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Abstract

A platform to design composite materials of a polymeric matrix, thatare specifically for military applications
on fluvial and naval navigation, has been developed using energy dissipation and storage mechanisms.
Our composites are designed to generate synergy between the dissipation capacities of ceramics and
high-performance fibers, which are used as the reinforced material in the lightweight laminates. The
composite design is combined with processing tools and advanced characterization techniques that result
in laminates with reliability, traceability and quality. The platform begins with the identification of
energy dissipation mechanisms and the detailed characterization of the polymeric resin. It includes the
Time — Temperature — Transformation Diagram (TTT- Diagram) that supplies the optimal processing
conditions. Our designs open new paths for military applications including a wide spectrum of protective
systems together with geometric versatility, high mechanical resistance and reliability.

Key words: Composite Materials, Materials Design, Military Applications, Impact Energy Dissipation
Mechanisms, Naval and Fluvial Applications.

Resumen

Utilizando los multiples mecanismos de disipacién de la energia de impacto a alta velocidad, hemos
desarrollado una plataforma de diseno de materiales compuestos de matriz polimérica, especiales para
aplicaciones militares en navegacién fluvial y maritima. Nuestros compuestos pretenden hacer sinergia
entre las capacidades de disipacién de cerdmicos y fibras de alto desempefio, los cuales son utilizados
como los elementos de refuerzo en los laminados de bajo peso. El disefio del material es combinado
con herramientas de procesamiento y técnicas avanzadas de caracterizacién que resultan en laminados
consistentes de alta repetibilidad, trazabilidad y alta calidad. La plataforma parte de la identificacién
de los mecanismos de disipacién y de una caracterizacién detallada de la resina polimérica, el cual
incluye un diagrama de Tiempo-Temperatura-Transformacién que provee las condiciones éptimas de
procesamiento. Nuestros disefios abren rutas novedosas para aplicaciones militares, los cuales incluyen
amplios portafolios de proteccién, versatilidad geométrica, resistencia mecénica y confiabilidad.
Palabras claves: Materiales Compuestos, Disefio de Materiales, aplicaciones Militares, Mecanismos de
Disipacién de Energia de Impacto, Aplicaciones Navales y Fluviales.
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Ballistic Materials and Design
Trends

From the beginnings of the human race, man
has made elements for his personal protection.
Leather, wood and some metals were used as
materials to fabricate helmets, body-armor, shields
and other items. Today, metals are used for these
purposes and intensive research is done to improve
their ballistic performance. Steel, aluminum
and titanium alloys are widely used for these
applications [1-11]. Nevertheless, metals are heavier
than polymers and some ceramics, limiting their
application for lightweight body and structural
armors for land, air and water vehicles. In addition,
metal processing requires large quantities of
energy. Ceramics, polymers and composites have
become the new option to avoid these restrictions
[12-15]. However, each material and composite
faces challenges due to the constant improvements
in the development of projectiles and weapons and
in the specific conditions of new applications.

According to Grujicic [16], fiber-based composites
were used for the first time in body-armor in
the Korean war. They were constructed with
nylon fabric and E-glass fibers within an ethyl
cellulose matrix composite. Currently, high
performance polymeric fibers such as poly-
aramids (Kevlar[17,18], Twaron [18,19], Technora
(18, 20]), highly oriented and crystallized ultra
high molecular weight polyethylene (UHMWPE)
(Spectra [18, 21] and Dyneema [18, 22]), poly-
benzobis-oxazole PBO (Zylon [18, 23]) and poly-
pyridobisimi-dazole PIPD (M5) [18], are widely
used for ballistic composites. Under tension, these
materials differ significantly from the nylon fibers,
having a high absolute stiffness, extremely high
specific strength, and quite low (<4%) strains-to-
failure. These fibers essentially behave in tension
as rate-independent linear elastic materials. When
they are subjected to transversal compression tests
they show large plastic deformations similar to
the strains measured for the nylon and without
having significant losses in their tensile load
capacity. This behavior radically differs from
carbon and glass fibers, which tend to flake under
a tensile load condition.

The ballistic performance of polymeric fibers is
evaluated according to their capacity to absorb the
kinetic energy from a projectile and how fast they
can disperse that energy to their surroundings,
avoiding local conditions for failure [16]. The last
aspect is governed by the sound speed in the fiber
¢ =\ E/p where E is Young’s modulus and p the
material density) [16,18].

