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SHOCK COMPRESSION PROFILES IN CERAMICS 

D.E. GRADY and R.L. MOODY 
Experimental Impact Physics Department 1433 

Sandia National Laboratories 
Albuquerque, NM 87185-0821 

Abstract 

An investigation of the shock compression properties of high-strength ceramics has 
been performed using controlled planar impact techniques. In a typical experimental 
configuration, a ceramic target disc is held stationary, and it is struck by plates of 
either a similar ceramic or by plates of a well-characterized metal. All tests were 
performed using either a single-stage propellant gun or a two-stage light-gas gun. 
Particle velocity histories were measured with laser velocity inteferometry (VISAR) at 
the interface between the back of the target ceramic and a calibrated VISAR window 
material. Peak impact stresses achieved in these experiments range from about 3 
to 70 GPa. Ceramics tested under shock impact loading include: A1203, AIN, B,C, 
Sic, Si3N4, TiB2, WC and ZrO,. This report compiles the VISAR wave profiles and 
experimental impact parameters within a database-useful for response model 
development, computational model validation studies, and independent assessment 
of the physics of dynamic deformation on high-strength, brittle solids. 

3 



4 



Contents 

5 

L 

Contents ............................................................................................... 5 

1 . Introduction ................................................................................ 7 

Experimental Methods ............................................................... 9 

Aluminum Nitride ...................................................................... 13 

2 . 

3 . . .  

4 . Aluminum Oxide ....................................................................... 29 

5 . Boron Carbide 53 

6 . 

7 . 

8 . 

9 . 

10 . 

.......................................................................... 

Silicon Carbide ......................................................................... 65 

Silicon Nitride ........................................................................... 85 

Titanium Diboride ..................................................................... 95 

Tungsten Carbide ................................................................... 119 

Zirconium Dioxide ................................................................... 131 . .  

1 1 . References ............................................................................. 141 

APPENDIX A .......................................................................... 145 

APPENDIX B .......................................................................... 147 

5 



c 

6 



1. Introduction 

Planar impact experiments provide the backbone data for the development of 
dynamic material response models used in computational simulation and 
engineering analysis of the high-velocity interaction of materials and structures. 
While such techniques do not exhaustively examine the stress-strain-time states 
aehived in high-velocity impact events, they do target the high-confining-stress and 
high-strain-rate deformation characteristics of such interactions. In addition, the 
technology of planar-impact, material-response studies and the concomitant high- 
resolution diagnostics of such technology has achieved a maturity not available in 
other dynamic test methods. 

Over the past several years, the Impact Physics Department at Sandia National 
Laboratories has actively pursued a study of the dynamic mechanical and equation- 
of-state properties of high-strength ceramics through controlled-launch impact 
experiments. To date, a large number of experiments have been completed upon a 
range of relevant ceramics. As these data unfold, their critical material response 
features are emerging, and results are impacting the development of constitutive 
modefs for ceramics. Hig h-resolution wave profile measurements have been 
provided exclusively by time-resolved interferometry (VISAR) diagnostics. Through 
novel implementation of such experiments, the critical features concerning dynamic 
compressibility, strength, flow, and fracture are being explored. 

Some unique examples of important effects revealed through shock profile studies 
on ceramic materials include: 

The Hugoniot elastic limit for more recent silicon carbides is more than a factor- 
of-two higher than values reported in earlier literature, an indication of substantial 
improvements in ceramic preparation techniques over the past several decades. 

The compressive wave observed in titanium diboride exhibits a three-wave 
structure, indicative of either phase transformation or of a complex two- 
mechanism yield in this material. 

In stark contrast to other ceramics that show neutral or hardening post-yield 
shear strength more reminiscent of the shock behavior of metals, boron carbide 
shows a substantial loss of shear strength, after the initial dynamic yield. 

In contrast to other ceramics studied, transformation-toughened zirconium 
dioxide exhibits a 1.6 to 1.8 GPa spall strength. This is comparable with many 
metals, suggesting that the toughening mechanism plays a critical role in the 
transient spall process. 
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An irreversible, 20 percent-by-volume phase transition in aluminum nitride, at 
approximately 20 GPa, leads to a complex shock profile structure and large 
dissipation properties for this ceramic. 

Examination of the evolution of precursor wave profiles with propagation 
distance indicates that initial yield and post-yield characteristics of most ceramics 
are relatively rate insensitive. 

Unusually high compression hardening is observed in tungsten carbide, probably 
manifesting the liquid-phase, sintered microstructure of this material. 

The release properties of most ceramics appear to be extremely dispersive, as 
compared to metals shocked to similar pressures. 

In addition to those features noted above and other physical features of ceramic 
maiterials are being extracted from wave-profile measurements, providing insight 
into both dynamic response and critical data for constitutive model development. 
Reports and papers which address in more detail the material response issues 
outlined above are provided in the references. 

It is not the intention of this document, however, to explore the very rich dynamic 
properties characteristic of ceramic materials, as revealed by shock wave 
exiperiments. The more modest purposes of this report are to document the 
extensive database of wave profile measurements which have been made on 
ceramic materials and to make this data available for the development of material 
response models and the validation of predictive computational codes. 

This report is organized as follows: After the brief introduction, a section is included 
that discusses, in some detail, the experimental impact procedures and the VISAR- 
diagnostics methods used to acquire the present wave profile data. Following the 
experimental section, the wave profile data are presented. In alphabetical order, the 
data for each ceramic investigated are fully provided. A preliminary section for each 
ceramic discusses the source-or sources-for the ceramics tested, necessary 
material properties not provided later, and some of the salient dynamic 
chlaracteristics that have been uncovered in analysis studies to date. Some 
qualifying comments about specific wave profile features or anomalies exhibited by 
the data to follow are also included, where they are deemed useful. 

Following this initial summary for a specific ceramic, data sheets for each test on 
that ceramic-one test per page-are provided. The upper half of the page includes a 
table of relevant experimental properties and dimensions. The measured-interface 
velocity profile is provided on the lower half of page. Test numbering cross- 
references, ceramic densities, and ultrasonic properties are provided in appendices. 
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2. Experimental Methods 

Controlled planar impact experiments were used in all cases to obtain the wave- 
profile data provided in this report. Variations in both impact geometry and in 
ancillary impact materials were often used to achieve specific loading conditions or 
to enhance profile features characteristic of particular deformation properties of the 

Any variations to this baseline configuration are identified with the associated 
experiment, and the intended purpose of the variation is discussed. For example, 
PMMA (polymethyl methacrylate) VISAR windows were often substituted for lithium 
fluoride windows when a more intense dynamic spa11 environment was desired. 
More complex multiple plate geometries were used on the projectile when double 
shock loading was investigated. 

* target material. The baseline experimental configuration is described here in detail. 

Uniaxial-strain, compressive shock and release waves were produced in the 
ceramic test samples, using either a single-stage powder-gun or a two-stage light- 
gas gun. In particular, an 89 mm (inner-bore diameter), smooth-bore powder gun 
with a velocity range of 0.4 - 2.4 km/s was used for the largest portion of the shock- 
wave tests presented in this report. Some of the higher shock-pressure data were 
acquired with a 20 mm (inner-bore diameter), two-stage, light-gas gun. 

On the powder-gun facility, three electrical self-shorting pins are used to measure 
the velocity of the projectile at impact. Accuracy of the velocity measurement for 
these experiments is typically +I % or better. Where measurement difficulties 
indicate larger uncertainties, those uncertainties are noted in the individual data 
sheets. 

Four similar pins are mounted flush to the impact plane and are used to monitor the 
planarity of impact. These pins are also used to trigger diagnostic equipment, 
including transient digitizers and counters. Deviations from planarity at impact are 
typically about I O ”  radians. 

The baseline target configuration is shown in Figure 1. Either a disc of the ceramic 
being tested or another material of known shock properties-usually a metal-is 
mounted on the projectile, and it is typically backed by a lower shock impedance 
material, such as polyurethane foam or PMMA. This produces the subsequent 
decompression wave that follows the initial impact-induced shock wave. To provide 
an impact surface for the shorting pins within the impact plane when the impactor is 
less than full projectile diameter, an aluminum ring that encloses the impactor is 
used. 

For the target, a similar disc of the ceramic is mounted in a stationary supporting 
target fixture. An optical-quality disc of single crystal lithium fluoride-or other VISAR 
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window material-is intimately bonded with epoxy to the back of this ceramic sample. 
All critical surfaces are lapped and polished, and they are typically flat to within a 
few bands of sodium light. The surface of the lithium fluoride that is to be bonded is 
first lightly diffused, and then it is plated by vapor-deposition with about 100 nm of 
aluminum. The epoxy bond between the ceramic sample and-the lithium fluoride 
window is typically 10 to 20 pm. 

PROJECTILE 
BODY 

TARGET 
ASSEMBLY 

Aluminum Target Fixture 

FIGURE I. Experimental configuration for shock and release-wave 
experiments on ceramic 

The ceramic-on-ceramic planar impact produces a compressive wave of uniaxial 
strain that propagates across the stationary ceramic specimen and through the 
ceramic/window interface. An equivalent compressive shock-wave propagates 
backwards through the projectile impactor specimen, and then it reflects at the low- 
impedance foam interface, becoming a release wave which unloads the 
compressed ceramic. (This wave can become, instead, a reflected recompression 
wave, if a higher impedance backing material is used.) Dimensions of the sample 
and impactor discs are selected such that lateral release waves from the boundaries 
of the discs do not interfere with the central uniaxial motion of the material until after 
the experimental measurement is completed. 

In a typical shock wave experiment, four materials are usually responsible for 
determining the characteristics of the measured interface wave-profile, and they 
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must be accounted for in a one-dimensional computational simulation of the 
experiment. These four materials are the impactor and backing materials of the 
projectile and the sample and window materials of the target. A simplified 
experimental configuration is illustrated in Figure 2. Critical parameters for these 
four experimental materials are provided at the top of each experimental data sheet 
presented in this report. 

PROJECTILE 

Impactor 

Backing 

TARGET 

Window 

Sample 

FIGURE 2. Simplified experimental configuration, identifying materials critical to 
the VISAR wave profile measurement 

Using laser velocity interferometry techniques (VISAR, Barker and Hollenbach, 
1972), the compression and release wave behavior are measured by monitoring the 
time-resolved longitudinal motion at the center of the ceramic/window interface. 
Typically, the illuminated spot size of the incoming laser beam is 50 to 100 pm in 
diameter. Transient digitizers-with a sample period of 0.742 ns per data point-are 
used to record the measurements. Although its mechanical impedance is somewhat 
lower than that of the ceramics being tested, lithium fluoride is the predominant 
choice for the laser window material. This is because it is the only material which 
has been optically calibrated and which remains transparent when subjected to the 
5 to 50 GPa shock stresses generated in the laser windows used in these 
experiments (Wise and Chhabildas, 1986). 

The interference fringes measured by the VISAR system are converted to time- 
resolved histories of the velocity of the interface using the method originally 
developed by Barker and Hollenbach (1 972). Amplitude resolution is approximately 
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2% for one fringe. Typically, two to three fringes are achieved in the interface 
acceleration through the compressive shock front. 

It is also important to note that the transit times of the first arrival was not measured 
in these tests, and the profiles are not necessarily aligned in time with expected 
elastic precursor velocities. 

Occasionally, shock jumps exceed the frequency response of the VISAR 
instrumentation, and the fringes corresponding to the velocity change are not 
recorded. These points are easily recognized by contrast dips in the VISAR 
ireduction process. Integral fringes-typically one or two fringes-are added at these 
points to accommodate missing jumps in velocity. The required, approximate, 
;amplitude of the missing velocity jump must be determined from other experimental 
and physical constraints. Each data sheet in this report indicates the experimental 
velocity-per-fringe constant and, in some cases, when an addition of fringes at a 
shock jump was necessary. 

IIn general, the interactions of the evolving wave in the sample with the lower- 
impedance window material results in the complex wave structure monitored by the 
'VISAR. Numerical simulations are commonly employed to recreate the wave 
structure in the sample. 

'The ceramics investigated in this report were acquired from a number of sources. 
Usually, the quality of the ceramic being investigated was high. However, because 
of the empirical nature and evolving technology of the sintering and hot-pressing 
methods used to produce such ceramics, features relating to microstructure and 
added chemical impurities are not usually constant from supplier to supplier. To 
support analysis and material model development, information about the supplier, 
microstructure, and chemical properties is discussed, where this information is 
available. 

Density and ultrasonic properties for the ceramics are provided in Appendix A. 
Elastic properties have also been calculated from ultrasonic wave speeds, assuming 
elastic isotropy. The latter assumption is known to be incorrect for some of the hot- 
pressed ceramic where a degree of axial anisotropy apparently emerges from the 
preparation process. 

In this document, a uniform system of test numbering has been used, which (in most 
cases) does not correspond to the original experiment numbers. Since many of the 
original test numbers appear in earlier reports and papers, an appropriate cross- 
reference is provided in Appendix B. 
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3. Aluminum Nitride Ceramics 

Aluminum nitride exists under ambient conditions in the wurtzite (HCP) structure. 
Static compression experiments indicate a pressure-induced, non-recoverable 
volume, phase transformation to the rocksalt (FCC) structure Volstadt, et al., 19901. 
This transformation has also been observed to occur under shock-compression 
conditions [Kondo, et al., 1982; Nakamura and Mashimo, 1994; Kipp and Grady, 
19941 at a shock stress of 20 to 22 GPa and a transformation volume change of 
approximately 20%. Under shock-wave conditions, this phase transformation leads 
to a complex shock-front structure with additional complications at the lithium 
fluoride interface, because of wave reflections [Kipp and Grady, 19941. Above the 
20 to 22 GPa shock-transition stress level, the material is extremely dissipative, 
leading to a rapid attenuation of the shock waves [Kipp and Grady, 19941. A 
Hugoniot elastic limit of approximately 8 to 10 GPa characterizes the dynamic 
strength of fully-dense aluminum nitride [Brar, et al., 1992; Grady, 19941. Shock 
studies for different sample thicknesses indicate a negligible elastic precursor 
attenuation with propagation distance [Grady, 19951. Further equation-of-state and 
dynamic strength issues have been pursued by Dandekar, et al. (1994). 

