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1. INTRODUCTION

Military body armor is constantly under evaluation, research, and design. Creating a
lightweight body armor which protects against the most threatening and dangerous types
of ammunition is the main goal of every researcher in this field of study. Currently
employed body armor is heavy and in some instances fails. The continuous change in
tactics calls for military body or vehicle armor to undergo constant evaluation and
improvement. While strength and endurance are vital to successful armor, the weight of
the body armor is critical. As technology advances, smart armor and lightweight designs
will begin to emerge. Aerogel is considered to be one of the lightest materials. But
traditional aerogels are brittle, rendering it not suitable for armor applications. Aerogel is
a porous material with excellent material properties. Leventis developed a new, polymer
crosslinked aerogel (Nanoletters, 2002). To date, more than 30 types of aerogels were
crosslinked with polymers (Leventis, 2007). After the crosslinking process was
complete, Leventis performed a three-point flexural bending test on the aerogel samples.
The test results show that it takes 100 times higher load to break the crosslinked aerogel
when compared with native aerogel when the density increases by three times. Although
the modulus of elasticity was measured in native aerogel, through the measurement of
wave speed, it was found that the wave speed is on the order of 100 m/s (328 ft/s), giving
a Young’s modulus on the order of 1 MPa (145 psi). Leventis measured the modulus of

the crosslinked aerogel through flexural bending test (Leventis 2007).



Research Objective

The purpose of this study is to incorporate this new type of aerogels, namely crosslinked
aerogels, into body armor to evaluate its performance, with the eventual objective of

reducing weight of body armor.



2. REVIEW OF LITERATURE

Research is continually being conducted to improve current body armor. The objectives
of improved body armor are to reduce weight, reduce thickness, and reduce back face
deflection. Many different types of materials are being considered to meet these

objectives.

Capadona et al. (2006) report a study centered on the improvements in mechanical
properties obtained when building polymer crosslinking on a lower density silica
framework. In this work, twenty-eight different aerogel monoliths were prepared where
three preparation conditions were systematically varied: silane concentration (s) at four
different levels, di-isocyanate concentration (d) at four levels and polymerization
temperature (t) at two levels (Capadona et al. 2006). Results from this study conclude
that the highest density crosslinked aerogel had the highest stress at failure and highest
modulus, and the stress at failure was 120 times higher than that of non-crosslinked
aerogels while density increased by a factor of three (Capadona et al. 2006). The lowest
density crosslinked aerogels exhibited a 15-fold increase in stress at failure with a factor
of ~1.3 increase in density (Capadona et al. 2006). Figure 1 gives the stress-strain curves

for a higher modulus sample and a lower modulus sample.
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Figure 1: Representative stress-strain curves showing the range in modulus displayed by aerogels with
varied amounts of total silane and polymer crosslinking. Black triangles indicate initial break points.
(Capadona et al. 2006)

As seen in Figure 1, the lower modulus sample displays a more gradual fracture under
increased strain while the stiffer material fractures completely under maximum stress
(Capadona et al. 2006). Graphs of the response surface models for density and maximum

stress at failure and modulus are shown in Figure 2.
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Figure 2: Response surface models density, maximum stress at failure and flexural modulus, plotted vs. the
di-isocyanate and the total silane concentration graphed along with experimental data points. (Capadona et
al. 2006)

From Figure 2, increasing silane concentration increases all three measured responses. In
addition, density and maximum stress at failure show an increase with increasing di-
isocyanate concentration (Capadona et al. 2006). For density and maximum stress, the
synergistic effect between silane and di-isocyanate concentration (sd) is evident
(Capadona et al. 2006). Additionally, Capadona et al. (2006) conclude from Figure 2 that
temperature has an effect on all responses. Also, density, maximum stress modulus are
higher for all combinations of both di-isocyanate and silane concentrations (Capadona et
al. 2006). In this study, Capadona et al. (2006) determined that the highest density native

aerogel produced in this study has a calculated porosity of 91.9%. Also, when this



sample was crosslinked using the highest monomer concentration available, the resulting
monolith still remains over 75% porous (Capadona et al. 2006). Adversely, the porosity
of the lowest density native aerogel is 97.5% with a resulting monolith which is 95.1%
porous after crosslinking (Capadona et al. 2006). Capadona et al. (2006) conclude that
utilizing empirical models to tailor aerogels with a particular set of properties for a wide
variety of applications can be expanded by quantifying a broader range of processing
conditions for a host of other properties such as thermal conductivity, compressive

strength, density, and stress at failure.

Karamis et al. (2008) investigated the interaction between projectile and metal-matrix
composites (MMCs) at a high velocity impact. In their study, two different composites
were produced; one by casting and the other by lamination (Karamis et al. 2008).
Karamis et al. (2008) manufactured metal matrix composites using Al alloys reinforced
with Al,O3 or SiC. The composites were manufactured by a squeeze casting method
where reinforcement particles were incorporated into a liquid matrix material and stirred
to achieve a homogeneous mixture in a steel mold (Karamis et al. 2008). The composites
were solidified under pressure with resulting dimensions of 120 mm (0.4 ft) in diameter
and a thickness of 20 mm (0.07 ft). In addition, laminated composites with SiC particles
and a Kevlar back side support were manufactured and tested. The laminated composites
had a thickness of 15 mm (0.05 ft) after pressing (Karamis et al. 2008). All targets were
tested with an armor piercing projectile with a velocity range of 770 - 800 m/s (2526 —
2625 ft/s). Karamis et al. (2008) concluded that the MMCs can prevent the penetration of

a projectile through their body by consuming the projectile’s kinetic energy through



damage such as cracking, petalling, and matrix deformation. Also, the reinforcement
particles decrease the velocity of the projectile by strong friction generated by scratching
the projectile surface. Test results show that the composite could prevent the penetration
of the projectile and that even a 20% SiC reinforcement makes the composite strong
enough to resist the impact. However, Karamis et al. (2008) did not give back face

deflection data for their study.

