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Ballistic Application of Coir Fiber Reinforced Epoxy Compaosite in Multilayered Armor
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Mululayered armor systems (MAS) composed of relatively lighter matenals with capacity 1o
provide personal ballistic protection are being extensively investigated and used in armor vests. A
typical MAS to stand high impact energy 7.62 mm bullet has a front ceramic followed by an aramid
fabric laminate, swch as Kevlar™, Since bath the army and municipal police personnel might need o
wiar an armor vest, a large number of vests needs to be supplied, In the case of Kevlar™, one of the
meost expensive MAS material with an expiration time of 5 years, the possibility of its replacement
by an equally ballistic efficient low cost material and more durable could be a relevant economical
advantage. MNatural fibers composites have recently been investigated as possible alternatives for
Keviar™, In particular, the fiber extracted from the coconut fruit, known as coir fiber, normally disposed
as waste, could be a low cost material for this purpose, Therefore, the present work investigated the
possibility of using coir fiber mantle, with different volume fraction, reinforcing epoxy composites
a5 MAS second layer. It was found that 30 vol% of coir fiber composite displayed similar ballistic

performance as compared to Keviar™ with substantial economical advaniage,
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1. Introduction

The escalatimgz armed conflicts in both larse urban
municipalities and conflagrated regions around the world, s
motivating the development of more powerful fire arms and
corresponding efficient armors, Mot only single material but
alzo multilayered materials srmors are wsed today depending
on the power of the fire arm ammunition. A muliilayered
armor system (MAS) provides protection against high impact
velocity projectile such as the caliber 7,62 mm. A fypical
MAS is basically composed of a front ceramic Layer with
the main purpose of absorbing most of the projectiles high
impact energy. This 15 accomplished through the projectile
rupture and erosion as well as by dynamic fragmentation
of the ceramic'™®, The fromt ceramic = followed by a lower
density second layer, normally @ polymeric material, with
the aim of further reducing the remaining impact energy
associated with 3 clowd of fragments generated from the
shattering of the ceramic and projectile.

The synthetic polymeric materials traditionally employed
ac MAS second layer, especially in vests for personal
protection, are the aramid fabric laminate, commercially
available as Fevlar™ from Duponi® or the ultra high
molecular weight polyethylens (LTHMWPE), commercially
available as Dyneema™ from DEM®, Although the
ballistic performance [or individual safety is the major
seek requirement in the development of MAS, cost mght
also be an important factor, Therefore, new materials are
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being investizated to attend both ballistic performance and
economical markel sdvantage. Polymer based composites
reinforced with natural fibers have been ballistic tested as
possible application in armors™ ", Becently the use of natural
fabrics, fabricated from hgnocellulosic fibers, a5 polymer
composite reinforcement to be applied in MAS second
layer was imvestigated ™%, In addition to much lower costin
comparison to synthetic aramid or UHMWPE fibers, natural
fibers and fabrics are sustainable and newutral with respect i
CO, emission responsible for global warming'™*. However
a synihetic fber like Kevlar™ 49, with a tensile strength of
FR00-4200 MPa™, 15 much stronger than natural fibers that
barely reach 1000 bPa™. This is even more significant in the
case of the liber extracted from the mesocarp of the green
coconut fruit, also known as coir fiber. The tensile strength of
the coir fiber 15 only 95-220 MPa" but polvimer composites
reinforced with coir fibers have recently been investizated®
and already applied, meluding as automobile parts™.

The reader may question whether a much weaker coir
fiber reinforcing a composite with alse relatively weak matrix
like epoxy, 28-90 MPa™, could replace Kevlar™ as MAS
second layer. The preseat work will show that this 15 possible
because the mechanism of impact energy dissipation by a
second layer does not depend on the fiker strength but on
its capacity to caplure fragments coming from the shatter
of the front ceramic layer™. This may be efficiently done by
the coir fiber compaosites, Another advantage of the coir fiber
iz that coconuts are abundant in several developing tropical
cousitries, like Brazil. Table | presents the Brazihan production




frome 2006 1o 2015 of some crops associated with natural
fibers, It should be noted that coconuts stands only behind
cotton, Today around 30% of this production gocur in the
northeast part of the country™ and the commercial interest
is for the liguid and meal inside the coconut fruit. The hesk
corresponding to 85 wi of the frunt, where coir fibers arc
exiracted, is generally considered garbage 10 be disposed
Cly in lazt decades, & small fraction of coir fibers in Brazil
i being considersd for mdusinal applications. Mevertheless,
mvestigations on new applications for coir fiber are growing
owing 1o 15 very bow cost, low density, great availabality
and relatively high nesistance to ambient degradation due
to the fiber high lignin content™

