Sy
=
=
bl
—

,L.,.LL. ,.QLL"‘ ournal of fVlDPl
it Composites Science \)
fetatas © O Z
Article

Ballistic Performance of Raffia Fiber Fabric Reinforcing Epoxy
Composites as Standalone Targets

Douglas Santos Silva *'*, Rai Felipe Pereira Junio

check for
updates

Citation: Silva, D.S.; Junio, R.EP;
Silva, M.H.P.d.; Monteiro, S.N.
Ballistic Performance of Raffia Fiber
Fabric Reinforcing Epoxy Composites
as Standalone Targets. J. Compos. Sci.
2024, 8,370. https://doi.org/
10.3390/jcs8090370

Academic Editor: Vincenzo Fiore

Received: 26 July 2024
Revised: 13 August 2024
Accepted: 18 September 2024
Published: 20 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Marcelo Henrique Prado da Silva  and Sergio Neves Monteiro

Department of Materials Science, Military Institute of Engineering—IME, Praca General Tibtircio, 80,
Praia Vermelha, Urca, Rio de Janeiro 22290-270, Brazil; raivsjfelipe@ime.eb.br (R.EPJ.);
marceloprado@ime.eb.br (M.H.P.d.S.); sergio.neves@ime.eb.br (5.N.M.)

* Correspondence: douglas@ime.eb.br

Abstract: Reliable ballistic armor systems are crucial to ensure the safety of humans and vehicles.
Typically, these systems are constructed from various materials like fiber-reinforced polymer com-
posites, which are utilized for a favorable weight to ballistic protection ratio. In particular, there has
been a quest for eco-friendly materials that offer both strong mechanical properties and sustainable
advantages. The present work conducted a ballistic analysis of epoxy matrix composites using raffia
(Raphia vinifera) fibers from the Amazon region as reinforcement. The experiments investigated
the limit and residual velocities of composites with 10, 20, and 30 vol% of raffia. The experimental
density of the composites was lower than that of the epoxy. Fractured surfaces were examined
by scanning electron microscopy (SEM) to reveal the failure mechanism. The results showed that
composites with 10 vol% raffia fiber fabric had the highest ballistic energy absorption (168.91 ]J) and
limit velocity (201.43 m/s). The ones with 30 vol% displayed a higher level of physical integrity. The
SEM micrographs demonstrated the failure mechanisms were associated with delamination and fiber
breakage. There was a small variation in residual velocity between the composites reinforced with 10,
20, and 30 vol% of raffia, with 826.66, 829.75, and 820.44 m/s, respectively.

Keywords: raffia fiber fabric; Raphia vinifera; ballistic behavior; failure mechanisms

1. Introduction

Utilizing renewable and biodegradable materials is one way to enhance the overall
quality of life on Earth [1]. Around 2.5 billion tons of lignocellulosic materials, a type of
natural resource, are accessible globally and have been utilized as early as 6000 BC [2].
Natural lignocellulosic fibers (NLFs), also known as plant fibers, can be found in a variety
of common and technical materials. Brazil stands out among South American countries as
a major producer of NLFs, with approximately 8.5 million km? of land, of which around
3.5% is urbanized, 30.2% is used for agriculture, and 66.3% is dedicated to protected
vegetation [3]. It also benefits from excellent weather and fertile soil, allowing for the
growth of a diverse range of plants. This is particularly the case of the Amazon region,
with a rich biodiversity comprising a significant number of NLFs.

The utilization of NLFs instead of synthetic fibers in polymer composites has been
increasing in various industrial sectors, including packaging, automotive, and construction,
over the past few decades [4-6]. This is primarily because of the distinct qualities of
NLFs, including their abundance, ability to break down naturally, light weight, non-
harmful properties, being gentle on machinery, beneficial mechanical traits, and cost-
effectiveness [7,8].

Moreover, NLFs have shown promise in the production of composites for ballistic
armor applications. The rise in interpersonal violence, combined with advancements
in weapons and ammunition technology, has prompted researchers in ballistic armor to
explore new materials that can withstand various threats, aiming to create products suitable
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for both civilian and military use. Numerous materials have undergone testing to withstand
a wide range of risks [9,10].

One possible solution is to create multilayer armor systems (MASs) that blend the
characteristics of various materials. In the front layer, a ceramic material can withstand the
impact of the projectile by fragmentivy, absorbing much of the ballistic energy. The residual
energy coming from the cloud of projectile and ceramic fragments is taken in by a second
layer, which could consist of either polymeric or composite materials. A back layer can be
taken into account for final energy absorption and body protection. Generally, aeronautical
aluminum and aramid fibers can be utilized for the following layers. As such, the MAS
is responsible for absorbing the energy of the projectile and stopping projectile fragments
and armor components from penetrating the target from behind [11,12].

At present, advanced synthetic fiber materials like aramid (Kevlar® and Twaron®) and
ultra-high-molecular-weight polyethylene (Spectra® and Dyneema®) are being employed
in the second layer of armor [13,14]. Nevertheless, these fibers are relatively expensive and
not able to be renewed, with a comparatively brief lifespan [8,15].

