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Abstract

Pressure-shear experiments were performed on granular tungsten carbide and sand using a newly-
refurbished slotted barrel gun. The sample is a thin layer of the granular material sandwiched between
driver and anvil plates that remain elastic. Because of the obliquity, impact generates both a longitudinal
wave, which compresses the sample, and a shear wave that probes the strength of the sample. Laser
velocity interferometry is employed to measure the velocity history of the free surface of the anvil. Since
the driver and anvil remain elastic, analysis of the results is, in principal, straightforward.

Experiments were performed at pressures up to nearly 2 GPa using titanium plates and at higher pres-
sure using zirconium plates. Those done with the titanium plates produced values of shear stress of 0.1-0.2
GPa, with the value increasing with pressure. On the other hand, those experiments conducted with zir-
conia anvils display results that may be related to slipping at an interface and shear stresses mostly at 0.1
GPa or less. Recovered samples display much greater particle fracture than is observed in planar loading,
suggesting that shearing is a very effective mechanism for comminution of the grains.
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1 Introduction

Sand and related soils are important because of their widespread presence on earth and other planetary
bodies. Their dynamic behavior has been studied for conditions such as target response to penetration and
interaction with explosions and blasts. The penetration of sands and soils by high-speed projectiles (e.g.
[Allen et al., 1957; Bless et al., 2009; Cooper and Breaux, 2010; Forrestal and Luk, 1992]) and by shaped
charge jets [Resnyansky and Wildegger-Gaissmaier, 2001] has been studied by several researchers. The
behavior of sand and soils has also been studied within the context of seismic coupling of underground
explosions [Lysne, 1970], cratering for planetary science applications [Cook and Mortensen, 1967; Housen
and Holsapple, 2003], shallow landmines [Grujicic et al., 2006, 2008; Laine et al., 2002], and as a mitigator
for blasts and fragments [Homae et al., 2007].

In order to model dynamic events of these types accurately, the material must be characterized for strain
rates and pressures relevant to those events. While testing techniques for quasi-static conditions are well
established [Mitchell and Soga, 2005], techniques for dynamic loading are less well developed. Recently,
extensive work has been done with the split Hopkinson bar [Martin et al., 2009; Song et al., 2009] on wet
and dry sand to strain rates of 500-1400 s~!. Triaxial Hopkinson bar experiments have also been performed
[Kabir et al., 2010]. The role of confining pressure was investigated by using different confining pressures or
sleeves made of polyolefin, polycarbonate, and steel. To probe higher pressures and strain rates, Brown et al.
[2007] conducted planar impact experiments to nearly 2 GPa. Strain rates in those experiments were of order
5x10° to 3x10° s~!. However, planar impact conditions load the material in conditions that are nominally
uniaxial strain, which means that the entire stress tensor is not known. Thus, additional measurements of the
strength of the sand are needed to fully describe the response of the material.

To characterize the strength (deviatoric) behavior of materials at strain rates above those achievable
with the Hopkinson bar, the pressure-shear (also referred to as oblique impact) experiment was developed
[Clifton and Klopp, 1985; Gupta, 1976; Tang and Aidun, 2009]. As typically used, the experiment consists
of a projectile with a planar nose inclined at an angle 6 striking a planar target with the same inclination.
The sample is a thin layer sandwiched between two plates in the target, and the experiment is designed so
the impactor and plates, but not the sample, remain elastic. A slotted bore gun is used to ensure that the
projectile does not rotate and the impact remains planar. This generates longitudinal and shear waves that
propagate through the target and load the sample. The shear stress sustained by the sample is measured in a
straightforward manner by measuring the velocity history of the back of the target.

The pressure-shear technique has been applied to a range of solid materials including aluminum [Yadav
and Ramesh, 1998], hafnium [Yadav et al., 1995], tantalum [Duprey and Clifton, 2000], glass [Sundaram
and Clifton, 1998], and SiC [Yuan et al., 2001]. In somewhat modified configurations, the technique has also
been applied to measure the viscosity of fluids [Ramesh and Clifton, 1987] and friction at sliding interfaces
[Yuan et al., 2009]. Although the pressure-shear technique has been used for a fairly wide range of materials
and conditions, only Sairam and Clifton [1994] have used it to study granular materials. They studied Al,O3
powder to stress levels of about 2.5 GPa and found that the shear strength sustained was nearly linear with
the applied normal stress.

In this report, we describe results from pressure-shear experiments on granular WC and silica sand.
Conceptually, the experiments are similar to those of Sairam and Clifton [1994], though some modifications



were made to the experimental design. We have also succeeded in recovering some material for post-
experiment characterization.



2 Experimental techniques

2.1 Materials

The sand studied in this investigation is a silica-based fine grain sand with grain sizes mainly between 150
and 450 um. An SEM image of grains of this material is shown in Fig. 1. The material was quarried
in Pensacola, Florida, washed and kiln-dried. It is designated as Quikrete #1961 and will be referred to
herein as Eglin sand. Shock [Brown et al., 2007], Hopkinson bar [Martin et al., 2009; Song et al., 2009],
and high-speed penetration [Cooper and Breaux, 2010] experiments have been performed on it. Additional
information about Eglin sand can be found in these other references. In order to accommodate the thin
sample needed for the pressure-shear experiments, the as-received sand was sieved to give particles over a
size range of 50-90 um. Such particles accounted for only a small percentage of the as-received material.
Nevertheless, these results are considered to be applicable to the Eglin sand since only a modest degree
of grain fracture is needed to change the as-received material to something similar to that used in these
experiments.