In the present work the ballistic performance af MASs
using coir fibermantle, Figure 1, reinforced epoocy composites,
a= second layver, was for the first ime compared to similar
BAS with second layer of Kevlar™ with same thickness.
This novel comparison was based on the N1T standard™ that
considers 2 maximum penetration of 44 mm inside a block
of clay witness, which simulates 3 human body, place belind
the BMAS in the ballistic test. Different volume fmctions of
the coir fiber mantle, Fig. 1b, reinforcing epoxy composites
were investigated az MAS sccond layer against class (1T
high impact power 762 mm ammuemition,
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Figure 1. Coir fibers exiracted fron the mesocamp m the husk of 2
green coonnut frzit (a) and coir fiker mantle (k).

2. Materials and Methods

The materials used in this work were basically a laboratory
fabricated tile of front ceramic and plates of coir fiber manile-
reinforced epooy composite as MAS second layer. A sheet
of 5052-H34 aluminum alloy with 120x150 mm of kateral
dimensions and 5 mm of thickness, wsad as MAS third layer,
was supplied by the Metalak firm.
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The hexagonal ceramic tile with side dimensions of
31 mm and 10 mm in thickness was fabricated with ALO.
powder supplied by Treibacher Schleifmittle do Brasil
and MO, powder supplied by the Companhia Brasileita
de Metalurgia ¢ Mineragio (CBMM). These two powders
were mixed with polyethyleneplyvool (PEG), supplied by the
Veter Quimica Fina, as an organie bondmg, The mixture
was comminuted in a2 model MASH Marconi ball mill
for & hours using 94 573 wi% ALD,, 594 wi% Nh.:l'.'_:l_h and
.53 wi% PEG. It was then sintered at 12005 for 3 hours,
resulting in grain size of 4 pm.

Thesintered ALO, -4.0w1% Nb,0, presented intergramsdar
precipitates that faver a complete brittle fracture upon ballistic
impact. This efficiently dissipates energy by frapmeniation
inte small pieces with size comparable to that of the grains,
Figure 2 illustrates schematically the typical MAS used in
this work with a second Llayer of epoxy composite reinforeesd
with 10, 20 amd 30 vol% of coir fiber mantle.

Figure . Schematic of the MAS placed m front of a block of cly
witness simualating & homan body.

Composite plates with lateral sides of 12000 50 mm and
thickness of 1) mm were fabricated with both coir fiber mantle
supplied by the Coco Verde firm, Braal, and epoxy resin
tvpe diglyeidyl ether of bisphenol A (DGEBA) hardener with

Table 1. Brazilian crop of natural fiber containieg products from 2006 1 20155,
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triethylenetetramine (TETA ) produced by Dow Chemical and
supplicd by the firm Besinpoxy, Pieces of coir fiber mantle
with 5 mm in thickness were placed inside a steel mold with
dimensions corresponding to these of the final composite,
The DGEBATETA Muid epoxy with stoichiometric phr 13
amount of hardener was poured onto the mantle preces 1o
fabricate laminate composites, After the necessary amount
of manthe and epoxy, for a final 10 mm thick plate, the mold
wis closed and a boad of 3 fon (pressure of ~3 MPa) was
applied for 24 hours, Figure 3 (a) shows a typical plate of
) vl corr fiber mantle epoxy composite,

Figmre 3. Typacal 30 vol% fiber coir manthe epoxy compaosite (n)
amd the corrgsponding MAS (b

For the assembly of the MAS three layers, a Sikaflex™
adhesive, supplied by Sika firm, was used to bind the ceramic
tile, composite plate and aluminum shest together. Figure 3
k) shows a complete MAS clamped to a clay witness block,
supplicd by the firm Corfix™, and ready to be ballistic tested.