UHMWPE and aramid fibers (like KEVLAR) had
become popular reinforcement materials due to their
high performance. They had replaced traditional
ones like glass and nylon fibers [16]. However, in
extreme applications, where a NIJ-III is required or
IV protection levels, ceramic materials are preferred.
Among them, alumina (Al203) is widely used due
to its low manufacturing cost and the multiple
options to process them, i.e. slip casting, pressing
or injection molding. According to Medvedovski
special and expensive equipment is not needed for
their processing [12, 24-26]. These materials are
characterized by good mechanical properties and
a relative low density (3.95 g/cm?® for the alumina;
aluminum density is about 2.7 g/cm?).

In this paper, we are describing a platform to
design composite materials of polymeric matrix
that are special for military applications. Our
platform integrates lightweight laminar composite
materials, designed from their impact energy
dissipation and storage mechanisms, with state-
of-the-art manufacturing process and material
characterization techniques.

Energy Dissipation and Storage
Mechanisms under Impact

There are multiple mechanisms that have been
identified to stop a projectile. Some of them are
associated to the energy absorption during the
localized and progressive damage of the target
material while projectile pass through it, i.e.
matrix cracking, shear delamination, compression-
cutting, tensile-cutting, hydrostatic compression,
melting (Karamis’ zones), adhesion and abrasion
[27-32]. Other mechanisms are associated to the
temporary energy storage, the elastic deformation
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and the movement of the cone [30, 33]. The presence
and the incidence of all these mechanisms are
conditioned by: the projectile and target materials
(1, 18, 24-38]; the geometrical characteristics of
the projectile nose [1, 37, 38]; the properties of the
materials and the configuration of the composites
(as laminar or layered structures, disperse particles
in a matrix, oriented fibers in a matrix or porous
mediums) [28, 30-33, 36-39]; impact angle and
impact speed [1, 34] among others.

Polymer matrix composite materials with laminar
structures are another kind of ballistic materials
that combine a set of interesting mechanisms to
stop a bullet. Gama and Gillespie [30-32] worked
with a §-2 glass/SC15 composite and proposed a
model based on a Quasi-Static Punch Shear Tests
(QS-PST) to quantify and classify the energy
dissipation into elastic and absorbed energies as
a function of the penetration displacement and
support span. The energy partition is based on the
identification of the mechanisms that take place
during the five phases of the bullet-penetration:
(i) impact-contact and stress wave propagation; (ii)
hydrostatic compression and local punch shear;
(iii) shear plug formation under compression-
shear; (iv) large deformation under tension-shear;
and (v) end of penetration and structural vibration.
Contrary to a dynamic ballistic impact, where
typical bullets are engineered projectiles, flat nose
cylinder projectiles were used, with the assumption
that they are considered rigid bodies. Classical
Ballistic Limit Analysis (CBLA) applies for rigid
projectiles and establishes that the limiting velocity
V> i.e. the velocity for which the probability that
a projectile penetrates a target, is related with the
impact velocity V), the residual velocity V, and the
projectile mass 72, :

1 1 2 1 1

o My Vsl

@)

Equation (1) establishes that the transferred energy
to the target by the projectile in case of whole
penetration (V> V, ) equals the sum of the kinetic
energy associated to V, and the kinetic energy of
an equivalent mass 72, that moves with residual
velocity V,. Consequently, V, is defined as follows
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Ve=a(7-v2)"

This velocity can be estimated from the Lambert
and Jonas equation [1] as

3)

V=B -y,

where f and p are fitting parameters. Equations
(1) and (2) with experimental data for impact tests
using different V, provide an estimation of the
limiting velocity of a projectile-target system (see
Fig. 1).

In the case where a complete projectile penetration
occurs V,— V.~ and V.=0. Therefore, it is possible
to separate the kinetic energy transmitted to the
target as the sum of three components: (i) absorbed
energy by the target by several failure mechanisms,
E, . 5 (ii) accumulated elastic energy, £ oS and
(iii) kinetic energy associated to cone movement,

ccome + 1he energy transmitted to the target, £
is defined by,

E50 = Eab:orlzm' + EE—Acum, + EK—Came

“4)

Elastic and kinetic energies are dissipated after the
impact by mechanisms of structural vibration and
viscous damping (mechanisms (v)). Some authors
[30-33] consider these energy components as part
of the energy absorbed by the system; however, this
approximation is not satisfactory because a great
amount of energy that is initially transmitted to
the target is then transmitted to the environment
and is not fixed or permanently stored by the
material [30].

