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Controlled impact methods have been employed to obtain dynamic response properties of
m'mor materials. The purpose of this work has been to provide material-property support
for computational and analytical assessments of ceramic performance in engineering ap-
plications. In particular, new experimental data have been obtained for high-strength ce-
ramics. Continued analysis of time-resolved velocity interferometer measurements has
produced systematic material-property data for Hugoniot and release response, initial and
post-yield strength, pressure-induced phase transformation, and dynamic fi'acture strength.
A new technique has been developed to measure hydrodynamic properties ot ceramic
through shock-wave experiments on metal-ceramic composites, and unique data have
been obtained for silicon cm'bide. Additional data on several titanium diboride ceramics

and high-quality aluminum oxide ceramic have been acqui: ed, and issues regm'ding the in-
fluence of microstructure on dynamic properties have emerged. A systematic comparison
of dynamic (Hugoniot elastic limit) strength and indentation hm'dness data has been per-
formed, and important correlations have been revealed. Innovative impact experiments on
confined and unconfined alumina rods using axial and transverse VISAR diagnostics have

, been demonstrated which permit the acquisition of multiaxial dynamic response data. The
dynamic failure properties of a high-density aluminosilicate glass, similar in composition
to the intergranular glassy phase of some aluminas, have been investigated with regard to
yield, spall, and failure-wave propagation.
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Introduction and Summary

I, Inlroduclion and Sunlmary

The current program focuses on the measurement of response properties of high-su'ength
ceramic materials to support modeling activities facilitating computational and engineer-

i

ing analyses of ceramic structures under dynamic loads, As material response models and
calculational methods mature they play an increasingly important role as cost-effective

, and time-efficient tools for the design, optimization, and evaluation of such structures.

The t_ecessary material response models are currently in a state of rapid development,
Consequently, the present material properties testing program performs two crucial func-
tions: First, the deforn'tation mechanisms experienced by materials subjected to transient
loads, which must be described in appropriate dynamic material response models, m'e be-
ing identified and characterized through high-resolution testing methods, Second, with the
on-going development of response models for different matena! classes, the dynamic ma-
terial testing provides quantitative ,_:aterial property data for model validation. A close in-
teraction between calculationP.t material-response modeling activities and dynamic
material-property testing studies of the type discussed herein is essential to the successful
attainnaent of the program objectives,

The baseline material property study in this program has used established, state-of-the-art,
controlled impact methods along with high-resolution velocity interferometry diagnostics
to provide the highest quality material property data under conditions of high-rate and
high-confining-pressure loading. These data provide the backbone equatiotl-of-state,
strength, and dynamic fiacture information; needed to constrain dynamic response models
for specific materials.

The program has also included technical development efforts to extend high-resolution,
controlled impact methods to a broader range of dynamic loading conditions, Impact ex-
periments on confined and unconfined ceramic rods using transverse and axial VISAR di-
agnostics have been developed to explore multiaxial material response properties. Shock
studies on ceramic-metal composites have been pursued to determine the high-pressure
hydrodynamic response of ceramics,

Specific program objectives have included continued investigation of the high-pressure
equation-of-state, strength, and fracture properties of monolithic ceramics. A comparative
study of dynamic strength with indentation hardness measurements has been performed,
and a new experimental n'tethod was developed for measuring the hydrodynamic proper-
ties of ceramics. Significant progress has been achieved for measuring multiaxial proper-

' ties of ceramics and the dynamic failure properties of high-density glass have been
investigated,

Program goals which have been successfully achieved include the following:

Further equation-of-state testing on titanium diboride ceramic from several sources
(in cooperation with Ernst-Mach Institute) and on high-quality aluminum oxide
ceramic (in cooperation with Michigan Technological University) has led to increased



understanding of material property dependence on microstructure, Impot'tant influ-
ences of porosity and grain size on dynamic strength properties of these ceramics
have been measured.

Indentation hardness measurements (in cooperation with the Az'my Materials Labora-
tory) have been performed on ceramics for which high-resolution VISAR shock-wave
data have been obtained. This study has provided a detailed comptu'ison of dynamic
and static strength properties of tu'mor ceramics. Although not yet definitive, impol-
rant correlations tu'e noted which may lead to an overlap of test techniques,

Significant progress has been made in the measurement of the hydrodynamic com-
pression of ceramic through shock-wave experiments on metal-ceramic composites.
A series of experiments has been completed on silicon ctu'bide and copper mixtures,
and analysis of this data has been performed, Data for shock p_esst_z'esin excess of 20
GPa were consistent with hydrodynamic t'esponse and agreed with extrapolations of
ultrasonic measurements, Shock measurements in the 10-15 GPa range exhibited

! unexpected metal-cet'amic composite strength and may lead to further intet'est in com-
posite material proper'ties.

The development of techniques for determining dynamic multiaxial pl'operties of
ceramics has proceeded at an encouraging pace_ A series of impact expet'tments on
confined and unconfined ceramic rods using axial and transvel'se VISAR diagnostics
has been completed. Extended (tens-of-micz'oseconds)recoz'ding times have been
achieved, The data are being analyzed to pl'ovide partial-confinement dynamic
strength and fracture-wave properties,

Experiments have been performed on high-density glass (in coopet'ation with Bt'own
University) to achieve improved understanding of dynamic failure mechanisms in
ceramics, Tests were conducted to determine initiation and propagation charactez'is-
tics of fi'acture-damage failure waves in glass. Spall proper'ties of shock-damaged
material were also explored,
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Shock Compression Properties of Titanium Diboride Ceramics

2. SIIock Compression Properties of' Titaniunl Diboride Ceramics

During the course of the present program extensive shock compression and release prop-
el'ties have been obtained on titanium-diboride ceramic fi'om two different suppliers. More

' recent shock data have been obtained on titanium-diboride ceramic supplied by the Aa'my !
Materials Technology Laboratory and reduction of this data is in progress, In addition,

, samples of a titanium-diboride ceramic reported to have unusual strength properties were
obtained fi'om the Ernst-Math Institute in Freiburg, Germany and also tested,

The principal difference in the ceramics tested involved the material microstructure, and
the present dynamic property experiments have revealed important consequences, Signifi-
cant strength differences due to variations and distributions in microstructural porosity
were noted Effects due to differences in microstructure grain size were also observed.

Materials

Shock-compression and strength results on two TiB2 ceramics having markedly different
microstructures have been reported by Winkler and Stilp (1992). The preponderance of
experimetats was performed on a relatively coarse grain ceramic (grain size 30-50 btm) in
which porosity was mainly included in grains (intracrystalline porosity), A second materi-
al was also tested in which the grain size was significantly smaller (grain size = 5-10 lain)
and porosity was primarily localized to triple-grain junctions (intercrystalline porosity).
The initial density of both materials was 4360 +-30 kg/m 3 which implies a porosity of
about 4-5% based strictly on density considerations, The coea'se-grain and fine-grain sam-
ples from Ernst-Mach Institute will be referred to as EMI-1 and EMI-2, respectively.

Titanium-diboride ceramics from two suppliers have also been investigated for shock-
compression properties at Sandia National Laboratories, The two materials had initial den-
sities of 4452 kg/m 3 and 4500 kg/m 3 and will be referred to as SNL-I and SNL-2, respec-
tively. A grain size of about 10-25 larn for SNL-1 and a somewhat larger grain size of
about 20-50 lain for SNL-2 was determined from optical metallography, Metallography
also indicated that porosity resided mainly on grain boundaries (intercrystalline poxosity)
for both SNL materials and the porosity was somewhat lower for SNL-2, consistent with
the density difference between the SNL materials, Both SNL materials were similar to ma-
terial EMI-2 in terms of the microstructural nature of the porosity.

l".vlwrim_,n/,_

All shock-compression experiments performed on SNL material were symmetric TiB2-on-
, TiB2 tests. VISAR diagnostics IBarker and Hoilenbach, 19721 were used in conjunction

with lithium-fluoride windows IWise and Chhabildas, 19861 to measure time-resolved ma-
terial interface velocities, This technique has been discussed in detail elsewhere [Kipp and

' Grady, 19001.

A somewhat different configuration was used in testing the Ernst-Mach (F,MI-1) material
because of the small sample size available, The sample of TiB2 ceramic was mounted in a
stationary target fixture, A transpm'ent cylinder of lithium-fluoride window material, 19,1-
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mm in length and diameter, was bonded to the back of the target ceramic. A laser interfer-
ometer (VISAR) was used to measure the time-resolved velocity at the diffused interface
between the c,eramic and lithium-fluoride window, Planar impact by a copper nosepiece
mounted on the projectile caused the propagation of a compressive shock wave ttu'ough
the ceramic sample. The VISAR wave profile measured in this experiment is shown in t

Figure 1 and compal'ed with a similar profile for SNL-2 material, The pertinent experi-
mental parameters have not been repoz'ted elsewhere and are provided in Table 1.

t

Table I:

Experimental Parameters for Titanium Diboride (EMI.I) Impact "l_st

Target Impactor

Test Test Thickness Thickness Impact
Number Material (ceramic) (copper) Velocity

(mm) (mm) (km/s)

CE-75 TiB 2 4,521 9,424 1.458

ttttgcnli¢_lSlates

As observed in the measuted VISAR profile in Figure 1, cusps in the velocity data at about
0,2 km/s and 0.5 km/s for the EMI- 1 material clearly identified the uppel' and lower yields
previously observed in other TiB2 materials. Comparison with SNL material (SNL-2)
showed that lower yield for the EMI-I material was somewhat higher whereas the upper
yields for the two materials was comparable,