Figure 1. SEM image of particles of the sand studied. The particles used in the
pressure-shear experiments were obtained by sieving sizes of 50-90 um from the
as-received material shown here.

The WC powder used in this investigation was a macro crystalline variety [Lassner and Schubert, 1999]
produced by Kennametal Inc. of Latrobe, Pennsylvania. The particle morphology can be seen in Fig. 2.
The grains are individual single crystals of varying sizes. The chemical composition of the Kennametal WC
powder as provided by the manufacturer shows that the tungsten carbide is relatively pure and that there is
little, if any, W, C present. The WC crystal has a variant of the hexagonal close packed (HCP) structure, and
its crystal density is 15.70 g/cm®. Planar impact loading as well as quasi-static uniaxial strain compression
have been performed on this material previously [Vogler et al., 2007]. As in that study, particles of nominal
sizes of 20-32 um were sieved from the as-received material.



Figure 2. SEM image of the sieved WC powder used in this investigation.

2.2 Experimental Configuration

A 4” (101.6 mm) diameter bore gas gun using compressed helium was used to launch the projectiles. This
gun differs from most smooth-bore gas guns in that the barrel includes a slot approximately 8 mm wide and
3 mm deep along its length to prevent the projectile from rotating. The gas gun was recently refurbished and
modified to perform these experiments as described by Reinhart and Thornhill [2010].

The target used in the experiments is shown schematically in Fig. 3. It consists of two elastic plates
with a thin sample sandwiched between them. The plates were either Ti-6Al-4V or partially stabilized ZrO,.
The yield strength of the Ti-6Al-4V has not been characterized but is assumed to be 1.28 GPa [Spletzer
and Dandekar, 2001]. The yttria stabilized tetragonal ZrO, was made by Refractron Technologies and was
found to have an Hugoniot elastic limit (HEL) of 17.6 GPa, which is close to the value measured previously
for a similar material by Grady and Mashimo [1992]. This corresponds to a strength ¥ under uniaxial stress
(assuming a von Mises yield surface) of 9.39 GPa. Specifics for the materials used as anvil materials are
found in Table 1. Values shown for ZrO, were measured using ultrasonic techniques at Sandia, except for Y
which was determined from the HEL from a plate impact experiment. Values for Ti-6Al-4V are taken from
Spletzer and Dandekar [2001]. The ultrasonic velocities are believed to be representative of all Ti-6Al-4V,
though the value of Y can depend upon heat treatment and impurity levels, among other things.

Table 1. Properties of materials used for anvils in pressure-shear experiments.

Material Po CL Csg \% Y

(g/cm®) | (km/s) | (km/s) (GPa)

Ti-6A1-4V | 4415 | 6.12 | 3.17 [ 0317 | 1.28
710, 6.082 | 7.10 | 3.67 | 0318 | 94
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Driver

Figure 3. Schematic of the target design used in the pressure-shear experiments.

A gasket of nominal thickness 0.010 or 0.015” (254 or 381 um) was placed between the plates to main-
tain the correct thickness for the sample. The inner diameter of the gasket was approximately 2.5 (64 mm).
The anvil was clamped onto the driver plate so that the gasket was held in place, and the target was filled
with powder through a groove cut in the anvil. The filling process was gradual and the target was agitated
with a dental vibrator during filling to ensure that all the space was filled. A target that has been filled using
this process and then opened is shown in Fig. 4.

Figure 4. The disassembled pressure-shear target showing the driver plate on
the left and the anvil on the right. The gasket and sand sample can be seen on the
anvil. The diameter of the right disk is 76 mm.

After the target is assembled, it is mounted on the end of the gas gun and aligned to the angled nose of
the impactor using an optical flat. Projectile velocity was measured through three shorting pins protruding
from the side that are shorted out in sequence as the projectile passes. The primary diagnostic is VISAR or
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PDV to measure the free surface velocity components as described in more detail in the following section.
The projectile approaching the target is shown schematically in Fig. 5. The projectile, on which one can see
the angled nose, the dual O-ring seal, and the key to engage the slot, is shown in Fig. 6.

Nose
Projectile Keys Piece Tilt
Pins
CETTTTTL, LTSS LS S s F LTSS
Gun Barrel Projectile Body _
Anvil
ST TT s FTTTTTIITITE /TS II II
_ Driver
O-rings Velocity  Plate

Pins

Figure 5. Schematic of the pressure shear experiment just prior to impact.

For experiments with ZrO; plates, a modified configuration was utilized. The driver and anvil had the
same diameter and were initially glued together around the outer edge with the gasket in place. After being
filled through the fill hole, this assembly was mounted flush into an aluminum target plate and epoxied into
place. This design proved easier to mount into the gas gun and avoids the need for bolts into the driver,
which would not be possible with a large ZrO; driver.

