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Abstract

An investigation of the shock compression and release properties of silicon carbide ceram-
ic has been performed. A series of planar impact experiments has been completed in
which stationary target discs of ceramic were struck by plates of either similar ceramic or
other appropriate material at velocities up to 2.2 km/s with a propellant gun facility. The
particle velocity history at the interface between the back of the target ceramic and a lithi-
um-fluoride window material was measured with laser velocity interferometry (VISAR).
Impact stresses achieved in these experiments range between about 10 and 50 GPa. Nu-
merical solutions and analytic methods were used to determine the dynamic compression
and release stress-strain behavior of the ceramic. Further analysis of the data was per-
formed to determine dynamic strength and compressibility properties of silicon carbide.

Sponsored by the U.S. Department of Energy and conducted under the auspices of the U. S. Department of Energy under
Contract DE-AC04-76DP00789.
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Summary

The dynamic high-pressure equation-of-state and strength properties of a near theoretical
density silicon-carbide ceramic were investigated through controlled planar impact and re-
lease-wave experiments. Four planar impact experiments have been completed in which
stationary target discs of ceramic were struck by plates of either similar ceramic or tanta-
lum launched at velocities up to 2.1 km/s with a propellant gun facility. One further impact
experiment was performed in which a layered-impactor configuration led to multiple com-
pression and release of the silicon-carbide sample. Impact stresses achieved in these
experiments ranged between about 10 and 50 GPa. High-resolution velocity interferome-
ter diagnostics were used to measure time-resolved transmitted particle-velocity profiles.
Dynamic material properties were determined through analytic and computational evalua-
tion of the wave profile data.

The Hugoniot of silicon carbide was determined up to an impact stress of 50 GPa. The
measured Hugoniot elastic limit for this ceramic was 15.3 + 0.4 GPa. Positive ramping of
the wave behind the elastic precursor indicated increasing pressure or inelastic strain hard-
ening with increasing deformation. A dynamic hardening behavior is also supported by in-
creased shear strength at the Hugoniot state calculated from the difference between the dy-
namic uniaxial strain and hydrodynamic stress states. Analysis of elastic compressibility
properties at the Hugoniot states from the release-wave data also gave results consistent
with a hardening elastic-plastic behavior in silicon carbide ceramic. No clear indication of
a pressure-induced phase transition in silicon carbide below 50 GPa was provided by the
wave-profile data. A spall strength of approximately 0.4 GPa was determined from one
experiment in which the peak stress state was about 75% of the Hugoniot elastic limit.
Computational simulations of measured wave profiles in silicon carbide, including multi-
ple shock and release, are adequately described with an elastic-plastic work-hardening
model.
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Introduction

1. Introduction

The present report documents recent shock compression and release data obtained on near
theoretical density monolithic o-silicon carbide ceramic. The results are part of a broader
study of the dynamic strength and equation-of-state properties of a range of high-strength
ceramics. Earlier data and analysis are presented in Kipp and Grady (1989) and Grady
(1991).

Little previous shock-wave data exists for silicon carbide. The seminal study on this mate-
rial was performed by Gust, et al. (1973) more than two decades ago. In that study, shock
waves in silicon carbide induced by explosive-driven flyer plates were diagnosed by mon-
itoring free-surface displacement using inclined-mirror streak-photography techniques. A
Hugoniot elastic limit of about 8 GPa was determined in that work. Hugoniot data were
acquired up to a maximum shock pressure of about 100 GPa. A shock-induced phase
transformation at a pressure of about 24 GPa was inferred from the data by the authors.
They suggested that this transition might well be related to the known transformation in
silicon.

Recently, Aleksandrov et al. (1990) have performed static high-pressure studies on silicon
carbide to nearly 50 GPa. They provided initial bulk modulus and pressure derivative data.
Volume dependence of the Gruneisen parameter was also established. These authors also
suggested that the high pressure properties of silicon carbide are similar to those of silicon.
A pressure-induced phase transformation in silicon carbide was not mentioned in the
study of Aleksandrov, et al. (1990). Bassett and Weathers (see Holmquist (1991)) have
also reported static compressibility dato for silicon carbide to nearly 100 GPa using dia-
mond anvil technology.

In the present study controlled impact shock- and release-wave experiments have been
performed on silicon carbide. In one test partial release followed by shock recompression
and release was accomplished in the silicon carbide sample. Peak stress achieved in the
highest amplitude experiments was nearly 50 GPa. The lowest amplitude experiment
achieved a peak stress below the Hugoniot elastic limit of silicon carbide. Hugoniot, equa-
tion-of-state, and dynamic-strength properties were determined for silicon carbide through
both analytical and computational analysis of the data. A spall strength for silicon carbide
ceramic was also determined from the lowest amplitude experiment.
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Materials

2. Materials

The silicon carbide tested in the current study was produced by Eagle-Picher Industries.
Crystal structure of the starting material was hexagonal (alpha). The initial density and ul-
trasonic pr opertles were also measured for the present material. They are: initial density =
3177 kg/m longitudinal velocity = 12.06 km/s, and shear velocity = 7.67 km/s. Associat-
ed elastic properties derived from these velocities are a Poisson’s ratio of v =0.16 and
¢, = 8.19. Electron probe microanalysis (EPMA) revealed inclusions principally of tung-
sten and tungsten carbide. Minor amounts of molybdenum, chromium and titanium were
also present. An equiaxial grain structure with nominal grain size of ahout 10 um was de-
termined. Porosity (about 1%) in the form of near-spherical cavities un grain boundaries
was also observed. Microstructure of the starting material was adequately revealed by the
back scatter EPMA image shown in Figure 1.