Hugoniot-stress-versus-specific-volume states were determined from the expet'imental
wave-profile data through assumption of a steady three-wave structure and application of
the standard impedance-matching and Hugoniot conservation relations. Hugoniot states
for the present test on EMI- 1 material are provided in Table 2

Hugoniot data fi'om the present test are compared with similar data in Figure 2. Hugoniots
to about 35 GPa for the two SNL materials (SNL-1 and SNL-2) are shown, In addition to
the present test on EM!- ! material, which reached a peak stress of approximately 31 GPa,
Test S 1065 of Winklez and Stilp (1002) on the same material, teaching a maxinlum stzcss
of about 14 GPa, is also plotted. The one expetiment on EMI-2 material, in which an up_
peJ axldlowej' yield was observed (Test S 880), completes the Hugoniot data in Figure 2, A
calculated theoretical hydrodynamic culve is also showzl in Figure 2 which is based on
reasonable ultrasoaic and compressibility properties fol TiB2 and pl'ovides a basis for ex-
amining yield and sheal'-stlength chalacteristics The Hugoniot and dynamic stlength
plopel'ties of TiB2 celamic plotted in Figut'e 2 ale as follows: The highest density SNL-2
material exhibits a lowez"yield at about 4-6 GPa and an uppel yield nea_ 17 GPa. The
somewhat lower density SNL-1 material shows a statistically higher lower yield (6-7
GPa), but the uppez*yield at apploximately 14 GPa is appreciably lower than that of SNL-
2, The one experiment on EMI-2 material (Test S 880) exhibits a 4-5 GPa lower yield and

12



Shock Compression Properties of Titanium Diboride Ceramics
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Figure 1. VISAR wave profiles for present experiment on EMI-I
material and earlier SNL material (Peak stress ~ 30 GPa).

about a 9 GPa upper yield. The present SNL test on EMI-1 material to a peak stress of
31 GPa shows, on the other hand, both a lower and an upper yield at approximately 6 and
15 GPa, respectively. Test S 1065, also on EMI-1 material, reached a peak stress of 14
GPa -- below the upper yield achieved in the present impact experiment. The higher
stress Hugoniot bel_avior (30-35 GPa) for all materials tends to converge, but not com-
pletely. The Hugoniots continue to diverge from the hydrodynamic curve in this range,
consistent with recent analysis by Dandekar (1992).

Table 2:

Hugoniol Data I'or Titanium l)iboride (EMI'-I) Impact,Test

Shock Particle Stress Specific
Velocity Velocity Volume

(kin/s) (kin/s) (GPa) (rn3/Mg)

' Lower Yield 10,8 0..130 6.15 0.2261

Upper Yield 10,0 0,339 15,28 0,2213

Final State 8,3 0,766 30.74 0,2095
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Material Implications

Grain size in TiB2 ceramic appears to play a secondary role in determining dynamic yield-

strength behavior. The lower yield for materials SNL-1 and SNL-2, when considered

alone, would appear to be consistent with the frequently applicable Petch relation. Howev-
er, material EMI-2, which had the smallest grain size, did not have the highest lower yield,

and the lower yields for the EMI-1 and EMI-2 materials were reversed from the expected

behavior. The upper yields fox"the four materials were also inconsistent with the common

grain-size dependence.

The mechanisms for the double-yield process in TiB2 ceramic have not yet been estab-

lish_.d. Winkler and Stilp (1992) have proposed a process of microfracturing at the lower

yield, with onset of plastic deformation at the upper yield. Grady (1991) suggested a dual

plastic yield process with an initial lower yield which may partially saturate or arrest, fol-

lowed by onset of pervasive plasticity at the upper-yield level. The possibility of a displa-

cive phase change at the lower-yield level has also not yet been ruled out [Grady, 1992].

35 , , , 1 I ' ' ' ' I T , , , I ' ' ' '
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,_, SNL-2
O n EMI-2

25
-x I'-'1 EMI- 1

SNL-I
\
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Figure 2. Hugoniot properties of titanium diboride ceramic.
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Shock Compression Properties of Titanium Diboride Ceramics

Comparison of the shock-compression behaviors of materials SNL-1, SNL-2, and EMI-2
is of interest. According to the various reported descriptions, the three materials had simi-
lar microstructures. Although grain sizes varied somewhat, the porosity consisted primari-
ly of angular voids at grain boundaries and triple grain junctions. The differences in initial
densities indicated different levels of porosity in the three materials. Although the issue of
impurities sufficient to account for the density differences has not been adequately ad-
dressed, this possibility seems less likely. Clearly lower yield is insufficient to collapse po-

, rosity in these materials. That this is the case was indicated by the continued separation of
the respective stress-volume paths above the 5-7 GPa lower-yield level. The upper-yield
behavior was fully consistent with the expected shock-compression response of a ceramic
with differing starting porosities. See, for example, the extensive study of Gust, et al.
(1973) on different aluminum-oxide ceramics. Upper yields of approximately 9, 14, and
17 GPa were consistent with the decreasing staxting porosities of these materials. Trajecto-
ries of stress-volume paths above the upper yield suggested collapse of porosity and con-
vergence towards a common compression curve.

Within the context of porous materials, the third wave in the profiles shown in Figure 1
can be regarded as a compaction wave. The 8.3 km/s velocity of this wave for the EMI-1
mate_ial was about 15% lower than the corresponding wave speed for the SNL-2 material

consistent with the higher porosity of the former. The slow wave speed at the 9 GPa
level for Test S 889 reported by Wir.kler and Stilp (1992) is also consistent with this inter-
pretation.

The shock-compression characteristics of the EMI-I material provided the anomaly and
intriguing exception to the behavior of the other three materials. Based on the large grain
size and relatively high porosity of this material, it would be expected to have the lowest
strength properties. Comparison of the two wave profiles in F;gure 1, however, shows that
the uppez' yield (presumably the onset of pore collapse and pervasive plastic flow) is com-
parable to the highest strength SNL material. This was unexpected, and was apparently a
consequence of the different microstructural characteristics of the porosity in this material.
Possibly the predominantly intragranular, spherical-pore structure leads to enhanced
strength properties in TiB2 ceramic. There may be other chemical or microstructural dif-
ferences that have been overlooked, however.

Snmmarv

Dynamic yield in TiB2 ceramic is a complex and intriguing phenomenon. The mecha-
nisms responsible for the lower yield process have clearly not yet been identified. Upper
yield appears to be consistent with onset of pore collapse and pervasive inelastic she_u"de-
formation. Materials SNL-1, SNL-2, and EMI-2, having similar microstructures but dif-
ferent initial porosities, showed a dependence of upper-yield strength on increasing
porosity which was fully consistent with commonly observed shock behavior of porous

' materials. The EMI-1 material, with a different, inta'acrystalline-porosity microstructure,
exhibited unusual enhanced-strength characteristics. The possibility of increased porosity
and enhanced strength in ceramics through microstructure manipulation could have im-
portant armor-application consequences.
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Impact Strength and Indentation Hardness of Armor Ceramics

3, Impact Strength and lmldentatioin ilardness of' Arm(Dr (;eramics

The large dynamic shear strength of certain ceramic compounds is central to the superior
armor performance of these materials. Further improvements in strength properties contin-

' ue to be achieved through improved manufacturing methods and the enhancement of
chemical and microsla'uctural features. The dynamic shear behavior is commonly deter-

, mined through controlled impact methods in which the transient yield strength under load-
ing conditions of uniaxial strain (the Hugoniot elastic limit) is measured. The indentation
h_u'dness test is an alternative method for examining strength properties of ceramics which
is attractive because of the relatively expedient and cost-effective nature of the experi-
ment. The strength properties of selected ceramics measured by the two test methods are
examined in the present work. A degree of correlation between strength data obtained
from the two methods is observed and some of the deformation mechanisms which may
lead to discrepancies in correlation at'e discussed. In certain cases the indentation hardness
test may provide a useful alternative or complement to the dynamic impact test although
there is a need to better understand the deformation processes leading to the strength mea-

, surements obtained from the two experimental methods.

[loc'kgrOutld

There are at least three critical parameters to which the shear strength of a brittle material
can be expected to show sensitivity. These at'e, respectively, the confining pressure, strain
rate and size scale. Consideration of these pat'ameters as they relate to the dynamic
strength measured in an impact expex'iment (the Hugoniot elastic limit) and the static
strength determined in an indentation hardness test suggests the potential value in the
comparison of strength data from the two experimental methods. The Hugoniot elastic
limit in an impact experiment is established by the amplitude of the dwell or plateau in a
large-amplitude wave structure which has been established over a reasonable propagation
distance, and which separates the first elastic wave fi'om the following deformation wave.
The Hugoniot elastic limit is usually (although not always) reached through an elastic
wave whose risetime is vanishingly small with respect to current wave measurement reso-
lution (i to 10 ns). The thickness of this first wave, however, does not determine the spa-
ciai scale of the material tested fox"strength in an impact-induced shock-wave experiment.
It is the second deformation wave within which the shear strength limit is established,
which determines the amplitude of the Hugoniot elastic limit. The deformation wave is
usually observed to have a measurable thickness providing that its amplitude is less than a
few times that of the elastic wave. The thickness of the deformation wave is strongly de-
pendent on the amplitude of the stress jump through the deformation wave and dimensions

, of about 10 to 100 lain have been established fox"the present ceramics when shock loaded
to stresses less than 50 GPa. The deformation wave thickness provides the specimen size
scale in a shock-wave experiment. This scale compares well with the 10 to 50 I.lmscale of
the region under a hardness indentot.

The state of defox'mation in a planar-impact shock-wave experiment is one of uniaxial
strain, Consequently, when yield is achieved the matex'ial is in a high state of confinement.

