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Abstract

Controlled impact methods have been employed to obtain dynamic response properties of
armor 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 fracture 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 carbide. Additional data on several titanium diboride ceramics
and high-quality aluminum oxide ceramic have been acqui: ed, and issues regarding the in-
fluence of microstructure on dynamic properties have emerged. A systematic comparison
of dynamic (Hugoniot elastic limit) strength and indentation hardness 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

1. Introduction and Summary

The current program focuses on the measurement of response properties of high-strength
ceramic materials to support modeling activities facilitating computational and engineer-
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 necessary 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 deformation mechanisms experienced by materials subjected to transient
loads., which must be described in appropriate dynamic material response models, are be-
ing identified and characterized through high-resolution testing methods. Second, with the
on-going development of response models for different material classes, the dynamic ma-
terial testing provides quantitative material property data for mode! validation. A close in-
teraction between calculationai material-response modeling activities and dynamic
material-property testing studies of the type discussed herein is essential to the successful
attainment of the program objectives.

The baseline material property study in this program has used established, state-of-the-art,
controlled impact methods along with igh-recolution 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 equation-of-state,
strength, and dynamic fracture 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 method 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 successtully 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. Important influ-
ences of porosity and grain size on dynamic strength properties of these ceramics
have been measured.

Indentation hardness measurements (in cooperation with the Army 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 comparison of dynamic
and static strength properties of armor ceramics. Although not yet definitive, impor-
tant correlations are 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 carbide and copper mixtures,
and analysis of this data has been performed. Data for shock pressures in excess of 20
GPa were consistent with hydrodynamic response and agreed with extrapolations of
ultrasonic measurements. Shock measurements in the 10-15 GPa range exhibited
unexpected metal-ceramic composite strength and may lead to further interest in com-
posite material properties.

The development of techniques for determining dynamic multiaxial properties of
ceramics has proceeded at an encouraging pace. A series of impact experiments on
confined and unconfined ceramic rods using axial and transverse VISAR diagnostics
has been completed. Extended (tens-of-microseconds) recording times have been
achieved. The data are being analyzed to provide partial-confinement dynamic
strength and fracture-wave properties.

Experiments have been performed on high-density glass (in cooperation with Brown
University) to achieve improved understanding of dynamic failure mechanisms in
ceramics. Tests were conducted to determine initiation and propagation characteris-
tics of fracture-damage failure waves in glass. Spall properties of shock-damaged
material were also explored.



Shock Compression Properties of Titanium Diboride Ceramics

2. Shock Compression Properties of Titanium Diboride Ceramics

During the course of the present program extensive shock compression and release prop-
erties have been obtained on titanium-diboride ceramic from two different suppliers. More
recent shock data have been obtained on titanium-diboride ceramic supplied by the Army
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 from the Ernst-Mach 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.

Muaterialy

Shock-compression and strength results on two TiBj ceramics having markedly different
microstructures have been reported by Winkler and Stilp (1992). The preponderance of
experiments was performed on a relatively coarse grain ceramic (grain size 30-50 um) 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 im)
and porosity was primarily localized to triple-grain junctions (intercrystalline porosity).
The initial density of both materials was 4360 £30 kg/m? which implies a porosity of
about 4-5% based strictly on density considerations. The coarse-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./m3 and 4509 kg/m3 and will be referred to as SNL-! and SNL-2, respec-
tively. A grain size of about 10-25 um for SNL-1 and a somewhat larger grain size of
about 20-50 pm for SNL-2 was determined from optical metallography. Metallography
also indicated that porosity resided mainly on grain boundaries (intercrystalline porosity)
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.

Lxperiments

All shock-compression experiments performed on SNL material were symmetric TiB2-on-
TiB; tests. VISAR diagnostics |Barker and Hollenbach, 1972] were used in conjunction
with lithium-fluoride windows | Wise and Chhabildas, 1986] to measure time-resolved ma-
terial interface velocities. This technique has been discussed in detail elsewhere |Kipp and
Grady, 1990].

A somewhat different configuration was used in testing the Ernst-Mach (FMI-1) material

because of the small sample size available. The sample of TiB ceramic was mounted in a
stationary target fixture. A transparent 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 ceramic and lithium-fluoride window. Planar impact by a copper nosepiece
mounted on the projectile caused the propagation of a compressive shock wave through
the ceramic sample. The VISAR wave profile measured in this experiment is shown in
Figure | and compared with a similar profile for SNL-2 material. The pertinent experi-
mental parameters have not been reported elsewhere and are provided in Table 1.

Table 1:
Experimental Parameters for Titanium Diboride (EMI-1) Impact Test

Tal'get Im pactor Impact
Test Test Thxckngss Thnckne.ss Velocity
Number Material (ceramic) (copper)
mm) | (mm) (kmys)
CE-75 TiB, 4.521 9.424 1.458

Hugoniot States

As observed in the measured 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 upper and lower yields
previously observed in other TiB; materials. Comparison with SNL material (SNL-2)
showed that lower yield for the EMI-1 material was somewhat higher whereas the upper
yields for the two materials was comparable.

