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Natural fiber reinforced polymer composites have recently been investigated as a component 
of multilayered armor system (MAS). These composites were found to present advantages when 
replacing conventional high strength synthetic aramid fabric laminate composite (KevlarTM, with 
same thickness, as MAS second layer. Continuous and loose natural fibers were up to now mostly 
used to reinforce these ballistic composites. Only two natural fabrics reinforced polymer composite 
were so far used with same purpose. Therefore, this work investigated the possibility of substituting 
KevlarTM for three other natural fabrics, based on mallow and jute fibers, as reinforcement of epoxy 
composites. Fabrics made of either pure mallow, or 70%mallow/30% jute or 50%mallow/50% jute 
fibers were separately mixed with epoxy to produce laminate composite plates. These plates were 
set as second layer of Al2O3/Nb2O5 front ceramic MAS, that were ballistic tested against relatively 
high energy 7.62 mm ammunition. Indentation depth values caused by the bullet penetration in clay 
witness, simulating human body behind the MAS, were always found to be below the safety standard 
limit. These indentation values were similar to those obtained in MAS with KevlarTM as second layer. 
However, significant economical advantages favor the investigated natural fabric composites over 
the synthetic Kevlar.
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1. Introduction
Synthetic high strength fibers, such as glass, carbon 

and aramid have, from past decades, been successfully 
used as reinforcement of polymer composites in several 
engineering areas1. In recent decades, however, polymer 
composites reinforced with natural fibers, mainly those 
lignocellulosic obtained from plants, are not only being 
extensively investigates2-11 but also replacing the synthetic fibers 
composites in industrial application related to sectors such as 
civil construction furniture, commodity and automotive12-14. 
Güven et al11 indicated that a escalating number of publications 
on natural fiber composites occurred in the last two decades. 
Indeed, the number of papers with keyword "natural fiber 
composite" increased exponentially from 3 in 1990 to 686 
articles in 2014. In particular, investigations on the ballistic 
performance of natural fiber composites are, since 2001, also 
following this tendency15-23.

More recently, specific works18-23 were published on the 
ballistic performance of natural fibers reinforced polymeric 
composites. The ballistic performance was evaluated in 
standard tests24 against high energy 7.62 mm ammunition by 
measuring the depth of indentation produced in clay witness 
simulating a human body behind the MAS.

Curaua20,23, bamboo19 and sisal21 fibers composites were 
tested as components of a multilayered system (MAS) with a 
front ceramic Other works on MAS and related mechanisms of 
ballistic protection have been presented since last decade25-26. 
In addition to loose and continuous natural fibers in the 
composite19-22, natural fabrics, made of jute18 and ramie22 
fibers, reinforced polymer matrix composites were also 
similarly investigated. All these specific works concluded that 
natural fiber or natural fabric composites present a ballistic 
performance comparable to the conventional aramid fabric 
laminate composite27, KevlarTM, as MAS second layer with 
same thickness.

This surprising result of similar ballistic performance 
of natural fiber/fabric composites in comparison with the 
much stronger KevlarTM was explained by an equally efficient 
mechanism of ceramic/bullet fragments capture24,28. Economical 
advantage based on the much expensive KevlarTM favors the 
possible use of natural fiber/fabric composites. The fact that 
only two types of natural fabric composites were ballistic 
tested up to now18,22 motivated this investigation.

 Therefore, the present work evaluated the ballistic 
performance of three other natural fabrics, both in amount 
of 30 vol%, reinforcing an epoxy matrix. The fabrics were 
made from either pure mallow, or 70 mallow/30 jute or 50 
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mallow/50 jute fibers. These composites were used as MAS 
second layer and ballistic tested as per NIJ standard24.

2. Materials and Methods

The mallow fiber, obtained from a plant of the mallowceous 
species (Urena lobata, Linn), was supplied by the Brazilian 
Companhia Textil Castanhal do Pará. The pure 100% mallow 
fabric (simple weft - 329g/m2 was manually threaded and 
simple-weaved by an Amazonian native community. The 
cost was estimated in US$9.41/kg. Figure 1 illustrates the 
mallow plant as well as its fibers and investigated pure fabric.

adhesive from the Brazilian firm Sika Co. Before ballistic 
test, a block of standard24 treated clay witness was placed 
behind the MAS in direct contact with the aluminum back 
layer. The clay was a commercially available CORFIXTM 
plastiline. Figure 2 shows a schematic view of a complete 
MAS put together with the clay witness. In this figure it is 
also shown an actual MAS with pure (100%) mallow fabric 
composite as second layer. 

Figure 1. (a) Mallow plant; (b) Mallow fiber, hybrid and pure fabric.

The hybrid 70 mallow/30 jute (simple weft - 329g/m2 
and 50 mallow/50 jute (arraiolo weft - 704g/m2 fabrics, 
Figure 1b, were directly acquired from the same firm (US$ 
9.41/kg and US$5.57/kg respectively) as one of its available 
product. 

The epoxy used as composite matrix was a diglycidyl 
ether of the bisphenol-A (DGEBA) resin hardened with 
triethylene tetramine (TETA), Dow Chemical produced, and 
supplied by the Brazilian firm Resinpoxy (US$ 23.50/kg). 

The MAS front ceramic was fabricated at the Military 
Institute of Engineering (IME) laboratory. Both Al2O3 powder, 
supplied by Treibacher Schleifmittel as commercial pure 
(US$ 1.59/kg) and 4 wt% Nb2O5 powder, supplied by the 
Brazilian firm CBMM as 99% pro-analysis (US$ 16.13/
kg), were mixed in a ball-mill for 8 hours and sieved in 
a 42 mesh. Sintering of 10 mm thick hexagonal tiles with 
31 mm of side dimensions was carried out at 1400°C for 3 
hours under air in a model FF 1700 INTI furnace. The MAS 
second layer composites were fabricated, for each different 
fabric, as 10 mm in thickness square, 150 mm sides, plate.