in E50 ,
identification of the active mechanisms is performed
using ballistic punch shear tests (Ballistic-PST) and
a relationship is established with those mechanisms
observed in QS-PST for the same ballistic system
(target-projectile) [30]. From a systematic study of
set of curves obtained from the QS-PST, Gama and
Gillespie's team developed a quasi-static ballistic

To estimate each contribution an
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Fig. 1. Residual velocity V, as function of the impact velocity V , for a S-2Glass/SC15 layered composite with a target
thickness H,= 13,2 mm and a flat nose cylinder projectile made of steel with mass m =138g and diameter Dp= 12,7
mm [30]
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penetration model and a method to determine the
ballistic limit V, for laminar composite materials
[30-32]. We currently are working to enhance the
applicability of this model to laminar composite
materials reinforced with hard ceramic particles.

In the case of ceramic materials of high alumina
content (alumina-mullite AM, or alumina
containing mullite, zirconia and zircon ZAS)
and heterogeneous reaction-bonded ceramics,
failure mechanisms are linked with brittle
fracture [24-26]. On the rear face, the affected
impact region is characterized by coaxial and
radial cracks generated by tensile stress (because
of bending associate to the bulging) that give
this area a cone shape (Fig. 2). Spalling is also
observed. The size of the generated fragments
varies in an extremely wide range from extra-fine
powders (on the nanometer scale) up to big parts
of the order of several centimeters (mesoscale).
Sarva et al. [35] have discovered that this fine
powder is generated by an erosive mechanism
that erodes the projectile reducing its kinetic
energy. This resulting powder is the combination
of the projectile and target material. This erosive
mechanism that is accompanied by an ejected
flow is very efficient to reduce the kinetic energy
of the projectile and its effect could be enhanced

600 800 1000 1200

to vastly improve the ballistic efficiency of
ceramic tiles by judiciously restraining them
with membranes of polymeric composites or
metal sheets.

An application that has a close relation with our
composite materials is the case of lightweight
laminate metallic matrix composite reinforced
with ceramic particles. The work of Karamis
at al. is one of the best in the field from the
descriptive point of view of the ballistic impact
phenomenon [27-29]. They have designed some
composites materials of this kind using an Al-
matrix and alumina as a reinforcement element
to defeat engineered projectiles (7,62 mm x 51
mm Armour Piercing, AP) shot by a G3 assault
rifle with an average impact velocity of 710
m/s. Targets are 15 mm thick and can stop this
kind of projectiles. The ballistic material was
manufactured by the combination of a process
of hot compression and squeeze casting. Fig. 3
shows details of the impact zones of ballistic tests
carried out for two different configurations of
their laminate, where multiple energy dissipation
mechanisms are identified.

Our polymeric matrix composite is designed
to generate synergy between the matrix, the
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Fig. 2. Ceramic material. Energy Dissipation
Mechanisms based in brittle fracture: spalling and radial
and tangential cracking due to tensile stress. Projectiles
are also deformed and their surfaces are abraded [24-26]

et |

a) High content alumina and mullite ceramic (AM2).

View of the rear face of the plate after being impacted

by a projectil NATO Ball FMJ 7.62x51mm). Backing
material was removed

b) Biomophic ceramic (RBS) impacted by 7.62x63mm AP-
M2 projectile

reinforcing fibers and ceramic particles. The
mechanisms embedded in our composites are:

1. Elastic deformation of the main and secondary
fibers in the impact zone.

2. Kinetic energy of the moving cone of the

target.

Rupture or facture of fibers.

Cracking of the target matrix.

5. Delamination of the layers around impact
zone.

6. Shear plug formation and compression of the

LN
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layers in the contact zone just when projectile
geometry is adequate.

7. Abrasion of the projectile surface (damage of
the projectile skin).

Some of the individual contributions for these
mechanisms have been estimated. We are currently
working on the abrasive contribution of the particles.
We are, however, able to provide a crude assessment
of the energy involved in this complex phenomenon.

