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The urban violence and the different types of global armed conflicts demand efficient protective
systems against high energy ammunition. Multilayered Armor Systems (MAS) provide efficient
protection by making use of lighter and more efficient materials. A typical MAS may be composed of
three layers: a front ceramic followed by a composite, backed by a ductile metal. Polymer composites
reinforced with natural fibers have proven to be effective second layers, being also lighter, low-cost
and environmentally friendly as compared to conventional composites like Kevlar™. The present work
evaluates MAS using as second layer polyester composites reinforced with 10, 20, and 30 vol. % of
sisal fibers. Ballistic tests were performed using class III 7.62x51 mm ammunition, based on the NIJ
0101.06 backface signature methodology. Both the 30 vol.% sisal fiber composite and the conventional
aramid laminates were equally efficient in terms of MAS second layer. The explanation might be the
similar capacity of the different composites to retain the fragments generated by the interaction of the
projectile with the front ceramic, independently of the percentage of sisal fibers.
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1. Introduction

The ever expanding urban and war armed conflicts
demand efficient personal armor protective systems. For
high impact energy ammunitions, such as 7.62 mm, one
single material armor is not efficient enough to either stop
the projectile or prevent a lethal trauma to the wearer'-2. For
this type of ammunition, light and efficient solutions have
been developed, in the form of Multilayered Armor Systems
(MAS), also called Composite Armor*®. These systems
can be used for ballistic protection in various applications,
including an individual personal vest and equipment, like
armored vehicles. The MAS provide safety by making use
of light and efficient materials disposed in several layers,
usually three: a frontal ceramic layer, a high performance
fiber fabric or composite second layer, and a ductile metal
back layer*.

Currently, natural fiber reinforced composites are being
extensively studied as possible MAS second layer in both
ballistic’'" and non-ballistic'? applications, due to their
good performance associated with other advantages over
conventional composites like Kevlar™, such as being lighter,
cheaper and environmentally friendly.

The front layer of the MAS is usually made of a hard
ceramic material, which is able of eroding and deforming
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the sharp tip of a high speed projectile like the class 111 7.62
mm (~850 m/s). Ceramics are also efficient to absorb the
projectile kinetic energy by an intrinsic spalling mechanism.
For the second layer, laminates or composites made of polymer
fibers are used. The second layer of the MAS deserves special
attention, because it defines whether the pulse of pressure
that returns to the front layer will be tensile or compressive'*.
The lighter the material in the second layer, the lower is its
shock impedance and so the pulse might return as a tensile
wave. In this case the ceramic tile will entirely be fragmented,
absorbing a greater amount of the projectile energy"®. Synthetic
fiber fabrics such as aramid (Kevlar™ or Twaron™)!* and
ultra-high molecular weight polyethylene (Dyneema™ of
Spectra™)"s have been conventionally used as MAS second
layers. However, polymeric composites reinforced with
natural fibers were found to be more interesting alternative,
due to their low density and low cost, as well as high tensile
and impact strength”!". Among the natural fibers, those fibers
extracted from the leaves of the Agave sisalana plant, called
sisal, show desirable properties associated with low density
(1.26-1.50 g/cm?), high strength (287-913 MPa) and high
elastic modulus (9-28 GPa)'¢. The application of sisal fiber
epoxy composite has been shown as promising MAS second
layer'". Indeed, it contributes to prevent the lethal trauma in
the human body, based on the International Standard (NIJ-
0101-06) methodology'’, which takes into consideration the
safety depth of indentation made in a clay witness positioned
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behind the MAS. According to the standard"’, the indentation,
also known as backface signature, should be smaller than
1.73 inch (44 mm), in order to be considered efficient

Rohen and co-workers!' conducted a preliminary study
on 30 vol. % of sisal fiber-reinforced epoxy composite
as MAS second layer. In the present work, sisal fiber
composites were studied for the same application, using
not only different volumetric percentages but also a low
cost polyester matrix. Therefore, the objective of this work
was to evaluate the ballistic behavior of 0, 10, 20 and 30
vol.% sisal fiber-reinforced polyester composites as a MAS
second layer subjected to 7.62 mm ballistic impact. It was
also presented an economical analysis.