Hugoniot-stress-versus-specific-volume states were determined from the experimental
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 from 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 EMI- 1 material, which reached a peak stress of approximately 31 GPa,
Test S 1065 of Winkler and Stilp (1992) on the same material, reaching a maximum stress
of about 14 GPa, is also plotted. The one experiment on EMI-2 matciial, in which an up-
per and lower yield was observed (Test S 889), completes the Hugoniot data in Figure 2. A
calculated theoretical hydrodynamic curve is also shown in Figure 2 which is based on
reasonable ultrasonic and compressibility properties for TiB; and provides a basis for ex-
amining yield and shear-strength characteristics. The Hugoniot and dynamic strength
properties of TiB2 ceramic plotted in Figure 2 are as follows: The highest density SNL-2
material exhibits a lower yield at about 4-6 GPa and an upper yield near 17 GPa. The
somewhat lower density SNL-1 material shows a statistically higher lower yield (6-7
GPa), but the upper yield at approximately 14 GPa is appreciably lower than that of SNL-
2. The one experiment on EMI-2 material (Test S 889) exhibits a 4-5 GPa lower yield and

12
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Figure I. VISAR wave profiles for present experiment on EMI-1
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 behavior (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:
Hugoniot Data for Titanium Diboride (EMI-1) Impact Test

Shoqk Pax'tiqle Stress Specific

Velocity | Velocity Volume

(kmfs) | (km/s) | (GPa) | (m’/My)
Lower Yield 10.8 0.130 6.15 0.226]
Upper Yield 10.0 0.339 1528 | 0.2213
Final State 8.3 0.766 | 30.74 | 0.2095
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Material Implications

Grain size in TiBj 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 for 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-
lishad. 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].
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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 starting 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 |
can be regarded as a compaction wave. The 8.3 km/s velocity of this wave for the EMI-]
material 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 Wirkler and Stilp (1992) is also consistent with this inter-
pretation.

The shock-compression characteristics of the EMI-1 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 Figure 1, however, shows that
the upper 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 TiB7 ceramic. There may be other chemical or microstructural dif-
ferences that have been overlooked, however.

Summary

Dynamic yield in TiB7 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 shear 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, intracrystalline-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 Indentation Hardness of Armor Ceramics

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 microstructural 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
hardness 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 are 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.

Background

There are at least three critical parameters to which the shear strength of a brittle material
can be expected to show sensitivity. These are, respectively, the confining pressure, strain
rate and size scale. Consideration of these parameters as they relate to the dynamic
strength measured in an impact experiment (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 from 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 (1 to 10 ns). The thickness of this first wave, however, does not determine the spa-
cial scale of the material tested for 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 um have been established for 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 um scale of
the region under a hardness indentor.

The state of deformation in a planar-impact shock-wave experiment is one of uniaxial
strain. Consequently, when yield is achieved the material is in a high state of confinement.




When the axial stress o, achieves the Hugoniot elastic limit, o = o, , , the lateral stress-
es are,

o, =0, =f(v)o,, . (H
and the mean stress is,
p=(o,+t0,+0,)/3 =g(v)g,, . (2)
where f(v) and g(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-
ing where o =0, =0 and p=Y/3 (Y = compressive yield strength). The state of
confinement of the 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" /s, whereas strain
rates in thc 1mpact tests determined from risetimes of the deformation wave are on the or-

der of 10 /s to 10 /s

Thus, it is argued that strength ditferences between the shock-wave and indentation hard-
ness measurements 1s primarily a consequence of strain-rate sensitivities rather than size
scale or confining-pressure effects.

Test Methods 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, 1986] for
the velocity interferometry (VISAR) system [Barker and Hollenbach, 1972]. 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 for the material under test.

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

High strength ceramics tested in the present program were acquired from 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-
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lithic ceramic materials have been investigated. These are aluminum nitride, aluminum
oxide, boron carbide, silicon carbide, titanium diboride and zirconium dioxide. Longitudi-
nal and shear sound velocities, and densities were determined for all ceramics tested. Ap-
propriate data for each ceramic are 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 acquired from the
Dow Chemical Company and is the same ceramic tested in the recent shock-compression
studies of Rosenberg, ¢t al. (1991). According to the supplier the hot-pressed aluminum
nitride tiles have a nominal porosity of 1% and grain size of 2 um. Ultrasonic and density
measurements made in this laboratory indicated a sample-to-sample variation 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 Industrie Bitassi. This material contained a
significant fraction of glassy phase. The other material (A2) tested was the relatively high-
purity Coors AD-995 alumina. Boron carbide from two different suppliers was also tested.
The first boron carbide material (B1) was supplied by Eagle Picher Industries. Nominal
grain size was 10 Um. 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 dete:-
mined from optical metallography was about 3 m. The silicon carbide (S1) examined in
the study was supplied by Eagle Picher Industries. This ceramic had a nominal grain size
of 7 im and about 1% porosity in the form of spherical cavities on grain boundaries.Tita-
nium diboride from two different suppliers was also tested. The titanium diboride (T!)
was supplied by Eagle Picher Industries. A nominal grain size of 12 im 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 jm.
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-
fractory. A nominal grain size of 15 Um was determined, and porosity in this material was
approximately 4%. The second zirconium dioxide (Z1 and Z2) was a high quality 3 mol%
yttria-stabilized zirconia with nearly 100% tetragonal phase. This material was supplied
by Sumimoto Electric Industry in two batches which differed by about 1/2% in initial den-
sity. Shock wave properties for these zirconia materials are reported in Grady and Mashi-
mo (1992). Shock wave properties of the other ceramics are discussed in Grady (1991,
1992).

Results and Discussion

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

o . 3)

hel

Y¢I-2

~—e = 4
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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.