In this report, shock-wave profile data are reported on aluminum nitride ceramics 
that were provided by two different sources. The first material was provided by Dow 
Chemical Company, and it is the same material tested by Brar, et al. (1992). This 
hot-pressed ceramic was reported to have a porosity of approximately 1 YO and a 
grain size of about 2 pm. The nominal reference density is 3254 kg/m3. Elastic, 
longitudinal and shear velocities are 10.73 km/s and 6.32 km/s, respectively. 
Sample to sample variations of about 2% in both density and wave velocities are 
believed to be an indication of material heterogeneity that was introduced in the 
ceramic production process. The second aluminum nitride ceramic was provided by 
T. Mashimo of Kumamoto University, Japan. This material was produced by 
Sumitomo Electric Industries Co., Ltd. It has a density of 3236 kg/m3 and a porosity 
of 0.5 to 0.7%. Impurities were less than 100 ppm of Fe, Si, and Ca, with 6.03% wt 
C and 0.25% wt 0. Elastic, longitudinal and shear wave velocities-measured 
ultrasonically-are 10.80 km/s and 6.34 km/s, respectively. 

The majority (eleven) of the wave-profile measurements were made on the Dow 
Chemical Company material. Several of the profiles-AN3, AN8 and ANI I-exhibited 
unduly noisy velocity profiles. One profile-ANI -revealed a lower amplitude double- 
wave that was not observed in other samples. This noisy behavior and 
inconsistency is not understood, but it may be related to the apparent non-uniformity 
of this material. In some cases, a very consistent sample-to-sample behavior was 
noted for the Dow material. For example, this behavior is observed in AN5, AN6, 
and ANI0 that were investigated in Kipp and Grady (1994). 
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Spall strength data are provided by tests AN8, AN$, and possibly AN4. These data 
are discussed partially in Grady (1994a). 

Three compression-only profiles were measured on the higher-quality Sumitomo 
Electric material; principally, to examine the Hugoniot elastic-limit strength and 
shock-induced phase transition properties of this ceramic. Wave features in these 
profiles are complicated by the impedance differences between window and ceramic 
materials. 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

AN 1 

Aluminum Nitride 

Dow Chemical Co. 

Material 

Aluminum Nitride 

Lithium Flouride 

Aluminum Nitride 

Polyurethane 
Foam 

Impact Velocity: 1.780 km/s 

Velocity Per Fringe: 430.92 m/s 

9.952 75.0 3261 

25.4 50.8 2640 

4.971 87.4 3258 

8.0 87.4 320 

Comments: The first step, to approximately 0.2 km/s, was not seen in other aluminum nitride tests. 

ANI VELOCITY PROFILE 

0.5 1.5 2.5 
TIME (ps) 

3.5 
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AN2 

Aluminum Nitride 

Dow Chemical Co. 

2.277 km/s Shot Number: 

Test Material: 

Supplier: 

Impact Velocity: 

Velocity Per Fringe: 430.92 mls 

Material Thickness 
(mm) 

Diameter 
(mm) 

Sample Aluminum Nitride 9.952 75.0 3259 

Window 

Impactor 

Lithium Fluoride 

Aluminum Nitride 

25.4 

4.923 

50.8 

88.1 

2640 

3260 

Backer Polyurethane 
Foam 

8.0 87.5 640 

Comments: 

AN2 VELOCITY PROFILE 

1.2 

n - 
0.5 1.5 2.5 

TIME (ps) 
3.5 
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Shot Number: AN3 

Test Material: Aluminum Nitride 

Supplier: Dow Chemical Co. 

Impact Velocity: 

Velocity Per Fringe: 430.92 m/s 

1.263 kmls f 2% 

Material Thickness 
(mm) 

Diameter 
(mm) 

9.554 3262 Sample Aluminum Nitride 75.0 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Nitride 4.968 88.5 3258 

Backer Polyurethane 
Foam 

8.0 87.5 320 

Comments: The intial lead-in and noisy profile may be related to defects or inhomogeneities in the 
intial sample. 

AN3 VELOCITY PROFILE 

0.8 

0 
0.5 1.5 2.5 

TIME (ps) 
3.5 
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0.4 

1 4  -_ u) 
E 0.3 
.Y 

:* 
I- 

.d 

i3 
I3 0.2 
9 

0.1 

0 

- 

- 

- 

- 

Shot Number: 

Test Material: 

Suipplier: 

0.589 kmls AN4 

Aluminum Nitride 

Dow Chemical Co. 

Impact Velocity: 

Velocity Per Fringe: 94.76 m/s 

Material Thickness 
tmm) 

Diameter 
(mm) 

9.954 Sample Aluminum Nitride 74.9 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Nitride 4.975 87.5 3256 

Backer Polyurethane 
Foam 

8.0 87.5 320 

Comments: 

AN4 VELOCITY PROFILE 

18 



Shot Number: 

Test Material: 

Supplier: 

AN5 

Aluminum Nitride 

Dow Chemical Co. 

Impact Velocity: 2.239 kmls 

Velocity Per Fringe: 681.52 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Sample Aluminum Nitride 9.567 75.0 3265 

Window Lithium Fluoride 25.4 50.7 2640 

Impactor Tantalum 1.508 87.5 16657 

Backer Polyurethane 8.0 87.5 
Foam 

640 

Comments: The small peak on top of the profile is the residual of the third wave in aluminum nitride, 
after rapid attenuation. 

AN5 VELOCITY PROFILE 

9 0.8 
-E 

E 
s 
Y 

0 

W > 0.4 

0 
1 2 3 

TIME (ps) 

4 
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Shiot Number: 

Test Material: 

Supplier: 

AN6 
Aluminum Nitride 

Dow Chemical Co. 

Impact Velocity: 2.20 7 kmls 

Velocity Per Fringe: 681.52 mls 

Material Thickness 
(mm) 

Diameter 
(mm) 

Sample Aluminum Nitride 2.510 76.5 3248 

Window Lithium Fluoride 25.5 50.8 2640 

Impactor Tantalum 1.528 87.5 1661 8 

Backer Polyurethane 
Foam 

8.0 87.5 640 

Comments: Computer simulations indicated complexities in the compression wave relate to 
impedance differences between sample and window. 

AM6 VELOCITY PROFILE 

1 

TIME (ps) 
2 
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Shot Number: 

Test Material: 

Supplier: 

AN7 

Aluminum Nitride 

Dow Chemical Co. 

Material 

Sample 

Window 

Impactor 

Backer 

Aluminum Nitride 

Tungsten 

PMMA 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

2.507 76.5 

25.5 50.9 

1.502 87.5 

6.4 87.5 

2.230 km/s 

681.52 m/s 

2640 

19289 

1886 

Comments: Highest impact-amplitude in aluminum nitride is achieved with a tungsten impactor. 

AN7 VELOCITY PROFILE 

0.5 1 1.5 

TIME (ps) 

2 
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Shot Number: 

Test Materkk 

Supplier: 

Sampte 

Window 

Impactor 

Backer 

Material 

Alugnijnum P b i  

Lithium Fluoride 

PMMA 

Polyurethane 
Foam 

Irnnacj Velocity: 

Velocity Per Fringe: 

10.184 

25.2 

2.004 

8.0 

Diametex 
CW) 
56.2 

50.7 
~ 

87.5 

87.5 

1.160 km/s f 2% 

94.76 m/s; 

3258 

2640 

z 39 

Comments: Spall strength experiment 

0.3 

-- 0.2 E 
E 
E* 

0 
0.5 

AN8 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 
3.5 
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Shot Number: AN9 

Test Material: Aluminum Nitride 

Supplier: Dow Chemical Co. 

Impact Velocity: 0.860 km/s 

Velocity Per Fringe: 94.76 m/s 

Sample 

Window 

Material 

Aluminum Nitride 

Lithium Fluoride 

Thickness 
(mm) 

9.552 

25.5 

Diameter 
(mm) 

75.0 

50.7 2640 

PMMA 

Polyurethane 
Foam 

Comments: Spa11 strength experiment 

Impactor 

Backer 

1.991 

7.9 

87.5 

87.5 

1186 

139 

0.16 

0.12 

A cn -z 

s 
9 

5 

G 
>; 0.08 

0.04 

0 
0.5 

AN9 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 
3.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

impactor 

Backer 

AN10 

Aluminum Nitride 

Dow Chemical Co. 

Material 

Aluminum Nitride 

Lithium Fluoride 

Tantalum 

Polyurethane 
Foam 

Impact Ve I oc ity : 2.21 5 km/s 

Velocity Per Fringe: 681 5 2  m/s 

Thickness 
(mm) 

4.183 

31.9 

1.526 

8.0 

Diameter 
(mm) 

76.5 

50.8 

87.5 

87.5 

3248 

2640 

16642 

640 

Comments: This is a repeat of test AN5, to better resolve the third wave by using a thinner sample. 

1.6 

1.2 

0.4 

0 
0.5 

ANI0 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 
3.5 
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Shot Number: AN1 1 

Test Material: Aluminum Nitride 

Supplier: Dow Chemical Co. 

c 

Sample 

Window 

Impactor 

Backer 

Material 

Aluminum Nitride 

Lithium Fluoride 

Aluminum Nitride 

Impact Velocity: 2.262 k d s  

Velocity Per Fringe: 430.92 m/s 

Thickness 
(mm) 

4.182 

37.8 

4.181 

8.0 

Diameter 
(mm) 

76.5 

50.8 

76.5 

87.5 

3250 

2640 

Polyurethane 
Foam 

Comments: The noisy profile in this test was not understood. 

3250 

640 

ANI I VELOCITY PROFILE 

1.2 

- 0.8 
u) 

x 2 

s 
Y 

> 

W > 0.4 

0 
0 1 2 

TIME (ps) 
3 
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Shot Nwnbat AN I2 ImpacfVelacj%y:y:. 1.@0 km/s 

Test Merial :  Rbn?iinum Nitride 

!Supplier: Sumitomo Electric (Japan) Velocity Per Fringe: 355.9.6 m/s 

Sample 

Window 

Material 

Aluminum Nitride 

Lithium Fluoride 

Impactor Aluminum 6061- 
T6 

Thickness 
(mm) 

4.343 

18.9 

12.7 

Diameter 
(mm) 

See c o m m k  

38.1 

87.5 

3236 

2640 

2703 

Backer Free Surface 

I 

Comments: Sample was a square, 30mm on a side. 

0.8 

h 

E 
E 
25. 

G 
0 
J w > 

0.4 

0 

AN12 VELOCITY PROFILE 

0 1 

TIME (ps) 
2 
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Shot Number: AN13 Impact Velocity: 2.008 kmls 

Test Material: Aluminum Nitride 

Supplier: Sumitomo Electric (Japan) Velocity Per Fringe: 768.95 m/s 

Material 

Sample Aluminum Nitride 

Window Lithium Fluoride 

Impactor Copper OFHC 

Backer Free Surface 

Comments: Sample was a square, 30mm on a side. 

Thickness 
(mm) 

4.34 

25.4 

9.408 

See Comment 321 9 

38.24 2640 

87.5 8930 

1.6 

1.2 

u) - 
E 
Y, 

0 
0 
J 

g 0.8 

Y 
0.4 

0 

AN13 VELOCITY PROFILE 

0 1 

TIME (ps) 
2 
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2.370 km/s Impact Velocity: Shot Number: AN14 

Test Material: Aluminum Nitride 

Supplier: Sumitomo Electric (Japan) Velocity Per Fringe: 768.85 m/s 

Sample 

Window 

Impactor 

Backer 

Material 

Aluminum Nitride 

Lithium Fluoride 

Tantalum 

PMMA 

Thickness 
(mm) 

4.340 

19.1 

3.898 

6.77 

Diameter 
(mm) 

See comment 

38.1 

50.8 

87.5 

3236 

2640 

16669 

1186 

- 
Comments: Sample was a square, 30mm on a side. 

AN14 VELOCITY PROFILE 

2 

0 1 

TIME (ps) 
2 
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4. Aluminum Oxide Ceramics 

Aluminum Oxide (A1203) ceramic is a widely used commercial ceramic because of its 
useful electrical, optical, and mechanical properties. It has been the most widely 
studied ceramic, in terms of its impact shock response. Sapphire, which is the 
single crystal form of Al,03, has a rhombohedral-hexogonal crystal structure with 
close-packed oxygen ions. No phase transitions have been observed in this 
material while under shock or static loading pressures from 0 GPa to in excess of 
100 GPa. 

Because of its early and wide availability in good quality aluminum oxide ceramic or 
single crystal aluminum oxide forms, extensive shock-Hugoniot equation-of-state 
measurements have been performed upon this material. Early equation-of-state 
studies on single-crystal and polycrystalline aluminum oxide include the work of 
McQueen and Marsh (1960) and Ahrens, et al. (1968) to nearly 150 GPa, and the 
investigation of Graham and Brooks (1971) that included a determination of 
Hugoniot elastic limit with crystal orientation in single crystal A1203. A useful 
summary of this early shock data is included in the recent work of Mashimo, et al. 
(1988), along with new Hugoniot data on A1203. 

Static X-ray diffraction data on aluminum oxide, to 12 GPa, have been provided by 
Sat0 and Akimoto (1 979). This static compression data has been extrapolated to 30 
GPa with a Birch-Murnaghan equation-of-state by Mashimo (1 993), providing a 
reasonably confident measure of the hydrostatic compressibility of A1203. 