In this situation, composites with NLFs as reinforcements become a viable alternative
for synthetic fiber fabrics in MASs owing to their light weight, affordability, and eco-
friendliness [8,15]. NLFs have shown efficient ballistic protection and researchers have
shown increasing interest in enhancing their properties for current applications [16,17].

Garcia Filho et al. [18] reported how up to 50 vol% of piassava fibers impacted the value
of E,ps and limited the velocity of piassava fiber/epoxy composites when tested against
7.62 mm M1 full-metaljacketed ammunition. The condition with 10 vol% showed the
greatest E,,s compared to all other conditions tested. Nevertheless, the authors attributed
this E,ps to the composite’s fragmentation mechanism, a consequence of the brittle epoxy
matrix. Additionally, the lost integrity state may not be ideal for use in ballistic armor due
to the multiple-hit standard requirement.

Neuba et al. [19] reported how up to 30 vol% of Cyperus malaccensis sedge fibers
impacted the value of E,s and the limit velocity of Cyperus malaccensis sedge fiber /epoxy
composites when tested against 7.62 mm ammunition. Epoxy composites with a 20 vol%
sedge fiber reinforcement showed the highest energy absorption of all tested samples.
Composite plates reinforced with 30 vol% sedge fiber have shown appropriate ballistic
performance due to the improved E,;,s and by maintaining a significantly acceptable
physical integrity. Nevertheless, the energy absorbed by these materials does not match
Twaron and Kevlar™ when used in the same test conditions.

Braga et al. [20] reported how up to 30 vol% of curaua fibers impacted the Ep
and the limit velocity of curaua fiber/polyester composites when tested against 7.62 mm
ammunition. As per the authors’ perspective, the neat polyester resin exhibited the greatest
E.ps. Nevertheless, its tendency to break into smaller pieces makes it not suitable for
multiple impacts. However, the 30 vol% curaua fiber composites exhibited a promising
set of features for multiple-impact scenarios, including a high value of E,,s and a strong
cohesion post-impact.

Braga et al. [21] utilized an up to 30 vol% sisal fiber-reinforced epoxy composite as the
middle layer in the MAS. The ballistic performance of the MAS was examined by testing
its response to 7.62 mm ammunition. As per the authors, the MAS was not appropriate.
Nonetheless, a sisal fiber composite with a volume fraction of 30% as an intermediate layer
showed identical ballistic performance to a system based on Kevlar. Using sisal fibers
instead of Kevlar in the intermediate layer with epoxy provided a significant economic
benefit for the MAS.

Luz et al. [22] investigated how coir fiber-based multilayer armor systems responded
to 7.62 mm ammunition with an up to 30 vol% of coir fiber-reinforced epoxy composite. The
ballistic performance of the intermediate layer with a 30 vol% of coir fiber was somewhat
comparable to that of Kevlar with the same thickness. The authors reported that the coir
fiber layer did not hold up against the second impact, resulting in delamination and fiber
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pullout as signs of failure. Additionally, unlike Kevlar, utilizing coir fibers in the middle
layer with epoxy lowers the cost of the MAS.

Monteiro et al. [23] used sugarcane bagasse to create a ballistic composite. Bagasse is a
leftover or waste product created during the process of extracting juice, sugar, and ethanol
from sugarcane. The study showed that the bagasse-based composite met the National
Institute of Justice (NIJ) test standard [24] for ballistic performance, with clay added as the
fourth layer in the MAS.

Demosthenes et al. [25] found that 10 vol% buriti fabric reinforced with epoxy compos-
ites did not maintain their integrity and did not meet the NIJ Standard [24] requirements.
Cracks were observed in the samples containing 20 vol% buriti fabric, suggesting they also
failed to meet the NIJ Standard. On the other hand, the composites containing 30 vol%
buriti fabric exhibited some damage from the cloud of fragments at the plate’s center, yet
did not display any visible failure, in contrast to the composites with 10 and 20 vol%. As
stated by the authors, this indicates that 30 vol% buriti fiber composites can be utilized in
making bulletproof vests to withstand level III 7.62 mm ammunition.

Among the NLFs, raffia, a fiber derived from the Raphia vinifera palm tree leaf, has been
commonly used in the Amazon region for a long time. Common uses for its fibers include
carpets, ropes, and handicrafts. Recently, Silva et al. [26] performed a thermochemical
and structural analysis on a fabric made of raffia fiber and indicated the possibility for the
production of polymeric composites for engineering applications.

In the scientific context, this work is justified by the understanding of the mechanical
and physical properties of composites reinforced with raffia fabric, and the mechanisms
of adhesion and reinforcement between fiber and epoxy matrix. In addition, composite
materials with high mechanical performance can be obtained, which can be applied in
several sectors in addition to ballistic protection, such as in the automotive, naval, and
aerospace industries.

