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EXECUTIVE SUMMARY

This report is an initial attempt to compile and publish a collection of ceramic material
test data available in the open literature. Data for nine ceramic armor materials are
presented in this document. Information collected and disseminated in this report is
intended for use by model developers, ceramic researchers, and ultimately, armor
designers. Although a thorough attempt was made to gather all relevant data, some
information was undoubtedly missed or overlooked. This report therefore is only the first
edition, and it is intended that future volumes will include additional materials and data
(especially pressure-shear plate impact data), as they become available.
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1.0 INTRODUCTION

Over the past 30 years a substantial amount of ceramic test data has been generated. The
majority of the data was generated over the last fifteen years and has focused primarily
on armor development. The data were generated from a wide range of experiments, by
researchers of various disciplines. The data are scattered in not easily accessible
government and industry reports, journals and conference proceedings making it difficult
for the user community, that is in need of the data, to obtain it. Therefore, it was felt that
a document that compiled the various experimental data in one report, would be a helpful
resource for the armor designer, ceramic researcher, and model developer. This report
attempts to gather this data and organize it in a consistent, concise format allowing the
researcher easy access and interpretation of the data.

The data collected in this report were obtained exclusively from open literature
publications. Although numerous technical journals and conference proceedings were
reviewed for this report, it was not an exhaustive search. An attempt was made to gather
as much data as possible for each ceramic of interest, although in some instances an
intense search of the literature provided only a small amount of data.

The ceramic materials chosen for inclusion in this report have, at one time or another, all
been considered for armor applications and represent the primary ceramics considered for
armor systems. The ceramics are Silicon Carbide, Boron Carbide, Titanium Diboride,
Aluminum Nitride, Silicon Nitride, Aluminum Oxide, Tungsten Carbide and Glass.
Glass, although typically not considered an armor grade ceramic for the defeat of kinetic
energy penetrators, does exhibit a unique armor capability for the defeat of shaped charge
jets. Glass was included in this report not only because of its armor applications, but also
because of the extensive experimental database available, and academic interest. The
glass material focused on herein is Soda Lime (Float) Glass.

Silicon Nitride ceramic is another material not typically associated with armor grade
ceramics, but more commonly associated with high impact and wear resistant
applications such as turbine blades. It is included in this report due to both plate impact
and ballistic test data available in the literature.

Numerous grades of Alumina have been tested over the years, but the majority of
Alumina data fall into one of two categories; either 85% pure Al,O; or purity greater then
99% Al,O;. To make the task of gathering and organizing the Alumina data manageable,
only two grades of Alumina were considered for this report, 85% pure and high purity
Alumina (approximately 99% and above). The behavior of Alumina is influenced by the
glassy interface between the grains. Reducing the glassy phase, such as in high purity
Alumina, increases the overall performance of the material. Although 85% pure Al,O;
ceramic is known to be a poorer armor ceramic than high purity Alumina, it is included in
this report due to the extensive testing available that can be used to better understand
Alumina based ceramics.




To make a report such as this useful, the data must be organized and presented in a
manner that is easily used. It was concluded that the most useful format for the researcher
was to present the data in tabular form, but wherever possible provide a graphical
representation of the data since this format is the most easily and quickly understood.

As was stated earlier, this report was not intended to be an exhaustive search of the
literature, although an attempt was made to gather as much data as possible. If we missed
some important data, it was not intentional, and please let us know for inclusion in future
editions. We hope this report proves easy to use and is helpful in your research
endeavors.



2.0 TEST DATA

The organization of the test data will be discussed in some detail in this section. The test
data cover a wide range of testing, from uniaxial compression tests to ballistic impact
tests.

At the top level, the test data are organized by material. There are nine materials for
which test data are provided, and are listed below in the order in which they appear in this
report.

Silicon Carbide

Boron Carbide

Titanium Diboride

Aluminum Nitride

Silicon Nitride

Aluminum Oxide (85% pure)
Aluminum Oxide (high purity)
Tungsten Carbide

Glass

WA bh WD~

The second level, or subsection level, provides the organizational framework for the test
data. For each material eight subsections are provided. Each subsection houses a specific
class of test data or material information. The eight subsections have descriptive titles
that describe the data and are listed below in the order presented in the report.

Material Description

Mechanical Test Data

Hydrostatic Test Data

Plate Impact Test Data

Penetration (semi-infinite) Test Data
DOP Test Data

Perforation Test Data

Other Test Data

XN h W~

Within each subsection the data are documented in tabular form in SI units. When
stresses are listed, they are considered positive in compression and negative in tension.
Each test is given a four digit “test number” that uniquely identifies it among all other
tests within the database. The test number can also be used to quickly identify the
material and test it represents. The first digit identifies the material; the second digit
identifies the type of test and the last two digits represent the entry number in the table.
For example, the test number 3428 is the 28" entry in the table, documenting a plate
impact test (4), for Titanium Diboride (3).




Different subsections could have been chosen, but it was concluded that the test data fell
nicely into one of the above eight categories. Also included is a Material Description
subsection that gives a description of each material tested. The following gives a brief
description of each of the eight subsections.

Material Description_ This subsection provides information about each of the materials
tested. We felt it was important to provide as much information on the materials as
possible since there always seems to be the question “exactly what material was tested”.
This subsection lists all the material information provided by the respective
experimentalist and is presented in tabular form. The material information listed in this
section include the manufacturer, trade name, processing, grain size, density, porosity,
elastic wave velocities, elastic modulus, and Poison’s ratio. Nominal values of the
compressive strength, spall strength, tensile strength and Hugoniot Elastic Limit (HEL)
are also included when available. In a few cases the chemical composition of the material
is known and is also included. Blanks in the table indicate the experimentalist did not
provide the data. We did not add any information to the table that was not provided in the
reference or obtained directly from the author, other than calculating elastic wave speeds
and modulus from the given data. Each material is given a “material number” that
identifies it and a reference number where the information was obtained. Material
numbers are used throughout the report to identify the specific material being tested.

Mechanical Test Data_ This subsection presents test data that we have identified as
“mechanical test data”. The data are typically quasi-static or Hopkinson bar uniaxial
compression data, although some multiaxial data are listed. The data are presented in
tabular form listing the material number, the stress state at failure, and the average strain
rate of the test. If other information is provided, such as temperature, it is also listed.
Stresses are considered positive in compression and negative in tension, which is
consistent throughout the report. At the bottom of each table are a list of comments that
provide additional information on the test data if further explanations are warranted.
Lastly, on the right side of the table is the name of the first author, and corresponding
reference number identifying the publication containing the test data.

Hydrostatic Test Data_ This subsection presents the hydrostatic response of the
material. Typically the data are generated using a Diamond Anvil Cell. This test
technique involves applying a mechanical load to a fluid that surrounds the specimen of
interest. The pressure is determined from a calibrated material immersed in the fluid and
the material volume is determined by x-ray diffraction methods. The data are presented in
tabular form listing the material number, pressure and volume or density. At the bottom
of each table are a list of comments that provide additional information on the individual
test data if further explanations are required. Lastly, on the right side of the table is the
name of the first author, and corresponding reference number identifying the publication
containing the test data. A graphical representation of the data is also provided where the
pressure is plotted as a function of volume.

Plate Impact Test Data_ This subsection presents plate impact test data. Plate impact
experiments are performed to investigate material behavior at high pressures and high



strain rates. The most frequently reported experimental technique is based on a
configuration in which a circular disk of smaller thickness impacts, in a planar manner, a
stationary circular disk of larger thickness. The impactor is often called the flyer plate
and the stationary disk the target plate. The target plate is always made of the material of
interest. In a symmetric impact, both plates are made of the same material. In a non-
symmetric impact the flyer plate is made of a different material. The stress state in the
plates is triaxial and the strain state is one dimensional. The diagnostic measurements
include: (1) the use of a velocity interferometry (VISAR) to record the material particle
velocity history at the back of the target plate, and (2) the use of a stress gauge between
the target plate and a plastic window to record the stress vs. time history. The diagnostic
measurements are used in the construction of the “Hugoniot Curve.”

In a plate impact experiment, compressive stresses are produced and transmitted
immediately from the plane of impact to the adjacent stress free areas of the material in
the form of a stress pulse. If the stress pulse is great enough, the elastic limit of the
material is exceeded and permanent (plastic) deformation will occur. The elastic limit is
referred to as the Hugoniot Elastic Limit (HEL) of the material and is the maximum
principal stress component under one-dimensional strain at strain rates of approximately
10°s. The compressive strength (Y) of the material, under plate impact conditions, can
be determined straightforwardly using following relationship:

Y = HEL{2G/(K + 4/3G)}

where the HEL is the Hugoniot Elastic Limit and K and G are the bulk and shear moduli,
respectively.

Measurement of the free surface velocity at the rear of the target provides data for the
loading (compression) and unloading (release) paths. When the release waves interact,
tensile stresses of high amplitudes under a triaxial tensile stress state are created,
subsequently leading to failure of the material. The magnitude of the principal tensile
stress is often referred to as the spall strength of the material. In metals, such failure
occurs only when the shock stress exceeds the HEL; in ceramics, however, tensile failure
can occur even at stress levels below the HEL.

The data that are documented for plate impact experiments vary from researcher to
researcher. In some cases the particle (mass) and wave (shock) velocities for both the
elastic and plastic waves are measured from which both the HEL and peak Hugoniot state
are determined. Some researchers use Manganin gauges imbedded in the material and
measure the stress states directly. While still others use laser interferometry techniques to
measure the complete particle velocity time history profile of the material. Because of
these various experimental techniques used for data acquisition the format in which the
data is documented in this section also varies. (Note: “plastic” may not be the correct
nomenclature when discussing the deformation wave in ceramics but it will be used here
due to the general understanding that plastic refers to the behavior of the material after
exceeding the HEL.)




For each set of experiments a figure describing the initial geometry is presented, followed
by a table listing the results. The format of the table is determined by the documented
results of the respective experimentalist, which varies as discussed above. The table
typically lists the material number, initial conditions, elastic response and deformational
response. For both the elastic and deformational regime the table will list the particle and
shock velocity, stress and density, if available. At the bottom of each table are a list of
comments that provide additional information on the individual test data if further
explanations are required. In some cases the particle velocity time histories (wave
profiles) are provided and are presented in graphical form following the table.

Penetration (semi-infinite) Test Data_ This subsection presents ballistic penetration test
data. What is required of the data, to fall into this subsection, is that nearly all of the
penetration must occur in the ceramic material. The only non-ceramic material
penetrated, if any, is typically a thin metallic cover plate. For each set of experiments a
figure describing the initial geometry of the penetrator and target is presented, followed
by a graphical representation of the results. Finally, a table listing the results is provided.
The table typically lists the material number, specific penetrator and target
characteristics, impact velocity, and penetration. At the bottom of each table is a list of
comments that provide additional information on the individual test data if further
explanations are required.

DOP Test Data_ This subsection presents ballistic penetration test data where the target
is in the Depth-of-Penetration (DOP) configuration. The DOP test has been used to
investigate the ballistic performance of ceramic tiles since approximately 1986 [68]. The
DOP test is probably the most widely used ballistic test to evaluate ceramic materials.
The typical DOP configuration consists of a ceramic tile placed on a steel base target. A
penetrator impacts and perforates the ceramic tile and continues into the base target. The
penetration into the base target is generally referred to as the residual penetration and is
used to determine the ceramic ballistic mass efficiency. A common equation to determine
the mass efficiency of the ceramic, for a given velocity, is shown in equation 1[86].

Em = (Prua — Po)prua / (tc pe) (1)

Where: En = ceramic ballistic mass efficiency
Prua = penetration depth into steel with no ceramic
P; = residual penetration into steel base target after perforating ceramic
PruA = density of the steel
tc = ceramic thickness
pc = density of ceramic

For each set of experiments in this subsection, a figure describing the initial geometry of
the penetrator and target is presented. Typically a graphical representation of the results
are also presented. Finally a table listing the results is provided. The table typically lists
the material number, specific penetrator and target characteristics, impact velocity, and



residual penetration. In some cases the penetrators penetration capability into the base
target only (no ceramic) is also provided which is required to determine the ceramic
ballistic mass efficiency as described in equation 1. At the bottom of each table are a list
of comments that provide additional information on the test data if further explanations
are warranted.

Perforation Test Data_ This subsection presents ballistic test data where the target is
generally perforated by the penetrator. Targets are typically comprised of a ceramic front
layer and a metallic rear layer and are commonly used in light armor applications.
Typical test data extracted from the experiments are the residual penetrator characteristics
after exiting the target. In some cases the ballistic limit velocity, Vy,, is provided for a
specific penetrator and target. The ballistic limit velocity is defined as the velocity of a
penetrator, where if shot 100 times at a specific target at the same velocity, 50 would be
stopped in the target and 50 would perforate the target.

For each set of experiments a figure describing the initial geometry of the penetrator and
target is presented, followed by a table listing the results in tabular form. The table
typically lists the material number, specific penetrator and target characteristics and
ballistic limit velocity, Vp. At the bottom of each table are a list of comments that
provide additional information on the test data if further explanations are warranted.

Other Test Data_ This subsection is a catch all for other experimental data that does not
fall into one of the previous six. There are generally very little data in this subsection and
for some materials there are no data at all. Some examples of test data that are presented
in this subsection include impact response of ceramic bars, prefractured ceramic behavior
and evaluation of fracture propagation. Generally, for each experiment documented in
this subsection, a figure describing the initial test set up is presented, followed by a table
summarizing the results.

The data documented in this report reflects experimental work obtained from over ninety
references. Although, a large amount of data was gathered for this report, not all of the
ceramic materials had a complete set of test data. Table 2.1 shows what data were
available for each ceramic and what references the data were obtained from. This table
shows that for some ceramics there is a wealth of data while for others there is very little.




Table 2.1 Experiments for Numerous Ceramic Materials with Corresponding

References.
Material
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2.1 SILICON CARBIDE

2.1.1 Material Description for Silicon Carbide

Descriptions for the Silicon Carbide materials used throughout Section 2.1 are presented in Table
2.1.1.1. The data were obtained directly from the corresponding reference. When specific
information was not available it was left blank. Each material is given a specific material number
which is used throughout Section 2.1 to identify it when being tested. The strength values,
(Compressive, Tensile, HEL and Spall), are nominal values and are included in the table for

comparison purposes. Occasionally researchers will determine the chemical composition of the
material being tested to further characterize the material, Table 2.1.1.1 includes this data when

available.
Table 2.1.1.1 Description of the Silicon Carbide Materials Tested
Material Number
101 102 103 104 105 106 107 108

Reference 1 2,3,5,10 4 6 26 52,54 52 69
Manufacturer Carborundum| Carborundum| Cercom  |Carborundum [Eagle Picher] Cercom | Cercom
Trade Name/Description KT-SiC a-SiC SiC-B KT-SiC SiC-B SiC-B
Processing Hot Pressed Sintered Hot Pressed? Hot Pressed| Hot Pressed|Hot Pressed?
Average Grain Size  (um) 3 2 7 4 2
Density (kg/m?) 3090 3200 3100 3220 3090 3177 3150 3180
Void Fraction 0.040 0.01
Longitudinal Velocity (m/s) 11400 12120 11000 12060 12220 12250
Shear Velocity (m/s) 7270 7500 7200 7670 7620 7765
Bulk Velocity (m/s) 7710 84380 8050 8190 8480 8350
Young’s Modulus, E (GPa) 378 428 380 427 378 434 433 427
Shear Modulus, G~ (GPa) 163 180 157 160 187 183 195
Bulk Modulus, K (GPa) 184 230 218 200 213 227 223
Poisson Ratio 0.157 0.19 0.21 0.18 0.161 0.182 0.14
Compressive Strength (GPa) 3.9 3.41
Tensile Strength (GPa) 0.345
HEL (GPa) 8.0 8.0 15.0
Spall Strength (GPa) 0.35
Impurities (Yowt)

B 03

AlO, 0.02

TiO, 0.1

VO 0.02

CrO, 0.02

MnO 0.05

Fe,0, 03

NiO 0.02

* Pressure Assisted Densified (PAD)




Table 2.1.1.1 Description of the Silicon Carbide Materials Tested, Continued.

Material Number

109 110 111 112 113 114 115
Reference 81 85 52 52 91 92,95 92,95
Manufacturer Dow Cercom Cercom
Trade Name/Description SiC-N! SiC-C?
Processing Hot Pressed Hot Pressed | Hot Pressed Reaction Bonded PS?
Average Grain Size  (jum) 4 1 1.16 4.48
Density (kg/m®)| 3190 3160 3150 3210 3163
Void Fraction
Longitudinal Velocity (m/s) 12110 11760 11890 +-10 | 11940 +-10
Shear Velocity (m/s) 7650 7510 7450 +-10 7570 +-10
Bulk Velocity (nv/s) 8284 7943 8210 8130
Young’s Modulus, E (GPa) 437 412 430 420 420
Shear Modulus, G~ (GPa) 187 178 178 181
Bulk Modulus, K (GPa) 219 199 216 209
Poisson Ratio 0.168 0.156 0.18 0.16
Compressive Strength (GPa) 2.5 4.5 52
Tensile Strength (GPa)
HEL (GPa) 13.0-14.7 13.2+-0.3 13.5+-0.3
Spall Strength (GPa) 0.58-1.07

I'This material is an improvement of the SiC-B material (material #107) in which a wet milling process is used to achieve
a high homogeneity in the chemistry and microstructure.
2 This material is yet a further improvement of the SiC-N material (material #111) in which the nominal grain size of the

ceramic is reduced to approximately Ium.

3Pressureless Sintered

Table 2.1.1.1 Description of the Silicon Carbide Materials Tested, Concluded.

Material Number
116 117 118
Reference 92,95 93,94 39
Manufacturer Cercom
Trade Name/Description SiC-B?
Processing PAD* PAD*
Average Grain Size  (um) 2.90 40
Density (kg/m?)| 3238 3214+-14 3170
Void Fraction ~0
Longitudinal Velocity (m/s) 12340 +-10 | 12180+-90
Shear Velocity (m/s) 7780 +-10 | 7740+-50
Bulk Velocity (m/s) 8460 8275
Young’s Modulus, E (GPa) 459 448
Shear Modulus, G (GPa) 196 193
Bulk Modulus, K (GPa) 232 220
Poisson Ratio 0.17 0.16
Compressive Strength (GPa) 5.2
Tensile Strength (GPa)
HEL (GPa) 15.7+-0.3 11.5
Spall Strength (GPa)

“4Pressure Assisted Densification
5Crystal structure is o-SiC type 6H

10




2.1.2 Mechanical Test Data for Silicon Carbide

The following section presents mechanical test data for various Silicon Carbide materials. A
typical test specimen showing the stress configuration is shown in Figure 2.1.2.1.
Compression is taken as positive and tension as negative. Loading is generally uniaxial
compression in the z direction and is increased until the material fails, although some
researchers use more complex loading techniques to vary the stress state at failure.

Mechanical test data performed by Lankford [3, 5, 10] are presented in Table 2.1.2.1. The

stress state at failure is given as a function of average strain rate, £, and temperature. Both
quasi-static and Hopkinson bar experiments were performed.

Hopkinson bar data performed by Anderson et al. [4] are presented in Table 2.1.2.1. The

normal stress G, at failure is given as a function of lateral confinement, G, oy, and average
strain rate, €.

Mechanical test data performed by Pickup and Barker [92] are also presented in Table
2.1.2.1. Both quasistatic and Hopkinson bar experiments were performed on three different
Silicon Carbide materials. The objective of the experimental program was to investigate both
low and high rate compressive strength as a function of material processing. Reaction
bonding (material #114), pressureless sintered (material #115), and pressure assisted
densification (material #116) were the processing techniques investigated.

Figure 2.1.2.1 Description of a Typical Mechanical Test Specimen
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Table 2.1.2.1 Summary of Experimental Results for Silicon Carbide

Silicon Carbide

Test Material o, o, o, ~€ Temperature Reference
Number Number | (GPa) (GPa) (GPa) shH (degrees C)

1201 102 3.82 0 0 7x10°3 -200 3,5, 10 (Lankford)
1202 102 3.59 0 0 7x10°3 -200

1203 102 3.83 0 0 7x10°5 Ambient

1204 102 3.94 0 0 7x10°3 Ambient

1205 102 4.11 0 0 7x10°5 570

1206 102 2.17 0 0 7x10°5 800

1207 102 3.89 0 0 2x1071 Ambient

1208 102 3.98 0 0 2x107! Ambient

1209 102 4.73 0 0 3x10? Ambient

1210 102 5.67 0 0 1x103 Ambient

1211 102 6.28 0 0 2x103 Ambient

1212 103 5.12 0 0 1.8x10°| Ambient 4 (Anderson)
1213 103 591 0.10 0.10 | 1.8x10°| Ambient

1214 103 7.02 0.20 0.20 | 1.8x103 Ambient

1215 114 4.48+-.18 0 0 1x10°3 Ambient

1216 114 6.72+-.27 0 0 1x103 Ambient 92 (Pickup)
1217 115 5.21+-500 O 0 1x10°3 Ambient

1218 115 7.47+-.32 0 0 1x103 Ambient

1219 116 5.15+-.35 0 0 1x10°3 Ambient

1220 116 8.17+-.16 0 0 1x103 Ambient

Test 1201-1211: the test data is from work by Lankford. Compressive strength was investigated for both
quasi-static and Hopkinson bar experiments. Quasi-static experiments were also performed as a function of
temperature.

Test 1212-1214: the test data is from work by Anderson. Compressive strength was investigated as a function
of confining pressure using the Hopkinson pressure bar.

Test 1215-1220: the test data is from work by Pickup and Barker{92]. Quasi-static and Hopkinson bar
experiments were performed on three Silicon Carbide materials. The primary difference in the materials was
how they were processed.
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2.1.3 Hydrostatic Test Data for Silicon Carbide

This section presents the hydrostatic response for Silicon Carbide. The experimental data
were obtained using a Diamond Anvil Cell by Bassett ez al.[2] and are presented graphically
in Figure 2.1.3.1 and in tabular form in Table 2.1.3.1. The table presents the material tested,
the pressure, P, the relative volume, V/V »» Where V is the measured volume and V, is the
initial volume, and the density, p, for each measurement recorded.

100

80

Pressure, P (GPa)

20 F

O . 1 1 (| 1 1
0.00 0.05 0.10 0.15 020 025 0.30
V/V-1

Figure 2.1.3.1 Pressure vs. Volume Relationship for Silicon Carbide, Bassett et al .[2].

Table 2.1.3.1 Summary of Experimental Results Documenting the Hydrostatic Response of
Silicon Carbide, Bassett et al. [2].