The extensive shock-wave investigation of aluminum oxide by Gust and Royce 
(1971) is also noteworthy. Shock Hugoniot and strength data for four aluminum 
oxide ceramics-ranging in porosity from about 6% to near theoretical density-were 
provided to nearly 100 GPa. HEL strengths ranging from 6 to 13 GPa were 
reported, although a marked dependence of HEL value upon sample thickness was 
noted. Analysis of the dynamic-porosity crush process indicated a quadratic crush 
curve, with crush completing at about 30 GPa or 3 to 5 times the initial HEL. 

The research of Cagnoux and Longy (1988) and Yeshurin, et al. (1988) on the 
shock deformation properties of aluminum oxide ceramic should also be noted. 
Both studies addressed the effects of microstructure upon dynamic yield strength, 
identifying microstructural heterogeneity-coarse grain structure or dissimilar second 
phases-as critical to the mode of failure. Homogeneous, fine-grain aluminum oxide 
yielded through dislocation plasticity, whereas heterogeneous material undergoes 
pervasive microcracking due to local tensile stresses in the dynamic failure process. 
Cagnoux and Longy ( I  988) observed no strain-rate dependence of the Hugoniot 
elastic limit in aluminum oxide ceramic over a range of about 5 x 105/s to 5 x 1 06/s. 
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This was similar to the rate insensitivity of the Hugoniot elastic-limit-strength for 
aluminum oxide, as well as other ceramics, observed by Grady (1 995). 

Velocity interferometry measurements of both campression and release waves have 
been taken on fully dense aluminum oxide by Munson and Lawrence (1979) to 
pressures of 16 GPa. Within this stress range-the measured HEL for the material 
studied was 9.1 GPa-the deformation wave is dispersive, presumably due to 
viscous effects brought about by the kinetics of the yield process. Release is 
reported to be fully elastic within this range. Dynamic yietd is attributed to pervasive 
microfracture. This latter conclusion is based upon the observed lack of spall 
strength measured on release. Studies of compressive strength and spall on Coors 
AC1995 aluminum oxide ceramic in the neighborhood of the HEL [Dandekar and 
Bartkowski, 19941 tend to support a compressive fracture mode of failure. 

Two of the early profile measurements, in this report, were performed on a quite 
porous aluminum oxide prepared by the Italian manufacture, lndustrie Bitossi, and 
supplied by the Los Alamos National Laboratory. The material was purported to be 
a Coors AD-90 equivalent with a theoretical density of 3.59 kg/m3. A series of 
profile measurements were made on the AD-995 and AD-999 material supplied by 
the Coors Ceramic Company. These two aluminum oxide ceramics are reported to 
be 99.5% and 99.9% pure, respectively. Porosities are reported to be 2.3% and 
0.6% respectively. The fourth material was supplied by the Michigan Technological 
Institute, and it was prepared through hot isostatic pressing of 99.99% pure a-AI2O3 
powder [Staehler, et ai., 19931. No additives were included, thus minimizing the 
foirmation of second phases. A mean grain diameter of slightly less than one 
micrometer is characteristic of these samples. The samples were near the 
theoretical density, at 3970 kg/m3. Densities and elastic properties for the aluminum 
oxide materials are provided in the Appendices. 

The intial VISAR profiles are high-quality data on a material that is not well 
characterized, but they are characteristic of porous materials, in terms of their slow 
shock velocities and rapid overtaking of the decompressive wave. Tests A03 
through A010 provide a systematic series of tests on Coors AD995, from just above 
the HEL to peak pressures approaching 50 GPa. Tests A017 through A019 are 
three additional tests addressing issues of precursor decay and spall. Tests A01 3 
through A016 provide four comparable experiments on the higher density Coors 
AD999 ceramic. Tests A01 1, A012, A020, and A021 supported dynamic studies 
on the Michigan Technological Institute AL203 ceramic. 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

A 1 

Aluminum Oxide 

lndustrie Bitossi 

Material 

Aluminum Oxide 

Lithium Fluoride 

Aluminum Oxide 

Polyurethane 
Foam 

Impact Velocity: .l 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

9.076 74.9 

25.4 50.8 

4.677 74.9 

6.0 87.5 

km/s 

430.92 m/s 

2640 

3554 

320 

~~ 

Comments: 

0 
1 

A 0 1  VELOCITY PROFILE 

2 3 

TIME (ps) 
4 
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Shot Number: 

lest Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

A02 Impact Velocity: 2.2 1 2 km/s 
Aluminum Oxide 

lndustrie Bitossi Velocity Per Fringe: 430.92 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Aluminum Oxide 9.081 74.9 3555 

Lithium Fluoride 25.4 50.8 2640 

Aluminum Oxide 4.673 74.9 3555 

Polyurethane 6.0 87.5 640 
Foam 

Comments: 

A 0 2  VELOCITY PROFILE 

1.6 

1 2 

TIME (ps) 
3 
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Shot Number: 

Test Material: 

Supplier: 

A03 Impact Velocity : 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 

0.544 km/s 

128.07 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

3890 Aluminum Oxide 10.007 76.2 Sample 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Oxide 5.008 87.5 

Backer Polyurethane 
Foam 

8.0 88.5 320 

Comments: 

A 0 3  VELOCITY PROFILE 
0.4 

0.3 

0.1 

0 
0.5 1.5 2.5 

TIME (ps) 
3.5 
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Shot Number: A04 Impact Velacity: 1.070 kmls 

Test Material: Aluminum Oxide (AD995) 

Supplier: Coors Porcelain Co. V e M i  Per Fringe: 430.92 m/s 

Material Thickness Diameter Density 
(mm) (mm) W m 3 )  

Sample Aluminum Oxide 10.006 76.2 3890 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Oxide 5.019 87.5 3890 

Backer Polyurethane 8.0 87.5 320 
Foam 

CCmments: 

A04 VELOCITY PROFILE 

0.8 

0.5 1.5 2.5 

TIME (ps) 
3.5 
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A05 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 

Shot Number: 

Test Material: 

Supplier: 

Impact Velocity: 1.573 km/s 

430.92 m/s 

Material 

Aluminum Oxide 

Thickness 
(mm) 

Diameter 
(mm) 

Sample 10.008 76.2 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor 

Backer 

Aluminum Oxide 5.008 

8.0 

87.5 3890 

Polyurethane 87.5 320 
Foam 

Comments: 

A05 VELOCITY PROFILE 

1.2 

0 
1 2 3 4 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

A06 Impact Velocity: 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 

1.943 km/s 

430.92 m/s 

Sample 

Window 

Impactor 

Backer 

Material Thickness Diameter 
(mm) (mm) 

Aluminum Oxide 10.007 76.2 

Lithium Fluoride 25.4 50.8 

Aluminum Oxide 5.01 3 87.5 

Polyurethane 8.0 
Foam 

87.5 

Density 
(kglm3) 

3890 

2640 

3890 

320 

Comments: 

1.6 

1.2 - 
VI 

Y 
z 
Y 

0.8 
0 
0 
-I 

5 
0.4 

0 
0.5 

A06 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 
3.5 
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Shot Number: 

Test Material: 

Supplier: 

A07 Impact Velocity: 2.329 km/s 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 430.92 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

9.998 Sample Aluminum Oxide 76.2 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Oxide 5.005 87.5 3890 

Backer Polyurethane 
Foam 

8.0 87.5 640 

Comments: 

A 0 7  VELOCITY PROFILE 

1.6 

1.2 

0.8 
G s w > 

0.4 

0 
1 2 3 

TIME (ps) 
4 
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Shot Number: 

Test Material: 

Supplier: 

0.561 km/s A08 Impact Velocity: 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 430.92 m/s 

Thickness 
(mm) 

Diameter 
(mm) 

Material 

9.987 76.2 Sample Aluminum Oxide 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Oxide 4.989 87.5 3890 

Backer Polyurethane 
Foam 

8.0 87.5 320 

Comments: 

A08 VELOCITY PROFILE 

0.4 

0.3 

0.1 

0 c- . 
0.5 3.5 
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Shot Number: 

Test Material: 

Supplier: 

A09 Impact Velocity: 

Aluminum Oxide (AD995) 

Coos Porcelain Co. Velocity Per Fringe: 681.52 m/s 

2.241 km/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

5.008 76.2 Sample Aluminum Oxide 3890 

Window Lithium Fluoride 25.5 50.7 2640 

Impactor Tantalum 1.555 87.5 16625 

Backer Polyurethane 
Foam 

5.0 87.5 640 

Comments: 

A 0 9  VELOCITY PROFILE 

2 

0 
0.5 1.5 

TIME (ps) 
2.5 
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Shot Number: 

Test Material: 

Supplier: 

A010 Impact Velocity: 2.260 km/s 
Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 681.52 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
(kglm3) 

3890 Sample Aluminum Oxide 5.008 76.2 

Window Lithium Fluoride 25.6 50.8 2640 

Impactor Tungsten 1.501 87.5 19261 

Backer PMMA 6.34 87.5 1186 

Comments: 

A010 VELOCITY PROFILE 

2.4 

5 3 4 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

A01 1 Impact Velocity: 

Aluminum Oxide 

Michigan Tech. Univ. Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Aluminum Oxide 6.230 51.5 

Lithium Fluoride 19.0 25.4 

Aluminum Oxide 2.804 48.6 

Polyurethane 8.0 87.5 
Foam 

0.587 km/s _+ 2% 

128.07 m/s 

2640 

3970 

145 

Comments: 

0.2 

AOI  1 VELOCITY PROFILE 

0.6 1 

TIME (ps) 
1.4 
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Shot Number: A012 

‘rest Material: Aluminum Oxide 

:Supplier: Michigan Tech. Univ. 

Material 

Sample Aluminum Oxide 

Window Lithium Fluoride 

Impact Velocity: I .855 km/s 

Velocity Per Fringe: 681.52 m/s 

Thickness 
(mm) 

6.261 

19.1 

Diameter 
(mm) 

51.5 

25.4 

3970 

2640 

Impactor Aluminum Oxide 2.802 48.8 3970 

Backer Polyurethane 8.0 87.5 640 
Foam 

Comments: Details of the lead-in and rounding of the peak amplitude are a concern in this test 

A 0 1  2 VELOCITY PROFILE 

b 

0 1 

TIME (ps) 
2 
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Shot Number: A013 Impact Velocity: 

Test Material: Aluminum Oxide (AD999) 

Supplier: Coors Porcelain Co. 

2.033 km/s 

Velocity Per Fringe: 430.92 m/s 

Sample 

Window 

Impactor 

Backer 

Material 

Aluminum Oxide 

Lithium Fluoride 

Tantalum 

PMMA 

9.909 

25.6 

1.497 

2.0 

Diameter 
(mm) 

76.4 

50.8 

87.6 

87.5 

2640 

16561 

1186 

Comments: 

2 

0 
1 

A013 VELOCITY PROFILE 

i 
2 3 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

A014 Impact Velocity: 

Aluminum Oxide (AD999) 

Coors Porcelain Co. 

2.183 km/s 

Velocity Per Fringe: 430.92 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Sample Aluminum Oxide 10.009 77.3 3948 

Window 

Impactor 

Lithium Fluoride 

Tungsten 

25.4 

1.414 

2.0 

50.7 

87.5 

2640 

19274 

Backer PMMA 87.5 1186 

Comments: 

A814 VELOCITY PROFILE 

1.6 

1.2 

0.8 
G s 
9 

i 0.4 

0 
I 2 

TIME (ps) 
3 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

A01 5 Impact Velocity: 1.290 km/s 

Aluminum Oxide (AD999) 

Coors Porcelain Co. Velocity Per Fringe: 430.92 m/s 

Material 

Aluminum Oxide 

Lithium Fluoride 

Thickness 
(mm) 

10.026 

25.6 

Aluminum Oxide 5.1 18 

Polyurethane 
Foam 

12.7 

Diameter 
(mm) 

76.0 

50.8 

90.0 

87.5 

2640 

3948 

316 

Comments: 

1.2 

0 
0.5 

A015 VELOCITY PROFILE 

.. . 

1.5 2.5 

TIME (11s) 
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Shot N urn ber: 

Test Material: 

Supplier: 

A016 

Aluminum Oxide (AD999) 

Coors Porcelain Co. 

