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During condiict situations, the combat staff is exposed to a wide variety of aggressions, such as temperature
and pressure variations and dynamic impacts (from ammunition or fragments). Textiles used in the
manufacture of the military uniforms and devices have always played an important role in defending the
military against these hazards, and an adequate level of individual protection equipment is required. In this
respect, novel fibre-reinforced polymer composite materials for military application, such as reducing blunt
trauma for ballistic protection equipment, have been studied in terms of thermal and mechanical properties
and ballistic protection, obtaining very good results.
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During conflict situations, the combat staff is exposed
to a wide variety of aggressions, such as temperature and
pressure variations, and dynamic impacts (from
ammunition or fragments). Textiles used in the
manufacture of the military uniforms and devices have
always played an important role in defending the military
against these hazards, and an adequate level of individual
protection equipment (IPE) is required [1,5].

The protective clothing can be divided in air permeable
(widely used for military purposes) or air impermeable
(when a polymer-based membrane or film is employed as
a Glter to prevent toxic chemicals to penetrate) [2,3], such
as polyesters, polyether amides or polyurethanes [2,4].

In this respect, the present study aimed at the possibility
of using some novel composites of polymers and fibre-
reinforced polymer composite materials for military
application: reducing blunt trauma for ballistic protection
equipment. The polymer matrix is polyurea and the
considered fibres are functionalized multi-wall carbon
nanotubes (MWCNTSs). The reinforcement of a polymeric
matrix with high strength and modulus fibres using the
viscoelastic displacement of the matrix under stress
transfers the load to the fibre; this resulting in a high strength
and a high modulus composite material [4-12].

Polyurea is a flexible aminoplast, with highly valued
properties in terms of softness and flexibility, which, due to
its effective energy absorption properties, is commonly
used as protective coating on concrete or steel structures.
Polyurea coatings combine strength with extensibility; the
material being highly resistant, with low flammability and
known to mitigate abrasive wear, blast and fragmentation
[13-25]. From the typical application as a protective coating
of concrete and steel structures, this elastomeric coating
has been proven to withstand not only abrasion, but also
rapid loadings like impacts, collisions or explosions [13-
23].

The aim of the composite is to produce a two-phase
material in which the primary phase, that determines the
stiffness, is fibre-shaped and is well dispersed and bonded
and protected by a secondary phase, the polymeric matrix.
The fibre-reinforced polymer composite materials
mechanical and physical properties are clearly determined
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by their constituent properties and by the micro-structural
configuration. While the fibres are mainly responsible for
strength and stiffness, the polymeric matrix contributes to
stress transfer and provides microclimate protection.

Experimental part
Materials and methods

Polyurea (PU) and four types of polyurea-based
composite materials (PUCs) have been obtained (figure
1) from components illustrated in table 1.

In the view of obtaining various concentrations of
MWCNT-OH in the polyurea matrix, a 10% MWCNT-OH
masterbatch has been first obtained. The MWCNT-OH has
been obtained accordingly to [26] with over 95% purity
and 1.65wt% OH from MWCNT supplied from Sigma-
Aldrich.

The two components have been prepared, heated and
mixed separately in two different recipients of the
installation, dosed and heated at 60-65°C. Further on, the
MWCNT-OH has been added and mixed and the polymer
obtained has been pulverized in 50 um-droplets on various
layers, in different thicknesses.

In order to test the performances of the polymer
materials obtained, various thicknesses of the layers have
been sprayed on the support materials.

The reagents have been applied by direct continuous-
layer spraying through a pressurised container at 150 bar
and 65°C. Prior application, the metallic and textile support
materials have been cleaned from any impurities (greases,
debris, etc.) and dried. The pulverization has been
performed perpendicularly on the support from 50-100 cm
distance in average thickness of 0.55, 1.20, 1.75 and 2.30
mm. The materials used as support layers have been
Kevlar® (prepreg) and ballistic plates.

Infigure 2 are illustrated the steps pursued for the support
materials (standard ballistic plates) obtainment, by simple
operations and equipment.

Mechanical stress analysis

Strain, stress and Young modulus of PUC materials have
been determined on an Instrom 3382 universal tensile
equipment.
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Composite Polyurea prepolymer | Polyamines (wi04), MWCNT-OH
material (wt%), EUROPOL® EUROFPOLE Reinforcing agent (wtla) Table 1
RATIOS OF THE COMPONENTS IN
FU 50 50 - THE POLYMER AND POLYMER
COMPOSITE MATERIALS
FUCI 4040 4040 170
PUCI 4030 4030 1.00
PUC3 40623 40623 0.73
PUCA A0.T0 A0.T0 080

Dynamic mechanical analysis

Dynamic mechanical analyses (DMA) have been
performed on a TRITEC 2000 B instrument at 1 Hz
frequency. The DMA data were collected from -100°C to

+190°C.

