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SHOCK COMPRESSION AND RELEASE
IN HIGH-STRENGTH CERAMICS

by

Marlin E. Kipp and Dennis E. Grady
Sandia National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

A preliminary investigation of shock compression and release properties has been performed on
four ceramics: silicon carbide, titanium diboride, boron carbide and zirconium dioxide. Eight
planar impact experiments using thin discs of similar ceramic as impactor and target have
been completed. The particle velocity history at the interface between the back of the target
ceramic and a lithium fluoride window material was acquired with a laser velocity interferometer
(VISAR). These wave profiles indicate that each of these materials responds in a unique way to
shock loading. Peak impact stresses in these experiments range between 20 and 50 GPa, leading
‘to pronounced permanent deformation behavior of these materials. Dynamic compression and
release stress-strain behavior of the ceramics, formulated with numerical iteration methods, is
compared with compressive strength properties determined from the experimental data. The
current experiments provide data for these ceramic materials which can be used to evaluate
computational material models in wave propagation codes.
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1. Introduction

Ceramics have been repeatedly demonstrated to be effective armor materials against
a variety of threats (e.g. Wilkins, et al., 1969). However, there are major gaps in
the data required for dynamic characterization of these materials. In contrast, qua-
sistatic characterization of ceramics is much more extensive, including data on material
structure, metallographic analysis, ultrasonic wave velocities, fracture toughness, ete.
(Viechnicki, et al., 1987). The most complete collection of Hugoniot data has been as-
sembled by Gust and Royce (1971) and Gust, et al. (1973), including Hugoniot elastic
limits (HEL) and shock Hugoniots for about a dozen ceramic materials. From other
accessible sources, aluminum oxides appear to have received the most attention, with
data available for a variety of grades of this material (Ahrens, et al., 1968; Cagnoux
and Longy, 1988; Munson and Lawrence, 1979; Rosenberg, 1985; Yaziv, et al., 1987).
Data have also been reported for titanium diboride by Yaziv and Brar (1988). With the
exception of these materials, little wave profile data have been reported for ceramics of

interest as armor materials.

Although this report does not directly deal with ballistic impact, the wave profile
data presented here can be used in the formulation and evaluation of material mod-
els to be implemented in wave propagation codes. The goals of such models include
investiga.tioh of the mechanisms by which ceramics are able to defeat projectiles, and
identification of important mechanical properties that contribute to performance. We
recognize that plate impact data address only one regime of material response induced
by projectile impact, and complementary dynamic studies (e.g. dynamic fracture and

fragmentation) are needed to complete the dynamic data base of these materials.

Two-dimensional wave-code calculations have provided guidance on what regimes
of strain rate need to be probed experimentally. For example, at distances of only
one or two projectile diameters in front of the projectile tip, compressive and tensile
loading rates are in the range of 103/s. Several rocks have exhibited strong correlations

of fracture strength to strain rate imposed on the material (Grady and Lipkin, 1980),



and similar responses would not be surprising for ceramics. Diverging wave data are
currently being generated that focus on the time-resolved particle motion on the back

surface of ceramic targets impacted by 2 mm diameter projectiles (Wise and Cox, 1989).

The present report documents the fesponse to plate impact of four ceramic ma-
terials for Which* wave profile data have been obtained: B.C, SiC, TiB;, and ZrO,.
Material characterization of the ceramics is discussed in Section 2, and a description of
the uniaxial plate impact experimént’a.l methods employed in this study is the subject
of Section 3. Section 4 is devoted to presenting experimental results, and Section 5
discuSses techniques to recast the particle velocity data to sn-situ stress—étra.in paths
 experienced by the ceramic targets. Section 6 contains comparisons of behavior for the

ceramics in this study, and Section 7 is a summary of key results.

2. Materials

Three of the ceramics used in thé present study ’(B4C, SiC, and TiB,) were stock
obtained from the Los Alamos National Laboratury used in earlier armor studies, and
for which little source information,was available. The zirconium dioxide investigated
e in this suite of matenals had reliable source information. The initial material charac-
teriZation experiments at this laboratory determined ultrasonic longitudinal and shear
wave speeds, Cr and Cg, and reference density, po, on all specimens. A summary of
these experimental values is provided in Table 1. In addition, Table 1 includes elas-
tic properties calculated from the measured density and ultrasonic wave speeds: bulk
wave speed, Cy; Poisson ratio, v; bulk modulus, K; shear modulus, u; and longitudinal
modulus, I.'JL.,’ For reference, the equations relatin’g, these properties are listed below

Table 1.