Impact Velocity: 1.91 1 km/s k 3% 

Velocity Fer Fringe: 430.92 mls 

Material Diameter 
tmm) 

Thickness 
tmm) 

Sample Aluminum Oxide 10.01 9 77.0 3948 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Aluminum Oxide 5.059 89.0 3948 

Backer Polyurethane 12.7 87.5 313 
Foam 

Comments: 

A016 VELOCITY PROFILE 

1.2 

2 2.5 3 3.5 

TIME (ps) 
4 4.5 5 
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Impact Velocity: 1.564 km/s Shot Number: A01 7 

Test Material: Aluminum Oxide (AD995) 

Supplier: Coors Porcelain Co. Velocity Per Fringe: 430.92 m/s 

Material 

Sample Aluminum Oxide 

Window 

Impactor 

Lithium Fluoride 

Aluminum Oxide 

Thickness 
(mm) 

4.762 

25.4 

2.475 

Diameter 
(mm) 

76.2 

38.1 

76.31 

2640 

3890 

Backer Polyurethane 8.0 87.5 320 
Foam 

Comments: 

A 0 1  7 VELOCITY PROFILE 

1 

0 

0 0.4 0.8 

TIME (ps) 
1.2 1.6 
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Shot Number: 

Test Material: 

Siupplier: 

Sample 

Window 

Impactor 

Backer 

A01 8 Impact Velocity: 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Aluminum Oxide 2.478 76.3 

Lithium Fluoride 25.4 38.1 

Aluminum Oxide 2.477 76.2 

Polyurethane 8.0 87.5 
Foam 

1 .55 1 km/s 

430.92 m/s 

Density 
W m 3 )  

3890 

2640 

3890 

320 

Comments: 

A018 VELOCITY PROFILE 

1.2 

0 0.5 1 

TIME (ps) 
1.5 
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Shot Number: 

Test Material: 

Supplier: 

A019 Impact Velocity: 

Aluminum Oxide (AD995) 

Coors Porcelain Co. Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Sample Aluminum Oxide 4.698 76.3 

Window Lithium Fluoride 25.3 38.1 

Impactor Aluminum 6061- 1.493 50.7 
T6 

Backer PMMA 6.370 87.5 

0.549 km/s 

108.95 mls 

2640 

2688 

1186 

Comments: 

0.3 

3 0.2 

c 
s 

\ 

E 
Y 
v 

G 

> 0.1 
W 

0 
0 

A019 VELOCITY PROFILE 

1.8 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

A020 Impact Velocity: 

Aluminum Oxide 

Michigan Tech. Univ. Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Aluminum Oxide 5.990 49.3 

Lithium Fluoride 25.4 38.0 

Aluminum 6061- 1.510 50.8 
T6 

PMMA 6.3 87.5 

1.215 km/s 

197.44 m/s 

Density 
(kslm3) 

3974 

2640 

2693 

1186 

Comments: 

0.5 

2 
E s 

0.25 

I! 
W > 

0 
0 

A020 VELOCITY PROFILE 

0.4 0.8 1.2 

TIME (ps) 

50 

1.6 



Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

A02 1 Impact Velocity: 

Aluminum Oxide 

Michigan Tech. Univ. Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Aluminum Oxide 5.990 49.3 

Lithium Fluoride 25.4 38.0 

Aluminum 6061- 1.523 
T6 

50.8 

PMMA 6.3 87.5 

0.708 km/s 

197.44 m/s 

Density 
tkglm3) 

3974 

2640 

2695 

1186 

Comments: 

0.3 

- 0.2 -r? 
E 
25 

0 

W 

c 
s 
=. 0.1 

0 
0 

A021 VELOCITY PROFILE 

0.5 1 

TIME (ps) 
1.5 
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5. Boron Carbide Ceramics 

Unusual shock-wave features were exhibited by boron carbide ceramics. In part, 
this behavior may be due to the notably different crystallographic structure of this 
material. Boron carbide has a very open rhombohedral structure of 12-atom 
clusters (icosahedral). This structure is a characteristic of boron, and it is unique to 
boron-rich solids [Emin, 19871. High-pressure, Hugoniot data for boron carbide is 
provided by the early study of Gust and Royce (1 971). Unique among the ceramics 
studied in this report, boron carbide exhibits a relaxing, elastic precursor-wave and 
Hugoniot states that lie on or near the hydrostatic compression curve, suggesting 
catastrophic loss of strength during shock compression [Grady, 1994bl. Release- 
wave profiles for boron carbide also contain features that are more consistent with a 
near fluid-like behavior [Grady, 1994bl. 

Boron carbide samples from two separate suppliers were tested in this work. Both 
of these ceramics were provided by Los Alamos National Laboratory. The first 
material was produced by Eagle Picher Industries, and it had a nominal grain size of 
10 pm. Revealed by electron-probe microanalysis, the principal contaminant of this 
first ceramic is iron, which occurs within voids and other quite hetrogeneously 
distributed sites-relative to grain size-throughout this material. Dow Chemical 
Company produced the second boron carbide ceramic for these tests, and its 
nominal grain size is about 3 pm-determined by optical metallography. 

Tests BCI and BC2 provided the first exploratory shock-profile measurements on 
the Eagle Picher boron carbide material. Features of stress relaxation and ragged 
profile structure were observed, which have subsequently been found to be unique 
to boron carbide. All of the further tests on boron carbide (BC3 through BCI 1) were 
performed on the Dow Chemical material, which has a similar density. These 
further tests demonstrated that these features were not restricted to the Eagle 
Pic h er cera mi c. 

Several experiments achieved shock-compressive stresses below the elastic limit, 
and they were configured to test the spall strength of boron carbide (BC3, BC6, and 
BC8). Test BC9 was performed to examine the double shock properties of boron 
carbide, using lithium fluoride backed by tantalum to achieve the two-step impact 
loading. Several tests were conducted on boron carbide, using a small (20mm 
diameter launch tube) two-stage light gas gun (BC10 and BCI 1). The latter test 
(BCI 1) is a somewhat different equation-of-state configuration in which the boron 
carbide is placed in the projectile and the Hugoniot state is referenced to that of the 
aluminum material included in both the projectile and target. 
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Shot Number: BC 1 

Test Material: Boron Carbide 

Supplier: Eagle Picher Industries 

Impact Velocity: 1.546 km/s 

Velocity Per Fringe: 430.92 m/s 

Material 

Boron Carbide 

Thickness 
(mm) 

Diameter 
(mm) 

Sample 9.044 69.2 251 7 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Boron Carbide 3.902 69.2 251 7 

320 Backer Polyurethane 6.0 
Foam 

87.5 

Comments: Stess relaxation and erractic profile measurements are characteristic of boron carbide 
ceramic. 

BCI VELOCITY PROFILE 

1 

0 
2 

TIME (ps) 
3 

54 



Shot Number: BC2 

Test Material: Boron Carbide 

Supplier: Eagle Picher Industries 

Impact Velocity: 

Velocity Per Fringe: 

2.210 km/s 

430.92 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
Wm3) 

251 7 9.033 69.2 Sample Boron Carbide 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Boron Carbide 3.917 69.2 2517 

Backer Polyurethane 
Foam 

6.0 87.5 640 

Comments: Duplicate impact velocity measurements were not obtained in this test. 

BC2 VELOCITY PROFILE 

1.4 

0 
1.5 2.5 

TIME (ps) 

3.5 
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0.370 kmls 

121.34 mls 

Shot Number: BC3 Impact Velocity: 

Test Material: Boron Carbide 

Supplier: DOW Chemical Company Velocity Per Fringe: 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
(kglm3) 

2506 9.694 Sample Boron Carbide 76.2 

Window PMMA 25.4 50.8 1186 

Boron Carbide 4.924 76.2 2506 Impactor 

Backer Polyurethane 
Foam 

6.0 87.5 320 

Comments: This is a spall experiment with a compressive amplitude below the elastic limit. 

BC3 VELOCITY PROFILE 

0.3 

m 

5 0.2 

0.1 

0 
1.4 

TIME (ps) 

0.4 
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Shot Number: 

Test Materia I : 

Supplier: 

Sample 

Impact Velocity: BC4 

Boron Carbide 

DOW Chemical Company Velocity Per Fringe: 

Material 

Boron Carbide 

Thickness 
(mm) 

10.322 

Diameter 
(mm) 

76.2 

1.633 km/s 

430.92 kmls 

2506 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Boron Carbide 4.831 76.2 2506 

Backer Polyurethane 6.0 87.5 320 
Foam 

Comments: 

BC4 VELOCITY PROFILE 

1 

- m 
‘E 
5 

Ei s 
0.5 

UI > 

0 
0.5 1.5 2.5 

TIME (11s) 

57 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

BC5 Impact Velocity: 

Boron Carbide 

DOW Chemical Company Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Boron Carbide 10.346 76.2 

Lithium Fluoride 25.4 50.8 

Boron Carbide 4.81 5 76.2 

Polyurethane 6.0 87.5 
Foam 

2.076 km/s 

430.92 mls 

2640 

2506 

640 

Comments: 

BC5 VELOCITY PROFILE 

1.5 

0.5 1.5 2.5 

TIME (ps) 

58 

3.5 



I .  

Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

impactor 

Backer 

BC6 impact Velocity: 

Boron Carbide 

DOW Chemical Company Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Boron Carbide 10.526 76.1 

PMMA 24.2 76.1 

PMMA 2.004 87.5 

Polyurethane 8.0 87.5 
Foam 

0.91 3 km/s 

121.34 m/s 

1186 

1186 

160 

Comments: Spa11 experiment 

0.2 

2 
E 

u 
Y - 
iz 0.1 

I! 
5 

0 
0.5 

BC6 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

impactor 

Backer 

BC7 Impact Velocity: 

Boron Carbide 

DOW Chemical Company Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Boron Carbide 9.680 76.2 

Lithium Fluoride 25.4 50.8 

Tantalum 1.514 87.5 

Polyurethane 6.0 87.5 
Foam 

2.059 km/s 

681.52 m/s 

2640 

16659 

640 

Comments: 

BC7 VELOCITY PROFILE 

2 

0.5 1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: BC8 impact Velocity: 

Test Material: Boron Carbide 

Supplier: DOW Chemical Company Velocity Per Fringe: 

Sample 

Window 

Impactor 

Backer 

Material 

Boron Carbide 

PMMA 

PMMA 

Thickness 
(mm) 

10.487 

24.2 

2.009 

8.0 

76.0 

50.8 

87.4 

87.5 

1.162 kmls 

121.34 m/s 

2506 

1186 

Polyurethane 
Foam 

Comments: Spall experiment 

1186 

160 

0.3 

0.2 
m 
2 
Y 

G 
3 
W > 

0.1 

0 
0.5 

BC8 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: BC9 

lest  Material: Boron Carbide 

Supplier: DOW Chemical Company Velocity Per Fringe: 

Impact Velocity: 2.320 km/s 

430.92 m/s 

Material 

Boron Carbide 

Thickness 
(mm) 

Diameter 
(mm) 

4.761 76.6 2506 Sample 

Window Lithium Fluoride 25.4 50.7 2640 

Impactor Lithium Fluoride 3.080 50.8 2640 

Backer Tantalum 1.505 87.5 16660 

Comments: The impactor geometry provided a double shock in the boron carbide. The tantalum 
plate was backed by a 12 mm thick aluminum plate. 

BC9 VELOCITY PROFILE 

2 

0 
0.5 1.5 2.5 3.5 4.5 5.5 

TIME (us) 
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Impact Velocity: Shot Number: BCIO 

Test Material: Boron Carbide 

Supplier: DOW Chemical Company Velocity Per Fringe: 

3.980 km/s 

681.52 m/s 

Sample 

Window 

Impactor 

Backer 

Material 

Boron Carbide 

Lithium Fluoride 

Boron Carbide 

PMMA 

Thickness 
tmm) 

2.992 

18.9 

2.016 

Diameter 
(mm) 

18.0 

19.1 

18.0 

2506 

2640 

2506 

0.990 18.0 1186 

Comments: This test performed on a two-stage light gas gun (20 mm bore diameter). A 0.5 mm 
aluminum disk backed the PMMA to activate the magnetic velocity system (MAVIS), and the 
remainder of the Droiectile sabot was PMMA. 

3 

2 

E 
E 
Y 

0 

BCIO VELOCITY PROFILE 

0 0 A 0.8. 1.2 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

BCI 1 Impact Velocity: not measured 

Boron Carbide 

DOW Chemical Company Velocity Per Fringe: 681.52 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Aluminum 0.540 18.0 2703 

Lithium Fluoride 18.9 19.1 2640 

AI um in u m 0.534 18.0 2703 

Boron Carbide 3.001 18.0 2506 

Comments: This was a reverse ballistic experiment on a two-stage light gas gun. Symmetric 
aluminum-aluminum impact provides projectile velocity. 

BC11 VELOCITY PROFILE 

2.8 

-1.5 -0.5 0.5 

TIME (11s) 

64 
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6. Silicon Carbide Ceramics 

Silicon carbide ceramic exhibits features within the measured shock-wave profiles 
which are perhaps the most easily reproduced with numerical wave propagation 
codes and common, strain-hardening, metallic elastic-plastic models. Silicon 
carbide was one of the original suite of ceramics tested under strong shock 
compression by Gust et al. (1973), and ample high-pressure Hugoniot data is 
available for this material. Fully dense silicon carbide is one of several ceramics 
which exhibits exceptionally high dynamic strength. Hugoniot elastic limits in the 
range of 13 to 16 GPa have been measured for this ceramic [Grady and Kipp, 
19931. 

Data for several different silicon carbide ceramics are provided in this report. The 
first of these was a hot-pressed material provided by Eagle Picher Industries. This 
ceramic has a nominal grain size of 7 pm. The material is about 1% porous. The 
near spherical pores reside on the grain boundaries. 

Further silicon carbide ceramics tested under shock compression for this report 
were prepared and provided by Cercom Incorporated. The first material is the 
commercially available baseline Sic-B ceramic produced by this company. The 
material is a near-full-density hot-pressed ceramic with a nominal grain size of 4 pm. 
the second material (indentified by Cercom as Type-N) is an improvement of the 
baseline Sic-B ceramic in which a wet milling procedure is used to achieve a high 
homogeneity in the chemistry and microstructure. Again the nominal grain size for 
this improved ceramic is about 4 pm. The third material (Type-C) is yet a further 
improvement in which the nominal grain size of the ceramic is reduced to 
approximately I pm. 

The final material tested was a reaction-bonded Si/SiC ceramic prepared by Cercom 
Incorporated for the U.S. Army Research Laboratory. Briefly, the ceramic is 
prepared by infiltrating liquid silicon into a compact of silicon carbide and colloidal 
graphite. Samples of the same material were also subjected to further sintering by 
microwave processing. Several shock compression tests were also performed on 
the microwave sintered material. 