Katti et al (2006) investigated the chemical, physical, and mechanical characterization of
isocyanate crosslinked amine-modified silica aerogels. Their work describes new
mechanically strong lightweight porous composite material obtained by encapsulating the
skeletal framework of amine-modified silica aerogels with polyurea (Katti et al. 2006).
The potential of the new crosslinked silica aerogels for load-carrying applications was
determined through characterization of their mechanical behavior under compression,
three-point bending and dynamic mechanical analysis (DMA) (Katti et al. 2006). Silica
aerogel is a low-density, chemically inert material with low thermal conductivity,
excellent acoustic insulation properties (Katti et al. 2006). With these properties, the
silica aerogel could be used in different areas such as air/water purification, catalysis,
energy storage, sensing, and aerospace applications (Katti et al. 2006). However, due to
the fragility of aerogels, they have only limited use such as Cerenkov radiation detectors
in certain types of nuclear reactors, in NASA’s stardust program for capturing
hypervelocity particles in space, and as ultra lightweight thermal insulators aboard
planetary vehicles on Mars such as the Sojourner rover in 1997 and the Spirit and

Opportunity in 2004 (Katti et al. 2006). Katti et al. (2006) state that future space



exploration will rely on weight reduction and multifunction and that the insulating
properties of aerogels in combination with improved mechanical strength could make
them an ideal dual-function material. Aerogel fragility is due to their “pearl-necklace”
fractal network of secondary silica nanoparticles with densities about half of dense silica
(Katti et al. 2006). The large pores in between those chains is responsible for the low
density of aerogels and their fragility is due to the interparticle connecting zones or necks
(Katti et al. 2006). It is assumed that when the necks are made wider, the specific
stiffness and strength of aerogels could be increased without compromising their weight
(Katti et al. 2006). In their study, Katti et al (2006) combine amine-functionalized silica
with isocyanate chemistry to produce highly porous crosslinked silica acrogels with
exceptional mechanical properties characterized through compressive and flexural
bending tests. Aerogels for this work were prepared by crosslinking an amine-modified
silica framework produced by co-gelation of 3-aminopropyltriethoxysilane (APTES) and
tetramethylorthosilicate (TMOS) with the crosslinker being a hexamethylene
diisocyanate oligomer (Katti et al. 2006). Katti et al. (2006) used DMA testing at a
temperature range between -132 and 200°C to determine glass transition temperatures.
They also performed compression tests and flexural bending tests at room temperature as
well as lower temperatures with -196°C being the lowest (Katti et al. 2006). After
obtaining compression results, Katti et al (2006) converted the load-displacement curves
into a stress-strain curve. From this data, they extracted compressive stress at ultimate
failure, strain at failure, and Young’s modulus (Katti et al. 2006). Data obtained from

DMA testing is shown in Figure 3.
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Figure 3: Dynamic mechanical analysis (DMA) on a Desmodur N3200 cross-linked APTES-modified silica
aerogel (p ~ 0.67 g/cm’). Data were collected in a three-point bending mode with loads applied sinusoidaly
at 1 Hz. (A) Variation of storage modulus with temperature; (B) Variation of the loss modulus with
temperature. (C) Variation of tan (&) with temperature. (Katti et al. 2006)

Figure 3A shows the storage modulus as a function of temperature where the modulus at
room temperature is shown to be 611 MPa. From the graph, the storage modulus
decreases with temperature increase and at around -50°C and 130°C it decreases at a
steeper rate indicating B and a glass transition temperatures, respectively (Katti et al.
2006). From Figure 3C, there is a peak in tan(d) at 130°C which indicates the material
undergoes softening at that temperature and confirms that this temperature is the major
glass transition temperature (Katti et al. 2006). Compression testing was performed on
an MTS machine along with high-speed photography. Data on compressive strength,

compressive stress at ultimate failure, and Young’s modulus are given in Table 1.



Table 1: Summary of Compressive Strength Data of Isocyanate Cross-linked Amine-
Modified Silica Aerogels at a Strain Rate of 0.0035/s

COmMPIessive Compressive

yield stress at falluore  Young's
sample density strength  final failure strain  modulus
number (grcm™) (MPa) (MPa) (%0) (MPa)
1 048 419 19033 7722 122 85

2 0.47 425 22208 77.04 119.58

3 0.48 388 168.55 17.2 126.27

4 0.48 447 173.72 76.1 135.27

3 0.48 4.50 173.20 78.35 138.94
average 0478 +0004 426+025 186+22 772+08 129+8

Katti et al. (2006) concluded that the specific compressive yield strength is calculated at

8900 Nm/kg, the specific compressive stress at ultimate failure is 186 MPa yielding a

value of 3.89 x 10° Nm/kg, the Young’s modulus of the crosslinked aerogel is 129 + 8

versus 92 + 7 MPa of the native silica framework, a specific Young’s modulus of 2.7 x

10° Nm/kg. Katti et al. (2006) conclude that increased strain rate does not have a

deleterious effect on the energy-absorption behavior of aerogels under compression

within the range of strain rates tested. This result along with the resilience of the material

would suggest aerogels to be used in ballistic applications in addition to more testing at

very high strain rates via the split Hopkinson pressure bar (Katti et al. 2006). With

regards to flexural testing, Figure 4 shows the stress-strain curves obtained through a

three-point bending test.
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Figure 4: Three-point bending tests on Desmodur N3200 cross-linked APTES-modified silica aerogel
rectangular samples with nominal dimensions of 11 x 11 x 50 mm (p ~ 0.48 g/cm’).

Katti et al. (2006) determined that the average flexural modulus was determined to be
167 MPa at room temperature, the flexural modulus was almost doubled at cryogenic
temperatures, and that they flexural strength (~11 MPa) increases slightly at cryogenic
temperatures. Katti et al. (2006) also conclude that the test results of their study indicate
that these materials be used for the dual purpose of a thermal insulator/structural

component with applications wherever weight reduction is critical.