Silicon Carbide
Test Material P VIV p
Number Number (GPa) ° (kg/m3)
1301 102 0 1.0 3200
1302 102 9.4 0.960 3333
1303 102 15.8 0.938 3412
1304 102 304 0.902 3548
1305 102 41.6 0.877 3649
1306 102 46.9 0.862 3712
1307 102 51.6 0.852 3756
1308 102 60.1 0.833 3842
1309 102 62.6 0.829 3860
1310 102 62.6 0.829 3860
1311 102 68.4 0.817 3917
Test 1301-1311: the test data is from work by Bassett. the data was
obtained using a diamond anvil cell. NaCl was used as the pressure
medium. An energy dispersive method was used to collect diffraction
data.
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2.1.4 Plate Impact Test Data for Silicon Carbide

This section presents plate impact results, performed by numerous researchers, using various
Silicon Carbide materials. A typical plate impact test configuration is presented in Figure 2.1.4.1.
The peak stress, G,, occurs in the z-direction and is generally measured for both the elastic and
plastic response. The lateral stresses, 6, and Oy, occur due to the uniaxial strain configuration of the
experiment, and are typically not measured. The peak stress for the elastic regime is referred to as
the Hugoniot Elastic Limit (HEL) and has become a fundamental property of ceramics. The peak
stress for the plastic response is generally referred to as the peak Hugoniot stress. The particle
velocity and wave velocity for both the elastic and plastic waves are typically measured and
documented herein. In some cases the entire particle velocity time history is measured using laser
velocity interferometry techniques (VISAR). VISAR traces provide direct information on the
material response and are included in this section when available.

The results from Gust ez al. [1] are summarized in Table 2.1.4.1. The shock velocity, particle
velocity, peak stress, G,, and density, p, for both the elastic and plastic waves are presented.

A description of the plate impact test configuration used by Grady and Moody [52] is presented in
Figure 2.1.4.2. Four Silicon Carbide materials were investigated. The specific test dimensions and
some limited results are summarized in Table 2.1.4.2. Compression and release behavior of the
Silicon Carbide was measured by monitoring the ceramic-window interface velocity using laser
velocity interferometry techniques (VISAR). The interface velocity profiles reflect the uniaxial
strain loading and unloading behavior of the material and are presented in Figures 2.1.4.3-5 .

A description of the plate impact test configuration used by Winkler and Stilp [81] is presented in
Figure 2.1.4.6. The objective of this experimental study was to investigate spall as a function of
peak compressive stress. The specific test dimensions and the results are summarized in Table
2.1.4.3. Only one experiment exceeded the HEL. Compression and release behavior of the Silicon
Carbide was measured by monitoring the ceramic free surface velocity using laser velocity
interferometry techniques (VISAR). The interface velocity profiles for three experiments are
presented in Figure 2.1.4.7 where the pullback representing the spall behavior is clearly shown.

Descriptions of the plate impact test configurations used by Feng et al. [93, 94] are presented in
Figure 2.1.4.8. The objective of this experimental program was to investigate material strength as a
function of peak longitudinal stress. Two experimental programs were performed, one to obtain
longitudinal stress states[94] and the other to obtain transverse stress states [93]. When both the
longitudinal and transverse stress states are known, the hydrostatic, deviatoric and shear response
can be obtained. The same Silicon Carbide material was used for both test series. The peak stress
and density, for all the experiments, are presented in Table 2.1.4.4. Since references [93, 94] only
document peak stress and density, Table 2.1.4.4 does not attempt to list elastic and plastic
components, but simply lists the peak stress and density as presented in the references.

A description of the plate impact test configuration used by Bourne et al. [95] is presented in Figure
2.1.4.92. The objective of this experimental program was to investigate material strength as a
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function of peak longitudinal stress for three Silicon Carbide materials. Plate impact experiments

were performed using both longitudinal and transverse manganin gauges. For most of the
experiments the transverse gauge indicated the occurrence of a failure wave. Typical gauge signals
are presented schematically in Figure 2.1.4.9b. The transverse stress state was obtained before and
after the arrival of the failure wave and is presented in tabular form in Table 2.1.4.5, also included
are the longitudinal stresses.

V——»

Impactor

LR N

Sample and

Window

Figure 2.1.4.1 Description of a Typical Plate Impact Test Configuration including Stress Orientations

Table 2.1.4.1 Summary of Experimental Plate Impact Results from Gust et al.[1].

Silicon Carbide
Initial Elastic Regime (HEL) Plastic Regime
NT::Ler x:;f;‘;l D"":‘W Shock | Particle*| Shock ~[Particlet Ref.
o Velocity { Velocity z P Velocity| Velocity|  © P
kg/m’) | qws) | ws) | (GPa) | (kg/m®)| (rys) | (vs) | (GPa) | (kg/m?)
1401 101 3084 11650 | 121 44 3119 {8600 | 593 174 3224 | 1 (Gust)
1402 101 3059 11350 | 130 4.5 3094 18790 | 704 19.5 3313
1403 101 3108 11600 | 269 9.7 3183 19390 | 677 20.8 3332
1404 101 3109 11890 | 269 9.9 3182 18890 | 811 24.8 3376
1405 101 3059 11730 | 273 9.8 3132 {8770 | 859 254 3364
1406 101 3087 11900 | 205 7.5 3141 | 8920 1070 | 31.3 3520
1407 101 3108 11240 | 217 7.6 3170 | 8530 1345 | 37.3 3612
1408 101 3049 11640 | 301 10.6 | 3130 | 8440 1475 | 40.8 3661
1409 101 3069 9510 | 2050 | 61.5 3917
1410 101 3090 9630 | 2080 | 62.8 3920
1411 101 3056 10130 | 2470 | 77.9 | 4068
1412 101 3111 10710 | 2820 | 94.0 | 4223
1413 101 3069 10500 | 2860 | 92.1 4218
1414 101 3103 10660 | 2720 | 90.1 4168
Test 1401-1414: the test data is from work by Gust. As is shown there is a large scatter in the HEL. Ref. 1
documents the HEL as 8.0 + - 3.0 GPa.
* The elastic particle velocity presented here is half the measured free surface velocity (Up=1/2Ufs).
# In Reference 1 the plastic particle velocity was calculated by Up=1/2Ufs and by impedance matching.
The particle velocity presented here is an average of the two.
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Projectile o,
Backer  Impactor Oy
\Y
—p
Ly e L1

Projectile Materials Used

Target

Sample Window
Silicon
Carbide
(SiC)
Mat. #106. '\s;,mplc-window
#107. #111 interface
#112

L L

S >le W »

Density

! (ke/m?) Designation
Polyurethane Foam 320 PF320
Polyurethane Foam 557 PF557
Polyurethane Foam 640 PF640
PMMA 1186 PMMA
Tantalum 16652 Ta
Lithium Floride 2640 LiF
Aluminum 6061-T6 2703 Al
Magnesium 1739 Mg

Figure 2.1.4.2 Description of the Plate Impact Test Configuration used by Grady and Moody [52]
including the Stress Orientation and Materials used for the Projectile.

Table 2.1.4.2 Summary of Experimental Plate Impact Initial Conditions and Results from Grady and

Moody [52].
Silicon Carbide
Initial Conditions )
Hugoniot Results
Projectile Target
Test | Material Backer Impactor Sample Window E'&?;: Re)gime Plastic Regime
Number| Number | v 'L L i L Ly | o o
Material B ; 1 Density S . p P

(os) ateri (mm) Material (mm)  |kg/m?) | (mm) Material (mm) (Gi’a) (kg/m%) (Gf’a) (kg/m3
1415 106 1542 {PF320| 6.0 SiC 3.987 | 3177 | 8.939 | LiF 254 14.8 | 3272{27.6 | 3409
1416 106 2100 |PF640| 6.0 SiC 3.995 | 3177 | 8.940 | LiF 254 153 | 3276]36.5 | 3519
1417 106 2118 [PF640( 6.0 Ta 1516 | 3177 | 8.956 | LiF 254 149 3273148.7 | 3658
1418 106 612 |PF320{ 6.0 SiC 4.958 | 3177 | 9.841 | LiF 254
1419 106 2206} Ta 1.510{ LiF 3.297 | 3177 | 4.963 | LiF 254
1420 107 535 |PMMA 635 | Al 0.990 | 3221 | 4.035 | LiF 9.196
1421 107 1566 |PF320| 8.0 SiC 4.490 | 3220 ] 9.014 | LiF 254
1422 107 2259 |PF557| 8.0 SiC 4.516 | 3220 | 8.993 | LiF 254
1423 111 485 |PF640{ 8.04 | Mg 0.5974| 3227 { 4.512 | PMMA]| 24.2
1424 111 1596 |PF328| 8.0 SiC 4.503 | 3220 | 9.012 | LiF 254
1425 111 2352 |[PF640| 8.0 SiC 4.504 | 3230 | 8.998 | LiF 254
1426 112 2385 |PF640{ 8.0 SiC 4.527 | 3216 | 8.995 | LiF 254
1427 112 489 IPMMA 6.35 | Mg 0.60 {3244 | 4.025 |LiF 9.20
1428 112 485 |[PF640| 8.03 | Al 1.042 | 3226 | 4.527 | PMMA| 24.2
1429 112 1605 |PF320{ 8.0 SiC 4.506 | 3220 | 9.013 | LiF 254
Test 1415-1429: the test data is from work by Grady. Material #106 is Silicon Carbide manufactured by Eagle Picher,

having a nominal initial density = 3177kg/m3. Material #107

is Silicon Carbide manufactured by Cercom having an

initial density = 3150kg/m3. The above table primarily provides the initial conditions for the plate impact experiments,
although the elastic and plastic stress-density states are provided when available.
Test 1415-1417: the HEL and peak Hugoniot stress and density obtained from Ref. 54-57.
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Figure 2.1.4.4 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
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Figure 2.1.4.5 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
1427-1429.
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Projectile Target G,
G)’
A" Silicon
Carbide VISAR Measurments taken on
> (SiC). <4—— TiB2 free surface
Mat. #109
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Figure 2.1.4.6  Description of the Plate Impact Test Configuration, Winkler and Stilp [81].

Table 2.1.4.3  Summary of Experimental Plate Impact Initial Conditions and Results, Winkler and

Stilp [81].
Silicon Carbide
Test Configuration Elastic Compression Plastic Compression Spall
pa
Test | Material Proiectil Stress Density Stress Density Stress
Number| Number MOJec.txle b o, p o, p (GPa)

aterial | (mm) f (mm) | Gpay | (kg/m®) | (GPa (kg/m?)
1430 109 PMMA 0.7 5.7 0.4 No spall
1431 109 PMMA 0.7 6.0 0.7 0.58
1432 109 Aluminum | 1.6 5.7 1.3 0.72
1433 109 Armco Iron | 1.5 6.0 34 0.74
1434 109 ArmcoIron | 1.5 5.9 4.4 0.79
1435 109 ArmcoIron | 1.6 5.7 7.8 1.07
1436 109 Armco Iron | 0.9 6.0 11.4 1.07
1437 109 Armco Iron | 0.9 6.0 12.1 0.48
1438 109 ArmcoIron | 1.0 55 13.8 19.6 0.70

Test 1430-1438: the test data is from work by Winkler and Stilp [81]. The SiC was hot pressed having an initial
density = 3190kg/m3. Only the elastic and plastic stresses were documented.
Test 1438: the only experiment to exceed the HEL. The documented HEL for this material is 13.0-14.7 GPa. The HEL
of 13.8 GPa in the table is the median of 13.0 and 14.7GPa.
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Figure 2.1.4.7 Ceramic Free Surface Velocity Profiles Investigating Spall Behavior, Winkler
and Stilp [81].
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Copper or
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Copper Silicon Carbide O, Tantalum g
Impactor Sample Impactor
Silicon Silicon Silicon
Carbide | Carbide v Carbide
(SiC). (SiC). (SiC).
—> Mat. #117 § Mat #117 —> Mat. #117
\
Manganin Manganin
Gauge for longitudinal Gauge for transverse
Stress measurement Stress measurecment
a) Longitudinal stress measurement, o, b) Transverse stress measurement, G, =G,

Figure 2.1.4.8 Description of Plate Impact Test Configurations for: a) Longitudinal Stress
Measurements, Feng et al. [94] and b) Transverse Stress Measurements, Feng et al. [93].

Table 2.1.4.4 Summary of Experimental Plate Impact Results by Feng et al. [93, 94].

Silicon Carbide
Test Material Peak Hugoniot Stress
Number| Number o, G, =0, p Reference
3y | H=Plp, -1
(GPa) (GPa) (kg/m?) °
1439 117 7.3 3262 0.0149 94
1440 117 10.7 3281 0.0208 (Feng)
1441 117 13.6 3300 0.0268
1442 117 16.1 3322 0.0337
1443 117 17.6 3342 0.0397
1444 117 23.0 3397 0.0570
1445 117 1.9 3281 0.0208 93
1446 117 2.3 3299 0.0263 (Feng)
1447 117 34 3314 0.0312
1448 117 3.6 3320 0.0332
1449 117 5.0 3345 0.0407
1450 117 6.9 3367 0.0476
1451 117 10.3 3408 0.0605

Test 1439-1444: the test data is from work by Feng er al.[94]. In-material Manganin gauge was|
used to determine the stress in the longitudinal direction only (6,). The peak stress and density
were measured as listed above. The data was obtained from Figure 2 in Reference [93].

Test 1445-1451: the test data is from work by Feng ez al. [93]. In-material Manganin gauge
was used to determine the stress in the transverse direction only (0,=0,). The peak stress and
density were measured as listed above. The data was obtained from Figure 2 in Reference [93]|
The documented HEL for this material = 11.5 GPa with a corresponding density = 3290kg/m’.
Test 1439, 1440, 1445: these tests were elastic, not exceeding the HEL.
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a) Plate impact test configuration
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Figure 2.1.4.9 a) Description of Plate Impact Test Configuration for both Longitudinal
and Transverse Stress Measurements, b) Typical Gauge Signals, Bourne et al. [95].

Table 2.1.4.5 Summary of Experimental Plate Impact Results, Bourne et al. [95].

Silicon Carbide
Test Material Before Failure Wave After Failure Wave
Number| Number o, G, =0, 6,=0,
(GPa) (GPa) (GPa)
1452 114 14.7 3.1 35
1453 114 16.6 3.8 6.6
1454 114 18.7 4.7 7.1
1455 115 13.8 2.2 2.2
1456 115 15.7 2.7 5.7
1457 115 18.6 4.4 9.0
1458 116 16.6 34 34
1459 116 21.2 42 5.4
1460 116 234 6.8 7.4

Reference [95].

Test 1452-1460: the test data is from work by Bourne et al.[95]. In-material Manganin gauges
were used to determine the stress in the longitudinal and transverse directions. The transverse
stress, 0,=0,, was measured before and after the arrival of the failure wave. All test were
shocked above the HEL of the material. The data listed above was obtained from Figure 7 in

Test 1452-1454: HEL = 13.2GPa (Material #114)
Test 1455-1457: HEL = 13.5GPa (Material #115)
Test 1457-1460: HEL = 15.7GPa (Material #116)
Test 1455, 1458: no indication of failure wave, transverse wave is flat
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2.1.5 Penetration (semi-infinite) Test Data for Silicon Carbide

This section presents ballistic penetration results into semi-infinite Silicon Carbide targets. Orphal
and Franzen [6] performed penetration experiments into Silicon Carbide over a velocity range of
1500m/s to 4500m/s. The targets and penetrators used are described in Figure 2.1.5.1. The
penetration results are presented graphically in Figure 2.1.5.2 and in tabular form in Table 2.1.5.1.
Both primary and total penetration are given. Primary penetration is the depth penetrated when the
penetrator is just consumed. Total penetration is the total depth penetrated when the penetration
event is complete.

Long Target (Test 1501-1522) Short Target (Test 1523-1525)
Impac.t 3.18mm Impact
Location .
¢ * Location
Aluminum 3.18mm Penetrator
Cover 1] A v
Aluminum ]
Cover . ( 1 Tungsten (99.95%)
Lo SiC p = 19,300kg/m?
Titanium ||\ 4104 48.26mm ‘ L = 15.24mm or
sleeve__) Titani M 815104 38.1mm 11.43mm
itanium | | (Mat. ) D = 0.762mm
sleeve
Y
Alumi 1 Y
uminum y 15-24mm Aluminum $ 6.35mm .
f 3.18mm $ 3.18mm
23.62mm 23.62mm.
28.58mm 28.58mm

Figure 2.1.5.1 Silicon Carbide Target and Penetrator Descriptions, Orphal and Franzen [6].
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Figure 2.1.5.2 Primary Penetration and Total Penetration vs. Impact Velocity for
Tungsten Penetrators Impacting Confined Silicon Carbide Targets [6].
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Table 2.1.5.1 Summary of Penetration Results, Orphal and Franzen [6].

Silicon Carbide
Test Material Penetrator Target Impact
Number | Number D L Configuration| Velocity Pprimarij P ../L
(mm) (mm) (m/s)

1501 104 0.762 15.24 Long 1520 1.19 0.80
1502 104 0.762 15.24 Long 1520 0.47
1503 104 0.762 15.24 Long 1650 1.12 0.83
1504 104 0.762 15.24 Long 1660 1.21 0.99
1505 104 0.762 15.24 Long 1800 1.09 0.99
1506 104 0.762 15.24 Long 1800 1.24 1.13
1507 104 0.762 15.24 Long 1980 1.31 1.28
1508 104 0.762 15.24 Long 2030 1.20 1.11
1509 104 0.762 15.24 Long 2250 1.23 1.46
1510 104 0.762 15.24 Long 2470 1.28 1.39
1511 104 0.762 15.24 Long 2530 1.31 1.39
1512 104 0.762 15.24 Long 2690 1.75 1.59
1513 104 0.762 15.24 Long 2780 1.54 1.63
1514 104 0.762 15.24 Long 3000 1.73 1.95
1515 104 0.762 15.24 Long 3170 1.56 1.59
1516 104 0.762 15.24 Long 3180 1.62 1.74
1517 104 0.762 15.24 Long 3300 1.69 2.01
1518 104 0.762 15.24 Long 3450 1.82 2.07
1519 104 0.762 15.24 Long 3540 1.96 2.26
1520 104 0.762 15.24 Long 3710 1.87 2.26
1521 104 0.762 15.24 Long 3790 1.66 1.90
1522 104 0.762 15.24 Long 3940 2.27 2.26
1523 104 0.762 1143 Short 4240 2.01 2.36
1524 104 0.762 11.43 Short 4410 2.24 2.46
1525 104 0.762 11.43 Short 4610 2.02 2.44

Test 1501-1525: the test data is from work by Orphal and Franzen{6]. Two penetrator lengths and
two target configurations were used. The penetration includes the 3.18mm cover. In some cases,
at the lower velocities, the primary penetration exceeds the total penetration. This is not reality,
but is a reflection of how the primary penetration is calculated. The penetration and erosion rates
are determined from the x-rays. These rates are assumed to be constant and are used to determine
when the penetrator is consumed, and at what depth. At the lower impact velocities the rates

are not constant, thus larger primary penetration depths are calculated. A more in depth discussion|
of this is provided in Reference 6.
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2.1.6 Depth-Of-Penetration (DOP) Test Data for Silicon Carbide

This section presents depth-of-penetration (DOP) experiments for numerous Silicon Carbide
materials. The DOP test has been used to investigate the effectiveness of ceramics for a number of
years. The typical DOP configuration consists of a ceramic tile place on, or within, a steel or
aluminum base target. A penetrator impacts and perforates the ceramic tile and continues into the
base target. The penetration into the base target is generally referred to as the residual penetration,
P, and is used to determined the ceramic mass efficiency as discussed in Section 2.0.

The target and penetrator description for the DOP experiments by Franzen et al.[33] is presented
in Figure 2.1.6.1. The objective of the experiments was to investigate the ballistic effectiveness of
Silicon Carbide as a function of impact velocity and ceramic thickness. The results are presented
in tabular from in Table 2.1.6.1. No information was provided for the Silicon Carbide used in these
experiments.

The target and penetrator description for the DOP experiment by Rosenberg and Tsaliah [39] is
presented in Figure 2.1.6.2. The result is presented in tabular form in Table 2.1.6.2. No
information was provided for the Silicon Carbide used in the experiment other than the density.

The target and penetrator description for the DOP experiments by Reaugh et al. [85] is presented
in Figure 2.1.6.3. The objective of the experimental program was to investigate the ballistic
efficiency of Silicon Carbide as a function of ceramic thickness, impact velocity and impact angle.
The results are presented in tabular form in Table 2.1.6.3. Also included in the table are
penetration results into the 4340 Steel base target with no ceramic .

The target and penetrator description for the DOP experiments by Rosenberg et al. [91] is
presented in Figure 2.1.6.4. The objective of the experimental program was to investigate the
ballistic efficiency of Silicon Carbide as a function of ceramic thickness. The results are presented
graphically in Figure 2.1.6.5 and in tabular form in Table 2.1.6.3. Also included in the table are
penetration results into the steel base target with no ceramic .
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Figure 2.1.6.1 Target and Penetrator Descriptions for Silicon Carbide DOP Experiments,
Franzen et al.[33].

Table 2.1.6.1 Summary of Experimental Results for Silicon Carbide DOP Tests, Franzen et al. [33].

Silicon Carbide
Test Material | Impact Penetrator Ceramic P P/L
Number | Number | Velocity L D Thickness ’
(mm) (mm)
(m/s) (mm) | (mm) t; (mm)
1601 1498 81.8 8.18 25.6 22.5 0.28
1602 1532 107.4 7.16 25.6 52.6 0.49
1603 1509 81.8 8.18 38.2 135 0.17
1604 1518 81.8 8.18 38.2 17.6 0.22
1605 1505 81.8 8.18 51.0 0 0
1606 1503 107.4 7.16 51.0 25.1 0.23
1607 2037 62.0 6.2 70.0 34 0.05
1608 2038 62.0 6.2 70.0 6.7 0.11
1609 2449 62.0 6.2 80.0 13.9 0.22
1610 2458 62.0 6.2 80.0 34 0.05
1611 1990 75.0 7.5 80.0 215 0.29
1612 2005 75.0 7.5 80.0 14.2 0.19
1613 2459 75.0 7.5 90.0 22.7 0.30
1614 2449 75.0 7.5 90.0 9.7 0.13
1615 1997 75.0 7.5 30.0 52.0 0.69
Test 1601-1615: the test data is from work by Morris et al. And Wilkins et al. and documented
in Reference 33. The ceramic material is silicon carbide and no information on the material was
provided in Ref. 33.
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Tungsten Alloy
penetrator

p = 17800kg/m?
L = 80mm

D =8mm

Silicon Carbide 12.7mm
(Mat. #118) '

/

Ceramic is bonded to the

RHA base target v
P, = residual penetration into
RHA base target
RHA
base target

Figure 2.1.6.2 Target and Penetrator Description for DOP Experiment, Rosenberg and Tsaliah [39].

Table 2.1.6.2 Summary of Experimental DOP Result, Rosenberg and Tsaliah [39].

Silicon Carbide
Test Material | Impact Target Configuration P P/L
Number | Number | Velocity t Base (mrm) (mm)
C
(M/s) | (mm) Target
1616 118 1300 12.7 RHA 37 0.46

Test 1616: the test data is from work by Rosenberg and Tsaliah [39]. The ceramic
material used is Silicon Carbide with initial density = 3170kg/m?, no other
material information was provided.
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Tungsten Sintered Alloy W2 Penetrator

p=18360kg/m? R, =28-31
L =254mm UTS = 0.88GPa
D =6.35mm Yield = 0.695GPa
/D=4 Elongation to fracture = 5.5%
b
Silicon Carbide (Mat. #110) g e
le 12mm 4 ;;
Ceramic is bonded to the
64mm RHA base target using Stycast 1266 v
4340 Steel Base Target . .
R = 383 37 & P, = residual penetration into
£ RHA base target
152mm
< P

Figure 2.1.6.3 Target and Penetrator Description for DOP Experiment, Reaugh ez al. [85].