The lithium fluoride used as the laser window material in the present impact experiments
was optically clear [100] oriented single crystals. Closed ccll polyurethane foam of nomi-
nally 20 and 40 pounds per cubic foot (320 and 640 kg/m ) provided backing material for
the impactor plate. Three nines pure commercial tantalum was used as impactor material
in the highest shock pressure experiment.

Figure 1. Back-scatter electron-probe microanalysis (EPMA)
photograph of silicon carbide test material.

11
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Experimental Method

3. Experimental Method

Uniaxial-strain compressive shock and release waves were produced in the monolithic sil-
icon carbide with a single-stage powder-gun facility. The 89-mm diameter smooth-bore
gun is capable of achieving a maximum impact velocity slightly above 2.3 km/s. Three
electrically shorting pins were used to measure the velocity of the projectile at impact.
Four similar pins were mounted flush to the impact plane and used to monitor the planarity
of impact. The pins were also used to trigger diagnostic equipment: the interferometer la-
ser, various recording oscilloscopes and transient digitizers. Projectile velocity could be
measured with an accuracy of ~0.5% and the deviation from planarity of impact was typi-
cally about 103 radians.

A typical experimental configuration for the series of tests is shown in Figure 2. A disc of
the ceramic being tested is mounted in the projectile and is supported on the main projec-
tile body by a disc of low density polyurethane foam apgroximately 7 mm in thickness.
Both 20 and 40 pounds per cubic foot (320 and 640 kg/m~) foam were used in the present
study. An aluminum ring encloses the ceramic disc as shown and provides a coplanar im-
pact surface for electrically shorting the various diagnostic pins. For the highest impact
stress experiment a tantalum plate replaced the ceramic plate in the projectile. In the par-
tial release and recompression experiment the impacting disc was lithium fluoride approx-
imately 3.3 mm in thickness backed by a 1.5 mm tantalum disc.

TARGET
ASSEMBLY

Projectile
Foam Ceramic

Backing /

3 Velocity Pins

"

— To VISAR

™ Lithium Fluoride

Target )
Ceramic — Window
PROJECTILE ALRi 4 Flush Pins
BODY ng
Al Nose Aluminum
Plate Target Fixture

Figure 2.  Experimental configuration for shock and release experiments
on silicon carbide.

13



Shock Compression Properties of Silicon Carbide

For the target, a disc of the ceramic was mounted in the stationary supporting target fix-
ture. An optical quality disc of single crystal lithium fluoride was intimately bonded with
epoxy to the back of this ceramic sample. All critical surfaces were lapped and polished,
and were typically flat to within a few bands of sodium light. The bonded lithium fluoride
surface was first lightly diffused and vapor-deposited with about 100 nm of aluminum.
The ceramic-lithium fluoride epoxy-bond thickness was approximately 10 to 20 pum.

The ceramic-on-ceramic planar impact produced a compressive wave of uniaxial strain
which propagated across the stationary ceramic specimen and through the ceramic-lithium
fluoride interface. An equivalent compressive wave propagated through the projectile ce-
ramic specimen and reflected at the low-impedance foam interface as a release wave
which unloaded the compressed ceramic. Dimensions of the ceramic discs were selected
such that lateral release waves from the boundaries of the disc did not interfere with the
central motion until after the experimental measurement was completed. Similar motions
were induced when a tantalum impact plate was used. In the ceramic-on-ceramic impacts
the release wave traveled uninterrupted through the impact interface whereas, in the tanta-
lum impactor case, additional wave interactions occurred at the tantalum-ceramic inter-
face.

The compression- and release-wave behavior was measured by monitoring the time-re-
solved longitudinal motion at the center of the ceramic-lithium fluoride interface with la-
ser velocity-interferometry (VISAR) techniques [Barker and Hollenbach, 1972].
Measurements were recorded on transient digitizers with a sampling period of (0.742 ns
per data point. Lithium fluoride was used as the laser window material because, although
its mechanical impedance i1s somewhat lower than the ceramic being tested, it is the only
material which has been optically calibrated and which remains transparent when subject-
ed to the 10 to 50 GPa shock stresses generated in the present experiments [Wise and
Chhabildas, 1986].

The interference fringes measured with the VISAR system were converted to a time-re-
solved history of the velocity of the interface using "he method of Barker and Hollenbach
(1972), with a time resolution of approximately | ns. The amplitude resolution is approxi-
mately 2% of one fringe. Typically two to three fringes are achieved in the interface accel-
eration through the compressive shock front. From these records the dynamic stress and
strain characteristics of the ceramics were determined through further computational and
analytic techniques described in a later section.

A total of five shock compression experiments were performed on silicon carbide. The
lowest impact velocity achieved a Hugoniot state below the Hugoniot elastic limit and
provided useful nonlinear elastic and spall properties of the ceramic. The remaining exper-
iments ranged up to Hugoniot states of approximately 50 GPa which is about three times
the Hugoniot elastic limit for this material. The impact velocities and experimental dimen-
sions for the series of experiments are provided in Table 1.