Kaufmann et al. (2003) presented test results where penetration tests were conducted on
four different ceramic materials including: alumina, modified alumina, silicon carbide,

and boron carbide. The ceramic tiles were bonded to aluminum cylinders and impacted
with armor piercing projectiles. Table 2 gives the thickness and areal density of the

tested ceramic tiles.
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Table 2: Thickness and areal density of ceramic tiles tested by Kaufmann et al. (2003)

Ceramic type Thin example Thick example
(—) (mm)  (kg¢/m?) (mm)  (kg/m?)
CERAMOR 8.73 31.97 14.77 54.26
CERAMOR Z 8.63 32.33 14.83 55.6
HEXOLOY 11.42 36.03 17.75 56.13
Ceralloy 546 15.25 38.32 22.87 57.41

The silicon carbide tile tested was Hexoloy. For the above data, the areal density for the
Hexoloy in English units is 7.3 Ib/ft* for the thin example and 11.45 1b/ft* for the thick
example. In their study, Kaufmann et al. (2003) used Depth of Penetration (DOP) testing
to evaluate the ballistic performance of the four ceramics. A DOP value was obtained by
measuring the depth of the impact crater in the backing material of protected and
unprotected targets (Kaufmann et al. (2003). The backing used in these tests was 6061-
T6 aluminum cylinders with dimensions of 152 mm (0.5 ft) long and a diameter of 152
mm (0.5 ft) (Kaufmann et al. 2003). The DOP experiments were conducted at three
different velocities. For DOP results at an impact velocity of 750 m/s (2460.6 ft/s), the
tiles protected by silicon carbide had the smallest depth of penetration. For impact
velocities of 850 m/s (2788.7 ft/s) and 910 m/s (2985.6 ft/s), the silicon carbide and boron
carbide had similar DOPs which were approximately five times better than the alumina
materials. Kaufmann et al. (2003) have also observed that the efficiency of the silicon
carbide and boron carbide increase as impact velocity increase. In addition, it is noted

that silicon carbide outperforms all other ceramics at all impact velocities.

12



Aerogels are considered low-density, highly nano-porous materials with high strength.
Since thermal, physical, and mechanical properties of acrogels have already been
established, Luo et al. (2006) present the results on the dynamic compressive behavior of
crosslinked silica aerogel (CSA) using a split Hopkinson pressure bar (SHPB). Luo et al.
(2006) state that the polymer crosslinked aerogel can be up to three times more dense, but
more than 300 times stronger and less than one tenth as hydrophilic as native aerogels.
Their study determined the stress-strain relation of dry CSA at several high strain rates.
From the testing, Luo et al. (2006) used high speed photography and Digital image
correlation (DIC) to observe the deformation and failure behavior as well as analyze the
deformation and strain fields. All dynamic compressive tests were conducted in ambient
conditions. The stress-strain curves for CSA of 0.452 g/cm’ at several strain rates within

114-4386/s are shown in Figure 5 (Luo et al. 2006).

CSA, P =0.452 g/cc
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Figure 5: Compressive stress-strain curves at different strain rates (Luo et al. 2006)
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Results indicate that the mechanical behavior of CSA depends on the strain rate and the
stress-strain curves at higher strain rates are generally higher than that at lower rates,
indicating a stiffening behavior as strain rate increases within these rates (Luo et al.
2006). Luo et al. (2006) observed that the CSA samples are linearly elastic at small
compressive strains, yield and then exhibit plastic hardening and fail at 60 — 65%
compressive strain. This yields an ultimate compressive strength of 405 =5 MPa, 113 +
6 MPa, and 120 = 7MPa at strain rates of 1542, 2307, and 4386/s (Luo et al. 2006).
Young’s modulus data and the 0.2% offset compressive yield strengths are shown in

Table 3 and plotted in Figure 6 as a function of strain rate (Luo et al. 2006).

Table 3: CSA Young's modulus and 0.2% offset compressive yield strengths at several
strain rates (Luo et al. 2000)

Strain rate (s~ ') 114 431 1542 2307 4386

Young’s modulus (MPa) 133.2 4+ 133 191.7+£242 2174+£263 289.7+£39.0 498.1 £56.8
Yield strength (MPa) 6.0+0.12 632£0.14 655+0.15 689+£0.15 7.05+£0.18
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Figure 6: Young’s modulus and yield strength as a function of strain rate. Note that the Young’s modulus at
strain rate of 4386 s—1 is not reliable as dynamic equilibrium was not established within limit of linearity
(Luo et al. 2006)

From Figure 6 it can be seen that yield strength and Young’s modulus increase with the
strain rate. Luo et al. (2006) also explored the effects of mass-density on the stress-strain
relationship. Figure 7 shows the stress-strain curve of native silica aerogel with density

0.472 g/em’ (Luo et al. 2006).
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Figure 7: Effects of mass density on compressive stress-strain relation of CSA at several strain rates
(average is close 350/s) (Luo et al. 2006)

The native silica aerogel has higher Young’s modulus (226.8 + 16.4MPa) and yield
strength (9.63 + 0.98MPa) than the corresponding values of a typical CSA of
approximately the same density, but the native aerogel has low ultimate compressive
strength (14.35 £ 2.35MPa) and failure compressive strain (17.8 £ 0.8%) (Luo et al.
2006). Luo et al. (2006) also examined the effects of specimen thickness on the stress-
strain relation and dynamic stress equilibrium condition. During experimentation, Luo et
al. (2006) used different thicknesses to determine whether the stress-strain relation was
affected by the sample thickness. Cylindrical samples with diameter 12.67mm were
used; their thicknesses were 2.54, 5.21, 6.45 and 7.92 mm. Their densities were 0.470,
0.456, 0.468 and 0.459 g/cm3, respectively. Figure 8 shows the stress-strain curves

obtained from these samples.
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Figure 8: Compressive stress-strain curves obtained with specimens of different thicknesses.

Luo et al. (2006) concluded that the results are independent of sample thickness. In order
to validate this conclusion, Luo et al. (2006) checked whether the dynamic stress
equilibrium condition is maintained. Luo et al. (2006) concluded that within strain rates
230 — 405/s, the dynamic stress strain curves should not vary, so that the stress-strain
relation, obtained for samples with thicknesses between 2.54 and 7.92 mm, is
independent of sample thickness. Luo et al. (2006) studied the effects of water
absorption on the stress-strain relationship. CSA samples were immersed into water after
which they absorbed moisture and reached a saturated state after ~48 hours (Luo et al.
2006). After reaching a fully saturated state, the density of the CSA was 1.110 g/cm”,
representing a weight gain of 152% while the volume increased by only 5% (Luo et al.