Table 2.1.6.3 Summary of Experimental DOP Results, Reaugh et al. [85].

Silicon Carbide
Test Material | Impact | Ceramic | Impact Angle* p&
Number | Number | Velocity t. (&} r
(m/s) (mm) (degrees) (mm)

1617 110 1370 10.0 0 139
1618 110 1360 15.1 0 2.0
1619 110 1370 20.0 0 0.0
1620 110 1310 30.1 0 0.0
1621 110 1690 20.0 0 14.3
1622 110 1750 20.0 0 14.5
1623 110 1770 29.5 0 5.7
1624 110 1700 30.2 0 24
1625 110 1740 40.0 0 0.0
1626 110 1750 15.0 30 14.9
1627 110 1780 31.3 30 1.0
1628 110 1710 15.1 45 8.2
1629 110 1810 25.0 45 0.0
1630 110 1700 10.1 60 6.6
1631 110 1800 14.9 60 19
1632 110 1690 20.0 60 0.0
1633 110 2620 30.1 0 18.2
1634 110 2680 39.9 0 15.6
1635 110 2640 59.7 0 0.0
1636 1340 0 0 27.0
1637 1350 0 0 27.8
1638 1350 0 0 285
1639 1770 0 0 36.0
1640 2500 0 0 43.8

Test 1617-1640: the test data is from work by Reaugh et al. (Ref. 85).

#the angle between the penetrator flight axis and the normal to the tile.

& the residual penetration measured normal to the impact surface.

Test 1622: Two 10.0mm ceramic tiles used.

Test 1636-1640: tests into 4340 steel target only (no ceramic used).
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Tungsten Sinter-Alloy Penetrator
V =1700m/s

p = 17600kg/m3

1 UTS=12GPa

elongation = 10%

L=725mm
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Figure 2.1.6.4 Target and Penetrator Description for DOP Experiment, Rosenberg et al. [91].
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Figure 2.1.6.5 Residual Penetration as a Function of Cermaic Areal Density, Rosenberg et al. [91].
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Table 2.1.6.4 Summary of Experimental DOP Results, Rosenberg et al. [91].

Silicon Carbide
Test Material | Impact Ceramic P
Number | Number | Velocity t. PL. ) !
ms) | (mm) (kg/m?) (mm)
1641 113 1700 20 63 40.5
1642 113 1700 30 94.5 324
1643 113 1700 40 126 28.4
1644 113 1700 40 126 27.5
1645 113 1700 50 157.5 21.4
1646 113 1700 60 189 12.4
1647 113 1700 80 252 3.2
1648 1700 0 0 62.4

Test 1641-1648: the test data is from work by Rosenberg et al. [91]. The tabulated
data listed above was obtained from Figure 1 in Reference [91].
All targets were square
p = 3150kg/m3 (density of ceramic)
Test 1648: tests into steel base target only (no ceramic used).
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2.1.7 Perforation Test Data for Silicon Carbide

This section presents perforation experiments where the target is usually perforated by the
penetrator. Targets are typically comprised of a ceramic front layer and a metallic rear layer and
are commonly used in light armor applications. The most common piece of data extracted from
perforation experiments is the target ballistic limit, V.- previously defined in Section 2.0.

The target and penetrator description for the perforation experiments by Wilkins et al. [26]. is
presented in Figure 2.1.7.1. The results of the experiments are summarized in Table 2.1.7.1 were
the ballistic limit velocity, Vy,, is provided.

Target Configuration

Impact
location

Silicon Carbide

(Mat. #105)

6.35mm

6061-T6 Aluminum Back Plate

PP

6.35mm

Bonded using polyurethane

(Scotchcast 221)

Sharp Penetrator

Allegheny Steel 609
R, =54-56
M=8.32¢g

L ~ 29 mm

D =7.62 mm

cone angle = 55°

Figure 2.1.7.1 Target and Penetrator Description for Perforation Experiment, Wilkins et al. [26].

Table 2.1.7.1 Ballistic Limit Velocity for a Sharp Penetrator against a Silicon Carbide Target,

Wilkins et al.[26].
Silicon Carbide
Test Material |Penetrator | Target Configuration Ballistic Limit
Number | Number A 3 Velocity, V,
(mm) (mm) (+- 20m/s)
1701 105 Sharp 6.35 6.35 660
Test 1701: the test data is from work by Wilkins et al. [26].
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2.1.8 Other Test Data for Silicon Carbide

This section presents experiments that don’t fit into one of the previous six experimental
categories.

Experiments performed by Strassburger et al. [69] were designed to investigate the fracture
propagation in the ceramic. The damage velocity, V,, was measured as a function of projectile
impact velocity, V.. The target and projectile descriptions are presented in Figure 2.1.8.1. The
results of the experiments are summarized in Table 2.1.8.1 where the projectile impact velocity
and damage velocity are tabulated. Figure 2.1.8.2 presents the results graphically. The damage
velocity is defined as the fastest observed fracture velocity in the Silicon Carbide ceramic. The
fracture propagation was observed by means of a Cranz-Schardin camera and photos of this
process are presented in Reference 69.

A\
N 1 Target
o Silicon Carbide
Projectile Mat. #108
Blunt Steel Cylinder ~a Length = 100mm
D _=30mm Propogating Width = 100mm
L =23mm failure wave Thickness = 10mm
velocity = V
|~

Figure 2.1.8.1 Target and Projectile Description for Fracture Experiment, Strassburger et al. [69].
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Figure 2.1.8.2 Damage Velocity in Ceramic vs. Projectile Impact Velocity, Strassburger et al. [69].

Table 2.1.8.1 Summary of Damage Velocity in Silicon Carbide as a Function of Projectile
Impact Velocity, Strassburger et al.[69].

Silicon Carbide
Test Material | Projectile Impact Damage Velocity
Number | Number Velocity, Vp v,
(m/s) (m/s)
1801 108 28 4770
1802 108 56 5510
1803 108 84 5830
1804 108 150 6360
1805 108 167 6570
1806 108 185 8170
1807 108 216 9330
1808 108 370 9120
1809 108 513 10080
1810 108 670 10180
1811 108 1040 11030
Test 1801-1811: the test data is from work by Strassburger
et al. [69). The data were obtained from Figure 9a in Ref. 69.
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2.2 BORON CARBIDE

2.2.1 Material Description for Boron Carbide

The purpose of this section is to provide as much information as possible on the materials tested.
Descriptions for each of the Boron Carbide materials used in Section 2.2 are presented in Table
2.2.1.1. Each material is given a material number which is used throughout Section 2.2 to identify
it. The data listed in Table 2.2.1.1 were obtained directly from the corresponding reference.

When specific information was not available it was left blank. The strength values listed,

(Compressive, HEL and Spall), are nominal values and are included for comparison purposes.
Occasionally researchers will determine the chemical composition of the material being tested to
further characterize it, Table 2.2.1.1 includes this data when available.

Table 2.2.1.1 Description of the Boron Carbide Materials Tested

Material Number

201 202 203 204 205 206 207

Reference 22 26,27 30 46 52 52,54 81
Manufacturer Norton Co. Norton Co. {Dow Chemical Eagle Picher| Dow Chemical
Processing Hot Pressed Hot Pressed Hot Pressed
Average Grain Size (um) 9 30 3 10 3
Density (kg/m>) 2510 2500 2500 2506 2517 2506 2512
Void Fraction 0.035 0.02 0.01
Longitudinal Velocity (m/s) 13300 13780 14070 14040 14070 14070
Shear Velocity (m/s) 8600 8540 8870 8900 8870 8810
Bulk Velocity (m/s) 8850 9630 9650 9570 9650 9720
Young’'s Modulus, E (GPa) 422 432 461 463 461
Shear Modulus, G~ (GPa) 185 182 197 199 197 195
Bulk Modulus, K (GPa) 196 232 233 231 233 237
Poisson Ratio 0.14 0.188 0.17 0.164 0.17 0.177
Compressive Strength (GPa) 1.3 59
HEL (GPa) 15.0 15.1 19.0 16.7
Spall Strength (GPa) 045 0.59-0.77
Impurities (%owt)

AL O, 0.1-0.5

Ca0 0.1

MgO 0.02

Si0O, 0.08

NiO 0.01-0.05
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Table 2.2.1.1 Description of the Boron Carbide Materials Tested Continued.

Material Number

208 209 210 211 212 213 214
Reference 85 89 90 90 90 90 90
Manufacturer Dow AC Cerama AB Dow Dow Dow Dow Dow
Processing
Average Grain Size  (um) 2.09+-0.57 | 2.43+-0.74 2.48+-085| 2.59+-0.75
Density (kg/m3) 2510 2490 2130 2250 2330 2430 2520
Void Fraction 0.163 0.100 0.048 0.025 0.000
Longitudinal Velocity (m/s) 13830 11850 12520 12800 13020 13420
Shear Velocity (m/s) 8720 7600 8220 8470 8730 8900
Bulk Velocity (m/s) 9480 7960 8165 8257 8240 8630
Young’s Modulus, E (GPa) 447 288 359 394 437 468
Shear Modulus, G (GPa) 191 123 152 167 185 200
Bulk Modulus, K (GPa) 226 135 150 159 165 188
Poisson Ratio 0.170 0.17 0.18 0.18 0.18 0.17
Compressive Strength (GPa)
HEL (GPa) 9.6+-0.3 13.7+-0.3 16.3+-04 17.1+-04 19.4+-0.3
Spall Strength (GPa)

Table 2.2.1.1 Description of the Boron Carbide Materials Tested Concluded.
Material Number

215
Reference 91
Manufacturer
Processing
Average Grain Size  (um)
Density (kg/m?) 2500
Void Fraction
Longitudinal Velocity (m/s)
Shear Velocity (m/s)
Bulk Velocity (nV/s)
Young’s Modulus, E (GPa) 450
Shear Modulus, G~ (GPa)
Bulk Modulus, K (GPa)
Poisson Ratio
Compressive Strength (GPa) 4.50
HEL (GPa)
Spall Strength (GPa)
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2.2.2 Mechanical Test Data for Boron Carbide

The following section presents mechanical test data, performed by numerous researchers, for
Boron Carbide. A typical test specimen showing the stress configuration is shown in Figure
2.2.2.1. Compression is taken as positive and tension as negative. Loading is generally
uniaxial in the z direction and is increased until the material fails, although some researchers
use more complex loading techniques to vary the stress state at failure.

Mechanical test data performed by Wilkins et al. [26] are presented in Table 2.2.2.1. The
objective of the test program was to determine the strength of Boron Carbide as a function of
confining pressure before and after fracture. Wilkins measured the virgin material strength at
fracture and the residual strength after fracture for each experiment. The residual strength
experiments are identified by an, f, after the test number.

Mechanical test data performed by Lankford [46] are presented in Table 2.2.2.1. The
objective of the test program was to determine the strength of Boron Carbide as a function of
strain rate. Both quasi-static and Hopkinson bar experiments were performed. The normal
stress, G, at failure is given as a function of average strain rate, €.

Mechanical test data performed by Meyer and Faber [88] are presented in Table 2.2.2.2. The
objective of this work was to determine the strength of fractured ceramic as a function of
pressure and strain rate. These tests were performed using pre-factured ceramic. The pre-
fractured ceramic was obtained from plate impact debris having an average particle size of
1.3mm. The ceramic particles were placed inside a steel tube providing confinement in the
radial and tangential directions, o, = G,. An axial load, 6,, was applied until yielding of the
steel tube occurred. Different combinations of tube wall thickness and strength were used to
vary the confining stress. The bulk density of the ceramic when place in the tube was
approximately 50%. No information on the Boron Carbide material was provided in
Reference [88] and thus it was not given a material number.

Figure 2.2.2.1 Description of a Typical Mechanical Test Specimen.
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Table 2.2.2.1 Summary of Experimental Results.

Boron Carbide

Test Material o, o, o, ~€ Ref
Number Number | (GPa) (GPa) (GPa) shH et.
2201 202 1.30 0 0 1x10 26
2202 202 5.42 0.10 0.10 1x104 (Wilkins)
2203 202 6.26 0.20 0.20 1x10#
2204 202 6.73 0.42 0.42 1x104
2205 202 8.17 0.72 0.72 1x10+

2206 202 7.02 0.90 0.90 1x10#
2207 202 9.18 1.58 1.58 1x104

2201f 202 0 0 0 1x104
2202f 202 0.73 0.10 0.10 1x104

2203f 202 2.01 0.20 0.20 1x104
2204f 202 2.74 0.42 042 1x104

2205f 202 3.56 0.72 0.72 1x104
2206f 202 3.90 0.90 0.90 1x10*

2207f 202 5.42 1.58 1.58 1x104

Test 2201: uniaxial compressive strength.

Test 2202-2207: compressive strength as a function of confining pressure.
Test 2201f-2207f: these tests are continuations of tests 2101-2107. These
results measure the residual ceramic strength after fracture.

2208 204 6.00 0 0 1.09x104 46
2209 204 4.15 0 0 1.08x104 (Lankford)
2210 204 6.81 0 0 5.30x102

2211 204 6.59 0 0 5.19x102

2212 204 4.26 0 0 4.87x10!

2213 204 6.63 0 0 4.70x10"!

2214 204 4.86 0 0 1.57x103

2215 204 5.92 0 0 2.09x10°

2216 204 6.24 0 0 2.26x10°

2217 204 7.69 0 0 3.12x10°

Test 2208-2217: the test data is unpublished by Lankford. Compression tests were
performed to obtain the compressive strength as a function of strain rate. The
highest strain rate testing was on a Hopkinson bar system. The Boron Carbide was
manufactured by Dow Chemical Co. having an initial density = 2506kg/m?.
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Table 2.2.2.2 Summary of Experimental Results, Meyer and Faber[88].

Boron Carbide

Test Material o, o, o, ~€ ¢
Number | Number | (GPa) | (GPa) | (GPa) | (s Ref.
2218 087 | 013 | 013 | sx104 88
2219 169 | 043 | 043 | 5x10% | Meyen
2220 253 | 061 | 061 | Sx104
2221 .16 | 016 | 016 | 7.7x10"

2222 222 | 036 | 036 | 77x10!

2223 306 | 062 | 062 | 77x100

Test 2218-2223: This work was performed by Meyer and Faber [88]. The above
listed data were obtained from Figures 5 and 6 in Reference [88]. Confinement
was provided by steel cylinders of various thickness and strength. Axial loads
were applied until the cylinder yielded. The axial stress, 6,, was measured
directly and the lateral stresses, o, = G, were obtained using strain gauges. The
axial stress, ©, , listed above is the maximum stress obtained for the
corresponding confining stress, o, = G, - No material information was provide
in Reference [88] thus no material number is given.
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2.2.4 Plate Impact Test Data for Boron Carbide

The following section presents plate impact results performed by numerous researchers using
Boron Carbide. A typical plate impact test configuration is presented in Figure 2.2.4.1. The peak
stress, O,, occurs in the z-direction and is generally measured for both the elastic and plastic
response. The lateral stresses, o, and ©,, occur due to the uniaxial strain configuration of the
experiment, and are typically not measured. The peak stress for the elastic regime is referred to as
the Hugoniot Elastic Limit (HEL) and has become a fundamental property of ceramics. The peak
stress for the plastic response is generally referred to as the peak Hugoniot stress. The particle
velocity and wave velocity for both the elastic and plastic waves are typically measured and
documented herein. In some cases the entire particle velocity time history is measured using laser
velocity interferometry techniques (VISAR). VISAR traces provide direct information on the
material response and are included in this section when available.

The results from Wilkins [25] are summarized in Table 2.2.4.1. The peak stress, G,, and density, p,
for both the elastic and plastic waves are presented.

The results from Gust and Royce [30] are presented in Table 2.2.4.2. The shock velocity, particle
velocity, peak stress, G,, and density, p, for both the elastic and plastic waves are presented.

A description of the plate impact test configuration used by Grady and Moody [52] is presented in
Figure 2.2.4.2. The specific test dimensions and some limited results are summarized in Table
2.2.4.3. Compression and release behavior were measured by monitoring the ceramic-window
interface velocity using laser velocity interferometry techniques (VISAR). The interface velocity
profiles reflect the uniaxial strain loading and unloading behavior of the material and are presented
in Figures 2.2.4.3-4.

A description of the plate impact test configuration used by Winkler and Stilp [81] is presented in
Figure 2.2.4.5. The objective of this experimental study was to investigate spall as a function of
peak compressive stress. The specific test dimensions and the results are summarized in Table
2.2.4.4. None of the experiments exceeded the HEL. Compression and release behavior of the
Boron Carbide was measured by monitoring the ceramic free surface velocity using laser velocity
interferometry techniques (VISAR). The interface velocity profiles for three experiments are
presented in Figure 2.2.4.6. Test 2443 demonstrates the elastic ringing in the target when no spall
occurs. Tests 2445 and 2448 show the pullback in the wave profile indicating that spall has
occurred.

A description of the plate impact test configuration used by Brar et al.[90] is presented in Figure
2.2.4.7. The objective of this study was to determine the effect of porosity on the HEL and plastic
wave velocity. Five plate impact experiments were performed using Boron Carbide samples with
porosity’s ranging from O to 16 percent. Measurements were made with manganin gauges placed at
the back surface of the Boron Carbide specimen and backed by a thick PMMA plate. The HEL and

plastic wave velocity was determined for each specimen using the manganin gauge records and are
summarized in Table 2.2.4.5.
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Figure 2.2.4.1 Description of a Typical Plate Impact Test Configuration including Stress Orientations

Table 2.2.4.1 Summary of Experimental Plate Impact Results, Wilkins[25].

Boron Carbide
Initial Elastic Regime (HEL) Plastic Regime
Test  IMaterial | Density o 2=To - Shock |Particle

Number  |Number Velocity | Velocity| . Velocity | Velocity | ©

Po z P z P
(kg/m®) | (ws) | s) | (GPa) | (ke/md)| s) | (nvs) | (GPa) | (kg/m3)

2401 202 2500 13.6 2574 21.1 2666
2402 202 2500 14.0 2578 21.5 2667
2403 202 2500 14.5 2577 224 2659
2404 202 2500 14.8 2580 240 | 2695
2405 202 2500 15.1 2582 24.3 2692
2406 202 2500 154 2584 27.1 2721
2407 202 2500 15.7 2587 275 2714
2408 202 2500 16.3 2591 28.4 | 2729
2409 202 2500 38.6 | 2830
2410 202 2500 39.7 2845
2411 202 2500 43.8 2894

Test 2401-2411: the test data is from work by Wilkins [25]. The data was obtained from Figure A7
in Reference 25. The HEL data does not necessarily correspond to the associated peak hugoniot
stress shown here.
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Table 2.2.4.2 Summary of Experimental Plate Impact Results, Gust and Royce[30].

Boron Carbide
Initial Elastic Regime (HEL) Deformational Regime
Ntii:)er xj::’lr)’:: Density Shock | Particlet Shock ~[Particle*
Po Velocity | Velocity]  ©: p Velocity | Velocity S, p

(kg/m*) | (vs) | sy | (GPa) | (kg/m»)| (ys) | (mys) | (GPa) | (kg/m?)
2412 203 2498 13880 | 438 152 | 2579 | 8030 | 705 204 | 2672
2413 203 2491 13840 | 457 15.7 | 2577 | 9400 | 695 21.2 | 2646
2414 203 2488 13930 | 389 135 | 2560 | 9200 | 705 204 | 2650
2415 203 2511 13790 | 487 16.8 | 2603 | 9340 | 905 26.6 | 2733
2416 203 2510 13790 | 491 17.0 | 2603 | 9140 | 925 27.0 | 2740
2417 203 2512 13790 | 479 16.6 | 2603 | 10770 | 955 294 | 2729
2418 203 2512 13740 | 469 16.2 | 2601 | 9790 | 965 284 | 2748
2419 203 2498 13790 | 417 143 | 2576 | 9790 | 930 26.8 | 2724
2420 203 2493 13790 | 428 147 | 2573 | 9510 | 915 26.2 | 2718
2421 203 2510 13740 | 408 14.1 2587 | 9160 | 800 23.1 | 2710
2422 203 2510 13680 | 389 134 ] 2583 | 9620 | 800 237 | 2704
2423 203 2498 13960 | 380 13.2 | 2568 | 10260 { 880 26.1 | 2714
2424 203 2509 13790 | 502 17.3 | 2603 | 9190 | 1000 28.6 | 2763
2425 203 2509 13810 | 449 15.5 | 2593 | 10050 | 1305 37.0 | 2849
2426 203 2509 13740 | 472 162 | 2598 | 10020 | 1330 37.6 | 2849
2427 203 2496 13900 | 448 155 | 2583 | 11070 | 1420 424 | 2849
2428 203 2486 13880 | 419 144 | 2564 | 10250 | 1485 41.3 | 2878
2429 203 2505 13790 15.3 1985 59.3 | 3022
2430 203 2508 13790 15.3 2525 78.4 | 3155
2431 203 2506 13790 15.3 2885 91.7 | 3259
2432 203 2502 13790 15.3 2790 87.0 | 3225

Test 2412-2432: the test data is from work by Gust and Royce [30].

# elastic particle velocity obtained using U, = 172U where Uy is the free surface velocity.

* plastic particle velocity obtained using Up = 1/2U and by impedance matching. The particle

velocity listed here is the average of the two.
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Materials Used
. Density Designation

Material (kg/m?)
Polyurethane Foam 160 PF160
Polyurethane Foam 320 PF320
Polyurethane Foam 640 PF640
PMMA 1186 PMMA
Tantalum 16659 Ta
Lithium Floride 2640 LF
Aluminum 2703 Al

Figure 2.2.4.2 Description of Grady and Moody [52] Plate Impact Test Configuration.

Table 2.2.4.3 Summary of Experimental Plate Impact Results by Grady and Moody [52].

Boron Carbide
Projectile Target Hugoniot Results
Test | Material Backer Impactor Sample Window Coilffr:;ion (,nl:‘f‘_sr:gsion
Number| Number Vv Material LB Material LI Density LS . LW o, p o, P

(m/s) (mm) (mm) |kg/m) | (mm) [Mawerial | (mm) [(GPa)|(kg/m®)|(GPa) (kg/m’
2433 205 1546 |PF320f 6.0 B,C 3.902 2517 9.044 | LF 254 14.8 22.8
2434 205 2210 |PF640| 6.0 B,C 3917 |2517 | 9.033 | LF 254 14.0 314
2435 206 370 [PF320] 6.0 B,C 4.924 (2506 | 9.694 | PMMA| 25.4 6.6
2436 206 1633 |PF320| 6.0 B,C 4.831 12506 10.322| LF 254 23.6 | 2711
2437 206 2076 |PF640| 6.0 B,C 4.815 |2506 10.346] LF 254 28.6 | 2788
2438 206 913 |PF160| 8.0 |PMMA| 2.004 |2506 10.526] PMMA| 24.2
2439 206 2059 |PF640] 6.0 Ta 1.515 2506 9680 | LF 254 16.4 40.0 | 2921
2440 206 1162 [PF160| 8.0 |PMMA| 2.009 [2506 10.487 PMMA| 24.2
2441 206 2320} Ta 1.505| LF 3.080 [2506 | 4.761 | LF 254
2442 206 3980 |IPMMA 0.990 B,C 2.016 2506 2992 | LF 18.9 20.0 57.8 | 3048

Test 2433-2442: the test data is from work by Grady. Material #205 is Boron Carbide manufactured by Eagle Picher,
having a nominal initial density = 2517kg/m3. Material #206 is Boron Carbide manufactured by Coors Co. having an
initial density = 2506kg/m3. The above table primarily provides the initial conditions for the plate impact experiments,
although the elastic and plastic stress-density states are provided when available.
Test 2433, 2434: the HEL and peak hugoniot stress obtained from Ref. 54, 55.