Table 1: Elastic Properties

Material  pq CL Cs Cs v* K* T Ey’

kg/m®* km/s km/s km/s GPa GPa GPa
B,C 2516 14.04 890 9.57 0.164 230.2 199.3 496.0
SiC 3177 12.06 7.67 8.19 0.160 2129 1869 462.1
TiB. 4452 1093 7.30 6.96 0.097 215.5 237.2 531.9
Zr0O, 5602 6.61 3.54 5.19 0.299 151.2 70.2 244.8

* Calculated quantities, according to the following:

c3-2c2
. = &% a - ot
K = pC; p = —(“SIz‘(Ku’z‘Tﬂ
Ep = poC}

The partially stabilized zirconia (PSZ) used in the present experiments was ob-
tained from McDonald Refractory, Beaver Falls, Pennsylvanii. The material is 12.5
mol % yttria-doped zirconia with a density of 5602 kg/m®. Properties reported by
the manufacturer include a grain size of 7-15 um, a Rockwell hardness of 68, a tensile
strength of 140 MPa and a compressive strength greater than 1.7 GPa. A void fraction

or porosity of 0.04 was measured for this zirconia.

Samples of all four ceramics were prepared through grinding, polishing, and etching
to reveal the grain structure through optical microscopy. All samples showed fine
grained, equiaxial grain structure. Specifically, nominal grain sizes of 7 um, 12 um, 10

pm, and 15 um were obtained for the SiC, TiB;, B4C, and ZrO,, respectively.

The same samples were used to perform electron probe microanalysis (EPMA) to
determine elemental composition and microstructure characteristics. The titanium
diboride studied was found to be quite clean of contaminants and close to TiB; stoi-
chiometry. The EPM analysis revealed some porosity occurring principally at multiple
grain boundary intersections, angular in geometry, and on the order of several percent.

The zirconium dioxide studied was also found to be free of contaminants and near the




reported stoichiometry. Porosity was observed in the form of inter- and intragranu-
lar spherical pores. Silicon carbide investigated in this work was contaminated with
inclusions principally of tungsten and tungsten carbide, but appreciable amounts of
molybdenum, chromium, and titanium were also determined to be present. Porosity
( about 1 %) in the form of near spherical cavities on grain boundaries was also ob-
served. The boron carbide had significant iron contaminants occurring within voids and
other sites distributed quite heterogeneously (relative to the grain size) throughout the

material.

3. Experimental Method

Uniaxial strain compressive shock and release waves were produced in the ceramics
of interest with a single stage powder gun facility. The gun used for these experimé.nts
has an 89 mm bore diameter and is capable of achieving a maximum impac.t velocity
of 2.2 km/s. Three electrically shorting pins, as indicated in Figure 1, are used to
measure the velocity of the projectile at impact. Four similar pins are mounted flush to
the impact plane and used to monitor the planarity of impact. The pins are also used to
trigger diagnostic equipment: the interferometer laser, various recording oscilloscopes,
and transient digitizers. Projectile velocity can be measured with an accuracy of & 0.5

% and the deviation from planarity of impact is typically about 1072 radians.

A typical target configuration for the series of tests is shown in Figure 1. A disc
of the ceramic being tested is mounted in the projectile and is supported on the main
pfojectile body by a 7 mm thick disc of low density polyurethane foam. Both 20 and
40 pounds per cubic foot (320 and 640 kg/m®) foam were used in the present étudy.
An aluminum ring encloses the ceramic disc as shown and provides a metal surface for

electrically shorting the various diagnostic pins.y

For the target, a similar disc of the ceramic is mounted in the stationary supporting

ring. An optical quality single crystal of lithium fluoride in the shape of a disc 50 mm in

diameter and 25 mm thick is intimately bonded with epoxy to the back of this ceramic




sample. All critical surfaces are lapped and polished, and are typically flat to within a
few bands of sodium light. The bonded lithium fluoride surface is first lightly diffused
and vapor-deposited with about 1000 Angstroms of aluminum. The ceramic-lithium

fluoride epoxy bond thickness is approximately 10 to 20 um.

The ceramic-on-ceramic planar impact produces a compressive wave of uniaxial
strain which propagates through the stationary ceramic specimen and through the
ceramic-lithium fluoride interface. An equivalent compressive wave propagates through
the projectile ceramic specimen and reflects at the low-impedance foam interface as a
release wave which unloads the compressed ceramic. Dimensions of the ceramic discs

are selected such that release waves from the boundaries of the disc do not interfere

- with the central motion until after the experimental measurement is completed.

The compression and release wave behavior is measured by monitoring the time-
resolved longitudinal motion of the ceramic-lithium fluoride interface with laser velocity
interferometry (VISAR) techniques (Barker and Hollenbach, 1972). Measurements are
recorded on transient digitizers with a sampling period of 0.742 ns per data point.
Lithium fluoride is used as the laser window material because, although its mechanical
impedance is somewhat lower than the ceramics being tested, it is the only material
which has been optically calibrated and which remains transparent when subjected
to the 30 to 40 GPa shock stresses generated in the present experiments (Wise and
Chhabildas, 1986).

The interference fringes measured with the VISAR system are converted to a time-
resolved history of the velocity of the interface using the method of Barker and Hollen-
bach (1972), with a resolution of approximately 1 ns. From these records the dynamic

stress and strain characteristics of the ceramics are determined through further analytic

techniques which are described in a later section.