2006). The saturated samples were tested on the SHPB where, at small strain rates up to
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~4.5%, a higher Young’s modulus than dry samples (Luo et al. 2006). In addition, the
wet samples have lower yield strength than dry samples at a strain of ~5% (Luo et al.
2006). Luo et al. (2006) concluded that the wet sample in general had the stress-strain
relation close to a dry sample and at the initial stage with small compressive strains (up to
~4.5%), the wet sample was stiffer. In addition, between ~5% and ~25% compressive
strains, the wet CSA was slightly weaker than the dry CSA and at a compressive strain

higher than ~25% the wet CSA was slightly stronger than the dry CSA (Luo et al. 2006).

Meador et al. (2005) explore the effects of crosslinking amine-modified silica aerogels
with epoxies. In their study, Meador et al. (2005) describe a system where amine
functionality is introduced into silica aerogels and the resulting gels are treated with di-,
tri-, or tetra-functional epoxies in various concentrations. The reaction conditions are
varied along with APTES concentration and epoxy type and concentration (Meador et al.
2005). The resulting gels are dried with supercritical carbon dioxide into aerogels, which
are characterized macroscopically, microscopically, and chemically (Meador et al. 2005).
Three different percent volume concentrations for each epoxide were used for
crosslinking (Meador et al. 2005). The density of the samples was determined from their
physical dimensions and their weight (Meador et al. 2005). Surface area and pore
diameters were determined by nitrogen absorption porosimetry (Meador et al. 2005).
Mechanical strength was obtained by three-point bending and the results as well as

density are plotted in Figure 9 and distinguished by epoxy type.
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Figure 9: Time series plots of runs from the experimental design compared to native silica aerogels
(Meador et al. 2005)

Meador et al. (2005) conclude that these plots dramatically show that while the density of
epoxy-crosslinked aerogels is at most 2 - 3 times higher than the density of native silica
aerogels, both stress at breakpoint and modulus increase by as much as 2 orders of
magnitude. In their study, Meador et al. (2005) find that epoxy crosslinked aerogels
appear more elastic and retain higher porosity than their isocyanate counterparts and that

the trifunctional epoxide yielded the strongest crosslinked aerogels.
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Medvedovski (2006) summarized the achievements in the development of ceramics for
personnel armor. The types of ceramics include: alumina, alumina-mullite, silicon
carbide, and reaction-bonded silicon carbide. These types of ceramics were chosen due
to the following reasons: high physical properties, low cost, density, and ease of
production. The microstructural features affect the physical properties and ballistic
performance of the ceramics. Ceramic-matrix composites are also considered due to their
mechanical properties and their ability to dissipate impact energy. The structure of
alumina armor ceramics is uniform and microcrystalline. Phase composition and
microstructure consist of corundum grains bonded by a small amount of mullite crystals.
The grain size of the ceramic depends on the initial batch composition, initial particle
size, and particle size distribution of the powders. Alumina ceramics with high
corundum contents and a fine microstructure demonstrate higher values of mechanical
properties such as hardness, strength, and Young’s modulus. Table 4 gives some

physical properties of the studied Alumina ceramics.

Table 4: Physical properties of the studied Alumina and Alumina-Zirconia armor
ceramics (Medvedovski 2006)

Property
AL97ML ALS8 AL98.5 AL99.7 AZ

Density,* g/cm’ 3.74-3.76 3.78-3.82 3.81-3.84 3.90-3.91 4.35-4.39
Young's Modulus, GPa 280-300 325-360 370-420 400-450 310-340
Sonic Velocity, km/s 9.5-9.9 10.0-10.5 10.6-11.3 10.7-11.6 9.8-10.0
Vickers Hardness HV10 1230-1260 1220-1330 1320-1420 1520-1560 1520-1580
Fracture Toughness K, MPa.m"" 3.0-3.3 3.2-33 3.3-34 3.1-3.4 3.9-4.0
Flexural Strength, MPa - 250-350 270-360 320-380 500-560
Brittleness, Bx10™®, m™ 340-380 370-430 420-460 525-545 280-330
Ballistic Energy Dissipation Criterion 1.70-1.95 1.50-1.60 1.80-1.95 2.20-2.40 1.15-1.20
Dx10™, Us (calculated)

* Water absorption is not greater than 0.02%

For the naming scheme of the Alumina ceramics, the number denotes approximate Al,O3

content. Alumina-Mullite ceramics have physical properties which are not as high as
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alumina ceramics. However, they may be considered promising due to the relatively high

properties relevant to ballistic performance, such as lower brittleness and lowest density.

Table 5 gives the properties of the studied Alumina-Mullite ceramics.

Table 5: Properties of selected Alumina-Mullite ceramics (Medvedovski 2006)

Property AM2 AMS5 ZAS2 ZAS3
Density, g/cm’ 3.52-356 | 3.52-355 | 370375 | 3.58-3.62
Vickers Hardness HV 10,
kg/mm® 1130 1030 1180 940
GPa 11.1 10.1 11.6 9.2
Rockwell Hardness HRA 90.5 89 90 85
Fracture Toughness Kj,,
MPa.m'? 2.54 2.32 3.03 3.08
Sonic Velocity, km/s 8.62 8.76 9.04 8.38
Young’s Modulus, GPa 237 241 275 228
Flexural Strength, MPa 350 300 350 275
Brittleness, Bx10°, m? 408 452 347 221
Ballistic Energy Dissipation
Criterion Dx1072, 1/s 1.3 1.4 1.1 0.7

The values of properties presented are average

The ZAS materials shown in the table are Alumina-Mullite ceramics with additional

zircon and zirconia phases (Medvedovski 2006). Silicon carbide based ceramics are

developed and selected to achieve an optimal particle size distribution and compaction.
These selected materials are distinguished by specific SiC and Al,O3 contents, by the
presence and content of Si3Ny, by the SiC particle size distribution, by the use of sintering
aids and by the firing conditions (Medvedovski 2006). These ceramics have higher
mechanical properties, due to a higher level of grain compaction and bonding and are
more prospective for ballistic applications. They also possess small porosity and
relatively high Young’s modulus. Table 6 gives the physical properties of SiC-based

heterogeneous ceramics.