Test 2435: the peak elastic stress (below the HEL threshold) obtained from Ref. 76.
Test 2439,2442: the HEL stress obtained from Ref. 54.
Test 2436,2437,2439, 2442: the Hugoniot state obtained from Figure 6.4 in Ref. 54, and Figure 4 in Ref. 56.
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Figure 2.2.4.3 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests

2433-2438.
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Figure 2.2.4.4 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
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Figure 2.2.4.5  Description of the Plate Impact Test Configuration, Winkler and Stilp [81].

Table 2.2.4.4  Summary of Experimental Plate Impact Initial Conditions and Results, Winkler and

Stilp [81].
Boron Carbide
Test Configuration Elastic Compression | Plastic Compression Spall
pa
Test Material Proiectil Stress Density Stress Density Stress
Number| Number Mmjec.“le % o, p o, p (GPa)

aterial 1 (mm) | (mm) | Gpay | (ke/m¥) | (GPa) (kg/m?)
2443 207 PMMA 0.7 5.7 0.4 No spall
2444 207 PMMA 0.7 5.6 0.4 No spall
2445 207 Aluminum | 1.5 5.7 1.0 0.59
2446 207 ArmcoIron | 1.5 5.7 3.1 0.66
2447 207 Armco Iron | 1.0 57 104 0.66
2448 207 ArmcoIron | 1.5 5.7 10.8 0.77

Test 2443-2448: the test data is from work by Winkler and Stilp [81]. The Boron Carbide was hot pressed having an
initial density = 2512kg/m?. None of the experiments exceeded the HEL thus only the elastic stresses are documented.
The documented HEL, from reference 81, is at least 16.7 GPa.
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Figure 2.2.4.7 Description of Plate Impact Test Configuration, Brar et al. [90].

Table 2.2.4.5 Summary of Experimental Plate Impact Results, Brar et al. [90].

Boron Carbide

Initial Results

Test  |Material | Density | Porosity HEL Plastic Wave
Number |[Number Po (%) o, Velocity

(kg/m?) (GPa) (m/s)
2449 210 2130 16.3 9.6 +-0.3 6170
2450 211 2250 10.0 13.7 +-0.3 7100
2451 212 2330 4.8 16.3 +-0.4 7700
2452 213 2430 25 17.1 +-04 7900
2453 214 2520 0 19.4 +-0.3 9400

Test 2449-2453: The test data is from work by Brar et al. [90]. The data shows the effect of porosity
on the HEL and the plastic wave velocity. The experimental data were obtained by using manganin
gauges embedded at the back surface of the specimen and backed by a thick PMMA plate.The only
information presented in Reference [90] were the HEL and plastic wave velocities as tabulated
above.
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2.2.5 Penetration (semi-infinite) Test Data for Boron Carbide

Penetration results, into semi-infinite Boron Carbide, are presented in this section.

Orphal et al. [22] performed penetration experiments into Boron Carbide over a velocity range of
1500m/s to 4500m/s. The targets and penetrators used are described in Figure 2.2.5.1. The
penetration results are presented graphically in Figure 2.2.5.2 and in tabular form in Table 2.2.5.1.
Both primary and total penetration are given. Primary penetration is the depth penetrated when the
penetrator is just consumed. Total penetration is the total depth penetrated when the penetration
event is complete.

The target and penetrator configurations used in the penetration experiments performed by
Lundberg et al. [89] are presented in Figure 2.2.5.3. The objective of the experimental program
was to investigate penetration velocity as a function of lateral confinement and impact velocity.
Cylindrical targets were fabricated with 1mm, 2mm and 4mm thick steel tubes confining a solid
Boron Carbide cylinder. The Boron Carbide core was pre-confined by shrink fitting the steel
confinement tube and torqueing the front and rear plugs to 24 Nm. The experiments were
performed reverse ballistically. Impact velocities ranged from approximately 1450m/s to 2550m/s.
Five x-rays were taken for each of the eleven experiments performed. The location of the
penetrator tip was determine for each x-ray. The results are presented graphically in Figure 2.2.5.4
and in tabular form in Table 2.2.5.2.
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Figure 2.2.5.1 Boron Carbide Target and Penetrator Descriptions, Orphal et al. [22].
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Table 2.2.5.1 Summary of Penetration Results, Orphal et al. [22]

Boron Carbide
Test Material Penetrator | Target Impact
Number | Number D L Configuration | Velocity Ppﬁmar /L P ./L
(mm)] (mm) (m/s)

2501 201 1.02 {20.40 2 1490 0.88 0.82
2502 201 1.02 | 20.40 2 1490 1.08 1.00
2503 201 1.02 | 20.40 2 1690 1.46 1.31
2504 201 1.02 | 20.40 2 1700 1.34 1.29
2505 201 1.02 {20.40 2 2040 1.40 1.64
2506 201 1.02 {20.40 2 2070 1.57 1.59
2507 201 1.02 | 20.40 2 2130 1.48 1.56
2508 201 1.02 | 20.40 2 2220 1.71 1.80
2509 201 0.762] 15.24 lor2 2340 1.65 1.61
2510 201 .]1.02 |120.40 lor2 2470 1.73 1.92
2511 201 0.762{ 15.24 lor2 2540 1.51 1.90
2512 201 1.02 | 20.40 lor2 2570 1.89 2.05
2513 201 0.762] 15.24 lor2 2670 1.99
2514 201 1.02 }20.40 lor2 2770 2.01 2.23
2515 201 0.762] 15.24 1 2780 1.78 1.89
2516 201 0.762] 15.24 1 2940 1.93
2517 201 0.762] 15.24 1 3000 1.88 2.11
2518 201 0.762} 15.24 1 3100 1.90 2.12
2519 201 0.762| 15.24 1 3130 1.85 2.11
2520 201 0.762) 15.24 1 3200 2.04 2.34
2521 201 0.762| 15.24 1 3360 2.10 2.19
2522 201 0.762{ 15.24 1 3520 2.17 2.39
2523 201 0.762] 15.24 1 3640 2.04 2.14
2524 201 0.762] 15.24 1 3660 1.84 2.30
2525 201 0.762] 15.24 1 3800 1.97 247
2526 201 0.762( 15.24 1 3940 2.05 2.30
2527 201 0.762] 15.24 1 4000 2.05 2.27
2528 201 0.762] 15.24 1 4130 2.45 2.89
2529 201 0.762] 15.24 1 4180 2.24 2.62
2530 201 0.762( 15.24 3or4 4430 245 2.72
2531 201 0.762] 15.24 3ord 4510 2.28 2.81
2532 201 0.762| 11.43 3ord 4650 2.25 2.90
2533 201 0.7621 11.43 3or4 4840 2.35 2.93
2534 201 0.762] 11.43 3ord 4960 2.33 2.83

Test 2501-2534: the test data is from work by Orphal et al. [22]. Three penetrator
lengths and four target configurations were used. The impact velocity and P/L listed
here were obtained from Figure 8 in Ref. 22. The penetration includes the 3.18mm
cover. In some cases, at the lower velocities, the primary penetration exceeds the total
penetration. This is not reality, but is a reflection of how the primary penetration is
calculated. The penetration and erosion rates are determined from the x-rays. These
rates are assumed to be constant and are used to determine when the penetrator is
consumed, and at what depth. At the lower impact velocities the rates are not constant,
thus larger primary penetration depths are calculated. A more in depth discussion of
this is provided in Reference 22.
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Figure 2.2.5.3 Boron Carbide Target and Penetrator Descriptions, Lundberg et al. [89].
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Table 2.2.5.2 Summary of Penetration Results, Lundberg er al. [89]

Boron Carbide
Test Material Target Outer |Confinement| Impact X-ray | Penetrator Tip| Penetration Velocity
Number | Number Diameter, D t Velocity | Time Location* Linear Fit
(mm) mm) | s | (us) (mm) (mfs)
2535 209 21 1 1502 12.3 24 632
20.8 9.2
30.1 16.2
40.3 22.6
50.1 26.9
2536 209 21 1 1517 10.4 3.1 720
20.8 11.6
30.1 18.9
40.3 26.4
50.1 31.5
2537 209 21 1 2565 6.4 47 1521
11.7 13.3
13.8 16.2
19.7 25.6
25.5 34.2
2538 209 21 1 2601 7.7 6.7 1581
11.7 13.3
17.0 21.4
214 28.2
25.5 36.5
2539 209 23 2 1454 9.3 0 271 (711)
15.7 1.5
36.3 7.5
46.2 144
2540 209 23 2 1581 10.4 2.9 770
20.8 11.1
30.1 19.2
40.3 26.0
50.1 33.6
2541 209 23 2 1787 10.6 3.7 920
20.8 13.1
30.1 23.1
45.2 35.4
2542 210 23 2 2500 6.8 50 1487
11.7 11.9
16.5 194
21.2 26.6
26.1 33.6
2543 211 23 2 2555 10.6 10.7 1448
15.7 18.3
20.4 25.2
26.1 33.6
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Table 2.2.5.2 Summary of Penetration Results, Lundberg et al. [89] Concluded.

Boron Carbide
Test Material Target Outer [Confinement| Impact X-ray | Penetrator Tip| Penetration Velocity
Number | Number Diameter, D t Velocity | Time Location* Linear Fit
(mm) (mm) (m/s) (1s) (mm) (m/s)

2544 209 27 4 1427 10.6 0.2 59

20.6 1.2

30.1 1.2

45.0 2.1

60.0 32
2545 209 27 4 1480 12.7 0.3 511(97)

24.6 14

36.1 8.7

48.4 13.3

60.0 20.2

Test 2535-2545: The test data is from work by Lundberg et al. [89]. Five 450kV x-ray flashes were taken for each

experiment. The data listed above were obtained from Figure 3 and Table 1 in Reference [89].

* The penetrator tip location is measured from the boron carbide-steel interface.
The uncertainty in penetration depths is +-0.15mm

Test 2539, 2545: The penetration velocity in parentheses was obtained excluding the first and last penetration
measurements,
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2.2.6 Depth-Of-Penetration (DOP) Test Data for Boron Carbide

This section presents depth-of-penetration (DOP) experiments for numerous Boron Carbide
materials. The DOP test has been used to investigate the effectiveness of ceramics for a number of
years. The typical DOP configuration consists of a ceramic tile place on, or within, a steel or
aluminum base target. A penetrator impacts and perforates the ceramic tile and continues into the
base target. The penetration into the base target is generally referred to as the residual penetration,
P, and is used to determined the ceramic mass efficiency as discussed in Section 2.0.

The target and penetrator description for the DOP experiments by Reaugh et al. [85] is presented
in Figure 2.2.6.1. The objective of the experimental program was to investigate the ballistic
efficiency of Boron Carbide as a function ceramic thickness, impact velocity and impact angle.
The results are presented in tabular form in Table 2.2.6.1. Also included in the table are
penetration results into the 4340 Steel with no ceramic .

The target and penetrator description for the DOP experiments by Rosenberg er al. [91] is
presented in Figure 2.2.6.2. The objective of the experimental program was to investigate the
ballistic efficiency of Boron Carbide as a function ceramic thickness. The results are presented in
in Table 2.2.6.2. Also included in the table are penetration results into the steel base target with no
ceramic .

&)
v
Tungsten Sintered Alloy W2 Penetrator
p = 18360kg/m?3 R, =28-31
L =254mm UTS = 0.88GPa
D =6.35mm Yield = 0.695GPa
L/D=4 Elongation to fracture = 5.5%
7 Y
Boron Carbide (Mat. #208) p L

1

" 102 mm /f |

Ceramic is bonded to the

4
64mm RHA base target using Stycast 1266

4340 Steel Base Target : . Lo
R =33.37 P, =residual penetration into
< RHA base target
152mm
< >

Figure 2.2.6.1 Target and Penetrator Description for DOP Experiment, Reaugh et al. [85].
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Table 2.2.6.1 Summary of Experimental DOP Results, Reaugh et al. [85].

Boron Carbide
Test Material | Impact | Ceramic | Impact Angle* p&
Number | Number [ Velocity t. (8] r
(m/s) (mm) (degrees) (mm)
2601 208 1790 10.4 0 28.3
2602 208 1740 19.3 0 19.8
2603 208 1780 28.8 0 9.8
2604 208 1790 28.0 30 33
2605 208 1770 17.6 60 22
2606 208 1280 10.4 0 13.3
2607 208 1220 15.2 0 3.8
2608 208 1290 19.2 0 0.0
2609 208 2610 389 0 14.5
2610 208 2610 58.6 0 5.6
2611 1340 0 0 27.0
2612 1350 0 0 27.8
2613 1350 0 0 28.5
2614 1770 0 0 36.0
2615 2500 0 0 43.8
Test 2601-2615: the test data is from work by Reaugh et al. [ 85].
#the angle between the penetrator flight axis and the normal to the tile.
& the residual penetration measured normal to the impact surface.
Test 2611-2615: tests into 4340 steel target only (no ceramic used).
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Figure 2.2.6.2 Target and Penetrator Description for DOP Experiment, Rosenberg et al. [91].

Table 2.2.6.2 Summary of Experimental DOP Results, Rosenberg et al. [91].

Boron Carbide
Test Material | Impact Ceramic p
Number | Number | Velocity t. Pt 5 ( r )
(m/s) (mm) (kg/m?) mm
2616 215 1700 46.4 116 322
2617 215 1700 82.8 207 7.4
2618 1700 0 0 624

Test 2616-2618: the test data is from work by Rosenberg et al. [91]. The tabulated
data listed above was obtained from Figure 1 in Reference [91].

All targets were square

p = 2500kg/m?> (density of ceramic)

Test 2618: test into steel base target only (no ceramic used).
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2.2.7 Perforation Test Data for Boron Carbide

This section presents perforation experiments where the target is usually perforated by the
penetrator. Targets are typically comprised of a ceramic front layer and a metallic rear layer and
are commonly used in light armor applications. The most common piece of data extracted from
perforation experiments is the target ballistic limit, V,,, previously defined in Section 2.0.

The target and penetrator descriptions for the perforation experiments by Wilkins ez al. [24, 26,
27] are presented in Figure 2.2.7.1. The objective of the experiments was to determine the ballistic
limit velocity as a function of ceramic front plate thickness and penetrator geometry. The results
are presented graphically in Figure 2.2.7.2 where the ballistic limit velocity of the sharp projectile
is plotted vs. target rear plate thickness for various ceramic front plate thicknesses. Figure 2.2.7.3
presents the ballistic limit velocity for both the sharp and blunt projectile. The results are also
presented in tabular from in Table 2.2.7.1.
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Target Configuration Sharp Penetrator Blunt Penetrator

Impact
location Allegheny Steel 609 Allegheny Steel 609
R, =54-56 R, =54-56
M =8.32g M =8.32g
Boron Carbide A L ~29 mm L ~24 mm
. D =7.62 mm D =7.62 mm
6061-T6 Aluminum Back Plﬂe 3 cone angle = 55°

Bonded using polyurethane
(Scotchcast 221)

Figure 2.2.7.1 Target and Penetrator Descriptions, Wilkins ef al. [24, 26, 27].

1000 Sharp Penetrator Impacting: Boron Carbide
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6061-T6 Aluminum Rear Plate
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Figure 2.2.7.2  Sharp Penetrator Ballistic Limit Velocity as a function of Boron Carbide ceramic
Thickness and 6061-T6 Aluminum Rear Plate Thickness, Wilkins ez al.[24, 26, 27].
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Figure 2.2.7.3 Ballistic Limit Velocity for Sharp and Blunt Projectile Impacting a 7.24mm
Boron Carbide Front Plate and a 6.35mm 6061-T6 aluminum Rear Plate
Target, Wilkins et al. [24, 26, 27].

Table 2.2.7.1 Ballistic Limit Velocities for Two Penetrator types against Various Boron
Carbide Target Configurations, Wilkins et al. [24, 26, 27].

Boron Carbide
Test Material |Penetrator | Target Configuration Ballistic Limit
Number | Number A 3 Velocity, V,,
(mm) (mm) (+- 15[1']/8)

2701 202 Sharp 5.33 6.35 610

2702 202 Sharp 5.72 5.08 580

2703 202 Sharp 572 6.35 660

2704 202 Sharp 5.72 7.24 715

2705 202 Sharp 6.35 5.08 640

2706 202 Sharp 6.35 6.35 720

2707 202 Sharp 6.35 7.24 805

2708 202 Sharp 7.24 6.35 810

2709 202 Blunt 7.24 6.35 705

2710 202 Sharp 7.37 6.35 825

2711 202 Sharp 7.62 6.35 855
Test 2701-2711: the test data is from work by Wilkins et al. [24, 26, 27]. Two penetrator
configurations were used, a sharp and blunt. Target configurations consisted of a
Boron Carbide front plate bonded to a 6061-T6 aluminum rear plate. The ballistic limit
velocity was experimentally determined for each target configuration within a +-15m/s
€ITOr.
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2.3 TITANIUM DIBORIDE

2.3.1 Material Description for Titanium Diboride

The purpose of this section is to provide as much information as possible on the materials tested.
Descriptions for each of the Titanium Diboride materials used in Section 2.3 are presented in
Table 2.3.1.1. Each material is given a material number which is used throughout Section 2.3 to
identify it. The data listed in Table 2.3.1.1 were obtained directly from the corresponding
reference. When specific information was not available it was left blank. The strength values
listed, (Tensile, Compressive, HEL and Spall), are nominal values and are included for
comparison purposes. Titanium Diboride exhibits two cusps when shock loaded and are referred
to as the lower and upper HEL. Occasionally researchers will determine the chemical
composition of the material being tested to further characterize it, Table 2.3.1.1 includes this data
when available.

Table 2.3.1.1 Description of the Titanium Diboride Materials Tested

Material Number
301 302 303 304 305 306

Reference 1 26 41 46 52,55,59 52,54,59
Manufacturer Union Carbide Ceradyne Cercom | Eagle Picher Cercom
Trade Name/Description
Processing Hot Pressed
Average Grain Size  (um) 30 12 30
Density (kg/m3) 4510 4520 4520 4509 4452 4509
Void Fraction ~0 >0.01
Longitudinal Velocity (m/s) 11210 11300 10790 10930 10790
Shear Velocity (m/s) 7250 7300 7430 7300 7430
Bulk Velocity (m/s) 7460 7580 6540 6960 6540
Young’s Modulus, E (GPa) 541 552 414 522 520 522
Shear Modulus, G~ (GPa) 237 241 248 237 249
Bulk Modulus, K (GPa) 251 260 193 216 193
Poisson’s Ratio 0.141 0.146 0.049 0.098 0.049
Compressive Strength (GPa) ~5.7 3.75
Tensile Strength (GPa)
HEL (lower yield)  (GPa) 8.6+-3.0 54 4.7-5.2
HEL (upper yield) (GPa) 13.1-13.7 17.0
Spall Strength (GPa) 0.4-0.5
Impurities (Gowt)

Si0, 0.04

AlO, 0.04

Ca0 0.01

CrO, 0.2

MnO 0.01

Fe,0, 1.0

NiO 0.2
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Table 2.3.1.1 Description of the Titanium Diboride Materials Tested, Continued.

Material Number

307 308 309 310 311 312 313

Reference 52,59 52 64 64 69 81, 82 85
Manufacturer Ceradyne Cercom Ceradyne Cercom Dow
Trade Name/Description
Processing Hot Pressed Hot Pressed* | Hot Pressed
Average Grain Size  (um)
Density (kg/m?) 4490 4360 4470 4450 4430 4360 4490
Void Fraction 0.009
Longitudinal Velocity (m/s) 11230 10800 11160 11470 11285 10790 11080
Shear Velocity (m/s) 7410 7300 7430 7240 7430
Bulk Velocity (m/s) 7270 6750 7250 6820 7010
Young’s Modulus, E (GPa) 550 501 537 499 540
Shear Modulus, G (GPa) 247 232 249 229 248
Bulk Modulus, K (GPa) 237 199 233 203 220
Poisson’s Ratio 0.114 0.079 0.11 0.09 0.090
Compressive Strength (GPa) 4.82
Tensile Strength (GPa)
HEL (lower yield)  (GPa) 59 7.1 7.2-79 4.2-49
HEL (upper yield)  (GPa) 13.5 9.0
Spall Strength (GPa) 0.30-0.35 0.43-0.53
Impurities (%owt)

w 0.83

C 03

Co 0.2

N 0.37

0 0.32

* Pressure Assisted Densified (PAD)

Table 2.3.1.1 Description of the Titanium Diboride Materials Tested, Concluded.

Material Number

314 315
Reference 87 91
Manufacturer Cercom
Trade Name/Description
Processing Hot Pressed
Average Grain Size  (um)
Density (kg/m?) 4450
Void Fraction
Longitudinal Velocity (m/s)
Shear Velocity (m/s)
Bulk Velocity (m/s)
Young’s Modulus, E (GPa) 570
Shear Modulus, G (GPa)
Bulk Modulus, K (GPa)
Poisson’s Ratio
Compressive Strength (GPa) 3.0

Tensile Strength (GPa)
HEL (lower yield)  (GPa)
HEL (upper yield)  (GPa)
Spall Strength (GPa)




2.3.2 Mechanical Test Data for Titanium Diboride

The following section presents mechanical test results for Titanium Diboride. A typical test
specimen showing the stress configuration is shown in Figure 2.3.2.1. Compression is taken
as positive and tension as negative. Loading is generally uniaxial in the z direction and is
increased until the material fails, although some researchers use more complex loading
techniques to vary the stress state at failure.

Mechanical test data performed by Lankford [46] are presented in Table 2.3.2.1. The
objective of the experiments was to determine the strength of Titanium Diboride as a function
of strain rate. The stress state at failure is given as a function of average strain rate, €, in Table
2.3.2.1. Both Hopkinson bar and quasi-static experiments were performed.

Mechanical test data performed by Meyer and Faber [88] are presented in Table 2.3.2.2. The
objective of this work was to determine the strength of fractured ceramic as a function of
pressure and strain rate. These tests were performed using pre-fractured ceramic. The pre-
fractured ceramic was obtained from plate impact debris having an average particle size of 2.0
mm. The ceramic particles were placed inside a steel tube providing confinement in the radial
and tangential directions, G, = Oy. An axial load, 6,, was applied until yielding of the steel
tube occurred. Different combinations of tube wall thickness and strength were used to vary
the confining stress. The bulk density of the ceramic when place in the tube was
approximately 50%. No information on the Titanium Diboride material was provided in
Reference [88] and thus it was not given a material number.

Figure 2.3.2.1 Description of a Typical Mechanical Test Specimen.
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Table 2.3.2.1 Summary of Experimental Results, Lankford [46].