2.3 Instrumentation

Pressure-shear experiments require measurement of the free surface velocity of the back anvil plate, not only
in the normal direction as is conventionally done in planar impact experiments but also in the transverse
direction. One approach used has been the normal and transverse displacement interferometer [Kim et al.,
1977]. While this approach has some advantages and works well at lower velocities, it is not suited to higher
(100’s of meters per second) free surface velocities. An alternate approach is the use of the laser velocity
interferometry system known as VISAR [Barker and Hollenbach, 1972] with multiple off-axis measurements
to resolve the two velocity components [Chhabildas et al., 1979]. In this investigation, we use a modified
version of the configuration of Chhabildas et al. as shown schematically in Fig. 7. A single probe oriented
S0 as to be normal to the anvil surface illuminates it. The surface is diffused somewhat so that some of the
light is scattered away from the normal and received by probes arranged at 17° off normal in one direction
and 25° off normal in the other. The measurements made with these probes are analyzed in the same way as
standard VISAR measurements [Dolan, 2006]. The apparent velocities measured, v4 and vp, are related to
the normal and transverse velocities, vy and vy, through

12



Figure 6. Projectile with inclined nosepiece. Two O-rings create a seal with the
barrel, and the key engages the slot in the barrel to prevent the projectile from
rotating.

Anvil | v
X

25°
B

VISAR Probes

/\/\/\

Figure 7. Schematic of the VISAR setup to measure free surface velocities.
The central probe sends the laser beam, and probes A and B receive the reflected
light from the diffuse surface.

13



__cos 17+1 sin17

= B (1)
and
cos25+1 sin25
v = Ty 2

These equations can be readily inverted to determine the normal and transverse velocities of interest. One
can see that as the angles increase the measurement becomes more sensitive to the quantity of interest, vy.
However, the angles cannot become too large or insufficient light will be returned for the VISAR to operate.
In addition to the A and B probes, a separate VISAR probe was fielded in the normal direction to measure
vy independently. In some experiments, the orientation of the two off-axis probes was opposite that shown
in the figure, but the changes in the analysis for that case are minimal.

In addition to the VISAR probes, four self-shorting pins were arranged circumferentially around the
target to measure the tilt of the impactor relative to the target. The assembled target with the VISAR probes
and the tilt pins in shown in Fig. 8.

Figure 8. Assembled pressure-shear target mounted in gun. Four tilt pins are
visible around the perimeter and three VISAR probes can be seen in the center.

Attempts were made to utilize photon doppler velocimetry (PDV) [Dolan, 2010; Strand et al., 2006]. In
principal, PDV should be well suited to pressure-shear experiments because of the potential for low light

14



return in the angled probes. However, due to the angled ends on the fiber probes and the wavelength used
being outside the visible range, it proved difficult to achieve proper alignment of the probes to receive light
from the illuminated region of the target. Modifications to the PDV system will likely be needed to make it
suitable for these experiments.
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3 Results

A series of experiments were conducted on the sand and WC powder described in Section 2.1. Details of
these experiments are given in Table 2. The values of normal stress, ¢, shown in the table are calculated as

1
o =PIV, 3)

where p, is the initial density, Cy, is the longitudinal sound speed, and V is the normal velocity of the free
surface, which will be equal to the impact velocity for symmetric impact such as used here. The superscript
anv denotes properties of the anvil (Ti-6Al1-4V or ZrO,). The calculation of 7 and 7 are described below.

Table 2. Details of pressure-shear experiments on sand and granular WC.

Expt. Material Anvil 0 | Vimpact (o T V4
Matl. (m/s) | (GPa) | (GPa) | (s7!)
ps-egs-1 sand Ti-6Al-4V | 20° 118 1.50 0.18 [ 3.5x10%
ps-egs-2 sand Ti-6Al-4V | 20° 78 1.00 0.15 | 1.2x10*
ps-egs-3 sand ZrOy 20° 106 2.00 ? ?
ps-egs-5 sand 710, 20° 66 1.40 0.04 | 49x10*
ps-we-1 wC Ti-6Al-4V | 20° 121 1.50 0.11 | 9.8x10°
ps-wc-2 wC Ti-6A1-4V | 20° 145 1.85 022 | 7.0x10°
ps-wc-3 WwC Ti-6Al-4V | 20° 66 0.85 0.09 | 3.4x10°
ps-wc-4 wC V4(0)) 20° 79 1.60 0.08 | 8.0x10°
ps-wc-6 wC ZrO, 20° 129 2.59 0.09 | 1.4x10°

When the impactor strikes the driver plate, it generates two waves in the driver: a compressive wave
travelling at a velocity near Cy, and a shear (distortional) wave travelling at a velocity near Cg as shown in
Fig. 9. The longitudinal wave reaches the sample, compressing it. The wave then reverberates between the
driver and the anvil until the sample reaches the stress level given by Eq. 3. The shear wave arrives somewhat
after the longitudinal wave and begins to shear the sample. Some fraction of the shear wave is transmitted
by the sample into the anvil, and eventually it reaches the free surface. The transverse velocity, vy, beginning
at this time is the primary experimental quantity of interest. When the longitudinal wave reflected from the
anvil free surface reaches the sample (denoted in the figure as ”sample unloaded”), the normal stress in the
sample goes to zero. This will likely change the shear stress that can be sustained by the sample significantly,
so when the shear wave transmitted at this time (shown by the purple dashed line) reaches the free surface
the experiment is, effectively, over.

3.1 Velocity Histories

In each experiment, velocity measurements were made at the free surface of the anvil as described in Section
2.3. Velocity measurements for a typical experiment, ps-wc-1, are shown in Fig. 10. One interesting aspect

17



thin N shear from
sample \ sample
N\ unloading
N4
N4 .
> region of
N interest
3
/
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Figure 9. X-t diagram for pressure-shear experiments showing wave propaga-
tion for the experiment.

of these histories is that the longitudinal wave takes approximately 1 us to reach the equilibrium value given
in Eq. 3. This is due to two effects. First, waves in granular materials such as sand and WC have finite rise
times if the stress level is low or moderate [Brown et al., 2007; Vogler et al., 2007]. Second, because the
WC powder has a lower impedance than the Ti-6Al-4V driver and anvil, the longitudinal wave reverberates
within the sample until the equilibrium stress level is reached.