4. Experimental Results

‘Two experiments each were performed on the four materials investigated. Impact
conditions were selected to achieve maximum a.xlal stress states of order two to four
times the Hugoniot elastic limit of the materials. Thué, maximum stress states near
50 GPa were achieved in some cases. With the exception of the TiB, projectyile, and
target plate thicknesses within each pair are similar, thus minimiZing geometry effects
when comparing records. The impact velocity and éxperimenta.l dimensions pertinent

to each test are provided in Table 2.

Table 2: Experimental Conditions for Ceramic Impact Tests

Test Material Impact Foam  Impactor  Target

No. Velocity Density Thickness Thickness
| (km/s) (kg/m®) (mm) (mm) -
1 B.C 1.546. 320 3.920 9.044
2 B.C 2.210 640  3.917 9.033
3 SiC  1.542 320 - 3.987 8',.939
4 SiC 2.100. 640 13.995 8.940
5 TiB, 1.515 320 3.972 10.804
6 TiB, 2.113 640 3.337 10.747
7 Zr0O, 1.556 320 3.313 6.635
8

ZrO, 2.075 640 3.247 6.324

Time-resolved velocity proﬁles correspondmg to the interface motion identified in
the experimental configuration (Figure 1) are dx.spla.yed in Figures 2 - 5. Each record
consists of about 1500 digitized data points. The erratic excursions in the B4C velocity
histories are accurate records of the local material motion, and not the result of faulty
 instrumentation. These records will be discussed in detail later. However, even a
cursory comparison of the profiles for these four ceramics suggests that very diverse
behavior is represented by "these materials. The arrival times of the wav}'e profiles are
,arbitrary.and were selected to offset and display the records. Actual transit times

through the target specimen should be calculated from the specimen thickness and



the initial transit wave velocity. The latter was measured in each test but within
experimental accuracy could not be distinguished from the corresponding longitudinal

velocity reported in Table 1.

The records shown in Figures 2 - 5 qualitatively illustrate the evolution of the com-
pression and release wave caused by the initial impact and subsequent unloading due
to wave reflection at the foam-ceramic interface. The profile is distorted somewhat
in both amplitude and shape, however, due to the mechanical impedance difference
between the lithium fluoride and ceramic. Impedance matching techniques were used
to extract some yield information from the profiles. A more detailed analysis of the
data to infer properties relating to the stress-strain behavior of the ceramics relied on

computational techniques that are described in the following section.

5. Dynamic Compression and Release Properties

Additional insight into the ceramic response to shock loading is gained by trans-
forming the particle velocity history into a stress-strain load-release curve for each
experiment. As noted earlier, the lithium fluoride window is not a perfect impedance
match to the ceramic target, so that when a wave is transmitted into the window
from the ceramic, reflections occur at the contact interface. The measured particle
velocity profile at this interface includes the complications of these reflections. One
very important reason for making the transforma.tion from the particle velocity history
to a stress-strain path is to separate features in the measured wave profiles associ-
ated with wave interactions caused by the sample and window material impedance
mismatch from features associated with material response properties of the ceramics
(yield, phase transformations, ete.). An understanding of the material response interior
to the target ceramic also provides a means for determining more clearly the elements
necessa.fy to model these materials. In all cases, the analysis was accomplished using

‘the one-dimensional explicit Lagrangian shock wave propagation code, WONDY (Kipp




and Lawrence, 1982).

Standard material models (e.g. elastic-perfectly plastic, strain-hardening plasticity)
using ultrasonically-determined reference values and Hugoniot data from Gust and
Royce (1971) and Gust, et al. (1973) were initially used for each material. Of the four
ceramics, only SiC could be readily represented with an elastic-perfectly plastic model.
A much better fit for SiC was made with a traditional strain-hardening model which,
for a single set of parameters, captured nearly all of its load and release response. For
the other three ceramics in this study, the limitations of the elastic-perfectly plastic
assumptions were to be found primarily in the inability to accommodate the very
dispersive nature of the unloading wave that first forms in the projectile ceramic, then

propagates through the target to the window.

In order to obtain accurate internal stress-strain histories, a technique patterned
after that developed by Grady and Furnish (1988) was used, in which a parameterized
load-unload path was incorporated into WONDY, and exercised m an iterative fashion.
In each WONDY iteration, spline-fit points defined loading and unloading paths that
were adjusted for the ceramic until the VISAR interface particle velocity history was
reproduced. The parameters determined in this way typically are only unique to a par-
ticular experiment, not to the material. It should be noted here that we have assumed
that the primary contribution to the stress is the material strain, and dependence on
both strain rate or thermal effects has been neglected. Hencé, any model develop-
ment based on these data should use the particle velocity histories as the final basis
of comparison. In some tests, high release velocities result in erosion or attenuation
of the shock by the release wave. In the ana.lysis, this required the release path to be
referenced to the maximum local stress state. This “floating” reference point in the
ceramic is saved, and the start of the release path referenced to that state. Ultrasonic
data were used to define the initial loading moduli. After each experiment has been
matched. stress-strain histories interior to the ceramic are readily found, and moduli
can be determined by differentiating the path. The stress-strain paths that are plotted

subsequently contain only the mechanical response, and do not include the artificial




viscous stress used in WONDY to treat problems involving shock wave propagation.