Titanium Diboride
Test Material c, (8 o, ~€
Number Number (GPa) (GPa) (GPa) shH
3201 304 3.76 0 0 6.92x10°3
3202 304 3.99 0 0 9.15x105
3203 304 3.85 0 0 4.48x102
3204 304 3.41 0 0 4.56x102
3205 304 4.01 0 0 4.08x10"!
3206 304 4.03 0 0 4.09x10"!
3207 304 4.18 0 0 1.15x103
3208 304 4.46 0 0 1.18x10°
3209 304 4.44 0 0 1.30x103
3210 304 5.60 0 0 1.95x10?
3211 304 4.69 0 0 2.13x103
Test 3201-3211: the test data is unpublished by Lankford. Compression tests were
performed to obtain the compressive strength as a function of strain rate. The
highest strain rate testing used a Hopkinson bar system. The Titanium Diboride was
manufactured by Cercom Inc. having an initial density = 4509kg/m3.

Table 2.3.2.2 Summary of Experimental Results, Meyer and Faber[88].

Titanium Diboride

Test Material c, o, o, ~€ Ref
Number | Number | (GPa) | (GPa) | (GPa) (s1) el
3212 0.97 009 | 009 | 5x10¢ 88
3213 1.89 0.31 0.31 5x104 (Meyer)
3214 2.56 058 | 058 | sxi0
3215 1.01 025 | 025 | 7.7x10!

3216 2.01 043 | 043 | 7.7x10
3217 3.22 056 | 056 | 7.7x10!

Test 3212-3217: This work was performed by Meyer and Faber [88]. The above
data was obtained from Figures 5-6 in Reference [88]. Confinement was
provided by steel cylinders of various thickness and strength. Axial loads were
applied until the cylinder yielded. The axial stress, G,, was measured directly
and the lateral stresses, 6, = G, were obtained using strain gauges. The axial
stress, o, , listed above is the maximum stress obtained for the corresponding
confining stress, 6, = 6, . No information was given for the material in
Reference [88] and thus was not given a material number.
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2.3.3 Hydrostatic Test Data for Titanium Diboride

The hydrostatic response for Titanium Diboride is presented in this section. The pressure -
volume response was obtained by Akella [19] using a diamond anvil cell. The data is
presented graphically in Figure 2.3.3.1 and summarized in Table 2.3.3.1 where P is the
pressure and V/V is the relative volume, where V is the measured volume and V| is the
initial volume. Very little information was provided on the material, thus the material was not
given a specific material number. As can be seen in Figure 2.3.3.1 the material exhibits a
response much stiffer than would be expected from a hydrostatic environment. A possible

explanation is that the loading environment was not truly hydrostatic, but rather included
inadvertently induced deviator stresses [96].

50

T

30

Pressure, P (GPa)

20

10

0 [ ] 1 1

0.00 0.05 0.10 0.15
V/V-1

Figure 2.3.3.1 Pressure vs. Volume Relationship, Akella [19].

Table 2.3.3.1 Summary of the Hydrostatic Experimental Results, Akella [19].

Titanium Diboride

Test Material P
Number Number (GPa) VIV, V/V-1
3301 0 1.0 0
3302 17.1 0.968 0.033
3303 24.8 0.948 0.055
3304 38.0 0.927 0.079

Test 3301-3304: this data was obtained using a diamond anvil cell. No
information on the material was provided, thus it was not given a
material number. This work is unpublished performed by Akella [19].
The work was performed for Steinberg (Ref. 20) where it is briefly
discussed.
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2.3.4 Plate Impact Test Data for Titanium Diboride

The following section presents plate impact results performed by various researchers using various
Titanium Diboride materials. A typical plate impact test configuration is presented in Figure
2.3.4.1. The peak stress, O,, occurs in the z-direction and is generally measured for both the elastic
and plastic response. The lateral stresses, 6, and o,, occur due to the uniaxial strain configuration
of the experiment, and are typically not measured. The peak stress for the elastic regime is referred
to as the Hugoniot Elastic Limit (HEL) and has become a fundamental property of ceramics. The
peak stress for the plastic response is generally referred to as the peak Hugoniot stress. The particle
velocity and wave velocity for both the elastic and plastic waves are typically measured and
documented herein. In some cases the entire particle velocity time history is measured using laser
velocity interferometry techniques (VISAR). VISAR traces provide direct information on the
material response and are included in this section when available.

The results from Gust et al. [1] are summarized in Table 2.3.4.1. The shock velocity, particle

velocity, peak stress, O,, and density, p, for both the elastic and deformational waves are
presented.

A description of the plate impact test configuration used by Grady and Moody [52] is presented in
Figure 2.3.4.2. The specific test dimensions are summarized in Table 2.3.4.2. Compression and
release behavior of the Titanium Diboride was measured by monitoring the ceramic-window
interface velocity using laser velocity interferometry techniques (VISAR). The interface velocity
profiles reflect the uniaxial strain loading and unloading behavior of the material and are presented
in Figures 2.3.4.3-6 .

A description of the impact experiment performed by Dandekar et al. [59] to investigate the spall
behavior of Titanium Diboride is presented in Figure 2.3.4.7. Two types of spall experiments were
performed. Conventional symmetric impact (Test 3441-3448) and a experiment that induced a
shock-release cycle prior to inducing a tensile stress (Test 3449-3450). The results are summarized
in Table 2.3.4.3,

A description of the impact experiments performed by Yaziv et al. [64] to investigate the HEL and
spall of Titanium Diboride are presented in Figure 2.3.4.8. The results are summarized in Table
2.344.

A description of the impact experiments performed by Winkler and Stilp [81, 82] is presented in
Figure 2.3.4.9. The objective of the experimental program was to investigate the HEL, Hugoniot
and spall behavior of TiB,. The results are summarized in Table 2.3.4.5. Compression and release
behavior of the Titanium Diboride was measured by monitoring the ceramic free surface velocity
using laser velocity interferometry techniques (VISAR). The free surface velocity profiles of
selected experiments are presented in Figure 2.3.4.10.

A description of the impact experiments performed by Rosenberg et al. [87] is presented in Figure
2.3.4.11. The objective of the experiments was to investigate the shear strength behavior of TiB,
above the HEL. A Manganin gauge was used to measure the transverse stress in the material and
was the only stress measured. The longitudinal stress was inferred from Hugoniot data from
previous researchers[52, 54, 64]. The results are summarized in Table 2.3.4.6.

68



Impactor

Sample and
Window

Figure 2.3.4.1 Description of a Typical Plate Impact Test Configuration including Stress Orientations

Table 2.3.4.1 Summary of Experimental Plate Impact Results from Gust et al.[1].

Titanium Diboride
Initial Elastic Regime (HEL) Plastic Regime
Test Material | Density Shock Particlc* Shock | Particle®
Number| Number p ¢ artic’e G p Oc% article I p
0 Velocity | Velocity z Velocity | Velocity z
kg/m®) | ms) | @ws) (GPa) | (kg/m*) | (nvs) | (mvs) (GPa) | (kg/m3)
3401 301 4516 11530 71 3.7 4548 9920 310 144 4659
3402 301 4516 11220 173 8.7 4585 9790 321 14.8 4652
3403 301 4518 11760 170 9.0 _ | 4585 10070 319 15.8 4655
3404 301 4516 10840 134 65 | 4572 9630 538 242 4780
3405 301 4515 11750 265 140 | 4617 9980 505 35.0 4736
3406 301 4513 11400 180 9.3 4585 9640 520 24.0 4757
3407 301 4512 10990 228 11.3 | 4608 9630 675 30.6 4838
3408 301 4517 11180 115 58 4564 9300 729 31.6 4895
3409 301 4516 11210 215 109 | 4602 9140 727 320 4882
3410 301 4514 11400 227 11.7 | 4606 9840 715 33.2 4851
3411 301 4517 11520 158 8.2 4581 9580 992 439 5023
3412 301 4515 11630 . 103 5.4 4554 9420 994 43.1 5039
3413 301 4513 11200 147 7.4 4575 9510 1235 53.6 5118
3414 | 301 4509 11450 127 6.6 4562 | 9690 1200 534 5139
3415 301 4518 11010 181 9.0 4591 1300 56.6 5233
3416 301 4517 9950 1690 75.9 5441
3417 301 4513 10190 1730 79.7 5441
3418 301 4515 10220 2040 93.9 5640
3419 301 4517 10440 2350 111.0 | 5834
Test 3401-3419: the test data is from work by Gust et al. [1]. As is shown there is a large scatter in the HEL.
Reference 1 documents the HEL as 8.6 + - 3.0 GPa.
* The elastic particle velocity presented here is half the measured free surface velocity (U =1/2U).
# In Reference 1 the deformational particle velocity was calculated by Up=1/2Ufs and by impedance matching.
The particle velocity presented here is an average of the two.
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Projectile X Target
Materials Used
S,
Backer  Impactor Sample Window Density o
. ? Designation
Cy —Material (kg/m*)
v Titanium Polyurethane Foam 320 PF320
Diboride Polyurethane Foam 557 PF557
’ (TiB,). Polyurethane Foam 640 PF640
Mat. #305- PMMA 1186 PMMA
#308 Sample-window Tantalum 16534 Ta
: . Tungsten 19200 w
interface " . .
Lithium Floride 2640 LiF
Aluminum 6061-T6 2703 Al
C 8930 C
Lyl L Ls Jle Lw - P ’

Figure 2.3.4.2 Description of the Plate Impact Test Configuration used by Grady and Moody [52]
including the Stress Orientation and Materials used for the Projectile.

Table 2.3.4.2 Summary of Experimental Plate Impact Initial Conditions and Results from Grady and

Moody [52].
Titanium Diboride
Projectile Target Hugoniot Results
NTesi) Material Backer Impactor Sample Window c(;i?»s:c - Colr)rl\arsrtci::inn
umber| Number | vy Material*| LB Materal L, Density | Ls 4 Ly c, p g, p
(m/s) (mm) (mm) fkg/m?) | (mm) [Material | (mm) | (GPa)|(kg/m)|(GPa)|(kg/m’

3420 305 2113 [PF640 {6.0 | TiB, 3.337 14452 | 10.747| LiF | 254 |4.7/13.1 48.5

3421 305 2253 {PF640 (6.0 | Ta 1.506 (4452 | 10.055| LiF | 254

3422 305 1515 |[PF320 16.0 TiB, 3972 | 4452 | 10.804| LiF 25.4 15.2/13.7 31.0

3423 306 1503 [PF320 (6.0 | TiB, 2.501 [ 4509 | 5011 | LiF | 254
3424 306 1503 |PF320 |6.0 | TiB, 5.146 | 4509 | 10.097| LiF | 254
3425 306 367 |PF320 [6.0 |TiB, 4.899 | 4509 { 10.091|PMMA| 25.4
3426 306 1112 [PF320 {6.0 |TiB, 5.100 | 4509 | 10.193| LiF | 254
3427 306 2293 [PF640 [6.0 | TiB, 5.161 {4509 | 10.165| LiF | 254
3428 306 741 |PF160 |6.0 | PMMA| 2.018 | 4509 | 10.088| PMMA| 25.4
3429 306 1155 [PF160 (8.0 | PMMA! 2.000 | 4509 | 10.347|PMMA/| 24.1
3430 306 1439 |PF160 |8.0 |PMMA| 2.002 | 4509 | 10.246| PMMA] 24.21
3431 306 1708 |PF139 (7.9 | PMMA| 2.001 | 4509 | 10.126] LiF | 25.4
3432 306 1469 |PF420 8.0 | TiB, 2985 14509 | 5.016 | LiF | 19.0
3433 306 1110 |PF390 (8.0 | TiB, 3.000 [ 4509 | 4906 | LiF | 189
3434 306 604 |PF330 (6.3 |TiB, 5514 [ 4509 | 5356 | LiF | 254
3435 306 552 |PF340 |6.4 |TiB, 5.377 | 4509 | 10.352| LiF | 254
3436 307 1073 [PF394 |79 [ TiB, 5.012 | 4490 | 9039 | LiF | 189
3437 307 1805 [PF419 |79 [TiB, 5.008 {4490 | 9.028 | LiF 18.9
3438 307 1972 |PMMA| 6.340] Ta 1.507 | 4490 9,031 | LiF 19.02
3439 307 2221 |PMMA|634 | W 1.51 4490 | 9036 | LiF | 19.12
3440 308 1458 1 Air  |----- Cu 9.424 4380 4521 | LiF | 19.2

Test 3420-3440: the test data is from work by Grady and Moody [52]. Four different materials were tested. The above
table provides the initial conditions for the plate impact experiments, and the associated interface wave profiles can be
found on the following pages. Limited stress states are provided here, although further discussion on the data is given in
Ref. 54, 55, 57, 58, 59, 77.

Test 3420, 3422: Hugoniot results obtained from Ref. 77.

# lower yield/upper yield

*The three numbers following the PF identify the density of the Polyurethane Foam in Kg/m3.
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Figure 2.3.4.3 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests

3420-3425.
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Figure 2.3.4.4 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests

3426-3431.
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Figure 2.3.4.5 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
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Figure 2.3.4.6 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
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Figure 2.3.4.7  Description of the Plate Impact Test Configuration used by Dandekar and
Benfanti [59].

Table 2.3.4.3 Summary of Experimental Plate Impact Initial Conditions and Results, Dandekar and
Benfanti [59].

Titanium Diboride

Projectile Target Results
Test | Material Impactor Sample First First Second | Second Spall
Number| Number n?/, Material L L Shock (Release |Shock Release |Threshold

(m/s) aterial | vm) | mm) | (GPa) |GPa) [(GPa) |[(GPa) | (GPa)
3441 307 504+-5 TiB, 4.064 8.039 12.84 0.06
3442 307 502+-5 TiB, 1.962 5.995 12.79 0.10
3443 307 354+-1 TiB, 0.999 2.176 9.12 0.14
3444 307 265+-1 TiB, 2.047 4.043 6.68 0.24
3445 307 210+-3 TiB, 2.047 4.043 5.28 0.34
3446 307 88+-1 TiB, 4.038 12.715 | 2.41 0.32
3447 307 83+-2 TiB, 2.054 4.048 2.09 0.31
3448 307 84+-2 TiB, 2.044 4.046 2.11 0.33
3449 307 229+-9 Cu 2.555 3.970 4.89 0.690 | 1.11 0.761 0.335
3450 307 239+-3 Cu 2.503 3.995 5.11 0.727 | 1.16 0.814 0.346

Test 3441-3450: the test data is from work by Dandekar [59] to investigate spall threshold for Titanium Diboride.
Test 3441-3448: Conventional spall experiments conducted through symmetric impact.
Test 3449-3450: Experiments using a copper impactor or z-cut sapphire impactor where thicknesses were chosen to

put the specimen through a series of shock-release cycles. The results assess the effect of any damage induced during
the first shock-release cycle on the spall threshold.
Further discussions on the results can be found in Ref. 60, 61.
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Figure 2.3.4.8  Description of the Plate Impact Test Configuration used by Yaziv et al. [64].

Table 2.3.4.4  Summary of Experimental Plate Impact Initial Conditions and Results, Yaziv et al. [64].

Titanium Diboride

Test Configuration Elastic Compression Plastic Compression

Test Material v L Particle | Stress |Density | Particle] Shock |Stress Density| Spall
Number| Number L S Velocity| o, Velocity Velocity| o, Threshold
(m/s) | tmm) | (mm) | sy | (GPa) |kg/m®) | (is) | (mis) | (G (kg/m®)| (GPa)

3451 309 692 1.52 | 102 142 7.1 4528* | 300 10480 | 14.5 | 4597*

3452 309 614 1.54 | 5.1 271 10957* | 13.5 | 4582*

3453 309 543 1.53 | 5.1 235 10211* | 11.4 | 4570*

3454 309 163 1.57 | 5.1 70* 35 4498+

3455 309 195 1.53 | 5.1 78* 39 4501* 0.2

3456 310 719 254 1127 141* | 7.2 4505* | 302 10870 | 15.1 | 4573*
3457 310 452 1.53 | 12.7 155 179 4511* | 192 10670 | 9.7 | 4527*

Test 3451-3457: the test data is from work by Yaziv et al.[64]. Two materials were investigated. Material #309 was
manufactured by Cercom having an initial density = 4470kg/m? and Material #310 was manufactured by Ceradyne
having an initial density = 4450kg/ m3.

Plastic Particle Velocities obtained from Figure 6 in Ref. 64.

*Calculated from the data given in Ref. 64.
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Figure 2.3.4.9  Description of the Plate Impact Test Configuration, Winkler and Stilp [81, 82].

Table 2.3.4.5 Summary of Experimental Plate Impact Initial Conditions and Results, Winkler and

Stilp [81, 82].
Titanium Diboride
Test Configuration Elastic Compression | Plastic Compression Spall
Test | Material L Stress Density Stress Density Stress
Number|{ Number PrOJegtlle b b c, P o, p (GPa)
Material (mm) | (mm) (GPa) | (kg/m}) (GPa) (kg/m?)
3458 312 Aluminum | 1.5 55 0.6 0.53
3459 312 Aluminum | 1.5 5.5 14 0.44
3460 312 Armco Iron | 1.5 6.0 34 0.45
3461 312 Armco Iron | 1.5 5.6 40 1 1 1 e
3462 312 Armco Iron | 1.5 6.0 5.1 0.43
3463 312 Armco Iron | 2.0 55 43 60 | | e
3464 312 Armco Iron | 0.9 5.7 49 8.6 0.28
3465 312 Armco Iron | 1.6 1.5 4.2 10.0 0.26
3466 312 ArmcoIron | 2.0 6.0 ws | 1 e
3467 312 Armco Iron | 2.0 5.7 44 10.6 0.00
3468 312 TiB2 3.7 7.5 4.7 10.7 0.23
3469 312 Armco Iron | 1.6 1.5 4.4 10.8 0.33
3470 312 ArmcolIron | 1.6 7.5 42 11.9 0.19
3471 312 TiB2 3.7 5.7 133 | e
3472 312 Armco Iron | 1.5 5.6 4.4 142 0.28

Test 3458-3472: the test data is from work by Winkler and Stilp [81, 82]. The TiB2 was hot pressed having an initial
density = 4360kg/m3. Only the elastic and plastic stresses were documented.

Test 3458-3462: the peak stress did not exceed the HEL.

Test 3463-3472: the peak stress exceeded the HEL.

Test 3467: this was the only test that exhibited a three wave structure (ie. a lower and upper HEL). The lower
HEL=4.4 GPa and the upper HEL=9.0GPa.
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Figure 2.3.4.10 Ceramic Free Surface Velocity Profiles, Winkler and Stilp [81, 82].
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Figure 2.3.4.11 Description of Plate Impact Test Configuration, Rosenberg et al. [87].

Table 2.3.4.6 Summary of Experimental Plate Impact Results by Rosenberg et al. [87].

Titanium Diboride

Test | Material Elastic Regime Deformational Regime
Number| Number o, G,=0, p c, G,=0, p
(GPa) (GPa) (kg/m3) (GPa) (GPa) (kg/m3)

3473 314 6.8 0.9

3474 314 7.5 0.8 10.0 1.6

3475 314 7.5 0.8 19.5 7.1

3476 314 7.5 0.8 19.5 6.1

3477 314 75 0.8 240 8.9

Test 3473-3477: the test data is from work by Rosenberg et al.[87]. In-material Manganin
gauge was used to determine the stress in the transverse direction only (6,=0,). The
longitudinal stress, G,, was obtained from Hugoniot data by Yaziv and Brar[64] and Grady
[52, 54]. The above tabulated data was obtained from Figure 3 in Reference 87.

Test 3473: Peak stress below the HEL

The documented HEL for this work = 7.5+-0.4 GPa from Yaziv and Brar[64].
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2.3.6 Depth-Of-Penetration (DOP) Test Data for Titanium Diboride

This section presents depth-of-penetration (DOP) experiments for numerous Titanium Diboride
materials. The DOP test has been used to investigate the effectiveness of ceramics for a number of
years. The typical DOP configuration consists of a ceramic tile place on, or within, a steel or
aluminum base target. A penetrator impacts and perforates the ceramic tile and continues into the
base target. The penetration into the base target is generally referred to as the residual penetration,
P, and is used to determined the ceramic mass efficiency as discussed in Section 2.0.

The target and penetrator descriptions for the DOP experiments by Rosenberg and Tsaliah [39]
are presented in Figure 2.3.6.1. The objective of the experiment was to investigate the ballistic
effectiveness of Titanium Diboride. Only one experiment was performed and is presented in

Table 2.3.6.1. No information was provided for the Titanium Diboride used in the experiment.

The target and penetrator descriptions for the DOP experiment by Woodward et al. [41] are
presented in Figure 2.3.6.2. The objective of the experiment was to investigate the ballistic

effectiveness of Titanium Diboride. Only one experiment was performed and is presented in
Table 2.3.6.2.

The target and penetrator description for the DOP experiments by Reaugh ez al. [85] is presented
in Figure 2.3.6.3. The objective of the experimental program was to investigate the ballistic
efficiency of Titanium Diboride as a function of ceramic thickness, impact velocity and impact
angle. The results are presented in Table 2.3.6.3. Also included in the table are penetration results
into the 4340 Steel with no ceramic .

The target and penetrator description for the DOP experiments by Rosenberg et al. [91] is
presented in Figure 2.3.6.4. The objective of the experimental program was to investigate the
ballistic efficiency of Titanium Diboride as a function of ceramic thickness and lateral dimensions.
The results are presented graphically in Figure 2.3.6.5 and in tabular form in Table 2.3.6.4. Also
included in the table are penetration results into the steel base target with no ceramic .
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penetrator
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Titanium Diboride _ ¥ 21.6mm

/

Ceramic is bonded to the
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P, = residual penetration into
RHA base target
RHA
base target

Figure 2.3.6.1 Target and Penetrator Description for DOP Experiment, Rosenberg and Tsaliah [39].

Table 2.3.6.1 Tabulated Experimental Result for DOP Test, Rosenberg and Tsaliah [39].

Titanium Diboride

Test Material | Impact Target Configuration P
Number | Number | Velocity t Base (mrm)
C
(m/s) (mm) Target
3601 1366 21.6 RHA 29.5

Test 3601: the test data is from work by Rosenberg and Tsaliah [39]. The ceramic
material used is Titanium Diboride with initial density = 4480kg/m3, no other
material information was provided.
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p = 17730kg/m3
D =7.72mm
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f 100mm -
-+ -
Bonded using
polysulphide adhesive
Base Target P,
Aluminum Alloy 5083 H115
Hardness (HV30) = 105

The 2024-T351 Aluminum cover is bolted
to the steel lateral confinement

Figure 2.3.6.2 Target and Penetrator Description for DOP Experiment, Woodward e al. [41].

Table 2.3.6.2 Tabulated Experimental Result for DOP Test, Woodward ef al. [41].

Titanium Diboride

Test Material | Impact Penetrator Geometry
. P p*
Number | Number | Velocity (mrm) (mm)
(m/s)
3602 303 1209 Sharp 38.0 265

* This is the semi-infinite penetration into Aluminum.
Test 3602: the test data is from work by Woodward et al. [41]. The ceramic material used
is Titanium Diboride manufactured by Ceradyne with an initial density = 4520 kg/m?.
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Tungsten Sintered Alloy W2 Penetrator
p = 18360kg/m? R, =28-31
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Figure 2.3.6.3 Target and Penetrator Description for DOP Experiment, Reaugh et al. [85].