Table 3:
Indentation Hardness and Dynamic Strength Data

Density C, C, Dynamic Yield® | Hardness
Material | Code® :

(kg/m3) | (kmy/s) | (km/s) (GPu) (GPa)
AIN AN | 3254 | 1073 | 6.32 5.5 10.6
AlLO; | Al 3555 | 928 | 5.47 3.6 10.6
ALO; | A2 | 3890 | 10.56 | 6.24 4.3 14.5
BC | Bl | 2517 | 1404 | 890 | 137 26.2
B4C B2 | 2506 | 14.07 | 8.87 5.1 25.6
SiC Sl 3177 | 1206 | 7.67 12.5 223
TiB, Tl 4452 | 1093 | 7.30 11.6(5.4) 19.0
TiB, T2 4509 | 1079 | 7.43 15.2(3.8) 19.6
70, Z1 5602 | 6.61 | 354 3.2 8.5
210, 72 6028 | 7.11 | 3.72 8.9 1.4
70, Z3 | 5954 | 687 | 3.63 7.4 10.7

(a) Code is identified in the text.
(b) Numbers in parentheses are lower yield for TiB; (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 strength observed in the more recent data. The general trend,
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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Figure 3. Correlation of dynamic strength and indentation hardness for selected

ceramics.

measurement would be less sensitive to moderate variations in porosity in a specific ce-
ramic.

This difference in sensitivities of the two test methods appears to explain the strength mea-
surements for the two tetragonal zirconia samples which differed only in initial porosity,
and probably explains the two titanium diboride points (upper yield) whose density differ-
ence is most likely also related to a small porosity difference. As seen in Figure 3, the dy-
namic strength for these two materials is observed to depend sensitively on the variations
in porosity whereas indentation hardness measurements are relatively insensitive to these
same variations. The dynamic yield for the two aluminum oxides and the cubic zirconium
dioxide, which seem to be below the general trend of the data may also be related to the
excessive porosity in these materials. ‘the larger glassy component in the Bitassi alumina
probably accounts for the significant reduction in indentation hardness compared to that of
Coors AD-995 alumina,

Titanium diboride is unusual in that time-resolved controlled impact experiments indicate
a complex two-step yield process for this material (Grady, 1992). The shock data suggests
a secondary nonpervasive yield at about 4 to 5 GPa shear stress which quickly saturates
and is followed by onset of pervasive shear yield at about 12 to 15 GPa. It is interesting to
note in Figure 3 that indentation hardness and dynamic yield for this material correlates
with the general trend of the data if the upper yield is considered.
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Impact experiments on boron carbide identify a high initial dynamic shear strength as is
shown in Figure 3, but dramatic shear strength softening occurs with subsequent deforma-
tion. This behavior has not been observed in the other ceramics tested. The comparatively
high indentation hardness measurements for boron carbide do not reflect this softening,
suggesting that it is strictly a dynamic effect — possibly local thermal softening or a lat-
tice instability in the boron carbide structure.

Summary

It can be argued that shock compression and indentation hardness methods test the
strength characteristics of material under similar states of confining pressure and of simi-
lar size scale, differing principally in the rate of loading. Comparisons of shock wave and
indentation hardness measurements show a reasonable correlation in strength values be-
tween the two test methods. Nominal agreement in magnitude suggests that strain rate ef-
fects in these ceramic may be weak. It is also suggested that differing sensitivities of the
two test methods to modest variations in initial porosity may account for much of the cor-
relation scatter. It is suggested that indentation hardness tests average over larger strains,
providing a strength measure closer to that of the fully dense material. In contrast, the high
resolution of the shock-wave VISAR diagnostic leads to more detailed information on po-
rosity sensitivity and deformation hardening. Improved understanding of deformation de-
tails in the two test methods should lead to enhanced material strength data for
computational model development and application.
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4. Hydrodynamic Equation of State of Silicon Carbide Through Shock
Compression Experiments on Metal-Ceramic Mixtures

Planar shock-compression experiments on monolithic ceramics provide measurements of
axial-stress and specific-volume states commensurate with the high-strain-rate, large-con-
fining-pressure environment of an impact test. The large shear stresses achieved during the
uniaxial-strain 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 transverse stress 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. Al-
though transverse stress measurements within the shock environment have been per-
formed, the methods are still developmental and results in many cases are not fully
satisfactory.

An alternative method commonly used to infer the deviatoric constitutive properties of the
material during the shock compression 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 i1sothermal hydrostatic data tor adiabatic
conditions within the shock process, or by extrapolation of lower pressure ultrasonic data
using accepted functional forms for the higher pressure compression behavior.

Another method, and that which is pursued here, is to directly measure the hydrodynamic
compression of the material of interest through shock-wave techniques. The method in-
volves the immersion or mixing of the test material into a matix materia! which is Auid-
like in its shock-compression behavior (i.e., unable to support deviatoric stresses). This
approach was originally explored by Adadurov, ¢f a/ (1962). It was used by Kanel' and
Pityulin (1984) to measure the hydrodynamic properties of titanium carbide. More recent-
ly, Tang and Gupta (1988) used the technique to investigate phase transformation in cad-
mium sulfide, and Poderetz, er al. (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-compression studies on mixtures of silicon carbide
and copper prepared 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.

Material Preparation
Mixture samples were prepared from powders of «-silicon carbide and copper. Nominal
grain size of the silicon carbide was 15-20 um and the particle distribution was fairly nar-
row. Minus-325 mesh, three-nines purity copper was used as the matrix matcnal To
achieve the 50%*‘50% volume mixture, based on crystal densities of 3220 kg/m for SiC
and 8920 kg/m for Cu, 16.26 g of SiC and 45.05 g ot Cu were combined.
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Rigure 4. Experimental configuration for Hugoniot and release tests.