0.15 .
v ZZ)CSZOWder v, (17° VISAR)
| 20-9eum v_(0° VISAR
(km/s) Ti Anvils a3 )
V=121 m/s
01 |
v, (25° VISAR)
0.05 |
0 . . . .
0 2 4
—> t(us)

Figure 10. Free surface velocity measurements for experiment ps-wc-1 from
normal (0°) and off-axis (17° and 25°) probes. The time scale has been shifted
so that the longitudinal wave arrives at the free surface at t = 0.
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By inverting Eqns. 1 and 2, one can obtain v, and vy. These velocity histories are shown for the same
experiment in Fig. 11. First, one notes that the two different measurements of v, from the normal (0°)
probe and as found from v4 and vp agree quite well with one another, at lease until around 2.2 us. This is a
valuable check of the off-normal velocity measurements and indicates the technique is working as expected.
The second observation is that v, # 0, even for times well before the arrival of the shear wave at the free
surface. Although this was quite puzzling at first, it was determined that this transverse velocity is due to
tilt of the impactor relative to the target. The issue of tilt is discussed thoroughly in Appendix A. Here, we
merely point out that the tilt is modest, the value of v, at early times is about what would be expected based
on the measured tilt, and the value of vy after the arrival of the shear wave is unaffected by the tilt. Third,
the shear wave is seen to arrive at approximately t = 2.25 s, and vy takes approximately 0.25 us to reach
a steady state. It is around this time that the two measurements of v, diverge from one another somewhat,
though it is not clear why they should do so. The value of v, reached, around 17 m/s, can be used to calculate
the shear stress in the sample from

1
T= EpgnVCngvvy' (4)

In this case, a shear stress of 0.11 GPa is found. Values of shear stress for the other experiments can be found
in Table 2.

0.15 :
V.V WC Powder . .
Yy | 2082 um v, (17° & 25°)
(km/s) Ti Anvils

T 01| v=121ms

v, (0° VISAR)

0.05

0 ' 2 ' 4
—> t(us)

Figure 11. Normal and transverse velocities for the free surface of the anvil
for experiment ps-wc-1. The time scale has been shifted so that the longitudinal
wave arrives at the free surface at r = 0.

From the velocity histories, one can also estimate the strain rate in the sample using [Ramesh and Clifton,
1987]

VimpuCISinG —Vy

v= 7 ; (&)
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where & is the sample thickness. In principal, 7 should be interpreted as the current (compressed) sample
thickness, but in practice the initial nominal thickness (250 or 381 um) provides a sufficiently accurate
estimate that should be a lower bound on the actual strain rate. Values for strain rate calculated using Eq. 5
with the initial sample thicknesses are given in Table 2.

3.2 Experiments with ZrQO; Driver and Anvil

Although the experiments with Ti-6Al-4V anvils gave results that appear reasonable, the strength of titanium
is too low to be useful for the entire pressure range of interest. Previous experiments by Clifton and cowork-
ers utilized WC plates (c.f. [Duprey and Clifton, 2000; Frutschy and Clifton, 1998; Grunschel and Clifton,
2007]). While WC has a higher elastic limit than titanium, it is still only about 5 GPa. Some other ceramics
such as SiC, B4C, and sapphire have values for the Hugoniot Elastic Limit (HEL) above 10 GPa. However,
they also have very high wave speeds in excess of 10 km/s that would significantly limit the duration of the
experiment before the arrival or release waves from a front, back, or edge surface. ZrO, has a high elastic
limit and relatively low wavespeeds, apparently making it a nearly ideal anvil material for pressure-shear
experiments.

Experiments were conducted on both sand and WC utilizing ZrO, plates as impactors, drivers, and anvils
as shown in Table 2. Impact velocities were chosen so as to overlap the results using titanium plates as well
as to extend the pressure levels. Representative velocity histories are shown in Figs. 12 and 13 for sand and
WG, respectively.

0.15 .
Eglin Sand
v,V
x>y 50-90 um V (17°&25°) v (0° VISAR) 1
(km/s) | zro, Anvils *
T 0.1 | v=106 m/s

0 ' 2 ' 4
—> t(us)

Figure 12. Normal and transverse velocities for the free surface of the anvil
for experiment ps-egs-3, which was conducted with ZrO, impactor, driver, and
anvil. The time scale has been shifted so that the longitudinal wave arrives at the
free surface att = 0.

The resolved velocity histories for experiment ps-egs-3 (Fig. 12), which utilized ZrO, plates, differs
from the experiments in which titanium plates were used in that there is no distinct arrival of a shear wave.
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Though transverse velocities from nearly zero to about 25 m/s are observed, there is no obvious velocity
value one can pick to associate with the shear of the sample. The other sand experiment with ZrO, had a
negligible transverse velocity.