Economically, the use of these fibers is also justified, as they have a low initial cost
when compared to synthetic fibers, which are generally imported and have a limited
operational lifespan. Therefore, all of these factors contribute to the field of use of NLFs
being further expanded, having a scope beyond the classic applications in the textile
industry, boosting growth in the agricultural sector, generating jobs for rural communities,
and encouraging the production of technologically innovative materials in the country.

Furthermore, the novelty of the work consists in the study of the ballistic behavior
of composites with an epoxy matrix reinforced with raffia fabric. The investigation of the
properties that occur at the interfaces of the components of the armor systems also emerges
as an original contribution of this work to the state of the art, both in the field of polymer
composites reinforced with NLFs and in ballistic armor.

Therefore, the present work aims to investigate the ballistic performance of epoxy ma-
trix composites reinforced with up to 30 vol% of fabrics made from raffia fiber. Standalone
ballistics tests using 7.62 mm caliber projectiles allowed us to evaluate the absorbed impact
energy and the limit velocity withstood by the composite target. Analysis of variance
(ANOVA) and Tukey’s test provided statistical validation for the ballistic results. Fracture
mechanisms were identified by scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Materials

A Bisphenol A diglycidyl ether (DGEBA) epoxy resin was utilized as the matrix phase,
mixed with a hardener containing triethylenetetramine (TETA) in a 100:13 stoichiometric
ratio. It was considered that the epoxy resin had a density of 1.11 g/cm? based on other
studies [27]. Dow Chemical (Sao Paulo, Brazil) created these materials, which Resin Epoxy
Ltd. (Rio de Janeiro, Brazil) distributed.

Raffia fibers from Raphia vinifera species were bought in the city of Belém (Brazil) as
flat-woven fabrics, as shown in Figure 1. The calculated raffia fiber density was indicated
to have a value of 0.95 g/cm3 [26].
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Figure 1. (a) Fabric made from extracted fibers; (b) Weft in an SEM micrograph with 37 x magnification.

2.2. Methods
2.2.1. Composite Manufacturing

The as-received raffia fabric was sliced into rectangles measuring 120 x 150 mm and
placed in an oven at 60 °C for 24 h to remove any moisture. The fabrics were carefully
arranged in a metallic mold to create plates with dimensions measuring 150 x 120 x 12 mm.
The mold metallic surfaces were coated with silicone grease to avoid friction during the
removal of the composite plate. The raffia fabrics were carefully positioned in the mold
and soaked with the resin and hardener. After closing the mold, a pressure of 5 tons was
applied for 24 h. Plates containing 10, 20, and 30 vol% of raffia fibers were manufactured
after the curing process, as shown in Figure 2, conducted at room temperature (RT~25 °C).

Figure 2. Depiction of the production process of the raffia fiber fabric board.

2.2.2. Density Determination of Composites

The experimental density was performed on the composites measuring 25 x 25 mm
using the Archimedean principle. The composite, after curing, was subsequently weighed
in air and then weighed again in a liquid of a known density. Five samples from each
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condition were tested. The density was calculated based on the measured values, noted in
g/ cm?, according to the following;:

(Ms X PL)

Ep=—~—>""—-""
P My — My)

(g/cm?) )
where Mg is the dry mass (g), My, is the naturally wet mass (g), M; is the liquid-immersed
mass (g), and py is the specific mass of water (g/cm?).

The theoretical density was calculated according to the rule of mixtures as follows:

100
Tp = H(g/cmﬁ 2)
D " d
where R represents the percentage of resin by weight, r denotes the percentage of raffia
fabric by weight, the density of resin is represented by D in g/cm?, while the density of
raffia fabric is represented by d in g/cm3.

2.2.3. Stand-Alone Ballistics Tests

Ballistics tests were performed at the Brazilian Army Assessment Center (CAEX) in
Rio de Janeiro, Brazil, as illustrated in Figure 3. Six shots were fired in each tested condition.
The High-Pressure Instrumentation (HPI) gun barrel, as shown in Figure 3a, was positioned
at a distance of 15 m from the target sample, as shown in Figure 3b. A B290 with a laser sight
to the sample, as shown in Figure 3c, was utilized as the shooting apparatus. Commercial
9.7 g, 7.62 mm M1 full-metal-jacketed ammunition, as shown in Figure 3d, was utilized.
The direction exhibited by the bullet was identified as perpendicular to the target. To
determine the speed of the projectile pre- and post-impact, an SL-520 P Weibel Doppler
radar, Denmark, was used along with Windopp software for the data analysis.

7.62x51

Figure 3. (a) High-Pressure Instrumentation (HPI) weapon and Doppler radar; (b) Distance of 15 m
from the target sample; (c) Sample positioned with laser sight; (d) Commercial 9.7 g, 7.62 mm M1
full-metal-jacket ammunition.