In all tests lithium fluoride windows 25.4 mm in thickness and 50.8 mm in diameter were
used. The silicon carbide discs were approximately 50 mm in diameter. Note that a tanta-
lum impactor (88 mm in diameter) was used to achieve the highest impact stress in

14
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Experimental Condiﬁonsrlf"?)l:'lsei}i.con Carbide Impact Tests
Test Target | Impactor | Foam | Impact Target Impactor
Number | Material | Material | Density | Velocity | Thickness | Thickness
(kg/m’) | (km/s) | (mm) (mm)
CE-4 SiC SiC 320 1.542 8.939 3.987
CE-5 SiC SiC 640 2.100 8.940 3.995
CE-31 SiC Ta 640 2.118 8.956 1.516
CE-32 SiC SiC 320 0.612 9.841 4.958
CE-42 SiC LiF+Ta? — 2.206 4.963 3.297+1.512
3 Layered impactor — lithium fluoride backed by tantalum.

Test CE-31. A layered lithium fluoride and tantalum impactor was used in tesi CE-42 to
achievcf specific partial release and recompression states in the silicon carbide.

One profile of the measured interface velocity is shown in Figure 3 to illustrate the nature
of the compression- and release-wave data. Profiles for all tests are provided in the Appen-
dix. The compression profile reveals the elastic-plastic wave-profile character of the

1-6 ¥ T L] l L T r L] ) L} 1 1 1 )
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Deformation
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[ s&astic Hugoniot
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I T
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0.4 08 1.2 16 20
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Figure 3.  Silicon carbide interface velocity profile for Test CE-5.

15



Shock Compression Properties of Silicon Carbide

uniaxial deformation process. The second small wavelet at about 0.9 km/s in the compres-
sive profile between the elastic and plastic waves has been shown from computer solutions
to be a consequence of a reflection at the ceramic-window interface due to the mechanical
impedance mismatch and is not a material-property feature. Elastic and deformation char-
acteristics upon release from the Hugoniot state were provided by the unloading portion of
the profile in Figure 3. Late-time behavior (greater than about 2 [is) is not meaningful be-
cause lateral release waves from the sample edges can be expected to compromise the
uniaxial nature of the motion.
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4. Hugoniot Properties

The wave-profile data shown in Figure 3 and provided in the Appendix can be used to de-
termine the Hugoniot properties of the silicon carbide ceramic. Here, Hugoniot states refer
to the peak stress-volume-particle-velocity states achieved in the shock-compression pro-
cess, recognizing that nonsteady-wave characteristics may compromise this definition.
Analysis of the Hugoniot states were accomplished in several ways. In one method dis-
tinct elastic and plastic waves were first identified in the compressive profiles. By assum-
ing steady-wave behavior, shock-wave velocities and particle-velocity increments were
determined for both waves. Hugoniot relations, accounting for impedance mismatch at the
recording interface, were then used to calculate the Hugoniot states. This method gave re-
sultd in accord with Hugoniot properties determined from interface or free-surface mea-
surements of earlier workers [e.g., Gust, et al., 1973].

Table 2:
Hugoniot Data for Silicon Carbide

------- Elastic State ------- ------- Plastic State -------
Test Shock | Particle | Stress | Specific | Shock | Particle | Stress | Specific
Number | Velocity | Velocity Volume | Velocity | Velocity Volume
(km/s) | (km/s) | (GPa) | m3Mg) | (km/s) | (km/s) | (GPa) | (m3/Mg)
CE-4 12.50* 0.397 | 15.77 | 0.3048 9.43 0.771 | 27.61 | 0.2928
CE-5 12.50* 0.383 | 15.20 | 0.3051 9.63 1.050 | 36.34 | 0.2839
CE-31 12.50* 0.376 | 1491 | 0.3053 10.03 1.422 | 48.78 | 0.2729
CE-32 | 12.29* 0.306 | 11.95 | 0.3069 — — — ——

*Elastic shock velocity is calculated (see text).

Hugoniot states determined by this analytic method are provided in Figure 4 and Table 2.
In the present experiments a measurement of the elastic precursor wave velocity was not
made. The precursor wave velocity provided in Table 2 was estimated from the measured
longitudinal ultrasonic velocity corrected for elastic nonlinearity to the Hugoniot elastic
limit state by assuming a linear shock-velocity versus particle-velocity behavior
(U; = C,+Su,) with §, = 1 (consistent with the slope of high-pressure shock- versus parti-
cle-velocity data for silicon carbide). Further computational analysis on the nonlinear elas-

tic shock and release profile provided by experiment CE-32 supports this estimate [Kipp
and Grady, 1992].

17
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The Hugoniot elastic limit states plotted in Figure 4 and provided in Table 2 correspond to
the particle velocity amplitude of the initial breakover of the elastic shock in the measured
wave profile. This initial yield state does not include the subsequent pressure hardening or
ramp up observed immediately behind the precursor shock which would lead to a slightly
higher particle velocity level. In determining the amplitude of the particle velocity jump
through the plastic wave, a more central value for the first wave amplitude was determined
from the data.

