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In this research, a hard ballistic armor based on fiber reinforced
polybenzoxazine/polyurethane (PBA/PU) composite as human body armor was
developed to protect the 7.62x51 mm projectile at a velocity of 847+9.1 m/s
according to National Institute of Justice at test level lll. The hard armor consisted of
two main panels, i.e., strike panel to destroy the tip of projectile which was made
from glass fiber reinforced PBA composite and absorption panel from aramid fiber
reinforced PBA/PU composite to absorb impact energy. It was found that S glass
composite exhibited a greater performance than E glass composite having the same
number of plies. Synergistic behaviors in tensile properties and energy absorption at
test level Il and IlI-A were observed from aramid fiber reinforced PBA/PU having
20wt% of PU content. The hard ballistic armor using S slass fiber reinforced PBA
composite backed by aramid fiber reinforced PBA/PU composite having 20wt% of PU
content could resist the penetration from 7.6251 mm for up to six shots. Moreover,
the failure mechanisms in the composite were dominant by fiber failure, matrix
cracking and delamination. From finite element technique, the ballistic limit of the
developed hard ballistic armor against 7.62x51 m/s was as high as 930 m/s. Such
high performance and light weight ballistic armor is a potential candidate to be

applied as a human body armor
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CHAPTER |
INTRODUCTION

1.1 INTRODUCTION

Body armor is an essential equipment for protection of officers from any
injury during performing their duties. Such high performance and low weight body
armor have been intensively investigated and new products were developed from
the results of many researchers for centuries [1-3]. In general, hard armor refers
armor which could withstand the penetration from high powerful projectile,
particularly 7.62x51 mm based on National Institute of Justice standard (NIJ) at level
lll. Typically, first strike face and latter ductile panels are designed for hard body
armor. The function of strike panel is to destroy the tip of bullet into fragments so
that the impact kinetic energy is effectively reduced. For that purpose, ceramic
materials with high hardness such as boron carbide, silicon carbide as well as
aluminum oxide are widely used. It is well known that such those ceramics have high
density so that armor with heavy weight is a crucial drawback. Moreover, crack
propagation of ceramic limits the use of panel to multi hit resistance. Ceramic tiles
having high hardness produced into various shapes including rectansular, hexagon
and pellet have been emerged to restrict the propagation of damage within
impacted tile, however, large interfaces between each tile are the main disadvantage

[4, 5]. Glass fiber is an alternative choice of material to solve such problems of



ceramic armor [6, 7]. Typical type of glass fiber, i.e., E and S ¢lass fiber have high
modulus and strength which are suitable to manufacture as ballistic impact panel.
Glass fiber reinforced polymer composites were used as backing material after
ceramic panel to stop and capture the fragmentation of the projectile [7, 8].
However, the backing laminated composites are more susceptible to damage in term
of delamination, so that it was usually fabricated from superior toughness reinforcing
fibers, for example, aramid fiber and UHMWPE having high energy absorption [4, 5, 9,
10]. The application of low toughness glass fiber composite as the last panel in turn
suppressed the delamination thus the sample can easily be perforated.

Energy absorption of materials is one of the main parameters for assessing
and evaluating the armor’s performance to withstand the penetration of projectile
during the impact incident. Among high performance ballistic fibers e.g. ultra-high
molecular weight polyethylene (UHMWPE) aramid fibers (Kevlar" and TvvaronTM), and
carbon fibers, aramid fibers provide relatively high specific energy absorptions thus
they were commonly employed to manufacture ballistic panels in the body armor
[11]. High energy absorption materials has to possess high tensile strengths and
elongation at breaks. Materials having high tensile modulus values also promoted
lower back face deformations [3].

Fiber reinforced polymer composites made of the high-strength fiber-
embedded polymer matrixes have been increasingly employed in the light-weight

armor manufacturing due to the overall high strength and the stiffness to weight



ratio. An incorporation of the polymer matrix offered two essential functions. During
an impact event, the yarn’s integrity remained intact due to the presence of the
polymer matrix as observed by Lee et al. [12]. The polymer matrix also reduced the
effect of the curvature of the projectile on the penetration in which the damage
ability of the projectile to puncture the armor decreased [3]. However, the excessive
interaction between the polymer matrix and embedded yarns might hinder the
movement of yarns to dissipate the absorbed energy and overall ballistic
performance of the composites reduced [13]. Gopinath et al. [3] also found that the
strong interactions between the stiff matrix and yarns decreased the deflection of
the armor, whereas the deformation area increased. Therefore, the polymer matrix
with the appropriate degree of flexibility and the felicitous polymer matrix-yarn
interactions are cardinal for enhancing the ballistic performances of fiber reinforced
polymer composites.

Various polymer matrices such as epoxy [13, 14], polyester [15], vinyl ester
[16, 17], and phenolics are generally employed for armor manufacturing. In this
work, benzoxazine resin (BA-a) was exploited as the polymer matrix. Benzoxazine
resin (BA-a) is a novel kind of thermosetting phenolic resins. BA-a exhibited a myriad
of outstanding characteristics, e.g. straightforward monomer preparation with the
solvent-less synthesis technique [16], thermal-triggered ring-opening polymerization
without additional catalysts or curing agents required, no by-product release during

polymerization, near-zero volumetric shrinkage upon thermal curing, high thermal



stability, excellent mechanical properties, low melt viscosity, and ability to alloy with
various types of resins [18-21]. PBA composites reinforced with aramid fibers provided
improved ballistic performance over the epoxy reinforced with aramid fibers with
respect to a higher damage area [22]. However, PBA having polar functional groups
could form substantial interactions to aramid fibers and the ballistic performance of
the composites decreased [22, 23]. To alleviate this problem, polyurethane (PU)
having a long nonpolar hydrocarbon chain was introduced. PU are the most
important tough engineering polymers and can be tailored to offer a wide spectrum
of properties. They also possess the excellent flexibility. The toughness of
benzoxazine resins could be enhanced by alloying with PU and the copolymer of
polybenzoxazine and polyurethane (PBA/PU) also showed the synergism in glass
transition temperatures )T ( i.e. T, of PBA/PU was higher than 200°C, whereas those of
the parent polymers were 165°C for PBA and -71°C for PU [24]. The research about
effect of urethane prepolymer based on various types of isocyanate also reported
that toluene-diisocyanate (TDI) resulted in the highest T, flexural modulus, and
flexural strength of the alloys. The PBA/PU based on TDI blended were used as
matrices for reinforced carbon fiber at 80wt% in cross-ply orientation [20, 24, 25].
Fine-tuned mechanical properties can thus be obtained from the PBA/PU alloys to
provide suitable structural integrity and energy absorption for a ballistic composite

application with synergistic behavior in their thermal stability as mentioned above.



Therefore, the objective of this study is to measure ballistic impact
performance of glass fiber reinforced PBA as striking panel backed by aramid fiber
reinforced PBA/PU samples subjected to 7.62x51 mm projectile and developed to
be used as human body armor having protection in the level of Il based on NIJ
standard. The effects of type of fiber ¢lass, ie., type E and S glass fiber on
penetration resistance, damage area as well as cone deformation of the samples
were evaluated. Another approach of this research is to develop energy absorption
panel employing aramid fiber reinforced PBA/PU composite. The aramid fiber-matrix
interactions in the composites were optimized through the PU mass concentrations
from 0-40wt%. The tensile properties of the PBA/PU composites were also
characterized. Aramid fiber reinforced PBA/PU composites were subjected to the
ballistic impacts of 9 mm Full Metal Jacketed (FMJ) at a velocity of 367+9.1 m/s and
44 Magnum Semi Jacketed Hollow Point (SJHP) bullets at a velocity of 436+9.1 m/s.
Energy absorptions under ballistic impacts, energy dissipation mechanisms, and
failure modes of the composites were also theoretically investigated using a
commercial hydrocode (ANSYS AUTODYN software) and compared with the
experimental results. In addition, the ballistic limit of the samples was also

theoretically estimated.



1.2. OBJECTIVES

1. To develop a high performance ballistic armor based on fiber reinforced
PBA/PU composite.

2. To investicate effects of urethane content on mechanical properties of
aramid fiber reinforced PBA/PU composite as absorption panel.

3. To evaluate type of glass fiber reinforced PBA composites as striking
panel.

4. To study ballistic impact behavior of the obtained composites using
computer simulation technique.

1.3. SCOPES OF THE STUDY

1. Synthesis of benzoxazine resin based on bisphenol-A and aniline by a
solvent-less technology at 100°C for 40 minutes.

2. Synthesis of urethane prepolymer based on polypropylene polyol and
toluene diisocyanate.

3. Preparation of resin mixture of benzoxazine/urethane at 0-40wt% of
urethane content.

4. Preparation of fiber reinforced PBA composite:

- Type E and S-glass fiber reinforced PBA samples as strike panel

- Aramid fiber reinforced PBA/PU samples as absorption panel



5. Characterization on mechanical and adhesion properties of fiber reinforced
PBA/PU composites:
- Interlaminar shear strength
- Interfacial adhesion
- Energy absorption
- Damage pattern
- Damage area using ImageJ software
6. Evaluation of ballistic impact properties of fiber reinforced
polybenzoxazine composites according to NIJ standard:
- Test level IlI-A using 9 mm FMJ at velocity of 436+9 m/s
- Test level Ill using 7.62 x 51 mm at velocity of 847+9 m/s
7. Evaluation of multi-shot resistance and depth of penetration of the
obtained composite after impacted using 7.62 x 51 mm NATO.
8. Simulation of ballistic impact performance of fiber reinforced PBA/PU
specimens according to NIJ level IIIA and Il using ANSYS AUTODYN software.
- Failure mechanism of the composite
- Ballistic limit (Maximum impact velocity of projectile which no perforation

on the composite is observed.)



CHAPTER Il
THEORY

2.1 STANDARD TEST METHOD FOR BALLISTIC ARMOR

Ballistic armor can be classified into 6 categories according to the threat
levels suggested by the National Institute of Justice (NIJ standard-0101.04) and
reduced to 5 categories according to the newer NIJ standard-0101.06 as can be seen
in Table 1 [26]. The differences of the two standards are listed in Table 2. The former
is currently adopted and widely used in various countries whereas the newer one is
already implemented mainly in the US and some countries. Thai Army also plans to
implement the new NIJ standard in the year 2016. From Table 2, NIJ level | has
already been excluded from the new standard as this class of threat is considered to
be too low and impractical at present. The first three levels (lA, II, lIA) are typically
soft armors to protect against short gun threats. The last two levels (lll, IV) are
generally hard armor designed to protect officers against rifle threats [27]. Table 2
shows major differences of armor level and threat between NIJ-0101.04 and the
recent version of NIJ-0101.06 [27]. NIJ standard also suggests type of ammunition,
bullet velocity, maximum back face signature (BFS) and number of shot per ballistic
panel needed for ballistic tests. Figure 1 exhibits a typical ballistic test set up

according to NIJ standard-0101.06 above.



Table 11: A currently implemented NIJ standard for ballistic resistance of body
armor, NIJ standard-0101.06 [26].

Conditioned New armor Hits per Maximum Hits per Shot
Armor Test Test
Bullet Mass armor test test velocity armor at BFS depth armor at per
Type Round Ammunition
velocity 0° angle (mm) 30° angle panel
9 mmFMJ 8.0¢ 355 m/s 373 m/s 44 mm
1 q 2 6
RN 124 gr. (1165 ft/s) (1255 ft/s) 1.73in
II-A
40 S&W 11.7¢ 325 m/s 352 m/s 44 mm
2 q 2 6
FmJ 180 gr. (1065 ft/s) (1155 ft/s) L.730n
9 mm FMJ 8.0¢ 379 m/s 398 m/s 44 mm
1 a4 2 6
RN 124 gr. (1245 ft/s) (1305 ft/s) L.730n
I
357 Mag 10.2g 408 m/s 436 m/s 44 mm
2 4 2 6
Jsp 158 gr. (1340 t/s) (1430 ft/s) L.730n
9 mm FMJ 8.1g. 430 m/s 448 m/s 44 mm
1 4 2 6
RN 125 gr. (1410 t/s) (1470 ft/s) L.730n
lI-A
44 Mag 15.6 ¢ 408 m/s 436 m/s 44 mm
2 4 2 6
JHP 240 gr. (1340 ft/s) (1430 ft/s) 1.73in
7.62 mm NATO 9.6¢ 847 m/s = 44 mm
i 1 6 0 6
FMJ 147 gr. (2780 ft/s) L.730n
30 caliber 10.8 ¢ 878 m/s - 44 mm
v 1 1to 6 0 1t06
M2 AP 166 gr. (2880 ft/s) 1.731n




Table 2 :Armor protection levels and threats comparison between NIJ standard-

0101.04 and NIJ standard-0101.06 [27].

