameter, was shrink fitted. All plates were lapped flat using 
15 p~m silicon carbide powder slurry. This was done to a 
flatness better than 3 rings, measured by means of a Newton 
interferometer. 

Fig. 4--Scanning electron microscope and transmission 
electron microscope images of the tested AI203/SiC 
nanocomposite 

In the case of high strain rate compression-shear experi- 
ments, the specimen was epoxied to a round multiplate flyer. 
The thin specimen and the multiplate flyer were clamped 
tightly to avoid penetration of the epoxy into the specimen- 
flyer interface, and the epoxy was applied around the pe- 
riphery. A thin layer of aluminum was then vapor deposited 
on the outer ring of the impact face to provide an electrically 
conductive surface for measurement of any misalignment be- 
tween target and flyer at the time of impact. 

In the case of wave propagation compression-shear ex- 
periments, the thick ceramic specimen was attached to the 
momentum trap plate by first clamping the plates and then 
applying a small amount of epoxy at the four corners. In this 
configuration, tilt was measured by bonding outer aluminum 
rings to the flyer and target plates. 

The impactor was glued to the front end of a fiberglass 
tube with the impact plane skewed from the axis of the tube 
at the desired angle. An aluminum piston, with two rubber 
O-rings, was mounted to the rear end of the fiberglass tube 
to seal a wraparound breech. A key was also mounted on the 
middle of the fiberglass tube to prevent rotation of the flyer 
plate. The whole assembly, back aluminum piston, fiberglass 
tube and front plate constitute the so-called projectile. 

The target rear surface was polished, and then a thin layer 
of positive photoresist was deposited using a spinning ma- 
chine. A holographic phase grating was constructed by in- 
terference of two laser beams. The angle between the beams 
was selected such that a sinusoidal profile with 1000 lines/mm 
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was obtained. This grating was used to measure the normal 
and transverse displacements by means of a VSDI. 16 The 
signals generated by each interfering beam pair were moni- 
tored by silicon photodetectors manufactured by EG&G, with 
a bandwidth of 800 MHz, in a LeCroy 9384L oscilloscope 
with 1 GHz bandwidth. 

The target plate was mounted in a holder ring and aligned 
to the face of the projectile to within 0.5 milliradians using 
the optical technique developed by Kumar and Clifton. z2 To 
check the angle of misalignment at impact, four copper pins 
were mounted on the target plate. At impact, these pins come 
in contact with the deposited aluminum film on the flyer, re- 
suiting in four voltage steps in the ratio of 1:2:4:8 that are 
recorded in a Tektronix TDS 520C oscilloscope. The projec- 
tile velocity is measured by recording the times of contact of 
four wire pins placed in the path of the projectile. 

E x p e r i m e n t a l  R e s u l t s  

Three shots were conducted using the experimental con- 
figurations discussed earlier. In all three experiments, a skew 
angle of 18 deg was used. A summary of these experiments 
is presented in Table 2. Shot 7-1025 was conducted using 
the high strain rate compression-shear recovery configura- 
tion. The specimen was an AI203/SiC nanocomposite 540 
txm thick. Shots 7-1115 and 8-0131 were conducted using 
the wave propagation compression-shear recovery configu- 
ration. In shot 7-1115, the specimen plate consisted of a 
TiB2 rod confined by a square steel plate (see Fig. 2). In shot 
8-0131, the specimen consisted of a square TiB2 plate. 