A set of six samples were prepared with hot-pressing techniques in the form of uniform
discs which after machining were approximately 5 mm in thickness and 38 mm in diame-
ter. One sample was sectioned and polished. Optical metallographs indicated a uniform
distribution of SiC particles throughout the sample. Ultrasound tests and low densities,
however, indicated extensive central cracking due to cooling stresses in several speci-
mens. 'l"wo samples from this batch were judged acceptable with densities of 5830 and
5840 kg/m . respectively. Comparison with a theoretical density of 6070 kg/m for a 50%-
50% mixture suggests several percent porosity. A second batch of three further samples
were prepared with slight variations in the temperature-pressure history during fabrica-
tion. All samples from this batch appeared acceptable by ultrasound scan and density mea-
surements. Densities were close to 5990 kg/m3. Shock wave experiments were performed
on the two acceptable samples from the first batch and on two samples from 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

Shock Compression Methods

Shack-compression experiments were performed to measure both Hugoniot and release
states in the metal-ceramic composite samples. The method used incorporated laser inter-
ferometry shock-wave diagnostics and was developed specifically for accurate Hugoniot
and ielease state analysis [Grady and Furnish, 1988]. The experimental assembly is illus-
trated in Figure 4. The mixture sample is mounted on the projectile, backed by PMMA
(polymethylmethacrylate) and preceded by a thin disc of aluminum (6061-T6 alloy) The
stationary target consists of a thin aluminum disc followed by a lithim fluoride window
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Figure 5. Interface particle-velocity profile for test CE-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.

Projectiles were accelerated to velocities between 1.0-2.4 km/s with a single-stage propel-
lant gun and underwent planar impact with the target. Diffused-surface velocity interfer-
ometry or VISAR [Barker and Hollenbach, 1972] was used to monitor the time-resolved
velocity at the aluminum-LiF interface in the target. A representative motion history for
one of the present tests is shown in Figure 5. Peripheral electrical shorting pins are used to
measure projectile velocity and planarity of impact (see Figure 4).

Impact velocities were selected to achicve Hugoniot pressures over the range 15-30 GPa
in approximately 5 GPa increments. The maximum velocity achievable (~2.38 km/s) with
the propellant gun facility was necessary to attain the 30 GPa Hugoniot pressure point.
Necessary experimental and Hugoniot properties are provided in Table 4

Mixture analysiy

To calculate the hydrodynamic compressibility of silicon carbide from the Hugoniot mea-
surements on the mixture, some simplifying assumptions are needed. First, it is assumed
that any initial porosity is collapsed and eliminated during the shock compression process.
Further, based on the relatively low yield stress of the copper matrix it is assumed that
stress deviators in the mixture at the shock state are sufficiently low that the measured
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Hugoniot stress can be sensibly equated to the pressure. Finally, it is assumed that the
compressibility of silicon carbide and copper are additive. That is,

v(p) =AU (M +(L=Du (p) C)

where v, v, and v, are the specific volumes of the mixture, silicon carbide and copper,
respectively, and A is the mass fraction of silicon carbide in the mixture.

Based on a 50%-50% volume ratio of silicon carbide and copper, the mass fraction of sili-
con carbide is calculated to be A = 0.265. The compressibility of copper is calculated from
its known Hugoniot properties. Linear shock-velocity versus particle-velocity parameters
for copper [Marsh, 1980] are ¢ =3.940 km/s and § = 1.49. The compressibility of silicon
carbide calculated from Equation 4 is plotted in Figure 6. Horizontal error bars shown for
the four data points are determined 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, 1989]. Analytic estimates of the
hydrodynamic response in Figure 6 identified by the dashed lines are based on the theoret-
ical density of silicon carbide, a bulk modulus calculated from 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 ¢’ = 8190 m/s . A value of § near unity is consis-
tent with the high-pressure Hugoniot data for silicon carbide from Gust, ef /. (1973). Also
shown are static compressibility measurements of Bassett and Weathers [Holmquist,
1991] using diamond anvil technology..

Table 4:
Hugoniot Experiments
Sample | Impact | Sample | Proj. al | Targ. al | Hug. | Hug, :lug
Test | dens | vel thk. thk. thk. | press. | part. vel. 5;;‘
No. ;
(kg/m?) | (km/s) | (mm) | (mm) | (mm) | (GPa)| (km/s) (:11' él(g)g

CE-68 | 5930 1.728 5.0l 1.05 1.02 19.9 0.578 151.7
CE-69 | 5940 | 236l 5.01 1.05 1.02 29.7 0.840 1447
CE-78 | 5991 2,027 498 1.05 1.00 | 245 0.715 146.2
CE-79 | 5989 1.275 497 1.05 1.01 14.1 0.422 154.4

Discussion

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 14 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. Ultra-
sonic measurements were obtained on silicon carbide ceramic samples which were a few
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Figure 6. Compressibility of silicon carbide based on mixture Hugoniot
measurements and analysis. Static data from Holmquist (1991).

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 are somewhat unexpected due to the low flow stress (0.1-0.2 GPa) of copper.
There are several possible strength issues which could cause the difficulty. The samples
are 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 stress in the copper. Secondly, the mixture matrix as a
whole at these stress states may be supporting deviatoric stresses. Stress differences might
be experienced if sufficient bridging between silicon carbide particles occurred to allow
the strength of the ceramic to be felt. Although the copper is somewhat more compressible
than the silicon carbide, the overall strain levels are sufficiently modest that the extent of
particle contact will not differ significantly from 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.