Tests SC1 and SC2 on Eagle Picher silicon carbide were among the first several 
shock compression experiments performed within the present compilation of wave- 
profile data [Kipp and Grady, 19891. Tests SC3 and SC4 were performed to 
broaden the stress range of the wave-profile data on the Eagle Picher material, and 
SC5 provides data over a more complex loading, release, and reload path. The 
remaining shock-wave experiments were performed on the various improved- 
microstructure silicon carbide ceramics developed by Cercom Incorporated as 
mentioned above. 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

s c 1  Impact Velocity : 

Silicon Carbide 

Eagle Picher industries Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Silicon Carbide 8.939 55.0 

Lithium Fluoride 25.4 50.8 

Silicon Carbide 3.987 55.0 

Polyurethane 6.0 
Foam 

87.5 

I. 542 km/s 

430.92 m/s 

Density 
(kglm3) 

31 77 

2640 

31 77 

320 

Comments: 

L 

SC1 VELOCITY PROFILE 

. .L 

0.8 - 
u) z 
d 

u s 
W > 

0.4 

1 2 

TIME (ps) 

3 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

s c 2  Impact Velocity: 

Silicon Carbide 

Eagle Picher industries Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Silicon Carbide 8.940 55.0 

Lithium Fluoride 25.4 50.8 

Silicon Carbide 3.995 55.0 

Polyurethane 6.0 
Foam 

87.5 

2.100 km/s 

430.92 m/s 

2640 

3177 

640 

Comments: 

1.6 

1.2 

A m z 
c 
s 
c 

0.8 

W > 

0.4 

0 

SC2 VELOCITY PROFILE SC2 VELOCITY PROFILE 

2 3 
TIME (ps) 

4 
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Shot Number: 

Test Material : 

Supplier: 

Sample 

Window 

Impactor 

Backer 

s c 3  Impact Velocity: 

Silicon Carbide 

Eagle Picher Industries Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Silicon Carbide 8.956 52.5 

Lithium Fluoride 25.4 50.8 

Tantalum 1.516 87.5 

Polyurethane 6.0 87.5 
Foam 

2.118 km/s 

681.52 m/s 

Density 
(kglm3) 

31 77 

2640 

16652 

640 

Comments: 

SC3 VELOCITY PROFILE 

1.8 1 

m 

5 

u E 0.9 
s w > 

0 
0.5 1.5 

TIME (ps) 

2.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

Silicon Carbide 

Lithium Fluoride 

Silicon Carbide 

Impact Velocity: 0.61 2 km/s s c 4  

Silicon Carbide 

Eagle Picher Industries Velocity Per Fringe: 

Material Thickness 
(mm) 

Diameter 
(mm) 

9.841 50.0 

25.4 50.8 

4.958 

6.0 

50.0 

87.5 

128.07 m/s 

Polyurethane 
Foam 

Comments: 

3177 

2640 

31 77 

320 

0.5 

0.4 

0. I 

0 
1 

SC4 VELOCITY PROFILE 

2 

TIME (ps) 

3 
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Shot Number: 

Test Materiafr 

Supplier: 

sc5 
Silicon Carbide 

Eagle Picher Industries 

Impact Velacity: 

Velocity Per Fringe: 

2.206 kmls 

430.92 mls 

Material Thickness 
(mm) 

Sample Silicon Carbide 4.963 76.14 3177 

Window Lithium Fluoride 25.4 50.7 2640 

Impactor Lithium Fluoride 3.297 50.8 2640 

Backer Tantalum 1.510 87.5 16501 

Comments: 

SC5 VELOCITY PROFILE 

2 

0 
0.5 1.5 2.5 

TIME (ps) 

3.5 4.5 
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Shot Number: 

Test Material: 

Supplier: 

SC6 

Silicon Carbide 

Cercom 

Impact Velocity: 2.385 km/s 

Velocity Per Fringe: 551.61 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
(kslm3) 

3216 Sample Silicon Carbide 8.995 50.85 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Silicon Carbide 4.527 50.8 3215 

Backer Polyurethane 8.0 87.5 640 
Foam 

Comments: Type-C silicon carbide 

SC6 VELOCITY PROFILE 

1.6 

1.2 

I a 
2 
Y 

u 0.8 

s 
9 

0.4 

0 
0.5 1 1.5 

TIME (ps) 

2 2.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

s c 7  Impact Velocity: 

Silicon Carbide 

Cercom Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Silicon Carbide 4.035 17.975 

Lithium Fluoride 9.196 37.95 

Aluminum 0.990 38.083 
606 1 -T6 

PMMA 6.35 87.5 

0.535 km/s 

94.76 mls 

Density 
(kslm3) 

322 1 

2640 

2703 

1186 

Comments: Baseline SIC-B silicon carbide 

SC7 VELOCITY PROFILE 

0.25 ; 

-1.2 -1 -0.8 -0.6 -0.4 -0.2 

TIME (p) 
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Shot Number: 

Test Material: 

Supplier: 

SC8 

Silicon Carbide 

Cercom 

Impact Velocity: 

Velocity Per Fringe: 

0.489 km/s 

94.76 m/s 

Material Thickness 
tmm) 

Diameter 
(mm) 

4.025 17.866 Sample Silicon Carbide 

Window Lithium Fluoride 9.20 37.98 2640 

Impactor Mag nesi um 0.60 38.0 1740 

Backer PMMA 6.35 87.5 1186 

Comments: Type-C silicon carbide 

SC8 VELOCITY PROFILE 

0.14 

0.12 

0.1 

u) 

0.08 - 
c u 5 0.06 
W > 

0.04 

0.02 

0 
0 0.2 0.4 

TIME (ps) 

0.6 0.8 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

sc9 
Silicon Carbide 

Cercom 

Material 

Silicon Carbide 

PMMA 

Magnesium 

Polyurethane 
Foam 

Impact Velocity: 0.485 kmJs 

Velocity Per Fringe: 121.34 m/s 

4.51 2 29.471 3227 

24.2 50.7 1186 

0.5974 27.0 1739 

8.04 87.5 640 

- 
Comments: Type-N silicon carbide 

0.2 

0.15 

2 
E 
Y 

u 0.1 

s 
UI > 

0.05 

0 
-0.2 

SC9 VELOCITY PROFILE 

0 0.2 0.4 

TIME (ps) 

0.6 
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Shot Number: 

Test Material: 

Supplier: 

SCIO 

Silicon Carbide 

Cercom 

Impact Velocity: 0.485 km/s 

Velocity Per Fringe: 121.34 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Sample Silicon Carbide 4.527 50.7 

Window PMMA 24.2 50.7 1186 

Impactor Aluminum 
606 1 -T6 

1.042 50.7 2703 

Backer Polyurethane 8.03 87.5 640 
Foam 

Comments: Type-C silicon carbide 

SCIO VELOCITY PROFILE 

0.3 

0.25 

- 0.2 
?? 
E x 
5 0.15 
c 
s 
W > 

0.1 

0.05 

0 
0.5 I 1.5 

TIME (11s) 

2 
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Shot N um be r: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

SC11 

Silicon Carbide 

Cercom 

Material 

Silicon Carbide 

Lithium Fluoride 

Silicon Carbide 

Polyurethane 
Foam 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

5.986 32.0 

19.2 25.4 

2.996 32.0 

6.26 87.5 

1.61 1 kmls 

375.10 m/s 

2640 

31 35 

320 

Comments: Reaction-bonded and microwave-sintered silicon carbide 

SC11 VELOCITY PROFILE 

"2 I 

, 
1 1.5 

TIME (p) 

2 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

sc12 

Silicon Carbide 

Cercom 

Material 

Silicon Carbide 

Lithium Fluoride 

Silicon Carbide 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

5.992 

19.2 

2.986 

8.04 

Diameter 
(mm) 

32.2 

25.4 

32.0 

87.5 

2.386 km/s 

551.60 ms 

Density 
(k!m3) 

3111 

2640 

Polyurethane 
Foam 

Comments: Reaction-bonded and microwave-sintered silicon carbide 

31 32 

320 

1.6 

1.2 

0.4 

0 
0.5 

SC12 VELOCITY PROFILE 

1 1.5 

TIME (ps) 

77 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

sc13 

Silicon Carbide 

Material 

Silicon Carbide 

Lithium Fluoride 

Silicon Carbide 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

5.954 

19.13 

3.01 1 

6.29 

Diameter 
(mm) 

32.0 

25.3 

32.0 

87.5 

1.607 km/s 

375.10 m/s 

2640 

Backer Polyurethane 
Foam 

Comments: Reaction-bonded silicon carbide 

31 38 

320 

SC13 VELOCITY PROFILE 

0.5 1 1.5 

TIME (ps) 

2 
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Shot Number: 

Test Material: 

Supplier: 

SC14 

Silicon Carbide 

Impact Velocity: 2.257 kmls 

Velocity Per Fringe: 551.60 mls 

Material Thickness 
(mm) 

Diameter 
(mm) 

Sample Silicon Carbide 5.961 31.9 

Window Lithium Fluoride 19.0 25.2 2640 

Impactor Silicon Carbide 2.981 32.0 3131 

Backer Polyurethane 
Foam 

8.06 87.5 320 

Comments: Reaction-bonded silicon carbide 

SC14 VELOCITY PROFILE 

1.8 

4.2 

0.4 

0 
0.5 1 1.5 2 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

SC15 

Silicon Carbide 

Cercom 

impact Velocity: 

Velocity Per Fringe: 

1 .566 kmls 

375.10 m/s 

Material 

Silicon Carbide 

Thickness 
(mm) 

Diameter 
(mm) 

9.014 50.8 3220 Sample 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor 

Backer 

Silicon Carbide 4.490 

8.0 

50.8 

87.3 

3220 

Polyurethane 
Foam 

Comments: Baseline SIC-B silicon carbide 

31 1 

SC15 VELOCITY PROFILE 

1.2 

0.5 1 1.5 

TIME (ps) 

2 2.5 
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Shot Number: 

Test Material: 

Supplier: 

SC16 

Silicon Carbide 

Cercom 

impact Velocity: 

Velocity Per Fringe: 

2.259 km/s 

551.61 m/s 

Material 

Silicon Carbide 

Thickness 
(mm) 

Diameter 
(mm) 

Sample 8.993 50.8 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Silicon Carbide 4.516 50.8 3220 

Backer Polyurethane 
Foam 

8.0 87.5 557 

Comments: Baseline SIC-B silicon carbide 

SC16 VELOCITY PROFILE 

1.6 

1.2 

0.4 

0 
0.5 1 1.5 2 2.5 3 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

SC17 

Silicon Carbide 

Cercom 

Impact Velocity: 1 596 km/s 

Velocity Per Fringe: 375.10 m/s 

Material Thickness 
(mm) 

9.012 

Diameter 
(mm) 

50.8 Sample 

Window 

Silicon Carbide 3220 

Lithium Fluoride 25.4 50.8 2640 

Impactor Silicon Carbide 4.503 50.8 3230 

Backer Polyurethane 
Foam 

8.0 87.5 328 

Comments: Type-N silicon carbide 

X I 7  VELOCITY PROFILE 

1.2- 

0.5 I 1.5 

TIME (ps) 

2 2.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

SC18 

Silicon Carbide 

Cercom 

Impact Velocity: 

Velocity Per Fringe: 

2.352 km/s 

551.61 m/s 

Material 

Silicon Carbide 

Lithium Fluoride 

Silicon Carbide 

Polyurethane 
Foam 

Thickness 
(mm) 

Diameter 
(mm) 

8.998 50.8 

25.4 

4.504 

50.8 

50.8 

8.0 87.5 

2640 

3220 

625 

Comments: Type-N silicon carbide 

1.20 

0.80 

0.00 
0.5 

SC18 VELOCITY PROFILE 

1 1.5 

TIME (ps) 

2 2.5 
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Shot Number: SCI 9 

Test Material: Silicon Carbide 

Supplier: Cercom 

Impact Velocity: 1.605 km/s 

Velocity Per Fringe: 375.10 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kg/m3) 

Sample Silicon Carbide 9.013 50.8 3220 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Silicon Carbide 4.506 50.8 3220 

Backer Polyurethane 8.0 87.3 31 8 
Foam 

Comments: Type-C silicon carbide 

SC19 VELOCITY PROFILE 

1.6 

1.2 

2 
E 
5 

B 
0.8 

s 
W > 

0.4 

0 
0.5 1 1.5 

TIME (p) 
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7. Silicon Nitride Ceramics 

Silicon nitride is a low density ceramic with excellent mechanical strength and 
thermal shock properties at high temperatures. Impact-shock compression data for 
this ceramic is relatively sparse. Yamakawa, et al. (1993) and Mashimo (1993) 
report shock-Hugoniot and Hugoniot elastic-limit data for several materials, varying 
in initial grain size and porosity. In that report, Hugoniot elastic-limit values ranged 
from about 10 to 20 GPa, with higher values corresponding to reduced porosity and 
grain size. The materials tested had relatively high binder content (8 wt%) of A1203 
and Y203. Nahme, et al. (1 994) have conducted shock-profile measurements with 
VISAR diagnostics on two different silicon nitride ceramics-a near full-density 
ceramic (31 50 kg/m3) and a porous ceramic (2280 kg/m3). Nahme’s report contains 
Hugoniot elastic-limit and spall data along with features of the measured shock- 
profiles. 

The silicon nitride material from which the wave profiles of this report were 
measured is a sintered, near-full-density ceramic produced and provided by Kyocera 
Industrial Ceramics Corporation, and it is identified as their product SN-220. This 
material is less than 0.3wt% tungsten, oxygen, and yttria with a reported grain size 
of 0.4 - 0.7 pm. The nominal reference density for this product is 31 52 kg/m3. 
Measured longitudinal and shear-elastic wave speeds are 10.31 km/s and 5.81 
km/s, respectively . 

Tests SNI , SN2, and SN4 show an abrupt drop in particle velocity early in the 
compressive wave which was never explained, but it is believed to be an 
experimental problem. Test SN7, which was a repeat of SNI, did not show this 
feature. Tests SNI through SN5 reveal shock properties at increasing impact 
amplitudes. Test SN5 shows unusual properties, including a reduced shock velocity 
and what appears to be a rarefaction shock. This test suggests a possible phase 
transformation within the vicinity of the maximum stress achieved. 

