
SAND--91-147 4C

// SAND91/1474C DE92 002360

SHOCK-COMPRESSION PROPERTIES OF CERAMICS
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High-resolution, time-resolved shock compression measurements have been per-
formed on high-strengthmonolithicceramicsto assess equation-of-state,phase trans-
formationar¢l flow properties.A substantialbase of data has been obtained on a range
of ceramicsincluding aluminum nitdde,aluminumoxide, boroncarbide, siliconcarbide,
tita.ium dibodde and zirconiumdioxide.These data provide rnatedalresponse proper-
ties for nonlinear elastic compliance, pressure-inducedphase transformation, shear
strengthand tensilefracture strength.
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INTRODUCTION

Certain of the intermetalliclightweight compoundsin polycrystallineceramic
form exhibitsome of the higheststrengthpropertiesmeasured on engineering
materials.Limitedplasticslipsystemsin these materialsprecludelowerstress
plastic flow and dynamic strengthsapproach an appreciable fraction of their
theoreticalstrengths[1].

Post-yielddynamicdeformationof these ceramics undertransientshockload-
ing is complicated by the high-strengthcharacter of these materials.Although
pervasivefine scale cataclastic fractureis generally preferred in material mod-
elling [2], plasticflow through dislocationslip under the large confiningpres-
sures experienced in shock compression, either homogeneous or
heterogeneous,cannot be ruledout.

Response to transient loads in these materialscan be enriched by pressure
induced phase transformation.Because of the high dynamic yield strengths,
phase transformation and yield can intermix, further complicatingtransient
equation-of-stateresponse.
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In the present investigation,dynamic material properties of high-strength
ceramics have been studied using controlled impact methods. In the work
reported, planar impact e×pedments,usinghigh-resolutionvelocityinterferom-
etry diagnostics,have been performed on a selectionof high-strengthceram-
ics. The materials investigated include aluminum nitride, aluminum oxide,
boron carbide, silicon carbide, titaniumdiborideandzirconium dioxide.Planar
shock and release experimentshave been performed to investigateHugoniot
properties,dynamicyield and post yieldbehavior,phase transformation, high
pressure elasticity and tensile spall characteristics. Peak impact stresses
range from belowthe Hugoniotelastic limitto approximately60 GPa. Matedal
deformation and equation-of-state properties are extracted from measured
wave profiledata throughanalytic andcomputationalmethods.

EXPERIMENTAL METHODS

In the present experimentalstudy,gun impact methodsand velocity interfer-
ometry (VISAR) diagnostics[3] are used to measure compressionand release
velocityprofilesat an interfacebetween the ceramicand a lithiumfluoridewin-
dow as indicated in Figure 1. The primary experimentalresults are the time-
resolved interface velocity profiles. These profilesare used individuallyand
collectively through both computational and analytic methods to extract
desired dynamic materialpropertydata.

High-strengthceramics tested in the present program have been acquired
from a number of sources. In several cases the same ceramic from several
suppliers has been investigated allowing insightfulcomparisons of material
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Figure 1. Experimentconr_urationforVISARprofilemeasurements.



propertiesvariationsdue to differencesin impuritycontent, microstructureand
ceramicpreparation.

HUGONIOT PROPERTIES

Principal Hugoniot data for the high strength ceramics determine,dfrom the
VISAR data are shownin Figure2. Small differencesin Hugoniotbehavior for
the same ceramic fromdifferentsuppliersare not indicatedhere. Softeningof
the Hugoniotresponsedue to the onsetof high-pressurephasetransformation
are indicated for aluminum nitrideand zirconium dioxide.Similar softeningin
boron carbide is believed to be due to the loss of strength-supportingability
above the Hugoniotelastic limitof the material. The aluminumoxide tested in
this studycontainedan initialporosityof about 10%.