21



i

2006)

Table 6: Some physical properties of SiC-based heterogeneous ceramics (Medvedovski
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Property SiC-(SisNy)-AlL0s SiC-S8i3N4-Al05-Si

Density, g/cm’ 2.7-32 2.85-3.05
Rockwell Hardness HRC 40-55 45 - 55

HRA 58-77 68 - 78
Flexural Strength, MPa 105 - 155 120 — 140
Impact Strength, kJ/m” 1.86-2.24 -
Young’s Modulus, GPa 240 - 310 260 - 280
Sonic Velocity, km/s 9.8-11.2 9.8 - 10.05

Reaction bonded silicon carbide (RBSC) ceramics are dense and have heterogeneous
structure formed by SiC grains of different sizes. Physical properties of RBSC ceramics
depend on their structure and phase composition. Their hardness and elastic modulus are
relatively high. Their mechanical strength is significantly lower than of SiC materials.
The bonding phase composition may play a role in fracturing and ballistic performance.
If the bonding matrix in RBSC ceramics has lower hardness, these ceramics have
elevated fracturing and elongated cracks upon ballistic impacts resulting in lower ballistic

performance (Medvedovski 2006). Table 7 gives physical properties of RBSC ceramics.

Table 7: Some physical properties of RBSC ceramics (Medvedovski 2006)

Property HI M3 MC
Density, g/cm’ 3.03-3.05 3.0 3.04-3.08
Hardness HK1, GPa, major grains 20.3 21.2 19.8-19.9
Hardness HKO0.5, GPa, matrix 14.2 12.3 -
Hardness HV1, GPa, major grains 23.5-23.9 23.6 22.8-244
Hardness HV0.5, GPa, matrix 14.4-14.5 - -
Fracture toughness K., MPa.m"", 2.16-2.38 251 2428
major grains

Sonic velocity, km/s 11.6 10.3 10.5-11.3
Young’s modulus, GPa 390-400 305 330-375
Flexural strength, MPa 240 - 190

Hardness of the matrix for MC ceramics could not be tested due to the structural features
of the ceramics
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According to Medvedovski (2006) all the studied ceramics have demonstrated a high
level of ballistic performance. Armor systems based on alumina based ceramics provide
ballistic protection to N1J Level III or Level IV depending on the type of ceramic and
backing material combination. The SiC-based ceramics demonstrate high ballistic

protection of NIJ Level IIIl ammunition with multi-hit performance.

Pettersson et al. (2005) explored the use of a material system of Ti-TiB; in which the
hardness of ceramics is combined with the ductility of metals as armor material. The
ballistic results indicate a good composition for the outer hardness armor layer. The
density of the manufactured material is approximately 4.5 g/cm’ (281 1b/ft’), which is
slightly higher than currently used ceramics. For ballistic testing, thin cylindrical discs
with a diameter of 38 mm (0.12 ft) and a thickness of 6 mm (0.02 ft) were prepared,
ground flat, and glued to thick cylindrical steel backings with a diameter of 40 mm (0.13
ft) and a length of 40 mm (0.13 ft) (Pettersson et al. 2005). Assuming that these
dimensions are similar to that of the tested material, then the areal density of the material
was approximately 2.7 g/cm” (5.48 1b/ft?). The test projectile was an armor piercing
bullet with a tungsten carbide core. Testing was performed on materials consisting of
various weight fraction of titanium. For comparison, Pettersson et al. (2005)
manufactured composites by spark plasma sintering (SPS) and hot isostatic pressure. The
results of the ballistic testing showed that the SPS material had better protection
capability. The following figure gives the ballistic testing results along with hardness and

fracture toughness.
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Figure 10: Ballistic testing results plotted along with hardness and fracture toughness (Pettersson et al.
2005)

The penetration depth versus time is evaluated from x-ray images and the penetration
velocity is determined by linear regression (Pettersson et al. 2005). A second-degree
polynomial is fitted to the average values of penetration velocity and total penetration
depth versus titanium content (Pettersson et al. 2005). These polynomials are plotted and
fitted according to the least square method together with hardness and fracture toughness
in Figure 10. The ballistic results showed that the Ti-TiB, material is comparable to that

of titanium armor.

Risby et al. (2008) presented the potential use of a coconut shell powder-epoxy
composite (COEX) bonded with Twaron fabric as a hard armor material. This test panel
was found to withstand N1J Level IIIA equivalent ammunition but perforated when tested
with NI1J Level III ammunition. The objective of that study was to investigate the

ballistic impact performance of the in-house formulated natural based composite tiles,
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which were made from coconut shell powder. Table 8 gives the properties of prepared

specimens used in testing.

Table 8: Test specimen classification for testing (Risby et al. 2008)

Specimen Type Specimen Weight  Mean thickness Length (mm) X Areal density

=pecimen 1 ype code {ke) { mun) Width (mm) lk.'b""lzl
Twaron panel (5 ply) TW3 0.19 32 3000 x 300 21
Twaron panel (15 ply) TWI5 0.51 6.1 3000 x 300 5.6
COEX tle format /Sply Twaron CTWS 1.12 23.76 240 x 180 26
COEX tile format/15ply Twaron CTWI15 1.33 24.99 240 x 180 0.7
COEX tle format/15ply Twaron CTWI1sA 1.28 26.34 240 x 180 312
COEX curvature format/1 5ply Twaron CVWI15 1.34 16.65 300 x 240%* 18.6
COEX curvature formmat/1 5ply Twaron CVWISA 1.40 17.30 300 x 240* 194

The COEX material is brittle and behaves similar to ceramic materials. A COEX tile was
combined with a 5 ply Twaron plate and tested with NIJ Level IIIA ammunition. This
plate had an approximate areal density of 5.5 Ib/ft*>. The panel back face deflection was
30.8 mm (0.1 ft), which was lower than the 44 mm (0.14 ft) set by the NI1J standard.
Additional plates with different configurations were also tested and the test results show a
back face deflection less than 44 mm (0.14 ft). When compared with ceramic materials,
the COEX and Twaron fabrics are not able to fully absorb and dissipate the impact
energy as well as ceramic armor. Risby et al. (2008) also manufactured a curved
COEX/Twaron plate configuration. After testing, it is observed that the curved plate

shows no ballistic resistance to NIJ Level IIIA ammunition.