This technique provides an estimate of the Hugoniot elastic limit for each ma.tex;ial,
as well as insight into the energy dissipated in the material in a load-release cycle,
some measure of residual strength, and fracture properties. The materials will first be
discussed individually in this section, and then some comparative comments will be

made in the following section.

“Silicon Carbide

Only in the case of SiC could the particle velocity profiles be reproduced with a
simple material model. Herrmann’s strain-hardening model in WONDY (Herrmann, et
al., 1970; Kipp and Lawrence, 1982), originally formulated to account for metal plas-
ticity, uses a piecewise continuous curve of stress-strain pairs to describe the smooth
transition between the elastic precursor and the second plastic wave. The reference
bulk and deviatoric properties are based on the measured ultrasonic parameters and a

linear Us — up Hugoniot (Gust and Royce, 1971) with s = 1. As is readily apparent in

Figures 6 and 7, the parameters used in the model lead to calculated particle velocity

profiles that are in very good agreement with the experimental data. Appendix A in-
cludes the WONDY input data for the low amplitude case (1.54 km/s impact velocity).
The additional disturbance in the structure of the second wave in the 2.1 km/s case
(Figure 7) is a result of precursor and secondary wave interactions at the target/window
interface. Most remarkable is the apparent full retention of yield strength exhibited by

the SiC during and after unloading. It was necessary to include a fracture strength of

- 50 MPa in the calculation to maintain the particle velocity at late times. If fracture is

suppressed in the calculation, then a sudden drop in particle velocity occurs just after

1.3 us. Both the high and low amplitude calculations used the same model parameters.

After 1.4 us, the wave shows evidence of dispersion at low amplitudes, suggesting that

some material fracture has occurred.

If this ceramic material behaved in a classic elastic-perfectly plastic manner, a




representative load-release path at a position in the target material in unijaxial strain
would have the appearance of the path plotted in Figure 8. The reference hydrostat is
included in the plot. The load path is elastic to the Hugoniot elastic limit, where a break

in the curve occurs at the intersection with the'yield surface, and loa.ding continues

on the yield surface, maintaining a separation from the hydrostat of two-thirds the

~ yield strength. When unloading commences, the material releases ela.stica.lly, crosses

the hydrostat, and again intersects the yield surface, and further unloadiﬁng is on the
yield surface. The paths are characterized by sharp transitions from elastic to plastic ’

states.

The strain hardening model, in contrast, smooths the transition from elastic to
plastic sfates, as seen in the load-release paths in Figure 9, monitored at the "midpoint
of the ceramic targets. The paths for ﬁhe low and high é.mplitude expe:iments overlay
one another to the onset of unloading for the low amplitude experimént (28 GPa).
At thié point, the low émplitude experiment unioa'ds elastically pést the hydrostat,

eventua.lly" into a tensile state. In the high amplitude case, a compressive stress of

~about 36 GPa is achieved before unloading. When the path is below the hydrostat,

the strain hardening character is observed to reappear at the conclusion of the elastic

unloading phase (Compa.re with Figui'e 8). In these loading paths, the ‘curvature in

' ”b'oth,the elastic and yielding parts supports shock waves except during the hardening

po,rtion' of ’the loading. For reference the hydrostat used in the calculation appears on
the plot. In addition, Hugoniot data acquired by Gust, et al. (1973) for their SiC

are included in Figure 9, ’a.nd, apart from being considerably more scattered than the

current dé.ta, fall well bélow the loading path determined from the present experiments.

 Note in particular the significantly higher Hugoniot elastic limit implied by the present

data compared to that of Gust, et al. (1973). The previous values for a Hugoniot
eldstic limit for SiC are plotted in Figure 10, along with the values obtained m the
preseht work (See Table 3). The current value inferred from the computational analysis
is nearly 16 GPa, and independent of pressure; whereas previous data tend to be rather

scattered, and hint of pressure dependence. The possible contribution of porosity or

10




fabrication techniques to these yield differences is difficult to ascertain.

Silicon carbide was one of the strongest ceramics tested (comparable with boron
carbide) with a measured Hugoniot elastic limit of approximately 15 GPa. This value
is approximately twice that reported by Gust, et al. (1973) on a slightly lower density
silicon carbide. In addition, silicon carbide exhibited dynamic hardening characteris-
tics following initial yield which significantly increased the effective flow stress. The
shock compression and release experiments on silicon carbide provided the only wave
profile measurements which were adequately predicted with a standard work-hardening
elastic-plastic material response model. This was because the silicon carbide did not
exhibit the large release wave dispersion observed for the other materials. The reasons
for ’this are, as yet, unclear since underlying mechanisms for this anomalous dispersion
are not yet known. Some possible mechanisms are discussed in the next section. Gust,
et al. (1973) infer a possible phase change in silicon carbide at about 25 GPa from a
discontinuity in Hugoniot data. Although the present profiles do not provide a clear
indication of such a transformation on compression, the observed small amount of dis-
persion on release could imply reverse phase change through a tendency to support a

rarefaction shock wave.