17



When the axial stress c_ achieves the Hugoniot elastic limit, ox - oh__ , the lateral stress-
es are,

ov - ¢_,=f(v)%,_ , (I)

and the mean stress is,

p = (ox+ov+a,)/3 = g(v)%,_ , (2) ,

where ]'(v) and /¢(v) are common functions of the Poisson's ratio v.

The degree of confinement differs starkly from the case of yield under uniaxial stress load-
¢ R m. _'jing where _ - at 0 and p } 3 (r = compressive yield strength) The state of

confinement Ofthe material at yield in a static hardness test is more complicated but more
closely related to that achieved under planar impact conditions.

Although scale and state of confinement are comparable in the dynamic impact and inden-
tation hardness experiments, the rates of deformation in the two test methods differ by or-
ders of magnitude. Strain rates in a hardness test will be less that 10"2/s, whereas strain
rates in the impact tests determined from risetimes of the deformation wave are on the or-
der of 105/s to 106/s,

Thus, it is argued that strength dilferences between the shock-wave and indentation hard-
hess measurements is primarily a consequence of strain-rate sensitivities rather than size
scale or confining-pressure effects.

Test Method_' and Materials

In the present study a dynamic or shock wave measurement of strength is achieved
through the use of a propellant gas gun which accelerates a projectile carrying a disc-
shaped sample of the ceramic of interest to velocities as high as several kilometers per sec-
ond. The ceramic sample undergoes planar impact with a similarly-shaped stationary ce-
ramic sample. A thick disc of lithium fluoride is bonded to the back of the stationary
ceramic disc and performs as a transparent laser window [Wise and Chhabildas, 19861 for
the velocity interferometry (VISAR) system [Barker and Hollenbach, 19721. The VISAR

monitors the time-resolved velocity at the ceramic-lithium fluoride interface, providing a
measure of the shock wave profile caused by the high-velocity impact. The amplitude of
separation of the two-wave structure in this shock wave measurement determines the dy-
namic strength or the Hugoniot elastic limit fox"the material under test.

Indentation hardness measurements were obtained through the Knoop indentation hard-
hess method and were performed by Slavin (1992) at the Army Materials Testing Labora-
tory.

High strength ceramics tested in the present program were acquired fi'ont a number of
sources. In several cases the same ceramic obtained from several different suppliers was
tested, allowing some comparisons of material property variations due to differences in
impurity content, microstructure and ceramic preparation. At present, six different mono-

18



Impact Su'ength and Indentation Hardness of Armor Ceramics

lithic ceramic materials have been investigated. These are aluminum nib'ide, aluminum

oxide, boron cat'bide, silicon carbide, titanium diboride and zirconium dioxide. Longitudi.
hal and shear sound velocities, and densities were determined for all ceramics tested, Ap-
propriate data for each ceramic at'e provided in Table 3. Optical and SEM microstructural
examinations have been performed on some of the samples.

The aluminum nitride (AN) under investigation in the present study was acqui:'ed from the
Dow Chemical Company and is the same ceramic tested in the recent shock-compression

' studies of Rosenberg, et al, (1991). According to the supplier the hot-pressed aluminum
nitride tiles have a nominal porosity of 1% and grain size of 2 Bin. Ulu'asonic and density
measurements made in this laboratory indicated a sample-to-sample vat'iation of about 2%
in these properties, with the average value reported in Table 3. One aluminum oxide (A1)
tested was supplied by the italian manufacturer lndustrie Bitassi, This material contained a
significant fi'action of glassy phase. The other material (A2) tested was the relatively high-
purity Coors AD-995 alumina. Boron carbide fi'om two different suppliers was also tested,
The first boron carbide rnaterial (B l) was supplied by Eagle Picher Industries. Nominal
grain size was 10 Bin. The principal contaminant in this ceramic, revealed by electron
probe microanalysis, was iron which occurred within voids and other sites distributed
quite heterogeneously (relative to the grain size) throughout the material. The second bo-
ron carbide (B2) was supplied by Dow Chemical Company, Nominal grain size deter-
mined fi'om optical metallography was about 3 lain. The silicon eat'bide (Sl) examined in
the study was supplied by Eagle Picher Industries. This ceramic had a nominal grain size
of 7 _.tmand about 1% porosity in the form of spherical cavities on grain boundat'ies.Tita-
nium diboride fi'om two different suppliers was also tested. The titanium diboride (T I)
was supplied by Eagle Picher Industries. A nominal grain size of 12 Bm was measured.
Both SEM and density measurements indicated several percent porosity in this ceramic.
The second titanium diboride (T2) was provided by Cercom Incorporated. This ceramic
was higher density and optical microscopy indicated a nominal grain size of about 30 Bin,
Several types of zirconium dioxide have been studied. The first zirconium dioxide materi-
al (Z3) tested was a 12.5 mol% yttria-stabilized cubic zirconia supplied by McDonald Re-
fi'actory. A nominal grain size of 15 t.lm was determined, and porosity in this material was
approximately 4%. The second zirconium dioxide (ZI and Z2) was a high quality 3 tool%
yttria-stabilized zirconia with neat'ly 100% tetragonal phase. This material was supplied
by Sumimoto Electric Industzy in two batches which differed by about 1/2% in initial den-
sity. Shock wave properties for these zirconia materials at'e reported in Grady and Mashi-
mo (1992). Shock wave properties of the other ceramics at'e discussed in Grady (1991,
1992).

Restdts and Disct_ssion

Results of the static indentation measurements and the impact Hugoniot elastic limit mea-
surements for the ceramics tested are provided in Table 3. An equivalent dynamic yield

, strength is determined through the relation

(,2

Y. --2 " (3)
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where C, and C_ are the shear and longitudinal sound velocities and where constant elas-
tic properties are assumed for the materials within the yield surface,

'Fable 3:

indentation llard,_ess and l)ynamic Strength Data

Density C'_ C, Dynamic Yield (b) H_u'dness
Material Code (a) _...........................

(kg/m 3) (kin/s) (kin/s) (GPa) (GPa)
iiii]11 [ IIII

AIN AN 3254 10,73 6.32 5.5 10.6
_. ,r,, - ............. ,........ _. - ,, ,

AI203 AI 3555 9.28 5,47 3.6 10.6

A120 3 A2 3890 10,56 6.24 4.3 i4,5

B4C BI 2517 14,04 8.90 13.7 26.2

B4C B2 2506 14.07 8.87 15.1 25,6

SiC SI 3177 12.06 7.67 12.5 22.3
.......... _,,q,,_,, , : =_, .: .............

TiB 2 TI 4452 10.93 7.30 11.6(5.4) 19.0

TiB 2 T2 4509 10.79 7,43 15.2(3,8) 19.6

ZrO2 ZI 5602 6.61 3.54 3.2 8,5

21'O 2 22 6028 7.11 3.72 8,9 11,4
1

21"O 2 23 5954 6,871..63 7.4

(a) Code is identified in the text,
(b) Numbers in parentheses are lower yield for TiB2 (see text).

The dynamic yield and hardness measurements are correlated in Figure 3. It is instructive
to compare the data to earlier results [Cline, 1989; Gilman, 1970] in which some of the
same ceramics were investigated. A noticeable difference is the somewhat weaker correla-
tion of static and dynamic su'ength observed in the more recent data, The general ia'end,
however, is similar with a slope of unity and the magnitude of dynamic yield of order one-
half of the static hardness,

The spread in dynamic strength values of some of the materials is due to the sensitivity of
the VISAR diagnostic to initial yield in the porous samples (about 1% to 2% in most of the
ceramics), The first break in the elastic wave profile associated with the Hugoniot elastic
limit will differ markedly for the same ceramic for variations only in initial porosity. It is
expected, however, that subsequent or post-yield strength hardening occurs as inelastic
pore collapse proceeds during the shock-compression process. It is suspected that the in-
dentation hardness test is less sensitive to yield onset and provides a strength measurement
which averages over a larger deformation strain. Consequently, the indentation hardness
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Impact Strength and Indentation Hardness of Armor Ceramics
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Figure 3. Correlationof dynamicstrength andindentationhardnessfor selected
ceramics.

measurement would be less sensitive to moderatevariations in porosity in a specific _-
ramie.

This difference in sensitivities of the two testmethods appearsto explain the strengthmea-
surementsfor the two tetragonal zirconia samples which differed only in initial porosity,
and probably explains the two titanium diboride points (upperyield) whose density differ-
ence is most likely also related to a small porositydifference.As seen in Figure3, the dy-
namic strength for these two materials is observed to depend sensitively on the variations
in porosity whereas indentation hardness measurementsare relatively insensitive to these
same variations, The dynamic yield for the twoaluminum oxides and the cubic zirconium
dioxide, which seem to be below the general trendof the data may also be related to the
excessive porosity in these materials.The largerglassy component in the Bitassi alumina
probably accounts for the significant reduction in indentation hardnesscompared to that of

' Coors AD-995 alumina,

Titanium diboride is unusual in that time-resolved controlled impact experiments indicatei

a complextwo-step yieldprocess forthis material (Orady, 1992).Theshockdata suggests
a secondary nonpervasive yield at about 4 to 5 OPa shear stress which quickly saturates
and is followed by onset of pervasive shearyield at about 12 to 15 GPa. It is interestingto
note in Figure 3 that indentation hardness and dynamic yield for this material correlates
with the general tJ'endof the data if the upperyield is considered,
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Impact experimentson boroncarbideidentify a high initial dynamicshearstrengthas is
shownin Figure3, butdramaticshearstrengthsofteningoccurswith subsequentdeforma-
tion.This behaviorhasnotbeenobservedin theotherceramicstested.The comparatively
high indentationhardnessmeasurementsfor boronctu'bidedo not reflectthissoftening,
suggestingthat it is strictly n dynamiceffect -- possiblylocalthermal softeningor a lat-
rice instabilityin theboroncarbidestructure.