Tests SN6, SN7, and SN8 were performed at the same impact velocities on 
samples that were 15, I O ,  and 5 mm in thickness, respectively. These data nicely 
reveal wave evolution properties of this ceramic. 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

SN 1 

Silicon Nitride 

Kyocera Corporation 

Material 

Silicon Nitride 

Lithium Fluoride 

Silicon Nitride 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

10.013 

25.6 

5.005 

12.8 

Diameter 
(mm) 

76.2 

50.8 

87.5 

87.5 

1.057 krnls 

430.92 m/s 

31 56 

2640 

Polyurethane 
Foam 

Comments: The abrupt drop in particle velocity at approximately 1.7 ps is not understood-possibly 
an experimental difficulty. 

31 56 

316 

0.8 

0.6 

c 
E 
Y 

0.2 

0 
1 

8N1 VELOCITY PROFILE 

2 3 

TIME (ps) 

4 
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Shot Number: SN2 
Test Material: Silicon Nitride 

Supplier: Kyocera Corporation 

Impact Velocity : 

Velocity Per Fringe: 

1.478 km/s 

430.92 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Sample Silicon Nitride 10.026 76.2 31 58 

Window Lithium Fluoride 25.6 50.8 2640 

Impactor Silicon Nitride 5.003 87.5 31 58 

Backer Polyurethane 12.7 87.5 312 
Foam 

Comments: 

SN2 VELOCITY PROFILE 

0.9 , 

1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: 

Test Material: 

Supplier: 

SN3 

Silicon Nitride 

Kyocera Corporation 

Impact Velocity: 2.080 km/s 

Velocity Per Fringe: 430.92 m/s 

Thickness 
(mm) 

Material Diameter 
(mm) 

Sample Silicon Nitride 10.01 1 76.2 31 56 

Window 

Impactor 

Lithium Fluoride 

Silicon Nitride 

25.6 

5.004 

50.8 

87.5 

2640 

3156 

Backer Polyurethane 
Foam 

12.7 87.5 312 

Comments: 

SN3 VELOCITY PROFILE 

1.2 

I 

E 
E 
Y 

B 
0.6 

s 
5 

0 
0.5 1.5 2.5 

TIME ()IS) 

3.5 
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Shot Number: SN4 

Test Material: Silicon Nitride 

Supplier: Kyocera Corporation 

impact Velocity: 

Velocity Per Fringe: 

2.487 kmls 

430.92 m/s 

Sample 

Window 

Material Thickness 
(mm) 

Diameter 
(mm) 

Silicon Nitride 

Lithium Fluoride 

10.023 

25.4 

76.2 

50.7 2640 

Impactor Silicon Nitride 5.000 87.5 31 56 

Backer Polyurethane 
Foam 

8.0 87.5 623 

Comments: 

1.6 

- 
M 
‘E 
25 

u 0.8 s 
9 

0 
1 

SN4 VELOCITY PROFILE 

2 3 

TIME (11s) 

4 
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Shot Number: 

Test Material: 

Supplier: 

SN5 

Silicon Nitride 

Kyocera Corporation 

impact Velocity: 2.284 km/s 

Velocity Per Fringe: 768.59 km/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
(kglm3) 

31 56 Sample Silicon Nitride 10.023 76.2 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Tantalum 1.520 87.6 16658 

Backer PMMA 5.904 87.5 1182 

Comments: Possible rarefaction shock 

SN5 VELOCITY PROFILE 

1.8 

1.2 
1 

2 
E c 
u E 
9 w > 

0.6 

0 
I- 

2 3 

TIME (ps) 

4 
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Shot Number: SN6 

Test Material: Silicon Nitride 

Supplier: Kyocera Corporation 

Impact Velocity: 

Velocity Per Fringe: 

1.047 km/s 

352.95 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Sample Silicon Nitride 15.007 50.7 3126 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Silicon Nitride 4.984 50.8 3126 

Backer Polyurethane 6.3 
Foam 

87.5 320 

Comments: 

0.7 

A 

Q) 

2 

s 
9 

r 
u 0.35 

0 
1 

SN6 VELOCITY PROFILE 

2 3 

TIME (ps) 

4 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

SN7 

Silicon Nitride 

Kyocera Corporation 

Impact Velocity: 

Velocity Per Fringe: 

1.059 km/s 

352.95 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Silicon Nitride 10.016 50.8 3126 

Lithium Flouride 25.4 38.1 2640 

Silicon Nitride 5.039 50.8 3126 

Polyurethane 6.3 87.5 320 
Foam 

Comments: 

SN7 VELOCITY PROFILE 

0.7 

0.5 1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: SN8 

Test Material: Silicon Nitride 

Supplier: Kyocera Corporation 

Impact Velocity: 

Velocity Per Fringe: 

1.049 kmls 

430.92 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kglm3) 

Sample Silicon Nitride 5.013 76.2 3130 

Window Lithium Fluoride 25.6 50.8 2640 

Impactor Silicon Nitride 5.008 87.5 3130 

Backer Polyurethane 7.8 87.5 319 
Foam 

Comments: 

0.7 

cn 
2 

s 
9 

Y 

0.35 

0 
0 

SN8 VELOCITY PROFILE 

1 2 

TIME (ps) 

3 
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8. Titanium Diboride Ceramics 

Titanium diboride is a hexagonal crystal of the AIB2 type which, in the polycrystalline 
ceramic form, exhibits some unusual shock properties. Extensive Hugoniot data for 
titanium diboride was reported in the study of Gust, et al. (1 973). A two-yield 
process has been reported in the compressive-wave features of titanium diboride 
[Kipp and Grady, 19891. Although the possibility of a phase-transition that causes 
one or the other of the compressive features to occur cannot be ruled out [Grady, 
1992a,b], more recent studies lean toward a mechanical explanation for these 
behaviors [Dandekar and Benfanti, 19931. Both dislocation and microfracture 
features were observed in shock-recovered samples of titanium diboride 
wanderwalker and Croft, 1988; Vandetwalker, 1989; Winkler and Stilp, 1992; Grady 
and Wise, 19931. 

Titanium diboride ceramics from several suppliers were tested for this report. This 
testing of different materials-supplied by separate manufacturers-offered a valuable 
perspective of the dependence of the shock features in titanium diboride, as related 
to their differing chemistries and microstructures. The first material tested was 
supplied and produced by Eagle Picher Industries. This material has a nominal 
grain size of about 12 pm, and both SEM analysis and density measurements 
indicate several percent of porosity for this ceramic. Cercom Incorporated provided 
and produced the second titanium diboride ceramic tested. Density for this second 
material is slightly higher, and the nominal grain size is about 30 pm. Another 
titanium diboride ceramic that was tested was a hot-pressed material produced by 
Ceradyne incorporated, and it is the same material tested by Dandekar and Benfanti 
(1 993). Lastly, one shock-compression experiment was performed on the titanium 
diboride ceramic that Winkler and Stilp (1992) studied. 

~ 

The first two shock profile experiments on titanium diboride ceramic were performed 
on the Eagle Picher material (TBI and TB19), and they were first reported in Kipp 
and Grady (1 989). One further experiment on the Eagle Picher material (TBI 0) 
achieved a significantly higher shock pressure using a tantalum impact plate. 

A variety of wave-profile experiments were performed on the Cercom titanium 
diboride (TB2 through TB9 with TBI 1, TB17, TBI 8, TB20, and TB21). In particular, 
tests TB2 and TB3 were performed at the same impact velocity on different 
thicknesses of ceramic samples, and they provided data on wave evolution with 
propagation distance. Tests TB4, TB9, TBI 1, TB20, and TB21 achieve shock 
amplitudes above the first compression-softening anomally but below the second. 
Several of the tests, including TB4, TB7, TB8, TB9, and TBI 1, were configured to 
provide spall strength data. Test TB8 was clearly the least successful of these 
efforts. 



The ceramic samples in tests TB17 and TB18 were machined so that shock 
propagation was orthogonal to the cylindrical axis of the received samples. These 
samples were found to exhibit substantial elastic anisotropy, with longitudinal 
velocities along the axis of 10.79 km/s and across the axis of 11.83 km/s. These 
tests were conducted to investigate for corresponding strength anisotropy. 

Tests TB12 through TBI 5 provide high pressure compression and release profiles 
on the Ceradyne ceramic, complementing the data reported by Dandekar and 
Benfanti (1993). Test TB16 was performed on a titanium diboride ceramic provided 
by the Ernst-Mach Institute, and it was specifically peformed to demonstrate a three- 
wave structure in the ceramic that was studied by Winkler and Stilp (1992). These 
latter data are discussed further in Grady and Wise (1 993). 
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Shot Number: 

Test Material: 

Supplier: 

TB 1 

Titanium Diboride 

Eagle Picher Industries Velocity Per Fringe: 

Impact Velocity: 2.113 km/s 

430.92 mls 

Thickness 
(mm) 

Material Diameter 
(mm) 

Sample Titanium Diboride 10.747 69.2 

Window Lithium Fluoride 25.4 50.8 2640 

Impactor Titanium Diboride 3.337 69.2 4452 

Backer Polyurethane 
Foam 

6.0 87.5 640 

Comments: 

TB1 VELOCITY PROFILE 

1.4 , 

2 3 

TIME (ps) 

4 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB2 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Polyurethane 
Foam 

Impact Velocity: 1.503 km/s 

Velocity Per Fringe: 430.92 m/s 

5.01 1 76.2 4509 

25.4 50.8 2640 

2.501 76.2 4509 

6.0 87.5 320 

Comments: Tests TB2 and TB3 were performed at the same impact velocity, but they had different 
sample thicknesses and they show evolution of the compressive wave. 

TB2 VELOCITY PROFILE 

1.2 

3.5 4 4.5 

TIME (ps) 

5 5.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

TB3 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

Impactor Titanium Diboride 

Impact Velocity: 1.503 km/s 

Velocity Per Fringe: 430.92 m/s 

Thickness 
(mm) 

Diameter 
(mm) 

10.097 76.2 

25.4 50.8 

5.146 76.2 

2640 

4509 

Backer Polyurethane 6.0 87.5 320 
Foam 

Comments: 

TB3 VELOCITY PROFILE 

1.2 

1.5 2.5 3.5 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

impactor 

Backer 

TB4 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

PMMA 

Titanium Diboride 

Polyurethane 
Foam 

impact Velocity: 0.367 km/s 

Velocity Per Fringe: 121.34 m/s 

10.091 76.2 4509 

25.4 50.8 1186 

4.899 76.2 4509 

6.0 87.5 320 

Comments: Spall experiment 

0.3 

I 
t 

u 

E 0.2 

E 
s 
9 

0.1 

0 
-0.5 

TB4 VELOCITY PROFILE 

0.5 1.5 

TIME (ps) 
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Shot Number: TB5 

Test Material: Titanium Diboride 

Supplier: Cercom 

Material 

Sample Titanium Diboride 

Window Lithium Fluoride 

Impact Velocity: 

Velocity Per Fringe: 

1.1 12 km/s 

430.92 m/s 

Thickness 
(mm) 

Diameter 
(mm) 

10.193 

25.4 

76.2 

50.8 2640 

Impactor Titanium Diboride 5.100 76.2 4509 

Backer Polyurethane 6.0 87.5 320 
Foam 

Comments: 

0.8 

- ln 
2 
i= 
s 
Y 

0.4 

w > 

0 
1 

TB5 VELOCITY PROFILE 

2 3 

TIME (p) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB6 

Titanium Biboride 

CeEE3T-l 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Polyurethane 
Foam 

hpact  Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

10.165 76.2 

25.4 50.8 

5.161 76.2 

6.0 87.5 

2.293 km/s 

430.92 m/s 

Density 
!bl.zn31 

4509 

2640 

4509 

640 

Comments: 

TB6 VELOCITY PROFILE 

1.6 I 

1 2 

TIME (ps) 

3 



Shot Number: TI37 

Test Material: Titanium Diboride 

Supplier: Cercom 

Jmpact Velocity: 

Velocity Per Fringe: 

0.74 1 km/s 

121.34 m/s 

Material Thickness 
(mm) 

Sample Titanium Diboride 10.088 

Window PMMA 25.4 

Diameter 
(mm) 

76.2 

50.8 

4509 

1186 

PMMA 

Polyurethane 
Foam 

Comments: Spa11 experiment 

Impactor 

Backer 

2.018 

6.0 

87.5 

87.5 

1186 

160 

0.12 

- 
u) z x 
zi 

0.06 

s w > 

0 
0.5 

TB7 VELOCITY PROFILE 

1.5 2.5 

TIME (p) 

3.5 
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Impact Velocity: 1.155 km/s Shot Number: 

Test Material: 

Supplier: 

TB8 
Titanium Diboride 
Cercom 1 

9 
Velocity Per Fringe: 121.34 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
(kglm3) 

4509 Sample Titanium Diboride 10.347 76.2 

Window 

Impactor 

PMMA 

PMMA 

24.1 

2.000 

50.8 

87.5 

1186 

1186 

Backer Polyurethane 
Foam 

8.0 87.5 160 

Comments: The wave profile resulting from this experiment is not understood. 