The Hugoniot elastic limit (HEL) identifiesthe axial stress at which a solid,
loaded in compression underconstraint of uniaxial strain, can no longer sup-
port elasticdistortionand beginsto flow through plasticor cataclastic fracture
processes. HEL data determinedfrom the presentwave profile experiments
are summarized in Figure 3. For each material the reported HEL is based on
an average of two or moreexperiments.The substantialdifferencein HEL val-
ues for the two boron carbides may reflect the substantiallydifferent grain
sizes, (3 I_mfor the first materialversus 10 I_mforthe second material).Higher
impuritycontent inthe lattermaterial may also play a role.The HEL for silicon
carbide is approximatelytwice the 8 GPa value reportedby Gust et al [4]. lt is

Figure2. HugoniotequaUon-of-statedataforhigh-strengthceramics.



speculatedthat this is due to the substantiallylower silica contentof modern
siliconcarbides.

The modest HEL values for titanium diboride reported in Figure 2 belie the
complex dynamic strength propertiesof this material as are discussed in the
next section.The HEL of about 8 GPa for aluminum nitrideis in good agree-
ment with recentdata of Rosenberget al [5].

Figure3. Hugoniotelasticlimitpropertiesforceramics.

DYNAMIC STRENGTH

Dynamic yieldstrengthsapproachingan appreciable fraction of the theoretical
,,_trengthare characteristic of the presentceramics. This is not necessarilya
dynamic effect, however. Gilman [1] has noted that numerous compounds
includingmany carbides, boridesand oxides exhibit a marked resistance to
plasticflow withenergies near the bond strengthrequiredto movedislocations
on glide planes.

Complexitiesin the dynamicyield and post-yieldstrength of ceramics is aptly
illustratedin the behaviorof the two carbidesstudied inthe presentwork. Sili-
con carbide reveals an uncommonly high Hugoniot elastic limit (--15 GPa).
Post-yieldstrength of silicon carbide, determined by comparison of Hugoniot
uniaxialstrainresponseand calculated hydrodynamicresponse, reveals neu-
tral or increasing strength with subsequent deformation beyond the initial
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dynamicyield. This is shown in Figure 4 where the dynamic shear strengthat
the Hugoniotstate versus total shear strain is shown. Boron carbide, in con-
trast, exhibits the highest Hugoniot elastic limit measured in this work (~ 18
GPa). Subsequentdeformation,however,showsa loss in strengthsupporting
capability. Hugoniot and hydrodynamic response converge at stresses
approaching about twice the Hugoniot elastic limit, indicating little or no
strength at subsequent Hugoniotstates (Figure 4). The contrast in dynamic
strengthcharacteristicsof siliconcarbide and boroncarbide is furtheramplified
in the release properties of these materials from the Hugoniot state. The
release paths for siliconcarbide indicate reverse yielding and the sustained
strength characteristicsof elastic-plastic material behavior. The unloading
stress-volume paths for boroncarbide closelyparallelthe calculated hydrody-
namic behavior suggesting near fluid-like responsewith sustained strength
loss.

Reasons for the differences in behavior between silicon carbide and boron
carbide are uncertain.Motionfluctuationsin observedwave profiles for boron
carbide suggestthat dynamicyieldand flow inthis material may be heteroge-
neous. Thus, the possibilityexists for localizeddeformationunder shockload-
ing with accompanyingsofteningdue to thermal or structuralmechanisms. In
contrast,similarexaminationof wave profilesin siliconcarbide indicate homo-
geneous flow on the microstructuralscale. Loss of strength in boron carbide
may also be related to the unusual boroncarbide crystal structureand three-
body covalentbondinginthismaterial.The natureof this molecularstructure is

Figure4. Post-yielddynamicshearsVengthof siliconandboroncarbide.



known to produceunusual behaviorin other material propertiesof boron car-
bide[6].