Sl_/nttl_lry

It can be argued that shock compressionand indentationhardnessmethods test the
strengthcharacteristicsof materialundersimihu'statesof confiningpressureandof simi-
lar sizescale,differing principallyin the='ateof loading,Comparisonsof shockwave and
indentationhardnessmeasurementsshowa reasonablecorrelationin su'engthvaluesbe-
tweenthe two testmethods.Nominal agreementin magnitudesuggeststhat strain='ateef-
fects in theseceramic may be weak. It is alsosuggestedthatdiffering sensitivitiesof the
two testmethodsto modest variationsin initial po='ositymayaccountfor muchof thecor-
='elationscatter.It is suggestedthat indentationhtu'dnesstestsaverageover largerstrains,
providinga strengthmeasureclose='tothatof the fullydensematerial,Incontrast,thehigh
resolutionof theshock-waveVISAR diagnosticleadsto moredetailedinformationon po-
rosity sensitivityanddeformationh_u'dening,Improvedunderstandingof deformationde-
tails in the two test methodsshould lead to enhancedmaterial strength data for
computationalmodel developmentandapplication,

22



Hydrodynamic Equation of State of Silicon Carbide Through Shock Compression

4. Hydrodynanlit' Equation o1' State ,_1'Silicon Carbide "rhroul_h Shock
('c)mpresst_it Experiments ovt Met_li-Ceramic Mixttires

Planar shock-compression experiments on monolithic ceramics provide measurements of
axial-stress and specific-volume states commensurate with the high-su'ain-rate, lm'ge-con-
flning-press_u'e environment of an impact test, The large shear su'esses achieved during the

, uniaxial-strnin compression process are evidenced by the Hugoniot elastic limit -- an on-

set of softening in the axial-stress-versus-specific-volume response due to inelastic yield-
ing in shear. Unless both longitudinal and u'ansverse su'ess are measured in the shock
compression experiment, complete deviatoric-stress constitutive data required to fully
model the dynamic compression and flow process are not provided by the experiment, AI-

J though transverse stress measurements within the shock environment have been per-
formed, the methods are still developmental and results Jn many cases are not fully
satisfactot'y,

An alternative method commonly used to infer the deviatortc constitutive properties of the
material during the shtx:k compresston process is to relate the Hugoniot or longitudinal
stress versus specific-volume curve to the hydrodynamic response of the material, The lat-
ter is usually determined hy the correction of tsothermal hydrostatic data for adiabatic
conditions within the shock pr_ess, or by extrapolation of lower p|'essure ultrasonic data
using accepted functional forms t_r the higher pressure compression behavior,

Another method, and that which is pursued here. is to directly measure the hydrodynamtc
compression of the material of interest through shock-wave techniques, The method in-
volves the immersion or mixing of the test material into a mau'ix materla! which is fluid-
like in its shock-compl'ession behavior (i,e_, unable to support deviatorlc stresses) This
approach was originally explored by Adadurov. et al (1%2)_ It was used by Kanel' and
Pityulin (1984) to measule the hydrodynan_tc properties of titanium carbide More recent-
ly, Tang and Gupta (1¢)88) used the technique to investigate phase transformation in cad-
mium sulfide, and Poderetz, f't a/ (1988) have investigated the dynamic compression of
silicon dioxide using similar methods.

In the present study we investigate the hydrodynamic response of silicon carbide to ap-
proximately 30 GPa through shock-compressiort studies on mixtures of silicon carbide
and copper preptu'ed by hot compaction methods Relative to the large strength properties
of silicon carbide, the low yield properties of copper are expected to result in shock com-
pressed states in the mixture with sensibly low values of deviatoric stress,

' Mctterial t_reparaliotz

Mixture samples were prepared fi'om powders of cx-silicon carbide and copper. Nominal
' grain size of the silicon carbide was 15-20 lain and the particle distribution was fairly nar-

row, Minus-325 mesh, three-nines purity copper was used as the matrix material To
achieve the 50%-50% volume mixture, based on crystal densities of 3220 kgJm3 for SiC
and 8920 k_m 3 for Cu, 16.26 g of SiC and 45,05 g of Cu were combined,
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Figure4, Experimentalconfigurationfor Hugoniotandreleasetests.

A set of six sampleswere preparedwith hot-pressingtechniquesin the form of uniform
discswhich after machiningwere approximately5mm in thicknessand38 mm in diame-
ter. One samplewas sectionedandpolished,Optical metallographsindicateda uniform
distributionof SiC particlesthroughoutthe sample.Ultrasoundtests and low densities,
however, indicatedextensivecentralcrackingdue to cooling stressesin several speci-
mens, Two samplesfrom this batchwere judged acceptablewith densitiesof 5830 and
5840 kWm3,respectively,Comparisonwith a theoreticaldensityof 6070 kg/m3 fora 50%-
50% mixturesuggestsseveralpercentporosity.A secondbatchof threefurther samples
were preparedwith slight variations in the temperature-pressurehistoryduring fabrica-
tion.All samplesfrom thisbatchappearedacceptableby ultrasoundscananddensitymea-
surements,Densitieswereclose to 5990 kg/m31Shockwaveexperimentswere performed
on the two acceptablesamplesfrom the first batchand on two samplesfi'om the second
batch

Measured longitudinal and shear ultrasonic velocities were 5260 m!s and 3250 m/s, re-
spectively Statistically significant differences between the two batches were not observed_

,_'h,J,'/;('rmll,res',si.tl Melln_di_

Shock-compressionexperiments were performed to measureboth Hugoniot and release
statesin the metal-ceramic composite samples The method usedincorporated laser inter-
ferometry shock.wave diagnostics and was developedspecifically for accurate Hugoniot
and teleasestate analysis IGrady and Furnish, 1088] The experimentalassembly is illus-
tlated 1_1Figure 4, The mixture sample is mounted on the projectile, backed by PMMA
(polynlethylmethacrylale) and precededby a thin disc of alunilnurn (6061,+T6alloy), 1'he
slahonary targetc,onsisls of a thin aluminum disc followed by a lithium fluoride wlndow
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HydrodynamicEquationof Stateof SiliconCarbideThroughShockCompression
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Figure 5 Interface particle-velocity profilefor testCE-68

material [Wise and Chhabildas, 1986]. As noted earlier, specimen discs were approxi-
mately 38 mm in diameter, Specimen thicknesses are provided in Table 4.

Projectiies were accelerated to velocities between 1,0-2,4 kmls with a sinsle-stage propel-
lent gun and underwentplanar impact with the target.Diffused-surfacevelocity haterfer-
ometry or VISAR [BarkerandHollenbach,1972] was usedto monitor the time-resolved
velocity at the aluminum-LiPinterface in the target.A representativemotion historyfor
oneof thepresenttestsis shownin Figure 5. Peripheralelectricalshortingpinsare usedto
measureprojectilevelocityandplantuqtyof impact (seeFigure 4).

Impact velocitieswere selectedto achieveHugoniotpressuresover the range 15-30 GPa
in approximately5 GPa increments+The maximumvelocityachievable(~2.38 ks/s) with
the propellantgun facility was necessm'yto attain the 30 GPa Hugoniotpressurepoint.
NecessaryexperimentalandHugoniotpropertiesare providedinTable4

Mixture am:/y++,'i,,,+

. To calculate thehydrodynamiccompressibilityof siliconcarbidefrom theHugoniotmea-
surementson the mixture, somesimplifying assumptionsareneededFirst, it is assumed
that any initial porosityiscollapsedandeliminatedduring theshockcompressionprocess.
Further, based on the relatively low yield stress of the copper mau'ix it is assumed that
stress deviators in the mixture at the sh_k state are sufficiently low that the measured
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Hugoniot stresscan be sensiblyequatedto the pressure.Finally, it is assumedthat the
compressibilityof siliconcarbideandcopperare additive,That is,

1){i)) , kl) (/,) + ( 1- k) 1)(/,) , (4)

where 1), t), and _) are the specificvolumes of themixture, silicon cea'bideandcopper,
respectively,and _,.is themassfi'actionof silicon carbidein the mixture.

)

Basedon a 50%-50% volumeratio of siliconcfu'bideandcopper,themassfractionof sili-
concarbideiscalculatedto be_.= 0,265, The compressibilityof copperis calculatedfrom
its knownHugoniot properties, Linear shock-velocityversusparticle-velocityp_J'ameters
for copper [Marsh, 1980]are C = 3,040 km/sand S = 1,49.The compressibilityof silicon
carbidecalculatedfrom Equation4 is plottedin Figure 6. Horizontalerror barsshownfor
the four data points _u'edetermined by the uncertainty in Hugoniot response of the mixture
and due in turn to the uncertainty in initial mass fraction of components. Also shown is the
Hugoniot for monolithic silicon carbide [Kipp and Grady, IO891.Analytic estimates of the
hydrodynamic response in Figure 6 identified by the dashed lines are based on the theoret-
ical density of silicon cm'bide, a bulk modulus calculated fi'om ultrasonic data, and extrap-
olation to high pressures with a linear shock-velocity versus particle-velocity expression
where ,')'= 0.8 and 1,2, respectively, and (' = 8100 m/s, A value of S near unity is consis-
tent with the high-pressure Hugoniot data for silicon cm'bide fi'om Gust, e/a/. (i973). Also
shown are static comp,'¢ssibility measurements of Bassett and Weathers [Holmquist,
1091] using diamond anvil technology..

"ral)le4:
JJugolliOtExl)erJlnelllS

J IIIIIIIII. _ IIIII II II ii [I lllllllI I111111 I ..... ._ II .....