10

0101.06
0101.04 0101.06 0101.04 0101.06
(conditioned)
Armor
type Reference Reference Reference
Test bullet Test bullet
velocity (ft/s) velocity (ft/s) velocity (ft/s)
.22 caliber LR LRN N/A 1080 N/A N/A
.380 ACP FMJ RN N/A 1055 N/A N/A
9 mm FMJ RN 9 mm FMJ RN 1120 1225 1165
[I-A
40 S&W FMJ 40 S&W FMJ 1055 1155 1065
9 mm FMJ RN 9 mm FMJ RN 1205 1305 1245
Il
.357 Mag JSP .357 Mag JSP 1430 - 1340
9 mm FMJ RN 9 mm FMJ RN 1430 1470 1410
I1I-A
.44 Mag JHP .44 Mag JHP 1430 1430 1340
7.62 mm NATO 7.62 mm NATO
1l 2780 - 2780
FMJ (M80) FMJ (M80)
.30 Caliber M2
I\ .30 Caliber M2 AP 2880 - 2880
AP
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The test set up mainly consists of:
Test barrel: The pretest rounds should be done to “warm” or stabilize
the temperature of the barrel before further testing.
Velocity ~measurement equipment: Recommended types of
equipment for velocity measurement are:
O Photo electric light screen
O Printed make circuit screen
O Printed break circuit screen
O Ballistic radar

O Armor panel

) ) Handgun Rounds: 5.0 m + 1.0 m (16.4 ft + 3.28 ft)
{( Rifle Rounds®: 15.0 m + 1.0 m (49.2 ft + 3.28 ft)

——25m+25mm' (8.2 ft £ 1.0 in) ———;

Backing Material Fixture
Stop Sensor Set

Armor Panel \

Start Sensor Set l

Test Barrel

Location of Velocity Measurement
(center of set of light screens or
other velocity sensors)

Length to be adjusted
to meet velocity
accuracy requirements

Figure 1: Ballistic test set up according to the US National Institute of Justice standard

(NIJ-0101.06) [26].
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The distance of fire between test barrel and armor panel is set to be 5 m for
test level |, II-A, Il and llI-A and 15 m for test level lll and IV. The shot locations
directly on the armor sample at test level |, lI-A, I, lll-A and Il are depicted in Figure

2. The test level IV requires only one hit per armor.
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Figure 2: General armor panel impact locations according to NIJ standard [26].
2.2 SOFT BALLISTIC PROTECTIVE MATERIALS

As mentioned in Section 1, ballistic armor could be classified into soft and
hard armors. Soft armor generally consists of several layers of high performance
materials produced from ballistic fibers which have been increasingly developed in

. . ™ ™ ™
the past decade. Aramid based fibers such as Kevlar , Twaron , Technora , and
Terlon'" are most frequently used for this purpose due to their high protective
impact strength. Besides aramid fibers, ultra-high molecular weight polyethylene

' ™ ™ , : . :
fibers such as Spectra and Dyneema , are increasingly being used due to their low

density, high strength, high toughness and high resistance to chemicals. These types
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of fibers are typically more expensive than aramid fibers and are not without
disadvantages, such as creep under load, low softening point and combustibility.
Vectran'" and PEF'" which are aromatic polyester based fibers may also be used due
to their low rigidity, chemical resistance, high thermal stability and incombustibility.
Properties of major high performance ballistic fibers are shown in Table 3 [28, 29].
The ballistic resistance of a textile fabric to a projectile is generally attributed
to its high absorption capability of kinetic energy upon ballistic impact. This is
analyzed by way of simple ballistic impact in the longitudinal and transverse
directions of a fiber. The capability of absorbing and dissipating energy to surrounding
area upon ballistic impact is an essential property of the fibers which is related to

sonic velocity of the fiber based on equation (1).

Where Vs is the sonic velocity of the longitudinal wave, E is fiber modulus

and P is fiber density.
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Table 3: Properties of high performance ballistic fibers [28, 29].

Property Unit E-glass S-glass Kevlar Spectra Carbon
Density g/cm3 2.54 2.49 1.45 0.97 1.85-1.96
Tensile

GPa 2.4 4.5 3.6 3.0 2.4
strength
Elongation at
% 3-4 5.4 2.8 3.5 0.38-0.5
break

Young’s

GPa 724 85 135 117 345-520
modulus

Specific
tensile GPa 9.6 185 25.3 31.5 12.2-13.3

strength

Specific
young’s GPa 291 348 950 1231 1950-2868

modulus

Specific
energy /g 27-33 36-55 20-60 45-65 5-40

absorption

T hus, the velocity of wave propagation increases with the square root of
fiber modulus and inversely with the square root of fiber density. The fiber with high
sonic velocity could be able to spread out absorbed energy fast and efficiently. From
equation (1), fiber modulus is proportional to sonic velocity thus such fiber that

provides high modulus is referred to as high performance ballistic fiber [30]. The
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higher the sonic velocity, the higher energy absorption is. Sonic velocity of some high
performance fibers plotted against their specific energy absorption is exhibited in

Figure 3.
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Figure 3: Performance of various types of ballistic fibers [30].

Figure 4 reveals schematically a fiber in a horizontal position which is
impacted transversely by a projectile [31]. The ballistic impact causes the center
portion of the fiber to deform before breaking. Two types of wave propagations are
generated in the fiber upon impact. One is the longitudinal waves and the other is
the transverse waves. The longitudinal waves propagate outward along the fiber from
the point of impact while the transverse waves propagate outward in the thickness

direction. The impact of a projectile results in a formation of a cone on the back-face
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of the composite through the propagation of a transverse wave as seen in this figure.
Upon impact, the primary yarns of the composite, which are the yarns directly
impacted by the projectile, are strained to their tensile failure. Whereas the
secondary yarns i.e. the yarns not directly impacted by the projectile will undergo
deformation as a result of the cone formation. Besides the deformations of the
primary and secondary yarns above which are the two major energy absorption
mechanisms, the moving portion of the composite panels upon ballistic impact is
also contributed to additional energy absorption through the kinetic energy of the

moving cone [32].

Longitudinal
_ Projectile ) Wave Front
Fiber ! . Velocity ¢ ‘

v
+ *ran:\'cm (]

+ + Wave Front

Figure 4: Wave propagation in a transversely impacted fiber [31].
Soft armor with adequate ballistic protection uses advanced woven or other

fabrics of similar structures because of their flexibility, lishtweight and comfort

properties. Several researches on soft armor have investigated the behaviors of yarns
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and fabrics during ballistic impacts. In addition to the fiber types, the degree of
ballistic protection also depends on the yarn properties, fabric construction, and the
number and types of layers used in the structure. These fabrics are used either with
or without resin matrices to enhance the performance of a composites structure.
Aramid fibers, normally Keviar " and TvvaronTM, are highly attractive to both
research and industrial applications to develop high performance ballistic armor due
to its high modulus which relates to the ability to dissipate energy along the
longitudinal direction as mentioned in the previous section. Aramid fiber embedded
polybenzoxazine composite has recently been reported to provide high performance
ballistic composite armors [18, 22]. There are numerous researches on various
materials that show potential applications equivalent to soft ballistic armor as

summarized in Table 4 [33-40].



Table 4: Systems of soft ballistic armor produced from varied high-performance

fibers.
Thickness Areal density Velocity
Materials Projectile Ref.
(mm) (g/cmz) (m/s)
Alumina
7.49 mm 17.5 3.25 475 [34]
(ALO5)/Dyneema'"/PU
Woven Twaron'" 9 mm . 0.44-0.70 370 [35]
Graphite/epoxy laminate 12.7. mm 1.5-6 - 65-129 [36]
E-glass fiber/epoxy 6.33 mm 4.0-7.0 - 174 [33]
Glass fiber/resin ‘£ 1.2-7.6 - 245 [37]
PE/PE composite i 0.44 V50=390
9 mm [38]
PE/PE/aramid 54 0.52 V50=0450
PE-PP/PP/PE-PP 1.1 g FPS 12 0.8 V50=504 [39]
Carbon fiber/epoxy 0.84-0.87 257-276
PE fiber/epoxy 0.65 320
PBO fiber/epoxy 5.46 mm 0.79 aa7
6 [40]
FPS
Carbon fiber/epoxy/PBO
- 464
fiber/phenol PVB
PBO fiber/phenol PVB - 566-606
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2.3 HARD BALLISTIC PROTECTIVE MATERIALS

2.3.1 Ceramic and metallic ballistic materials

In recent decades, hard ceramic materials have been developed for certain
ballistic armor applications. These ballistic ceramic materials mainly include Al,0s,
B4C, and SiC [41, 42]. Figure 5 shows the relative ballistic efficiencies of several
ceramics against impact from a 0.3-in. diameter projectile with a conical tip. The
penetration of the projectile into the backup plate is measured [43]. Ceramics
provide an advantage of being lighter in weight than steel and give ballistic stopping
power comparable to steel. Ballistic ceramics are extraordinarily hard, strong and
relatively light weight, making them efficient at eroding and shattering armor-piercing
threats. Thus, in applications in which having armor with the lowest possible mass is
important, such as human body armor and aircraft armor, ballistic ceramic materials
are useful. The extra backing layer, usually a multi-layer of polymeric fabrics,
polymer composite, or metal sheet is usually needed in ceramic armors. This backing
layer serves to trap ceramic fragments as well as the residual deformed projectile or

fragments resulting from its impact and penetration.
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Figure 5: Relative ballistic efficiency of various ceramics as a function of their
densities [43].

Ballistic armor that comprises of ceramic pellets are developed to accept
high multi-hit capability by reducing propagation of shockwave through the armor
upon impact by a projectile and lessening the effect of shattering pellets on their
neighbors. The pellet was made from high-density ceramic including alumina, silicon
carbide, silicon nitrile and boron carbide and typically regularly arranged and held in
a matrix of thermosets or thermoplastics. Various shapes of ceramic material have
been designed. For example, the 98% alumina pellets were designed to be
cylindrical body with diameter of 19 mm and height of 19 mm with Al belt (thickness
of 0.7 mm). The plate was covered by 10 mm of Kevlar'" as backing layer weighing

as 0.0014g/m2. The plate has areal weight density of 6.9 g/cm2[44]. Moreover, the
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effects of size of the ceramic pellet on ballistic properties were investigated. The
cylindrical pellets were composed of 98% of alumina, a total height of 8 mm and a
diameter of 12.7 mm. The plate was covered with Keviar " and fiberglass layers on
both ends. The sample was tested with 10 rounds of 7.62 x 51 AP projectiles at a
velocity of 840 m/s. This developed ballistic armor is comparable to the armor with
99.5% alumina and total height of 11.5 mm but less in areal weight density i.e. 2.7
g/cm2 Vs 3.65 g/cm2 of the latter [45].

Normally, hard ballistic armor is designed to consist of two panels rearranged
by an impact face as the first panel and a support portion as the second panel. One
is designed to compose of auxiliary plate and main plate. Auxiliary armor plate with
hole located at the front is made from steel with areal weight of 3.7 g/cm2 and
thickness of 8 mm which is used to destroy projectile before hitting the main plate.
The spacing between the auxiliary and main plates allows the deflected projectile’s
path to further deviate from a normal impact on the main plate. The main plate is
made of 98% alumina pellets with 16 mm height and backing with 3 mm fiberglass
and wrapping with Kevlar " of 0.5 mm thick. The hard armor is weighed to be 9.4
g/cm2 and it successfully stopped 14.5 mm API B 32 armor piercing projectile [46].

A common method of manufacturing structures made of ballistic ceramic
materials is to sinter components of ceramic to form the structure using hot pressing.
During a hot-pressing process, particles of ceramic material are first heated to

elevated temperature and then subjected to increased isostatic gas pressure in an
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autoclave. The increased temperature causes the ceramic material to undergo a
process called sintering, whereby the particles adhere to each other. In the next
step, the increased pressure and temperature encourage grain boundary diffusion to
allow an increased densification of the structure. Reaction bonding has been used as
an alternative in manufacturing ballistic ceramic structure over hot pressing because
it uses less pressure and temperature. In reaction bonding, a composite is formed of
ceramic particles bonded in a matrix of in-situ formed ceramic. The ceramic ballistic
material manufactured from this method exhibits high strength, hish modulus and
attractive dynamic properties for use in ballistic armor applications [47].

In a report by Garcia and coworkers, a high-performance light weight
composite armor system has been developed using boron carbide ceramics as the
strike face, composite metal foam as a bullet kinetic energy absorber interlayer and
aluminum 7075 or Kevlar panels as backing plate with a total armor thickness of
less than 25 mm. The ballistic composite was impacted by 7.62 x 51 mm M60 and
7.62 x 63 mm M2 AP according to the NIJ standard level Il and IV, respectively. The
results showed that the ceramic/metal foam/aluminum (or Keviar " panel) could
stop the complete penetration of both types of projectiles. They also found that the
metal foam helps absorbed 50-60% of kinetic energy of projectile from total energy.
Moreover, the depth of penetration of all projectiles in the composite was less than
44 mm as required by the NIJ standard [48]. Other ceramic and metallic composites

for hard ballistic armor are summarized in Table 5 [49-52]. Commercial hard armor
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for high ballistic protection is also illustrated in Figure 6 [53, 54]. These kinds of
ceramic and metallic hard armors possess areal densities in the range of 6.1-15 g/cm2
which is rather high for general body armor applications.

Table 5: Hard ballistic armors from ceramic and metallic composites.

Materials Projectile | Thickness Areal Velocity | Ref.
(mm) density (m/s)
(g/cm’)
Ceramic/metal 7.62 mm 22.3-26.3 - 835 [49]
7.62 mm
Steel/Aluminium 12-40 8.1-15.0 775-950 | [50]
APM
Ceramic/glass 7.62 mm
35.5 8.57 850 [51]
laminate/PC AP
Alumina/toughened
7.6 mm AP 18.3 6.1 940 [52]
epoxy/aluminium
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Figure 6: Commercial hard ballistic armor for high protection level a) VestGuard [53]
b) AlphaTM [54].

The effect of AlLLO; on ballistic behavior was investigated by Silva [55]. The
results revealed that 92wt% and 99wt% Al,O; showed higher Vickers hardness and
bending strength than 96wt% AlL,Os. However, 92wt% Al,O; provided the best
ballistic performance. The projectile at velocity of 865 m/s (Level IV based on NUJ
standard) could not penetrate or cause deformation in none on the backing metallic
plates to alumina plates of 12 mm thickness.

2.3.1.1 Failure mechanism of ceramic ballistic materials

The failure mechanism of Al,O; ceramic plate backing by steel armor was
investigated after impacted by a tungsten projectile (diameter = 7.62 mm) with a
velocity of 820 + 20m/s [56]. Its failure behavior is shown in Figure 7. A crater on the
front surface of the ceramic plate is clearly seen. Moreover, three damage zones

were observed at rear side of the plate, including intact edge zone, cracks and
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fragments zone, and powders zone at center. Tensile stress caused by the deflection
of the ceramic resulted in the radial crack formation on the rear surface of ceramic

plate.

Crater on top surface

Conoid crater on bottom stirface

Figure 7: Failure modes of ceramic alumina; crater on top surface, cracks and conoid

crater on bottom surface ceramic conoid [56].

2.4 POLYMER MATRIX COMPOSITE BALLISTIC MATERIALS

As ceramic is inherently brittle and its failure mode after an impact showed
progressive crack propagation which seriously weakens the ballistic armor from
another penetration of a projectile. Moreover, it is well documented that the most
effective armors are not a single component system. This is due to the fact that the

systems that combine multi layers of various types of materials serve well for multi-
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functionality. Some hard armor can also consist of multilayers of steel in addition to
the ceramic plates and stiff fiber-reinforced materials that also function to catch the
slowed remnants of the projectile while keeping the integrity of the ballistic system.
The main disadvantages of the steel containing hard armor remain heavyweight and
inflexibility [57]. Polymer matrix composites fulfill those requirements and bond well
with the ceramic and other layers to form an integral armor system.