Table 2.3.6.3 Summary of Experimental DOP Results, Reaugh et al. [85].

Titanium Diboride
Test Material | Impact | Ceramic | Impact Angle? p&
Number | Number | Velocity t, (8] ’
(m/s) (mm) (degrees) (mm)

3603 313 1380 7.9 0 12.2
3604 313 1310 10.0 0 37
3605 313 1360 15.0 0 0.0
3606 313 1370 20.0 0 0.0
3607 313 1690 10.1 0 22.1
3608 313 1700 149 0 7.3
3609 313 1720 20.1 0 1.1
3610 313 1690 30.0 0 0.0
3611 313 1700 10.1 30 19.5
3612 313 1800 25.0 30 0.0
3613 313 1730 7.7 45 154
3614 313 1690 20.0 45 0.0
3615 313 1800 7.8 60 5.6
3616 313 1810 15.0 60 0.0
3617 313 2630 20.1 0 345
3618 313 2690 249 0 29.8
3619 313 2630 303 0 17.8
3620 313 2630 40.0 0 9.6
3621 1340 0 0 27.0
3622 1350 0 0 27.8
3623 1350 0 0 285
3624 1770 0 0 36.0
3625 2500 0 0 438

Test 3603-3625: the test data is from work by Reaugh et al. [85].

#the angle between the penetrator flight axis and the normal to the tile.

& the residual penetration measured normal to the impact surface.

Test 3621-3625: tests into 4340 steel target only (no ceramic used).
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p = 17600kg/m?
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Figure 2.3.6.4 Target and Penetrator Description for DOP Experiment, Rosenberg et al. [91].
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Figure 2.3.6.5 Residual Penetration as a Function of Ceramic Areal Density and Ceramic Tile
Width, W, Rosenberg et al. [91].
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Table 2.3.6.4 Summary of Experimental DOP Results, Rosenberg et al. [91].

Titanium Diboride

Test Material | Impact Ceramic Dimensions , p
Number | Number Verl:/clty Thickness| Length | Width (kg/;nl’) (mrm)
(m/s) t. (mm) | L, (mm)] W, (mmn)

3626 315 1700 19.6 75 75 87.1 36.5
3627 315 1700 30.3 75 75 134.9 30.6
3628 315 1700 39.9 75 75 177.6 13.5
3629 315 1700 49.5 75 75 220.2 13.5
3630 315 1700 60.2 75 75 2680 | 5.9
3631 315 1700 20.3 100 150 90.5 30.8
3632 315 1700 38.7 100 150 1724 | 70
3633 315 1700 19.6 150 150 87.1 344
3634 315 1700 39.1 150 150 174.1 19.6
3635 315 1700 49.9 150 150 2220 8.1
3636 315 1700 59.5 150 150 2646 | 6.3
3637 315 1700 70.2 150 150 3124 | O
3638 1700 0 0 624

Test 3626-3638: the test data is from work by Rosenberg ef al. [91]. The tabulated
data listed above was obtained from Figure 1 in Reference [91].

p = 4450kg/m3 (density of ceramic)

Test 3638: test into steel base target only (no ceramic used).
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2.3.7 Perforation Test Data for Titanium Diboride

This subsection presents results for perforation experiments using Titanium Diboride. Targets are
typically comprised of a ceramic front layer and a metallic rear layer and are commonly used for
light armor applications. The most common piece of data extracted from perforation experiments
is the target ballistic limit, Vy,, previously defined in Section 2.0.

The target and penetrator description for the perforation experiments by Wilkins et al. [26] is
presented in Figure 2.3.7.1. The objective of the experiments was to determine the ballistic limit

velocity for a specific target configuration and penetrator geometry. The results are presented in
Table 2.3.7.1.

Target Configuration Sharp Penetrator
Impact
location Allegheny Steel 609
R =54-56
M=8.32g
Titanium Diboride i 6.00mm L ~29 mm
X D =7.62 mm
6061-T6 Aluminum Back Plate | 4 6.35mm cone angle = 55°

Bonded using polyurethane
(Scotchcast 221)

Figure 2.3.7.1 Target and Penetrator Description for Perforation Experiments, Wilkins et al. [26].

Table 2.3.7.1 Ballistic Limit Velocity for a Sharp Penetrator against a Titanium Diboride
Target, Wilkins et al. [26].

Titanium Diboride

Test Material {Penetrator | Target Configuration Ballistic Limit
Number | Number A 5 Velocity, V,,
(mm) (mm) (+- 15m/s)
3701 302 Sharp 6.00 6.35 690

Test 3701: the test data is from work by Wilkins et al. [26].
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2.3.8 Other Test Data for Titanium Diboride

This subsection presents test data for experiments that do not fit into any of the previous
subsections. Typically the experiments that are reported in this subsection are more theoretical
and unique in design than those reported in the previous subsections. The following briefly
discusses the experiments presented in this subsection.

Experiments by Strassberger et al. [69] were designed to investigate the fracture propagation in
ceramics. The damage velocity, V4, was measured as a function of projectile impact velocity,
V,. The target and projectile descriptions are presented in Figure 2.3.8.1. The results of the
experiments are presented graphically in Figure 2.3.8.2 where the damage velocity is shown as a
function of penetrator impact velocity. The results are also summarized in Table 2.3.8.1. The
damage velocity is defined as the fastest observed fracture velocity in the ceramic. The fracture
propagation was observed by means of a Cranz-Schardin camera and photos of this process are
presented in Reference 69.

Vp
\ d Target

Projectile . Titanium Diboride

Blunt Steet Cylinder Mat. #311

II?;—-Z;(;mm | A |  Length=100mm

= Zsomm Propogating Width = 100mm
failure wave Thickness = 10mm
velocity =V,
|~

Figure 2.3.8.1 Target and Projectile Description for Fracture Experiment, Strassburger et al. [69].
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Figure 2.3.8.2 Damage Velocity in Ceramic vs. Projectile Impact Velocity, Strassburger et al. [69].

Table 2.3.8.1 Summary of Damage Velocity in Titanium Diboride as a Function of Projectile
Impact Velocity, Strassburger et al.[69].

Titanium Diboride
Test Material | Projectile Impact Damage Velocity
Number | Number Velocity, A\ v,
(m/s) (m/s)
3801 311 28 4740
3802 311 49 5600
3803 311 56 6570
3804 311 64 7220
3805 311 85 7430
3806 311 106 8180
3807 311 148 8720
3808 311 210 9150
3809 311 560 10340
3810 31 784 11090
3811 311 1000 11520
Test 3801-3811: the test data is from work by Strassburger
et al. [69]. The data were obtained from Figure 9b in Ref. 69.
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2.4 ALUMINUM NITRIDE

2.4.1 Material Description for Aluminum Nitride

The purpose of this section is to provide as much information as possible on the materials tested.
Descriptions for each of the Aluminum Nitride materials used in Section 2.4 are presented in Table
2.4.1.1. Each material is given a material number which is used throughout Section 2.4 to identify
it. The data listed in Table 2.4.1.1 were obtained directly from the corresponding reference. When
specific information was not available it was left blank. The strength values listed, (Compressive,
Tensile, HEL and Spall), are nominal values and are included for comparison purposes. The purity
(% AIN) or chemical composition of the material is also included in Table 2.4.1.1 when available.

Table 2.4.1.1 Description of Aluminum Nitride Materials Tested

Material Number

401 402 403 404 405 406
Reference 12* 13 21 51, 52,54 52 72
Manufacturer Dow Chemical | Dow Chemical | Sumitomo Electric | Sumitomo Electric
Trade Name/Description Rocklite 500
Processing Hot Pressed | Hot Pressed Hot Pressed Sintered
Average Grain Size (um) 4 1.5 2.0
Density (kg/m3) 3260 3270 3250 3226 3236 3200
Void Fraction <0.01 0.01 0.005-0.007 0.013-0.016
Longitudinal Velocity (m/s) 10700 10700 10720 10800 10790
Shear Velocity (m/s) 6310 6300 6270 6340
Bulk Velocity (m/s) 7830 7900 7890 7940
Young’s Modulus, E (GPa) 320 320 314 322
Shear Modulus, G~ (GPa) 130 129 127 130
Bulk Modulus, K (GPa) 200 203 201 204
Poisson’s Ratio 0.23 0.237 0.238 0.237
Compressive Strength (GPa) 1.45 3.0 3.8 4.0
Tensile Strength (GPa)
HEL (GPa) 9.2 9.4 8.5
Spall Strength (GPa) 0.5-0.6
Purity (%) >95 >98

* Steinberg [12] documented unpublished work by Lankford. It was assumed the material properties documented by steinberg, and
listed here, are representative of the material tested by Lankford.
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Table 2.4.1.1 Description of Aluminum Nitride Materials Tested Concluded.

Material Number
407 408 409 410

Reference 83 84 85 91
Manufacturer Dow Dow Dow
Trade Name/Description
Processing Sintered Hot Pressed
Average Grain Size (um) 2-3
Density (kg/m3)| 3200 3250 3250 3230
Void Fraction <0.01
Longitudinal Velocity (m/s) 10714 10700 10760
Shear Velocity (m/s) 6300 6300 6330
Bulk Velocity (m/s) 7866 7903 7896
Young’s Modulus, E (GPa) 313 320 321 310
Shear Modulus, G (GPa) 127 129 130
Bulk Modulus, K (GPa) 198 203 203
Poisson’s Ratio 0.237 0.24 0.236
Compressive Strength (GPa) 2.5 2.8 2.1
Tensile Strength (GPa)
HEL (GPa)
Spall Strength (GPa)
Impurities (Zowt)

(o] 1

C 0.3

Ca 500(p.p.m.)

Si 200(p.p.m.)

Fe 50(p.p.m.)
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2.4.2 Mechanical Test Data for Aluminum Nitride

The following section presents mechanical test results for Aluminum Nitride. A typical test
specimen showing the stress configuration is shown in Figure 2.4.2.1. Loading is generally
uniaxial in the z direction and is increased until the material fails, although some researchers
use more complex loading techniques to vary the stress state at failure.

Mechanical test data performed by Steinberg [12], Heard and Cline [13] and Chen and
Ravichandran [83] are presented in Table 2.4.2.1. Mechanical test data performed by Subhash
and Ravichandran [84] are presented in Table 2.4.2.2. The stress state at failure is typically
given as a function of average strain rate, €. Information on failure strain is also provided if
available. Compression is taken as positive and tension as negative.

Steinberg [12] documents unpublished data by Lankford where the compressive strength was
obtained as a function of strain rate.

Heard and Cline [13] investigated the effect of confinement on compressive strength. The
lateral confining stresses (G,, o,) were induced by applying a copper or lead jacket on the
ceramic specimen. The lateral stresses are thus a function of the applied axial stress. The three

normal stresses in the table represent the stress state at failure. The failure strain (g,) is the
total axial strain measured at catastrophic failure.

Chen and Ravichandran [83] investigated the effect of confining stress and strain rate on
compressive strength of a sintered Aluminum Nitride. Lateral confining stresses (c,, o,) were
induced by applying a copper, brass, tool steel or stainless steel jacket on the ceramic
specimen. The jacket was heated prior to the insertion of the ceramic specimen. When the
Jacket cooled an initial confining stress was induced into the ceramic specimen. It is believed
that the lateral confining stresses (o,, o,) listed in Table 2.4.1.1 are the initial confining
stresses and not the stress at fracture. The axial stress, (6,), is the stress at fracture.

Subhash and Ravichandran [84] investigated the effect of strain rate on the uniaxial
compressive strength of hot pressed Aluminum Nitride. The tests were uniaxial compression
using either an MTS machine (quasi-static) or a Hopkinson bar apparatus (high rate data). The
listed failure strains (g,) are the total axial strain measured at catastrophic failure.

Figure 2.4.2.1 Description of a Typical Mechanical Test Specimen.
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Table 2.4.2.1 Summary of Experimental Results.

Aluminum Nitride

Test Material o, c, o, ~€ Axial strain, Ref
Number | Number | (GPa) | (GPa) | (GPa) | (s") | €, at failure et
4201 401 1.33 0 0 |roxio4 N. A 12
4202 401 1.56 0 0 |toxio*| N.A (Steinberg)
4203 401 1.67 0 0 0.9 N.A
4204 401 1.89 0 0 0.9 N. A.

4205 401 2.33 0 0 [1.0x10 N.A

4206 401 2.56 0 0 |1.0x10° N.A.

4207 402 3.30 0.10 0.10 }5.0x10°5 0.031 13
4208 402 4.26 0.30 030 |[5.0x10° 0.030 (Heard)
4209 402 4.57 0.30 0.30 |5.0x10°5 0.030

4210 402 473 0.49 0.49 |5.0x10° 0.074

4211 402 4.90 0.60 0.60 |5.0x10° 0.110

4212 402 5.35 0.70 0.70 |5.0x105 >0.110

4213 402 5.54 0.82 0.82 |[5.0x105 >0.110

4214 407 2.50 0 0 4.0x10* N. A 83
4215 407 3.03 0.05 0.05 |4.0x10 N. A. (Chen)
4216 407 3.17 0.12 0.12 |4.0x10* N.A

4217 407 3.50 0.15 0.15 [4.0x10% N. A.

4218 407 3.77 0.23 023  |4.0x10 N.A

4219 407 4.4 0 0 5.0x102 N.A.

4220 407 4.1 0.05 0.05 [5.0x102 N.A

4221 407 4.97 0.12 0.12 [5.0x102 N.A.

4222 407 5.37 0.15 0.15 |5.0x102 N.A

4223 407 5.07 0.23 023 |5.0x102 N. A.

Tests 4201-4206: the tests are unpublished data by Lankford. The data was obtained from
Figure 1, Reference 12.

Tests 4207-4213: the test data is from work be Heard and Cline [13]. The lateral confining
stresses (0,, G,) were induced by applying a copper or lead jacket on the ceramic specimen. The
lateral stresses are thus a function of the applied axial stress. The three normal stresses in the
table represent the stress state at failure. The failure strain (g,) is the total axial strain measured
at catastrophic failure. The data was obtained from Figure 7, Reference 13.

Tests 4214-4223: the test data is from work be Chen and Ravichandran [83]. The lateral
confining stresses (G, ©,) were induced by applying a copper, brass, tool steel or stainless steel
Jacket on the ceramic specimen. The jacket was heated prior to the insertion of the ceramic
specimen. When the jacket cooled an initial confining stress was induced into the ceramic
specimen. It is believed that the lateral confining stresses (o,, Gy) listed above are the initial
confining stresses and not the stress at fracture. The axial stress, (o,), is the stress at fracture.
The data was obtained from Figure 7, Reference 83.
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Table 2.4.2.2 Summary of Experimental Results.

Aluminum Nitride

Test Material o, o, G, ~€ Axial strain, Ref
Number Number | (GPa) (GPa) | (GPa) sh €, at failure et.
4224 408 2.79 0 0 [3.89x10%] N.A 84
4225 408 2.85 0 0 |2.84x105| 00082 | (Subhash)
4226 408 272 0 0 [3.63x105| N.A
4227 408 2.85 0 0 [224x102] N.A.

4228 408 2.79 0 0 [245x102] N.A
4229 408 3.57 0 0 |i20x102} N A
4230 408 3.76 0 0 [|1e6x102| N.A
4231 408 3.79 0 0 |1.82x102| N.A.
4232 408 3.63 0 0 [|275x102| N.A
4233 408 373 0 0 [295x102| N A
4234 408 3.68 0 0 [309x102| N.A
4235 408 347 0 0 [320x102| 0.0130
4236 408 3.89 0 0 |417x102| N.A
4237 408 4.15 0 0 |447x102| N A
4238 408 4.44 0 0 [9.00x102| 0.0141
4239 408 4.54 0 0 [1Lo2x10°| N.A.
4240 408 451 0 0 |i4xi0e| N.A
4241 408 5.25 0 0o |2ooxi0?| N.A.

Tests 4224-4241: the test data is from work by Subhash and Ravichandran [84]. The tests were
uniaxial compression tests using either an MTS machine (quasi-static) or a Hopkinson bar (high
rate data). The failure strain (€,) is the total axial strain measured at catastrophic failure. The
data was obtained from Figure 2, Reference 84.
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2.4.3 Hydrostatic Test Data for Aluminum Nitride

This section presents the hydrostatic response for Aluminum Nitride. The experimental data
were obtained using a diamond Anvil Cell performed by Xia et al. [18] and Ueno et al. [71]
and are presented graphically in Figure 2.4.3.1 and summarized in Table 2.4.3.1. Table
2.4.3.1 presents the pressure, P, the relative volume, V/V,, and V /V -1 where V is the
measured volume and V is the initial volume. Very little information on the materials was
provided in the references, thus the materials were not given a specific material number. All
the material information is presented in the comment section directly following the tabulated
data in Table 2.4.3.1. It is very evident from Figure 2.4.3.1 that Aluminum Nitride exhibits a
phase transformation from the wurtzite phase to a rocksalt phase and is consistent between
two researchers.
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Pressure, P (GPa)
=

5 ©® Ref. 18
20 P é
® ® Ref. 7]

0.00 0.10 0.20 0.30 0.40 0.50 0.60

Figure 2.4.3.1 Pressure vs. Volume Relationship for Aluminum Nitride, Xia et al.[18] and
Ueno et al.[71].
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Table 2.4.3.1 Summary of Experimental Results Documenting the Hydrostatic Response of

Aluminum Nitride :
Aluminum Nitride
Test Material P

Number Number (GPa) VIV, oA Ref.
4301 0 1.0 0 18
4302 0.6 0.993 0.007 (Xia)
4303 49 0.979 0.021

4304 5.8 0.970 0.031

4305 89 0.958 0.044

4306 13.8 0.942 0.062

4307 17.0 0.928 0.078

4308 18.4 0.923 0.083

4309 17.0 0.755 0.325

4310 18.4 0.751 0.332

4311 20.0 0.742 0.348

4312 48.3 0.692 0.445

4313 66.2 0.666 0.502

Test 4301-4313: the data were obtained using a diamond-anvil cell. The
polycrystalline AIN sample was 99.99% pure, no other material
information was provided. The observed phase transformation from the
wurtzite phase to a rocksalt phase begins at a pressure of 14 GPa and
completes at a pressure of 20 GPa. The above tabulated data was
obtained from Figure 2, Ref. 18.

4314 0 1.0 0 7
4315 24 0.989 0.011 (Ueno)
4316 5.8 0.974 0.027

4317 7.8 0.968 0.033

4318 104 0.959 0.043

4319 14.0 0.942 0.062

4320 174 0.936 0.068

4321 22.8 0.919 0.088

4322 22.8 0.739 0.353

4323 30.0 0.728 0.374

Test 4314-4323: the data were obtained using a diamond-anvil cell.
The AIN sample was > 99% pure, commercially obtained from
Tochiba Ceramics, no other material information was provided. The
observed phase transformation from the wurtzite phase to the rocksalt
phase begins at a pressure of 18 GPa and completes at approximately
23 GPa. The measured initial bulk modulus was 208 GPa, this was
the only material information provided in Ref. 71. The above
tabulated data was obtained from Figure 3, Ref. 71.
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2.4.4 Plate Impact Test Data for Aluminum Nitride

This section presents plate impact results performed by numerous researchers using various
Aluminum Nitride materials. A typical plate impact test configuration is presented in Figure
2.4.4.1. The peak stress, G,, occurs in the z-direction and is generally measured for both the elastic
and plastic response. The lateral stresses, 6, and G,, occur due to the uniaxial strain configuration
of the experiment, and are typically not measured. The peak stress for the elastic regime is referred
to as the Hugoniot Elastic Limit (HEL) and has become a fundamental property of ceramics. The
peak stress for the plastic response is generally referred to as the peak Hugoniot stress. The particle
velocity and wave velocity for both the elastic and plastic waves are typically measured and
documented herein. In some cases the entire particle velocity time history is measured using laser
velocity interferometry techniques (VISAR). VISAR traces provide direct information on the
material response and are included in this section when available.

A description of the plate impact test configurations used by Rosenberg et al. [S1] are presented in
Figure 2.4.4.2. Three different target configurations were used where in-material Manganin gauges
were placed in the target to measure the lateral stress and in some cases the transverse stress. The
results are summarized in Table 2.4.4.1.

A description of the plate impact test configurations used by Grady and Moody [52] are presented
in Figure 2.4.4.3. Two materials were investigated. The specific test dimensions and some limited
results are summarized in Table 2.4.4.2. Compression and release behavior was measured by
monitoring the ceramic-window interface velocity using laser velocity interferometry techniques
(VISAR). The interface velocity profiles reflect the uniaxial strain loading and unloading behavior
of the material and are presented in Figures 2.4.4.4-6.

The results from Nakamura et al. [72] are summarized in Table 2.4.4.3. The peak stress, 6,, and
density, p, for both the elastic and plastic waves are presented.

Vo p
Sample and
Window

Impactor

Figure 2.4.4.1 Description of a Typical Plate Impact Test Configuration including Stress Orientations
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Configuration 1
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Figure 2.4.4.2 Description of Plate Impact Test Configuration, Rosenberg et al. [51].
Table 2.4.4.1 Summary of Experimental Plate Impact Results by Rosenberg et al. [51].
Aluminum Nitride
Test | Material Test Configuration Regzg((:HEL) Plastic Regime
Number| Number Config] V L t, c, p C, 6,=0, p U, U,
(m/s) | (mm) {(mm) | (GPa) | (kg/m®} (GPa) | (GPa) |(kg/m®) | (m/s) (m/s)
4401 404 1 590 4 6.96 9.2+-.2| 3308
4402 404 1 739 8 6.96 9.3+-.2 3309
4403 404 1 984 3 13.01 9.6+-.2] 3312
4404 404 3 990 8 10.3{ 9.3+-.4| 3309 | 16.8+-.3| 8.8+-.1
4405 404 3 930 8 10.3| 9.4+-4] 3310 | 16.1+-.3| 8.7+-.1
4406 404 2 569 8 5.5 10.6+-.2 3315 296
4407 404 2 649 6 3.2 11.7+-2 3342 354
4408 404 2 706 6 55 12.5+-.2 3370 401
4409 404 2 763 8 6.96 13.44-2 3380 430
4410 404 2 859 6 3.2 14.7+-3 3415 494
4411 404 2 1010 8 9.2 17.0+-.3 3478 605
4412 404 2 1178 8 9.2 18.5+-.5 3583 730
4413 404 3 550 8 10.3 10.0+-.3| 3.0+-.1 9300+-200
4414 404 3 760 8 10.3 13.3+-3| 6.4+-2 8900+-200
4415 404 3 626 8 9.1 11.5+-.2| 4.5+-.1 3334 335 8700+-200
4416 404 3 378 10 8.0 6.7+-.1 1.7+-.1 8300+-200
4417 404 3 410 3 13.0 7.5+-.1 | 2.6+-.1
4418 404 3 433 3 13.0 8.0+-.1 2.2+-.2
Test 4401-4418: the test data is from work by Rosenberg. The material is hot pressed Aluminum Nitride manufactured by
Coors, having an initial density = 3226kg/m3. Three target configurations were used and both longitudinal and transverse
stresses were measured using in-material manganin gauges. Densities calculated from conservation equations.
Test 4404,4505,4413,4414: Longitudinal stress inferred from Hugoniot because longitudinal gauge failed before reaching
peak stress.
Test 4406-4412,4415: Longitudinal stress measured directly.
Test 4416-4418: Longitudinal stress derived from impedance matching in the elastic range
Test 4412: Questionable data due to possible gauge malfunction
Further discussions on the data can be found in Ref. 63.
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Projectile
GZ
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A
—Pp
Ly oL

Projectile Materials Used

| Matedal

Density

(kg/m?) Designation

Polyurethane Foam
Polyurethane Foam
Polyurethane Foam
PMMA

Tantalum

Tungsten
Aluminum 6061-T6
OFHC Copper

139
320
640
1186
16659
19289
2703
8930

PF139
PF320
PF640
PMMA

Ta

w

Al

Cu

Target

Sample Window
Aluminum}| ] ithium Floride
Nitride _ 3

A p = 2640 kg/m
(Mat. #404
#405) Sample-window

interface
Lg Ly

Figure 2.4.4.3 Description of Grady and Moody [52] Plate Impact Test Configuration.