2. Materials and Methods

The MAS investigated in the present work was composed
of a front hexagon-shaped (30 mm in edge and 10 mm in
thickness) Al,O,-4%Nb,O, ceramic tile. A rectangular plate
(120x150x10 mm) was used as second layer of polyester
composites reinforced with continuous sisal fibers. A back
layer of 5052 H34 aluminum alloy, also as rectangular plate
(120x150x5 mm), finished the MAS. The layers were bonded
together using a polyurethane adhesive.

The ceramic powders, Al O, (acquired from Treibacher
Schleifmittel) and Nb,O, (acquired from the Companhia
Brasileira de Metalurgia e Mineragdo - CBMM) were mixed
in a 4 wt. % Nb,O, proportion. The mixture was then ball
milled in aqueous suspension, dried at 60°C for 48 hours,
sifted until the 0.355 screen, cold pressed at 30 MPa and
sintered at 1400°C for 3 hours.

For the composite production, an orthophtalic polyester
resin hardened with 0.5 wt.% of methyl ethyl ketone, both
supplied by the Resinpoxy, Brazil, was used as polymeric
matrix. The sisal fibers were supplied by the Sisalsul, Brazil,
in the form of bundles. The fibers were manually cleaned, cut
and dried at 60°C for 24h for the production of composites.
Continuous and aligned fiber composite plates (120 x 150
x 10 mm) were prepared by compression molding, at room
temperature (25°C), in the volumetric fractions of 10, 20 and
30 vol.%. Plain polyester plates were similarly prepared.
The fibers were carefully positioned in the mold. After
adding the resin with hardener, the mixture was kept under
a pressure of 5 MPa for 24 hours. Third MAS layer of the
5052 H34 aluminum alloy, with same 120 x 150 x 10 mm
dimensions, were cut from sheets supplied by sheets were
acquired from the Metalak Metais, Brazil.

Ballistic tests were performed with NATO 7.62 x
51 mm military ammunition, following the NIJ 0101.06
(2008) procedures'”. This means that the MAS target was
positioned in front of a Roma Plastilina type of clay witness
that simulates the consistency of the human body, 15 meters
away from the shooting device. The experimental arrangement
is shown in Fig. 1a and a real MAS mounted for the test in
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Fig. 1b. The shooting device was a model B290 gun barrel
with laser sight (Fig. 1c), produced by HPI - High Pressure
Instrumentation, available at the Brazilian Army Assessment
Center (CAEXx), located in the Marambaia peninsula, Rio de
Janeiro, Brazil. The bullet velocity was measured by both
optical barriers and a model SL-520P Weibel doppler radar.
The velocity was kept in the 847 +£9.1 m/s range, measured
2.5 m before the target, as specified by the NIJ standard"’.
The indentation imprinted by the armor in the clay witness
after the impact (backface signature) was measured by laser
sensor and taken as a measure of the ballistic performance.
The standard'” specifies that the mean indentation be no deeper
than 1.73 inch (44 mm). Figure 1d depicts a measurement
of the indentation after the impact.

Ten samples of each group were tested and the data
were statistically treated by the Weibull analysis, which
gave information about the indentation distribution of
probability'®. The Weibull's density of probability function
is given by Eq. 1.

Fz)=1 —exp[—<%>ﬁ] n

Where x is the value assumed by the random variable;
6 is the scale parameter and £ is the shape parameter, also
known as Weibull modulus.

Impedance matching of the impact wave propagation in
the MAS front ceramic and reflection at the backing plate was
evaluated to compare the efficiency of the sisal composites.
Literature data on conventional Kevlar™ laminates were also
consulted'. According to Meyers'?, the pressure generated in
the interface between layers during shock can be calculated
by the following equation:

P=0,UsUpr=ZU» )

Where p , is the density of the material; U, is the shock
wave velocity and U, is the particle velocity. The product Z
=.Us in Eq.2 is known as shock impedance of the material.
In the present work, the value of Z was calculated by the
impedance matching technique' applied to the ceramic/second
layer interface. This method basically finds the solution to
the conservation equations (mass, momentum and energy)
together with the equation of state of the material'>.