The compression and release stress-volume behavior of the material was also determined
with computational methods [Kipp and Grady, 1989]. With these methods a one-dimen-
sional wave code, WONDY (Kipp and Lawrence, 1982), in conjunction with an empirical
constitutive model for the ceramic was used iteratively to determine the stress-volume
characteristics. Material parameters used in the calculations are listed in Table 3. Parame-
ters in the model were adjusted until agreement with the measured velocity profile was
achieved. The corresponding stress-volume behavior determined in the calculation was
then accepted as the dynamic material response. Stress-volume paths determined by this
method are shown in Figure 4. The peak stress states agree well with the previous Hugoni-
ot analysis and are provided in Table 4.

60 | | I L] I ¥ l ] l ) ' v ] l I L
50 - ]
? o -l
Sl -
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Stress- Volume Paths
= i \ N / Hugoniot States ]
\
20 Hydrodynamic QN \\ \)/ 7]
Hugoniot AN
(calculated) AR | 1
\ \
10 \\ N\ \ B
\»
\\ \ \ \
- SO NN .
Ny \
i 1 1 | 1 | 1 ] 1 | N\ o Ns \, | ]

0
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Figure 4. MHugoniot states and dynamic stress-volume paths
calculated from wave profile data.
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Figure 5. Comparison of VISAR wave profile for test CE-31 and
Wondy wave-code solution with strain-hardening elastic-
plastic model for silicon carbide.

The corresponding fits to the particle velocity data for the two lower amplitude experi-
ments, CE-4 and CE-5, have been reported by Kipp and Grady (1989). The comparison of
calculated and experimental particle velocity histories for the highest amplitude experi-
ment, CE-31, is shown in Figure 5. Note that the calculation captures nearly all of the
character of the data, except the initial structure of the release at 1.2 s, where the effect of
the 0.75 GPa yield in the tantalum is too pronounced. This calculation used the same pa-
rameters as those reported by Kipp and Grady (1989) for the SiC (cf. Table 3) in a strain-
hardening model (6 term fit, with an initial yield of 13.0 GPa; the 6 pairs of the hardening
fit are (Y; GPa, x; weight) = (13.0,0.307), (14.5,0.231), (16.0,0.152), (17.0,0.076),
(19.0,0.115),and (20.0,0.115)) to reproduce the transition from elastic to permanent defor-
mation states (State 4 in WONDY).
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Table 3: Material Properties

. Material Refcre'nce Sound Slope Grunlei§en Poissqn’s In.itial
Density Speed Coefficient Ratio Yield
(kg/m3) | (m/s) (GPa)
Foam 640 1500 2.0 1.0 ~ ~
Tantalum 16650 3293 1.307 1.60 0.335 0.75
LiF 2641 5148 1.353 1.50 ~ ~
SiC 3177 8186 1.0 1.0 0.160 13.0
Al 2758 5328 1.338 2.0 0.333 0.30

In the experiment CE-32, the elastic behavior of the material was examined using SWAP
(Barker and Young, 1974), which uses a solution technique based on the x-t characteris-
tics. This code provides for sharp shocks and incremental steps for structured waves. As-
suming a linear shock-particle velocity relationship for the Hugoniot, the correct slope of
the release wave could be obtained with an s, of 1.25, but the ultrasonic longitudinal ve-
locity of 12060 m/s for the reference velocity C, resulted in a pulse width that was too
short by about 3%. A reference velocity of ¢, = 11700 m/s was required to widen the pulse
width sufficiently to agree with the measured pulse width (Figure 6).

The calculated Hugoniot state properties for the four experiments are tabulated in Table 4.
When compared to the corresponding entries in Table 2 (Plastic State for CE-4, CE-5, and
CE-31, and Elastic State for CE-32), excellent agreement is observed in the two approach-
es to determine the Hugoniot state values.

Table 4: WONDY Calculations of Hugoniot States

Test Particle Density Specific Stress Longitudinal
Number Velocity Volume Sound Speed
(m/s) (kg/m3) (m3/Mg) (GPa) (m/s)
CE-4 771 3412 0.2931 27.85 12923
CE-5 1050 3518 0.2843 36.62 13277
CE-31 1421 3660 0.2732 49.01 13713
CE-32 306 3257 0.3070 12.05 12368

20
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Strength Properties

5. Strength Properties

The Hugoniot elastic limit identifies initial yield in the ceramic and provides an estimate
of the initial dynamic material strength. The assumption that the Hugoniot elastic limit ac-
curately characterizes the post-yield shear strength, however, can be seriously in error. Ac-
cumulated inelastic deformation along with the changing confining pressure as the
Hugoniot state is approached in the plastic wave can markedly alter the strength of the ma-
terial. :

The strength at the Hugoniot state can be determined from the shock-wave data through
direct comparison of the longitudinal Hugoniot stress states with the hydrodynamic or
mean stress state of the material at the same specific volume. The hydrodynamic proper-
ties are usually not well known, however, and are frequently estimated by theoretical ex-
trapolation of ultrasonic data. Nevertheless, the very high strength of the ceramics of
interest makes this technique a reasonable method for calculating dynamic strength prop-
erties.