In polymer matrix composites, resin plays an important role as a binder in a
ballistic armor which provides an adhesive characteristic as well as increased ductility
and energy absorption. Different polymers, especially thermosetting polymers such
as epoxy [13, 14, 58], polyester [15], vinyl ester [16, 17] and phenolics [59-61], are
generally used to apply as resin matrix for ballistic armor. Modern structural
composites are frequently referred to as advanced composites. The term ‘advanced’
means the composites materials based on polymeric materials reinforced with high
performance fiber such as aramid fiber (TvvaronTM, KevlarTM, TerlonTM), ultra-high
molecular weight polyethylene (Spectram, Dyneemaw), glass fiber (Type E and S),
carbon fiber and polybenzoxazole (ZylonTM). Chemical structure of some high

performance fibers for ballistic armor applications is shown in Figure 8.
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Figure 8: Chemical repeating units of a) para-aramid b) meta-aramid c)

b)

polybenzoxazole.

Composite materials are combination of two or more materials that are
mixed on a microscopic scale to form a useful material. The study on type of fiber
on ballistic performance was investigated by Sapozhnikov and coworkers [62]. They
reported that laminates based on UHMWPE fibers (DyneemaTM) are better than
aramid fibers (TwaronTM) with respect to the value of Vs, (@about 10%) and of the
absorbed energy (about 25%) under high velocity impact conditions (900 m/s).
However, UHMWPE fabric was higher in thickness than aramid in which thickness is
one of an important parameter affected ballistic performance. Moreover, Dyneemaw
composites are about twice as expensive as composites based on aramid fabrics.
Therefore, the use of aramid fabric is more efficient when there are no increased

requirements to protective structure weight.



28

Genihovich and coworkers [44] patented the use of polyethylene cloth with
30 plies (thickness of 8 mm) covered by carbon fiber reinforced epoxy composite as
ballistic armor. The arrangement of fabric in this invention is shown in Figure 9. The
plate with flexural strength of 50 ke has a ballistic efficiency required to protect the
wearer from a 7.62 AP caliber. While Pilpel and coworkers [63] investigated the use of
a ballistic composite to resist the penetration of a projectile. The structural
composite armor is shown in Figure 10 which consists of striking plate made of E-
glass fiber reinforced polypropylene or polyethylene. Support portion is made of S-
glass fiber. The hybrid system of S-glass panel, hybrid E-glass and S-glass panels and
HJ1(a phenol-typed thermosetting matrix) with areal weight density of 4.8 g/cm2
could resist the penetration of 7.62 mm projectile with Vs, of 889 m/s. The results of

other material systems of this invention are displayed in Table 6.

fiber matrix
N
. . = PE plies
\ \ l
epoxy resin carbon or aramid  armor member

covering layer

Figure 9: Arrangement of various fabrics in polymer composite armor disclosed in the

US patent by Genihovich and coworkers [44].
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E-glass fiber

Striking face

Support plate

S-glass fiber

Figure 10: Composite armor and its arrangement as disclosed in the US patent by
Pilpel and coworkers [63]
2.4.1 Failure mechanisms of polymer composites by energy absorbing
mechanisms
During a ballistic impact, the following events could be possibly occurred
depending on properties of composite materials and projectile parameters [64];

O the projectiles bounced or partially penetrated the target, indicating
that the kinetic energy of projectile is less than the energy absorption
capacity of the composite plate.

O the projectile perforated the composite plate completely with zero
exit velocity or the projectile was captured by the composite plate,
indicating that the entire kinetic energy of projectile is fully absorbed
by the composite plate.

O the projectile penetrated the target and exited with certain velocity,
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indicating that the maximum energy absorption of the plate is less

than the energy possessed by the projectile.

Mohan and coworkers [65] discussed the failure mechanisms of the laminated

composite after ballistic impact event by 6 mechanisms as follows:

Table 6: Various polymer composites and their achieved ballistic protection levels

[63].

Areal density

Material Test level Velocity (m/s)
2

(g/cm)
S-Glass fiber/ PP 0.73 [1-A a57
E-Glass fiber/PP 0.85-1.09 Il 373-419
S-Glass fiber/PP 1.09-1.70 l1-A 442-479
(S-Glass + E-glass fibers at

0.97-1.70 I-A 450-543
same weight)
S-Glass fiber/PP 2.99-4.88 11l 655-875
(S-Glass + E-glass fibers at

2.99-4.88 1] 577-843
same weight)
S-Glass fiber/PP 1.22-2.44 \Y, 533-847
(S-Glass + E-glass fibers at

0.82-2.44 \Y 408-810

same weight)
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2.4.1.1. Kinetic energy of the moving cone

During impact, an elliptical cone is formed on the back face of the composite
plate. This conical deformation is on the basis of transverse wave propagation during
the ballistic event. The longitudinal propagation of stress wave along the yarn takes
place on the plane of the composite plate. Due to orthotropic nature of the
composite plate, the shape of the wave front on the plane of the composite plate
would be quasi-lemniscate/elliptical as can be seen in Figure 11. During the ballistic
impact event, the distance travelled by the projectile and the depths of the cones
formed are equal. Also, the velocity of the projectile and the moving cone would be

equal. The yarns in each layer deform and cause some energy absorption.

Projectile velocity

Figure 11: Cone formation by projectile during an impact event [65].
2.4.1.2. Tensile failure of the primary yarns
The primary yarns, the yarns directly impacted by the projectile, provide the
force to resist the penetration of the projectile into the target. The strain is higher in
primary yarns compared to that of secondary yarns. Tension in these yarns results in

absorption of some energy. These yarns fail under tension when the strain of these
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yarns exceeds the ultimate strain in the tension at high strain rate. All the primary
yarns within one layer do not fail at one instant of time. When the projectile
penetrates into the composite plate layers, there will be a sequential failure of yarns
starting with the yarns in the top layer, and then proceeding towards the bottom
layer. When the strain of a particular yarn reaches the dynamic failure strain in
tension, the yarn fails. The length of yarns/fibers failing in tension is twice the
distance covered by the longitudinal wave. A longer vyarn absorbs more
deformational energy prior to failure than a shorter yarn. Also, the complete length
of a primary yarn is not strained to the same extent. The reason for this
phenomenon is stress wave attenuation.

2.4.1.3. Deformation of the secondary yarns

All the yarns in each layer other than the primary yarns are called as
secondary yarns. The energy absorbed by secondary yarns depends on the strain
distribution within the secondary yarns. Based on their position, the secondary yarns
experience different strain. The strain of the yarns, which are close to the point of
impact experience strain, equals to the strain in the outermost primary yarn, whereas
those yarns which are away from the impact point experience less strain. The strain
in the secondary yarns induced by the growth of the cone and subsequent time-lag
induces tension waves, and extends far beyond the boundary of the cone in a star
shape. The star tips are the extent of the strains from the tension waves in the

primary yarns. Though this phenomenon contributes some more amount of energy
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absorption by second yarns, the strain at the cone boundary is assumed to be zero
to reduce the complexity of the problem. Some principal energy absorption after

ballistic impact event is illustrated in Figure 12.

Dissipation along fibers ‘ Fiber failure
<« Dissipation through thickness
Matrix
Fiber

"N

o ) Matrix cracking
Delamination (macroscopic)

debonding, frictional sliding

Figure 12: Principal energy absorption mechanisms in polymer composite [18].

2.4.1.4. Delamination and matrix cracking

A part of the kinetic energy possessed by the projectile is absorbed by the
composite plate through failure mechanisms related to delamination and matrix
cracking. Most of the conical area undergoes delamination and matrix cracking.
Initially, the matrix of the composite plate cracks, leading to energy absorption.
However, complete matrix cracking may not take place. This phenomenon can be
seen by the matrix which is still attached to the fibers and does not separate from

the reinforcement completely after ballistic impact. The interlaminar strength of the
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composite plate decreases due to matrix cracking which causes delamination on
further loading and deformation.

Zhang and coworkers [66] studied the failure mechanism of unidirectional
UHMWPE laminates with different thickness. They found that the failure mechanisms
are distinctly different from other fibers. Plugging and hole friction are the dominant

failure modes for thin composites. However, delamination, fiber tension and bulge

are the main failure modes for thick composites as illustrated in Figure 13.

UD-20 Front

Figure 13: Ballistic failure modes of unidirectional UHMWPE composite [66].
2.5 POLYBENZOXAZINE/POLYURETHANE COMPOSITES
Epoxy, polyester, and vinyl ester are favorable to be used as a resin matrix for
ballistic composites at present. Traditional phenolic resins have been widely used as
matrices for composites in aircraft interiors because of its good heat resistance, flame
retardant, dielectric properties, low smoke generation, and low cost. However,
phenolic resins have serious shortcomings i.e. brittleness, release of water and

ammonia during the curing process along with limited shelf life. Recently,
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benzoxazine resin was chosen as a matrix in place of those traditionally used matrix
resins due to its outstanding properties such as formation of no reaction by-product
during polymerization, long shelf life, high thermal stability, good mechanical
properties, and an ability to alloy with various types of resins for a wide range of
applications [21, 67-72]. The properties of polybenzoxazine compared to those
conventional ballistic resins are listed in Table 6 [73].

Various types of benzoxazine resins provide properties appropriate for an
application as matrix resin for ballistic armor as disclosed by Rimdusit and coworkers
[58], including monofunctional, bifunctional and multifunctional benzoxazine resins.
Their chemical structures are depicted in Figures 14 and 15. Bisphenol-A and aniline
based benzoxazine monomer or bis(3,4-dihydro-2H-3-phenyl-1,3-
benzoxazinylisopropane, BA-a, was demonstrated to provide various favorable
characteristics suitable of ballistic armor composite matrix such as ease of synthesis,
substantial bonding with various ballistic fibers, and good mechanical properties [18,
21, 74]. Besides, BA-a resin possesses very low melt viscosity (<1000 cP at 120°C)
compared to other bi-functional benzoxazine resins. This characteristic help facilitate
fiber wetting during composite manufacturing [18]. The BA-a resin is synthesized from
the reaction of bisphenol-A, paraformaldehyde and aniline without the use of any
solvent as disclosed by Ishida in 1996 [75]. This method is a convenient method for
preparation of various types of benzoxazine monomers. Chemical structure of BA-a is

shown in Figure 16. Benzoxazine resin can be polymerized by the ring opening
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polymerization of cyclic monomers by thermal cure without an additional of any

catalyst or curing agent.

Figure 14: Monofunctional benzoxazine monomer.

r! r!

N—R*—N o
R! r!
Figure 15: Bifunctional or multifunctional benzoxazine monomer where R1, R2 and RS,

are organic radicals.
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CH,
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Figure 16: bisphenol-A, aniline based benzoxazine monomer (BA-a).

Urethane elastomer (PU) has been reported to form high performance alloys
with the BA-a benzoxazine resin with substantial enhancement in toughness of the
polybenzoxazine. The functionality of the hydroxyl-containing reactant as well as the
isocyanate for urethane resin synthesis can be varied. The hydroxyl-containing
components cover a wide range of molecular weights and types, including polyester,
polycarbonate, and polyether polyols. This flexibility in the selection of urethane
reactants leads to the wide range of the resulting properties. The outstanding
properties of polyurethane account for the facts that their use is economically
feasible and that their range of applications is steadily increasing. These properties
are unique combination of a high elastic modulus, exceptional tear and abrasion

resistance, resistance to UV radiation, and finally providing fairly easy and efficient
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processing. PU used in this study was prepared from toluene diisocyanate and
poly(propylene glycol) at a 2:1 molar ratio. The synthesis reaction of PU is shown in
Scheme 1. The representative chemical structure of PU as illustrated in Scheme 1 is
the structure with chain ends formed by the more reactive NCO in the para-position
to the methyl group. This type of para structure is more abundant than the other

structures as described by Pegoraro and coworkers [76].
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Table 7: Property comparison of major thermosetting resins used as ballistic

composite matrices [73].

Property Epoxy Phenolics Cyanate ester | Polybenzoxazine

Density (g/cc) 1.2-1.25 1.24-1.32 1.1-1.35 1.19

Max use temperature C°)) 180 ~200 150-200 130-280
Tensile strength (MPa) 90-120 24-25 70-130 100-125
Elongation (%) 3-4.3 0.3 0.2-0.4 2.3-29
Dielectric constant (1MHz) 3.8-4.5 0.4-10 2.7-3.0 3-35

Cure temperature (°C) RT-180 150-190 180-250 160-220
Cure shrinkage (%) >3 0.002 ~3 ~0

TGA onset (°C) 260-340 300-360 400-420 380-400

T, O 150-220 170 250-270 170-340
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Scheme 1: Chemical reaction of NCO-terminated PU prepared from toluene

diisocyanate andpoly(propylene glycol).

The polymerization between benzoxazine resin and urethane prepolymer
occurred by thermal curing had been investigated by FTIR technique [77]. During
thermal curing, the disappearance of tri-substituted benzene ring of benzoxazine
resin and NCO group of urethane prepolymer were observed. Simultaneously, the
phenolic group of polybenzoxazine reacted with NCO group of urethane prepolymer
to form polybenzoxazine/PU copolymer network. The polymerization reaction

between BA-a monomers and PU prepolymer is shown in Scheme 2.
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Scheme 2: Polymerization reaction of PBA and PU.

Alloying BA-a resin with PU was found to substantially improve flexibility of
the more rigid polybenzoxazine (PBA). Interestingly, the positive deviation on the
glass transition temperature (T,) of the PBA/PU alloys was also observed. T, of the
PBA/PU alloys (T, > 200°C) was found to be significantly greater than those of the
parent polymers (i.e. T, of the PBA is 165°C and that of PU is -71°C). Furthermore, the
T, of the PBA/PU alloy was observed to increase with an increase of the PU content.
The formation of this polymer hybrid suggests the benefits of using polybenzoxazine
as a matrix for ballistic armor composites due to its fine-tuned ability by alloying with
other resins or polymers [20, 24, 25]. Fine-tuned mechanical properties can thus be

obtained from the PBA/PU alloys to provide suitable structural integrity and energy
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absorption for a ballistic composite application with synergistic behavior in their
thermal stability as mentioned above.

The ballistic composite system of Kevlar " reinforced PBA/PU composite has
been developed by our group. From the experiment, our Kevlar " reinforced 80/20
PBA/PU composite panel at 30 plies and 50 plies could resist the penetration from
the ballistic impact of levels II-A and Ill-A based on NIJ standard, respectively [22].
This experiment suggests an importance of fine-tuned mechanical properties of the
polymer matrix to suit the type of the fiber used. In this case, the addition of about
20 wt% of urethane elastomer is crucial to provide a composite with maximum
penetration resistance. Moreover, the ballistic behaviors of the neat bisphenol A-
based epoxy—KevlarTM composite (cured by an amine hardener) at the same fiber
content has also investigated in comparison with the neat PBAKeviar composite.
Both composites showed complete penetration of the projectile. However, in this
test, Kevlar'" reinforced PBA composite was reported to show higher energy
absorption characteristic than the epoxy composite as observed from a larger
delaminated area due to a better fiber-matrix delamination process while very small
delamination was observed in the epoxy composites [18, 22].