Table 2.4.4.2 Summary of Experimental Plate Impact Results by Grady and Moody [52].

Aluminum Nitride

Projectile Target Hugoniot Results
NT;i:)er II:I/latelr)ial Backer Impactor . Sampllci W:dow Coil:sr:;ion Col:rl]“sr::giﬂn
umber |y | L ial |Density | L1 | Densit s w | G P lo. | p
(ms) Material (mm) Material (kg/m3))l (mm) (kg/m-‘))l (mm) | (mm) |(GPa)|tkg/m?) (GPa){ (kg/m?
4419 404 1780 | PF320{ 8.0 AIN 3258 |4.971] 3261 | 9.952| 254
4420 404 2277 | PF640| 8.0 AIN 3260 14.923] 3259 | 9.952| 254
4421 404 1263 | PF320% 8.0 AIN 3258 |4.968| 3262 | 9.554| 254
4422 404 589 |PF320{ 8.0 AIN 3256 |4.975] 3255 | 9.954| 254
4423 404 2239 [ PF640{ 8.0 Ta 16657( 1.508| 3265 | 9.567 | 25.4 38
4424 404 2207 | PF640f 8.0 Ta 16618] 1.528] 3248 | 2.510| 255 37
4425 404 2230 [PMMA 6.4 w 19289] 1.502| 3248 | 2.507 | 25.5 41
4426 404 1160 [ PF139 8.0 | PMMA | 1186 |2.004] 3258 | 10.184 25.2
4427 404 860 [PF139| 7.9 | PMMA | 1186 {1.991| 3221 | 9552 255
4428 404 2215 | PF640 8.0 Ta 16642] 1.526] 3248 | 4.183{ 319 37
4429 404 2262 | PF640| 8.0 AIN 3250 }4.181] 3250 | 4.182| 37.8
4430 405 1490 | Air | --- Al 2703 |12.7 | 3236 | 4.343] 189
4431 405 2008 Air | --- Cu 8930 | 9.408] 3219 | 434 | 254
4432 405 2370 PMMA 6.77 | Ta 16669| 3.898] 3236 | 4.34 19.1

Test 4419-4432: the test data is from work by Grady. Material #404 is hot pressed Aluminum Nitride manufactured by
Coors, having a nominal initial density = 3254kg/m3. Material #405 is Aluminum Nitride manufactured by Sumitomo
Electric Industries Co. having a initial density = 3236kg/m3. The above table primarily provides the initial conditions for
the plate impact experiments, although the elastic and plastic stress-density states are provided when available,
Test 4423-4425,4428: the peak hugoniot stress is from Ref. 53, 54.

The HEL ~ 8 GPa from Ref. 54
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Figure 2.4.4.4 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
4419-4424.
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Figure 2.4.4.5 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests

4425-4430.
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Figure 2.4.4.6 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
4431-4432.

Table 2.4.4.3 Summary of Experimental Plate Impact Results, Nakamura et al.[72].

Aluminum Nitride

Initial Elastic Regime (HEL) Plastic Regime
Test Material Density

Number{ Number

Shock |Particle Shock {Particle

Po Velocity | Velocity| - p Velocity |Velocity | Oz p
kg/m®) | (mss) " | sy | (GPa) | (kg/m®)| (mss) | (uvs) | (GPa) | (kg/m?)

4433 406 3200 10800 | 230 7.9 3270 |6010 | 360 105 3340
4434 406 3200 11000 | 230 8.1 3270 |5890 | 400 114 3370
4435 406 3200 10400 | 230 7.6 3270 {7060 | 720 189 3510
4436 406 3200 11400 § 250 9.1 3270 |7550 | 1080 | 29.4 3670
4437 406 3200 11700 | 250 9.4 3270 [7530 1170 | 32.1 3730

Test 4433-4437: the test data is from work by Nakamura et al.[72]. The shock and particle velocities
were obtained from Figure 2 in Reference 72.
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2.4.5 Penetration (semi-infinite) Test Data for Aluminum Nitride

This section presents ballistic penetration results into semi-infinite Aluminum Nitride targets.
Orphal et al. [21] performed penetration experiments into Aluminum Nitride over a velocity range
of 1500m/s to 4500m/s. The targets and penetrators used are described in Figure 2.4.5.1. The
penetration results are presented graphically in Figure 2.4.5.2 and summarized in Table 2.4.5.1.
Both primary and total penetration are given. Primary penetration is the depth penetrated when the

penetrator is just consumed. Total penetration is the total depth penetrated when the penetration
event is complete.

Long Target (Test 4501-4520) Short Target (Test 4521-4526)
Impac.t l 3.18mm Impac‘t
Location * Location
Aluminum B 3.18mm Penetrator
Cover % ) v
§ Aluminum E;: > )
5] Cover : Tungsten (99.95%)
.. B ANk : p = 19,300kg/m>
Titanium f’ (Mat, #403) |2 50.80mm !5;' AIN 1 L=1524mmor
sleeve i o f 1 | 38.1mm g 11.43mm
B Titanium 1| (Mat. #403) [ D = 0.762mm
i sleeve b | :
4 Y —> 4
; . 73 A " E: Y :
;| Aluminum y 12.70mm | Aluminum }3 6.35mm L
% 3.18mm ¥ 3.18mm
_23.80mm_ - 23.80mm_
_ 28.58mm _ | 28.58mm _

Figure 2.4.5.1 Aluminum Nitride Target and Penetrator Descriptions, Orphal et al. [21].
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Figure 24.5.2 Total and Primary Penetration Depths vs. Impact Velocity for Tungsten
Penetrators Impacting Confined Aluminum Nitride Targets, Orphal et al. [21].
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Table 2.4.5.1 Summary of Penetration Results from Orphal ez al. [21].

Aluminum Nitride

Test Material | Penetrator Target Impact
Number | Number D L |Configuration | Velocity Porimany/L| Prow/L
(mm)| (mm) (wis)

4501 403 0.762] 15.24 Long 1490 0.78 0.79
4502 403 0.762 15.24 Long 1650 0.78 0.95
4503 403 0.762] 15.24 Long 1810 1.32 1.14
4504 403 0.762} 15.24 Long 2010 1.18 1.22
4505 403 0.762] 15.24 Long 2010 1.21 1.37
4506 403 0.762] 15.24 Long 2190 1.63 1.57
4507 403 0.762] 15.24 Long 2310 1.36 1.51
4508 403 0.762] 15.24 Long 2400 1.53 1.56
4509 403 0.762] 15.24 Long 2550 1.36 1.55
4510 403 0.762| 15.24 Long 2650 1.75 1.89
4511 403 0.762] 15.24 Long 2920 1.74 1.95
4512 403 0.762} 15.24 Long 2980 1.79 2.01
4513 403 0.762] 15.24 Long 3000 1.63 2.06
4514 403 0.762} 15.24 Long 3080 2.10
4515 403 0.762} 15.24 Long 3210 1.85 1.99
4516 403 0.762} 15.24 Long 3320 1.78 2.02
4517 403 0.762] 15.24 Long 3410 1.87 2.03
4518 403 0.762} 15.24 Long 3580 1.99 228
4519 403 0.762} 15.24 Long 3610 2.30
4520 403 0.762] 11.43 Long 3670 2.03 2.28
4521 403 0.7621 11.43 Short 3900 2.18 2.67
4522 403 0.7621 11.43 Short 3900 1.98 222
4523 403 0.762] 11.43 Short 4160 1.97 2.57
4524 403 0.762{ 11.43 Short 4270 2.07 2.54
4525 403 0.762] 11.43 Short 4290 1.97 2.63
4526 403 0.762]| 11.43 Short 4550 2.58

Test 4501-4526: the test data is from work by Orphal et al. [21]. Two penetrator
lengths and two target configurations were used. The impact velocity and P/L listed

here were obtained from Figure 7 in Ref. 21. The primary, P,

penetration measured includes the 3.18mm cover.

prim:

. and total, P,
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2.4.6 Depth-Of-Penetration (DOP) Test Data for Aluminum Nitride

This section presents depth-of-penetration (DOP) experiments for numerous Aluminum Nitride
materials. The DOP test has been used to investigate the effectiveness of ceramics for a number of
years. The typical DOP configuration consists of a ceramic tile place on, or within, a steel or
aluminum base target. A penetrator impacts and perforates the ceramic tile and continues into the
base target. The penetration into the base target is generally referred to as the residual penetration,
P, and is used to determined the ceramic mass efficiency as discussed in Section 2.0.

The target and penetrator descriptions for the DOP experiments by Franzen et al. [33)

are presented in Figure 2.4.6.1. The objective of the experiments was to investigate the ballistic
effectiveness of Aluminum Nitride as a function of impact velocity and ceramic thickness. The
results are summarized in Table 2.4.6.1. No material information was provided for the Aluminum
Nitride used in these experiments.

The target and penetrator description for the DOP experiments by Reaugh et al. [85] is presented
in Figure 2.4.6.2. The results are summarized in Table 2.4.6.2. Also included in the table are
penetration results into the 4340 Steel with no ceramic .

The target and penetrator description for the DOP experiments by Rosenberg et al. [91] is
presented in Figure 2.4.6.3. The objective of the experimental program was to investigate the
ballistic efficiency of Aluminum Nitride as a function of ceramic thickness and lateral dimensions.
The results are presented graphically in Figure 2.4.6.4 and summarized in Table 2.4.6.3. Also
included in the table are penetration results into the steel base target with no ceramic .
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Target Configuration

Tungsten -k
Penetrator D
L
\
Aluminum Nitride (N
A
Comments:
- ceramic is Aluminum Nitride
- no information was given on any of the materials
RHA Base \ - P, = residual penetration into the RHA steel base
Pr

Figure 2.4.6.1 Target and Penetrator Descriptions for Aluminum Nitride DOP
Experiments, Franzen et al. [33].

Table 2.4.6.1 Tabulated Experimental Results for Aluminum Nitride, Franzen et al. [33].

Aluminum Nitride
Test Material | Impact Penetrator Ceramic p
Number | Number | Velocity L D Thickness r
(mm)
(m/s) (mm) (mm) t. (mm)
4601 1502 81.8 8.18 30.7 39.4
4602 1504 81.8 8.18 30.7 42.6
4603 1499 81.8 8.18 30.7 36.1
4604 1506 81.8 8.18 30.7 41.1
4605 1491 81.8 8.18 30.7 39.1
4606 1499 81.8 8.18 30.7 39.3
4607 1506 81.8 8.18 30.7 379
4608 1482 81.8 8.18 30.7 29.1
4609 1457 81.8 8.18 30.2 36.7
4610 1505 81.8 8.18 30.2 41.8
4611 1499 107.4 7.16 459 424
4612 1510 107.4 7.16 46.1 419
4613 2054 62.0 6.20 70.0 9.0
4614 2001 62.0 6.20 70.0 10.0
4615 2467 62.0 6.20 80.0 15.2
4616 2510 62.0 6.20 80.0 9.5
4617 2035 75.0 7.50 80.0 154
4618 1995 75.0 7.50 80.0 214
4619 2479 75.0 7.50 90.0 22.0
4620 2449 75.0 7.50 90.0 21.6
4621 2027 75.0 7.50 50.0 375
Test 4601-4621: The ceramic material is aluminum nitride, no information on the material
was given.
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Tungsten Sintered Alloy W2 Penetrator
p = 18360kg/m?

L=
D=

25.4mm
6.35mm

L/D=4
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Yield = 0.695GPa
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Aluminum Nitride (Mat. #409)

4
A

3
y C

64mm

|l

.|

I

R, =33-37

12mm 4
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RHA base target using Stycast 1266
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—»,

y

= residual penetration into
RHA base target

Figure 2.4.6.2 Target and Penetrator Description for DOP Experiment, Reaugh et al. [85].

Table 2.4.6.2 Summary of Experimental DOP Results, Reaugh et al. [85].

Aluminum Nitride
Test Material | Impact | Ceramic | Impact Angle* p&
Number | Number | Velocity t. © r
(m/s) (mm) (degrees) (mm)

4622 409 1250 9.7 0 10.1
4623 409 1300 14.3 0 8.9
4624 409 1310 19.6 0 4.3
4625 409 1790 9.9 0 275
4626 409 1790 19.7 0 14.3
4627 409 1800 28.8 0 85
4628 409 1790 37.0 0 0.0
4629 400 1760 282 30 1.6
4630 409 1780 17.5 60 0.0
4631 409 2610 30.3 0 19.3
4632 409 2580 395 0 8.3
4633 1340 0 0 27.0
4634 1350 0 0 27.8
4635 1350 0 0 285
4636 1770 0 0 36.0
4637 2500 0 0 438

Test 4622-4637: the test data is from work by Reaugh ez al. [85].

#the angle between the penetrator flight axis and the normal to the tile.

& the residual penetration measured normal to the impact surface.

Test 4633-4637: tests into 4340 steel target only (no ceramic used).
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Tungsten Sinter-Alloy Penetrator
V =1700m/s

p = 17600kg/m3

UTS =1.2 GPa

elongation = 10%

L =725 mm

D =58 mm

L/D=125

l 1,5mm rubber

/

Mild Steel |

! 10mm ‘

Nitride
(Mat. #410)

Aluminum 30mm t.

20mm

W, = width of ceramic

e

Ceramic is glued
to RHA base

%l

R.~45

/ L =100mm
> P
P = residual
HH RHA penetration
UTS = 1.45GPa into HH RHA

Figure 2.4.6.3 Target and Penetrator Description for DOP Experiment, Rosenberg e al. [91].
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Figure 2.4.6.4 Residual Penetration as a Function of Ceramic Areal Density and Ceramic Tile
Width, W, Rosenberg et al. [91].
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Table 2.4.6.3 Summary of Experimental DOP Results, Rosenberg et al. [91].

Aluminum Nitride

Test Material | Impact Ceramic Dimensions p

. pt .

Number | Number Vc(:rlr(l)/csl)(y Thickness| Length | Width (kg/;nz) (mm)
t. (mm) | L, (mm W, (mm)

4638 410 1700 20 100 100 64.9 41.0
4639 410 1700 40 100 100 129.8 27.5
4640 410 1700 58.1 100 100 187.8 14.0
4641 410 1700 28.5 100 150 92.2 324
4642 410 1700 29.6 100 150 95.6 31.5
4643 1700 0 0 62.4

Test 4638-4643: the test data is from work by Rosenberg et al. [91]. The tabulated
data listed above was obtained from Figure 1 in Reference [91].

p = 3230kg/m? (density of ceramic)

Test 4643: test into steel base target only (no ceramic used).

108



2.5 SILICON NITRIDE

2.5.1 Material Description for Silicon Nitride

The purpose of this section is to provide as much information as possible on the materials tested.
Descriptions for each of the Silicon Nitride materials used in Section 2.5 are presented in Table
2.5.1.1. Each material is given a material number. The material numbers are used throughout
Section 2.5 to identify the specific material being tested. The data listed in Table 2.5.1.1 were
obtained directly from the corresponding reference. When specific information was not available
it was left blank. The strength values listed, (Compressive, Tensile, HEL and Spall), are nominal
values and are included for comparison purposes.

Table 2.5.1.1 Description of the Silicon Nitride Materials Tested

Material Number

501 502 503 504 505
Reference 3,10 3 44, 49 44, 49 52
Manufacturer Norton Norton Kyocera
Trade Name/Description NC 132 NC 350 SN-220
Processing Hot Pressed | Reaction bonded Sintered
Average Grain Size (um) 0.5-3 0.4-0.7
Density (kg/m?) 3150 2280 3152
Void Fraction
Longitudinal Velocity (m/s) 10660 8660 10310
Shear Velocity (m/s) 5810
Bulk Velocity (m/s) 7830
Young’s Modulus, E (GPa) 269
Shear Modulus, G~ (GPa) 106
Bulk Modulus, K (GPa) 193
Poisson Ratio 0.267
Compressive Strength (GPa) 34 2.1
Tensile Strength (GPa) 0.81
HEL (GPa) 12.1 1.9
Spall Strength (GPa) 0.5-0.8 0.25
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2.5.2 Mechanical Test Data for Silicon Nitride

The following section presents mechanical test results for Silicon Nitride. A typical test

specimen showing the stress configuration is shown in Figure 2.5.2.1. Loading is generally
uniaxial in the z direction and is increased until the material fails, although some researchers

use more complex loading techniques to vary the stress state at failure.

Mechanical test data performed by Lankford [3, 10] are presented in Table 2.5.2.1. Two

materials were investigated. The stress state at failure is given as a function of average strain

g . . . . . .
rate, €, and temperature. Compression is taken as positive and tension as negative.

Figure 2.5.2.1 Description of a Typical Mechanical Test Specimen

Table 2.5.2.1 Summary of Experimental Results for Silicon Nitride, Lankford [3, 10].

S

ey o

Silicon Nitride
Test Material o, C, o, ~& Temperature Ref

Number Number | (GPa) (GPa) (GPa) (sh Degrees (C) et.

5201 501 3.44 0 0 | 7x105 | Ambient i .

5202 501 3.29 0 0 [ 7x105 | Ambient | (Lankford)

5203 501 3.29 0 0 6x10°! Ambient

5204 501 3.51 0 0 6x10°! Ambient

5205 501 3.94 0 0 1x103 Ambient

5206 501 443 0 0 2x103 Ambient

5207 502 2.05 0 0 7x10-3 Ambient 3

5208 502 2.09 0 0 7x105 Ambient (Lankford)

5209 502 2.48 0 0 6x10°! Ambient

5210 502 2.54 0 0 6x10°! Ambient

5211 502 2.00 0 0 2x103 Ambient

5212 502 2.09 0 0 2x103 Ambient

5213 501 3.16 0 0 | 7x105 | 400 10f

5214 501 1.84 0 o | 7x105 | 800 (Lankford)
Test 5201-5214: the test data is from work by Lankford. Compressive strength was investigated
for both quasi-static and Hopkinson bar experiments. Quasi-static experiments were also
performed as a function of temperature.
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2.5.4 Plate Impact Test Data for Silicon Nitride

This section presents plate impact results using various Silicon Nitride materials. A typical plate
impact test configuration is presented in Figure 2.5.4.1. The peak stress, G,, occurs in the z-
direction and is generally measured for both the elastic and plastic response. The lateral stresses,
o, and G, occur due to the uniaxial strain configuration of the experiment, and are typically not
measured. The peak stress for the elastic regime is referred to as the Hugoniot Elastic Limit (HEL)
and has become a fundamental property of ceramics. The peak stress for the plastic response is
generally referred to as the peak Hugoniot stress. The particle velocity and wave velocity for both
the elastic and plastic waves are typically measured and documented herein. In some cases the
entire particle velocity time history is measured using laser velocity interferometry techniques
(VISAR). VISAR traces provide direct information on the material response and are included in
this section when available.

The results from Nahme et al. [44, 49] are summarized in Table 2.5.4.1. Two materials were
investigated in this study, a dense and porous material. The shock velocity, particle velocity, peak
stress, O,, and density, p, for both the elastic and plastic waves are presented. The experiments did
not use a window material as shown in Figure 2.5.4.1, but rather left the rear surface free. The free
surface velocity time histories, for selected tests, are presented in Figure 2.5.4.2. The initial
conditions of the experiments were not given in the references.

A description of the plate impact test configuration by Grady and Moody [52] is presented in
Figure 2.5.4.3. The specific test dimensions are summarized in Table 2.5.4.2. Compression and
release behavior was measured by monitoring the ceramic-window interface velocity using laser
velocity interferometry techniques (VISAR). The interface velocity profiles reflect the uniaxial
strain loading and unloading behavior of the material and are presented in Figures 2.5.4.4-5.

Sample and
Window
Impactor

Figure 2.5.4.1 Description of a Typical Plate Impact Test Configuration including Stress Orientations
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Table 2.5.4.1 Summary of Experimental Plate Impact Results, Nahme et al.[44, 49].

Silicon Nitride

Initial Elastic Regime (HEL) Plastic Regime
Test Material | Density

Number| Number

Shock | Particle Shock |Particle
Velocity | Velocity| ©. p Velocity |Velocity | ©.

Po 2 z p
(kg/m3) (m/s) (m/s) (GPa) | (kg/m3) (m/s) | (mss) (GPa) | (kg/m?)
5401 503 3150 10660 360 | 12.1 3265 | 9000 | 465 15.2 3304
5402 503 3150 10660 360 | 12.1 3265 { 9130 | 510 16.6 3320
5403 504 2280 8600 97 1.9 2305 | 5080 | 200 3.1 2353
5404 504 2280 8600 97 19 2305 | 4760 | 301 4.1 2408
5405 504 2280 8600 97 1.9 2305 | 4650 | 329 4.4 2426
5406 504 2280 8600 97 1.9 2305 | 4760 | 553 6.9 2549

Test 5401-5406: The HEL data was not given for each test and as shown here was assumed to be
constant for each material. The shock velocity and particle velocity for the plastic wave was
obtained from Figure 3 in Reference 44. The peak stress and density for the plastic regime were
calculated using the conservation equations. Two Silicon Nitride materials were investigated, a
dense material #503 and a porous material #504.

1200
Material 503 . Test_5406
== =- Material 504 ) ———— e
1000 = Il
! Test 5401
E
~ 800
2
E
2
9 600 ———iosA )
o +
S
5
v
8 400 - |I 0000 At S e maman Y 103
i3
200 =
N
/. J
0 1.0 0
Time, (us)

Figure 2.5.4.2 Free Surface Velocity Time Histories for Selected Plate Impact Experiments,
Nahme et al.[44, 49].
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Backer  Impactor Oy
\Y
—>
< LB »la LI >

Target

Sample Window
Silicon

Nitride

{Si,N,)

Mat. #505 Sample-window

interface
Ls | Lw

Projectile Materials Used

Material

Polyurethane Foam
Polyurethane Foam
PMMA

Tantalum

Lithium Floride

:])(;r/l:?), Designation
320 PF320
640 PF640
1182 PMMA
16658 Ta
2640 LiF

Figure 2.5.4.3 Description of Grady and Moody [52] Plate Impact Test Configuration.

Table 2.7.4.2 Summary of Experimental Plate Impact Results by Grady and Moody [52].