As previously stated, the projectile’s achieved velocities were determined both pre-
(V;) and post-hitting (V;) the target. The difference in kinetic energy was linked to the
amount of energy absorbed (E ;) by the target according to the following:

mp (VZ = V7)

. ©)

Eabs =

where m;, is the mass of the projectile. Additionally, the limit velocity (V) is another crucial
dynamic parameter in ballistic armor, according to Equation (4). V7, is the velocity at which
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the ammunition can be stopped by the target and can be estimated. When V; is set to zero,

it is as follows:
2E
VL= “abs (4)
mp

The radar captured the data which allowed to show a frequency spectrum over time,
which could be analyzed using Fast Fourier Transform (FFT) to determine the correlation
between the intensity and the velocity curve fitting, as shown in Figure 4. This figure
displays the data points from an experiment using a composite sample containing 30 vol%
raffia fabric, as well as the curve obtained from adjusting a continuous polynomial re-
lationship. Furthermore, it is important to mention that there is a sudden decrease at
868 m/s, showing the velocity at the moment of impact. Following this, the velocity drops
to 859 m/s, demonstrating the residual velocity after the target penetration.

Radial Velocity
(Launcher)[m/s]

Radial Velocity (Launcher)

875 -
e 5 e’ i & V, =868 m/s
SR V, =859m/s
850 -
825 -
800 -
775 - i
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Time [sec]
Figure 4. Data from radar spectrum and FFT curve-fitting experimental points.

2.2.4. Statistical Analysis

Through ANOVA analysis, statistical treatment was applied to the results of the
ballistics tests for a confidence level exceeding 95%. It also offered an assessment on
whether the amount of fiber added as reinforcement in the composites affected the obtained
outcomes. Tukey’s test compared the average values to determine if there was a notable
difference between the distinct conditions being tested. This was alternatively referred to
as honestly significant difference (HSD), expressed according to the following:

HSD =g¢ L]\fs (6)

where g represents the HSD constant tabulated for a significance level of 5%, EMS stands for
the error mean square in the ANOVA, and r represents the number of times each treatment
was repeated.
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2.2.5. Fracture Surface Analysis

The examination of the primary mechanisms of failure associated with the fracture
was conducted following the ballistics testing of the composite plates on both macro- and
microscopic scales. The fractured samples were analyzed by SEM in a Quanta FEG 250 FEI
model (Thermo fisher Scientific, Waltham, MA, USA) functioning with secondary electrons
at 10 kV.

3. Results and Discussion

3.1. Density Analysis

Table 1 shows the values obtained for the dry mass, wet mass, and liquid-immersed
mass for each tested condition, and Table 2 and Figure 5 show the density results for the
composites according to Equations (1) and (2).

Table 1. Values obtained for the dry mass, wet mass, and liquid-immersed mass for the composites.

Conditions
10% 20% 30%
MS?(g MUP(g Mi°(g MS?(g MUbP( Mic(g MS?(g MUbP( Mi<(g
3.37 3.58 0.37 5.82 6.18 0.38 2.09 2.32 0.09
3.58 3.78 0.33 2.97 3.14 0.17 242 2.72 0.14
2.91 3.15 0.23 3.08 3.32 0.25 2.21 2.49 0.12
3.23 3.53 0.37 2.48 2.78 0.19 3.06 3.28 0.17
4.29 4.81 0.53 2.60 2.84 0.16 2.82 3.09 0.17
md 3.48 3.78 0.37 3.39 3.66 0.23 2.52 2.78 0.14
SDe 0.52 0.63 0.11 1.38 1.43 0.09 0.41 0.40 0.03

2 Dry mass; b Wet mass; © Liquid-immersed mass; d Mean; ¢ Standard deviation.

Table 2. Experimental and theoretical density of the composites compared to the plain epoxy.

Sample E.D 2 (g/cm®) T.D? (g/cm®) Reference
10 vol% raffia fabric 0.55 (£0.12) 1.08 PwW*
20 vol% raffia fabric 0.69 (£0.08) 1.06 PwW*
30 vol% raffia fabric 0.76 (£0.02) 1.05 PW*
Plain epoxy 1.11 - [28]

PW*—Present work;  E.D—Experimental density; ® T.D—Theoretical density based on the rule of mixtures.

Indeed, the addition of 10, 20, and 30 vol% of raffia fabric caused a decrease in
the density in relation to the plain epoxy. This decrease in composite densities might
be attributed to the great hygroscopicity of the raffia fabric. Natural raffia fiber has a
lower density compared to epoxy. Consequently, increasing the fiber content should
decrease the overall density of the composite. By contrast, the results obtained for the
theoretical densities based on the rule of mixtures was the opposite compared with the
experimental densities. This comparison helped us to identify a discrepancy arising from
the experimental conditions with 96.32%, 53.62%, and 38.15% for the addition of 10, 20, and
30 vol% of raffia fabric, respectively.