Unusual features are seen in the resolved velocity histories for experiments with ZrO, plates and WC
powder as shown in Fig. 13. Around the time of the expected arrival of the shear wave, a drop in the
longitudinal velocity and rapid oscillations in both velocity components occur. This behavior was observed
in both ps-wc-4 and ps-wc-6. While its origin is not known, it may be that there is sliding at an interface.
After the oscillatory behavior a relatively stable transverse velocity is observed. However, the resulting shear
stress is lower for these two experiments than would be expected based upon the results with the titanium
plates.

Because of the unexplained behavior in the experiments with ZrO;, values for shear stress and strain
rates in Table 2 should be viewed with extreme caution.

0.1 v r

WC Powder

Vi Yy 20-32
92 um o o

(km/s) | 210, Anvils V. (17° & 25°%)

V=79 m/s

0.05 t
V, (0° VISAR)
7~0.08 GPa
0

—> t(us)

Figure 13. Normal and transverse velocities for the free surface of the anvil for
experiment ps-wc-4, which was conducted with ZrO, impactor, driver, and anvil.
The time scale has been shifted so that the longitudinal wave arrives at the free
surface atr = 0.

3.3 Strength

In order to compare the shear stresses measured in the experiments with titanium anvils to the conventional
measure of strength, the flow stress under uniaxial stress ¥, we assume that the material exhibits a von
Mises flow behavior. Further, we assume that when the material is sufficiently deformed in shear that
Oy = Oyy = O = P, where o is the component of stress (positive in compression) and P the pressure. The
flow stress is then given by
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Y =31 (6)

The assumption that the normal stresses are all equal can readily be demonstrated to be correct for a Prandtl-
Reuss elastic-plastic material [Hill, 1950] and is probably reasonable for most metals. However, the validity
of the assumption for granular materials is deserving of further examination. Values of ¥ for sand and
granular WC are shown in Fig. 14 as a function of oy, assumed equal to pressure. Strengths for both
materials increase with pressure, with a linear fit plausible for both materials. It is interesting that the
strength of sand is greater than that of WC, which is a surprising result given the perceived strength and
toughness of the latter. An explanation of this result is offered below.

1

Y SiC (Holmquist & Johnson)
(GPa) (inferred from penetration data)
T ALO, (Sairam & Clifton)
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Figure 14. Strengths measured in pressure-shear experiments for sand and WC
compared to pressure-shear measurements of Sairam and Clifton [1994] and in-
ferred strength from penetration experiments of Holmquist and Johnson [2008].

For comparison, the results of Sairam and Clifton [1994] for Al,O3 are also shown. The strengths
they found are similar, though somewhat higher than the current results. This may be due to the much
smaller grain size of their material, approximately 0.4 ym or two to three orders of magnitude smaller than
the initial particle sizes for sand and WC. Such small particles would be less likely to fracture, perhaps
leading to higher strengths. Also shown for comparison are the results of Holmquist and Johnson [2008]
for granular SiC as determined by fitting model parameters for high-velocity penetration experiments. Their
material had a particle size of 1-3 um, and was compressed to ~71% initial density. Although both a
smaller particle size and a higher initial density should tend to give the granular SiC higher strength, neither
seems likely to explain the much higher strengths their results suggest. One possible explanation is that
their results depend upon the constitutive model chosen so that a model with an alternate functional form
might give significantly different results. Peak strain rates in the penetration experiments are much higher
than in the current experiments, though a full range of strain rates from the peak rate to zero occurs in the
penetration experiments. It is also possible that the underlying assumption that the normal stress are equal is
fundamentally incorrect for granular materials, which would make a comparison with the current pressure-
shear data or that of Sairam and Clifton [1994] invalid. Finally, there may be a dependence upon the third
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invariant of stress that is not captured by the von Mises yield surface [Brannon, 2007].

Presenting strength as a function of pressure does not convey all aspects of material behavior, so in
Fig. 15 the same strength values are plotted against the relative density of the material from the previously
measured Hugoniot for these powders [Brown et al., 2007; Vogler et al., 2007]. To do this, a fit to the
Hugoniot data is used to determine the compressed density based on the final equilibrium stress given in
Table 2. This neglects any possible differences between loading through a single step and multi-step loading
such as those observed for granular WC [Vogler et al., 2007], but it still should provide a reasonably accurate
measurement of density. When plotted in this manner, the WC is seen to be significantly stronger than
the sand because the sand compacts much more easily. Unfortunately, Sairam and Clifton [1994] did not
measure the compaction response of their Al,O3, and [Holmquist and Johnson, 2008] provide only a density
measurement at a single stress level.
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Figure 15. Strengths measured in pressure-shear experiments for sand and WC
as a function of relative density.

3.4 Post-Experiment Microscopy

In most of the experiments reported here, the target broke open during the experiment. However, in one
of the experiments (ps-wc-1) the bolts did not break and the target was recovered intact. This experiment
experienced a peak equilibrium pressure of approximately 1.5 GPa. Although some of the WC powder
leaked out through the fill hole, some of it remained between the titanium plates. While the target could not
be said to be recovered in a “soft” manner, most of the energy was absorbed by soft cushioning material
(old parachutes). Thus, it probably experienced its most extreme loading during the initial impact event,
and the material recovered is probably reasonably representative of the material that results from the initial
pressure-shear loading.

After cutting the bolts to open the target, the WC powder remaining on the anvil was examined using a
scanning electron microscope; a representative image is shown in Fig. 16. The material is obviously very
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different from the original 20-32 um powder shown in Fig. 2 with most of the particles 2-3 pum or less in
size and many of them in the sub-micron range. In this image, a couple of particles with a size on the order
of 10 um are also visible. Thus, it is apparent that the material has undergone a great deal of comminution
to reduce the particle size by one to two orders of magnitude.