Boron Carbide

‘This material has a very high longitudinal wave velocity, with the result that for
the projectile and target plate thicknesses m these experiments, attenuation of the
initial shock by the unloading wave begins to occur before the shock has reached the
target/window interface. The unloading wave is much more dispersive than coul‘d be
modeled by the curvature of a solid hydrostat based on the data of Gust and Royce
(1971). In addition the second loading—wave is also dispersive for both amplitudes.
Iteration on loading and unloading parameters converged to the sets that provide the
fits shown in Figures 11 and 12. The amplitude of the elastic precursor was chosen in

these cases to correspond to an average amplitude. If a higher value for yield is chosen,

11




in order to capture the peak seen in the data, then a noticeable shift in thé plateau
in the release wave at 1.5 us (in the 1.55 km/s case) is observed. These fits do not
, 'capturef the apparent loss of strength just beyond initial yield, nor the chaotic behavior
of the material in general. We are not yét able to provide a satisfactory explanation
for the disappearance of the peak in the experimental record in the low amplitude

experimental data (Figure 11).

A plot of the calculated stress-strain paths in the center of the B,C target is given
in Figure 13. Again, prévidus Hugoniot data (Gust and Royce, 1971) are included
in the Figure, and are in very good agreement with the current data. We notice
that ‘the curve labelled “EPP”, calculated assuming elastic-perfectly plastic behavior
based on ultrasonic measurements, is more stiff at the transition to yield than the
actual response. We conclude that the B,C is experiencing a reduction in strength
above the Hugoniot elastic limit. The downward curvature during yield reflects thé
dispersion seen on the second loading wave. "Upon unloading from both ainplitudes,
there is a complete change in character from any evidence of explicit yield behavior.
 The large curvature is necessary to obtain the wide dispersion seen in the interfa.ce,
particle velocity records. The curvature in this unloading path is much greater than
could normally be associated with hydrostatic response, and hence, cannot readily be

attributed to material exhibiting complete loss of shear strength.

A reasonable approach for determining a reference hydrostat for B(C is to use
~ only the highest pressure Hugoniot data from Gust and Royce (1971), assuming that
material strength effects are unchanging at these pressures, and the ultrasonic data

froni Table 1. Then a linear Us — up relation fits the data with an s of 1.

The boron carbide wave profiles show a well-defined compressive elastic limit but
are uniqi:e in the chaotic particle velocity observed. This behavior has been observed
previously in VISAR measurements on single-crystal olivine (Furnish, et al., 1986).
The erratic motion Vhas,been attributed to a heterogeneous ’failure or faulting mecha-

nism during compressive loading coupled with the small laser spot size associated with

12




VISAR measurements. The characteristic period of the chaotic motion would suggest
heterogeneous faulting on a scale of 0.5-1.0 mm. The Hugoniot elastic limit of B,C
is comparable to that of SiC and is in agreement with earlier work of Gust, et al.
(1973). As noted previously, the slow plastic wave speed is consistent with partial loss
of strength at the Hugoniot state. The dispersive release wave behavior is consistent

with that observed in TiB; and ZrO,.

Titanium Diboride

The calculated particle velocity profiles for the TiB; are shown in Figures 14 (low
amplitude) and 15 (high amplitude). The most striking feature of the low amplitude
profile is the considerable dispersion of the loading wave profile that is apparent (Figure
14). The calculated stress-strain paths in the center of the target are plotted in Figure
16, along with the Hugoniot data of Gust, et al. (1973). The risetime of 0.4 us to
1 km/s (32 GPa) in the lower amplitude experiment is interrupted by two breaks,
the larger of which occurs at 0.42 km/s (13.7 GPa). The wave profile in the higher
amplitude experiment has a finite risetime below 13.7 GPa, and forms a shock above
13.7 GPa. In both cases, as in the B4C, the release wave is dispersive. The stress strain
plots indicate that there is no discrete yield behavior during release. During loading,
the higher amplitude stress strain plot shows the large upward curvature required for
shocks to form. There is general agreement between the data of Gust, et al. (1973)
and the current data below 35 GPa, although the continuous curvature of the release
stress strain path is far greater than that of the Hugoniot from Gust, et al. (1973).
This implies that the material has an unloading structure more complex than simple

elastic plastic response.

The titanium diboride experimental profiles shown in Figure 4 are uniquely char-
acterized by the large risetime, or ramp-wave structure, of the compressive wave. The
dispersion of an initial compressive shock wave to a ramp wave at pressures approach-

ing 50 GPa is quite unusual. The structuring mechanism is not known and further
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tests will be required to determine whether the structured shocks are unsteady or have
steady components. In contrast to the profiles measured on the other ceramics in this
series of tests, it is difficult to identify an unambiguous break in the compressive wave
Which corresponds to the onset of compressive yield." me ekpanded plots of the com-
pressive wave, breaks at particle velocity levels of ai;proximatély 0.16 and 0.42 km/s
were observed which correspond to stresses of about 5§ and 13 GPa, respectively. We
have tentativeiy identified the first break with complexities in the,pléstic flow or to a
phase transformation. We idehtify the second break with the Hugoniot elastic limit for
TiB,. The wave velocity following the second break is approximately the bulk wave
velocity, which is consistent with conventional elastic-plastic behavior. Values of the
Hugoniot elastic limit reported by Yaziv and Brar (1988) ’ra.ng'e from 7.1 to 7.9 GPa

for titanium diboride.