Silicon Nitride

Projectile Target Hugoniot Results
Test | Material Backer Impactor Sample Window Cnl;:rl‘is:fdm Col:lasl::si on
Number| Number | v Materiall LB Material L, Density Lg _ Ly C, p o, P
(m/s) (mm) (mm) |kg/m?) | (mm) [Material | (mm) | (GPa) {(kg/m’)| (GPa)|(kg/m?
5407 505 1057 {PF320] 12.8 | Si;N, [ 5.005 | 3156 | 10.013| LiF 25.6
5408 505 1478 |[PF320{ 12.7 | Si;N, | 5.003 | 3158 | 10.026| LiF 25.6
5409 505 2080 |PF320| 12.7 | SizN, | 5.004 | 3156 | 10.011| LiF 25.6
5410 505 2487 |PF640| 8.0 Si;N, | 5.000 | 3156 | 10.023| LiF 254
5411 505 2284 |PMMA 5904 Ta 1.520 | 3156 | 10.023| LiF | 254
5412 505 1047 |PF320( 6.3 Si;N, | 4984 | 3126 | 15.007} LiF 254
5413 505 1059 |PF320{ 6.3 Si;N, | 5.039 | 3126 | 10.016] LiF 254
5414 505 1049 |PF320{ 7.8 Si;N, | 5.008 | 3130 | 5.013 | LiF 25.6

Test 5407-5414: the test data is from work by Grady. Material #505 is Silicon Nitride manufactured by Kyocera
Industrial Ceramics Corporation having a nominal initial density = 3152kg/m3. The above table primarily provides the
initial conditions for the plate impact experiments. No elastic and plastic stress-density states were provided.

The documented HEL for this material is 9.2 GPa from Ref. 54.
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Figure 2.5.4.4 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests
5407-5412.
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Figure 2.5.4.5 Ceramic-Window Interface Velocity Profiles from Grady and Moody [52] for Tests

5413-5414.
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2.5.6 Depth-Of-Penetration (DOP) Test Data for Silicon Nitride

This section presents depth-of-penetration (DOP) experiments for Silicon Nitride materials. The
DOP test has been used to investigate the effectiveness of ceramics for a number of years. The
typical DOP configuration consists of a ceramic tile place on, or within, a steel or aluminum base
target. A penetrator impacts and perforates the ceramic tile and continues into the base target. The
penetration into the base target is generally referred to as the residual penetration, P, and is used to
determined the ceramic mass efficiency as discussed in Section 2.0.

The target and penetrator descriptions for the DOP experiments by Nahme et al.[44] are presented
in Figure 2.5.6.1. Two Silicon Nitride materials were investigated. The results are presented
graphically in Figure 2.5.6.2 where residual penetration is plotted vs. ceramic areal density for
impact velocity of 1700 m/s. The results are also presented in tabular from in Table 2.5.6.1.

Tungsten-Sintered Penetrator

p = 17600kg/m?
D = 5.8mm
L =72.5mm
UTS = 1.2GPa
Elongation at failure = 10%
Silicon Nitride A,
(Mat # 503 - #504) L
4 Comments:
- Two grades of Silicon Nitride ceramic were used.
(See material #503 and #504)
v - P, =residual penetration into the RHA steel base
High Strength German Pr - V= Penetrator impact velocity = nominally 1700m/s
Steel R, =44

Figure 2.5.6.1 Target and Penetrator Descriptions for Silicon Nitride DOP Experiments,
Nahme et al. [44).
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Figure 2.4.6.2 Residual Penetration vs. Ceramic Areal Density for Impact Velocity = 1700m/s,
Nahme et al. [44].

Table 4.5.6.1 Tabulated Experimental Results for Silicon Nitride DOP Tests, Nahme et al. [44].

Silicon Nitride
Test Material | Impact Ceramic Ceramic p P/P
Number | Number | Velocity | Thickness |Areal density r st
ss) |t (mm) | (kg/m?) (mm)
5601 503 | 1700 17 55 54 0.744
5602 503 1700 36 114 36 0.496
5603 503 1700 36 114 40 0.546
5604 503 1700 54 170 22 0.305
5605 503 1700 70 220 8 0.110
5606 504 1700 35 79 49 0.667
5607 504 1700 37 84 48 0.667
5608 504 1700 54 124 37 0.511
5609 504 1700 72 164 25 0.348
5610 504 1700 89 202 17 0.230

P, = 72.5mm = penetration into the steel base target with no ceramic material [45].
Test 5601-5610: The data was obtained from Reference 44, Figure 6. Ceramic performance
was investigated as a function of material and thickness. Material #503 density = 3150kg/m?

and Material #504 is more porous with a density = 2280kg/m3.
Areal Density = t_ x p, where p_= ceramic density
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2.6 ALUMINUM OXIDE (85% pure)

2.6.1 Material Description for Aluminum Oxide (85% pure)

The purpose of this section is to provide as much information as possible on the Aluminum Oxide
materials tested. Descriptions for each of the Aluminum Oxide materials used in Section 2.6 are
presented in Table 2.6.1.1. Each material is given a material number which is used throughout
Section 2.6 to identify it. The data listed in Table 2.6.1.1 were obtained directly from the
corresponding reference. When specific information was not available it was left blank. The
strength values listed, (Compressive, Tensile, HEL and Spall), are nominal values and are included
for comparison purposes. The material defined in the first column (with no material number) is
Coors AD-85 alumina [74] and is included here for reference. Coors AD-85 Aluminum Oxide is the
most common material tested. Occasionally researchers will determine the chemical composition of
the material being tested, Table 2.6.1.1 includes this data when available.

Table 2.6.1.1 Description of Aluminum Oxide (85% pure) Materials Tested

Material Number
601 602 603 604 605 606

Reference 74 11 26 30 32 38, 39, 50 39
Manufacturer Coors Coors Coors Coors Coors Coors Coors
Trade Name/Description AD-85 AD-85 AD-85 AD-85 AD-85 AD-85 BC90G
Processing
Average Grain Size  (um) 6
Density (kg/m3) 3410 3430 3420 3410 3560
Void Fraction 0.066
Longitudinal Velocity (m/s) 8700 8800 8840 8900
Shear Velocity (m/s) 5140 4920 5060 5300
Bulk Velocity (m/s) 6360 6700 6630 6360
Young’s Modulus, E (GPa) 221 211 221 234
Shear Modulus, G~ (GPa) 90 83 88 96
Bulk Modulus, K (GPa) 138 154 150 138
Poisson’s Ratio 0.22 0.272 0.256 0.22
Compressive Strength (GPa) 1.93 2.14 1.93
Tensile Strength (GPa) 0.155
HEL (GPa) 6.0 6.2 6.0 6.0 7.0
Spall Strength (GPa) 0.3
Purity (%) 85 ~84
Impurities (%wt)

Si0, 9.7 15.0

MgO 2.7 3.3

Ca0 1.2 2.1

K,0 <1.0

Na,O <1.0 0.07

BaO <1.0 0.9

Fe,0;, <1.0 0.4

Zr0, <1.0

TiO, <1.0 0.3
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Table 2.6.1.1 Description of Aluminum Oxide (85% pure) Materials Tested, Concluded.

Material Number

607 608 609 610
Reference 4] 65 73 85
Manufacturer Coors Babcock &Wilcox Coors Dow
Trade Name/Description AD-85 AD-85 AD-85
Processing Sintered
Average Grain Size  (um) 5
Density (kg/m3)| 3430 3700 3421 3400
Void Fraction
Longitudinal Velocity (m/s) 9320 8800 8800
Shear Velocity (m/s) 5190 5070
Bulk Velocity (m/s) 6000 6570
Young’s Modulus, E (GPa) 224 221 218
Shear Modulus, G (GPa) 92 87
Bulk Modulus, K (GPa) 123 147
Poisson’s Ratio 0.20 0.25
Compressive Strength (GPa) 2.175
Tensile Strength (GPa)
HEL (GPa) 4.8-6.3 59
Spall Strength (GPa) 0.30
Purity (%) ~76
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2.6.2 Mechanical Test Data for Aluminum Oxide (85% pure)

The following section presents mechanical test data for 85% pure Aluminum Oxide. A typical
test specimen showing the stress configuration is shown in Figure 2.6.2.1. Compression is
taken as positive and tension as negative. Loading is generally uniaxial compression in the z
direction and is increased until the material fails, although some researchers use more
complex loading techniques to vary the stress state at failure.

Mechanical test data performed by Arrowood and Lankford [11] are presented in Table
2.6.2.1. The stress state at failure is given as a function of confining pressure and average

strain rate, &.

Figure 2.6.2.1 Description of a Typical Mechanical Test Specimen.

Table 2.6.2.1 Summary of Experimental Results, Arrowood and Lankford [11].

Aluminum Oxide (85% pure)

Test Material o, o, o, ~€
Number Number (GPa) (GPa) (GPa) (shH
6201 601 2.14 0 0 0.11x103
6202 601 2.95 0.041 0.041 0.11x103
6203 601 3.29 0 0 0.81

Test 6201-6203: Compression tests were performed to obtain the compressive

| strength as a function of strain rate and confining pressure. The material is Coors
AD-85 Aluminum Oxide.
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2.6.4 Plate Impact Test Data for Aluminum Oxide (85% pure)

This section presents plate impact results, performed by numerous researchers, using various 85%
pure Aluminum Oxide materials. A typical plate impact test configuration is presented in Figure
2.6.4.1. The peak stress, G,, occurs in the z-direction and is generally measured for both the elastic
and plastic response. The lateral stresses, G, and O,, occur due to the uniaxial strain configuration
of the experiment, and are typically not measured. The peak stress for the elastic regime is referred
to as the Hugoniot Elastic Limit (HEL) and has become a fundamental property of ceramics. The
peak stress for the plastic response is generally referred to as the peak Hugoniot stress. The particle
velocity and wave velocity for both the elastic and plastic waves are typically measured and
documented herein. In some cases the entire particle velocity time history is measured using laser
velocity interferometry techniques (VISAR). VISAR traces provide direct information on the
material response and are included in this section when available.

The results from Gust and Royce [30] are summarized in Table 2.6.4.1. The shock velocity,

particle velocity, peak stress, 6,, and density, p, for both the elastic and plastic waves are
presented.

A description of the plate impact configuration used by Rosenberg and Yeshurun [38] is presented
in Figure 2.6.4.2. The longitudinal stress was measured for both the elastic and plastic response
using an in-material Manganin gauge. The results are summarized in Table 2.6.4.2.

A description of the plate impact configuration used by Rosenberg et al. [50] is presented in Figure
2.6.4.3. The longitudinal and transverse stresses were measured using in-material Manganin
gauges. The results are summarized in Table 2.6.4.3.

A description of the plate impact experiments by Rosenberg et al. [65] are presented in Figure
2.6.4.4. The HEL was measured using in-material Manganin gauges. The objective of this work

was to evaluate precurser decay as a function of target thickness. The results are summarized in
Table 2.6.4.4.

A description of the plate impact experiment by Bless et al. [73] is presented in Figure 2.6.4.5.
The objective of this work was to evaluate spall strength as a function of precurser stress. The
experiments used both in-material Manganin gauges and Visar to obtain stress measurements. The
results are summarized in Table 2.6.4.5.
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Sample and
Window

Figure 2.6.4.1 Description of a Typical Plate Impact Test Configuration including Stress Orientations

Table 2.6.4.1 Summary of Experimental Plate Impact Results, Gust and Royce [30].

Aluminum Oxide (85% pure)
Initial Elastic Regime (HEL) Plastic Regime
NTufrleer xj:gg Density [ spock | Particle Shock [Particlet Ref.
Po Velocity | Velocity o, p Velocity|Velocity S, P
(kg/m?) (m/s) m/s) | (GPa) | (kg/m3) (mys) (m/s) | (GPa) (kg/m3
6401 603 3403 8420 | 235 6.7 3501 | 5060 | 770 232 3941 30 (Gust)
6402 603 3392 8450 | 226 6.4 3484 | 4850 | 800 23.0 | 3982
6403 603 3424 8690 | 192 5.7 3501 | 5080 | 790 16.0 3993
6404 603 3430 8790 | 221 6.7 3519 | 5020 | 790 16.3 3993
6405 603 3401 8190 | 216 6.0 3494 | 5390 | 650 13.9 3813
6406 603 3394 8390 | 222 6.3 3487 {5310 | 735 15.1 3880
6407 603 3433 8950 | 189 5.8 3508 | 5820 | 980 21.8 | 4084
6408 603 3427 8680 | 213 6.3 3514 | 5420 | 1020 | 21.1 4162
6409 603 3433 8900 | 186 57 3506 | 6600 | 1365 | 32.2 | 4296
6410 603 3426 8890 | 205 6.2 3508 | 6730 | 1355 | 324 | 4255
6411 603 3432 8770 | 192 5.8 3509 | 7200 | 1570 | 399 | 4377
6412 603 3395 8650 | 222 6.5 3484 | 7060 | 1580 | 38.8 { 4349
6413 603 3441 8840 6.1 8330 | 2090 | 59.8 | 4561
6414 603 3428 8640 | 2340 | 69.6 | 4692
6415 603 3427 9390 | 2785 | 89.7 4866
Test 6401-6415: the test data is from work by Gust and Royce [30].
* The elastic particle velocity presented here is half the measured free surface velocity (U=172U).
# In Reference 30 the plastic particle velocity was calculated by U p=1/2U; and by lmpedance matching.
The particle velocity presented here is an average of the two.
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Figure 2.6.4.2 Description of Plate Impact Test Configuration, Rosenberg and Yeshurun [38].

Table 2.6.4.2 Summary of Experimental Plate Impact Results, Rosenberg and Yeshurun [38].

Aluminum Oxide (85% pure)

Initial Elastic Regime (HEL) Plastic Regime
NT]ileer I;?j:ﬁ;ﬁ Degs“y Shock | Particler| Shock [Particlet Ref.
° Velocity | Velocity z p Velocity|Velocity S, p
kg/m>) | is) | ws) | (GPa) | (kg/m®) (nys) | sy | (GPa) | (kg/m?
6416 605 3410 8900 110 33 3453 38
6417 605 3410 8900 152 45 3469 Rosenberg
6418 605 3410 8900 194 5.7 3486
6419 605 3410 8900 198 6.0 3488 | 2660 | 214 6.2 3506
6420 605 3410 8900 198 6.0 3488 | 3300 | 220 6.3 3509
6421 605 3410 8900 198 6.0 3488 | 4570 | 227 6.5 3509
6422 605 3410 8900 198 6.0 3488 | 8940 | 217 6.6 3495
6423 605 3410 8900 198 6.0 3488 | 4760 | 250 6.9 3525
6424 605 3410 8900 198 6.0 3488 | 8950 | 233 7.1 3501
6425 605 3410 8900 198 6.0 3488 | 6510 | 263 7.5 3522
6426 605 3410 8900 198 6.0 3488 | 5100 |} 331 8.4 3580
6427 605 3410 8900 198 6.0 3488 | 3530 | 519 10.0 3834

Test 6416-6427: the test data is from work by Rosenberg and Yeshurun [38]. In-material Manganin gauges were
used to determine the stress state in the material. The above data were obtained from Figure 3 in Reference 38.

The documented HEL for this work = 6.0+-0.1 GPa.
The documented spall stress from this work = 0.3 - 0 GPa as the shock stress increases from 4.0 GPa to the HEL.
The elastic shock velocity was assumed constant at 8900m/s.
Test 6419-6427: the HEL particle velocity was assumed constant at 198m/s.
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Figure 2.6.4.3 Description of Plate Impact Test Configuration, Rosenberg et al. [50]

Table 2.6.4.3 Summary of Experimental Plate Impact Results, Rosenberg et al. [50].

Aluminum Oxide (85% pure)

Test Material| Impact L Elastic Regime Plastic Regime
Number{ Number|Velocity I o) o I o3 o S

@vs) | @™ | Gpa)| (GPa) | (GPa) | (GPa) | (GPa) | (GPa)

6428 605 220 | 10.0 365| 09 09
6429 605 291 ] 3136 4.9 0.9 09

6429b| 605 6.0 6.4 14 14
6430 605 325 | 4.0 5.5 1.2 1.2

6431 605 723 |1 10.0 6.0 9.6 4.2 4.2
6432 605 767 | 10.0 6.0 9.9 43 4.3
6433 605 10451 10.0 6.0 14.2 8.7 8.7

Test 6428-6433: the test data is from work by Rosenberg et al. [50]. In-material Manganin
gauges were used to determine the stress state of the material in both the longitudinal and
transverse directions. The above data was obtained from Tabel I in Reference 50.

Test 6428, 6430: Peak stress below the HEL

Test 6429 used an impactor of copper (3mm)backed by tungsten(3.6mm). The impactor
configuration produced a dual level stress pulse. The first stress level is documented under
test 6429 (below the HEL)and the second level is under test 6429b(above the HEL).

The documented HEL for this work = 6.0+-0.1 GPa
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Figure 2.6.4.4 Description of Plate Impact Test Configuration, Rosenberg et al. [65]

Table 2.6.4.4 Summary of Experimental Plate Impact Results, Rosenberg et al. [65].

Projectile Target
Impactor Sample Window
Vv Alumina
Mat. #608
Copper I PMMA
Munganin
Gauge
. L . Lg -

Aluminum Oxide (~ 76% purity)

Projectile Target
HEL
Test | Material
A" L L (GPa)
Numb 1 S
umoer| Number [ /o (mm) (mm)
6434 608 938 4 5.0 6.27
6435 608 873 4 995 4.85
6436 608 859 6 14.1 4.85

Test 6434-6436: In-material Manganin gauges were used to measure the HEL as a
function of target thickness. The material was manufactured by Babcock and Wilcox with
an initial density = 3700kg/m3.The results of this work demonstrates precurser decay.
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Figure 2.6.4.5 Description of the Plate Impact Test Configuration used to Investigate AD85
Alumina Spall Behavior, Bless et al. [73]

Table 2.6.4.5 Summary of Experimental Plate Impact Initial Conditions and Results to Investigate
ADS85 Alumina Spall Behavior, Bless et al. [73]

Aluminum Oxide (85% pure)

Initial Conditions
Results
Projectile Target
Test | Material . Thickness Sample thickness Shock Stress Spall Stress
Number| Number | ¥ Material L, Lg o, Ospall
(mJs) (mm) (mm) (GPa) (GPa)
6437 609 119 | Aluminum 20 6.4 1.2 0.275
6438 609 156 | Aluminum 2.03 6.4 1.5 0.33
6439 609 198 | Aluminum 0.9 6.4 2.05 0.275
6440 609 203 | Aluminum 1.95 6.4 2.05 0.32
6441 609 253 | Aluminum 1.90 6.45 X
6442 609 282 | Aluminum 2.03 6.4 295 0.28
6443 609 293 | Aluminum 2.0 6.4 3.1 0.30
6444 609 335 { Aluminum 2.0 64 K20 N R
6445 609 345 | Copper 1.95 6.4 5.6 0.10
6446 609 805 | Copper 3.0 6.4 10.3 0.0

Test 6437-6446: the test data is from work by Bless et al. [73]. Material #609 is AD85 alumina manufactured by

Coors Ceramic Co., having a initial density = 3421kg/m3. The HEL = 5.9 +- 0.2 GPa for a 6.4mm sample. The HEL
decays in thicker samples.

Test 6437, 6444, 6446: Measurements were made using manganin gauges.
Test 6438-6443, 6445: measurements were made using VISAR.
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2.6.6 Depth-Of-Penetration (DOP) Test Data for Aluminum Oxide (85% pure)

This section presents depth-of-penetration (DOP) experiments using approximately 85% pure
Aluminum Oxide. The DOP test has been used to investigate the effectiveness of ceramics for a
number of years. The typical DOP configuration consists of a ceramic tile place on, or within, a
steel or aluminum base target. A penetrator impacts and perforates the ceramic tile and continues
into the base target. The penetration into the base target is generally referred to as the residual
penetration, P, and is used to determined the ceramic mass efficiency as discussed in Section 2.0.

The target and penetrator descriptions for the DOP experiments by Bless er al. [32] are presented
in Figure 2.6.6.1. The objective of the experimental program was to investigate ceramic
performance as a function of target geometry, penetrator geometry and penetrator velocity. The
results are presented graphically in Figure 2.6.6.2 where total penetration is plotted vs. impact
velocity for three different penetrator geometry’s. The results are summarized in Table 2.6.6.1.

The target and penetrator descriptions for the DOP experiments by Rosenberg and Tsaliah [39] are
presented in Figure 2.6.6.3. The objective of the experiments was to investigate ceramic
performance as a function of target configuration and impact velocity for two ceramic materials.
The results are presented graphically in Figure 2.6.6.4 where the residual penetration is plotted vs.

impact velocity for four target configurations. The results are also presented in tabular from in
Table 2.6.6.2.

The target and penetrator descriptions for the DOP experiments by Woodward et al. [41] are
presented in Figures 2.6.6.5. The objective of the experiments was to investigate ceramic
performance as a function of ceramic confinement. The results are summarized in Table 2.6.6.3.

The target and penetrator descriptions for the DOP experiments by Yaziv and Partom [66] are
presented in Figures 2.6.6.6. The objective of the experiments was to investigate ceramic
performance as a function of ceramic thickness and confinement. No information was provided on
the material other than defining it as AD85 Alumina manufactured by Coors. The results are
summarized in Table 2.6.6.4.

The target and penetrator description for the DOP experiments by Reaugh et al. [85] is presented
in Figure 2.6.6.7. The objective of the experiments was to investigate ceramic performance as a
function of ceramic thickness and impact velocity. The results are summarized in Table 2.6.6.5.
Also included in the table are penetration results into the 4340 Steel with no ceramic.
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Target 1 Target 2
no cover plate ‘ cover plate j

| ]

—

| ceramic | c | ceramic | ) Target Comments:

12.7mm - ceramic is Coors AD-85 alumina (see material 604)

- ceramic is nominally the same dimension for all targets
- cover plate is aluminum

6061-T651 Aluminum - ceramic is glued in place with epoxy

Base Target Pr - P, = residual penetration into the aluminum base target
- Pr = total material penetrated (cover + ceramic + base)
APM? Penetrator Blunt Penetrator Sharp Penetrator
Tantalum Tantalum
Mass = 10.3 g L = 24.5mm L =24.5mm
D =7.62mm
Copper Jacket D =4.9mm D =4.9mm
Steel Core, R_ = 55 Mass = 8.0g Mass = 7.6g

@ core mass = 5.3g

Figure 2.6.6.1 Target and Penetrator Descriptions for DOP Experiments, Bless et al. [32].
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Figure 2.6.6.2 Experimental Results for DOP Tests, Bless et al. [32]. Shown here is the total

penetration vs. impact velocity for three penetrator configurations and nominally a
constant ceramic thickness of 9mm:.
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Table 2.6.6.1 Tabulated Experimental Results for DOP Tests, Bless et al. [32].

Coors AD-85 Alumina

Test Material | Impact | Penetrator | Target Confi guration
X P P.
Number | Number | Velocity " r T
Target ¢ (mm) (mm)
(m/s) (mm)

6601 604 780 APM?2 1 6.35 1 7.35
6602 604 840 APM2 1 9.14 1 10.14
6603 604 940 APM2 1 9.14 1 10.14
6604 604 1640 APM2 1 9.14 30 39.14
6605 604 2300 APM?2 1 9.14 64 73.14
6606 604 610 Blunt 1 6.3 48 11.1
6607 604 1350 Blunt 1 9.3 36 453
6608 604 1960 Blunt 2 9.3 84* 933
6609 604 2550 Blunt 2 93 96* 105.3