Fig. 3. Ceramic material. Energy Dissipation
Mechanisms MMC - B Type Structure. Perforation left by
projectile after its extraction [28]

a) General view showing some failure mechanisms as
petalling, swelling, delamination of layers, high strained
regions by compression and shear, melting welding,
bending and bulging

b) Detail of the projectile output: compressed and high-
deformed layers, mixing regions, high deformation and
geometrical changes of the peeling cap
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Laminar Composites

We fabricated polymeric matrix composite
materials reinforced with hard particles and high
performance fibers using a state-of-the-art vacuum
assisted infusion molding. Epoxy resins and a
polyester based-resin are used as the polymeric
matrices. Three kinds of high performance fibers
were used as reinforcement: glass, Kevlar and
carbon fibers. These fibers were provided as woven
fabrics in four different configurations as shown
in Fig. 4. Two kinds of hard particles are used as
the additional reinforcement that provides abrasive
and hardness characteristics to the composite. The
laminates are thin tiles of laminar composites,
are light and stiff and made with a thickness of
approximately 1 mm. The infusion resulted in high
reproducible laminates with a standard deviation
of 0.3 mm in the thickness.

Fig. 5 shows details of some setups used to
manufacture samples by vacuum assisted infusion
techniques. Different configurations were used
to explore how the vacuum line and the in/out
points can affect the integrity of the manufactured
samples. These types of experimental exercises have
permitted the identification of the more relevant
elements to be considered during the manufacture
of the composites and how the assemblies can be
simplified without affecting the quality of the
products and reducing costs and the negative
impact in the environment. Fig. 6 shows some
samples manufactured by these techniques.

Characterization

Fig. 7 shows images obtained by a stereoscopic
and optical microscopy of the cross section
of four samples of laminar composites. These
pictures reveal important details of their specific
configurations: size and shape of the branches
of fibers, fibers distribution, defects (as pores for
instance), areal percentage of components, cross
sections of the composite, spaces occupied by the
matrix and composite homogeneity.

A primary characterization of some ballistic
products was carried out at the Laboratorio

Fig. 4. Kinds of fabrics and fibers used as reinforcement

d) Mixed woven fabric: Kevlar and Carbon Fibers,
density: 185 g/m?

de Caracterizacién de Materiales (Material
Classification Laboratory) of the Universidad
Nacional de Colombia using Scanning Electron
Microscopy (SEM). Fig. 8 shows some geometrical
characteristics of the fibers of the evaluated
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Fig. 5. Examples of two Infusion Systems designed to by Honeywell (E.U.A). Table 1 shows some of

evaluate the flexibility of the process and identify some of the mechanical and physical properties of high
its relevant variables

performance fibers.

Notice that HMW-PE has the lowest density
and an excellent combination between strength
properties and toughness. The minimum
diameters measured were around 13 ym (Table 2).
It is important to consider the possibly negative
effect of the "knot" found in the Spectra Shield
IT - Thick as a manufacture defect (see Fig. 7).
Fibers of the Spectra SR121 and Gold Shield
have a homogenous diameter. The Diameter of
the fibers is an important variable considered in
the models developed to assess the elastic energy

a) (left) 3 layers of Kevlar + Epoxy Resin; (right) 7 storage and to consider the effect of weight and
Layers of E-Glass fibers + Epoxy Resin

cost in a final product.

Nano-indentation Tests
This kind of test was carried out to assess the
magnitude of the elastic module (E) of the fibers

Fig. 6. Samples manufactured by infusion systems of Fig.
5: epoxy resin reinforced by Kevlar and glass fibers

b) Infusion system to 4 samples manufacturing using a
central feeding and a peripheral vacuum line: 3 layers of
Kevlar + Epoxy Resin

materials: two samples of Spectra (HO-UHMW-
PE) made by a Chinese manufacturer and one

sample of Gold Shield (Aramid) manufactured

Table 1. Mechanical and physical properties of high performance fibres [16]

Fibre Type  Fracture Resistance, GPa  Fracture Strain, x1000  Axial Flastic Module, GPa Density, kg/m?