Kasemsiri observed the use of E-glass fiber reinforced PBA composite to
destroy the tip of .44 Magnum projectile [78]. Even the composite was completely
perforated by the projectile, it was found that E-glass composite could deform the

projectile as seen in Figure 17 showing the potential use of the E-glass composite as
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striking panel. Moreover, the failure pattern of the composite was obviously

observed to be matrix cracking as noticed in Figure 18.

\ .

.44 Magnum projectile deformed projectile

Figure 17: Deformation of .projectile after penetrated E-glass fiber reinforced PBA

composite [78]

Figure 18: Failure mechanism of E-glass fiber reinforced PBA composite by matrix

cracking [78].
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2.6 REINFORCING FIBERS

2.6.1 Glass fiber

The basic component of glass fibers is silica blended with other types of
oxides in which glass fiber is an amorphous solid nature make it differs from other
ballistic fibers. it is known to have high strength, good temperature and corrosion
resistance. They are manufactured by spinning into small filaments then pulled out
through a nozzle from molten glass a a high production rate. Its main drawbacks are
its relatively low fatigue resistance and high density, lower stiffness and strength
compared to other ballistic fibers. However, its low price could make them an
optimal solution for armors in which weight is not a primary concern. There are
several types of glass fiber based on their applications. Type E and S slass fiber are
two main types for ballistic fibers. type S glass fiber is high strength glass fiber which
provides greater mechanical properties than E glass fiber so that it is more expensive
than another one.

2.6.2 Aramid fibers

Aramid fiber can be divided into two types i.e. meta-aramid and para-aramid
which the latter is ballistic fiber. Para-aramid fiber is long molecular chains of poly-
para-phenylene terephthalamide. As known, aramid fiber has many outstanding
characteristics which make its suitable to manufacture ballistic armor including low

weight density and excellent mechanical but its sensitivity to ultraviolet radiation is
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main drawback. Extended exposure to unprotected fibers can cause a loss of

mechanical properties.

2.7. COMPUTER SIMULATION OF BALLISTIC IMPACT IN THE COMPOSITE
MATERIALS

Typically, hard armor is designed by stacking varied sequence of different
materials thus a large number of composite specimens are to be fabricated for an
evaluation of their ballistic impact behaviors. Even if all materials are selected,
geometrical parameters of the composite samples including size, curvature, and
thickness as well as projectile parameters including shape, type of projectile material
and projectile velocity are also needed to be optimized for a successful penetration
resistant armor. Those parameters make ballistic armor evaluation process rather
cumbersome, time-consuming and highly costly. This problem can be circumvented
through a use of finite element method. With significant advancement in computer
technology in the last few decades, this computing method has provided a large
progress in ballistic armor research. Computer analysis yields much more information
than that can be measured in a test and this makes it possible to understand the
underlying physics better, which in turn makes the design process more accurate and
faster. It is absolutely necessary to rely on some experimental results when the
simulation methods are being developed. However, the accuracy of the simulation

also depends on a chosen material model, some material data such as tensile
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modulus, shear modulus or poisson ratio, and failure characteristic of the materials
used. In the case of composites structures, delamination data, types of finite
elements used, mesh density, types of contacts between different materials are
necessary for the successful simulation of the ballistic impact behaviors of the
specimen.

Numerous reports on computer simulations of ballistic behaviors of polymer
composites via ABAQUS, LS-DYNA or ANSYS-AUTODYN software have been published
[79-83]. For the simulation, material models, related to equation of state, which is
used to define a relationship between pressure, density and internal energy, strength
model and failure model are required. In principle, the behaviors of polymer
composites can be presented through a set of orthotropic constitutive relations
which based on a total stress formulation. A strength model is to define impact
event failure at break point of material which can be categorized as isotropic and
anisotropic types. A material stress/strain criterion is normally used in a failure mode
for polymer composites. This model deals with predefined values of stress/strain at
which the failure of material starts. Table 11 shows some useful results of various
composite armor systems using AUTODYN simulation [16, 84-86]. Various simulation
studies have been performed which can be divided into two major purposes 1) To
predict types of materials or material designs and 2) To evaluate impact behaviors

and their failures by varied projectile shapes and impact velocities of the projectiles.
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Table 8: Parameters and simulation results of various composite armor systems using

ANSYS AUTODYN program.

-thickness plate

Composite systems Parameters Output results Ref
-stress/strain
-initial velocity
Kevlar 29/epoxy/Al,O5 behavior [84]
-composite thickness
-residual velocity
-stacking sequence
Kevlar/glass fiber/carbon -energy of absorption
-thickness [16]
fiber-epoxy -ballistic limit
-type of projectile
-tensile failure
Kevlar 29/PVB-Phenolic -initial velocity -back face [86]
deformation
-laminate orientation
Glass fiber/epoxy -energy absorption [85]

Material models are as follow: Orthotropic as equation of state, Elastic as

strength, Material stress/strain as failure, Geometric strain as erosion model

Figure 19 shows an experimental result compared to a predicted damage of

the composite by Lagrange model using ANSYS-AUTODYN program. The composites

are sandwich structures based on Kevlar-29 fiber/epoxy resin with different stacking

sequence of 6061-T6 aluminum plate. Impact test was performed using cylindrical

shape of 7.62 mm diameter steel projectile at velocity of 180-400 m/s. The

simulated results after ballistic tested were reported to be in good agreement with
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the experimental results with an acceptable error of only 3.64% [84].

3

Figure 19: Comparison of the damage in the composite target a) simulated and b)
observed [84].

In the reports by Ong and coworkers, by varying stacking sequence using
computer simulation, a ceramic panel was found to be important as 1™ layer to
meet the incoming projectile followed by a wave spreading " layer such as an
advanced fiber composite (Dyneemaw) and porous foam as 3" layer as a good shock
attenuator by widening the shock rise time to delay the shock wave propagation [34].
Moreover, types of projectiles were also demonstrated by computer simulation to
affect ballistic performance of composite armors with different stacking sequences.
Comparison in the same thickness of target, the hierarchy of the ballistic limit
velocity obtained for hybrid composite armors as reported by Bandaru and
coworkers using ANSYS-AUTODYN program was as follows: for a blunt projectile: C/K

> G/K > K/C > K/G and for a hemispherical projectile: G/K >C/K >K/G > K/C (/K



a9

represents carbon fiber layer in rich Kevlar layer and vice versa, G/K represents glass
fiber layer in rich Kevlar layer and vice versa) [16].

For the simulation, material models, related to equation of state, strength
model and failure model are required. In principle, the behaviors of polymer
composites follow orthotropic constitutive relations based on a total stress
formulation. A strength model is to define impact event failure at break point of
material which can be categorized as isotropic and anisotropic types. A material
stress/strain criterion is normally used in a failure mode for polymer composites. This
model deals with predefined values of stress/strain at which the failure of material
starts.

2.7.1 Materials modeling

The orthotropic EOS in ANSYS AUTODYN allows a non linear EOS to be used
in conjunction with an orthotropic stiffness matrix. The stress tensor from these
relations composed of hydrostatic and deviatoric components. The stress-strain
relation for an orthotropic material follows equation (2) where the total stress,

gjjcan be related to the total strain, &;; through the constitutive coefficient matrix,
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Where T;; and Yij are the shear stress and shear strains, respectively. To
include non-linear shock effects in the above linear relations, it is first separated the
volumetric (thermodynamic) response of the material from its ability to carry shear
loads (strength). The strain components are split into their average €g4, and El-dj

deviatoric components. The constitutive relation becomes as equation (3):

1
011 C11 G2 Gz 0 0 0] iy + 3 vol
022 Co1 Gy Gz 0 0 0|4 + éevol
o33 _ [Cs1 G2 Gz 0 O Of] , 1
231 lo 0 O Cia 0 0 ||€33 + ggvol -3
T31 0 00 0 G5 O V23
T12 0 00 0 0 Cg V31
V12
where Epol = €11 t &35 + €33 and g4y = %(811 + &55 + £33)

Pressure is defined as one-third of the trace of the stresses
_ 1
P = —5(011 + 0y, +033) .. 4
By expanding Eq (3), separating deviatoric and volumetric terms grouped

separately, the expressions for the direct stresses are;
011 == (Coy + Cyyp + C33)epey + Criedy + Crpel, + Craes (6a)
11 = 3 \t11 22 33/¢vol 11€11 12€22 13€33 \#a
= 2(Cyy + Coy + Cpz)Epg; + Cor% + Copely + Cpaes (4b)
022 = 3L21 22 23)€vol 21€11 22€22 23€33

1
033 = g (631 + C32 + C33)€170l + C318{11 + C32€2dZ + C33géi3 (4c)
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Substituting Eq. (da-c) into Eq (3), the following expression can be obtained

for pressure:

1
P = -3 [C11 + Cop + C33 4+ 2(Ci5 + Coz3 + C31) €01 —

Wl

[C11 + Ciz + Cislefy — § [Co1 + Cpp + Crples, — é [C31 + C5z +
C33]eds .. 5

On the right side, the first term represents the standard relationship between
the pressure and volumetric strain which is Hooke’s law at low compressions where
the later terms are the coupling between the pressure and deviatoric strain. The first
term of Eq (5) can be used to define the volumetric (thermodynamic) response of an
orthotropic material in which the effective bulk modulus of the material K is defined

as

K =

el o

[Ci1 + Cop + C33+ 2(Cip + Co5 + C31)] .. 6

® Failure model of the samples

Composite panel after subjected to ballistic impact combine such many
failure modes. Commonly, the failure from material stress and/or material strain are
failure initiation. Once failures occur in composite material due to excessive tensile
stress or strain or from shear stress or strain in through thickness, 11- direction, the
delamination is formed and the stress in that direction is set to zero. However, if
there are excessive of both two modes, the stress in the 11-direction is

instantaneously set to zero, and the strain in the 11-direction of failure is stored.
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Subsequently, if the material strains in the 11-direction exceeds the failure strain, the

material stiffness matrix is modified as:

11-direction:

011
022

0
0
0
0
0
0

0 0 0
Coz  Cy3 0
C3y  Cs3 0

0 0 aCy
0 0 0
0 0 0

0 0
0 0
0 0
4 0 0
aCss 0
0 aCeq

d 1
€11 + ggvol
d 1
€22 + ggvol
d 1
€33 + ggvol
V23

V31
V12

where & is the residual shear stiffness which is typically equal to 20% for

composite. The 22- and 33-directions are assumed to be in the plane of the

composite. Due to excessive stresses and/or strains in 22- and 33-directions, in-plane

failure mode occurs. Once the failure is initiated, the stiffness matrix in fiber direction

become as: equation (8) to (9)

22-direction:

SO O OO O

C13 0
0 0
C33 0
0 aCy
0 0
0 0

oS O O

0
aCss
0

0 - g{ll + %gvol

0 8512 + égvol
0 d 1

0 €33 + 3 Evol
0 V23
aCec V31
V12
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33-direction:
d 1
Gy 1 Cu Cp 0 0 0 0 qft3éve
0y Co Cz 0 0 0 0 |leh+2e,
033 _ 0 0 0 0 0 0 d 1
Tos| = 0 0 0 aCy O 0 ||€33 +5Evot]| 7
T31 0 0 0 0 aCss 0 V23
T12 0O 0 O 0 0 aCgg Y31
V12

The combined effect of failure in all the three material directions results in a
material that can only withstand hydrostatic pressure, by a change in the material

stiffness and strength to isotropic with no stress deviators and no tensile material.

® FErosion criteria

An erosion algorithm that removes highly distorted elements when
instantaneous geometric strain  for erosion exceeds a definite value was
implemented. The mass of removing cells is distributed equally to the remaining
modes. By this distribution, the inertia and spatial continuity of inertia are conserved
in the mesh. The specific value of erosion criteria is defined typically using a value of
0.5-2. However, the ballistic impact response is not sensitive to the variation of
erosion strain. Principal strain components are used to calculate the geometric strain

using the following equation:

2
Eeff = §[|(512 +&5 +ef) — (616, + 283 + £381) +3(ef, + €5, +
1
e2)|]72 .. 10

In the present study, the geometric strain for erosion was considered as 1.5

for Kevlar composite targets.
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2.7.2 Projectile modelling

A constitutive model for metals applicable at high-strain rates (10" s7) was
originally proposed by Steinberg and Guinan and latter enhanced by Steinberg,
Cochran and Guinan. The vyield stress increased with increasing strain rate but it is
said that there must exist a limit. Experiments proved that at high pressure, higher
than 5 GPa, the rate dependency becomes insignificant. Since the yield stress
increases with increasing pressure and decreases with increasing temperature, this
yield model is chosen as a function of effective plastic strain gp’ pressure P and

temperature T'. The Steinberg-Guinan model for the flow stress is written as:
— = n p .
gy = [A + B(§, + 80)] [1 + H; e Ho(T — 300)] Fquation 11

|74
Where ] = V_ is the volume ratio, A is the initial yield stress, B and 1 are
0

work hardening parameters, &g is the initial equivalent plastic strain, normally equal
to zero and H;y and HZ are model parameters. This material models is used for

lead.



CHAPTER IlI
LITERATURE REVIEWS

Bandaru AK. and co-workers [16] studied the effect of hybridization on the
ballistic impact behavior of hybrid composite materials by simulation technique.
They observed the position of Kevlar fiber/epoxy in glass fiber/epoxy to affect the
ballistic limit value and energy absorption of the composite subjected by projectiles.
It was found that the ballistic performance increased as the position of Kevlar
fiber/epoxy layer changed from 1" position to 4" position as illustrated in Figure 20.
The 4" position of Kevlar fiber/epoxy in glass fiber/epoxy exhibited the greatest
energy absorption than the others. They also found that ballistic performance of the
hybrid composite was sensitive to the geometry of the projectile. The hybrid
composite absorbed more energy from blunt projectile than hemispherical one
because the sharp nose of the hemispherical type projectile can easily penetrate the

samples so that less impact energy was absorbed.
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Figure 20: Ballistic limit for Kevlar fiber/epoxy in glass fiber/epoxy having thickness of
1.8 mm subjected to blunt and hemispherical projectiles.

Wielewski E and co-workers [58] fabricated fiber reinforced plastic materials
into two panels and systematically investigated effect of number of plies in each
panel on ballistic performance. They found that a single 12 plies plate of Kevlar
reinforced epoxy had the highest kinetic energy absorption of all the arrangements as
shown in Table 9. The results indicated that separating the number of plate
significantly decreased the impact energy absorption so that the number of panel

should minimized.
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Table 9: Initial and residual velocities of projectile for various plate arrangements.