Because of the inertially constrained condition of uniaxial strain in the planar impact con-
figuration, (e, = 1-p,/p, ¢, = ¢, = 0), the resolved shear stress, © = (6,~0)/2, within
the elastic shock wave mcreases until the dynamic yield strength of the material is
achieved at an average confining pressure, p = (o,+2c,) /3. The axial stress at this criti-
cal point is identified as the Hugoniot elastic limit, 6, = o,,,, and the equivalent uncon-
fined yield strength, ¥ = 2t assuming von Mises yleld conditions and linear elasticity
within the yield surface is,

2
s

Y = 2;0’,‘81 . (1)
1

Hugoniot elastic limit values for Eagle Picher silicon carbide are provided in Table 2. A
nominal yield strength calculated for silicon carbide from Equation (1) is ¥ = 12.4 GPa,
based on a Hugoniot elastic limit of o, ,, = 15.3 GPa.

Calculation of the post-yield dynamic strength at the Hugoniot state through comparison
of the axial stress states measured in the planar impact experiment with the corresponding
pressure-volume states is illustrated in Figure 7. The measured axial stress o, and the cor-
responding transverse stress o, will relate to the mean pressure curve as shown in
Figure 7a. The post-yield resolved shear strength at subsequent Hugoniot states is calcu-
lated through comparison of the mean stress and axial stress behavior at the same specific
volume through the relation,

3
=26, . @

Materials can exhibit different strength behavior with increasing Hugoniot stress
(Figure 7b). Ideal plasticity would imply constant strength (constant offset between the
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Figure 7.  Strength properties of an elastic-plastic material.

mean stress and Hugoniot stress states). Both strength hardening and strength softening on
the Hugoniot have also been observed for other ceramics (Kipp and Grady, 1989).

The pressure-volume compression curves for most of the high strength ceramics of inter-
est have not been measured. Quite useful estimates of the hydrodynamic behavior, howev-
er, can be established from ‘he reasonably mature understanding of the systematics of
solid-state compressibility. Finite strain Burch-Murnaghan, or equivalently, linear shock-
velocity versus particle-velocity, representations of material compressibility [Jeanloz,
1989] adequately describe the pressure-volume response of most single phase solids to
20% strains or higher. For the latter representation, two parameters C, and S, in a linear
shock velocity versus particle velocity relation along with the initial theoretical solid den-
sity p, of the material leads to a hydrodynamic pressure versus specific-volume relation
for the material,

p,CoE

= 3
(1-5,¢)2 )

p

where the volume strainis e = ¢ = 1-p,/p.

The theoretical density is known for the material and ¢, can be calculated from the ultra-
sonic elastic bulk modulus, ¢, = ,/K,/p,. The nonlinearity parameter S, can be obtained
from high pressure Hugoniot data or, alternatively, can be calculated from the relation
S, = (K,’+1)/4 where K,” = dK_/dp is the adiabatic pressure derivative of the bulk mod-
ulus. High-pressure Hugoniot data indicate that S, is close to 1.0 for silicon carbide [Gust,
et al, 1973]. Data from Aleksandrov et al (1990) provide k,” = 3.9+0.2 which yields
S,=12. Reasonable estimates of the mean stress behavior are compared with Hugoniot
states in Figure 4. The two curves assume S, = 0.8 and §, = 1.2, respectively. These results
were used to establish the post-yield shear-stress states shown in Figure 8.
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Figure 8.  Shear stress at the Hugoniot state inferred from Hugoniot
and calculated hydrodynamic curve.

Several material complications can affect the analysis just described. First, impurities
which are introduced in the processing of commercial ceramics, if in sufficient quantities,
can shift the calculated hydrodynamic curve and must be accounted for. Second, porosity,
which exists in virtually all ceramics, must be crushed out before the mean stress curve
and the hydrodynamic curve coincide. In general this crush curve is not known. In calcu-
lating a shear strength at the Hugoniot state for the three experiments it was assumed that
complete pore collapse was achieved and comparison with the theoretical-density hydro-
dynamic curve was made. The difference between twice the shear strength at the Hugoniot
elastic limit (Figure 8) and ihe dynamic yield calculated from Equation 1 is probably a
consequence of porosity complications in the analysis.

In Figure 8 an initial dynamic yield of approximately 7 GPa is observed to harden to about
10 GPa with increasing Hugoniot stress. Uncertainties are larger at higher pressures be-
cause of corresponding uncertainties in the mean stress curve. Post-yield stress hardening
is also indicated by the ramp character of the measured wave profiles immediately follow-
ing the elastic precursor wave. Although pressure hardening is commonly used to model
the shear-strengthening properties of silicon carbide, inelastic strain or strain-rate harden-
ing cannot be ruled out.
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6. Release Properties

"The present planar impact experiments on ceramic materials were designed so that shock
compression followed by dynamic decompression and stress release, under controlled
uniaxial strain conditions, were achieved. The release portion of the measured wave pro-
file provides dynamic material property data on the cyclic or hysteretic behavior of the
stress-loaded ceramic. Release and hystereses properties determine energy absorption and
transmission characteristics of material elements and consequently influence the overall
penetration stopping resistance of high-strength ceramics. Release-wave dispersion data
have been used to infer the confining pressure dependence of shear strength during stress
unloadirg [Chen, 1991] and reverse plasticity properties [Steinberg, 1990]. Further, dur-
ing high velocity penetration, material compressibility must be correctly modelled. Re-
lease-wave measurements provide high-pressure elasticity data needed to properly model
finite compressibility.