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 bars are conservative in light of the uncertainty in silicon carbide content
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in the present meaterials. Possible strength contributions 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, ¢f al.
(1973) have suggested a shock-induced phase change in silicon carbide within this range
from observations on shock data. Compressive shock profile measurements of Kipp and
Grady (J990) do not show evidence for a phase transition although the nondispersive
character of release waves could imply reversion from a high-pressure phase. Examination
of silicon carbide 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 a-silicon carbide does not indicate a high-pressure transi-

tion.
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5. Development of 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, flat-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 anvil 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.

Experimental Configuration

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 mm. 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 from 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 from 6061-T6 aluminum, and featured (1) 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-mm thick, and (2) a trailing rod section that
was nominally 20-mm diameter and 122-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 struck 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 1o sleeve, or a ductile, high-
shock-impedance metallic sleeve machined from either tantalum (Ta) or OFHC (oxygen-
free, 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 or 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-surface Velocity Measurements

During each experiment, time-resolved particle velocity data were acquired simultancous
[y at two or more locations: one VISAR monitored the longitudinal (axial) velocity at a
point coincident with the center of the rod’s free 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).
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Figure 8.  Axial (upper trace) and radial (lower traces) free-surface
velocity data for shot RODTSTS (no confinement sleeve).

Representative velocity records are displayed in Figures 8 and 9, respectively, for experi-
ments RODTSTS and RODTST®G. In each of these tests, a 10-mm diameter by 80-mm
long (L/D = 8) alumina rod was impacted at about 1.1 km/s. No metallic confinement
sleeve was used for RODTSTS, whereas a tantalum sleeve (20-mm outer diameter) was
used for RODTST®. In both experiments, axial velocity data were successfully recorded
by VISAR | during a time interval extending at least 25 Us after 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,

C, = 106 km/s), followed by a second compressional wave (travelling at about the bar
velocity, C, = 9.81 km/s) that brought the velocity to its peak value. The axial velocity
subsequently decayed only slightly from this peak (~ 10% - 20%, respectively, for
RODTSTS 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 RODTSTS 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-velocity data was about 9 -12 ps for
VISAR 2 and about 12 -15 ps for VISAR 3. For the unconfined rod (test 5), the radial-ve-
locity records indicated a similar amplitude ( ~0.047 km/s) for the first peak, but diver-
gent behavior thereafter with the downstream 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 strength Estimates

As noted above, the axial velocity observed at the free 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. Comparison of axial (longitudinal) free-surface velocity
histories for shots RODTSTS (no sleeve) and RODTST6
(Ta sleave).

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

Using the measured value of «,, for a given test, the corresponding in siti axial stress
achieved through the incident bar wave, o, , was estimated from the relation,

.
G,\'h ~ 2 p“(' h"«q ' (5)

where p, and (', were, respectively, the initial density (3890 kg/m") and bar velocity of
the rod material. On this basis, a value of o, = 3.15 GPa was obtained for shot
RODTSTS (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 = a,, = 6.16 GPa for the
case of rigid confinement (i.¢., 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 S) 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, = o, = 0 ), and, as expected, the yield strength of the material was di-
minished. In comparison, the observed stress value of o , = 3.15 GPa for the unconfined
rod was significantly lower than the predicted value of o, = ¥, = 43 GPa (where ¥, =

dynamic yield strength; see Table 3). This result suggested that surface effects play an im-
portant role in determining the yield strength of urconfined ceramic material.
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6. Hugoniot and Dynamic Tensile Strength Experiments on
High-Quality Aluminum Oxide

Several controlled-impact strength experiments were performed on a high-quality alumi-
num oxide ceramic provided by the Michigan Technological University in support of ma-
terials development research at that facility [Staehler, er a/., 1991]. In one test the impact
amplitude just exceeded the dynamic uniaxial strain yield strength (HEL) of the ceramic,
In the second test peak stresses approximately three times the HEL were achieved. Exper-
iments were designed such that tensile spall of the ceramic specimens was achieved on
stress unloading. Supporting shock recovery experiments were also performed

Backgrowund

Because of the early and wide availability of good quality aluminum oxide ceramic and
single crystal aluminum oxide, shock Hugoniot equation-of-state measurements on this
material have been extensive. Sapphire, which is the Al;O4 single crystal form, has a
rhombohedral hexagonal crystal structure with close-packed oxygen ions. Early Hugoniot
equation-of-state studies on single-crystal and polycrystalline aluminum oxide includes
the work of McQueen and Marsh (1960) and Ahrens, ¢t 1l (1968) to nearly 150 GPa, and
the investigation of Brooks and Graham (1971) which included a determination of Hugo-
niot elastic limit dependence on crystal orientation in single crystal AlO;. No phase tran-
sitions have been observed in this matenal under shock or static loading to pressures in
excess of 100 GPa. A useful summary of this early shock data is included in the recent
work of Mashimo, ¢f al. (1988)

The extensive shock-wave investigation of aluminum oxide by Gust and Royce (1971) 15
also noteworthy. Shock Hugoniot and strength data tor 4 aluminum oxide ceramics rang-
ing in porosity from about 6% to near theorctical density were provided to nearly
100 GPa. HEL strengths ranging from 6-13 GPa were repoited although a marked depen-
dence of HEL 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 HEL).