10 ym l

Figure 16. SEM image for recovered granular WC from pressure-shear ex-
periment we-ti-1 in which the capsule remained intact through the experiment.
Particles have been significantly fractured so that particle sizes are dramatically
smaller than the original material shown in Fig. 2.

The material shown in Fig. 16 experienced both longitudinal and shear loading, and it is not immediately
obvious which of the two resulted in the comminution of the grains. Material loaded quasi-statically in
uniaxial strain to approximately 1.6 GPa [Vogler et al., 2007] was found to be moderately fragmented with
most of the particles nearly intact except for small particles broken off of corners and edges as shown in
Fig. 17. To examine the effect of longitudinal dynamic loading on particle size, a capsule filled with WC
powder was impacted by a Lexan (polycarbonate) projectile at 1.06 km/s. The capsule was fabricated from
304 stainless steel and surrounded radially by Macor ceramic that helps to reduce the effects of converging
release waves from the boundaries. This impact resulted in an initial stress of approximately 1 GPa in the
powder and an equilibrated stress of approximately 4 GPa. An SEM image of the recovered material is
shown in Fig. 18. Clearly, this material looks more like the material uniaxially tested in quasi-static loading
as shown in Fig. 17 and quite different from that loaded in pressure-shear. Thus, it seems that shearing is
much more effective at comminuting the powder than uniaxial compression.
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Figure 17. SEM image for recovered granular WC from a sample quasi-
statically compressed to approximately 1.6 GPa [Vogler et al., 2007]. Most of
the particles are nearly intact.

Figure 18. SEM image for recovered granular WC from a normal impact exper-
iment in which the material was loaded to 4 GPa. Minimal fracture was seen with
some breakage at particle corners so that the particles are similar to the original
material shown in Fig. 2.
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4 Discussion

The results presented in Section 3 represent some of the first results for pressure-shear experiments on
granular materials. For experiments with titanium plates, well-defined shear waves are observed that can be
used to obtain a shear stress. The shear stresses obtained appear plausible, though there is very little data
in this regime with which to compare. We note that in some unpublished integrated experiments involving
relatively low pressures, strengths of the order of 0.1 GPa were inferred for granular WC. While the sand
initially appeared to be stronger than the WC, which would be surprising, sand is found to be nearly fully
compacted while the WC still retains significant porosity. For comparable compaction levels, WC will
clearly be stronger than sand.

The strengths for sand and WC are somewhat lower than those found for Al,O3 by Sairam and Clifton
[1994]. The initial particle size of their Al,O3 particles was two to three orders of magnitude smaller than
those studied here, which could explain this difference somewhat as very small particles would be expected
to be stronger. On the other hand, the recovered particles mainly had sizes around that level, so no clear
conclusion can be drawn. The other complication is that the degree of compaction can strongly affect
the strength as shown in Fig. 15. Unpublished compaction data on Al,O3, albeit on significantly larger
initial sizes, suggests that its compaction response is close to that of WC. A possible explanation is that the
comminution process of the WC and sand during shearing results in the lower strength values compared to
those for Al,Os. If that is correct, then WC initial particles that are sub-micron would be expected to be
significantly stronger than that studied here since the comminution process would largely be absent.

In order to develop a constitutive model for a material such as sand that is accurate over a wide range of
conditions, one will need to obtain data from multiple experimental techniques covering quasi-static (uni-
axial strain or triaxial), intermediate rate (Hopkinson bar), and high rate (pressure-shear or planar impact)
regimes. Previous work comparing Hopkinson bar data to quasi-static results suggests the strain rate effects
in sand are small [Song et al., 2009]. Similarly, comparison of planar impact and quasi-static uniaxial strain
experiments [Vogler et al., 2011] also indicates little strain rate dependence.

Experiments with sleeves of different stiffnesses [Song et al., 2009] such as polyolefin and steel show
that the confinement (i.e., the pressure) plays an important role in behavior. This was examined in more
detail by Kabir et al. [2010] in triaxial Hopkinson bar experiments. Indeed, the current results demonstrate
the ability of the sand to transmit a shear stress is a function of pressure. All of the triaxial Hopkinson
bar experiments were conducted at significantly lower pressures than those reported herein, making a direct
comparison impossible. Further, the stress in the triaxial Hopkinson bar experiments display a principal
stress difference that rises with strain up to the 12% that was reached in the experiments. This is most
pronounced in the experiments with the higher confinement pressures. Kabir et al. [2010] chose to plot
their measured stress differences at 7% strain, but this choice is entirely arbitrary. Thus, one cannot say
that anything akin to a steady flow stress was achieved in the triaxial Hopkinson bar experiments. Even
so, a stress difference of over 0.4 GPa was found at £ = 1000s~! for a confining stress of 0.15 GPa. Such
a value is much higher than the strength data shown in Fig. 14 and cannot readily be reconciled with it.
One possible explanation is the concept of a failure envelope giving the strength of the intact material and
a failed strength that is significantly lower as used by Holmquist and Johnson [2008] in their JHB and JH-1
models. Under this interpretation, the experiments by Kabir et al. [2010] reveal the behavior of “intact”
sand whereas the present pressure-shear experiments probe the “failed” material. A second possibility is
that the interpretation of the stress state in the pressure-shear experiments as a hydrostatic pressure with a
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superimposed shear stress is not valid. Such an interpretation would be correct under classical plasticity, but
for a material such as sand it may not be valid. Finally, it is possible that interpreting the triaxial Hopkinson
bar in the same manner as conventional triaxial experiments is incorrect. In any event, additional study is
merited to understand how the triaxial Hopkinson bar and the pressure-shear data relate to one another.