Fig. 2. Stages of the
protection layers
fabrication.
Pulverization of PUC
on support layers

Fig. 1. MWCNT-OH -
polyurea composite
material

Determination of ballistic protection parameters
The compositions have been characterized for their

ballistic protection performances. Determination of the
ballistic protection against armour piercing bullets has been
performed in agreement with [27], a US standard used as
reference by an important amount of countries from
Europe, America and Asia.

Determinations have been performed on standard
400x400x13 mm ballistic protection plates made of
Kevlar® and ceramic layers (2.98 kg) and on the same
type of ballistic protection plates above which a layer of
PUC has been pulverized. The latter plates obtained
weighed at most 3.20 kg.

The testing equipment has been positioned in the support
at a certain distance versus Magnum .44 gun barrel. The
velocity measurement system, an Oehler chronograph
(with 2 99.7% precision), has been positioned starting from
2 m away from the gun barrel, so that the frame system,
put every 0.5 m, to be perpendicular on the shooting
direction.

Y
wiline

The experimental testing program consisted in the
ballistic resistance (armour piercing resistance)
determination against .44 cal. Magnum bullets in standard
conditions. Perforation assessment has been made
visually, when it has been observed whether a hole with
diameter at least equal to the ammunition calibre exists or
the bullet has passed entirely through the material. Further,
7.62x51 cal. armour piercing bullets have been shot in IV
level ballistic plates in four points [27], in order to assess
the multi-hit ballistic impact.

Results and discussions

New materials for protection garment are under
continuous research, and a dynamic impact assessment
of the materials is also mandatory to be performed, due to
the fact that the first-responders confront various hazards,
such as suicide bombers or chemical warfare agents.
Taken into account the expansion of MWCNT use in various
fields, the main idea has been to assess its potential in the
ballistic protection field.

Influence of carbon nanotubes concentration versus
composites mechanical parameters

For each composite, five determinations have been
performed (fig. 3), their average values being given in table
2.

Tensile stress al Tensile strain at
Material Young's modulus (MPa)
maximum load (MPa) | maximum load (%)

PO T 33 14561 050

PUTCI 264 13630 30350
Table 2

FOC3 763 130.05 0355 PUCs MECHANICAL PROPERTIES
PUCS 213 13026 ETER]
PUCH 241 14571 ETET
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Fig. 3. Tensile strain vs. stress for PUCs: a) PUC1; b) PUC2; c)
PUC3; d) PUC4.

In the case of the non-reinforced PU, at the beginning
the material appeared stiff, with a quasistatic elastic
modulus of 70.90 MPa. During deformation, however, the
material has shown less resistance to further straining,
indicating certain damaging effects and/or plastic flow.

ool brequeney pool

a)

The tensile stress of the MWCNT-OH-based
nanocomposites is above that of PU. This is in good
agreement with the literature data [18], which indicate
that an intrinsic self-reinforcing process, due to its
morphology, takes place in the case of PU.

The reaction between the isocyanate and the hydroxyl
groups (R-OH) correspondent to functionalized MWCNT
conducts to a strong bond (through the intermediary of a
polyurethane-type chemical bond) between the reinforcing
agent and the polymer matrix, which contributes to the
improvement of composite mechanical properties.

Dynamic-mechanical analyses

Infigure 4 are given the results obtained from DMA. The
recorded graphs emphasized the elastomeric character of
the MWCNT-OH-reinforced composites. Measurements of
transitions determinations due to molecular movements
and free volume changes have been performed in order to
evaluate the PUCs behaviour at various temperatures.

Viscoelastic behaviour, material response against effort
versus temperature and/or strain frequency have been
evaluated, and from the graphs analysis it has been
established that the glass transition temperature is
between -10 and -5 °C.

Ballistic protection behaviour

Many materials behave differently under static loads or
dynamic loading conditions, which imply high strain rates,
such as ammunition impact. Under dynamic conditions,
steel and ceramics experience strain rates that turn their
response from ductile to brittle. This results in a growing
need for protection improvement against such dynamic
impact.