In addition to the MAS ballistic tests, the materials that
compose the layers were individually tested, as shown in Fig.
2, by shooting the single layer specimens mounted in front
of a hollow aluminum block. In this case, it was expected
perforation in all tests, so it was necessary another methodology
for comparing the materials, based on residual velocity.

The bullet velocity was measured by the Doppler radar
before and after (residual) the impact. Using this data, the
absorbed kinetic energy could be calculated according to the
Eq.3, and used to compare the individual ballistic behavior
of the materials.
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Figure 1. Ballistic test: (a) Schematic diagram with the experimental arrangement; (b) MAS positioned in front of the clay witness; (c)
Gun barrel with laser sight; (d) Measurement of the indentation after the impact.

Figure 2. Sisal fiber composite sample mounted for the residual
velocity test.

Eu=m(vi—v2)/2 @)

Where m is the mass of the bullet; v, is the velocity of
the bullet immediately before impacting the target; v_its
residual velocity immediately after impacting the target.

After the MAS ballistic tests, fragments of the samples
were collected and analyzed by scanning electron microscopy
(SEM), in a model Quanta FEG FEI equipment, available
at IME.

3. Results and Discussion

In the ballistic tests, none of the MAS were perforated,
as can be seen in Fig. 3. Since the projectile was stopped, its
kinetic energy was dissipated inside the MAS and partially
transmitted to the clay witness, causing the indentation.
Table 1 presents the mean values of indentation depths
in the clay witness for the different MAS. All indentation
values were below 44 mm, and thus all tested MAS can be
considered efficient according to the NIJ 0101.06 standard"”.
Besides that, since the intervals of deviation intercept each
other, the values for the different MAS can be considered
statistically equal.

Another aspect of Fig. 3 is the rupture behavior of the
materials in the MAS. One may note that all ceramic front tiles
were totally fragmented. This was expected, since ceramic
spalling is the main mechanism of the projectile's energy
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Figure 3. View of the MAS target after the ballistic test, with second layer of (a) neat polyester resin; (b) 10 vol.% sisal fiber polyester
composite; (c) 20 vol.% sisal fiber polyester composite; (d) 30 vol.% sisal fiber polyester composite.

Table 1. Average depth of indentation in the clay witness backing different multilayered armors.

Intermediate material layer Average depth of indentation (mm) Reference
Polyester-30 vol.% Sisal Fiber 2243 PW*
Polyester-20 vol.% Sisal Fiber 26+ 4 PW*
Polyester-10 vol.% Sisal Fiber 2642 PW*

Neat polyester resin 23+£3 Monteiro et al., 2015'
Aramid fabric laminates 23+3 Monteiro et al., 2015'

*Present work.

absorption®. That is the reason why the front ceramic should
be backed by other ductile material. According to the NIJ
standard'”, a personal armor should be tested by a sequence of
six threat rounds with each impact no closer to a prior impact
than 51 mm. To achieve a multi-hit protection, therefore, the
ceramic layer is commonly arranged in a close-packed mosaic
of'tiles (pieces), with lateral sides of less than 51 mm. The
second layer, however, should maintain its integrity to keep
the ceramic tiles around the impact in their positions. In the
present work, it was noticed an improvement of the second

layer's integrity as the percentage of sisal fibers increased.
Indeed, neat polyester resin was completely fragmented
after the ballistic impact, Fig. 3a, the 10 vol. % and 20 vol.
% composites, Fig. 3b and 3c respectively, were partially
fragmented. As for the 30 vol. % composite, Fig. 3d, its
whole integrity was maintained after the impact. This can be
attributed to the improved impact strength of the material in
the intermediate layer as the fiber content increases.

The results for the different MAS in Table 1 were very
close to each other, even though their macroscopic behaviors
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Figure 4. SEM micrographs of the fracture surface of the composites
covered with ceramic fragments: (a) 1000x; (b) 5000x.

were dissimilar. It has been previously found® that one of
the main contributions that the second layer exerts for
improving the MAS performance is the ability of collecting
the fragments of both the projectile and the front ceramic
layer. This is accomplished by mechanisms of mechanical

Figure 5. Weibull density of probability function for the depths of
indentation for the MAS with 20 and 30 vol.% sisal fiber composites.

incrustation, as well as attraction due to the presence of Van
der Waals forces and short-living surface static charges®.
Figure 4 shows SEM micrographs illustrating the fracture
features. The explanation for the similarity between depths
of indentation in the clay witness (Table 1) might be the
similar capacity of the different composites, as well as the
neat polyester resin and Kevlar™, to retain the fragments
generated by the interaction of the projectile with the front
ceramics.