The monitored signals in experiment 8-0131 are given in 
Fig. 5. Decoupling between the normal and in-plane mo- 
tions is accomplished by first obtaining the in-plane motion, 
V, directly from the TDI signal and then the normal mo- 
tion, U, from eq (6). To eliminate electronic noise, the in- 
terference fringes are filtered using a fast Fourier transform 
method with a cutoff frequency higher than the maximum 
fringe frequency. Furthermore, because the signal amplitude 
does not contain displacement information, it is customary 
to scale the signal to a constant amplitude prior to the dis- 
placement calculation. Hence, the filtered fringes are scaled 
to obtain uniform fringe amplitude. If y0(t) represents the 
amplitude-corrected signal, a phase function can be obtained 
as f ( t )  = arcsin(y0(t)). Then, the displacement can be 
computed as d(t) = dof( t ) /2n.  The constant do is a func- 
tion of the interferometer and is defined by eqs (3) and (5) 
for the VSDI and TDI systems, respectively. Velocities are 
obtained by differentiating the displacement histories numer- 
ically, All the calculations are automatically performed with 
MATLAB. 23 The functions MENU, GINPUT, INPUT and 
STRCMP were used to input the data files. The functions 
FIR1 and FFTFILT were used to perform the fast Fourier 
transform filtering. The function GRADIENT was used to 
perform the numerical differentiation. 

Normal velocity-time profiles obtained from experiment 
7-1025 are shown in Fig. 6. The normal particle velocity 
shows a velocity reduction after an initial jump indicating 
the presence of a small gap between the A1203/SiC nanocom- 
posite and the multiplate flyer. Upon reverberation of waves 
within the specimen, the normal velocity rises to a value of 
about 140 m/s at approximately 0.4 Ixs and remains almost 
constant until release waves from the boundary reach the ob- 
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Fig. 5---(a) LeCroy digital signal from the |  variable sensi- 
tivity displacement interferometer (VSD4) (shot 8-0131), (b) 
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servation point. The peak normal stress in this shot, computed 
according to cr = OCl ufs/2, reaches 3.45 GPa. 

The transverse particle velocity history for experiment 7- 
1025 is shown in Fig. 7. The velocity rises progressively and 
then drops for a few nanoseconds. Because in this experi- 
ment shear motion is transferred by friction, a reduction in 
normal traction at the specimen-steel plate interface results in 
a drop of the transmitted shear motion. When the gap closes, 
the transverse velocity increases until it reaches a maximum 
value of 22 m/s at about 500 ns. Then, it decays continuously 
while the normal velocity remains constant (see Fig. 6). The 
maximum shear stress, given by ~ = pczvfs/2, is 280 MPa. 
This value is well below the expected shear stress of 575 
MPa assuming elastic material response. The progressive 
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TABLE 2uSUMMARY OF COMPRESSION-SHEAR EXPERIMENTS 
Specimen/ Flyer Target 

Shot Thickness Thickness Thickness 
Number [mm] [mm] [mm] 

Projectile 
Velocity Tilt 
[rrVsec] [mrad] Configuration 

7-1025 AI203/SIC/0.54 2.42/3.65 7.99 
7-1115 TiB2/4.15 1.04/2.55 4.53 
8-0131 TiB2/8.9 0.92/3.0 4.05 

148 1.3 HSRR* 
130 20.3 WPR + 
133 1.32 WPR + 

HSRR: High Strain Rate Recovery 
WPR: Wave Propagation Recovery 
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Fig. 6wNormal velocity histories from compression-shear 
experiment 7-1025. The plotted time is after the arrival of the 
normal wave to the anvil back surface 
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Fig. 7--Transverse velocity histories from compression-shear 
experiment 7-1025. The plotted time is after the arrival of the 
shear wave to the anvil back surface 

reduction in anvil free surface transverse velocity implies a 
variable strain rate and absence of a homogeneous stress state 
in the sample. This feature has been previously observed in 
materials undergoing damage and inelasticity 5'24 or when 
frictional sliding occurs. 16 Surface roughness measurements 
performed after the experiment reveal an Ra value of 0.164 
Ixm on the A1203/SiC nanocomposite and similar values on 
the steel surfaces. It should be noted that the information ob- 
tained experimentally is not sufficient to identify the inelastic 
mechanisms reflecting the measured velocities. The analyst 
must also perform numerical simulations of the experiment 
to gain further insight into the failure mechanisms. 7,1~ 
This requirement is one of the compelling reasons for at- 
tempting specimen recovery in impact experiments. In the 
present case, round plates are used and the sample is pre- 
cracked through a sequence of microindentations in a diam- 
eter of 1.5 in. Lateral trapping of release waves is attempted 
by forming a circular crack with the unloaded sample in the 
central region. Despite all these efforts, the degree of damage 
is severe enough that the ceramic sample is reduced to fine 
powder upon unloading. This feature of material pulveriza- 

27 tion upon unloading was investigated by Zavattieri et al. by 
simulating compression-shear loading on representative vol- 
ume elements at the grain level. These investigators showed 
that a ceramic microstructure containing a dilute set of mi- 
crocracks may pulverize in unloading due to the stored elastic 
energy within the grains. 