The dynamicyieldof titaniumdiboridealso illustratesa complicationin charac-
ter not observed in other materials. Compressive wave profiles for titanium
diboride reveal a softeningof the axial modulusat two stress levels. The first,
softening(identifiedas the Hugoniotelastic limitin Figure3) occursat about 5
to 7 GPa; the secondoccursat approximately13 to 17 GPa. Althoughone or
the other of these two yields has previouslybeen tentativelyinterpreted as a
stress-induced phase transformation [7], more recent static high-pressure
studieshave made this interpretationless likely,lt is currentlyspeculated that
under shock-wave compression, titanium diboddeundergoesa complex two-
mechanismyield process. Examinationof shockrecovered specimens of tita-
niumdiborideby VanderwaikerandCroft [8] revealsdislocationbasal and pris-
matic slipon crystalgrains favorablyorientedwith respectto the shock wave.
This suggests yield anisotropyin shock-loaded hexagonal titanium diboride.
Loweryield at 5 to 7 GPa occursonly in preferredorientationgrains and plas-
t°.cstrainsaturationisquicklyachieved. Loweryield is apparentlyinsufficientto
eliminateintrinsicceramic porosity.Upper yieldoccursat about 13 to 17 GPa.
lt is pervasive and is sufficientto collapse matedal porositywhichoccurspref-
erentially at grain triple points in the present materials. The occurrence of
porositycollapse at upperyield is revealed in the presentwork throughexami-
nation of shock data from two titanium diboridematerialswith differinginitial
densities.

HUGONIOT RELEASE PROPERTIES

Impact experiments are designed to provide for a controlled uniaxial strain
unloadingfromthe Hugoniotstate. Because of the large amplitudeof the elas-
tic precursorwave reflectedfromthe back ofthe impactingceramicsample, an
appreciableportionof initialunloadingis froma centered simple release wave.
The propagation of such waves can be investigated to determine the high-
pressurecomplianceof the tested materials.When high-pressureequation-of-
state and elasticityproperties are sought the wave profiledata must be criti-
cally examined. Because of the uniaxial nature of the shock load and release
process, modulus data can be complicated by yield and deformation pro-
cesses during release. Transittimethroughthe ceramic specimen of the initial
break of the release wavecorresponds to the initial longitudinalmodulusof the
matedal at the Hugoniot state. The modulus is determined from the
LagrangiantransitvelocityCI through,
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Further, the initial slope of the release wave profile providesthe longitudinal
stressderivativeof the modulusthrough,

podCt
gr" = 2 Pdu 1. (2)

Data obtained from shock release wave profiles for silicon carbide are shown
in Figure 5. The moduli data in Figure 5(a) determinedfrom Equation (1) pro-
vide a stress derivative of Kt' = 2.33 and extrapolate reasonablywell to the
ultrasoniclongitudinalmodulusof siliconcarbide. In Figure 5(b) the individual
stress derivativesdetermineddirectlythroughEquation (2) are plottedand val-
ues are in good agreementwiththe slopeof the data from Figure5(a). A value
of KtKt" =-24.9 determined from Figure 5(b) is in reasonable agreement
both in signand magnitudewith similarhighpressurestaticdata [9]. lt is noted
that the moctuliand stressderivativesfor high-pressurestaticand shock anal-
ysisare different.

Similar data for aluminumoxide and zirconiumdioxide are shown in Figure 6
and Figure 7. Values of K l' determined from the slopeof the modulidata are
2.46 and 1.85, respectively.Data for aluminum oxide extrapolate well to the
ultrasonicvalue while that for zirconiumdioxide does not. In contrast to silicon
carbide, data for K l" determinedfrom Equation (2) are large (~ 7 to 15) and the
trend with Hugoniotstress is different.

Figure5. Hugoniotreleasemodulianddedvativesforsiliconcarbide.



Figure6. Hugoniotreleasemoduliandderivativesforaluminumoxide.