The best results have been obtained for the 2.3 mm-
layer of PUC3, both in terms of protection and costs, the
ballistic tests being focused on this materials’ thickness.
The results obtained are shown in figure 5, figure 6 and
table 3.

The analysis of the results obtained concluded that the
ballistic protection plates layered by PUC3 have not been
penetrated, offering a lll A protection level against .44
Magnum Semi Jacketed Hollow Point (SJHP) ammunition,
with a 15.6 g-specified mass at a velocity ~430 m/s, in
agreement with [27], while the standard ballistic plate is
perforated when submitted to single hit.

Furthermore, when submitted to multi-hit, and shooting
7.62 x 51 cal. armour piercing bullets, with an average

Fig. 4. DMA results for

PUCs: a) PUC1
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b) multi frequency plot
E —_— =
i
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C) multi frequency plot
g TE-C
% L2
e Fig. 4. DMA results for PUCs: b) PUC2;
- c) PUC3; d) PUCA4.
d) multi frequency plot
!t T CoE
o8 Table 3
. COMPARATIVE DATA ON THE RESULTS
 rememas e OBTAINED FOR STANDARD BALLISTIC
PLATES AND PUC-LAYERED
- - . . Average .
No. Ballistic plate Ammunition Distance (m) velocity (m/s) Results obtained
1 standard A4 5THP Magmum 3 430 perforation
2 PUCT-0.35 Tayerad A4 5THP Magmum ] 430 perforation
3 PUCT-1.20 layverad A4 5THP Magmum 3 431 perforation
E PUCT-1.75 layerad A4 5THP Magrum ] 430 perforation
3 PUCT-2.30 Tayerad A4 5THF Magmum 3 LY slight perforation
[i] PUCI-0.35 layerad A4 5THP Magmum 3 430 perforation
7 PUCI-1.30 Tayered A4 5THP Magnum 3 431 perforation
] PUCI-1.75 layverad A4 5THP Magmum 3 430 perforation
] PUCI- 230 layered A4 5THF Magnum 3 430 zlight perforation
10 | PUC3-0.33 Tayerad A4 5THP Magmum 3 430 perforation
1T | PUCI-1.20 Tayerad A4 5THP Magrum ] 431 perforation
12| PUCE-1.75 Tayerad A4 5THP Magmum 3 430 slight perforation
13 | PUCI-Z30 Jayerad A4 5THP Magrum ] 430 no penetration
14 | PUCL-0.35 Tayerad A4 5THP Magmum 3 430 perforation
15 | PUCE-1.20 Tayerad A4 5THP Magrum ] 431 slight perforation
14 PUCA-1.75 Tayered 44 5THF Magnum 3 ERls no penefration
T | PUCE-Z30 Tayerad A4 5THP Magrum ] 430 no penetration
318 http://www.revmaterial eplastice.ro MATERIALE PLASTICE 4 554 No. 3 ¢ 2018



shooting

\

Fig. 6. @) Prior shooting: standard ballistic plate; 1.2 mm-layered

PUC3-standard ballistic plate; 2.3-layered PUC3-standard ballistic
plate; b) exposed side after the shot; c) reverse side after the shot

velocity of 875 m/s and 10.8 g specified mass, against a IV
level ballistic plate enriched with a 2.3-layer of PUC3, after
the first two shots, the plate has not been penetrated, while
only the third bullet partially penetrated only the ceramic
of the ballistic plate, with a minimal backface signature
recorded, and the fourth perforated the ballistic plate,
creating a major blunt trauma. This might be also due to
microfractures occurred in the material during the previous
two shots (fig. 7).

Conclusions

Natural or man-made hazards have always represented
a threat to humans. Typical hazards include chemicals,
collisions and terrorist attacks. Since unconventional threats
appear all the time, the interest of this study has been to
examine new structures of composite materials that
protect better the first responders against dynamic loads.

The evaluation of MWCNT-OH-based polyurea
composites has shown that inserting a 2.3 mm-layer of
this material dramatically improves the ballistic properties
of the protection plates.

Next to the physical, chemical and mechanical
properties, the cost versus the benefits, other
performances, such as: an excellent and smooth
adherence to the support materials and a short drying time
(< 5 min.), conduct to the conclusion that PUCs may be
successfully used for the fabrication of IPEs.
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Fig. 5. Ballistic

protection plate -
exposed side and
reverse side after

Fig. 7. Evaluation of 2.3-layered PUC3- IV level ballistic plate shot
proof
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