Sample Impact Sample Proj. al Tm'g.al Hug, }lug, Hug,

Test dens. vel. thk, thk thk, press, part, vel spec.' ' vol.
No. - .................

(m3/kg
(kg/m 3) (kin/s) (ram) (ram) (mm) (GPa) (kin/s) x106 )

................ II iiiii i i iii 111111111 i i /i ii !111i i ii iii iii!_ , ,,,,,,,

CE-68 5930 1,728 5.01 1,05 1,02 10.9 0,578 15L7

CE-60 5040 2,361 5.01 1,05 1,02 20,7 0,840 144,7

CE-78 5091 2,027 4,98 1.05 1,00 24,5 0.715 146,2

" ¢) 14.1 0,422 154,4CE-7_ 5989 1,275 4.97 1.05 1,01

Disctts,_'i_m

The compression states determined from the present mixture experiments and shown in
Figure 6 are somewhat surprising, It is difficult to accept the data at !4 GPa and perhaps
even that at 20 GPa as representative of the hydrodynamic compressibility of silicon car-
bide, Extrapolation of ultrasonic data to these pressures could not be too far wrong, Ulu'a-
sonic measurements were obtained on silicon caa'bide ceramic samples which were a few
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Hydrodynamic Equation of State of Silicon Carbide Through Shock Compression
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Figure 6. Compressibilityof siliconcarbidebasedon mixtureHugoniot
measurementsandanalysis.Staticdatafi'om Holmquist(199l).

percent porous. Hence the theoretical density bulk modulus would be somewhat higher
but certainly not by more than about 5%.

Thus, it appears that strength effects in the mixture Hugoniot experiments at these lower
pressure levels compromise the assumed hydrodynamic behavior. Strength effects at these
pressures ate somewhat unexpected due to the low flow stress (0.I-O,2 GPa) of copper.
There are several possible stJ'ength issues which could cause the difficulty. The samples
arc several percent porous and if the shock compression process is not sufficient to remove
this porosity then calculated compressions would be in error. This behavior might occur
for example if the micrometer scale motions and large local deformations necessary to col-
lapse the voids led to enhanced flow stJ'ess in the copper. Secondly, the mixture mau'ix as a
whole at these stress states may be supporting deviatoric stJ'esses. Stress differences might
beexperiencedifsufficientbridgingbetweensiliconeat'bideparticlesoccurredtoallow
thestrengthoftheceramictobefelt,Althoughthecopperissomewhatmorecompressible
than the silicon carbide, the overall strain levels are sufficiently modest that the extent of
particle contact will not differ significantly fi'om that observed in the pretest micrographs.

, Resistance to pore collapse and enhanced copper strength would seem to be the more like-
ly explanation for the indicated strength behavior for the experiments at Hugoniot stress
levels below about 20 GPa.t

The two experiments achieving Hugoniot stresses in excess of 20 GPa appear to be pro-
viding reasonable estimates of the hydrodynamic compressibility of silicon carbide (Fig-
ure 6). The error bat's are conservative in light of the uncertainty in silicon carbide content
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in the present materials. Possible strength conuibutions would shift the hydrodynamic
states even further to the left. These data points are in reasonable agreement with the ex-

trapolated hydrodynamic curves based on ultrasonic properties. They lie somewhat to the
left of the static data of Bassett and Weathers [Holmquist, 1991].

The observed compression and release behavior of all of the data could also be explained
by a phase transition in silicon carbide although this possibility seems unlikely. Gust, eta/.
(1073) have suggested a shock-induced phase change in silicon ctu'bide within this range
from observations on shock data. Compressive shock profile measurements of Kipp and
Grady (1000) do not show evidence for a phase transition although the nondispersive
characiev of release waves could imply reversion fi'om a high-pressure phase. Examination
of silicon ctubide samples shocked to as high as 80 GPa [Kovtun and Timofeeva, 1988]
did not reveal quenched high-pressure phases. The static compression study of Basset and
Weathers [Holmquist, 1991] on ca-silicon carbide does not indicate a high-pressure transi-
tion.
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Development of Extended Dynamic Pressure-Shear Testing Methods

5, Development ot' Extended Dynamic Pressure-Shear Testing Methods

A new impact-test configuration has been developed and demonstrated which permits
time-resolved investigations of the dynamic response of materials in a multiaxial-strain
environment. Like the rod test described by Taylor [1948], this technique involved the im-
pact of a cylindrical, fiat-ended rod of test material with an anvil. However, innovations

, incorporated in the present test arrangement yielded significant material-response infor-
mation that is not provided by a traditional Taylor test.

With Taylor's approach, a free-flying test rod impacts a stationary, "rigid" anvil, and post-
test observation of the position of the boundary between unstrained and plastically-de-
formed regions of the rod yields an estimate for the dynamic, compressive yield strength
of the rod material. This estimate relies on simplifying assumptions regarding the motion
of the elastic/plastic boundary from the impact end of the rod to its final, measured (post-
test) location in the rod. Taylor's method ignores the effects of radial inertia, and requires
intact recovery of the rod.

With the present method, the rmvil was launched, and it struck an initially stationary, flat-
ended rod of test material. This rod was either free (unconfined), or mounted within a

close-fitting confinement sleeve, thereby allowing adjustment of the level of lateral con-
finement. Velocity interferometer diagnostics [Barker and Hollenbach, 1972] provided
measurements of the axial (longitudinal) free-surface velocity history of the free end of
the rod, and of the transverse (radial) velocity for one or more points on the periphery of
the target rod or confinement sleeve. Subsequent analysis of the resultant velocity records,
which did not rely on simplifying assumptions regarding the rod deformation, allowed as-
sessment of dynamic material properties, such as wave speeds and compressive yield
strength, without the requirement for intact recovery of the rod. This feature made the
present technique particularly attractive for studies of brittle ceramics which are inherent-
ly unsuitable for evaluation with the traditional Taylor method since they invariably frag-
ment for impact stresses in excess of the yield strength.

Evperime,tai Cr,![iguratirm

The test geometry for impact studies on confined and unconfined ceramic rods is illustrat-
ed in Figure 7. For all experiments conducted to date, the ceramic rod was fabricated from
Coors AD-995 alumina, and was produced with a final nominal diameter of 10 ram. For
experiments involving no confinement, the ceramic rod was mounted directly within a
low-density foam collar which, in turn, was held by an aluminum support ring. For the
confined tests, the ceramic rod was first installed in a close-fitting metallic sleeve with a
nominal outer diameter of 20 mm, then this sleeve was mounted within the foam collar.

The foam effectively decoupled the rod or sleeve fi'om the high stresses produced in the
support ring by projectile impact.

Dynamic loading of the ceramic rod or rod/sleeve assembly was produced by a flat-faced
projectile which was launched by the powder gun. The monolithic impactor, or anvil, was
fabricated fi'om 6061-T6 aluminum, and featured (t) a forward flat-plate section that was
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Figure 7, Experimental configuration for observations of dynamic, multiaxial
response of ceramic rods.

nearly full bore diameter and nominally 12.7-ram thick, and (2) a trailing rod section that
was nominally 20-mm diameter and i22-mm long. This rod section was incorporated as a
means of maximizing the duration of high stress at the impact end of the target rod, Coax-
ial shorting pins mounted around the support-ring periphery were su'uck by the plate sec-
tion of the impactor and generated signals which permitted determination of impact
velocity and tilt.

Several parameters were varied during testing with the present experimental configura-
tion. The level of rod confinement was altered by using either J,_ sleeve, or a ductile, high-
shock-impedance metallic sleeve machined fi'om either tantalum (Ta) or OFHC (oxygen-
fi'ee, high-conductivity) copper, Other parameters which were changed included the rod
length-to-diameter ratio (L/D = 4 or 8), and the impact velocity (nominally either 1.1 or
2.1 km/s). The selected impact velocities produced peak stresses in the ceramic rod of ei-
ther 2 oz"4 times the 6.16-GPa Hugoniot elastic limit which has been measured for Coors
AD-995 alumina in recent tests at SNL (see Section 3).

Free-sur[at'e Velocity Mrasatrements

During each experiment, time-resolved particle velocity data were acquired simtdtanetms
h, at two or more locations: one VISAR monitored the longitudinal (axial) velocity at a
point coincident with the center of the rod's fi'ee face, and each remaining interferometer
monitored the transverse (radial) velocity for a preselected measurement point which was
positioned several rod diameters from the initial impact plane on the curved outer surface
of the rod or confinement sleeve (when present).

30



Development of Extended Dynamic Pressure-Shear Testing Methods

0.20 ',,_,", i,'r°, ......... ...._......._.....................................

0.15 V_AR 1

,_. 0.10

' 0.05

AXIALVELOCITY i
0.00 .',;"_".i.,;.,_ _;_;_;_;_'_f_;_;._1_;_'_.._;_;T;_._;_._._f_._._;_;_;_
0.08 ....w'"r"'"',"'",i" ' '' i "' _ '_i _' ''_.! ' ''' I '''' 1_''_-''

J?
0.06

0.04

0.02 _u/_%4....__ VlSAR2
t

i RADIALVEL_

0 5 10 15 20 25 30 35

rodf_Sv 1_,3_o.c_ TIME(/,A,S) ,L_ 1433

Figure 8, Axial (upper uace)andradial (lower traces)fl'ee-surface
velocity datafor shotRODTST5 (noconfinementsleeve).