The recovered WC powder that has undergone shear shows dramatically different particle sizes compared
to the original 20-30 um material and to the material that material that was compressed to 1.6 GPa statically
or 4 GPa dynamically. Examination of the X-t diagram indicates that the shear release waves do not reach
the sample until after it has undergone shearing for several microseconds. Shearing of the sample for 5 us,
as will occur for titanium plates, at the rates given in Table 2 gives shear strains of order 1.7-5, much larger
than the strains associated with compression. Thus, the greater comminution due to shearing may be largely
due to the greater deformation possible under that mode. The shearing of granular and comminuted material
seems to play an important role in penetration phenomena [Cooper and Breaux, 2010; Shockey et al., 1990],
and the deformation of thin layers of granular materials has been shown to be important in explosively loaded
granular and fully dense ceramics [Nesterenko et al., 1996; Shih et al., 1998a,b].

Although the experiments using titanium plates were successful, those in which ZrO, plates were used
gave ambiguous or confusing results. The most likely explanation is slipping at one or both of the pow-
der/plate interfaces. Such behavior would probably not be expected for the titanium plates where the hard
ceramic particles could ”bite” into the softer metal plates. Though we have not measured the nanoindenta-
tion of the ZrO;, a conventional hardness of 13 GPa is reported by the manufacturer. This is not as hard as
WC but harder than the sand. Since nanoindentation will give higher hardness values, the viewpoint of ZrO,
intermediate to the other two materials seems reasonable. Thus, sand may merely slide over the smooth
surface of the plates, while WC might scratch or become imbedded in them to some degree though not as
much as it embeds into titanium. The velocity records in Fig. 13 are suggestive of a stick-slip response, and
the transverse velocity seen at later times may be indicative of dynamic sliding on a rough surface. Both of
these phenomena would be consistent with a small amount of "’bite” of the WC into the ZrO;. The friction
of granular materials with metals or ceramics may itself be an important aspect for penetrators, so additional
study of sliding behavior would likely be of interest on its own.
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S Summary and Future Work

Pressure-shear experiments have been conducted successfully on granular WC and silica sand. The samples
are found to transmit shear stresses of 0.1-0.2 GPa, and recovered samples are dramatically comminuted
with much smaller particle sizes. Attempts to utilize ZrO, plates so that higher pressures could be reached
gave results that were ambiguous but suggestive of sliding at sample/plate interfaces.

While these initial results are promising, additional work remains to be done on the pressure-shear tech-
nique in general and its use for granular materials in particular. Some of the main items are:

e Utilize ZrO, plates for experiments on simpler materials such as aluminum. Such results could be
compared to literature values to gain confidence in the use of this material as a pressure-shear anvil.

e Perform experiments on WC and sand with tool steel plates. Because of its higher strength, tool steel
should allow higher pressures to be reached while providing an interface that is less likely to slip.

e Examine the effect of particle size by testing WC with much smaller initial particles. It would also be
of interest to obtain data for an Al,O3 similar to that of Sairam and Clifton [1994].

e The dynamic compaction of wet sand has been studied as has its behavior in a Hopkinson bar. How a
small amount of water will affect the pressure-shear behavior of sand or WC is unknown.

e In principal, PDV should be well suited to pressure-shear experiments because of its ability to function
even at very low light returns. However, modifications to the probes will likely be needed in order to
obtain good results with the PDV in pressure-shear experiments.

e A better understanding of the errors and uncertainties associated with pressure-shear experiments is
needed. The consistency observed for multiple experiments on the same material suggests a modest
uncertainty, but further examination of the experimental setup as well as replicate experiments should
help establish the error bars that are appropriate for the strengths obtained from these experiments.
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A Tilt

Despite the great care taken to align the projectile nose with the driver plate, some tilt inevitably occurs in
plate impact experiments. In most cases (of the first five experiments), the tilt was between 1 and 2.5 mrad
(0.05° to 0.14°), though in ps-wc-2 it was 4.5 mrad (0.26°). These angles are quite small and typically have
no significant effect upon the results of plate impact experiments. However, in this study we are specifically
measuring the transverse motion of the anvil. The reflection of the longitudinal wave, which has some
obliquity due to the tilt, from the free surface of the anvil leads to the generation of both longitudinal and
shear motion [Kolsky, 1963].

While the tilt angles mentioned above are quite modest and would not generate significant transverse
motion, the effective tilt of the longitudinal wave in the target is significantly greater as given by [Klopp and
Clifton, 1990]

anv
CL

Vim pact

@ = ¢, )

where @ is the tilt of the longitudinal wave travelling in the anvil, referred to as the effective tilt, and ¢ is the
tilt of the impactor. Because we are only concerned with shear motion that will be measured by the VISAR
system, we will take ¢ to be the component of tilt in the x — y plane; x — z tilt can be ignored [Klopp and
Clifton, 1990]. Examination of Eq. 7 reveals that the effective tilt ® can be up to two orders of magnitude
greater than the projectile tilt ¢ since C{"" will be significantly greater than the impact velocity in these
experiments. The effect is illustrated by images from a 2-dimensional simulation conducted with CTH that
are shown in Fig. A.1. Elastic properties for ZrO, were used for the materials in the simulation. In the left
image, an impactor plate with a velocity of 188 m/s and a tilt of 1.7 mrad (0.1°) is just about to strike a
stationary target. At a slightly later time shown in the right image, a shock is travelling outward from the
impact plane. From Eq. 7, we find an effective tilt @ of 63 mrad (3.6°).