TB8 VELOCITY PROFILE 

0.25 

0.125 
6 
0 
-I 
W > 

0 
0 1 2 3 

TIME (11s) 

4 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB9 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

PMMA 

PMMA 

Polyurethane 
Foam 

impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

10.246 10.246 

24.2 1 50.8 

2.002 87.5 

8.0 87.5 

1.439 kmls 

121.34 ms 

1186 

1186 

160 

Comments: Spall experiment 

TB9 VELOCITY PROF1 LE 

o.30 3 

0.00 
0.5 1.5 2.5 

TIME (ps) 

3.5 

105 



Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

T B t O  Impact Velocity: 

Titanium Diboride 

Eagle Picher Industries Velocity Pef Fri- 

Material Thi&neiss Diameter 
Cmm) (mm) 

Titanium Diboride 10.055 76.2 

Lithium Fluoride 25.4 50.8 

Tan tal u m 1.506 87.5 

Polyurethane 6.0 
Foam 

87.5 

2.253 km/s 

681.52 m/s 

2640 

1677 1 

640 

Comments: 

TBlO VELOCITY PROFILE 

2 

- 
t 
E r 

u E l  
s 
W > 

0 
1 2 

TIME (us) 

3 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB11 
Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

PMMA 

Polyurethane 
Foam 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

10.126 76.2 

25.4 50.8 

2.001 87.5 

7.9 87.5 

1.708 km/s 

94.76 m/s 

Density 
(kglm3) 

4509 

2640 

1186 

139 

Comments: 

TBI 1 VELOCITY PROFILE 

0.5 1 1.5 2 

TIME (ps) 

2.5 
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Shot Number: 

Test Material: 

!Supplier: 

TB12 

Titanium Diboride 

Ceradyne 

Impact Velocity: 

Velocity Per Fringe: 

1.073 km/s 

551.36 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

Density 
(kg/m3) 

4490 63.5 Sample Titanium Diboride 9.039 

Window Lithium Fluoride 18.9 38.3 2640 

Titanium Diboride 5.012 63.5 Impactor 4490 

Backer Polyurethane 
Foam 

7.9 87.5 394 

Comments: 

PB12 VELOCITY PROFILE 

0.8 

0.4 

s 
>" 

0 
0.5 1.5 2.5 

TIME (ps) 
3.5 

1 
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Shot Number: 

Test Material: 

Supplier: 

TB13 

Titanium Diboride 

Ceradyne 

Material 

Sample 

Window 

Impactor 

Backer 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Polyurethane 
Foam 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

9.028 63.5 

18.9 38.1 

5.008 63.5 

7.9 87.5 

1.805 kmls 

681.52 m/s 

Density 
(kslm3) 

4490 

2640 

4490 

41 9 

Comments: 

TB13 VELOCITY PROFILE 

0.5 1.5 

TIME (ps) 

2.5 
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Shot Number: 

Test Material: 

S,upplier: 

Sample 

Window 

TB14 

Titanium Diboride 

Ceradyne 

Material 

Titanium Diboride 

Lithium Fluoride 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

9.031 

19.024 

Diameter 
(mm) 

63.5 

38.1 

1.972 kmls 

681.52 m/s 

4490 

2640 

Impactor Tantalum 1.507 87.5 

Backer PMMA 6.340 87.5 

Comments: 

16534 

1187 

TB14 VELOCITY PROFILE 

1.6 

1.2 

0.4 

0 
6.5 7 7.5 8 

TIME (11s) 

8.5 9 
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Shot Number: TB15 

Test Material: Titanium Diboride 

Supplier: Ceradyne 

Impact Velocity: 

Velocity Per Fringe: 

2.221 km/s 

681.52 m/s 

Material Thickness Diameter Density 
(mm) (mm) (kg/m3) 

Sample Titanium Diboride 9.036 63.5 4490 

Window Lithium Fluoride 19.12 38.1 2640 

Impactor Tungsten 1.51 87.5 19200 

Backer PMMA 6.34 87.5 1186 

Comments: 

TB15 VELOCITY PROFILE 

0.5 1.5 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

impactor 

Backer 

TB16 

Titanium Diboride 

Ernst-Mach institute 

Material 

Titanium Diboride 

Lithium Fluoride 

Copper OFHC 

n/a 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

4.521 

19.2 

9.424 

Diameter 
(mm) 

20.7 

19.0 

87.4 

1.458 km/s 

681.52 m/s 

Density 
(kglm3) 

4380 

2640 

8930 

Comments: 

TB16 VELOCITY PROFILE 

1.4 

0 
0.5 1.5 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB17 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Polyurethane 
Foam 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

5.016 40.0 

19.0 25.4 

2.985 40.0 

8.0 87.5 

1.469 km/s 

430.92 m/s 

Density 
(kglm3) 

4509 

2640 

4509 

420 

Comments: Tests TB17 and TB18 were prepared and shock-loaded perpendicular to the cylindrical 
axis of the received sample 

TB17 VELOCITY PROFILE 

1.2 

0.5 1.5 

TIME (ps) 

2.5 
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Shot Number: 

Test Material: 

!Supplier: 

Sample 

Window 

Impactor 

Backer 

TB18 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Polyurethane 
Foam 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

4.906 40.1 

18.9 25.4 

3.000 40.0 

8.0 87.5 

1.110 km/s 

430.92 m/s 

2640 

4509 

390 

Comments: 

0.8 

In 
2 
Y 
8 0.4 u s 
9 

0 

TB18 VELOCITY PROFILE TB18 VELOCITY PROFILE 

I-.. 

0.5 1.5 

TIME (ps) 

2.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB19 

Titanium Diboride 

Eagle Picher 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

10.804 

25.4 

3.972 

6.0 

Diameter 
(mm) 

69.2 

50.8 

69.2 

87.5 

1.51 5 km/s 

430.92 rn/s 

2640 

Polyurethane 
Foam 

Comments: 

4452 

320 

TB19 VELOCITY PROFILE 

1.20 

2 3 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB20 

Titanium Diboricle 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

Polyurethane 
Foam 

Impact Velocity: 0.604 kmls 

Velocity Per Fringe: 197.44 m/s 

5.356 76.2 4509 

25.4 50.8 2640 

5.514 76.3 4509 

6.3 87.5 330 

Comments: 

0.5 

0.4 

u) 

x 
3 0.3 - 
z u : 0.2 
> 

0.1 

0 

8620 VELOCITY PROFILE 

1.5 2 2.5 3 3.5 4 4.5 

TIME (ps) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

TB2 1 

Titanium Diboride 

Cercom 

Material 

Titanium Diboride 

Lithium Fluoride 

Titanium Diboride 

impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

10.352 

25.4 

5.377 

6.4 

Diameter 
(mm) 

76.3 

50.8 

76.2 

87.5 

0.552 km/s 

155.23 m/s 

2640 

Polyurethane 
Foam 

Comments: 

4509 

340 

TB21 VELOCITY PROFILE 

0.45 

0.36 

0.09 

0 
1 1.5 2 2.5 3 3.5 4 4.5 

TIME (ps) 

117 
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9. Tungsten Carbide Ceramics 

Tungsten carbide is a high-density ceramic, typically prepared by liquid-phase 
sintering. It usually contains a few percent-by-weight metal content. Relatively little 
shock-wave data exists for this material. Early Hugoniot data for WC-Swt%Co was 
generated by McQueen (1968) and McQueen, et al. (1970), and it has been 
adequately tabulated in the LANL Shock Hugoniot Compendium [Marsh, 19801. 
Also, several compression-wave profiles for tungsten carbide-using the free-surface 
capacitor technique-were measured by Taylor and Hopson, and this data is 
published in the LANL Shock Wave Profile Compendium [Morris, 19801. Gust 
(1 980) indicates shock Hugoniot experiments were performed at Lawrence 
Livermore National Laboratories; however, only a Hugoniot elastic limit is provided 
in this reference. Steinberg (1991) has assimilated the above data and has 
provided partial material property parameters in the framework of the Steinberg- 
Guinan model. Velocity-interferometry wave-profile and spall data which are 
included in this report are reported in Grady (1995). 

One material tested in this study is K-68 Kennametal, reported to have a metal 
content of 5.7Wt%Co and I.SWt%Ta, along with minor amounts of other metals. A 
second tungsten carbide ceramic was extracted from 14.5mm AP(BS-41) rounds 
provided by Los Afamos National Laboratory. Test samples for this second material 
were less than 11 mm in diameter, providing a challenge to the impact-test and 
VISAR-diagnostics technology. This material contained a 3-4wt%Ni along with 
minor amounts of other metals. A final tungsten carbide ceramic was prepared by 
Cercom Incorporated. This ceramic was a hot-pressed, nearly 100% tungsten 
carbide (WC), with an average grain size of 0.9 pm. 

Tests WC1 and WC2 were performed on the Kennametal material, and they focused 
on the compression-profile and Hugoniot properties at shock-wave amplitudes, 
which were high relative to the Hugoniot elastic limit. Hugoniot states were slightly 
stiffer, but comparable to, the earlier data [McQueen, 1968; McQueen, et al., 19681. 

Tests WC3 through WC6 were performed on the AP (BS-41) tungsten carbide. Only 
lower amplitude compression properties were investigated in tests WC3 and WC4. 
Spall strength properties were the focus of tests WC5 and WC6. One further test, 
WC7, was performed on the Kennametal ceramic, to determine comparable spall 
strength characteristics of this material. Pullback waves provided tensile strengths 
of 2.5 - 3.5 GPa for these materials. The motion anomaly in the compression 
profiles of WC4, WC5, and WC6 are believed to be due to an experimental problem. 

Tests WC8, WC9, and WCIO examine the shock compression and spa! properties 
of the monolithic tungsten carbide ceramic provided by Cercom. Spall strengths of 
this ceramic were about half of the earlier liquid-phase, sintered tungsten carbides. 
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wc1 
Tungsten Carbide 

Kennametai 

Impact Velocity: 1.141 km/s Shot Number: 
'Test Material: 

Supplier: Velocity Per Fringe: 551.36 m/s 

Material Thickness 
(mm) 

Diameter 
tmm) 

Sample Tungsten 
Carbide 

Lithium Fluoride 

6.566 63.7 

Window 25.4 

3.370 

50.8 

63.1 

2640 

14930 Tungsten carbide Impactor 

Backer PMMA 5.82 87.5 1186 

Comments: 

WCl VELOCITY PROFILE 

1 

0.5 1.5 2.5 

TIME (p) 

3.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

w c 2  

Tungsten Carbide 

Kennametal 

Material 

Tungsten 
Carbide 

Lithium Fluoride 

Tungsten carbide 

PMMA 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

6.542 63.7 

25.4 50.8 

3.363 63.0 

5.91 87.5 

1.566 km/s 

551.36 m/s 

2640 

14930 

1183 

Comments: 

1.50 

1 .oo - c 
E 
i!5 

5 
E 
s 
9 

0.50 

0.00 
0.5 

WC2 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

w c 3  

Tungsten Carbide 

LAN L 

Material 

Tungsten 
Carbide 

Lithium Fluoride 

Aluminum 6061- 
T6 

nla 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) , . (mm) 

2.985 10.9 

9.542 19.0 

12.87 87.5 

1.039 km/s 

197.44 m/s 

14910 

2640 

2703 

Comments: Material for this experiment was provided by Los Alamos National Laboratories (LANL). 

WC3 VELOCITY PROFILE 

0.3 

- 
u) 

2 
I 

0.15 
0 

w > 
41 

0 
0 0.5 

TIME (us) 

1 
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Shot Number: w c 4  

Test Material: Tungsten Carbide 

Supplier: LAN L 

Material 

Sample Tungsten 
Carbide 

Window Lithium Fluoride 

Impactor Aluminum 6061- 
T6 

Impact Velocity: 

Velocity Per Fringe: 

Thickness 
(mm) 

2.994 

9.45 

12.51 

Diameter 
(mm) 

10.8 

19.0 

87.5 

0.687 km/s 

197.44 mls 

14910 

2640 

2703 

Backer n/a 

Comments: The abrupt velocity drop at approximately 0.4 ps is not understood-possibly an 
experimental difficulty. 

WC4 VELOCITY PROFILE 

0.18 

3 
E c 
u 
0 

t: 0.09 

9 
-I 

0 
0 0.5 

TIME (ps) 
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Shot Number: 

Test Material: 

!Supplier: 

Sample 

Window 

Impactor 

Backer 

wc5 
Tungsten Carbide 

LAN L 

Material 

Tungsten 
Carbide 

Lithium Fluoride 

Aluminum 6061- 
T6 

PMMA 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

2.986 10.8 

9.47 19.0 

1.047 50.8 

5.85 87.5 

0.361 km/s 

94.76 mls 

Density 
(kglm3) 

14910 

2640 

2703 

1186 

Comments: Spall experiment 

WC5 VELOCITY PROFILE 

0 0.6 

TIME (ps) 

1.2 
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Shot Number: 

Test Material: 

Supplier: 

WC6 

Tungsten Carbide 

LANL 

Impact Velocity: 0.446 km/s 

Velocity Per Fringe: 94.76 ms 

Material Thickness 
(mm) 

Diameter 
(mm) 

Sample Tungsten 
Carbide 

2.980 10.831 14910 

Window Lithium Fluoride 9.54 19.0 2640 

Impactor Aluminum 6061- 
T6 

1.038 50.7 2703 

Backer PMMA 5.91 87.5 1186 

Comments: Spall experiment 

WC6 VELOCITY PROFILE 

0.12 

0 
0.2 0.6 1 1.4 

TIME (p) 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

w c 7  

Tungsten Carbide 

Kennametal 

Material 

Tungsten 
Carbide 

Lithium Fluoride 

Aluminum 6061 - 
T6 

PMMA 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

3.357 63.5 

25.4 38.0 

1.030 50.7 

5.90 87.5 

0.405 km/s 

108.85 m/s 

Density 
(kglm3) 

14930 

2640 

2703 

1186 

- 
Comments: Spall experiment 

0.1 

UJ 

2 

s 
? 