Zhang et al. (2004) presented the study of the preparation and characterization of
isocyanate crosslinked silica aerogel monoliths. This work explains how these
crosslinked networks yield aerogels which are up to three times more dense than native

aerogels based on the underlying silica framework, but also up to ten times less
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hygroscopic while taking more than 300 times the force to break (Zhang et al. 2004).
Zhang et al. (2004) explained that the desirable properties of silica aerogels stem from the
significant amount of mesoporosity. Figure 11 shows this mesoporosity where secondary

particles consist of smaller primary particles of compact silica (Zhang et al. 2004).

particles
(<1 nm; dense silica)

porous
secondary
particles
(density ~ 1/2 silica)

Figure 11: Nanostructure of mesoporous silica (Zhang et al. 2004)

Zhang et al. (2004) explained when a silica aerogel monolith breaks under force, only
secondary particles lose contact with one another, while the primary particles remain
undisturbed. Therefore, by adding a material conformally to the secondary particles, the
bulk structure of the silica aerogel network would be reinforced while the mesoporous
space between these particles would be maintained (Zhang et al. 2004). For this study,
Zhang et al. (2004) prepared native silica wet gels using two different methods: one step
gels via a base-catalyzed route and two-step gels via a modification to the process used

by Tillotson and Hrubesh (1992). Crosslinked aerogels were prepared by introducing and
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letting an isocyanate react with the mesoporous surfaces of native silica wet gels (Zhang
et al. 2004). Chemical characterization of crosslinked aerogel monoliths and all control
samples was conducted by infrared and *C-NMR spectroscopy (Zhang et al. 2004).
Physical characterization of native and crosslinked silica aerogel samples was conducted
by thermo gravimetric analysis (TGA), NMR imaging, scanning electron microscopy
(SEM), nitrogen-adsorption porosimetry, three-point flexural bending and dielectric
testing (Zhang et al. 2004). In this study, isocyanate crosslinked aerogels were
characterized macroscopically, microscopically and chemically. For macroscopic
characterization, the NMR image of the crosslinked monolith is about five percent darker
relative to the native wet gel with a calculated void space of ~80 — 86%; therefore, they
consist of mostly empty space despite the increase in density (Zhang et al. 2004). For
microscopic characterization, the Brunauer-Emmet-Teller (BET) surface-area analysis
and average pore-diameter data show that as density increases the total surface area
decreases while the average pore diameter increases (Zhang et al. 2004). Zhang et al.
(2004) explored hydrophilicity of native and crosslinked aerogels by monitoring the
relative water uptake from a water-vapor-saturated environment at room temperature over
a period of three days. The results concluded that native silica aerogels take up 50 — 80%
of their weight in water while the most dense crosslinked aerogels take up only 2 — 8%
water, indicating that they are up to 10 times less hydrophilic (Zhang et al. 2004). In
their study, Zhang et al. (2004) also performed dielectric testing of isocyanate crosslinked
silica aerogels. Zhang et al. (2004) explain that an ideal insulator for fast electronics
requires a relative dielectric constant close to that of air. Since aerogels consist of >90%

space filled with air, their relative dielectric constant should be in the range of one to two

27



and be ideal materials for such applications (Zhang et al. 2004). Zhang et al. (2004)
chose to explore whether or not an increase in density and strength, making the material
processing, compromises the dielectric properties. The results of their study conclude
that the relative dielectric constant calculated has a value of 2.0 + 0.1, therefore, the
dielectric properties are not compromised by crosslinking (Zhang et al. 2004). Finally,
Zhang et al. (2004) determined that polymerization of isocyanates template to the surface
of a silica network reinforces aerogels by a factor of ~300 with a much smaller increase

in density by only a factor of approximately three.
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3. METHODOLOGY

3.1 Simulation Method

ABAQUS Explicit 6.8-3 was used to simulate the armor plate configuration. Figure 12 is

the configuration for the armor plate which was simulated using ABAQUS.

e e e e e e e e e e Kevlar

& N\ X

Figure 12: Level III armor plate configuration consisting of ceramic, aerogel, and Kevlar.

Kevlar

Al

Due to symmetry, the armor plate model in ABAQUS was % of the actual armor plate
with fixed boundary conditions along the perimeter of the plate. The configuration of the
ABAQUS model from the front of the plate to the back is as follows: 0.003 m (0.125
inch) Kevlar wrapping, 0.006 m (0.25 inch) Silicon Carbide ceramic tile, 0.012 m (0.5

inch) Aerogel, 0.006 m (0.25 inch) Kevlar composite plate, 0.003 m (0.125) Kevlar
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wrapping. Figure 13 shows the Kevlar sheet before it was wrapped around the armor

plate.

Figure 13: Dry woven Kevlar used for wrapping around the armor plate.

The materials used in the armor plate are given in Table 9. Table 9 lists manufacturer

information, areal density of material, and model number if applicable.
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Table 9: Manufacturer, areal density, and model number of materials used in the

manufacturing of the armor plate.

Material Dimensions Manufacturer Areal Model
(L x W x H) Density
Dry woven 0.53m x 0.15m | Hexcel 3.7 kg/m’ 745
Kevlar x 0.51 mm www.hexcel.com
Annette Ramsey (0.75 1b/ft%)
21" x 6" x 0.02" | 830-379-1580
aramsey(@jpscm.com
Silicon Carbide 0.15mx 0.15m | Saint Gobain 20 kg/m’ Hexoloy
Ceramic Tile % 0.006 m WWww.saint-gobain.com Sintered
Bob Palia (4.07 1b/ft%)
6" x 6" x 0.25" 716-278-6006
scd.sales@saint-
gobain.com
Aerogel plate 0.15mx 0.15m | Oklahoma State 9.05 kg/m” MP4 —
x0.01 m University T045
(1.84 1b/ft?)
6" x 6" x0.4"
Laminated 0.15mx 0.15m | Hexcel 8.02 kg/m” 745 CS
Kevlar % 0.008 m www.hexcel.com 4735
(composite plate) Annette Ramsey (1.63 1b/ft?)
6" x 6" x0.31" aramsey(@jpscm.com

The lead core of a 0.308 Winchester bullet is used in the simulation with a mass of 11.66

grams (0.026 1b) and a velocity of 847 m/s (2778.9 ft/s). Figure 14 shows the lead core of

a 7.62 mm (0.025 ft) NATO bullet along with the copper jacket.