According to Swain and Biswas [29], the density of a composite material is determined
by the ratio of reinforcing and matrix materials, which plays a crucial role in determining
the properties of the composites. The discrepancy in the calculated density versus the
experimental density is due to the presence of void content. The presence of void spaces
significantly impacts certain mechanical characteristics and can hinder the performance
of composites in industrial settings. Having fewer voids is expected in a high-quality
composite. The existence of void spaces cannot be avoided when creating composites,
especially when using the hand-lay-up method.
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Figure 5. Comparison of experimental and theoretical densities under various conditions of composite
plates.

The primary attributes of voids in fiber-reinforced composites (FRCs) include the void
content, shape, size, location, and distribution. These traits may vary greatly, even within
various parts of the same sample. Material properties and processing parameters impact
the void content and distribution within a particular FRC. These factors include polymer
rheology, the wettability of fibers by polymer, and volatile components in the polymer, as
well as temperature, pressure, and time [30]. Different material systems and process types
can exhibit varied void shapes, sizes, and positions [31].

Unwanted void spaces usually develop in polymers due to the trapping of air during
the liquid processing. Unwanted voids can also form in a thermoset polymer resin while it
cures because of the gas produced by chemical reactions between the resin and catalyst [32].
The presence of non-uniformity at a microstructural scale has caused challenges in studying
the movement of moisture. When polymers with void spaces come into contact with water,
the water molecules penetrate the resin until they reach the edge of the void space. He
and Fan [33] propose that moisture absorbed into voids must condense in order to create
liquid water.

The impact of void spaces on the absorption of water by composite materials contain-
ing a polymer matrix has been examined. Thomason [34] researched the absorption of
moisture in glass/epoxy composites at high relative humidity levels and discovered that
voids significantly increase the moisture absorption. He discovered that composites with
void spaces soaked up a significantly higher amount of water compared to the resin part.

The amount of water absorbed by the composite depends on many factors, ranging
from the type of polymeric matrix used, the surface treatment of the NLF, the microcavities
present in the fiber, to the hydrophilic nature of the fiber. In the case of the relief of the
fiber surface, the microcavities may undergo changes due to occasional interactions with
the polymer matrix. Generally speaking, the greater the interaction between the fiber and
the matrix, the smaller the number of voids available, which can, for example, be used to
accommodate or store water [35].

Additionally, vegetable fibers, as they have two very distinct regions made up of
lignin and cellulose, have different interactions with water. The regions of the plant fiber
composed predominantly of lignin can assimilate or accommodate more water due to their
amorphous structure, while the crystalline and, consequently, more compact structure of
cellulose presents greater restrictions on the accommodation of moisture. The hydration



J. Compos. Sci. 2024, 8, 370

9of 18

property of the fiber, that is, the fiber’s ability to absorb water, can be defined by the
amount of water bound to the fiber without any application of external force, other than
gravitational force and atmospheric pressure. The hydration property will basically depend
on three main factors, the fiber’s ability to bind with water, its ability to retain water, and
the fiber’s swelling capacity (storage space). The main factor in promoting the bonding of
water with the fiber is the chemical group OH, which can form chemical bonds with it [35].

The moisture-absorbing properties of NLFs affect the material’s biodegradation prop-
erties. Additionally, increased moisture absorption allows for increased microbial attack.
These occurrences impact the bonding between the fiber and matrix at the interface, re-
sulting in ineffective stress transfer and altering the physical, mechanical, and thermal
characteristics of the composite [36,37].

Moreover, it is important to note that the composites have a distinct advantage in terms
of density, given that natural fibers are lighter and less dense when compared to synthetic
fibers [38]. In addition to low density, the raffia, as NLFs, possess an inner space, known
as the lumen, which can change shape, resulting in significant fluctuations in diameter
throughout their length. This leads to a reduction in the fiber density, which boosts the
acoustic and thermal insulation abilities while also impacting the fiber tensile strength [39].

3.2. Stand-Alone Ballistics Test Results

In the ballistic experiments, the values of V; and V; were calculated using Equation
(3), enabling the computation of E,,¢. Tables 3 and 4 and Figure 6 display the results found
in the ballistic tests of the composite samples for each group condition.

Table 3. The outcomes of energy absorption under various conditions of the composite plates.

Conditions 10% 20% 30%

206.96 108.34 181.08

197.33 93.83 160.78

205.09 105.79 164.00

Energy absorbed (]) 206.81 97.87 198.85
198.83 79.73 182.46

167.24 81.42 170.47

Mean 168.91 81.03 151.13
Standard deviation 13.84 10.95 12.88

Table 4. Limit, residual, and impact velocities for the composite plates reinforced with raffia fabric tested.