Representative velocity records are displayed in Figures 8 and g, respectively, for experi-
ments RODTST5 and RODTST6. In each of these tests, a 10-ram diameter by 80-mm
long (L/D = 8) alumina rod was impacted at about I.I km/s. No metallic confinement
sleeve was used for RODTSTS, whereas a tantalum sleeve (20-mm outer diameter) was
used for RODTST6. In both experiments, axial velocity data were successfully recorded
by VISAR I during a time interval extending at least 25 14safter first detectable motion.
Qualitatively, the axial-velocity records were characterized by the arrival of an initial elas-
tic compression (which propagated at about the ultrasonic longitudinal velocity,

. CI = I0.6 kin/s), followed by a second compressional wave (travelling at about the bar
velocity, C',,- 9.81 kin/s) that brought the velocity to its peak value. The axial velocity
subsequently decayed only slightly from this peak (". I0% - 20%, respectively, for

' RODTST5 and 6), then attained an essentially constant equilibrium value which persisted
for the duration of the recording time.

Radial velocity data were also successfully acquired during experiments RODTST5 and 6
using two interferometers, VISAR 2 and 3, whose measurement points were, positioned,
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respectively, 30 and 50 mm from the initial impact plane. In both tests, the recording inter-
val following first detectable motion for the radial-vehx',ity data was about 9 -12 Its for
VISAR 2 and about 12 -15 Its for VISAR 3. For the unconfined rod (test 5), the radial-ve-

locity records indicated a similar amplitude ( ~ 0.047 kin/s) for the first peak, but diver-
gent behavior thereafter with the downsu'eam recording station (VISAR 3) displaying
significantly higher velocities. These differences were most likely related to nonuniform
failure of the ceramic. For the confined rod (test 6), the two radial-velocity records indicat-
ed mutually consistent structure and amplitudes with the downstream record (VISAR 3)
displaying evidence of geometric attenuation effects at early times,The observed negative
values of radial velocity (detected by both VISAR 2 and 3) for times in the 9 -15 Us inter-
val were qualitatively and quantitatively consistent with pretest two-dimensional simula-
tions made by Swegle [1992] using the ARTOO wavecode [Swegle, 1981],

Yield stren,tlth Estimates

As noted above, the axial velocity observed at the fi'ee end of the rod reached an equilibri-
um value shortly after arrival of the second major compressional wave (which had propa-
gated through the rod at approximately the bar velocity). Referring to Figure 10, the
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Figure 9. Axial (upper trace) and radial (lower traces) free-surface
velocity data for shot RODTST6 (Ta confinement sleeve).
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Figure 10, Comparisonof axial (longitudinal)free-surfacevelocity
historiesfor shotsRODTST5 (no sleeve)andRODTST6
(Ta sleeve),

amplitude of this equilibrium velocity was dependent on the level of lateral confinement.
For shot RODTST5, no confinement sleeve was used, and the equilibrium free-surface ax-
ial velocity, designated t%, was 0.165 km/s. For shot RODTST6, a Ta sleeve was used,
and the resultant value of u,,q was 0.304 km/s.

Using the measured value of u,_ for a given test, the corresponding insitu axial stress
achievedthrough the incidentbarwave, ox_,wasestimatedfrom therelation,

1
0

. where o. and C/, were, respectively, the initial density (3890 kg/m3) and bin' velocity of
the rod material. On this basis, a value of o_, 3.15 GPa was obtained for shot

, RODTST5 (no confinement), whereas o.,. 5,80 GPa was obtained for shot RODTST6
(Ta confinement), This increase in stress-wave amplitude with increased confinement was
consistent with expectations of an upper dynamic limit of o ,. %,._., 6,16 GPa for the
case of rigid confinement (i,e., uniaxial strain), The axial stress supported by the Ta-con-
fined rod (5,80 GPa) closely approached this limiting value. On the other hand, the uncon-
fined rod (test 5) supported a dynamic axial stress which was significantly lower than the
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Hugoniot elastic limit; in this case, conditions in the rod closely approximated a state of

uniaxial-stress ( o v = a, = 0 ), and, as expected, the yield strength of the material was di-
minished. In comparison, the observed stress value of _,h = 3.15 OPa for the unconfined
rod was significantly lower than the predicted value of % = Y,t = 4.3 GPa (where Y,_-
dynamic yield strength; see Table 3). This result suggested that surface effects play an im-
portant role in determining the yield strength of l_t,c,_t_ilzc,_/ceramicmaterial.
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Hugoniotand Dynamic TensileStrengthExperimentson High-QualityAluminum Oxide

S |6. llugoillol and i).vnamlc Tenslle, Ircnxll! Expcrllnenls oi|
lligh.Qulilily Aluminun| ()xide

Several controlled-impact strengthexperimentswere performedon a high-qualityalumi.
' hum oxide ceramic provided by theMichigan TechnologicalUniversity in supportof ma-

teriais development researchat thatfacility IStaeh!er,ct a/., 1001]. In one testthe impact
. amplitude just exceededthe dynamic uniaxial strain yield strength(lib:I,) of theceramic.

In the secondtest perk stressesapproximately three tin'mstheHEL wereachieved.Exper,
iments were designedsuch that tensile spail of theceramic specimenswas achievedon
stressunloading_Supportingshockrecoveryexperimentswerealsoperformed

thw_gr, mmi

Becauseof theearly and wide availability of good quality aluminum oxideceramicand
single crystal aluminum oxide, shock Hugoniotequation-of=statenieasurementson this
material have been extensive, Sapphire, which is the AI20 _ single crystal form, has a
rhombohedral hexagonal crystal structure with close-p_cked oxygen ions, Early |tugoniot
equation-of-state studies on sing!e-crystal and polycrystalline aluminum oxide includes
tile Wol'kof McQueen and Marsh (lO60) and Ahrens, ,'l ,11 (lO08)to nearly 150 GPa, and
the investigation of Brooks and _rahanl (1071) which included adetermination of ttugo-
niot elastic limit dependence on crystal orientation in single crystal AI20 _, No phase tran-
sitions have been ot'_selred in this material under shock or static loading to pressures in
excess of i00 GPa. A useful summary of this early shock data is included in the recent
work of Mashimo, r,/,d. (1088)

The extt:t ,,lye shock-wave investlgatiort of aluminum oxide by Gust and Royce (IO71) is
also notewortlly Shock Hugoniot and strength data for4 alunlinum oxide ceramics tang-
ing in porosity from about 6% to near theoretical density were provided to neatly
100 (;P_ ltt,t, strengths ranging from {_-13GPa were repotted although a marked depen-
dence of ltE[, value on sample thickness was noted Analysis of the dynamic porosity
crush process indicated a quadratic crush curve, with crush complete at about 30 GPa (3_5
times the initial HEI,}

The research of C.agnou. and Longy (1o88) and Yeshurin ,,l ,t/ (1088) on the shock de-
formation properties of aluminum oxide ceramic should also be noted. Both studies ad-
dress the effect of microstructure on dynamic yield and strength, identifying
n'ticrostructural heterogeneity (coarse grain structure or dissimilar second phases) as criti-
cal to tile mode of failure. Homogeneous line-grain aluminum oxide yields through dislo-

. cation plasticity, whereas heterogerteous material undergoes pervasive mlcrocracking due
to local tensile stresses in the dynamic failure process. Cagnoux and Longy (1088) ob-
served no strain rate dependence of the Hugoniot elastic linlit in alurrtlnurn oxide ceramic
over the l ange of about 5 x 11)5/sto 5 x 10_/s.

Velocity interferometry measurements of compression and release wave behavior for fully
dense aluminunl oxide have been perfoimed by Munson and Lawrence (It,7O) to IbGPa.
Within this stress range (the measured HEL for the material studied was o I _.;Pa)the de _
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filrmation wave is dispersive, presumably due to viscous effects hrought about by kinetics

of the yield proces,_ Release is reported to be fully elastic within this l'anl!le Dynamic

yield was atttibuted to pervasive microfrncturing Thelatter conclusion was based ori the
observed lack of spail _tiength measured on releRse_

In the present study we provide several additional compression and relefise wave ploflles
on the high-quality aluminum oxide ceramic provided by Michigan Technolo!lical tJnivet-
sily. MIiximurn compression slates are approximately 36 GPa Dynamic compie_sive
strenilth and re!circe properties are examined in light of the new data

Ahm,rml

The piesenl nluminum oxide samples were prepared by hot isostatic pressing of qq ()q%

pure aluminum oxide powder IStaehlet, el al, Iqql I, No additives of any kind were tn_
eluded, thus mlninlizing the formation of second phases. A me,in gittin di_lmete=of slight-
ly undei one triicrometet wR.sachieved Sitmple_ achieved R nem_iheoretical density of
3q70 klt/m _ The niensured longitudinal and sheai wave speeds we/e lO.ql knl/s and 6 44
kin/s, ie_pectively

i' I/I_'I IHII'Ht

The confillUration foi ihe corltiolled+imrtact sh(_:k-wave expel anlenls as shown in
Figure i I Silmples of the alunlinum oxide ceranttt_were mtiunted in both the IRIget ttltd the
projectile A t/ansrlttreilt disc of lithiunl |'lUOlide window nlt!lelittl I() 1 tlilll ttl thlcktiess ttlld

b To VISAR

Target l,ithium Fluoride
Ceramic _ Window

4 Flush PinsPRO,IE( 'TI I,E
ItOliY AI Ring

AI Nose Aluminum
Plate "r_rget Fixture

Figure 11 Experimental contiguiation for shock and release experinlent on
aluminum oxide ceramic

36



HusoniotandDynamicTensileStrenllthExperimentson High.QualityAluminumOxide

25.4 mm in diameterwas bondedto theback of the stationarytarljet ceramic, A diffused-
surfacelaserintert'erometer(VISAR) measuredthe time.resolvedvelocityat the interface
betweentheceramicandthelithium-fluoridewindow[BarkerandHolienbach,i972; Wise
andChhabildas,1q861_The measuredvelocityprofiles areshowninFisure 12. Impact of

mt=Pl4eamao
, 1.11l.... _°_"_" .... T_ .........*..........' .........' ........._'_ ...._'-_*_T .....,-t_,-__,- .......