According to the impedance matching analysis, Table
2, it would be expected that the lower the shock impedance
of the second layer, the smaller the indentation in the clay
witness. The reason is that a reflected tensile wave with
higher amplitude would be generated, and thus fragmenting
more effectively the ceramic tile. In this case, the MAS with
neat polyester resin in the second layer should present the
best results and 30 vol. % sisal fiber composites the worst.
However, since the results were very close to each other, with
no apparent trend, one might think that the trauma protection
provided by the second layer is not so sensitive to its shock
impedance. In other words, differences of 1.10° kg/m2.s
might be too small to affect the trauma in the clay witness.

Another failure mechanism of the composites that can be
observed in Figure 3(b-d) is the delamination, which is the
fracture along the interface between both phases: matrix and

Table 2. Calculated parameters for the impedance matching analysis (Eq.2).

Second layer at Al,O,ceramic interface Up (km/s) P(GPa)  Us(km/s) Z(10°%kg/m?.s)  Reference
Polyester-30 vol.% Sisal Fiber 0.77 2.3 25 3.0 PW*
Polyester-20 vol.% Sisal Fiber 0.77 2.1 22 2.7 PW*
Polyester-10 vol.% Sisal Fiber 0.79 1.8 2.0 23 PW*

Neat polyester resin 0.79 1.6 1.6 2.0 PW*

*Present work.

Table 3. Weibull statistical parameters for ballistic tests with MAS having different second layers

Intermediate material layer Weibull modulus () Scale parameter (0) Correlation coeficient (R?)
Polyester-30 vol.% Sisal Fiber 7.357 23.00 0.9642
Polyester-20 vol.% Sisal Fiber 6.969 27.63 0.9199
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Table 4. Impact and residual velocities with internally dissipated energy in individually ballistic tested MAS components.

MAS component v(m/s) v (m/s) E, () E, (%) Reference
Polyester-30 vol.% Sisal Fiber 845 +6 828 £6 139 4.0 PW*
Polyester-20 vol.% Sisal Fiber 834 +13 819 +13 116 34 PW*

5052 H34 aluminum sheet 860 +6 832+9 234 6.5 PW*
Al O,ceramic 848 +6 567 +43 ig;g 55.3 Monteiro et al., 2015
Aramid fabric laminates 848 +6 841 +7 58 £29 1.7 Monteiro et al., 2015

*Present work.

Table 5. Evaluation of weight and cost of the different multilayered armor components.

Density Weight . Component
3
Armor component Volume (cm?) (g/em’) (kef) Price (US$/kg) cost (USS)
ALO» 225 33 0.743 2.18 1.62
Alram.‘d fabric 225 0.245 63.60 15.60
aminates
o)
30 vol.% sisal fiber 225 0.259 11.54 2.98
epoxy composite
o)
30 vol.% sisal fiber 225 0.259 3.09 0.801
polyester composite
5052 H34 aluminum 112.5 2.66 0.299 9.89 2.96
sheet
Total weight with aramid (kgf) 1.287 Total cost with aramid (US$) 20.18
Total weight with sisal fiber epoxy composite (kgf) 1.301 Total cost with mse(%ﬁst;r epoxy composite 7.56
. . . Total weight with sisal fiber polyester
Total weight with sisal fiber polyester composite (kgf) 1.301 composite (US$) 5.381
Decrease in weight by using sisal fiber polyester 1.07% Saving in MAS cost by replacing 275%
composite instead of aramid sre Kevlar™by the polyester composite ’
. . . . Saving in MAS cost by replacing the
Decrease in weight by using sisal fiber polyester epoxy composite by the polyester 40.4%

composite instead of the epoxy composite

composite

fiber. This phenomenon was observed in several composite
samples, and seems to be a major mechanism of failure.
Actually, delamination is expected, since it is known that
continuous and aligned fiber composites have a weak direction
(transverse), when the load is applied perpendicular to the
fiber axis'. In the 10 vol. % composite, the delamination was
more severe, Fig. 3b, and the ballistic impact was sufficient
to break composite in two pieces. From all of these reasons,
the neat polyester resin and the 10 vol. % composite were
not considered adequate to compose the MAS second layer
for multi-hit protection'”.