Conditions
10% 20% 30%
V; (m/s) V: (m/s) Vi (m/s) V; (m/s) V: (m/s) Vi (m/s) V; (m/s) V: (m/s) Vi, (m/s)

872.40 847.59 206.57 842.73 829.37 149.46 833.04 810.32 193.23

840.92 816.37 201.71 843.34 831.79 139.09 831.44 811.26 182.07

833.98 808.23 205.64 844.55 831.61 147.27 845.05 824.80 183.89

845.63 820.03 206.49 833.12 820.92 142.05 840.33 815.57 202.48

835.32 810.41 202.47 842.80 832.99 128.22 838.92 816.19 193.96

877.23 857.35 185.69 841.84 831.81 129.56 865.05 844.49 187.48
M2 850.91 826.66 201.43 841.39 829.75 139.28 842.30 820.44 190.52
SDb 17.37 18.85 7.29 3.79 4.09 8.08 11.14 11.73 6.91

a Mean; ? Standard deviation.
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Figure 6. Comparison of energy absorption under various conditions of composite plates.

The results show that the plates made from 10 vol% raffia fabric had the highest E,
of 168.91 ] and a limit velocity of 201.43 m/s; the plates made from 30 vol% raffia fabric had
the second highest value of E,, of 151.13 J and a limit velocity of 190.52 m/s; the plates
made with 20 vol% raffia fabric had the lowest value of E,p,¢ of 81.03 ] and a limit velocity
of 139.28 m/s.

The greatest E,,s occurs at a 10 vol% fiber content, with the lowest absorption at
20 vol%, and none at 30 vol%. Among the defects that may arise from manufacturing, it is
worth mentioning regions rich in resin or fiber, distorted or bent fibers, and the presence of
contaminants and voids, with the latter being of great concern, as they are difficult to avoid
and considerably impair the performance of the composite [40]. The formation of voids
in composites is generally due to the presence of air bubbles trapped between the fiber
reinforcement bundles, moisture absorbed by the reinforcement during storage, inadequate
process parameters, such as time, pressure, and temperature, and/or originating from
the resin when formulated [41,42]. These conditions might also justify the experimental
decrease in the composite’s densities shown in Table 2.

The creation of void spaces within the composites will diminish the mechanical char-
acteristics of the composites [42,43]. The occurrence of void spaces in polymer composites
is primarily attributed to leftover solvents, volatile substances emitted during the curing of
resin, and the trapping of air during the mixing of resin [44]. Moreover, the rise in gaps
with the addition of raffia fabric as reinforcement was caused by the trapped moisture in
the fibers resulting from the hydroxy group presence in hemicellulose and cellulose, which
have a tendency to attract water molecules [45].

Despite the excellent properties and advantages in terms of use, NLFs also have
some disadvantages when used in polymer composites, such as being microstructurally
and dimensionally heterogeneous, as well as having a great affinity for humidity. Not to
mention that a species of fiber may have its properties affected depending on the origin,
plant quality, plant age, fiber diameter and aspect ratio, and its preconditioning [46].

The ability of epoxy composites reinforced with raffia fabric to withstand 7.62 mm
caliber ammunition is similar to that of other composites reinforced with NLFs [18-24].
Table 5 shows a comparison of the ballistic resistance of different composites reinforced
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with NLFs in a 7.62 mm ammunition test, as well as previously reported results for plain
epoxy and Kevlar™.,

Table 5. Comparison of the ballistic resistance of different composites reinforced with NLFs in a
7.62 mm ammunition test, as well as previously reported results for plain epoxy and Kevlar™.,

Sample E.ps O VL (m/s) Reference
10 vol% raffia fabric 168.91 201.43 PwW*
20 vol% raffia fabric 81.03 139.28 PW*
30 vol% raffia fabric 151.13 190.52 PW*
10 vol% ubim fibers 187.03 195.98 [47]
20 vol% ubim fibers 169.07 185.98 [47]
30 vol% ubim fibers 159.42 180.79 [47]
10 vol% TVFs** 171.82 192.06 [48]
20 vol% TVFs** 176.19 193.88 [48]
30 vol% TVFs** 166.51 188.84 [48]
DGEBA/TETA epoxy 190.00 196.00 [49]
Kevlar (ply of aramid fabric) 58.00 109.00 [50]

PW*—Present work; TVFs*—Titica vine fibers.

When the experimental data are compared to the results from other studies conducted
under similar conditions, it is evident that raffia fabric-reinforced composites exhibit
ballistic performance on par with various other reinforced composites. In particular, the
composite with 10 vol% raffia fabric achieved similar ballistic performance as epoxy matrix
composites reinforced with ubim fibers [47] and titica vine fibers [48].

Previously, it was discovered that a plain epoxy has a high limit velocity (196 m/s) but
will break completely when hit by a 7.62 mm projectile [49]. Compared to that, a Kevlar™
plate by itself remained intact, and its limit velocity was 109 m/s [50]. Once more, the
preservation of the physical structure of the materials needs to be taken into account. The
plain epoxy exhibited higher E,},; values, but also either completely cracked or developed
long cracks, which compromised their structural integrity.