25 

5 
0.05 

0 
0.2 

WC7 VELOCITY PROFILE 

0.6 1 

TIME (ps) 

1.4 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

WC8 

Tungsten Carbide 

Cercom 

Material 

Tungsten 
Carbide 

Lithium Fluoride 

Tungsten 
Carbide 

PMMA 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

6.178 50.2 

19.0 50.8 

6.200 50.1 

5.82 87.5 

1.660 kmls 

551.36 m/s 

Density 
(kglm3) 

15560 

2640 

15560 

1186 

Comments: 

1.4 

E 
E c 
u 0.7 

s 
9 

0 
0.5 

WC8 VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 

3.5 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

wc9 
Tungsten Carbide 

Cercom 

Material 

Tungsten 
Carbide 

Lithium Fluoride 

Aluminum 
606 1 -T6 

PMMA 

Impact Velocity: 0.362 km/s 

Velocity Per Fringe: 155.23 m/s 

6.192 50.2 15560 

19.0 50.8 2640 

1.507 50.7 2703 

5.90 87.5 1186 

Comments: Spall experiment 

0.08 

0.06 

u) 

3 
Y 

u 0.04 

s 
W > 

0.02 

0 

WC9 VELOCITY PROFILE 

-0.5 0.5 

TIME (ps) 

1.5 
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Shot Number: WCIO 

Test Material: Tungsten Carbide 

Supplier: Cercom 

Impact Velocity: 

Velocity Per Fringe: 

0.454 km/s 

108.85 m/s 

Sample 

Window 

Impactor 

Backer 

Materiai Thickness 
(mm) 

Diameter 
(mm) 

Tungsten 
Carbide 

Lithium Fluoride 

Aluminum 
6061 -T6 

PMMA 

6.190 50.0 

18.9 

1.500 

5.90 

50.7 

50.8 

87.5 

Density 
(kgfm3) 

15560 

2640 

2703 

1186 

Comments: Spall experiment 

WCIO VELOCITY PROFILE 

1.5 2.5 

TIME (ps) 

3.5 
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I O .  Zirconium Dioxide Ceramics 

c 

Zirconia ceramics have shown fascinating mechanical properties due to careful 
engineering of their chemistry and microstructure. Zirconium dioxide, in its pure 
form, exists in the stable monoclinic crystal structure. Through doping with other 
oxides (such as calcia, magnesia, or yttria in the several percent range), zirconium 
dioxide can be stabilized in either the cubic or the tetragonal structure. It is the latter 
structure which leads to the large fracture toughness (transformation toughening) 
properties exhibited by this ceramic. 

The shock-compression properties of zirconia are also unusual. The shock 
properties of zirconium dioxide in both its pure form and its stabilized form 
(produced with oxide additives), have been extensively investigated [Mashimo, 
1988; Mashimo, 1993 and references therein]. 

One material, an yttria-stabilized, tetragonal zirconia, has been observed to exhibit 
remarkable dynamic strength characteristics. In fact, Hugoniot measurements on 
this material, using inclined-mirror diagnostics, suggest a Hugoniot elastic limit in 
excess of 30 GPa [Mashimo, 19881, although streak photographs of the inclined 
mirror hint at possible structure in the profile of the precursor wave. 

More recent shock-wave studies indicate a precursor amplitude at 13-1 7 GPa, 
raising questions concerning the dynamic strength reported in earlier works [Grady 
and Mashirno, 19921. 

The principal material investigated in this study is Y,O, (3 mol %), stabilized 
zirconium dioxide consisting of almost 100% tetragonal phase. The stabilized 
tetragonat zirconia has frequently been called partially stabilized zirconia in previous 
literature. This material was prepared by the hot, isostatic press method, and it was 
provided by Sumitomo Electric industries. This zirconia is the same material 
investigated in an earlier shock-wave equation-of-state study [Mashimo, 19881. A 
total of six shock compression and release experiments were performed on this 
material. In two of the tests (203 and Z04), a sample density of 5954 kg/rn3 was 
determined. Ultrasonic longitudinal and shear wave speeds for this material are 
6.87 and 3.63 krn/s, respectively. The remaining four experiments (205 through 
208) were performed on samples from a later batch, having a higher density of 
6028 kg/m3 and longitudinal and shear velocities of 7.1 1 and 3.72 km/s, 
respectively. The slight difference in densities between the two materials led to 
measurable and revealing differences in the shock-wave properties. Spall 
experiments performed in the tests 207 and 208 demonstrated unique dynamic 
tensile strength properties, possibly related to the transformation toughened nature 
of this material. 
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In addition, two further experiments (ZOI and 202) were performed on a 10.5 mol 
I%, yttria-stabilized, zironium dioxide from a different source. This material was 
nearly 100% cubic phase, with a density of 5602 kg/m3. This material was 
approximately 4-6% porous, with pore volume distributed principally as 
intragranular, near-spherical, voids. Grain size was 7-1 5 pm, and longitudinal and 
shear velocities for this material were 6.61 and 3.54 km/s, respectively. The 
material was supplied by McDonald Refractories, Beaver Falls, Pennsylvania. 
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Shot Number: 

Test Material: 

Supplier: 

zo 1 

Zirconium Dioxide 

McDonald 

Impact Velocity: 

Velocity Per Fringe: 

1.556 km/s 

430.92 m/s 

Material Thickness 
tmm) 

Diameter 
tmm) 

Sample Zirconium 
Dioxide 

Lithium Fluoride 

6.635 53.0 5602 

Window 25.4 50.8 2640 

Impactor Zirconium 
Dioxide 

3.313 

6.0 

53.0 5602 

Polyurethane 
Foam 

Backer 87.5 320 

Comments: Tests ZO1 and 202 were performed on cubic zirconia 

201 VELOCITY PROFILE 

1 2 

TIME (11s) 
3 
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Shot Number: 

‘rest Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

202 

Zirconium Dioxide 

McDonald 

Material 

Zirconium 
Dioxide 

Lithium Fluoride 

Zirconium 
Dioxide 

Polyurethane 
Foam 

Impact Velocity: 

Velocity Per Fringe: 

Thickness Diameter 
(mm) (mm) 

6.624 53.0 

25.4 50.8 

3.247 53.0 

6.0 87.5 

2.075 km/s 

430.92 m/s 

Density 
(kglm3) 

5602 

2640 

5602 

640 

Comments: 

1.4 

fn z 
r, 

G 0.7 s 
5 

n 

202 VELOCITY PROFILE 

1 

3 

TIME (p) 

4 
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Shot Number: 203 

Test Material: Zirconium Dioxide 

Supplier: Sumitomo Industries 

Impact Velocity: 1.749 km/s 

Velocity Per Fringe: 551.36 m/s 

M e r i a l  Thickness 
(mm) 

Diameter 
tmm) 

30.3 Sample Zirconium 
Dioxide 

4.102 

Window Lithium Fluoride 19.0 25.4 2640 

impactor Zircon i um 
Dioxide 

2.506 30.3 5954 

Backer Polyurethane 3.0 87.5 640 
Foam 

Comments: Tests 203 through 208 were performed an tetragonal zirconia 

203 VELOCITY PROFILE 

1.2 

0 
0.4 0.8 1.2 

TIME (ps) 

1.6 2 
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Shot Number: 

Test Material: 

Supplier: 

Sample 

Window 

Impactor 

Backer 

204 Impact Velocity: 

Zirconium Dioxide 

Sumitomo industries Velocity Per Fringe: 

Material Thickness Diameter 
(mm) (mm) 

Zirconiu m 4.088 30.3 
Dioxide 

Lithium Fluoride 19.0 25.4 

Zirconium 2.509 30.3 
Dioxide 

Polyurethane 3.0 87.5 
Foam 

2.308 km/s 

551.36 m/s 

2640 

5954 

640 

Comments: Noise on release portion portion at wave is electronic 

204 VELOCITY PROFILE 

1.6 

0.2 0.6 1 

TIME (ps) 

1.4 
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Shot Number: 

Test Material: 

Supplier: 

Z05 

Zirconium Dioxide 

Sumitomo Industries 

Impact Velocity: 

Velocity Per Fringe: 

2.270 km/s 

681.52 mls 

Material Thickness 
(mm) 

Diameter 
(mm) 

3.958 29.9 Sample Zirconium 
Dioxide 

6028 

Window 19.0 25.4 2640 Lithium Fluoride 

Impactor Tantalum 1.316 73.7 16600 

Backer PMMA 6.0 87.5 1186 

Comments: 

205 VELOCITY PROFILE 

0.5 1.5 

TIME (ps) 

2.5 
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Shot Number: 

'Test Material: 

Supplier: 

Z06 

Zirconium Dioxide 

Sumitomo Industries 

Impact Velocity: 

Velocity Per Fringe: 

1.100 kmls 

430.92 mls 

Material Thickness 
(mm) 

Diameter 
(mm) 

29.9 Sample Zirconium 
Dioxide 

3.955 6028 

Window 19.0 25.4 2640 Lithium Fluoride 

Impactor Tantalum 1.308 73.7 16600 

Backer PMMA 6.0 87.5 1186 

Comments: 

Z06 VELOCITY PROFILE 

1 

0 
2 

TIME (ps) 

3 1 
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Shot Number: 207 

Test Material: Zirconium Dioxide 

Supplier: Sumitomo Industries 

Impact Velocity: 0.519 kmls 

Velocity Per Fringe: 128.07 m/s 

Material Diameter 
(mm) 

Thickness 
(mm) 

Sample Zirconium 
Dioxide 

4.953 29.9 6028 

Window Lithium Fluoride 19.0 19.0 2640 

Impactor Zirconium 
Dioxide 

2.408 29.9 6028 

Backer Polyurethane 5.0 87.5 320 
Foam 

Comments: 

207 VELOCITY PROFILE 

0.4 

0.2 

0 
0 1 2 

TIME (11s) 
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Shot Number: 

Test Material: 

Supplier: 

208  

Zirconium Dioxide 

Sumitomo Industries 

Impact Velocity: 

Velocity Per Fringe: 

0.564 km/s 

128.07 m/s 

Material Thickness 
(mm) 

Diameter 
(mm) 

4.938 29.9 Sample Zirconium 
Dioxide 

6028 

Window 19.0 19.0 2640 Lithium Fluoride 

Impactor Zi rconi um 
Dioxide 

2.398 29.9 6028 

Backer Polyurethane 
Foam 

5.0 87.5 320 

Comments: 

Z08 VELOCITY PROFILE 

0.50 

0.00 
0.5 1.5 

TIME (11s) 

2.5 
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APPENDIX A 

Table 1 : 
Ultrasonic and Elastic Properties’ 

’ Elastic properties are calculated assuming elastic isotropy. This is known to be 
incorrect for at least some of the hot pressed ceramics (notably the Cercom TiB2). 

See Text. 
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APPENDIX B 

In the present report a uniform system of test numbering was used which, in most 
cases, does not agree with the original test numbers assigned during the perfor- 
mance of the experiments. A number of the original test numbers appear in earlier 
reports and papers. For this reason the present appendix provides a cross reference 
between the numbering system in the present report and the original test numbers. 

Aluminum Nitride (AIN) 

AN1 

AN2 

AN3 

AN4 

AN5 

AN6 

AN7 

AN8 

AN9 

AN1 0 

AN1 1 

AN12 

AN13 

AN1 4 

CE33 

CE34 

CE35 

CE36 

CE37 

CE43 

CE44 

C E47 

CE48 

CE52 

CE53 

ALO 1 

AL02 

AL03 

Aluminum Oxide (A1203) 

A01 

A02 

A03 

A04 

A05 

A06 

CE11 

CE12 

CE56 

CE57 

CE58 

CE59 

A07 

A08 

A09 

A01 0 

A01 1 

A012 

A01 3 

A01 4 

A01 5 

A01 6 

A01 7 

A01 8 

A01 9 

A020 

A02 1 

CE60 

CE61 

C E62 

CE63 

CE72 

CE80 

C E88 

CE89 

CE90 

CE91 

A00 1 

A002 

A003 

MT1 

MT2 

Boron Carbide (B4C) 

BC1 CE3 

BC2 C E6 

BC3 CE16 

BC4 CE17 

BC5 CE18 

BC6 C E25 

147 



BC7 

BC8 

BC9 

BC10 

BCl 1 

CE26 

CE30 

CE41 

CE101 

CE102 

Sillicon Carbide (SIC) 

sc: 1 

s c 2  

sc:3 

sc:4 

sc:5 

SC6 

s c 7  

SC8 

s c 9  

SC10 

sc11 

sc:12 

SC13 

sc:14 

SC15 

SC16 

SC117 

SO1 8 

sc19 

CE4 

CE5 

CE31 

C E32 

CE42 

SC6 

s c 7  

sc12 

sc13 

SC15 

SC16 

sc17 

SC18 

sc19 

sc1  

s c 2  

s c 3  

sc4 
sc5  

Silicon Nitride (Si3N4) 

SN1 

SN2 

CE95 

CE96 

SN3 

SN4 

SN5 

SN6 

SN7 

SN8 

CE97 

CE98 

C E99 

5in1 

51n2 

CE104 

Titanium Diboride (TiB2) 

TB1 

TB2 

TB3 

TB4 

TB5 

TB6 

TB7 

TB8 

TB9 

TB10 

TB11 

TB12 

TB13 

TB14 

TB15 

TB16 

TB17 

TB18 

TB19 

TB20 

TB21 

C E7 

CE10 

CE9 

CE15 

CE19 

CE20 

CE23 

CE24 

C E29 

CE38 

CE51 

CE70 

CE71 

CE73 

CE74 

CE75 

CE83 

CE84 

CE2 

TE1 

TE2 
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Tungsten Carbide (WC) 

w c 1  

w c 2  

w c 3  

w c 4  

w c 5  

WC6 

w c 7  

WC8 

w c 9  

WCIO 

w c 1  

w c 2  

w c 3  

w c 4  

w c 5  

WC6 

w c 7  

WC8 

wc12 

WC13 

Zirconium Dioxide (Zr02) 

zo1 
2 0 2  

2 0 3  

2 0 4  

Z05 

Z06 

207 

2 0 8  

CEI 

CE8 

CE13 

CE14 

CE21 

CE22 

CE28 

CE39 

\ 
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