Aramid 2,8-3,2 15-45 60-115 1390-1440
HMW-PE 2,8-4,0 29.38 90-140 970-980
LPC 2,7-2,9 33-35 64-66 1400-1420
PBO 5,4-5,6 24-26 270-290 1540-1560
PIPD 3,9-4,1 11-13 320-340 1690-1710
Nylon 0,06-0,08 1500-2500 1,0-1,5 1070-1170
S-Glass 4,64-4,66 53-55 82-92 2470-2490
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Fig. 7. Cross-sections of samples of several laminates for
inspection and mechanical characterization

a) Laminate samples extracted for optical inspection and
nanoindentation tests

E-Glass Fibers

Kevlar + Carbon Fibers V1

»~

b) Stereo micrograph of a set of 4 samples of different
configurations

¢) Detail of branches of Kevlar fibers (optical microscopy):
longitudinal and cross views of fibers

Table 2. Average diameters of the analyzed fibers

Laminate Fiber D, . tm
Gold Shield® GV-2016 Aramid 13,0
Spectra Shield II — Thin HMW-PE 12,7
Spectra Shield — Thick HMW-PE 26,0

(upon their cross section) and its radial variation
at the interface between fibers and matrix.
Measurements were carried out using an IBIS
Nanoindentation System with a Berkovich indenter.
Results of these measurements were plotted in the
graphs of Fig. 9 for composites with the three
basic types of fibers used in the manufacture of
laminar composites shown in Fig. 7. Results of the
values measured for E are in agreement with those
reported in specialized literature. The horizontal
axis is the penetration depth (4).

Microhardness

The effect of the curing time and temperature
time on the mechanical properties of a resin was
explored using a polyester based resin prepared
varying the weight percentage of its catalyst; see
Fig. 10. Four days after the manufacturing of
the samples microhardness was measured on the
polished surfaces (red points); then, 24 days later
the microhardness of the samples was measured
(blue points). During this period the environmental
temperature was between 21 to 28°C. Finally,
11 days later, the curing of the samples was
accelerated by using a furnace at 80°C for 5 hours
to guaranty a complete curing. Microhardness was
then measured again (purple points).

From Fig. 10, significant and systematic increases
in hardness can be seen such as curing time
and temperature increase. The curing agent also
has an important role on the microhardness of
the tested samples (the microhardness of some
samples has risen more than twice in regard their
initial values, red points). The last two curves
(blue and purple curves) have almost the same
slope, showing a decrease in hardness as w%
catalyst increases showing a different behavior of
the hardness in regard to the initial curve (red
points). It is important to bear in mind that for
polymers the compressive yield stress can also
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Fig. 8. Geometrical details of the analyzed fibers

11836 s;?>\

UNALMED
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¢) Spectra Shield II - Thick

be estimated from hardness measures (Y=H/3,
according to Tabor [40]).

We are currently obtaining extra-hard layers using
alumina particles (Al,O,) and others. The goal is
to place some hard layers on or near the impact
face of the armors to promote the activation of
some additional dissipative mechanisms as the
projectile abrasion (projectile peeling), plastic
deformation of the projectiles, fracture of hard
particles and the flow of these hard particles into
the polymeric matrix.

The hardness of Al,O, is about 1170 (94% purity)
to 1440 HV (99.5% purity). In our composites,
microhardness values up to 940 HV have been
measured in our samples using loads of 0.49 N (50
grams). These values correspond to the hardness of
a mixture of alumina particles and polymeric resin;
that is why the lower values were recorded because
of the lesser hardness of the matrix.

Using a comprehensive characterization method,

Development of Materials for Naval, Fluvial and Military Applications

developed in our group, we measured reaction
kinetics using differential scanning calorimetry.
The dynamic and dynamic-isothermal DSC data is
used in combination with a Kamal-Sourour model
for the reaction kinetics and cure. The models
are integrated to find the Time-Temperature-
Transformation diagram of the resin (see Fig. 11).
The TTT diagram provides the processability
window for each resin and aids the processing
design towards optimization and control.

Fig. 9. Elastic Module (E) of the transverse section of
fibers and its surroundings of anti-depth penetration
matrix (h).
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a) Sample B3: Carbon Fibers + Epoxy Resin
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b) Sample B1: Glass Fibers + Epoxy Resin
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Conclusions

A platform to design composite materials of
polymeric matrix that are specifically for military
applications on (as) fluvial and naval navigation
(among others) has been developed. The
platform integrates laminar composite materials
design based on impact energy dissipation
and temporary storage mechanisms with their
manufacturing process (vacuum assisted infusion)
and characterization (physical, mechanical and
ballistic properties, geometry and integrity of the
components and materials).

Fig. 10. Effect of curing time and temperature on hardness
of the matrix. For each tested condition, each plotted point
represents the average value of five measurements
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Fig. 11. Time-Temperature-Transformation diagram of the
Epoxy resin
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