3.3. Statistical Analysis
3.3.1. Statistical Analysis of Experimental Density

An ANOVA analysis was conducted, and the parameters, according to Table 6, indicate
its reliability. It was confirmed that F was higher than Fc, since the values of F and Fc were,
respectively, 7.32 and 3.89. Therefore, it can be inferred that the mean values are the same
when the hypothesis is rejected with a certainty level equal to 95%. The varying quantities
of fibers in the composites had an impact on the experimental density, as evidenced by the
statistical results.

Table 6. Performing an ANOVA analysis to acquire the experimental density outcomes.

Causes of Degrees of Sums of Mean Square F Fc
Variation Freedom Squares 9 (Calculated) (Tabulated)
Treatment 2 0.111 0.055 7.32 3.89
Residue 12 0.091 0.007
Total 14 0.202

Tukey’s test, shown in Table 7, was used to obtain a comparison of experimental
density mean values. The value of 0.12 g/cm? for the HSD was acquired using Equation (5).
It was observed that only the composite groups of 20 and 30% did not show a significant
difference. Furthermore, it could be concluded that there is, in fact, an increasing trend
between the groups of 10 and 30%.
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Table 7. Average values of the Tukey test for density through composite plates.

Conditions 10% 20% 30%
10% 0 0.137 0.207
20% 0.137 0 0.070
30% 0.207 0.070 0

3.3.2. Statistical Analysis of Energy Absorption

An ANOVA was conducted. The statistical parameters in the ANOVA analysis im-
pacted its reliability, as indicated in Table 8. It was confirmed that F was larger than Fc, as
the value of F was 11.39 compared to the value of Fc of 3.89. Therefore, it can be inferred
that the average values are the same when the hypothesis is rejected with a 95% certainty.
The varying quantities of fibers in the composites had an impact on the E,}, as evidenced
by the ANOVA results.

Table 8. Performing an ANOVA analysis to acquire the energy absorption outcomes.

Causes of Degrees of Sums of Mean Square F Fc
Variation Freedom Squares 9 (Calculated) (Tabulated)
Treatment 2 17,5635.49 8767.74 11.39 3.89
Residue 12 9235.98 769.66
Total 14 26,771.47

Additionally, the Tukey test, shown in Table 9, was used to link the average values.
The value of 37.89 ] for the HSD was determined through the use of Equation (5). Table 9
depicts the correlation between the average values comparing the HSD. The highlighted
differences in the average values were greater than the HSD, and can be seen in this table.

Table 9. Average values of the Tukey test for absorption through the composite plates.

Conditions 10% 20% 30%
10% 0 83.50 36.18
20% 83.50 0 47.32
30% 36.18 47.32 0

3.4. Fracture Surface Analysis

The structural soundness of the composite plates (CPs) is another crucial aspect to
take into account when using materials for ballistic armor. In the tests on residual velocity
using 7.62 mm ammunition, all of the projectiles pierced through every sample. The tested
samples are displayed in Figures 7-9.

rojectile
Exit Hole

Figure 7. Appearance of the composite material target after the ballistic impact for raffia fabric-
reinforced epoxy composites with a 10 vol%. (a) Front view and (b) distal view.
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Exit Hole &

Figure 8. Appearance of the composite material target after the ballistic impact for raffia fabric-
reinforced epoxy composites with a 20 vol%. (a) Front view and (b) distal view.
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Figure 9. Appearance of the composite material target after the ballistic impact for raffia fabric-
reinforced epoxy composites with a 30 vol%. (a) Front view and (b) distal view.

The figures show how the specimens look following the residual velocity test. It is
clearly shown in the pictures that the raffia fabric effectively helped prevent the spread
of fissures and cracks, thereby preserving the material’s integrity. However, it was not
effective in increasing the E,p,s. Indeed, the materials used for ballistic shielding should
remain intact after the initial shot, and should be able to endure multiple impacts while
still absorbing a relatively higher amount of ballistic energy.

The samples containing 30 vol% raffia fabric showed superior physical integrity
compared to the other samples, but had a lower post-impact E,},;. Some previous studies
have emphasized the significance of maintaining physical integrity in the test specimens of
materials for personal ballistic armor [47,50]. Another significant factor that encourages the
utilization of the 30 vol% raffia fabric is the correlation between the amount of raffia fabric
utilized and the decrease in the price of the composite.

In addition to enhancing the performance and prioritizing environmental concerns, the
economic and weight evaluation of using NLFs instead of synthetic ones, particularly in bal-
listic composites, is highly important. A decreased price encourages the replacement of syn-
thetic fiber by NLFs in numerous past research studies. In their study, Monteiro et al. [50]
achieved a cost reduction of 31.2% by substituting aramid fiber for natural curaua fiber in
an MAS. The study conducted by Braga et al. [21] assessed the cost and weight implications
of substituting aramid with sisal fiber in a multilayered armor composite. The analysis
findings showed a 275% decrease in cost as a result of the replacement.