Through the Weibull statistical analysis, applied to the
depth of indentation values, it was possible to obtain additional
information about the 20 and 30 vol. % sisal fiber reinforced
polyester composites in the MAS. This analysis was not
performed for the 0% and 10% composite specimens, since
they did not have a satisfactory result in the previous test (loss
of integrity on the impact). Table 3 presents corresponding
calculated Weibull parameters for the 20 and 30% composites
MAS. The high correlation coefficient (R?) values indicate

that just a set of failure mechanisms are occurring in both
MAS, and this does not change in the observed indentation
ranges. In other words, the variability of depth of indentation
values within the groups was purely statistical. Indeed, the
distribution of probabilities follows a Weibull distribution
with high accuracy, 96.42 and 91.99 %, for the 20 and 30
vol. % composites. Moreover, the § parameter shows that
the 30 vol. % composite displays more homogeneous results
(B=7.357) than the 20 % MAS (B=6.969). The 0 parameter
indicates that the value of indentation for the 30 vol. % MAS
(6=23.00) is slightly better than that for 20 vol. % MAS
(60=27.63). Figure 5 shows the distribution of probabilities
for the depths of indentation of both MAS. Although the
distribution parameters are different, a large intersection
area can be observed, indicating statistical equivalence.
The results of the ballistic tests performed in the MAS
components are shown in Table 4. As expected, the ceramic
layer absorbs a significantly higher amount of the projectile's
energy in comparison with the other tested materials. Apart
of the ceramic, evaluating the other intermediate materials,
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the difference is small, and can be considered irrelevant,
considering the dispersion of data. A hypothesis test such
as analysis of variance applied to the absorbed energy of the
materials in Table 4 (excluding the ceramic) confirms this
similarity, resulting in a p-value of 0.6453, which is larger than
the level of significance 0.05 (all data are statistically equal).

The advantage of the sisal fiber reinforced composites
relative to aramid emerges when considering the materials
cost. Table 5 presents a complete economical and weight
analysis of the different MAS investigated as well as that
in previously study'!. Approximately 275% in cost could
be saved by replacing aramid laminates by polyester
composites in the intermediate layer of the MAS. Relative
to the previously studied epoxy composite!!, the present
polyester matrix has the advantage of being almost 3 times
cheaper, being sold in the local market for US$4.30 per kg,
while an epoxy resin costs US$11.54 per kg. In this table
it is important to notice that, although the MAS weight is
practically the same, the cost of MAS with 30 vol. % sisal
fiber-reinforced composite as second layer is much lower.
Above all, regarding ballistic performance, weight and
cost, the 30 vol.% sisal fiber composite can be considered
one of the most advantageous material for the second layer
studied so far.

4. Conclusion

e Multilayered armor systems (MAS) using neat
polyester as well as, 10, 20 and 30 vol. % sisal
fiber-reinforced polyester were considered equally
efficient for the protection against 7.62 mm caliber
ammunition, based on the NIJ 0101.06 criteria
based on the depth of indentation in the clay witness
(single-hit protection).

*  The loss of physical integrity of both the neat
polyester resin and the 10 vol. % sisal fiber polyester
composite makes them unsuitable to be used as
second layer of a MAS in multi-hit protection.

e The fracture mechanisms of the composites identified
the importance of macroscopic delamination and
microscopic capture of ceramic and projectile
fragments.

*  Among all the sisal fiber-reinforced polyester
composites studied in the present work, that with
30 vol. % presented the best results, in terms of
trauma prevention and physical integrity after
the impact. Therefore, it was considered the most
suitable material to be considered as MAS second
layer. This is also corroborated by an economical
advantage for a complete MAS with 30 vol.%
sisal fiber polyester composite in comparison with
more expensive ones with Kevlar™ or sisal fiber-
reinforced epoxy composite.
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