To further investigate lateral wave trapping, in addition to 
wave trapping in the direction of impact, wave propagation 
experiments were performed on 4 mm to 9 mm thick TiB2 
ceramic samples with either a square shape (31.8 mm x 31.8 
mm) or a round shape 12.7 mm in diameter. In the latter case, 
the specimen was inserted in a speed-star steel square sleeve 
(31.8 mm x 31.8 mm) by means of shrink fitting. 

In experiment 7-1115, the multiplate flyer, the speci- 
men/sleeve and the momentum trap plates were recovered 
despite the fact that the measured tilt exceeded the allowable 
tilt for interferometric recording. A magnified photograph 
of the plates is given in Fig. 8, showing the confining square 
plate and the TiB2 specimen together with pieces of the star- 
shaped flyer plate (left) and the momentum trap plate (right). 
Several interesting observations can be made. The steel star- 
shaped flyer is fractured in a pattern that leaves triangular- 
shaped pieces detached from the central region. Indentation 
marks, on the steel plate containing the shrink-fitted ceramic, 
were also observed. The round ceramic sample is partially 
intact with the back surface spalled. The steel momentum 
trap plate has cross-shaped cracks with well-defined round 
indentation at the location where the TiB2 sample made con- 
tact during impact. It should be noted that TiBz has longi- 
tudinal and shear wave speeds well in excess of steel (see 
Table 1). Hence, waves arrive at the ceramic-momentum 
trap interface before they reach the sleeve-momentum trap 
interface. Moreover, the longitudinal and shear impedances 
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Fig. 8--Optical micrograph of recovered plates from experi- 
ment 7-1115 

of TiB2 are higher than those of speed-star steel by 2 percent 
and 27 percent, respectively. These two features contribute 
to a nonuniform traction, in the contact interface, resulting in 
bending effects that lead to the observed cross-shaped frag- 
mentation in the momentum trap plate. In fact, such a failure 
is not observed in the case of a square TiB2 plate specimen 
backed by a square momentum trap plate. Based on this 
understanding and interpretation of the experiment, it was 
concluded that its repetition was not needed. 

In the case of experiment 8-0131 for a square-shaped TiB2 
plate specimen, longitudinal and shear waves were recorded 
successfully. Plots of normal and transverse particle veloc- 
ities are shown in Figs, 9 and 10, respectively. The veloc- 
ity profile in the initial microsecond is shown in solid lines, 
whereas the remaining part is shown in dashed lines. We 
make this distinction because during the first microsecond, 
the signal-to-noise ratio is high enough to give confidence in 
the measurement. However, at later times the signal to noise 
deteriorated significantly. This feature is not surprising, since 
many interfaces are used in this configuration and each one 
can introduce small rotations of the back surface leading to 
amplitude variations in the signals. 

Figure 9 shows that the normal velocity rises to a value pre- 
dicted by one-dimensional elastic wave theory. After approx- 
imately 200 ns, the longitudinal particle velocity progres- 
sively decays and then rises again at about 500 ns. This lon- 
gitudinal velocity history is very close to the one-dimensional 
elastic wave propagation prediction if the effect of spherical 
waves emanating from the star-shaped flyer corners is taken 
into account. 7 Another source of stress decay is the presence 
of a thin polymer layer in the multiplate flyer. As previously 
discussed, longitudinal stress decay occurs until a homoge- 
neous deformation state is reached in the polymer film. 