The research of Cagnoux and Longy (1988) and Yeshurin, ¢ al. (1988) 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
microstructural heterogeneity (coarse grain structure or dissimilar second phases) as criti-
cal to the mode of failure. Homogeneous fine-grain aluminum oxide yields through dislo-
cation plasticity. whereas heterogeneous material undergoes pervasive microcracking due
to local tensile stresses in the dynamic failure process. Cagnoux and Longy (1988) ob-
served no strain rate dependence of the Hugoniot elastic limit in aluminum oxide ceramic
over the range of about 5 x 10°/s to 5 x 10%s.

Velocity interferometry measurements of compression and release wave behavior for fully
dense aluminum oxide have been performed by Munson and Lawrence (1479) to 16 GPa.
Within this stress range (the measured HEL for the material studied was 9.1 GPa) the de-
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formation wave is dispersive, presumably due to viscous effects brought about by kinetics
of the yield process. Release is reported to be fully elastic within this range Dynamic
yield was attributed to pervasive microfracturing The latter conclusion was based on the
observed lack of spall strength measured on release.

In the present study we provide several additional compression and release wave profiles
on the high-quality aluminum oxide ceramic provided by Michigan Technological Univer-
sity. Maximum compression states are approximately 36 (iPa Dynamic compressive
strength and release properties are examined in light of the new data

Muaterial
The present aluminum oxide samples were prepared by hot isostatic pressing of 99 99%,
pure aluminum oxide powder [Stachler, ¢1 «/., 1991} No additives of any kind were in-
cluded, thus minimizing the formation of second phases. A mean grain diameter of slight-
ly under one micrometer was achieved Samples achieved a near-theoretical density of
3970 kg/m‘ The measured longitudinal and shear wave speeds were 1091 kmy/s and 6 44
km/s, respectively

laperiment

The configuration tor the contiolled-impact shock-wave expeniments 15 shown n
Figute |1 Samples of the aluminum oxide ceranmc were mounted in both the target and the
projectile A transparent disc of lithium fluoride window matenial 19 1 mm i thickness and

TARGET
ASSEMBLY

3 Veloenty Ping

|

Foam Ceramic i
Backing :
z‘:) 54 hu“.,’nn\? prisand

......

* To VISAR

v
Target Lithium Fluoride
Ceramic — Jwmmd, Window
PROJECTILE _ 4 Flush Pins
BODY AlRing
Al Nose Aluminum
Plate Target Fixture

Figure 11 Experimental configuration for shock and release experiment on
aluminum oxide ceramic
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Hugoniot and Dynamic Tensile Strength Experiments on High-Quality Aluminum Oxide

25.4 mm in diameter was bonded to the back of the stationary target ceramic. A diffused-
surface laser interferometer (VISAR) measured the time-resolved velocity at the interface
between the ceramic and the lithium-fluoride window [Barker and Hollenbach, 1972; Wise
and Chhabildas, 1986]. The measured velocity profiles are shown in Figure 12. Impact of

saramin/ea?l-80.ame
'.2 ¥ 4 L Sty § T ¥ ¥ ¥ “¥ 1 — \f \J ¥

1 - N

VELOOITY (km/sec)

Figure 12 Intertace velocity profiles for aluminum oxide impact
experiments .

the thin ceramic sample mounted in the projectile, which is in turn backed by polyurethane
foam, led to the propagation of a compressive shock and release wave in the target ceramic.
Details of this wave are recorded in the measured VISAR velocity profile ‘The interaction
of release waves within the target ceramic sample also leads to a test of the dynamic tensile
(spall) swength of the ceramic. Pertinent experimental parameters are provided in Table .

‘Tuble 8:
Experimental Parameters for Aluminum Oxide Impact Test
Test Foam Target Impactor Impact
Number Dcnsitg Thickness | Thickness Velocity
(kg/m”) (mm) mm (km/s)
et e sl R ey . B A i s h e S Cola i i S e
CE-7? 145 6.230 2.804 0.587
CE-80 640 6.261 2.802 1.855

KY)




Analvsis
Compressive stress state data (Hugoniot states) determined by wave analysis of the mea-
sured VISAR profiles are provided in Table 6

Table 6:
Hugonim Data for Muminum ()xldv lmpact l‘vsl

» Shock Pamcic - 'Specxﬁc Pullback Spall
N::txt:er Velocity | Velocity ?(g;:!; Volxume Velocity | Stress
' (km/s) | (km/s) (m~/kg) L (m/s) (GPa)
Elastic
State 11.24 0.267 119 | 02459
CE-80 Final
Stme 913§ 0927 304 | 02281 43 12
S e e B T e e S R T e
Elastic
‘imte 1124 0220 098 02470
CE-72 Fmal
S(ate IO 7‘5“ 0 20‘% 120 0 2@‘52 <2() < () ﬁ
] 'shmk \clmm xlctmmnul !mm limc at nudpnmt nnpmudc hctwcn cm\m hwuk cmd
peak particle velocity

The velocity of the elastic wave reported in Table 6 is based on the longitudinal ultiasonic
velocity of 109 km/s and a finite strain nonhinearity at the Hugoniot elastic limit deter-
mined from a linear shock-velocity versus particle-velocity slope of v = | 24

The lower amplitude profile (CE-72) in Figure 12 indicates onset of dynamie yield at
about 10 GiPa. This compares with an HEL of about 11 9 GPa caleulated for Test CE-80
Such variations are typical for matenals in which the dynamic yield is sensitive to the
strain rate in, and degree of evolution of, the following deformation wave (see the back-
ground in Section 2 of this report) For comparison, the Hugoniot elastic limit measured
on other aluminum oxide ceramics with VISAR methods is somewhat lower The Hugoni-
ot elastic limit for Coors AD-995 measured at Sandia is approximately 6 2 GPa. Munson
and Lawrence (1979) measured an HEL of 9.1 GiPa on General Electric Lucalox. Recent
measurements on Coors AD-999, however, are comparable with the present data.