I

0.O
1.0 t,5 2,0 ;!,5 ,l,O

(.=)
Flsur¢ 12 Interfacevelcx:=typrofilesfor alumtnumoxide impact

experiments

the thinceramicsamplemountedin theprojectile,whichis in turnbackedbypolyurethane
foam, ledtothe propagationof acompressiveshockandreleasewave in thet4u=etceramic
Details of thiswaveare recordedin themeasuredVISAR velocityprofile The interaction
of releasewaveswithin thetargetceramicsamplealsoleadsto a testof thedynamictensile
(spall) su'ensthof theceramic,Pertinentexperimentalparametersaa'eprovidedin Table5,

Table S:
IJ tI':_rime.tal Parumeters for AlumimJm Oxide Impa_t 'I_1

Foam T_get Impactor ImpactTest
Densi_ Thickness Thickness VelocityNumbe|'t

(kg/m") (ram) mm (kin/s)

, CE-72 14.5 6230 2,804 0,587

CE-80 640 6,261 2,802 1,8._5
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At.ltv:_'i,'_

Compressivestressstatedata (Hugoniot states)determinedby wave ana!ysJsof themea.
suredVISAR profilesAreprovided inTable6

Table 6:
ItltMontol I)altl fnr Alumtttun! ()_tde hnptlcl Ibsl

Sh_k Plu'ticle Specific Pullback Spall .Test Stress
Number Velocity Velocity Volume Velocity Stress

(km/s) (kin/s) ((]Pa) (mil/kg) (m/s) (GPa}

Elastic
State 11.24 0,267 1! r,} 02450

CE°80 ...........................................................................................................................................................................................
Final
State q35 0q27 364 0 2281 43 1 2

Elastic
State I124 0220 _8 02470

(:E_72 ...................................................................................................................................................................
Final
Stale I0 75a 0203 12:O 0 2452 <2() < 0

_, ,._,_.__, _,__ ,,,:: : _ ,,, =i, ........ :,, :____ ..... .... ......... ........

pciikparticlevch_,'ity

The veh_ityoftheelasI|cwaverepottedinTable6 isbasedon lheIongiludinaiu!llas_nic
veI_ilyof iOq km/sanda finlle_tralnnonI_near|tyatihellugonioIeiasIiclimitdeter.
minedf_oma Iine_isht_k-veh_cityversusparticle,veh_:ityslopeof._,,I2_

((I,-72)inlhgme 12|ndicalesonselofdynamit'.,yieldatThe lowerampI|tudeploflle"'
" _ le,_CE-80.aboutI0(iPaThiscompaleswith anllhl.ofaboutII0 (:mlacalcui_tcdfor '"S

Such variations are typical for mateiials |n wl_lch the dyrlmnic yield is sensitive in the
strain rate in, and degree of evolution of, the following deformation wave (see the t',ack.
ground m Section 2 of this report) Foi ' _ _ccmpa|!son, the tlugontot elastic limit measured
on otheraluminumoxideceramicswithVISAR meth{_IsissomewhatIowelThe Hugonl-
ot elastic limit for Coors AD.Oq5 measured al Sandia is approximately ()2 GPa, Munson
andLawrence(1079)measuredan HEL ofq_I GPa onGeneralLlecuicl.ucaloxRecent

!v|easurementsonCoorsAD.Oqq,however,arecomparablewiththepresentdata.

The finalHugoniotstatefortestCE-80 isbasedon asymn_¢uicimpact,andthemeasured
projectilevelocityandsecond-waveshockvelocityThepeakamplitudeofthep_u'tlclere.
Iocity profile is not consistent with the calculated Hugoniot state, being about 5% to 10%
low, The wave is not fiat topped and some attenuation due to the overtaking release wave
may haveoccurred,The gradualprecompiessionpriortoarrivaloftheelasticshockat
about1,6l,lsfortheCE-80 profileisprobablya consequenceof a smallparticletrapped
betweentheimpactingplatesduringthe lest+Reve|berationofthewaveletcausedby this
experimental complication may have also eft'acted the peak amplitude of the ploflle
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ttugoniot andDynamic TensileStrengthExperimentson High.QualityAluminum Oxide

Alsoof interestis thedynamictensilestrengthof thisaluminumoxideas inferredfrom the
spnll pullbacksignalobservedin the wave profile,Basedon an acousticapproximation,
thespall stressis,

1
. 2(l_ +/21A"r_. (6)

where 1, and 1_ are themechanical impedanceof aluminumoxideand lithium fluoride,
, res_ctively, and A.,,,. =sthemeasuredpullbackvelocity Re pullbacksignalfor TestCB-

80 is illustratedin Figure 13andprovidesa spnllst=_ngthof about1,2GPn, Althoughthe

o.11

results frontone testate always opentoquestion,a dynamictensilestrengthof thismagni-
tude is unusuallyh=ghfor ceramics Typicalspall suengths for ceramics_u'eabout02.
O.SGPa, Ftighervalueshavebeenobservedonly foga very high.density,fined-grainedz.-

, conia (Glady and Mashimo, IOO2)for which a spall strenjlthof 1,6 GPa wasdetermined
More important is the shockprecompressionof this sample to approximately36 GPa be-
t'on¢the tensilespallstrengthis tested,

o

In contlasl, Test CE.72 which just exceeds the FIEI. of this material, indicatesa spall
strengthof 0_._(]Pit or less (There is someuncertainty in the wave strut:lure in this l'¢-
gion.) Similar measurements on l,ucalox by Munson and Lawrence (IQ7q) also revealed

elast c limit on precom-negligible spall strength in experiments exceeding the tlugoniot ' i'
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pression They attributed the loss of tensile _trength to pervasive microcracking during
shock compression, It appears reasonable In suggest thai the fine-grained homogeneous
microstlUCtUl_ of the present alumina leads to enhanced plasticity under the more intense
deformation of the lligher_ampl itude sh_k compression experiment. Lack of significant

micr_racking could lead to the substantial dynamic tensile strength observed in this ex-

periment_Theseresultswould tendtosupportthemodel ofCagnoux and Longy (Iq88)l'or
thesl_k defo_mationbehaviorofaluminawithand withoutglassyphasesinwhich issues

of homogeneousand heterogeneousmicrostructuresme alsoaddressed,Lessintensede-
formationexperiencedin thelower amplitudetestmay encouragemicrocrackingand
hence reduced spall strength,

Several shock lee-very experiment on the same high-quality aluminum oxide ceramic were

also pet formed, The geometry of the projectile and the recovery target fixture are sketched
in Figure 14 The experiment was performed on a small two-stage light gas gun with a 12
mm launch tube diameter An aluminum plate mounted on a lexan sabot constituted the

projectile The aluminum oxide sample was contained in a steel (4340, Rc 40) holder as
shown 'l'l_e alummun_ oxide was backed by copper (a momentum u'ap to minimize strong

tensile states during plessure release) which in turn was backed by ten-potmd-per-cubic-

foot polyulethane foam The contents were held in place with a 112 in - # 13 threaded bolt.

Two sample assemblies were shock loaded and recovered, ln'tpact velocities were about

1 5 and 20 km/s Shtwk stress levels of 175 and 250 GPa. respectively, have been

calculated thJough impedance matching methods Preliminary analysis ot the sh_k

mecoveled aluminum oxide have been performed by Staehler and Predebon, Mtchigan

Technological [lnlvelstty

Aluminum
11.5 111111X II I mini

I,EXAN Sabot
( 12mm ¢liam)

4340 Steel
2 () m m

Ftgme 14 Shock recovery assembly,
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Failure Properties of High-Density Glass

7. Failure Properties ot' Iligh-I)ensily (;l_lss

A series of plate-impact experiments was completed at SNL as part of the collaborative ef-
fort initiated by R. J. Clifton and G, E Raiser, Brown University (BU), and SNL personnel

' to examine dynamic failure mechanisms in glass These experiments, performed on a sin-

gle-stagt propellant (powder) gun, utilized a vel_ity interferometet, or ViSAR [Barker
. and Hollenbach, 1072 ], to obtain time-resolved loading and unloading data which permit-

ted determination of Hugoniot and spall parameters for specially prepared san'tples of an
aluminosilicate glass (Coming No 1723), In addition, the measured velocity histories
complemented separate studies at BU of the post-shock morphology of ceramic samples
(AI20 3) by providing an independent, dynamic database for a material with composition

similar to the interg|anular glassy phase present in the ceramic, Information from this da-

tabase was appropriate for assessing the existence and properties of a "failure wave," sim-

ilar to that noted by other investigators [Bless, _,t,t/, 1090; Bless, el a/, lqCO], which has

been reported to originate at the impact surface of pyrex and soda-lime glass samples and
subsequently trail behind the initial trartsmitted shock. The intert'erometer records from

the SNL test series were analyzed to obtain particle-vel_ity histories, Hugoniot data, and

spall-strength estimates for the aluminosilicate glass. In addition, features of the velocity
histories were examined with regard to evidence of failure-wave propagation

I(xl_r'rittlVnhd ( 'tltfflt_ltt(lli, Ill

The tests considered in this report (designated GI,ASS 1, 2, 3, and 4) involved target as-
semblies incorporating spectnlens of alunllnostltcate glass in a nominally one-dimensional

(uniaxial strain) impact geometry The test configuration is illustrated in Figure 15 For

/ suPPOmRING;sos _-Te AINOSEPIECE/IMPACTOR /

BACK PLATE; ASSEMBLY; r..q/ / VELOCITYPINS

% // ALUMtNOSILICATEGLASS
"t:: .......:L L: , ]

[ ..................: .....