Ballisine tests were canried out in the Centro de Avaliagies
do Exército {CAEx) located an the Marambaia penincula
in Riz de Janeire, Brazil, Figure 4 shows schematically
the arransement for ballistic test in o CAEx sound proof
tunnel. A gun barrel shoots the bullet, which goes through
optical barricrs and a model 5L-32 OF Weibel fixed-head
Droppler radar for velocity measurement. The MAS target is
placed 15 m from the gun and the bullel rajectory, shown
schematically in Fig. 4 as a dashed straight line, is sighted
on the trgel center with a red laser beam. Spring clamps
are used 10 hold in place the MAS target in direct contact
with the clay witness block, which is oeounted ina rigid stecd
frame. All ballistic tests were conducted according to the
ML 010106 Standard™ using class I 7.62x51 mm MATO
mi litary ammunition {762 mm for short) with a 9.7 g lead
bullet. After the ballistic test, samples of the fractured MAS
layers were analyzed by Scanning Electron Microscopy
(SEM) ina model Cruanta FEG 220 Fei equipment operating
with secondary elecirons at 15 KV,

The evaluation of the ballistic performance of the MAS
was based on the depth of indentation cavused m the clay
wilmess, matching the plastic deformation of the aluminum
MAS third layer. This deformation comresponds to the
last remaining impact energy dissipated by the MAS. The
indentation measurement was performed by means of a
model QX Banner laser sensor, a5 illustrated in Figure 3. A
minimum of 12 indentation depthe was measored, Fig 5, im
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Figmre 4. Sclwemmic view of the ballistic st arranpement' (aduapled).

ench ballistic test and the values were statistically analyzed
by the Weibull method, briefly described in Appendix,

Figure 5. Measunement of the depth of mdsmsiation in the clay
witness duc to the remaining encrgy from the ballistic ses T.62
mm bulled impact apainst MAS.

3. Results

The Weibull siatistic analyss of depth of indentation
measurements revealed that all valoes for the investizated
coir fiber mantle, 10, 20 and 30 vol%s, reinforced epoxy
comnpnsites (coir mantle composites tor shorl) as MAS
second laver, Fig. 2 and 3, atended the standard™. Moseover,
these depth of indentations were comparabie to that of MAS
using Kevlar™ ag second layer. Table 2 presents the depth
of mdentation for MASs with coir mantle composites as
second lavers as well a5 corresponding values for Kevlar™
and pure epoxy!

1t this table one should notice that all depth indentation
values are smaller than 44 mm, which is the limat reguired
by the standard™, As aforementioned, within the statistical
precision, all these valees are comparable. In other waords,
the corresponding MASs reveal similar ballistic performance
againat a 767 mm threat, including the MAS with Kevlar™,
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Table 2. Depth of indeatation for MAS with differsnt second Exvers
ballistes tegted againsg T.62 mm bulled.
WLAS second laver

Awgrape depih :.r iru,lcnl:uinn_:mm:.

Eeavlar™ [16] 2343
1001% epoxy [12] 01
10 oo mantbefepoxy 2+2
1% coir mantbafepoxy Fi .t 2]
1% coir marieepoay =6

Figuse & illustrates the ospect of MASs targets of Keviar™
and eoir mantle composites as second layers afier ballistic
tests. [n this figure the front ceramic is almost completely
gone destroyed due o intergranular fragmentation cavsed
by the Nb.O, embrittlement. Using Keviar™ as MAS
secomd lpver, a1 was previoushy reported®” intergranular
fragmentation is responsible for absorption of mare than
50% of the impact energy.
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Figure &, Aspect of MASs with different sccond lzyvers after
hallistic test agninst 7.62 mm buller: (o) Bevlar™: (b 10% coir
mamLhe: (o) 20% coir mantle; aod (d) 30% coir manibe reinforced
POy COmpasiie,

Figure 7 shows the fractured surface of a 30 vol¥% coir
mantle composite. In this figure one can clearly see broken
coir fibers wath mternal Gbmlar mcrostrocture &md lumen.
Around these coir fibers cxtends the fractured brittle eposxy
mdrix. The brittle rupdure of the epoxy matrix is another
source of impact energy dissipation, which oceurs by rapid
nucleation and propagation of cracks™, It is also impartant
to notice in Fig. 7(a) the small white particles of ceramic
covering the fracture surface. This is an indication of a
mechanism associated with the capture of fragments from
the front ceramic, as previowsly reported for other natural
fiber composites a5 MAS second layer™ ", Evidence of coir
fiber pullout is depicted in Fig 7 (b).