Plate AND. of piles Plate BN{). of piles Vi (l'l'l/S) Vr (lTl/S) AV (I'l'lfS) AEk (D

Plate arrangements

Az - 332 206 126 38
Bs Ce 326 269 57 44
Dg Eg 325 257 68 51
Fy G3 328 244 84 62
Hq I3 327 249 78 58
Is Ko 324 246 78 58
Ly Mg 326 239 87 64

Nayak N. and co-workers ~[13] investigated ballistic limit of
Twaron/polypropylene  and  Twaron/epoxy  composites. They found that
Twaron/polypropylene had greater ballistic limit value than the other having the
same thickness as shown in Figure 21. It was attributed to weak interaction between
reinforcing fiber and polymer matrix facilitating flexible yarn movement so that
ballistic limit increased. Strain at maximum stress of the sample was observed to be
an effective value to identify ballistic performance of armor. Twaron/propylene
composite also provided high deflection than too tight interaction between Twaron
and epoxy. Furthermore, the ballistic limit value of the composite followed at linear

relationship with composite thickness.
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Figure 21: Ballistic limit as a function of composite laminate thickness.

The effect of interaction between fiber and matrix on ballistic performance
was observed by Gopinath G. and co-workers [3] using finite element method. The
composite laminates with and without matrix were designed. The two polymers
including softer and stiffer matrix have been considered. It was found that the matrix
decreased the maximum deflection of the sample and increased the size of the
damage area. Moreover, the matrix attrituted to enhance the reduction in the kinetic

energy of projectile as seen in Figure 22.
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Figure 22: Time histories of energy absorption by the yarn.

Tham CY. and co-workers [86] monitored the back face deformation of fabric
subjected to ballistic impact and recorded the formation of a pyraid which could be
explained on the basis of transverse wave propagaton. The yarns below the
projectile area are stretched and the ramaining material within the pyramid are also
engaged in the process resulting in a larger volume being deformed and absorbance
of energy. during an impact, Primary yarns are stretched and tensile waves travel
down the primary yarns at the elastic wave speed, followed by a transverse
displacement wave, engaging secondary yarns. Due to the crosswave of yarns, the
elastic waves and transverse deformation doesn’t travel radially away from the
impact point, but along the orthogonal directions of the yarns. This gives rise to the

observed pyramidal deformation. The base of the pyramid is longer towards the
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clamped edges yarns; according to the model of Smith et al 1965 deflection

propagates faster in this direction since stress in clamped yarns is higher.



CHAPTER IV
EXPERIMENTS

4.1 MATERIALS AND RESIN PREPARATION

Benzoxazine resin, urethane resin, glass fiber and aramid fiber were used to
prepare specimens. Benzoxazine resin is based on bisphenol-A, aniline, and para-
formaldehyde. Bisphenol A (polycarbonate grade) was supplied by PTT Phenol Co.,
Ltd. Para-formaldehyde and aniline were purchased from Merck Company and
Panreac Quimica SA Company, respectively. Urethane prepolymer was prepared
using toluene diisocyanate and polyether polyol with a molecular weight of 2000
which were obtained from IRPC Public Company Limited. The plain weave of E-glass
fiber with area weight density of 600 g/m2 and aramid fiber with 340 g/m2 were used
as reinforcing fiber which was purchased from Thai Polyadd Limited Partnership.

BA-a was synthesized using bisphenol A, aniline, and paraformaldehyde at a
molar ratio of 1:2:4 based on solvent-less technology [75]. The three reactants were
continuously mixed at about a temperature of 110°C for approximately 40 minutes.
The obtained monomer was in clear yellowish color and solid at room temperature.

PU was prepared from toluene diisocyanate and polypropylene glycol
(MW=2000). The two reactants were directly mixed in a four-necked round-
bottomed flask under a nitrogen stream at about a temperature of 60°C for 40

minutes to yield a light yellow prepolymer. After cooling it to room temperature, the
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urethane prepolymer was kept in a closed container with purged nitrogen and stored
at cool temperature. The molecular structure of BA-a and PU are shown in Figures 23

and 24, respectively.

H;C CHj
o) o)

Figure 23: Bisphenol A - based benzoxazine monomer.

CH,

N=—C=—=0O

Figure 24: TDI and polypropylene glycol —based urethane prepolymer.
4.2 PREPARATION OF MATRIX AND SAMPLES

BA-a was mixed with PU to provide BA-a/PU alloy. The mixture was
thoroughly stirred at an approximate temperature of 80°C until a homogeneous
mixture was obtained. The BA-a and PU binary mixture at 0-40wt% of PU content
were prepared and then evaluated as potential matrices for fiber-reinforced
composites for a ballistic armor. Type E, S glass fibers and aramid fabrics were pre-

impregnated with the binary mixture using hand-lay up procedure at a temperature
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of 120°C. The weight fraction of the fiber was kept constant at approximately 65-
70wt%. The pre-preges were then molded employing a compression molder at a
temperature of 200°C using a pressure of 10 MPa for 2 hours. Properties of fabric

used are shown in Table 10.

Table 10: Properties of fabric used in this study.

Fabric | Weave Weight Warp Weft Modulus | Elongation
type | pattern | density (GPa) at break
2

(g/cm’) (%)
E glass | Plain 600 1900 1800 - 4.5-4.9
Sglass | Plain 800 4500 3700 56 53
Aramid | Plain 360 3360 | 3360 Dtex 67 N/A

Dtex

4.3 CHARACTERIZATION OF THE SAMPLES

4.3.1 Interlaminar shear strength of aramid fiber reinforced PBA/PU
composites

Interlaminar shear strength of aramid fiber reinforced PBA/PU composites with
different PU content was determined according to ASTM 2344 [87]. The apparent
interlaminar shear strength (ILSS) was calculated from the beam relationship based

on equation (12). Test set up is shown in Figure 25.
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3P
T= —— .12
4bh

where T is the maximum interlaminar shear strength at failure (MPa), P is the

maximum load (N), b is the specimen width (mm), and R is thickness of specimen

(mm).

[ { =

Figure 25 Set up for interlaminar shear strength test
4.3.2 Interfacial adhesion of aramid fiber reinforced PBA/PU composites
Interfacial adhesion between PBA/PU matrices and aramid fiber was
evaluated by T-peel test method following ASTM D 1876 [88]. The specimens were
fabricated having dimension of 305x25 mm’. The test was performed using cross
head speed of 254 mm/min. The test set up and specimen dimension are shown in

Figure 26.
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Force
Figure 26: Interfacial adhesion test set up and specimen dimension.

4.3.3 Energy of absorption determination as soft ballistic armor

In order to determine the energy absorptions of aramid fiber reinforced
PBA/PU specimens at PU mass concentrations of 0-40wt%, the composite panels
with 8 plies having dimensions of 150x150x2.97 mm’ were manufactured. The
ballistic test was performed at Office of Logistics, Royal Thai Police, Bangkok,
Thailand. The specimens were mounted on a metal frame. Four sides of the panels
were clamped and placed 5 m in line to the gun barrel. The ballistic tests of the
composite panels were performed at the center of the panels by impacting with 9
mm FMJ projectiles at a velocity of 367+9.1 m/s and .44 Magnum SJHP bullets at a
velocity of 436+9.1 m/s according to NIJ Standard-0101.04 at protection levels Il and
A, respectively 18. The ballistic test setup as suggested by NIJ is shown in Figure 27.
The setup mainly consisted of a gun barrel, a specimen holder and two sets of
chronographs which were used to determine the velocity of the bullet by measuring

the time of bullet travelling through the distance of chronograph. The first
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chronograph in front of the specimen was employed to measure the impact velocity
of the bullet before impacting the specimen. The other chronograph was placed
behind the specimen to measure the residual velocity of the bullet after penetrating
the specimen. The energy of absorption by the composite specimen was determined
by the difference of an initial kinetic energy and a final kinetic energy according to

equation (13)

2
E =—-mV —=m.V .13

It should be noted that nondeformable projectile and conservation of energy
are assumed according to this equation. E, is energy of absorption (J) whereas m; is

mass of projectile (g), V;, V. are striking and residual velocity (m/s), respectively.

specimen dimension
150x150 mm?

gun barrel

Figure 27: Ballistic test set up with two sets of chronograph to determine striking and
residual velocity of projectile before the specimen is impacted and after it was

penetrated.
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The effect of composite thickness levels at 3, 4.5 and 6 mm having number
of plies 8, 12 and 16 plies. on an energy absorption and ballistic limit (Vso) of the
samples was also evaluated. Vs, values of the samples were calculated based on

equation (14) as follows.

. 2 2
Veo =V =V ). 14

4.3.4 Ballistic impact test as hard ballistic armor

Type E and S glass fiber reinforced PBA composite was evaluated to be used
as a striking panel of hard ballistic armor where aramid fiber reinforced PBA/PU
composite was placed at the back as absorption panel. Each sample was separated
by an air gap and tied together using adhesive tape. Ballistic test of the specimens
was performed at Military Explosives Factory, Nakhon Sawan and Royal Thai Navy,
Chonburi, Thailand. The performance of the specimens on penetration resistance
was carried out based on NIJ standard at test level lll. The specimen was placed on a
steel frame 15 m in line with the gun barrel and subjected by 7.62x51 mm at a
velocity of 847+9.1 m/s at an angle of 90° to specimen for one shot at the center.
The initial impact velocity is measured by placing optical sensors in the field which
are connected to a data acquisition system. After the ballistic tests were carried out,
each panel was secured by clamping the specimen horizontally and photographs of
the front and back sides were taken. The failure pattern and damage areas on both

surfaces of the sample were analyzed by using the SemAfore software. The damage
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diameter of hole deformation along thickness direction of the specimen was also
investigated. The equivalent diameters (D) of damage area of the specimen was
calculated based on equation (15) and was presented instead of an approximate

rectangle of the cone formation area.

D=2 |22 5

T

where a and b are width and height of damage dimension, respectively.

For multi-hit performance evaluation, the curved human model specimen
having 245x290 mm’ were manufactured and carried out ballistic test using the same
projectile i.e. 7.62x51 mm with a velocity range of 847+9.1 m/s based on level lIl of
NIJ 0101.04 for body armor. The specimens were conditioned by spraying of water on
both side for 15 min each and left for 10 min prior test. The panels were then
attached to the backing material made of Roma Plastilina No.1 oil base modeling
clay which is human body simulation and subjected ballistic test for six shots. The
shot locations were marked as shown in Figure 28 where the location of each shot
was not affected by previous impact damage. After each shot was performed, the
penetration resistance of the panel was evaluated. In the case of the complete
penetration on the specimen, the ballistic test was suddenly stopped. If only partial
penetration occurred, the depth of penetration on the clay backing material was
measured from the maximum momentary displacement of the rear surface of a

ballistic panel.
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Figure 28: General armor panel impact locations for multi hits performance
evaluation.

The optical micrograph on the impact and rear side of the damaged panels

was taken using 5x magnification.

4.3.5 Computational studies on the ballistic behavior of the composites

The ballistic performance of aramid fiber reinforced PBA/PU ballistic panels
were evaluated theoretically with a commercial hydrocode ANSYS AUTODYN. Aramid
fiber reinforced PBA/PU composite were simulated as the orthotropic material in
which the material properties differ along the three orthogonal planes. In ANSYS
AUTODVYN, the orthotropic equation of state (EOS) allows a nonlinear EOS to be used
in coupled with an orthotropic stiffness matrix. The composite laminates reinforced
with aramid fabrics having a plain weave pattern was assumed to have identical
properties in the fiber directions but different properties from each other through the
thickness direction. It was also assumed that materials were homogeneous. Four
edges of the panels were constrained for the movement. An initiation of failure was

resulted from the excessive tensile or shear stress and/or strain.
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A 9 mm FMJ projectile made of a copper jacket with a lead core was
modeled following the strength models of Steinberg-Guinan. The material properties
of the projectile were obtained from the standard ANSYS AUTODYN material library
as shown in Table [89]. The geometry of the projectile, the composite panel, and the
mesh creation are shown in Figure 29. The simulation was performed under the
same conditions as in the experimental work to have an accurate comparison. In
order to validate the input properties of materials, energy absorptions of 8-ply 80/20
PBA/PU composite panels having a dimension of 150x150x2.97 mm’ were
theoretically predicted and compared with the values from ballistic impact
experiments. The 8-ply of the specimens was employed to ensure the perforation so
that the residual velocity of the projectile can be measured. The failure
characteristics, deformation patterns, and energy dissipation mechanisms of the
ballistic panel were deduced from the simulated ballistic impacts.

The ballistic limit of the composite system based on NIJ protection level IlIA
was theoretically estimated from the 25-ply ballistic panel having dimension of
150x150x8.13 mm’. The aramid fiber reinforced PBA/PU ballistic panel having the
optimum ballistic performance was employed. The specimen dimensions resembled
the ballistic panel utilized in the actual light weight body armor. The failure
characteristics and deformation patterns of the ballistic panel were deduced from
the simulated ballistic impacts. The ballistic limit were determined by varying impact

velocities of the projectile until the sample were perforated. The reported value was
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the maximum impact velocity of the projectile in which the ballistic panel was
partially penetrated.

Table 11:Material properties for 9 mm FMJ and 7.62 mm projectiles [89].

Material: Lead core Value Property Value
Density 11,340 Kg m’ Equation of state Shock EOS
linear
Shear modulus 8,600 MPa Gruneisen coefficient 2.74
Plasticity Steinberg Parameter C1 2006 m/s
Guinan Strength

Initial yield stress 8 MPa Parameter S1 1.429

Maximum yield 100 MPa Parameter quadratic 0s/m

stress S2

Hardening constant 110 Failure

Hardening exponent 0.052 Maximum equivalent 2
plastic strain

Derivative dG/dP 1 Melting temperature 760 K

Derivative dG/dT -9.976 MPa/°C

Derivative dY/dP 0.0009304

Material: Copper Value Equation of state Shock EOS

jacket linear

Density 8930 Kg m' Gruneisen coefficient 1.99
Parameter C1 3940 m/s
Parameter S1 1.48




72

a) 4.25 mm b)

lead core

wa ¢

w2701

copper

- specimen
/ 8.13 mm
thickness
9 mm FMJ
projectile

150 mm

Figure 29: The mesh formation of a) copper jacket and b) a lead core of a 9 mm FMJ
bullet c) Front view and d) side view of the aramid fiber reinforced 80/20 PBA/PU

panel.