The release wave profile of TiB; contrasts sharply with the behavior of SiC in that
a broadly dispersing release wave or a wave with rapidly decreasing wave velocity with
decreasing stress was measured. Similar behavior was observed in B,C and ZrO,. Such
wave propagation behavior is impossible to predict with conventional elastic-plastic

“models.

Zirconium Dioxide

For the ZrO; impact data, the loading displays a character that is very similar to
that of the SiC (:e strain hardening), as seen in Figures 17 and 18. But the dispersive
\inloading suggests that there has been a substantial loss in strength resulting from the

| loading process.’ Nonétheless, the m’aterial still has retained a non-zero fracture stress.
The calculations that gave the fit required a fracture stress of less than 100 MPa in :
order to maintain the velocity amplitude of the trailing tail. Figure 19 indicates the
particle ,veloéity, that is obtained in a calculation in which'the ZrO, was not permitted to
fracture - a precipitous decrease in particle velocity is then ob’se:ved. The stress-strain

paths for these configurations are shown in Figure 20, in which the dispersive character
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of the loading wave transition above the HEL is apparent, as is the continuously curved
unloading path, required to disperse the wave during release. The stiffness of ZrO, is
clearly much less than that of the other three ceramics in this study, and at these

impact velocities supports very large strains.

The zirconium dioxide tested in the present study provided a distinct two-wave
compressive structure very similar to that of silicon carbide. An initial Hugoniot elas-
tic limit of about 5 GPa is followed by a dynamic hardening region and a short risetime
deformational shock wave. Zirconia in the presence of small amounts of other oxides
(yttria, calcia, magnesia) is known to exist in several pressure sensitive polymorphs.
There is no evidence for a pressure-induced phase transformation in the present shock
and release wave profile, however. The present material differs from that tested by
Mashimo, et al. (1983) which was crystalline zirconia in the monoclinic phase and in
which no clear elastic precursor was detected. It also differs from further work reported
by Mashimo (1988) on calcia-stabilized sintered zirconia with a Hugoniot elastic limit
of 6.8-9.2 GPa and partially stabilized yttria-doped zirconia with an unusually high
Hugoniot elastic limit of 35-39 GPa (Mashimo, 1988). The present fully stabilized
yttria-doped zirconia (HEL = 5.0-5.4 GPa) failed to provide dynamic strengths consis-
tent with these latter values. Although some porosity in our specimens may account
for part of this difference, it is suspected that microstructural details of the partial

stabilization process play a major role in the dynamic strength of this material.

6. Discussion

In the present exploratory study of the shock compression and release properties of
ceramics, a number of unusual features were uncovered which attest to the unique and
complex failure and flow characteristics of these materials. In the current section we
attempt to identify some common trends relating to the dynamic yield and deformation

characteristics of the set of ceramics investigated.
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Hugoniot Elastic Limit

For the comparative analysis in this section, the Hugoniot elastic limits for the
various ceramics tested were determined directly from the measured particle velocity
profiles (Figures 2-5) accounting for the impedance mismatch between ceramic and
window. The expression used was opgr = gﬂ;—"—zﬁuM where Zc and Z;, are the appro-
priate shock impedance for the ceramic and lithium fluoride, respectively, and uys is
the observed particle velocity amplitude selected from each profile which represents the
transition from elastic to nonelastic behavior. For the ceramic Z¢ = p0CL, since as was
noted earlier, within experimental uncertainty, the finite amplitude elastic velocities
and ultrasonic velocities were the same. For lithium fluoride Z = po(Cy + sups) with

po = 2641 kg/m®, Co = 5148 m/s, and s = 1.353.

The Hugoniot elastic limit data (oggL) are tabulated in Table 3 and displayed in
Figure 21 as a function of peak wave amplitude (Hugoniot stress, Pg). For silicon
carbide the initial break from the steeply rising initial wave to the ramping region

above this wave was chosen for ujs. For boron carbide uss was determined from the

- somewhat noisy plateau region between the first and second wave. The structure of the

compressive wave for titanium diboride caused difficulty in unambiguously selecting a
particle velocity corresponding to the HEL. A .reasonab‘ly well-defined break in both
waves at approutiniately 160 m/s was tentatively selected as a preliminary yield process
or phase transformation uys value. There is a second, major, break at about 420 m/s,
however, which is a.léo a consequence of some structuring feature in the TiB; material
response, and is presumed to be the Hugoniot elastic limit. This is also identified in
Table 3 and Figure 21. The appropriate uys for zirconium dioxide was determined from

the "t)t(-za,k~ between steep and ramped wave behavior.
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Table 3