Release properties of the ceramic were determined from the wave profile data through ar-
rival time and structure of the release wave immediately following the peak plateau in the
wave profile (Figure 3). Dispersion (spreading) of the release wave is a consequence of
elastic nonlinearity and inelastic deformation characteristics of the material during uniaxi-
al unloading. Both molecular and microstructural properties of the ceramic at high pres-
sure play a role in determining this feature of the wave propagation process.

Extraction of material property data from the release-wave behavior through analytic
methods involves difficulties not encountered in the compressive Hugoniot analysis
[Grady, 1991]. Assumptions are necessary which are difficult to assess and may or may
not be acceptable. Certain material property features such as the nonlinear elastic proper-
ties near the shock state can be determined by analytic methods. Other properties are more
easily extracted through interactive computer analysis [Kipp and Grady, 1989].

Longitudinal sound velocity C, and the corresponding longitudinal modulus,

do
K = pd_p = pC}, @

determined from the three experiments involving symmetric silicon carbide impact are
plotted in Figure 9. These data were determined from the transit time of the first arrival of
the release wave. Eulerian or spatial wave velocities and corresponding moduli are plotted
in the Figure. Note that values are several percent lower than those inferred from computa-
tional solutions (Table 4). Ultrasonic values for longitudinal velocity and modulus are also
shown. The observed discrepancy between ultrasonic data and the shock data extrapolated
to zero pressure density is attributed to the pescent level porosities in the ceramic samples.

In Figure 10 the stress derivative f the modulus, K,” = dK//do is plotted. These data were
calculated directly from individuai profiles by calculating the initial slope of each individ-
ual release wave through the expression,

[\
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Figure 9. Initial release velocity and longitudinal modulus at the

Hugoniot state. Ultrasonic data correspond to points at
initial density of 3177 kg/m>.

dCl.gy _ dCL |

’: d 2 = —— — —— ——
Kie" = 36PoCr = Py 4o ™ Poqu pCn

=20, . (5)

The starred properties in Equation 5 correspond to Lagrangian velocities or moduli. Note

that both stress and particle-velocity derivatives are implied. The Eulerian modulus was
then provided by,

’ po ’
K/ = oK' =1 (6)

The dat;a_ in Eigure 10 indicate a decreasing K,” with increasing density. From the slope of
the dat'a in Figure 10 it was determined that k,k,”” = -24.9. This property compares well in
both sign and magnitude with comparable bulk moduli data on alkali halides [Ruoff and

Chhabildas, 1979]. It is nearly identical to the very accurate measurement made on NaCl
by Chhabildas and Ruoff (1976).
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Figure 10. Stress derivative of the release moduli for silicon carbide
from initial dispersion of unloading wave.

The stress derivative of the modulus can also be calculated from the data in Figure 9
through,

dKjdp
LT K @
A value of K =2.33 was calculated and is in reasonable agreement with the independent
data of Figure 10.

It is important to recognize that k,’ determined from the shock data under controlled
uniaxial strain conditions is not necessarily equivalent to the pressure derivative of the
bulk modulus commonly reported in static high pressure equation-of-state studies. It is
equivalent only if Poisson’s ratio (or equivalently, the ratio K/G) is independent of the
state of mean stress. The nonlinear longitudinal coefficients are governed by the same in-
termolecular force laws, however, and provide useful data for verifying high-pressure
equations of state of ceramic materials.

It is worth noting that the data for k, in Figure 10, when extrapolated to the zero pressure
theoretical density for silicon carbide of 3210 kg/m3 yields a zero pressure value of about
K,,’=32. This is somewhat lower than the corresponding value for the pressure depen-
dence of the bulk modulus of k,,* =3.7 — 4.0 measured by Aleksandrov, et al. (1990). Ignor-
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ing possible differences due to the comparison of dynamic and static data, this result
would suggest some sensitivity of Poisson’s ratio to compression.

The broader dynamic stress versus strain properties of silicon carbide during stress wave
decompression can be determined from the full release profile through a method of inter-
active computer analysis. This method used the strain-hardening elastic-plastic model dis-
cussed in Section 4 with parameters which were adjusted through interactive stress-wave
calculations until agreement with arrival and shape of the compression and release wave
was achieved. The resulting stress-strain path was then accepted as the material response
for that wave profile. The inferred stress-strain paths from computer simulations are com-
pared with Hugoniot and calculated hydrodynamic behavior in Figure 4.

It is important to note the near metal-like elastic-plastic behavior of silicon carbide. The
dynamic stress-strain paths in Figure 4 indicate an initial and sustained high-level of shear
strength. Unloading behavior is also characteristic of elastic-plastic response.