28.73

Figure 14: 7.62 mm NATO bullet - lead core along with copper jacket (dimensions are in mm)
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The 7.62 mm NATO bullet has the same dimensions and characteristics as the 0.308
Winchester bullet used in testing. The manufactured armor plate was created based on
the simulation results from ABAQUS. The configuration of the developed armor plate
consists of Silicon Carbide ceramic tile, crosslinked aerogel, ballistic grade Kevlar
composite plate, and a ballistic grade one-ply Kevlar sheet for wrapping. All layers were
bonded using 3M™ Scotch-Weld™ DP110 Epoxy Adhesive. The Silicon Carbide
ceramic tile was ballistic grade and was obtained from Saint Gobain Ceramics. The
ceramic tile had dimensions of 0.15 % 0.15 % 0.006 m (6 x 6 x 0.25 inch). The ceramic
tile was cleaned with acetone and bonded to a single layer of Kevlar via 3M™ Scotch-

Weld™ DP110 Epoxy Adhesive.

3.2 Preparation of Polyurea Crosslinked Templated Aerogels

All templated mesoporous materials of this study were made by initially dissolving 4.0 g
(0.1 oz) of Pluronic P123 (Sigma Aldrich, St. Louis, MO), used in as received form, in 12
g (0.42 oz) of a 1.0 M aqueous solution of nitric acid (Fisher Scientific, Pittsburgh, PA),
diluted with deionized water, under magnetic stirring. The mixture was cooled to 0°C via
an ice bath for approximately 5 minutes. Under magnetic stirring, 0.45 g (0.016 oz) of
Mesitylene (TMB, Acros Organics, New Jersey), used in as received form, was added to
the cooled mixture. Solutions after addition of Pluronic P123 are clear but after addition
of TMB look turbid. After stirring for 30 min, 5.15 g (0.18 0z) of
Tetramethylorthosilicate (TMOS, Sigma Aldrich, St. Louis, MO), used in as received
form, was added under magnetic stirring. After stirring for an additional 10 minutes at

0°C, the resultant homogeneous solutions were poured into polypropylene molds. Molds
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were sealed and kept at 60 °C for gelation. The resulting wet gels were aged at 60 °C for
about 5 times the gelation time. After aging, the wet gels were removed from the molds
directly into ethyl alcohol (C;HsOH, Pharmco-AAPER, Brookfield, CT), used in as
received form. Ethanol (equal to 4x the volume of the gels) was changed two times in 8 h
intervals, and subsequently all wet gels went through a Soxhlet extraction for 3 days in
acetonitrile (CH3;CN, Pharmco-AAPER, Brookfield, CT), used in as received form. After
the Soxhlet extraction, wet gels were washed with acetone (OC(CH3),), Pharmco-
AAPER, Brookfield, CT), used in as received form, four times with a wash duration of 8
hours. The samples were placed in an acetone and hexamethylene diisocyanate oligomer
(Desmodur N3200, Bayer MaterialScience, Pittsburgh, PA), used in as received form,
solution. The volume of the acetone was 4.5x the volume of the gels. The concentration
of N3200 was 11/94 x the volume of acetone. After allowing a 36 hour equilibration
time in the corresponding N3200 solution, samples were heated together with the
surrounding N3200 solution at 55 °C for three days. After four more acetone washes (~8
h each time, using each time a volume of acetone equal to 4x the volume of the gels) to
remove unreacted diisocyanate, gels were washed 4 x with Pentane (CsH;,, Pharmco-
AAPER, Brookfield, CT), used in as received form. After the 4th wash, the gels were
removed from Pentane and allowed to air dry for two days. After drying, the crosslinked

aerogel plates were machined to dimensions of approximately 6" x 3" x (.2".

Split Hopkinson Pressure Bar (SHPB) tests were also performed on the crosslinked

aerogel used in the armor. The stress strain relationship is shown in Figure 15.
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Figure 15: Stress Strain relationship for crosslinked acrogel (X-MP4-T045, density = 0.66 g/cm’) at strain
rate 1600/s.

From Figure 15, it is concluded that crosslinked aerogels behave linearly under tension
while they fail in brittle mode. The Young’s modulus and tensile strength for this

material are approximately 1224 MPa and 308 MPa, respectively.

3.3 Preparation of Armor Plate 1

The manufactured aerogel plates were attached to each other via 3M™ Scotch-Weld™
DP110 Epoxy Adhesive to form one large aerogel plate with dimensions of 0.15 m % 0.15
m % 0.01 m (6" x 6" x 0.4"). The aerogel plate was then bonded to two layers of ballistic
grade Kevlar, one on the top of the aerogel plate and one on the bottom. A ballistic grade
composite Kevlar plate was manufactured by bonding layers of laminated Kevlar. The
laminated Kevlar as cut into 0.15 m x 0.15 m (6" x 6") squares. The Kevlar layers were

stacked and placed under vacuum during a set curing temperature. The ceramic plate,
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aerogel plate, Kevlar composite plate, and two Kevlar plies were bonded together via
3M™ Scotch-Weld™ DP110 Epoxy Adhesive. Figure 16 is an image of all components

after bonding.

Figure 16: All elements of the armor plate bonded together in the following order: SiC ceramic tile,
Kevlar strip, aerogel plate, Kevlar strip, and Kevlar composite plate.

The excessive Kevlar strips were wrapped tightly around the armor plate to form one

solid armor plate. Figure 17 shows the final armor plate after assembly.
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Figure 17: Final armor plate 1 with dimensions of 0.16 m x 0.16 m x 0.04 m (6.25" x 6.25" x 1.48") and a
total areal density of 4.3 g/cm? (8.2 Ib/ft?).