Test Material Ups CHEL Py
No. (m/s) (GPa) (GPa)
1 B.C 580430 14.8 22.8
2 B,C 550+40 14.0 314
3 SiC 550+30 14.8 27.6
4 SiC 570130 15.3 36.5
5 TiB, 165+15 5.2 31.0

" " 430140 13.7* y
6 TiB, 15015 4.7 48.5
” "

" 410+20 13.1°
ZrO;  195%10 5.0 23.6
ZrO; 210+10 5.4 33.2

00 ~X

* Corresponds to second yield structure in TiB,

Yield Behavior

The Hugoniot elastic limit identifies the limits of elastic response in a dynamic
(shock-wave) uniaxial strain loading. Subsequent response is governed by the yield
and post—yield response of the material. In many shock-wave studies it is common to
assume a von Mises condition of yield which asserts that yield initiates when the second
deviatoric stress invariant attains a critical value. Through this formalism the yield

stress in simple tension, Y, can be easily related to the HEL through,

02
Y = Z%UHEL. (1)
Ci

Yield stress values calculated in this way for the high-strength ceramics investigated
in the present study are tabulated in Table 4 under Y (Stress) and plotted in Figure 22
as a function of reference sheé.r modulus (Table 1). Several methods have been used to
calculate the theoretical shear strength, 775, of perfect crystals, which result in values
ranging~over G/5 > rrg > G/30 (Heirth and Lothe, 1968). Assuming rrg = G/15
and using the relation Y = 1/37, a curve for the threshold value of Y (Theoretical) is
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provided for reference in Figure 22 and tabulated in Table 4, based on the zero-pressure

value of the shear modulus.

Table 4

Material OHEL Y (Stress) Y (Theoretical)

(GPa) (GPa)  (GPa)
B.C 14.0-148  11.3-11.9 23.0
SiC 14.8-15.3 12.0-12.4 21.5
TiBy 4.7-5.2 4.2-4.6 274
" (13.1-13.7)* (11.7-12.2)
Zr0, 5.0-5.5 2.9-3.1 8.1

* Corresponds to second yield structure in TiB,

For SiC and ZrO; clear evid'ence of deformation hardening following initial yield at
the HEL is observed in the measured wave profile. The approximate magnitude of this

hardening is indicated in Figure 22.

Compressive Wave Risetime

A unique feature of the present time-reéolved wave profiles was the ability of VISAR
instrumentation to resolve‘ the risetime of the compressive deformational shock wave
in these materials. (The deformational shock wave refers to the slower structural wave
following the’ elastic precursor wave which carries the material up to the peak, or
Hugoniot, stress.) In metals, this wave cannot be resclved with the a.pproximately one

nanosecond resolution of the VISAR system at comparable peak stress levels.

It is important to caution the reader that complex wave interactions associated with
the elastic precursor wave and the impedance mismatch at thé lithium fluoride window
can lead to fictitious risetime effects. These details have been worked out for a free
suﬂ'ace (Grady, 1986) but have not yet been treated for the present case. Consequently,

the present risetime data and observations should be regarded as very preliminary.
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We plot the data in the form shown in Figure 23. The pressure step on the ordinate
refers to the amplitude of the deformational shock wave. Errors in this property are
principally determined by the uncertainty in selecting the breakaway of this wave above
the HEL. The strain rate on the abscissa is determined from the maximum velocity
rate measured in the deformational shock wave and the shock velocity of this wave.
The data are compared with the quarter-power behavior observed in other materials

(Swegle and Grady, 1985).

We note in passing a tentative correlation between the magnitude of the HEL and
the width of the deformational wave in comparing the behavior of ceramics and metals.
Also B,C and SiC, the ceramics in the present study with the highest HEL’s, exhibit
somewhat steeper slopes in Figure 23. This is not unlike the behavior of uranium for

peak stress within a factor of 2 to 3 times the HEL value (Grady, 1986).

Comparison of Load-Release Paths

Load-release paths for the four ceramics are compared in Figures 24 and 25. The
paths resulting from the low-amplitude calculations are shown in Figure 24, and the
higher amplitude ones in Figure 25. Note that although there is almost a factor of two
spread in densities, the elastic loading curves of B4C, SiC, and TiB; are very nearly
identical in both low and high amplitude cases. However, in the low amplitude case,
the TiB; clearly dissipates more energy than the other two (based on similar impact
velocities). The B,C shows a major loss in strength when compared to the other two
ceramics. Although the SiC and TiB;, respond similarly in the low amplitude impact,
at the higher impact velocities, the TiB; is stiffer than either of the other two, with
the B4C still being the weakest of these three. Note that in the latter case, the SiC

dissipé.tes the most energy.
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7. Conclusions

The present set of eight experiments on silicon carbide, boron carbide, titanium di-
boride, and zirconium dioxide provide an overview of the wide range of possible response
of ceramics to dynamic compressive loading and release. The large yield strengths asso-
ciated with ceramics are verified. The titanium diboride exhibits significant dispersion
of compression waves to 50 GPa. The boron carbide, tita.nium"diboride, a.nd zirco-
nium dioxide disperse the release waves more widely than normal solid respdnse should
be, suggesting internal damage during compression has altered the state of the mate-
rial. Only silicon carbide exhibits traditional elastic-strain hardening-plastic response
to shock loading. The continuous load-release curves provide a substantié.l database

for evaluating computational models.