! _ FROMLASER i
..... : ............. / ]II _='_'TO VISARi

._ I" ii iiiii " ...... /" :_ ::" L): _: ]

PROJECTILEBOOT; PROJECTILESHELLS; (4 PLACES)

Figure 15_Experimental configuration for shock/release/spall and fa2iure-wave

investigations on aiuminosilicate glass (tests Gt, ASS 1-4),
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each test, an aluminum impactor plate was used to provide initial loading of the glass

through a right-going shock, followed by unloading through a right-going rarefaction orig-

inating at the impactor rear (free) surface. Interaction within the glass of this right-going

rarefaction with the initial left-going rm'efaction originating at the glass free surface pro-

duced tensile slJess states suitable for evaluation of the spall stJ'ength of the glass. The

tests were conducted at twe different impact stresses, -..8 GPa (tests 1 and 2) and ~ 3 GPa

(tests 3 and 4), and involved nominally 5-ram thick glass targets prepared at BU with im-

pact surfaces that were either polished (tests I and 3, 0.01-0.07 I.tm RMS roughness) or
deliberately abroded (tests 2 and 4, 0.51-0.53 lain RMS roughness). These different sur-

face tJ'eatments were used to determine the influence, if any, of initial defect density and
amplitude on the su"ucture of the resultant wave profile--paJticularly the effect on failure-

wave initiation and evolution. In all cases, the rear (free) surface of the glass was highly
polished and coated with a thin film of aluminum to provide a specularly reflective surface

for laser light.

Dynamic loading of a glass target plate was produced by a flat-faced projectile that was

accelerated to a preselected impact velocity (0.96 km/s for shots 1 and 2; 0.45 km/s for

shots 3 and 4) by the powder gun. The forward element of the projectile assembly consist-

ed of a 6061-T6 aluminum impactor plate which was non'inally 3.6-ram thick. The impac-
tor was bonded to a projectile nosepiece which had a counterbore in its fiont face that left

the central portion of the impactor unsupported, thereby providing maximum stress re-

lease through the initial right-going rm'efaction tJansmitted into the glass tea'get. Coaxial

shorting pins mounted around the support-ring periphery allowed measurements of impact
velocity anti tilt.

For all experiments, the particle-velocity history at the glass free surface was measured us-
ing a velocity interferometer system, VISAR [Barker and Hollenbacn, 1972], with an ar-

gon-ion laser light source (wavelength - 514.5 nm). The free-surface velocity histories

obtained for shots GLASS 1, 2, 3, and 4 aJe shown in Figure 16, where time t -- OtX) kts

conesponds to first contact of the impactor with the glass tazget. For all experiments, the

VISAR records initially indicated a finite-risetime compressional loading to a steady free-
surface velocity. The arrival time of the leading break, or "toe," of this wavefront corre-

sponded, within experimental uncertainty, to that expected for an impact-generated distur-
bance propagating through the glass at the longitudinal sound speed. The initial fiee-

surface hmdiHt_ histories from all four tests aae plotted together for comparison in Figure
17 which demonsu'ates that dispersive loading waveforms were obtained in all cases, with

a characteristic risetime to the peak stress state of about 50 ns tot the two low-pressure

tests (3 and 4) and about 220 ns for the two high-pressure tests ( 1 and 2).

As discussed above, the leading compressional wavefronts transmitted through the glass
did not show any sharp shocks, and it was not evident that the elastic limit of this material

had been exceeded in any of these experiments, Consequently, an impedance-matching

determination of Hugoniot parameters on the basis of the shock velocity in the glass was

inappropriate, Instead, the in situ pea'ticle ve!_,city behind the leading compression (esti-

mated to be one-half the peak free-suface equilibrium velocity) was taken as the Hugoniot
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Failure Properties of High-Density Glass
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Figure 16. Free-surface velocity histories for shots GLASS 1-4.

particle velocity (up//) and used with the reported Hugoniot data for 6061-T6 aluminum
[Marsh, 1980] to determine the impact stress, which was equivale_ to the Hugoniot pres-
sure ( P, ) in the glass. The experimental Hugoniot particle-velocity and pressure parame-
ters for the glass specimens tested in shots 1 through 4 are summarized below in Table 7'

Table 7:

Itugoniot Parameters for Aluminosilicate Glass

Shot ue, PH

Number (kin/s) (GPa)
,, , , ...... '"'

1 0.485 7.70
, ,I

2 0.464 8.15
, ,

• 3 0.223 3.47
......

4 0.218 3.44
......

43

I I II I II



Sl,a/I Ol_serwztions

For these tests, the impactor was sufficiently thin to allow full transmission of the initial
right-going rarefaction originating at its rear surface into the glass target where it interact-
ed with the initial left-going rarefaction originating at the glass free surface, For the low-
stress tests (3 and 4), as seen in Figure 16, arrival at the glass free surface of the initial rar-
efaction from the impactor rear surface is manifested by a period of decreasing velocity
which begins at t m1,90 Its after impact, and ends with attainment of a local minimum ve-
locity at t,. 2.23 Its. The observed change in fi'ee-surface velocity, A.r,, between the peak

loading state and this local minimum may be ]'elated to the level of tensile su'ess, or, sup-
ported by the glass using the relation _r" 2P.CItA% ) , where p. and C_ are, respec-
tively, the initial glass density and longitudinal sound speed. For tests 3 and 4, ,a% had
values of 0,429 and 0,412 kin/s, respectively, con'esponding to calculated values for' _r of
3.49 and 3,35 GPa, In cases where the glass fi'actures, or is equal to the spall strength of
the material. For the CU_Tenttests, the shock impedance of the aluminum impactor closely
matched that of the glass, so essentially full release of the glass was possible if no spall oc-
curred, Since the observed velocity histories for tests 3 and 4 showed approxiraately full
release (i.e., %,, P. ), the reported values represent lower hottnd_ _on the spall strength of
the glass following shock compression to 3.4-35 GPa,

Figure 17 Expanded view of loading histories for shots GLASS 1-4,
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Failure Properties of High-Density Glass

For experiments 1 and 2, a period of decreasing velocity beginning at ta 1._) Its after im-
pact was not discernible in the VISAR records, and the free-surface velocity remained es-
sentially at its peak value for the duration of the recording time. On this basis, it was
concluded that the glass samples did spall during tests 1 and 2, and that the spall strength
of aiuminosilicate glass was negligible after shock compression to 7.7-8.2 GPa.

6

Faih_re Wave Analysis

' Assuming that a failure wave was generated at impact and propagated into the glass target
at a velocity given by CR/(.2) .. 2,29 km/s {Raiser, 19921, where c R = Rayleigh-wave
speed, then the leading characteristics of the release wave from the glass free surface
should have interacted with the failure front and returned to the fi'ee surface at a time

t., 1.55 Its relative to impact, Examination of the velocity histories for all four experi-
ments showed no conclusive evidence for the arrival of a disturbance at this time, This re-

sult indicated that either (1) no failure fi'ont had been generated, or (2) the impact-
direction impedance mismatch across the failure fi'ont was quite small, The wave-profile
data also imply that failure-wave formation may not necessarily be a consequence of im-
pact-surface defects,
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8. ('onclusions/Fultare Work

The present document reports progress on a range of activities focused on the dynamic
mechanical properties of ceramic materials. Impact equation-of-state experiments on
monolithic ceramics including titanium diboride and aluminum oxide have revealed im-
portant influences of microstructure on the dynamic strength and theological properties of
these materials. An extensive correlation of indentation hardness and impact strength
properties of ceramics has been performed which contributes to the understanding of ce-
ramic yield and failure, A methodology for measuring the hydrodynamic response of ce-
ramics through shock-wave experiments on metal-ceramic composites has been
developed. Dynamic pressure-volume data for silicon carbide has been nbtained, A tech-
nique for determining dynamic multiaxial properties of ceramics has been developed
through impact experiments on confined and unconfined ceramic rods using longitudinal
and transverse VISAR diagnostics, Experiments on high*density glass have been per-
formed to address issues of dynamic fracture and failure wave propagation,

A range of further activities has been stimulated by the progress of the present material
properties research_ These activities will be pursued within the present program over the
next year

Further shock equation-of-state and dynamic su'ength experiments on selected monolithic
armor ceramics will continue. These tests will focus on specific needs of the computation.
al modelling community and will include ceramics with improved microstlucture, and
shock data at higher impact velocities. A suite nf impact tests on Coors AD-O0Oalumina
ceramic is currently being pursued to address porous material issues in modeling the C_¢:-
ors AD-OO5previously tested. Also of concern is the high-purity fine-grain titanium di-
boride ceramic currently being considered for ballistic applications tligher velocity
impact experiments on silicon carbide and boron carbide will be performed to comple-
ment ea=lier data and address specific modeling needs,

Measurement of the hydxodynamic properties of ceramics through she"_'cktesting on metal-
ceramic composites, which has been successfully developed over the past yeaL is yielding
unexpected results on silicon carbide and titanium diboride_ These studies are impacting
computational model development, and the research will continue within the next yea_ to
address the material modeling implications.

The testing of multiaxial properties of armor ceramics through impact experiments on
confined and unconfined ceramic rods with axial and transverse VISAR diagnostics repre-
sented a substantial development within the past year and very encouraging results have
emerged from this work. The effort will continue next year with emphasis focused on sup-
porting computational analysis and optimization of geomeu'y to increase sensitivity to
multiaxial strength properties of the test ceramics,
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