The release curve in test CE-32 was unique in that the peak stress state achieved prior to
unloading was well below (approximately 75%) the Hugoniot elastic limit of the silicon
carbide ceramic. Consequently, the release wave should represent strictly nonlinear elastic
response of the material. Elastic properties have been determined by Kipp and Grady
(1992) and are discussed in Section 4. This release profile also provides a spall pullback
signal. A spall strength based on an acoustic approximation is calculated from the relation

1
o, = i(p1C1+p2C2)Au ) (EQ8)

where 1 and 2 refer to elastic properties of silicon carbide and lithium fluoride, respective-
ly, and Au is the amplitude of the velocity pullback signal (see profile for CE-32 in the
Appendix). A spall strength of 0.42 GPa was calculated for silicon carbide from the test
results of CE-32. Pullback signals characteristic of dynamic tension and spall were not ob-
served in the three tests in which the Hugoniot elastic limit was exceeded during initial
shock compression. It can be speculated that pervasive microcracking during inelastic de-
formation in the compression shock process seriously degraded the cohesive properties of
the ceramic.

Finally, test CE-42 was performed in which the layered-material impactor led to a history
of cyclic loading in which the silicon-carbide ceramic was first shock compressed to ap-
proximately 30 GPa (nearly identical to test CE-4) and then decompressed to about one-
half of the Hugoniot stress. This decompression is a backward-facing release wave origi-
nating at the lithium-fluoride-window interface and, consequently, is not observed in the
interface velocity profile shown in Figure 11. A tantalum plate behind the lithium fluoride
in the layered impactor leads to recompression and a subsequent second decompression of
the silicon carbide. The elastic-plastic character on recompression is observed in the sec-
ond wave in Figure 11 at about 1.5-1.6 ps. This experiment provides a stringent test for
computational material response models in terms of cyclic shear-strength behavior.
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Figure 11. Multiple shock compression and release experiment and

calculation in silicon carbide.

A WONDY calculation of experiment CE-42 was made using the strain-hardening elastic-
plastic parameters for the silicon carbide and the ancillary material parameters listed in
Table 3. The comparison is shown in Figure 11 in which excellent agreement is observed
for nearly all of the wave structure features between calculation and experiment. The ex-
ceptions are the absence of the slight down turn at the end of the first shock, the dispersed
wave structure at the top of the second shock, and the exaggerated release in the tantalum

at the end of the second shock.

In all other respects, the timing of waves and the breaks for yielding within the profile are
reproduced quite accurately by the calculation. For this silicon carbide, the strain-harden-
ing elastic-plastic model is able to represent the material response over a wide range of
shock load and release under conditions of uniaxial strain deformation.
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Conclusions

From the shock response characteristics of silicon carbide measured in the present investi-
gation, the material appears to be very metal-like in its dynamic shear properties. Al-
though the dynamic shear strength of silicon carbide ceramic is an order of magnitude
higher than some of the strongest metals, its hardening characteristics during shock com-
pression, and its elastic-plastic-like behavior upon deformation reversal during shock re-
lease, are very similar to the behavior of a number of metals. A work-hardening elastic-
plastic model was quite adequate for numerical simulation of the measured wave-profile
data. The same cannot be said for other ceramics which have been tested | Kipp and Grady,
1989].

The present analysis indicates a hardening of the shear strength of silicon carbide during
post-yield deformation by as much as 30 to 50 percent above the initial yield value at the
Hugoniot elastic limit. This calculation is based on the offset between the measured Hugo-
niot data and a calculated hydrodynamic curve. Diamond-anvil measurements by Bassett
and Weathers [Holmquist, 1991] indicate somewhat stiffer hydrostatic behavior for silicon
carbide. Recent hydrodynamic shock-compression experiments on silicon carbide and
metal mixtures, however, indicate a compressibility for silicon carbide closer to the calcu-
lated extrapolation of ultrasonic data [Grady, 1992]. Thus, although some degree ot post-
shock hardening appears to be appropriate for silicon carbide, more detailed statements
will have to wait until the hydrodynamic response issue is resolved.

An extensive study of the spall strength of silicon carbide has not yet been performed.
However, in one experiment in which shock compression to about 75% of the Hugoniot
elastic limit was achieved, a spall strength of about (0.4 GPa was estab;ished for the mate-
rial— comparable with other high-strength ceramics (Al,O3, B4C, TiB,, AIN). Further,
the shape of the spall signal and the low value of impulse coupled into the spalled segment
suggested a very brittle dynamic fracture process. Experiments performed at shock stress-
es above the Hugoniot elastic limit show negligible spall strength — consistent with loss
of material cohesion during compressive shock deformation. These observations are sinii-
lar to those of Munson and Lawrence (1979) on aluminum oxide ceramic in which they at-
tributed loss of tensile strength to pervasive microcracking during shock compression.
Similar mechanisms appear to govern deformation in silicon carbide.

Gust, et al. (1973) have suggested a shock-induced phase change in silicon carbide at
about 24 GPa from shock-compression data. The present shock-wave data do not provide
clear evidence for a phase transition within the 0 to 50 GPa shock-pressure range of the
study. Examination of silicon carbide samples shocked to as high as 80 GPa | Kovtun and
Timofeeva, 1988] did not reveal quenched high-pressure phases. Also, the static compres-
sion study of Bassett and Weathers [Holmquist, 1991] on silicon carbide does not provide
evidence for a high-pressure transition in static high-pressure measurements.
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APPENDIX A

Interface wave-profile data

The present appendix is comprised of the primary data sheet for each experimental test in-
cluding initial material properties, geometry parameters, and the VISAR velocity profile.
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TEST NUMBER: CE 4.
TEST PURPOSE: Shock and release equation of state on silicon carbide

TARGET MATERIAL SPECIFICS:  Silicon carbide. Density = 3177 kg/m3.
CL = 12.06 km/s. CS = 7.67 km/s. Sample (disc) thickness = 8.939 mm. Sample
diameter = 55.0 mm.