The next stage of the program will include construction of a model that can describe
the dynamic responses observed in the present experimental study, as well as continu-
ation of impact equation of state experiments. Further areas of investigation need to
include shock compression and release to lower amplitudes than possible here, prop-
agation distance evolution of the shock, initial shock-amplitude dependence of spall,

strain-rate dependence of spall, and ramp load and release.
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10. Appendix A

1 FOAM/4MM SIC/OMM SIC/LIF (1.54KM/S)(CE4)(0.5KB SPALL)
2 1t 4 320 3 3 30 1 180
3 '2.E-06  1.0E-9 -1.0E+06 1.0E+06 -0.013087
4 0.9 , ,  1.0E30
5 0.0 1.0E-06 1.0
6 0.0 1.0E-08 1.0
10 1 1.0  200.0 0.01  0.00006 0.00005
12 1 ~ 1B42.0 ', 1642.0
14 1 2.0  -1.0E+06
16 1 820.0 1000.0
16 1 0.0 1.33
17 1 1.0 1.00
10 2 4.0 80.0 0.003987  0.00006  0.0000B
12 2 1642.0  T71.0
4 2 2.0 -1.0E+06
16 2 3177.0  8186.0 0.160
6 2 0.0 1.0 1.0 1.0 0.0 -
6.0
47 2 130.0E8 145.0E8 160.0E8 170.0E8 190.0E8  200.0E8
18 2 0.307 0.231 0.1562 0.076 0.116  0.115
10 3 4.0  180.0  0.008930  0.00006  0.00005
13 3 2.0 -0.BE8
14 3 2.0 -1.0E6
15 3 8177.0  8186.0 0.160
6 3 00 1.0 1.0 1.0 0.0 -
6.0 _
17 3 130.0E8 145.0E8 160.0E8 170.0E8 190.0ES8  200.0E8
18 3 0.307 0.231 0.162  0.076
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| Figure 1: Plate impact experimental configuration.
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Figure 2: Boron carbide particle velocity histories for 1.5 and 2.2 km/s sym-
metric plate impact velocities.
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Figure 3: Silicon carbide particle velocity histories for 1.5 and 2.1 km/s

symmetric plate impact velocities.
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Figure 4: Titanium diboride particle velocity histories for 1.5 and 2.1 km/s
symmetric plate impact velocities.
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Figure 5: Zirconium dioxide particle velocity histories for 1.5 and 2.1 km/s
symmetric plate impact velocities.

30




4mm SiC (1.54km/s) Impacting 8.9mm SiC

1.5 M LI S R T Y T
- !
2.
B0l . ‘
-~ : , Experimental Data |
>,
)
2 i
g -
Q
% 0.5 | j ‘
3
i
i \Wondy Calculation
0.0 L PISSENT W SR SO NS W S W N e
0.6 1.0 1.4 1.8 2.2
Time (ps)

Figure 6: Silicon carbide particle velocity data and WONDY calculation (1.5
km/s).
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Figure 7: Silicon carbide particle velocity data and WONDY calculation (2.1

km/s).
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Figure 11: Boron carbide particle velocity data and WONDY calculation
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Figure 12: Boron carbide particle velocity data and WONDY calculation
(2.2 km/s).
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Figure 13: Calculated stress-strain paths in boron carbide (1.5 and 2.1 km/s).
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Figure 14: Titanium diboride particle velocity data and WONDY calculation
(1.5 km/s).
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Figure 16: Calculated stress-strain paths in titanium diboride (1.5 and 2.1 km/s).
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Figure 17: Zirconium dioxide particle velocity data and WONDY calculation (1.5
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Figuré 18: Zirconium dioxide particle velocity data and WONDY calculation (2.1
km/s).
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Figure 19: Zirconium dioxide particle velocity data and WONDY calculation
with fracture suppressed (1.5 km/s).




Zr0O, Stress—Strain Paths
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Figure 20: Calculated stress-strain paths in zirconium dioxide (1.5 and 2.1

km/s).
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Hugoniot Elastic Limit Data
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Figure 21: Summary of Hugoniot Elastic Limit data for the present experiments plotted
against Hugoniot stress. '
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- Deformation Wave Risetime Data
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- Figure 23: Summary of deformation wave amplitude data for the eight experiments
reported plotted against risetime strain rate.
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Calculated Load—Release Paths
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- Figure 24: Summary of calculated load-release paths for the four low amplitude exper-
iments.
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Caléulated Load—Release Paths
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Figure 25: Summary of calculated load-release paths for the four high amplitude ex-
periments. : ' '
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