To explore the issue further, additional calculations were conducted with CTH in which a ZrO, impactor
strikes a ZrO, driver and anvil with a 100 um layer of aluminum sandwiched between them. The initial
velocity of the impactor is defined so as to be equivalent to a projectile velocity of 200 m/s and 20° obliquity.
Values of tilt of -1, 0, 1, 2, and 5 mrad were assumed, and the velocities observed at the free surface of the
anvil are shown in Fig. A.2. For the ¢ = 0 case, the longitudinal wave arrives at about 1 us, and the transverse
wave with an amplitude of about 15.6 m/s arrives slightly over a microsecond later. The amplitude of the
shear wave corresponds to a shear stress in the Al sample of 0.17 GPa (Eq. 4), which is consistent with the
flow stress Y used in the simulations of 0.30 GPa (Eq. 6). For non-zero values of tilt, the longitudinal wave
arrives later since ¢ = O represents the time of initial impact but the measurements are shown for the center
of the model; thus, the time delay of the longitudinal wave is merely proportional to the tilt and the height of
the model. When there is tilt, there is also non-zero transverse velocity at the time of the longitudinal wave
arrival. As stated before, this is due to the reflection of the oblique normal wave from the free surface of the
anvil. In all cases, though, slightly more than 1 us later the shear wave arrives, and the transverse velocity
goes to the same equilibrium value of 15.6 m/s seen for the zero tilt case. Thus, one can conclude that the
presence of tilt, even though the effective tilt might be relatively large, will not effect the equilibrium value
of the transverse velocity.
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(a) (b)

Figure A.1. Contour plots of CTH simulations of impact with tilt of 0.1° at (a)
initial impact and (b) 0.2 us later.
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Figure A.2. Longitudinal velocity v, (solid lines) and transverse velocity vy
(dashed lines) at the free surface of the anvil from CTH simulations with varying
amounts of tilt.
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While tilt was measured in all experiments, in two experiments the orientation of the tilt pins relative
to the y — z plane was not recorded. For the remainder, the transverse velocity vy due to tilt is normalized
by the longitudinal free surface velocity since the analytic solution shows the transverse velocity generated
by an incoming wave with tilt is proportional to the amplitude of the wave. The data are plotted against
the effective tilt in Fig. A.3 along with the analytic solution from Kolsky [1963] and the results from CTH
simulations as outlined above with or without the aluminum layer. The CTH results agree well with the
analytic solution, albeit with slight deviations at higher tilts. Since the analytic solution is based on a small
strain assumption, some differences are not surprising. The experimental results also agree very well with
both the analytic and simulation results. Thus, it can be concluded that the early-time transverse motion is
due to tilt of the impactor.

CTH Simulations

ZrO, w/ Al foil
ZrO, only
v 04t 2
y
0.5 Vx fs Analytic Solution
T ’ (Kolsky)
[}
02t
® Experiments

SiO, & WC powders

0 . . . .
0 100 200

—> ® (mrad)

Figure A.3. Transverse velocity amplitude due to tilt relative to the effective tilt
angle of the propagating wave @ in the experiments. Also shown for comparison
are the analytical solution of Kolsky [1963] and the results of two-dimensional
calculations with CTH.
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B VISAR Records

In this section the raw and resolved velocity records for the experiments are shown. Records are shown
for all of the experiments except for two where the velocity records were of very poor quality or a velocity
record was not obtained. Some of these plots have been shown in previous sections, but they are included
here for completeness.
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Figure B.4. Velocity measurements for experiment ps-egs-1 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface att = 0.
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Figure B.5. Velocity measurements for experiment ps-egs-2 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface att = 0.
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Figure B.6. Velocity measurements for experiment ps-egs-3 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface at t = 0.
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Figure B.7. Velocity measurements for experiment ps-egs-5 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface at ¢ = 0.
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Figure B.8. Velocity measurements for experiment ps-wc-1 as (a) raw measure-
ments from normal (0°) and off-axis (17° and 25°) probes and (b) resolved ve-
locities for the normal and transverse directions. The time scale has been shifted
so that the longitudinal wave arrives at the free surface at z = 0.
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Figure B.9. Velocity measurements for experiment ps-wc-2 as (a) raw measure-
ments from normal (0°) and off-axis (17° and 25°) probes and (b) resolved ve-
locities for the normal and transverse directions. The time scale has been shifted

so that the longitudinal wave arrives at the free surface at r = 0.
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Figure B.10. Velocity measurements for experiment ps-wc-3 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface at ¢ = 0.
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Figure B.11. Velocity measurements for experiment ps-wc-4 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface att = 0.
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Figure B.12. Velocity measurements for experiment ps-wc-6 as (a) raw mea-
surements from normal (0°) and off-axis (17° and 25°) probes and (b) resolved
velocities for the normal and transverse directions. The time scale has been
shifted so that the longitudinal wave arrives at the free surface at ¢ = 0.
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