PROJECTILE MATERIAL SPECIFICS: Symmetric impact (SiC-on-SiC). Sample (disc)
thickness = 3.987 mm. Sample diameter = 55.0 mm. Impactor backing = polyurathane
foam -- density = 320 kg/m3 -- thickness = 6 mm.

WINDOW MATERIAL SPECIFICS: Lithium fluoride (cylinder). length = 25.4 mm.
Diameter = 50.8 mm.

IMPACT VELOCITY: 1.542 km/s.

IMPACT TIMING: First wave arrival corresponds to ultrasonic longitudinal transit time
through sample.

COMMENTS: Samples were produced by Eagle Picher Industries and provided by
Los Alamos National Laboratories.
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TEST NUMBER: CES.
TEST PURPOSE: S} ock and release equation of state on silicon carbide

TARGET MATErJAL SPECIFICS: Silicon carbide. Density = 3177 kg/m3.
CL =12.06 km/s. CS = 7.67 km/s. Sample (disc) thickness = 8.940 mm. Sample
diameter = 55.0 mm.

PROJECTILE MATERIAL SPECIFICS: Symmetric impact (SiC-on-SiC).Sample (disc)
thickness = 3.995 mm. Sample diameter = 55.0 mm. Impactor backing = polyurathane
foam -- density = 640 kg/m3 -- thickness = 6 mm.

WINDOW MATERIAL SPECIFICS: Lithium fluoride (cylinder). length = 25.4 mm.
Diameter = 50.8 mm.

IMPACT VELOCITY: 2.100 km/s.

IMPACT TIMING: First wave arrival corresponds to ultrasonic longitudinal transit time
through sample.

COMMENTS: Samples were produced by Eagle Picher Industries and provided by Los
Alamos National Laboratories.
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TEST NUMBER: CE 31.
TEST PURPOSE: Shock and release equation of state on silicon carbide

TARGET MATERIAL SPECIFICS: Silicon carbide. Density = 3177 kg/m3.
CL =12.06 km/s. CS = 7.67 km/s. Sample (disc) thickness = 8.956 mm. Sample
diameter = 52.5 rm.

PROJECTILE MATERIAL SPECIFICS: Tantalum impactor. Sample (disc)
thickness = 1.5:5 mm. Sample diameter = 87.5 mm. Impactor backing = polyurathane
foam -- density = 640 kg/m3 -- thickness ='6 mm.

WINDOW MATERIAL SPECIFICS: Lithium fluoride (cylinder). length = 25.4 mm.
Diame:. =50.8 mm.

IMPACT VELOCITY: 2.118 km/s.

IMPACT TIMING: First wave arrival corresponds to ultrasonic longitudinal transit time
through sample.

COMMENTS: Samples were produced by Eagle Picher Industries and provided by
Los Alamos National Laboratories.
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TEST NUMBER: CE 32.
TEST PURPOSE: Elastic nonlinearity and spall on silicon carbide

TARGET MATEZRIAL SPECIFICS: Silicon carbide. Density = 3177 kg/m3.
CL = 12.06 km/s. CS = 7.67 km/s. Sample (disc) thickness = 9.841 mm. Sample
diameter = 50.0 mm.

PROJECTILE MATERIAL SPECIFICS: Symmetric impact (SiC-on-SiC). Sample (disc)
thickness = 4.958 mm. Sample diameter = 50.0 mm. Impactcr backing = polyurathane
foam -- density = 320 kg/m3 -- thickness = 6 mm.

WINDOW MATERIAL SPECIFICS: Lithium fluoride (cylinder). length = 25.4 mm.
Diameter = 50.8 mm.

IMPACT VELOCITY: 0.612 km/s.

IMPACT TIMING: First wave arrival corresponds to ultrasonic longitudinal transit time
through sample.

COMMENTS: Samples were produced by Eagle Picher Industries and provided by
Los Alamos National Laboratories.
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TEST NUMBER: CE 42.
TEST PURPOSE: Multiple shock and release equation of state of silicon carbide.

TARGET MATERIAL SPECIFICS: Silicon carbide. Density = 3177 kg/m3.
CL = 12.06 km/s. CS = 7.67 km/s. Sample (disc) thickness = 4.963 mm.
Sample diameter = 76.14 mm.

PROJECTILE MATERIAL SPECIFICS: Lithium fluoride impactor.

Sample (disc) thickness = 3.297 mm. Sample diameter = 50.8 mm.

Lithium fluoride backing = tantalum. Tantalum disc thickness = 1.510 mm and
diameter = 87.49 mm. Tantalum disc backed by approximately 12 mm thickness
aluminum plate.

WINDOW MATERIAL SPECIFICS: Lithium fluoride (cylinder). length = 25.4 mm. Di-
ameter = 50.7 mm.

IMPACT VELOCITY: 2.206 km/s.
IMPACT TIMING: Profile is not time aligned.

COMMENTS: Samples were produced by Eagle Picher Industries and provided by
Los Alamos National Laboratories.
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