Table 3 presents a comparative economical analysis
imvolving cost and weight of different MAS:. Based on
the dita m Table one gees that a MAS with coir mantle
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Figure 7. SEM fracrore of a MAS with sceond layer of 3 vol™
coir manthee-reinforced epoxy compaosing: (3} general rugiun: with
detail of ceramic fragmends capiured ard (b)) pullout of oodr fiker.

composite displays a reduction of 33% m todal cost and
0.2% in weight a5 compared with a similar MAS (sanme
thickness) with Kevlar™,

4. Dhscussion

The similar ballistie performance resulis in Table 2
can be attributed to distinet mechanisms of mpact energy
dissipation bey the second layer, following the majority amount
of enerpy dissipated by the front ceramic, In principle, the
recopnized mechanisms are stretching, delanination and
rupture of fibers'™ "%, However, another efficient mechanism
of energy dissipation is the capiure of frasments resulting
from the shatter of the first layer™.

Although all investigated MAS with coir mantle
composites attended the depth of indentation criferion
required by the standard™, pone of the investigated composites
kept its integrity after the ballistic impact. In Fig. &, it was
revealed the typical appearance of MASs after ballistic test.
In this figure, one should notice that im all MASs the front
ceramic was totally disintezrated. However, the Kevlar™
az second layer, Fig. 6 (a), remained intact excepd for the
bullet perfosation. By contrast, the coir mantle composites
(10, 20 and 30 vol% incorporation ) were parisally destroyed.
Az 3 consequence, coir mantle composites canned be used
ag a MAS second layer large plate in a vest for ballistic
profection agmnst igh power ammunition soch as 762 mm.
Similar to the front ceramic, a coir mantle compaosite could
only be used as smaller pisces composing a mosaic. In this
case, according to the standard™ the vest might protect a
sequence of § ballistic impacts separated by 5 cm of distance.

The results of ballistic test showed that coir mantle
composites a5 MAS second layer are able to resist the
first impact of a 7.62mm projectile, However, their partial
disintesration, Fiz. & (b}, (¢} and (d) will not resist a secondd
impact. Possible reasons are associated with their fracture
mechanisms, Fig. & and 7, involving scparation of micorfibrils
in the coir fiber, delamination of the coir mantle and fiber
pullout from the matrix. Consequently, the coir fibers in a
mizntle do not seem to provide a oood reinforcement to the
epoxy matrik, Thus, a coir mantle composite can only be
uzed as MAS second layer, to provide persomal badlsties
protection, in the form of small pieces composing a mosaic
tooether with coramic front tile. In this way, the MAS might
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be able 1o stand multiple ballistic impact, a8 required by
the standards™,

In zpite of this shortcoming, the MAS using a coir
mantle composite as second layer has a marked economical
advantage as shown in Table 3. The reader should remember
that coir filsers are today still consider a trash to be disposed.

5. Conelusions

»  Epoxy composites incorporated with different
fractioms = 10, 20 and 30 vol% - of coir manthe
attended the standard for ballistic protection against
high power 7.62 mm ammunition, as second layer
of a multiple layered system (MAS) with a front
ceramic tile.

+  Theballistic performance of MAS: with coir mantls
composite was comparable to that of smmalar thickness
MAS with Kevlar™ ag second layer

+  The partial disindegration of the coir mantle composite
plates after the MAS ballistic impact, limits their
application to small mosae pleces [0 stand against
multiples shots of T.62 mm projectiles.

= Despite this limitation, a MAS with coir fiber mantle
as second layer is 0.2% lighter and 34% cheaper
than the traditional MAS with Keviar™ as second
laver and same thickness.
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