The transverse particle velocity shown in Fig. 10 also 
presents clear features. Upon wave arrival to the back sur- 
face of the momentum trap plate, an in-plane velocity of 
about 10 m/s is measured interferometrically. After shear 
wave arrival, according to the X-t diagram discussed earlier, 
the transverse velocity rises to a maximum of 38 m/s. This 
value is below the shear wave velocity predicted by one- 
dimensional wave propagation theory. Hence, the material 
clearly exhibits inelastic behavior in shear. At approximately 
800 ns, the transverse velocity decays progressively. Under- 
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Fig. 9--Normal velocity histories from compression-shear 
experiment 8-0131. The plotted time is after the wave 
arrival to the momentum trap back surface (VSDI = variable 
sensitivity displacement interferometer) 
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Fig. 10--Transverse velocity histories from compression- 
shear experiment 8-0131. The plotted time is after the wave 
arrival to the momentum trap back surface (TDI = transverse 
displacement interferometer) 

standing these complex velocity histories (shown in Figs. 9 
and 10) requires complete three-dimensional simulations of 
the compression-shear experiment including damage and tilt 
effects. 

In this experiment, the steel plates were fully recovered. In 
contrast to the shrink-fitted specimen, the ceramic specimen 
was fragmented with varying fragment sizes (see Fig. 11). 
The larger fragment is several millimeters in size, but its lo- 
cation in the square plate could not be identified unambigu- 
ously. In this case also, the star-shaped flyer was fragmented 
in the central region. In addition, long cracks were observed 
running parallel to the edges. Severe indentation was ob- 
served in the second flyer plate, although its hardness was 
measured to be Rc = 55. In this configuration, the momen- 
tum trap plate remained intact, with no cracks observable to 
the naked eye. 
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Fig. 11--Optical micrograph of recovered plates from ex- 
periment 8-0131. From left to right and top to bottom, note 
the second flyer plate, the back momentum trap plate, the 
star-shaped flyer plate and the fragmented specimen 

Concluding Remarks 

Plate impact compression-shear recovery experiments are 
presented in which brittle material samples are subjected 
to a multiaxial dynamic stress state resulting in damage 
and inelasticity. The velocity profiles of the target surface 
were measured with a VSDI, yielding normal and trans- 
verse velocity-timehistories. Several configurations of target 
plates were investigated to gain insight into plate geometries 
that can lead to longitudinal and lateral trapping of waves. In 
all cases, recovery of intact brittle samples was not achieved. 
It should be noted that brittle materials can pulverize upon un- 
loading if enough damage and elastic energy is stored within 
the material in the loading phase. Therefore, irrespective of 
how efficient the wave release is, microcracks grow and coa- 
lesce during unloading, resulting in material fragmentation. 
Numerical simulations of the compression-shear experiment, 
reported in Ref. 27, show that ceramic pulverization occurs 
in unloading even in the absence of lateral release waves, 
The configuration with a multiplate star-shaped flyer and a 
square plate specimen backed by a square plate momentum 
trap appears to be the most promising for specimen recovery. 

The compression-shear configurations discussed in this 
paper are expected to be a valuable tool for the investigation 
of damage and material instabilities in advanced materials. It 
should be pointed out that the ceramics studied in the present 
work are susceptible to fragmentation because of their very 
low toughness and represent the most difficult materials to be 
investigated in wave propagation experiments with specimen 
recovery. The compression-shear configurations presented in 
this work will be more attractive for recovery experiments of 

other, tougher materials, in which damage, plasticity or phase 
transformation induced by lateral wave release is reduced to 
a minimum. 

Due to the impossibility of recovering intact brittle materi- 
als, when stresses high enough to initiate damage are applied, 
uncertainties about the site of damage initiation still remains. 
As previously mentioned, the observed transverse velocity 
histories could be the result of frictional damage and/or bulk 
material damage. At the present time, full numerical simula- 
tions at the grain size level with models accounting for grain 
boundary fracture, grain plasticity and interface contact seem 
to be the only avenue to further investigate the initiation and 
evolution of damage in brittle materials. 
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