3.4 Preparation of Baseline Armor Plate

A baseline armor plate which is known to stop an NIJ Level III bullet was manufactured
for comparison. After the baseline plate was tested, the test results could be compared to
an aerogel incorporated armor plate. The baseline armor plate consisted of a 0.003 m
(0.25 inch) thick SiC ceramic tile, a 0.003 m (0.25 inch) thick Kevlar composite plate,
and a Kevlar fabric wrapping similar to that of Armor Plate 1. Figure 18 shows the

configuration of the baseline plate.
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Figure 18: Level III baseline armor plate configuration consisting of ceramic and Kevlar.
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The baseline armor plate, after manufacturing, had a volume of 396 cm’ (0.014 ), a
weight of 685 g (1.51 Ibs), and an areal density of 29.79 kg/m? (6.06 Ib/ft*). The final

dimensions of the armor plate were 0.16 m X 0.16 m x 0.02 m (6.1" x 6.1" x 0.65").

3.5 DSM Dyneema

DSM Dyneema is the inventor and manufacturer of an ultra-strong, lightweight
polyethylene fiber known as Dyneema® HBS51 (Luykx et al., 2009). It is up to 15 times
stronger than high quality steel and up to 40% stronger than aramid fibers (Luykx et al.,
2009). Dyneema® floats on water and is extremely durable and resistant to moisture, UV
light and chemicals (Luykx et al., 2009). For our testing, the Unidirectional (UD)
Dyneema® Hard Ballistic #51 (HB51) product is incorporated into the armor plate to
provide a lighter weight armor with similar ballistic performance when compared to an
armor plate containing SiC ceramic tile. This material provides an ideal combination of
enhanced ballistic performance and lightweight comfort (Luykx et al., 2009). In a
Dyneema® UD product all the fibers are laid parallel, in the same plane, rather than
being woven together (DSM Dyneema, 2009). Dyneema® UD is made of several layers

of Dyneema® fibers, with the direction of fibers in each layer at 90° to the direction of
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the fibers in the adjacent layers (DSM Dyneema, 2009). The unidirectional configuration
of the fibers in Dyneema® UD allows the energy transferred from the impact of a bullet
or other threat to be distributed along the fibers much faster and more efficiently than in
conventional woven fabrics (DSM Dyneema, 2009). This is because the absorption
power of the yarn in woven fabrics is lost at the crossover points, as these points reflect
rather than absorb the shockwaves of the impact (DSM Dyneema, 2009). In Dyneema®
UD, much more of the material is engaged in stopping the bullet, making it more

effective against ballistics (DSM Dyneema, 2009).

3.6 Preparation of Armor Plate 2

Since Dyneema® provides the same ballistic performance as SiC ceramic tile, with less
weight; it is incorporated into the armor plate instead of the ceramic tile. Current
research suggests that Dyneema® alone with an areal density of 16 kg/m2 (3.25 1b/ft?)
can stop NIJ Level III ammunition. Since this amount of HB51 can independently stop
an NIJ Level III bullet, the HB51 is combined with an aerogel backing to decrease the
back face deflection of the body armor. Figure 19 shows the configuration of the body

armor plate consisting of Dyneema® HB51, aerogel, and Kevlar.

0.55" Dyneema HBS1

Kevlar Jo Ty 0.45" aerﬂgpl

N N Sy e —

Figure 19: Level III Armor Plate 2 configuration consisting of Dyneema, aerogel, and Kevlar with
dimensions of 0.32m % 0.31m % 0.04m (12.6" x 12.25" x 1.47") and an areal density of 33.43 kg/m2 (6.8
1b/ft%).

38



All layers of Armor Plate 2 are bonded together using epoxy and wrapped with Kevlar

fabric in the same manner as all other armor plates.

3.7 Preparation of Armor Plate 3

The performance of Dyneema® is not confirmed, so an additional plate incorporating a
different thickness of Dyneema® HBS51 was manufactured. Armor Plate 3 incorporates a
thicker Dyneema® plate which should easily stop an NIJ Level III bullet. For this armor
plate, aerogel is included so that the back face deflection is minimized. Figure 20 shows
the configuration of the body armor plate consisting of Dyneema® HBS51, aerogel, and

Kevlar.

0.73" Dyneema HBS1
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Figure 20: Level IIT Armor Plate 3 configuration consisting of Dyneema, aerogel, and Kevlar with
dimensions of 0.31m x 0.32m x 0.04m (12.2" x 12.4" x 1.4") and an areal density of 33.72 kg/m* (6.86
1b/ft?).

All layers of Armor Plate 3 are bonded together using epoxy and wrapped with Kevlar

fabric in the same manner as all other armor plates.

39



4. FINDINGS

4.1 FEM Simulation

The FEM simulation, in ABAQUS, models " of the armor plate with fixed boundary

conditions along the perimeter of the plate. Figure 21 is the FEM model used in

ABAQUS.

Materials |Enlnr |

ferogel -
Ceramic |:|
Composike -
Cormposite-1 |:|
cohesive =
lead |:|

Figure 21: FEM model of armor plate
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The material properties are given in Table 10.

Table 10: Material Properties used in the FEM model of the armor plate

Material Mass Density (mm) | Young’s Modulus (GPa) | Poisson’s
Ratio

Aerogel 670 1.73 0.2
Ceramic 3100 410 0.14
Kevlar 1300 75 0.3
Composite Plate | 1300 75 0.3
Epoxy Resin 1100 1 0.35
Lead 9738 30 0.3

The FEM simulation used the Dynamic, Explicit option with a time step of 0.00025
seconds. The bullet velocity used in the simulation was 838 m/s (2750 ft/s). Since the
simulation is of complex contact, mesh part along with erode element was used to
simulate the armor plate. In addition, it is known that higher stresses will occur at the
sight of bullet impact, so a finer mesh was used in this area to better determine the
stresses which would be seen during impact. The stress distribution in the armor plate

during impact is shown in Figure 22.

g, Mises

(Avg: 75%)
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+4.763e+08
+32. 9692408
+3.175e+08
+2.2822408
+1.555e+08
+7.9382407
+0.000e+00

Figure 22: Stress distribution of armor plate in FEM simulation.
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The FEM simulation results conclude that the armor plate is able to stop the bullet from

penetrating the armor plate. Figure 23, below, is the last frame of the FEM simulation.

Kevlar

Ceramic

Figure 23: Last frame of the armor plate FEM simulation. The armor plate layers are shown with orange
representing Kevlar and the Kevlar composite plate, green represents the ceramic plate, purple represents
the aerogel plate, the red represents the bullet, and a slight gray layer is shown which represents an
adhesive layer.

According to the simulation model shown