For hard armor, the simulation was done using the same conditions as in the
experimental work to have an accurate comparison. The samples having dimension
of 150x150 mm” was set. S glass fiber reinforced PBA backed by that aramid
composite subjected to 7.62x51 mm with velocity range from 838 to 856 m/s was

also simulated. Figure 30 shows the 7.62 mm projectile and specimen used in this
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investigation. Four edges of the panels were fixed. The comparison on the
deformation of composite materials of experimental and simulation was carried out.
The ballistic limit values of the specimens were determined by varying impact
velocity of projectile until the sample failed to withstand the penetration of
projectile. The coordination used in this research is that x and y-direction are in-

plane directions or fiber direction and z-direction is through thickness.

a) b)
A
7
E Brass jacket
§ Lead core
(o]
v
¢)
7.62x51 mm
r'd projectile
S glass fiber reinforced Aramid fiber reinforced

PBA composite 80/20 PBA/PU composite

Figure 30: a) Dimension of 7.62x51 mm projectile b) Material of the projectile and )

Specimen geometry.



CHAPTER V
RESULTS AND DISCUSSION

5.1 INTERLAMINAR SHEAR STRENGTH OF ARAMID FIBER REINFORCED PBA/PU
COMPOSITES

The interlaminar shear strength of aramid fiber reinforced PBA/PU composites
is shown in Figure 31. Aramid fiber reinforced PBA composites exhibited the highest
interlaminar shear strength of about 10.8 MPa while the composite with 40 wt% of
PU exhibited the lowest ILSS value of 8.60 MPa. That is the interlaminar shear
strength of the composites decreased with an increasing PU fraction in the matrix.
The interlaminar shear strength of KevlarTM/epoxy composite was reported to be
about 8.65-9.0 MPa [90] which was about the same as those of aramid fiber
reinforced PBA/PU composites as discussed above. Interlaminar shear strength of
sample depends primarily on the matrix properties and fiber-matrix interfacial
strength rather than the fiber properties [91]. The higher interlaminar shear strength
in the composite indicates the strong fiber-matrix interfacial strength.
5.2 INTERFACIAL ADHESION OF ARAMID FIBER REINFORCED PBA/PU COMPOSITES

Interfacial adhesion between PBA/PU matrices and aramid fiber was
evaluated by T-peel test method following ASTM D 1876 [88]. The interlayer
delamination strength, the maximum force per unit width of the sample to

delaminate, of aramid fiber reinforced PBA/PU composites as a function of PU
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contents is exhibited in Figure 31. From the figure, it was found that the neat PBA
composite showed the highest value of peel resistance whereas the composite with
an addition of PU in the benzoxazine matrix tended to provide lower peel resistant
values. It might be because PBA could form stronger hydrogen bond with amide
group in aramid fiber than urethane resin. The polar hydroxyl groups in
polybenzoxazine network are more abundant than the polar urethane groups of the
urethane elastomer due to a much longer hydrocarbon chain of the polyol used in
the urethane synthesis (i.e. Mw of the polyol = 2000). In other words, the bonding
strength of the PBA/PU matrices with aramid fiber can be tailored to give an
appropriate value for fiber-matrix delamination process which is one crucial energy
absorption in ballistic impact composites. KevlarTM/epoxy composite was reported to
provide a rather high value of peel strength (i.e. 350 + 25 N/cm [92]) thus lower
energy absorption by fiber-matrix delamination and poorer ballistic resistance than

our poly(BA-a/PU) matrices.
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Figure 31: Interlaminar shear strength (ILSS) and peel resistance of aramid fiber
reinforced PBA/PU composites.

In principle, weak fiber-matrix adhesion is advantageous for ballistic
applications. Weak adhesion facilitates the easy debonding of fibers from the matrix
and results in additional energy absorption mechanism through fiber pull out [93]. At
the same time, composite laminates should also have good structural stiffness [3]
[13], In our case, the PBA/PU matrix at 20wt% PU provides the best performance in
terms of ballistic resistance suggesting this composition gives the balance between
structural integrity and ballistic energy absorption. However, too weak matrix-fiber
adhesion, i.e. in the composite with PU content of more than 20wt%, tended to
provide less ballistic resistance. The specimens could be delaminated more readily
and excessively as can be seen from the lower energy absorption of aramid fiber
reinforced 70/30 and 60/40 PBA/PU composites. On the other hand, the composite

with too strong matrix-fiber adhesion did not delaminate and fibers failed to detach
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from the matrix thus less energy absorption was also observed. It could be
concluded that a proper adhesion between matrix and fiber in the composite
provided a high performance ballistic armor.
5.3 ENERGY ABSORPTION ABILITY OF ARAMID FIBER REINFORCED PBA/PU
COMPOSITES

The energy absorptions of aramid fiber reinforced PBA/PU composites with
various PU mass concentrations from 0-40wt% were evaluated. The composite
panels were subjected to the complete penetration by 9 mm FMJ bullets at
velocities of 367+9.1 m/s according to NIJ Standard-0101.04 at the ballistic protection
levels Il. At the protection level I, the energy absorptions increased from 106.7+24.8
J of poly (100BA-a-co-0PU) composite reinforced with aramid fibers to 130.7+5.4 and
135.5+8.3 J of the aramid fiber reinforced 90/10 PBA/PU and 80/20 PBA/PU
composites, respectively (Table 12). The favorable effect of PU in aramid fiber
reinforced PBA/PU composites was clearly evidenced. The enhancement in the
energy absorption of the 80/20 PBA/PU composite specimen was ~127% greater than
the energy absorption of the 100/0 PBA/PU specimen. For 70/30 PBA/PU and 60/40
PBA/PU composites reinforced with aramid fibers, the energy absorptions reduced to
116.6+26.1 and 123.0+13.6 J, respectively. The maximum synergistic effect in the
energy absorption was observed at the composite specimen with the PU mass
concentration of 20wt%. A considerably strong interfacial adhesion between the pure

PBA and aramid fiber was formed as previously reported [19]. It was attributed to the
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formation of the polar interaction between carboxyl and ether groups of aramid
fibers and hydroxyl groups of the pure PBA [94]. Therefore, the projectiles could
penetrate easily and the fiber failure was dominant. Aramid fiber reinforced 70/30
PBA/PU and 60/40 PBA/PU composite specimens delaminated more readily and
excessively due to their weak adhesion interaction. Consequently, less energy
absorptions by the composites were observed. In the latter case, the delamination of
the composite laminates was a major failure mechanism.

Nayak et al. reported that the weak fiber-matrix adhesion is advantageous for
ballistic applications. Weak adhesion facilitated the effortless debonding of fibers
from the matrix and resulted in an additional energy absorption mechanism through
the fiber pull-out [13] .The results from our ballistic test of the aramid fiber
reinforced 80/20 PBA/PU composite revealed that an appropriate adhesion between
the PBA/PU matrix and the reinforcing aramid fibers provided an enhancement in the
ballistic performance as a result from the synergistic energy absorption. Noticeably,
the percentage of the energy absorption by the aramid fiber reinforced 80/20 PBA/PU
composite was less than that of the neat aramid fabrics in which 20 plies of the
sample absorbed the impact energy about 500 J, corresponding to 90% absorption
[35] .This could be related to higher energy absorption of multilayer panel in the
non-perforation case than those of perforation case [95] .

The ballistic performance of aramid fiber reinforced PBA/PU specimens at the

PU mass concentrations of 0-40wt% were also evaluated at the NIJ ballistic
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protection level IIIA as displayed in Table 13. The composite panels were impacted
by .44 Magnum SJHP bullets with the velocities of 436+9.1 m/s. The maximum
synergy in the energy absorption of the aramid fiber reinforced 80/20 PBA/PU
composite was also observed at this protection level. The energy absorption values
of aramid fiber reinforced PBA/PU composites at the PU mass concentrations of 0,
10, 20, 30, and 40wt% were 355.7+24.1, 392.9+14.2, 399.2+14.2, 379.0+17.5, and
366.4+19.5 J, respectively .In comparison to the fiber reinforced epoxy composite,
the energy absorption by the 8-ply aramid fiber reinforced 80/20 PBA/PU composite
was found to be greater than that of a 16-ply fiber reinforced epoxy composite (12
plies of aramid/epoxy plus 4 plies of glass fiber/epoxy). The energy absorption of the
fiber reinforced epoxy composite was 369 J, whereas its thickness was 7.6 mm higher
than the thickness of the 80/20 PBA/PU composite [16]. The results suggested that
the copolymer of polybenzoxazine and polyurethane could be employed as the
ballistic fiber-embedded polymer matrix that provided the better or comparable
ballistic performance in terms of the energy absorption when compared to the
conventional epoxy resin.

Currently, there has been limited reports on utilization of a copolymer as a
binder for development of a ballistic armor. The enhancement on the ballistic
protection capability has focused mainly on the development of the hybrid
composites [16, 96], the particles with high energy absorption filled in the polymers

composites [97, 98], and the honeycomb structures [99]. The energy dissipation of
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the armor panel could be enhanced effectively by optimizing the adhesions
between the polymer matrix and the reinforcing fibers. High energy absorbing ballistic
panels could be potentially employed for a light-weight armor manufacturing since
the number of plies and thickness of the panel could be reduced without
compromising the ballistic performance. Although aramid fiber reinforced the pure
PBA composite exhibited the lowest ballistic performance among other aramid fiber
reinforced PBA/PU composites, Kevlar " reinforced PBA composites were reported to
show a higher energy absorption than the neat bisphenol A-based epoxy composites
reinforced with Kevlar ' fibers at the same fiber content. At the complete
penetration of the projectiles, the pure PBA composite showed a larger delaminated
area due to a better fiber-matrix delamination process, while a very small

delamination was observed in the epoxy composites [22].
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Table 12: Energy absorption abilities of aramid fiber reinforced PBA/PU composites at

various PU mass concentrations according to the NIJ protection level Il.

Mass Ratio Sample Impact Residual Impact Residual Energy Ave. energy Ave. energy
BA-a/PU number velocity velocity energy energy absorption absorption absorption/thickness
(m/s) (m/s) (@) (@) (€)] ) (@)
100/0 1 358.08 327.30 789.20 659.36 129.85
2 365.59 340.36 822.65 713.03 109.63 106.68+24.77 37.17+8.86
3 360.11 341.45 798.18 717.60 80.58
90/10 1 375.75 345.21 869.01 733.49 135.52
2 380.62 352.95 891.68 766.75 124.93 130.69+5.35 45.43+0.91
3 376.14 346.55 670.82 739.20 131.62
80/20 1 364.76 333.15 818.92 683.14 135.79
2 357.11 322.79 784.93 641.31 143.62 135.5+8.26 48.39+2.95
3 362.50 332.80 808.81 681.70 127.10
70/30 1 356.32 332.11 781.46 682.40 99.06
2 360.97 329.18 801.99 666.95 135.04 116.16+18.05 40.20+5.86
3 357.14 330.10 785.06 670.69 114.38
60/40 1 355.88 330.18 779.53 671.01 108.52
2 363.07 333.96 811.35 686.46 124.89 122.95+13.56 42.54+5.26

3 354.68 322.17 774.29 638.85 135.44
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Table 13: Energy absorption abilities of aramid fiber reinforced PBA/PU composites at

various PU mass concentrations according to the NIJ protection level llIA.

Mass Ratio Sample Impact Residual Impact Residual Energy Ave. energy Ave. energy
BA-a/PU number velocity velocity energy energy absorption absorption absorption/thickness
(m/s) (m/s) ) ) (€)] (€)] (@)
100/0 1 422.18 383.13 2160.22 1779.08 381.14
2 424.16 388.31 2180.53 1827.51 353.02 355.77+24.11 120.85+7.36
3 419.98 385.87 2137.76 1804.62 333.15
90/10 1 430.13 387.56 2242.34 1820.45 421.88
2 424.09 386.57 2179.81 1811.16 368.64 392.9+14.2 138.8+4.7
3 420.01 380.09 2137.96 1750.95 387.01
80/20 1 424.68 382.87 2185.88 1776.66 409.22
2 424.66 385.01 2185.67 1796.58 389.09 399.83+10.13 148.08+3.75
3 425.10 384.20 2190.21 1789.03 401.18
70/30 1 418.98 379.68 2127.60 1747.18 380.41
2 417.82 376.73 211583 1720.14 395.69 378.95+17.52 130.52+6.03
3 416.01 378.55 2097.54 1736.80 360.74
60/40 1 413.98 375.11 2073.69 1702.56 371.13
2 425.00 390.08 2189.18 1844.21 344.97 366.40+19.51 131.48+9.95
3 423.48 384.35 2173.54 1790.43 383.12
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5.4 EFFECT OF THICKNESS ON BALLISTIC LIMIT AND ENERGY ABSORPTION OF
ARAMID FIBER REINFORCED PBA/PU COMPOSITES

As the impacted kinetic energy of projectile is less than or equal to the
energy absorption of the specimen, therefore the projectile can stuck in the target.
On the other hand, complete penetration takes place as the impact kinetic energy of
projectile is more than the energy absorption. When the projectile penetrates the
target completely with zero residual velocity then initial velocity of the projectile is
referred to as the ballistic limit of a specimen. In other word, ballistic limit of the
sample is often defined as the minimum impact velocity that will result in complete
perforation with zero exit velocity.

Ballistic limit at 50% (Vso) is generally referred to as a particular value of
impact velocity at which at least 50% of the sample tested will be completely
penetrated by the projectile. Unless large number of samples are tested to define
the ballistic limit, it is very difficult to determine similarity of their ballistic limit value
[100]. In other direction, Vs, value can be determined regarding to as equation (17)
[66]. It should be noted that by this method the projectile is hard enough and the

specimens were totally penetrated during ballistic impact test.
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Figure 32: Vs, value and energy absorption of aramid fiber reinforced 80/20 PBA/PU
composites as a function of the sample thickness.

Samples having aramid fiber reinforced 80/20 PBA/PU with different thickness
values of 3, 4.5, and 6 mm were subjected to ballistic test by 9 mm projectile at
impact velocity 332+12 m/s to determine the influence of thickness to Vso value and
their energy absorption properties. As illustrated in Figure 32, Vs, value and energy
absorption increased linearly with increasing the composite thickness as expected.
V5o values of the samples were calculated as 159.1+8.3, 250.3+2.4 and 337.5+3.4 m/s
whereas energy absorption of the samples was 155.4+22.1, 385.7+21.4 and
701.2+17.3 J for thickness levels of 3, 4.5 and 6 mm, respectively. However, a sharp

increase in energy absorption was observed if the thickness of the sample was



85

beyond the critical thickness significantly influencing overall performance of the
panel [101].