Data for siliconcarbide for both Kt and Kt" determined from the arrival and
structure of the release wave (Equation 1 and 2) appear to reflect elasticity
propertiesof the materialat pressure.Similarly,data for Kt for both aluminum
oxide and zirconiumdioxide probablyprovideuseful stress-dependent elastic
modulusdata. Aluminumoxide and zirconiumdioxidedata for Kt" in Figures6
and 7, however, are more likely reflectingcomplex structural yield and flow
propertiesof the material.The presentrelease data are preliminary.More work
is needed to assess usefulnessof the Hugoniotrelease data and sort out the
relative effects of elasticity and strength in evaluation of the release wave
structure.

Figure7. Hugoniotreleasemoduliandderivativesforzirconiumdioxide.



PHASE TRANSFORMATION

In shock-wave studies it has become common to associate first convexity in
the compressive wave profilewith onset of shear yieldingthrough dislocation
or fracture mechanismsand subsequentconvexitieswith polymorphicphase
transformations. In the present high-strengthceramics with large barriers to
dislocationactivationand slip it is not clear that onset of shear deformation
need necessarily precede pressure-induced lattice instability.Further, com-
plexitiesin the shear deformationprocess such as the upper and loweryields
identifiedin titaniumdiboridecontributeadditionalcomplicationsin identifica-
tion of pressure-inducedphase transformationinshock-wave studies.

In certain materials, evidence never-the-less supportsshock-inducedphase
transformation.This is the case for several of the ceramics investigatedinthe
presentstudy. In aluminumnitrideVISAR particlevelocityprofiles reveal clear
evidence for two anomalies in the shock compressibilityof this material.The
first occursat approximately8 GPa with a followingwave velocityclose to the
bulk velocity of the matedal suggestinginitial shear yieldingat this level with
subsequent normal elastic-plastic characteristics. The second occurs at
approximately20 GPa compressive stress.The followingshock wave is slow
(-4 _ The stress-volumeHugoniot inferred from the wave-profile data

_//indi_transformation volumestrain of about20%. Shocktransformationof
a_uminumnitrideat thisstress level has previouslybeen reportedby Kondo et
al [10]. "the resultsare in accord with recent staticstudies of Vollstadtet al
[11]. Transformationto cubic structure is observed in that work at about 16
GPa static pressure with a volume change comparable to that observed in
shock-wave exporiments.

Transformationunder shock-wavecompression is also indicatedin zirconium
dioxide [12]. Anomaliesinthe compressive wave profileare observed at about
15 to 18 GPa and again at about30 to 32 GPa. Whether onset of deformation
plasticityis responsiblefor the lower yield in tetragonal zirconia is difficultto
establish. Shock velocity of the second wave is somewhat faster than
expected for idealplasticity,althoughthisconclusionis dependenton the com-
pression nonlinearityassumed for the material. Also, the lower yield occurs
suspiciouslyclose to the 14 to 16 GPa transitionfrom tetragonalto orthorhom-
bic structure observed in static experimentsby Ohtaka and Kume [13]. Phase
transition at 30 to 32 GPa under shock compression appears reasonable.
Densificationonsetat thissecondyield is morepronounced.

Phase transformation may _lso be indicated under shock compressionbelow
the 15 to 18 GPa firstcompressive yield. No signatureof a transformationis
indicated in the compressive waves in experiments performed to Hugoniot
stresses of 11 to 13 GPa. This Hugoniot stress level is below the Hugoniot
elastic limitreported for zirconiumdioxide in Figure3. Release wave modulus



Figure8. Release wave structureinzirconiumdioxide.

data, however, do not extrapolate to the low pressure longitudinalmodulus
(Figure 7). Release profilesin this range shown in Figure 8 suggest possible
formationof a rarefaction shock wave. Further, the high values for the finite
amplitude Hugoniotelastic wave velocityrelative to the ultrasoniclongitudinal
velocity [14] also attest to a possible phase change in tetragonal zirconia
below the 15 tol 6 GPa firstcompressiveyield.
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