The final Hugoniot state for test CE-80 is based on a symmetric impact, and the measured
projectile velocity and second-wave shock velocity. The peak amplitude of the particle ve-
locity profile is not consistent with the calculated Hugoniot state, being about 5% to 10%
low. The wave is not flat topped and some atienuation due to the overtaking release wave
may have occurred. The gradual precompression prior to arrival of the elastic shock at
about 1.6 s for the CE-80 profile 1s probably a consequence of a small particle uapped
between the impacting plates during the test. Reverberation of the wavelet caused by this
experimental complication may have also effected the peak amplitude of the protile
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Hugoniot and Dynamic Tensile Strength Experiments on High-Quality Aluminum Oxide

Also of interest is the dynamic tensile strength of this aluminum oxide as inferred from the
spall pullback signal observed in the wave profile. Based on an acoustic approximation,
the spall stress is,

;(l, +7,) Any, (6)
where 7, and 7, are the mechanical impedance of aluminum oxide and lithium Auoride,
respectively, and Au,, i1s the measured puliback velocity. The pullback signal for Test CE.
80 is illustrated in Figure 13 and provides a spall strength of about 1.2 GPa. Although the

[+ ¥ ] o gy proomiy 1 t
TEST CE 80
07 4
[}
~. 08 .
&
5 05 A~
g M
04 Spall
Signal
PR | PO | TR b4 PO
o‘!?o ' 22 ' 2.4 ' 248 o 28 ‘ 30
TIME (148)

Figure 13 Velocity-profile spall pullback signal

results from one test are always open to question, a dynamic tensile strength of this magni-
tude is unusually high for ceramics ‘Typical spall stengths for ceramics are about 0.2-
0.5 GiPa. Higher values have been observed only for a very high-density, fined-grained zu-
conia (Grady and Mashimo, 1992) for which a spall strength of 1.6 GPa was determined.
More important is the shock precompression of this sample to approximately 36 GPa be-
fore the tensile spall strength is tested.

In contiast, Test CE-72 which just exceeds the HEL of this material, indicates a spall
strength of 0.5 GPa or less (There is some uncertainty in the wave structure in this re-
gion.) Similar measurements on Lucalox by Munson and Lawrence (1979) also revealed
negligible spall strength in expeniments exceeding the Hugoniot elastic limit on precom-
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pression They attributed the loss of tensile strength to pervasive migrocracking during
shock compression. It appears reasonable to suggest that the fine-grained homogeneous
microstructur = of the present alumina leads to enhanced plasticity under the more intense
deformation of the higher-amplitude shock compression experiment. Lack of significant
micracracking could lead to the substantial dynamic tensile strength observed in this ex-
periment. These results would tend to support the model of Cagnoux and Longy (1988) for
the shock deformation behavior of alumina with and without glassy phases in which issues
of homogeneous and heterogeneous microstructures are also addressed. Less intense de-
formation experienced in the lower amplitude test may encourage microcracking and

hence reduced spall strength.
Shock Revovery Experiments

Several shock recovery experiment on the same high-quality aluminum oxide ceramic were
also performed. 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 The aluminum oxide was backed by copper (A momentum trap to minimize strong
tensile states during pressure release) which in turn was backed by ten-pound-per-cubic-
foot polyurethane foam The contents were held in place with a 1/2 in. - #13 threaded bolt.

Two sample assemblies were shock loaded and recovered. Impact velocities were about
IS and 20 km/s. Shock stress levels of 17.5 and 25.0 GPa, respectively, have been
calculated through impedance matching methods. Preliminary analysis of the shock-
recovered aluminum oxide have been performed by Staehler and Predebon, Michigan
Technological Universiy

Aluminum .
Smmx 111 mm
Copper Bolt
(24 mmx6 Imm)
AIzO; (9.5 mm x 6 3 mm)
LLEXAN Sabot (24 mm x 6 3 mm)
(12 mm diam.) e
> <
4340 Steel

20mm

Figure 14 Shock recovery assembly.
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Failure Properties of High-Density Glass
7. Failure Properties of High-Density Glass

A series of plate-impact experiments was completed at SNL as part of the collaborative ef-
fort initiated by R. J. Clifton and G. F. Raiser, Brown University (BU), and SNL personnel
to examine dynamic failure mechanisms in glass. These experiments, performed on a sin-
gle-stage propellant (powder) gun, utilized a velocity interferometer, or VISAR [Barker
and Hollenbach, 1972], to obtain time-resolved loading and unloading data which permit-
ted determination of Hugoniot and spall parameters for specially prepared samples of an
aluminosilicate glass (Corning No. 1723). In addition, the measured velocity histories
complemented separate studies at BU of the post-shock morphology of ceramic samples
(Al;03) by providing an independent, dynamic database for a material with composition
similar to the intergranular 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 «i., 1990; Bless, ¢/ al,, 1992], which has
been reported to originate at the impact surface of pyrex and soda-lime glass samples and
subsequently trail behind the initial transmitted shock. The interferometer records from
the SNL test series were analyzed to obtain particle-velocity 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