According to Odesanya et al. [51], the prices of synthetic fibers fluctuate over time, but
particularly decrease when the prices of oil products drop. This decrease in price is expected
to grow along with advancements in technology. But, as per the authors’ perspective, the
main purpose of analyzing these fibers economically is to help researchers choose the most
cost-effective, lightweight, and environmentally friendly NLF for ballistic applications
without compromising their effectiveness.

SEM was used to capture micrographs for a more thorough assessment of the fracture
mechanisms. These micrographs facilitated the identification of fracture mechanisms in
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both the fibers and the matrix. Figures 10-12 show the SEM images for the composites that
include 10 to 30 vol% raffia fabric.

River
marks

\f'..‘ < 2

10:38:19 AM | 30 ps [10.00 kV| 9.6 mm | 200x |ETD| 5.0 ME-IME
Figure 10. SEM micrographs of the epoxy composite with 10 vol% raffia fabric. (a) 100%, (b) 500 %,
and (c) 200x.

_Fra},ct.ured
< fibers

Figure 11. SEM micrographs of the epoxy composite with 20 vol% raffia fabric. (a) 100x and
(b) 500 .
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Figure 12. SEM micrographs of the epoxy composite with 30 vol% raffia fabric. (a) 100x and
(b) 500x.

Figure 10a—c show the composite with 10 vol% raffia fabric and highlights multiple
active failure mechanisms. The fracture surface displays cracks and fractured fibers with
interfaces, revealing the poor bonding between the raffia fiber and the epoxy matrix.
Furthermore, the existence of river marks in the material is also clear, and linked to a
common type of failure that happens in NLFs/polymer resins in an area with a greater
resin content [52].

The composites containing 10 vol% raffia fabric displayed higher E,p,¢ values than the
other composites. The reason for this could be the heightened activity of the epoxy resin
brittle fracture mechanisms, as indicated by the prominent river marks. As river marks are
linked to numerous surface fractures post-collision, they tend to absorb a greater amount of
energy. The reinforcement phase absorbed the kinetic energy, as shown by the appearance
of fiber ruptures and cracks on the material surface. A similar behavior was found by de
Assis et al. [53].

Figure 11a,b show fracture surfaces that expose multiple failure mechanisms, such
as river marks, delamination, broken fibers, cracks, fibril separation, and matrix fracture.
Figure 12a,b also demonstrate consistent failure mechanisms, including fiber breakage and
matrix fracture, observed in composites containing 10 and 20 vol% raffia fabric. Nonetheless,
the samples containing the 30 vol% raffia fabric showed improved dimensional stability
following ballistic impact in comparison to the earlier samples. Even though, with respect to
the E,p value, it ranked second, the fibers’ performance was easily seen in the micrographs.

Guaruman fibers [12], as well as curaua fibers [54], have demonstrated comparable
results during testing for resistance against ballistic impact. The improved adhesion
between the fibers and the matrix reduced the amount of energy absorbed by delamination
and fiber breaking.

4. Summary and Conclusions

In this study, composites with varying contents of raffia fabric were tested for the first
time using 7.62 mm ammunition. Scanning electron microscopy (SEM) was used to analyze
the surfaces of the broken samples. The following conclusions are drawn:

e Adding 10, 20, and 30 vol% of raffia fabric to the epoxy resulted a decrease in density
in relation to the plain epoxy. This decrease in composite densities might be attributed
to the great hygroscopicity of the raffia fabric.

e The comparison of the theoretical densities calculated using the rule of mixtures
with experimental densities revealed discrepancies of 96.32%, 53.62%, and 38.15%
for the incorporation of 10, 20, and 30 vol% of raffia, respectively. The discrepancy
in calculated density versus experimental density can be attributed to the presence
of voids.

e  The E,p results presented indicated a low degree of compatibilization of the compo-
nents of the manufactured composites. One way to improve the material characteristics
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can be achieved by using another manufacturing process (vacuum-assisted manual
lamination or vacuum infusion) and performing a surface pre-treatment of the fiber.

e  Epoxy matrix composites containing 10 vol% raffia fabric showed the highest energy
absorption value among the samples tested. The reason for this was mainly due
to the fragile nature of the epoxy matrix, leading to the composite plates breaking
apart completely. Hence, the lack of integrity post-ballistic impact is considered
unsuitable for use in multilayer armor systems (MASs) requiring multiple shots for
proper evaluation.

e  The 30 vol% raffia fabric composites showed an appropriate ballistic performance
by combining improved E,,s with good physical integrity. These findings highlight
the significance of incorporating NLFs for strengthening polymeric composites and
contribute to our understanding, particularly in the case of raffia fabric, which has not
yet been documented in the literature.

e  SEM micrographs revealed that the epoxy matrix exhibited a brittle fracture mecha-
nism, along with the presence of raffia fiber ruptures, pullout, and delamination on
the fractured surface.

e  Finally, the current epoxy composites strengthened by raffia fabric were assessed as
highly suitable for personal ballistic protection in an MAS, particularly in the role of
an intermediate layer. Cost-effectiveness and reduced weight are key factors in the
decision to choose this innovative ballistic material.
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