A rapid increased in energy absorption/thickness of the specimen was also
observed as can illustrated in Figure 32. Such values were calculated as 55.3+6.7,
89.7+5.0 and 119.9+3.0 with specimen thickness of 3, 4.5 and 6 mm, respectively. Gu
et al. reported that energy absorbed by Twaron fabric increased linearly with the
target thickness [102]. Iremonger et al. also found that the energy absorbed by
fragment simulating projectile was proportional to the thickness of laminates [103].
The proportional constant depends upon the composite material and the projectile
used. The occurrence of this trend denoted that for definitive projectile and striking
velocity, energy of absorption per thickness has a critical value with thickness
variation. The results implied that the performance of armor panel can be enhanced
effectively by increased specimen thickness. However, the weight of specimen is also
considerably affected by sample thickness which limits the movement of officer.

5.5 DEPTH OF DEFORMATION ON THE BACK FACE OF ARAMID FIBER REINFORCED
PBA/PU COMPQOSITES AND ARAMDI FABRIC AFTER BALLISTIC IMPACT

Aramid fabric with various numbers of plies is commercially used as energy
absorption panel in a soft body armor to resist penetration of projectile based on NIJ
standard at test level II-A to llIl-A. In this experiment, ballistic performances of the
samples regarding to perforation resistance and depth of deformation on the back

face of aramid fiber reinforced 80/20 PBA/PU composite and aramid fabric at number
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of ply of 25, 30 and 35 plies were equally compared to each other. The center of
specimens was subjected by .44 Magnum at a velocity of 427+15 m/s. As can be
seen in Figure 33, no perforation on both aramid fiber reinforced 80/20 PBA/PU
composite and aramid fabric was noticed even at the minimum number of 25 plies.
With a larger number of ply, depth of deformation on the back face of our
composite and aramid fabric expectedly decreased. Those values of aramid
composite were 20, 15 and 8 mm whereas the values of aramid fabric were 44, 35
and 21 mm at number of ply of 25, 30 and 35 plies, respectively. The results were in
a good agreement with those observed in the system of aramid fabric where the
increase in number of ply caused the decrease in damage depth and diameter [35].
Depth of deformation on the back side of our aramid composite was 45% less than
aramid fabric compared at equal number of ply i.e. those values were 20 and 44
mm, respectively at 25 plies level. It was attributed to the projectile-yarn friction
which investigated the inter-layer interaction and yarn-to-yarn friction. With the
presence of PBA/PU binder, frictional contact between the projectile and aramid
fiber reinforced PBA/PU composite was higher thus the mobility of the yarn upon

impact would be reduced, resulting in higher energy absorption.
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35 plies of aramid PBA/PU composite 35 plies of aramid fabric

Figure 33: Depth of deformation on the back side of aramid fiber reinforced 80/20

PBA/PU composite compared to aramid fabric with vary thickness after subjected

to .44 Magnum at a velocity of 427 m/s regarding to NIJ standard test level IlI-A.
Consequently, depth of penetration on back side of the composite sample
was lower than aramid fabric with lower friction contact [104]. Karahan et al. studied
the effect of three stich types of aramid fabric using high twist para aramid sewing
yarn in order to increase performance of aramid fabric by increasing fabric friction.
The stich types included 1) sewn inside from the edges 2) sewn inside from the
edges and in diamond shape and 3) sewn inside from the edges and then with

intervals in bias type. It was found that no significant difference in trauma depth and
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trauma diameter was determined [35]. Therefore, it could be concluded that the
performance of ballistic armor could be enhanced by 45% with the use of our
aramid fiber reinforced 80/20 PBA/PU composite to substitute the use of aramid
fabric regarding to trauma depth and diameter.

5.6 TENSILE PROPERTIES OF ARAMID FIBER REINFORCED PBA/PU COMPOSITES

The energy absorption by a ballistic panel during an impact of a projectile
were attributed to several mechanisms including tensile failures, matrix cracking,
delamination, and shear plugging. Tensile failures of primary yarns under an impact
point and the surrounding secondary yarns were reported to be the main
contributing mechanism for high energy absorptions [105]. Therefore, the tensile
properties of the aramid fiber reinforced PBA/PU composites were primarily
evaluated.

The effect of PU mass concentrations on the tensile properties of the aramid
fiber reinforced PBA/PU specimen was investigated. The results are shown in Table
14. With an addition of PU in the aramid fiber reinforced PBA/PU composites, the
modulus values significantly enhanced from 11.2 + 0.8 GPa of the PBA composite to
173 £ 1.1 and 22.9 + 0.5 GPa of the 90/10 PBA/PU and 80/20 PBA/PU composites,
respectively. The modulus value then slightly decreased to 20.7 + 2.2 and 16.7 + 3.4
GPa when the PU mass concentrations in the composite specimens were 30 and
40wt%, respectively. The synergistic behavior in the tensile modulus of the aramid

fiber reinforced 80/20 PBA/PU composite was two times higher than the tensile
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modulus of the PBA composite reinforced with aramid fibers. The synergistic behavior
in the flexural modulus of aramid fiber reinforced 80/20 PBA/PU was previously
reported by Rimdusit et al. [22]. The tensile strength of aramid fiber reinforced 80/20
PBA/PU composite (446.6 + 48.3 MPa) was 54 MPa higher than the tensile strength of
the pure PBA reinforced with the aramid fibers (392.7 + 34.0 MPa). The tensile
strength of the Kevlar 29/epoxy composite [90] (170 MPa) was also lower than the
tensile strength of our aramid fiber reinforced 80/20 PBA/PU composites. The aramid
fiber reinforced 80/20 PBA/PU composites also exhibited better modulus and tensile
properties than the Kevlar/epoxy composite having the tensile strength of 291.1 +
12.5 MPa and the modulus value of 12.7+1.1 GPa [106].

The measured tensile properties of aramid fiber reinforced PBA/PU
composites was in agreement with the ballistic performance. The aramid fiber
reinforced 80/20 PBA/PU composite provided the best ballistic performance and
exhibited the synergistic behavior in the ballistic energy absorption, the tensile
modulus, and the tensile strength. In addition, the aramid fiber reinforced 80/20
PBA/PU demonstrated the conformity between the structural integrity and the
ballistic energy absorption. The measured modulus values of the ballistic panel were

further employed for theoretical investigations.



90

Table 14: Tensile properties of the aramid fiber reinforced PBA/PU composites at

various PU mass concentrations.

Mass ratio Young’s Modulus Tensile strength  Strain at break
BA-a/PU (GPa) (MPa) (%)
100/0 11.2+0.8 392.7+34.0 4.7+0.2
90/10 17.3x£1.1 413.5+22.4 4.5+0.3
80/20 22.9+0.5 446.6+48.3 4.3+0.1
70/30 20.7+£2.2 418.1+41.9 4.3+0.3
60/40 16.7£3.4 374.8+34.9 4.7+0.5

5.7 AND SIMULATION RESULTS COMPARISON ON EXPERIMENTAL MEASUREMENTS
OF ARAMID FIBER REINFORCED PBA/PU COMPOSITES

An energy absorption of aramid fiber-reinforced 80/20 PBA/PU was also
predicted by a hydrocode simulation and compared to the value determined from
the experimental result. The simulation on ballistic test was conducted by impacting
a 9 mm FMJ bullet at the velocity of 436+9.1 m/s for one shot at the center of the
8-ply aramid fiber-reinforced 80/20 PBA/PU ballistic panel having dimensions of
150x150x2.97 mm . The conditions employed in the theoretical investigation were
equivalent to the actual experimental setup. The properties of aramid fiber
reinforced 80/20 PBA/PU composite are presented in Table 15. It was also assumed
that materials were homogeneous. An initiation of failure was triggered from the

excessive tensile stress and/or strain or shear stress and/or strain. The predicted
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energy absorption of the aramid fiber reinforced 80/20 PBA/PU composite was 402 J.
This value was quite similar to the measured energy absorption of 399 J. The
difference was only 0.75%. Therefore, the theoretical modeling of the projectile and
the ballistic panel and various material parameters utilized in the simulation were

validated.

Table 15: Materials properties of the aramid fiber reinforced 80/20 PBA/PU

composite.
Equation of Density, g/cm3 Young modulus, kPa Poisson’s ratio
state
p Ell EZZ E33 v12 V23 V31
Orthotropic 1.5 23x10’ 2.3x10’ 1.5x10° 0.07 0698  0.075
Strength Shear modulus, kPa Failure Tensile failure strain
€ € €
G, G,, A 11 22 33
Elastic 3x10° 1.5x10" 1.5x10" Material stress/strain ~ 0.07 0.07 0.02

* Remark: Poisson’s ratio and shear modulus of the compoistes were estimated by comparison of experimental

and simulation results.

In the actual light weight body armor, the ballistic panel composed of the 25-
ply aramid fiber-reinforced 80/20 PBA/PU composites. Hence, the ballistic impact on
the 25-ply aramid fiber-reinforced 80/20 PBA/PU composites having a dimension of
150x150x8.13 mm° was simulated under the same conditions for the energy
absorption prediction. The hole formation and fiber breakages under at the impact
point and the deformation of primary yarn regions on the impact side of the
composite were observed from both the theoretical results and the actual

experimental measurements as illustrated in Figures 34. These results further
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corroborated the validation of material parameters employed for the theoretical
investigations. Therefore, the simulations were additionally exploited for predicting
the failure mechanisms of the composite under the ballistic impact and the ballistic
limit.

The time-dependent stress distribution and material deformations during the
ballistic impact of the aramid fiber-reinforced 80/20 PBA/PU were illustrated in Figure
35. At the precise moment of the projectile impact, a much intense stress around
the impact point was generated and the hole from fiber failures due to the excessive
shear stress and/or strain was subsequently formed as observed in Figure 35a. The
residual stress wave then propagated along the plane of the panel and through the
transverse direction along the panel thickness, resulting in a stretching of the
unbroken yarns and a conical deformation as noticed in Figures 35b and 36c. The
stress was further propagated and hence the global deformation in the composite

was observed (Figure 35d).
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Figure 34: The comparison of the material deformations on the impact side of the
25-ply aramid fiber reinforced 80/20 PBA/PU composite panel from a) the theoretical

simulation and b) the actual experimental measurement.

¢) 170 ps ) d) 220 ps

Figure 35: Time-dependent evolutions of the stress distribution and the panel

deformations after impacting the 9 mm FMJ projectile onto the 25-ply aramid fiber

reinforced 80/20 PBA/PU composite.
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5.8 THE BALLISTIC LIMIT AND THE FAILURE MECHANISMS OF ARAMID FIBER
REINFORCED 80/20 PBA/PU COMPOSITE PANEL

The ballistic limit of the 25-ply aramid fiber reinforced 80/20 PBA/PU
composites with the dimension of 150x150x8.13 mm’ was determined by varying an
impact velocity of a 9 mm FMJ bullet until the perforation on the panel was
achieved (Figure 36a) .The theoretical ballistic limit of the aramid fiber reinforced
80/20 PBA/PU composite panel was determined to be 690 m/s .The ballistic limit of
our ballistic panel was higher than the ballistic limits of the Kevlar/polypropylene
composite [107], the Kevlar 29/epoxy laminate [86], and the hybrid laminates of PVB-
kenaf fiber, PVB films, and Heracron® aramid fabric coated with PVB-phenolic film
[108] in which the ballistic limits were reported to be 471 m/s, 680 m/s, and 665
m/s, respectively. The high ballistic limit of the aramid fiber reinforced 80/20 PBA/PU
suggested that the poly(benzoxazine-co-urethane) polymer matrixes could be
employed to enhance the ballistic performance of fiber reinforced polymer

composites for soft body armor applications.
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Figure 36: The theoretical ballistic limit determination (a), the failure mechanisms (b)
and the stress distribution (c) of the 25-ply aramid fiber-reinforced 80/20 PBA/PU
composite after subjected to an impact by a 9 mm FMJ projectile having an impact
velocity of 800 m/s.

The failure modes of the 25-ply aramid fiber reinforced 80/20 PBA/PU panel
impacted by a 9 mm FMJ projectile having an impact velocity of 800 m/s, which
exceed the ballistic limit of the sample, is shown in Figure 36b. Shear plugging and

failures in primary yarn were the main failure patterns as observed from the impact
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face and the back side of the composite panel, respectively. The stretching and
breakage of primary yarns were due to the excessive stress and strain values.
Moreover, a much intense stress through thickness direction was also observed as
illustrated in Figure 36c. The stress distribution in the primary yarn region was
observed due to the plain weave design of the aramid fabric. This characteristic
resulted in a pyramidal shape deformation on the back side of the composite.
5.9 MEASUREMENT OF E GLASS FIBER REINFORCED PBA COMPOSITE AS STRIKING
PANEL FOR HARD BALLISTIC PANEL

At NIJ level Il ballistic impact, the test was performed on the composites
which were assembled from glass fiber reinforced PBA composite as striking panel
and backed by aramid fiber reinforced 80/20 PBA/PU samples as energy absorption
panel. The composite panels were subjected by 7.62x51 mm projectile at a velocity
of 847+9.1 m/s. It was found that even type E g¢lass fiber reinforced PBA composite
could deform the tip of projectile into fragmented but perforation on the composite
panel of the first glass fiber composite panel and later aramid fiber composite panel
was observed. This could be related to a high residual kinetic energy remained in the
deformed projectile in a big mass. Consequently, two panels of type E g¢lass
composite were manufactured to further destroy the fragmented into small pieces
with lower kinetic energy so that as aramid fiber composite samples would
completely absorb the residual energy to prevent perforation on the specimen. The

specimens of the first two panels of type E glass fiber reinforced PBA and later



971

aramid fiber reinforced 80/20 PBA/PU resisted the penetration of 7.62 mm projectile

as can be seen on the back side of aramid composite panel as shown in Figure 37.