Experimental Configuration

The tests considered in this report (designated GLLASSI, 2, 3, and 4) involved target as-
semblies incorporating specimens of aluminosilicate glass in a nominally one-dimensional
(uniaxial strain) impact geometry. The test configuration is illustrated in Figure 15 For

SUPPORT RING; 606 1-T6 Al

NOSEPIECE /IMPACTOR
BACK PLATE; ASSEMBLY; VELOCITY PINS
606 1-T6 Al 06 1-T6 Al
606176 / TARGET PLATE:
-& \ ALUMINOSILICATE GLASS
—— <mm LASER
TO VISAR
/
/ ¥ .
/ N\ LT PN
PROJECTLE BOOT;  PROJECTILE SHELLS: (4 PLACES)
POLYETHYLENE LINEN PHENOLIC

Figure 15. Experimental configuration tor shock/release/spall and faiiure-wave
investigations on aluminosilicate glass (tests GLASS |-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 rarefaction originating at the glass free surface pro-
duced tensile suess states suitable for evaluation of the spall strength of the glass. The
tests were conducted at twe different impact stresses, ~8 GPa (tests | and 2) and ~3 GPa
(tests 3 and 4), and involved nominally 5-mm thick glass targets prepared at BU with im-
pact surfaces that were either polished (tests | and 3, 0.01-0.07 um RMS roughness) or
deliberately abraded (tests 2 and 4, 0.51-0.53 utm RMS roughness). These different sur-
face treatments were used to determine the influence, if any, of initial defect density and
amplitude on the structure of the resultant wave profile--particularly 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 elemert of the projectile assembly consist-
ed of a 6061-T6 aluminum impactor plate which was non:inally 3.6-mm thick. The impac-
tor was bonded to a projectile nosepiece which had a counterbore in its front face that left
the central portion of the impactor unsupported, thereby providing maximum stress re-
lease through the initial right-going rarefaction transmitted into the glass target. Coaxial
shorting pins mounted around the support-ring periphery allowed measurements of impact
velocity and i,

For all experiments, the particle-velocity history at the glass free surface was measured us-
ing a velocity interferometer system, VISAR [Barker and Hollenbach, 1972}, with an ar-
gon-ion laser light source (wavelength = 514.5 nm). The free-surface velocity histories
obtained for shots GLASSI, 2, 3, and 4 are shown in Figure 16, where time + = 000 ps
coniesponds to first contact of the impactor with the glass target. 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 free-
surface /oading histories from all four tests are plotted together for comparison in Figure
17 which demonstrates that dispersive loading waveforms were obtained in all cases, with
a characteristic risetime to the peak stress state of about 50 ns for the two low-pressure
tests (3 and 4) and about 220 ns for the two high-pressure tests (1 and 2).

Hugoniot States

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 particle velecity 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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Figure 16. Free-surface velocity histories for shots GLASS1-4.

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 | through 4 are summarized below in Table 7:

Table 7:
Hugoniot Parameters for Aluminosilicate Glass
Shot Upy Py
Number (km/s) (GPa)
1 0.485 7.70
2 0.464 8.15
3 0.223 3.47
4 0218 3.44
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Spall Observations

For these tes's, 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 ra 1.90 Us after impact, and ends with attainment of a local minimum ve-
locity at w223 Us. The observed change in free-surface velocity, Au, , between the peak
loading state and this local minimum may be related to the level of tensile stress, o,, sup-
ported by the glass using the relation o, ~ ,p,C,(Au,) , where p, and C, are, respec-
tively, the initial glass density and longitudinal sound speed. For tests 3 and 4, Ax,, had
values of 0.429 and 0.412 km/s, respectively, corresponding to calculated values for o, of
3.49 and 3.35 GPa. In cases where the glass fractures, o, is equal to the spall strength of
the material. For the current tests, 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 approximately full
release (i.c., o,~P, ), the reported values represent lower hounds on the spall strength of
the glass following shock compression to 3.4-3.5 GPa.
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Figure 17. Expanded view of loading histories for shots GLASS!-4.
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For experiments | and 2, a period of decreasing velocity beginning at +w 1.90 s 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 | and 2, and that the spall strength
of aluminosilicate glass was negligible after shock compression to 7.7-8.2 GPa.

Failure Wave Analysiy

Assuming that a failure wave was generated at impact and propagated into the glass target
at a velocity given by C,/(.2) = 2,29 km/s [Raiser, 1992], where , = 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 free surface at a time
I~ 1.55 (s 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 front had been generated, or (2) the impact-
direction impedance mismatch across the failure front 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. Conclusions/Future 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 rheological 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 strength 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 microstructure, and
shock data at higher impact velocities. A suite of impact tests on Coors AD-999 alumina
ceramic is currently being pursued to address porous material issues in modeling the Co-
ors AD-995 previously tested. Also of concern is the high-purity fine-grain titanium di-
boride ceramic currently being considered for ballistic applications Higher velocity
impact experiments on silicon carbide and boron carbide will be performed to comple-
ment earlier data and address specific modeling needs.

Measurement of the hydrodynamic properties of ceramics through shock testing on metal-
ceramic composites, which has been successfully developed over the past year, 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 year 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 geometry to increase sensitivity to
multiaxial strength properties of the test ceramics.
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