1+t Panel: E-glass fiber
reinforced PBA composite

2nd Panel: E-glass fiber
reinforced PBA composite

ST
matrix cracking

3vd Panel: Aramid fiber
reinforced 80/20 PBA/PU
composite

Figure 37: Ballistic impact behavior of the composite panels consisted of the first two
panels of type E glass fiber reinforced PBA composites and aramid fiber reinforced
80/20 PBA/PU composite showing an ability of the composite to resist the
penetration of 7.62x51 mm projectile at a velocity of 847+9.1 m/s based on test

level lll of NIJ standard.
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Damage pattern of type E sglass fiber composite also with aramid fiber
composite after having ballistic impacted was evaluated. The damage area on back
side of the glass fiber sample was expectedly to be higher than that of front side as
illustrated in Figure 37. This was due to the impact projectile behaved sever
deviation from normal impact resulting in much extensive damage on back side of
the specimen as also noticed from localized damage around perforation region [13]
[109]. Major damage modes of glass fiber composite sample were clearly observed as
fiber breakage at the impact point due to tensile failure as well as more intense
delamination area and matrix cracking around perforated part. The damage pattern
of our glass fiber reinforced PBA composite could be related to that of type E glass
fiber/epoxy composites [96]. Damage configuration on the sample was nearly circular
with higher intensity of damage in the inner region than the outer region. Such
behaviors of the composite were also reported by Rahman et al. in system of glass
fiber/epoxy/multiwall carbon nanotube [100]. The failure modes on the aramid
composite were localized and the whole damage. Localized damage was related to
the tensile failure in primary yarn that were in direct contact with the projectile
where concentrated only at the specific target area around impact point. The whole
damage involving secondary yarn breakage contributed to the high energy dissipation
rate into the surrounding area. During the latter phenomena, more yarns are broken

in which more energy has been absorbed for the composite panel [104].
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Type E glass fiber reinforced PBA composite and aramid fiber reinforced 90/10
PBA/PU composite was also subjected to ballistic test at the same format to the
ballistic armor with aramid fiber composite having 20wt% of PU content. As can be
seen from side view of the last panel of aramid fiber composite, complete
penetration was observed on the ballistic armor using aramid fiber composite with
10wt% of PU content as absorption panel as depicted in Figure 38. The results from
this hard ballistic test was in a good agreement with those of the previous of energy
absorption of sample which also confirmed that aramid fiber reinforced 80/20
PBA/PU specimen exhibited the highest energy absorption. Therefore, samples having
such combination could have a real good potential to be used for ballistic armor
manufacturer. The areal weight density of the composite system was 4.1 g/cmz.

The depth of cone formation of the non-perforated or partial penetrated
aramid fiber reinforced 80/20 PBA/PU composite was lower than that of the
perforated aramid fiber reinforced 90/10 PBA/PU specimen as can be observed in
Figure 38. During the ballistic impact event, the composite panel absorbed some
kinetic energy from the bullet and simultaneously transferred to surrounding area
thus deformation was then occurred. Longitudinal/radial propagation of stress waves
occurred on the plane of the target panel. Amount of residual energy which cannot
be absorbed was transmitted to the back side of the sample resulting in a damage

[110]. These findings were similar to those of results in that aramid fiber reinforced
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80/20 PBA/PU composite absorbed and dissipate more impact energy thus less cone

deformation on the back side occurred [111].

Aramid fiber reinforced 80/20 PBA/PU composite

38 mm

Figure 38: Comparison on depth of deformation on the back side of 3" panel of
aramid fiber reinforced PBA/PU composite with 20wt% and 10wt% of PU content
after ballistic impacted by 7.62x51 mm based on test level lll of NIJ standard.

The damage diameter of penetration hole along thickness direction of aramid
fiber reinforced PBA/PU specimen after hard ballistic test was evaluated. The cone
formation area was similar to rectangular shape thus equivalent damage diameter
was calculated based on equation (15). Figure 39 shows the equivalent diameter of
penetration hole at different depths along the thickness direction of aramid fiber
reinforced PBA/PU sample having 10 and 20wt% of PU content. It appears that the
equivalent diameter of damage hole of the composite increased along the depth.

The damage holes were more dispersed with the depth in which more energy was
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absorbed by each ply of the composite. At the depth of about 7.5 mm, complete
penetration was observed on sample having 10wt% of PU content where the
composite with 20wt% clearly had no perforation. The specimen could effectively
absorbed impact energy and exhibited an ability to stop the movement of the
projectile within 18 plies out of 25 plies of the sample. Some of residual energy of
the sample was absorbed in elastic deformation of the composite while the

remaining was created certain amount of damage in the sample.
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Figure 39: Equivalent damage diameter of hole at different depths along the
thickness of aramid fiber reinforced PBA/PU composite:-— ®—80/20 PBA/PU and —

W—90/10 PBA/PU composite.



102

In comparison, the equivalent diameter of damage region assessed from the
specimen with 20wt% of PU content was more than that of the specimen having
10wt% of PU content. At about 9 mm thickness, the equivalent diameter of in plane
damage of the specimen with 10 and 20wt% was measured to be 123 and 155 mm,
respectively. On the other hand, when the projectile completely penetrated the
sample, much more localized damage was dominant and was generally lower than
the case where partial penetration of the sample was presented. Moreover, damage
area or delamination area also related to energy absorption of the composite in such
the way that the delamination areas increased with the increase of absorb energy
during an impact event as reported by Hirai et al. [110].

5.10 Measurement of S Glass Fiber Reinforced PBA Composite as Striking Panel
for Hard Ballistic Panel

Type S slass fiber reinforced PBA composite was also evaluated to be used as
striking panel for hard ballistic armor and compared to those of type E glass
composite. The S glass composite panels were prepared in the same format to as E
glass composite panels and backed by aramid fiber reinforced 80/20 PBA/PU sample.
Figure 40 illustrates the ballistic test results of the specimens after impacted by

7.62x51 mm projectile.
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1* Panel: S-glass fiber
reinforced PBA composite

2% Panel: S-glass fiber
reinforced PBA composite

34 Panel: Aramid fiber
reinforced 8020 PBAPU
composite

Figure 40: Ballistic impact response of the composite specimens made from two
panels of 25 plies each of S-glass fiber reinforced PBA and 25 plies of aramid fiber
reinforced 80/20 PBA/PU after impacted by 7.62x51 mm projectile.

It appeared that the specimens could potentially stop and catch the
projectile by remaining complete perforation on the first two panels of S glass
composites and partial penetration on the last panel of aramid composite. In
comparison to the results of ballistic test using E glass composite, a much lower

damage area and depth of penetration on aramid composite panel of these
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composite system was clearly noticed. This could be related to that S glass fabric
had tensile modulus of about 56 GPa which is greater than that of E glass fabric
having the value of 38 GPa resulting in superior ballistic performance in terms of
both reduction in back face deformation and depth of penetration on back side of
the aramid composite. Moreover, it was attributed to higher sonic velocity of S glass
composite in which the velocity of wave propagation increased with the square root
of fiber modulus and inversely with the square root of fiber density [112]. The fiber
with high sonic velocity could be able to spread out absorbed energy fast and
efficiently [113]. Therefore, there was less amount of residual energy left to further
penetrate the aramid composite panel and cause small deformation on the
specimen. Furthermore, S-glass fiber composite was mainly made of silicon dioxide
with high hardness providing an ability to destroy the projectile into fragment thus
impact energy was also reduced and only fiber stretching with no failure was formed
on the last panel. It could be observed that the shape of cone formation on the
aramid panel closely rectangular. The center distances of damage area were
measured and calculated into equivalent diameter which was about 78 mm. This
result indicated a potential use of S glass fiber reinforced PBA composite as striking
panel for hard ballistic armor. The areal weight density and total thickness of the
laminate specimens were as high as 5.57 g/cm2 and 32.6 mm, respectively. Although

the specimens can resist the bullet their heavy weight and bulkiness limited further
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their utilization as human body armor. The ballistic specimens having weight
reduction was further developed.

The composite panels made of 35 plies of S glass fiber reinforced PBA backed
by aramid fiber reinforced 80/20 PBA/PU composite were fabricated and subjected to
projectile. As can be seen in Figure 41, S glass composite was completely penetrated
by projectile as expected. Fiber breakage and matrix cracking on the panel where no
perforation on the rear side of aramid composite was also observed indicating the
penetration resistance of the specimens. The deformations on primary and
secondary yarns were obviously noticed on impact side of the aramid composite
whereas cone formation on the rear side of aramid fiber took place having damage
diameter of about 140 mm. The fibril breakage was noticed on the impact side of
both S g¢lass fiber reinforced PBA composite and aramid fiber reinforced 80/20
PBA/PU composite as seen in Figure 42. Furthermore, the residual fragment of S glass
composite after perforated was caught by the latter aramid panel

The failure modes occurred in this one panel of S-glass composite were likely
the same to those of the armor panels having two panels of S glass composite
backed by aramid composite panel. In comparison, the damage area on S glass
composite were limit in specific area whereas the large area of panel made of
ceramic such as alumina and silicon carbide was destroyed by crack propagation [55,

114, 115]. Therefore, the use of ceramic panel as strike face for multi-hit resistance
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was obstructed. As can be seen in Figure 8, the damage diameter of the S glass

panel was measured to be less than 7 mm.

front back

s R

2% 6
e el lial

15t Panel: S-glass fiber reinforced
PBA composite

24 Panel: Aramid fiber
reinforced 8020 PBA/PU
composite

Figure 41: Ballistic impact response of composite specimens made from: 35 plies of
S-glass fiber reinforced PBA composite and 25 plies of aramid fiber reinforced 80/20
PBA/PU composite after impacted by 7.62x51 mm projectile.

The areal weight density and total thickness of the armor panels were 4.5
g/cm2 and 24.5 mm, respectively. These findings showed slightly higher in areal
weight density than that of the samples manufactured from E glass composite but

the thickness of the specimens was significantly reduced.
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Figure 42: Macrograph of the composite specimens after impacted by 7.62x51 mm
projectile a) impact side b) rear side of S glass fiber reinforced PBA composite ¢)
impact side of aramid fiber reinforced 80/20 PBA/PU composite
5.11 COMPARISON ON EXPERIMENTAL AND NUMERICAL RESULTS OF FIBER

REINFORCED PBA/PU COMPOSITES

The properties of S glass fiber reinforced PBA used for simulation were shown
in Table 16. The deformation on the rear side of the aramid composite from the
predicted and experiment test was compared. From Figure 43, it appeared that the

simulation results closely matched with the test result indicating an accuracy of the
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estimated properties of those S glass and aramid composites to be further predict

ballistic limit velocity of the specimen and its failure behavior.

Table 16: Materials properties of S glass fiber reinforced PBA composite used for

simulation.
Equation of Density, Young modulus, kPa Poisson’s ratio
3
state g/cm
P Eiq E;; Esz vy V23 V31
. 7 6
Orthotropic 2.2 7x10 7x10°  7x10° 0.12 0.4 0.2
Strength Shear modulus, kPa Failure Tensile stress, kPa
G1z Gyz  G3q O11 Oz, O3z
. 6 6 5 3 5 5 q
Elastic 6x10 6x10  6x%10 Material 6x10 6x10 7x10

stress/strain

* Remark: Poisson’s ratio and shear modulus of the compoistes were estimated by comparison of experimental

and simulation results.

Figure 43: Back face deformation on the aramid composite after impacted by 7.62x51

mm showing the similar impact response of a) experimental and b) simulation.
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5.12 BALLISTIC LIMIT VELOCITY EVALUATION OF FIBER REINFORCED PBA/PU
COMPOSITE

The ballistic limit of the sample was measured by varying an impact velocity
of 7.62x51 mm projectile until perforation was noticed. From Figure 44a), the value
of the composite panel was determined to be at 930 m/s. Figure 44b) illustrates the
failure of the sample on a resistance to the projectile having an impact velocity of

950 m/s which exceed ballistic limit of the sample.
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Figure 44: Ballistic characteristic a) Ballistic limit b) Failure in the composite panel by

7.62x51 mm having velocity of 950 m/s higher than its ballistic limit.

The failure of the specimens at each time interval is illustrated in Figure 45.
The tip of projectile started to erode after penetrated into the S glass composite
panel as shown in Figure 45a). An impact energy from the projectile transferred

through the S glass panel to the aramid panel as evidenced from the cone formation
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on the rear side of the last panel as presented in Figure 45b). An increase of
deformation on the backing panel was observed because large amount of kinetic
energy of the bullet was dissipated to destroy the sample. The tip of the bullet was
flattened and mushroomed as can be seen from Figure 45c). After 44 ps, the S glass
panel was completely perforated and the bullet totally eroded left only portion of

projectile to further penetrate the aramid composite as shown in Figure 45d).

a)7 us b)22 us

©) 30 ps by44 us

Figure 45: Impact response of the specimens impacted by 7.62x51 mm having
velocity of 838 m/s at each time interval.
5.13 MULTI SHOTS PERFORMANCE OF FIBER REINFORCED PBA/PU COMPOSITE
PANEL
The specimens having dimension of 245x290 mm’ was prepared into curved
specimen to be evaluated as body armor. The ballistic tests were conducted by

7.62x51 mm within velocity range of 847+9.1 m/s for six projectile shots on the
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specimens backed by clay witness. The projectiles were stopped and their kinetic
energy was completely absorbed and dissipated inside the specimens leaving

indentation in the clay witness as can be seen in Figure 46.

front back

1%t Panel: Sglass fiber reinforced PBA
composite

2" Panel: Aramid fiber reinforced
80,20 PBA/PU composite

Figure 46: Multi-shot resistance of S-glass fiber reinforced PBA composite backed by
aramid fiber reinforced 80/20 PBA/PU composite: showing impact velocity and depth
of penetration measured from backing clay material for each impact shot.

Depth of penetration in the samples was measured from backing clay
material and was recorded. The values were marked in Figure 46 in which the depth
of penetration for all six impact shots were lower than 44 mm as limited based on

NIJ standard for serious blunt trauma. The highest value of penetration on the
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specimen was 25.99 mm located at the center of the specimen which was the last
shot where all the damage area of the previous five shots were integrated resulting
in the maximum deformation on the panel. Such findings indicated the high
performance of armor system based on fiber reinforced PBA/PU composites to be
used as human body armor.

Table 17: Comparison of areal weight density of our fiber reinforced PBA/PU

composite and others hard ballistic armors.

Hard ballistic armors {Lealweight density Ref.
(g/cmz)
E ¢lass Fiber reinforced PBA/PU Present
4.1
composite system study
S glass Fiber reinforced PBA/PU Present
4.5
composite system study
. . . ™
Alumina ceramic/stainless/Kevlar
7.1 [116]
reinforced benzoxazine alloy panels
S-glass and E-glass reinforced
4.88 [63]
polypropylene
boron carbide ceramic/composite
5.25 [48]
metal foam interlayer/ Kevlar
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The ballistic performances of this developed armor were compared to those
of other systems at the same threat level as summarized in Table 17. The armor
based on S glass backed by aramid composite showed significant lower areal weight
density and the similar thickness to the armor system manufactured from boron
carbide ceramic/composite metal foam interlayer/ Kevlar panel having the value of
5.25 g/cm2 and 24.5 mm, respectively. [48]. However, no multi-hit resistance as well

as depth of penetration was reported.
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