Fabrication started with square pieces of fabric with same 
150 mm sides being layed down in a metallic mold. Still fluid 
DGEBA resin mixed with phr 13 stoichiometric fraction of 
TETA was poured onto each layer of fabric. A pressure of 
about 3 MPa was then applied to the mold. The laminate 
fabric composite plate was cured at room temperature for 
24 hours still under pressure. 

The MAS back layer was a 5 mm thick 5052-H34 
aluminum alloy sheet with same 150x150 mm side dimensions, 
supplied by the Brazilian firm Metalak (US$ 11.24/kg). The 
complete MAS target' was set up by bonding the three layers 
(ceramic, composite and aluminum) with a Sikaflex(tm) 

Figure 2. (a) Schematic of a complete MAS, (b) Thickness layers and 
(c) Actual MAS with pure mallow fabric composite as second layer.

Ballistic tests were carried out at the Brazilian Army 
Shooting range facility, Centro de Avaliações do Exército , 
CAEX, located in the Marambaia peninsula, Rio de Janeiro. 
Figure 3 shows the schematic arrangement for ballistic tests 
in a CAEX shooting tunnel. In this figure it is also shown, 
as inserts, two actual MASs with 70 mallow / 30 jute and 
50 mallow / 50 jute fabric composite used as second layer. 

Figure 3. Schematic arrangement of the ballistic test. Insert of 
actual MAS with front hexagonal ceramic followed by hybrid (a) 
70 mallow / 30 jute; (b) 50 mallow / 50 jute fabric composite and 
backed by aluminum sheet in direct contact with clay witness.

In this figure, the MAS target was positioned by spring 
clamps to a steel frame. The center of the MAS target was 
sighted with a laser beam coupled to the gun barrel at a distance 
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of 15 m. A minimum of 10 tests was conducted for MAS 
with distinct fabric composites, using class III 7.62 x 51 mm 
commercial ammunition with 9.7 g copper bullet propelled 
from the gun barrel shown in Figure 3. The variation of the 
bullet velocity was continuously measured by the optical 
barriers and by a Doppler radar also schematically shown 
in Figure 3. In average, the bullet leaves the gun barrel at 
870 m/s and strikes the target at 845 m/s. This corresponds 
to an average impact energy of 34 kJ. After bullet impact, 
the indentation in the clay witness, simulating a trauma in 
a human body, was measured with a model Q4X Banner 
laser sensor, as illustrated in Figure 4. 

Figure 4. (a) Indentation depth in the clay witness caused by the 
bullet impact on MAS after ballistic impact. (b) Measurement with 
Laser sensor caliper, model Q4X by Banner manufacturer.

Table 1. Average depth of indentation depth in the clay witness after bullet impact in MASs with distinct natural fabrics.

MAS with second layer with 10mm of thickness Indentation depth (mm) Reference

Pure mallow fabric reinforced epoxy composite 21.5 ± 1.6 PWa

70 mallow/30 jute fabric reinforced epoxy composite 23.2 ± 2.4 PWa

50 mallow/50 jute fabric reinforced epoxy composite 23.7 ± 2.4 PWa

Pure jute fabric reinforced epoxy composite 20.7 ± 3.1 18

Kevlar™: 18 plies of aramid fabric with 5% polychloroprene 22.7 ± 2.8 21,23
aPresent work.

Table 2. Variance analysis for ballistic tests with MAS having different second layers.

Causes of variation DF Sum of squares Middle square F calculated F critical 
(tabulated)

Treatments 4 22.77 5.69 1.40 2.87

Residue 20 81.07 4.05   

Total 24 103.84    

Samples of the fabric composites, fractured after the 
ballistic tests, were analysed by scanning electron microscopy 
(SEM) in a model QUANTA FEG 250 FEI microscopy 
operating at 20KV with secondary electrons. 

3. Results and Discussion 

The main result in this work was that in all ballistic tests, 
with a MAS as target, the 7.62mm bullet failed to complete 
perforate the clay witness. Only partial penetration occurred in 
association with an indentation like that illustrated in Figure 4. 

Table 1 presents values of indentation depth measured in 
MAS with distinct fabric composites as second layer. In this 
table it is also shown the average indentation depth of similar 
MAS, with KevlarTM as second layer, reported elsewhere21,23. 

The reader may find slightly different values for MAS 
with KevlarTM in other publications18-23,29. The reason is the 
independent ballistic tests performed in each one. However, 
all results are similar within the variance analysis (ANOVA). 

As presented in Table 2, the values of indentation depth 
for the three MASs are the same within the experimental 
precision, because ANOVA value of F = 1.40 is smaller than 
the tabulated 2.87 value. 

A specific mechanism of fragment capture mechanism 
based on incrustation, Van der Waals forces and electrostatic 
charges30 might explain the similar behavior of natural fabric 
composites as compared to the much stronger KevlarTM as 
MAS second layer. Figure 5 shows SEM micrographs of the 
fractured composites after the ballistic test. In this figure one 
should notice the small white ceramic particles that were 
captured by the fabric composites, Figure 5(a), (c) and (d), 
covering their fractured surfaces. The ceramic nature of these 
particles is revealed by the EDS composition in Figure 5(b). 

Figure 5. SEM micrographs of the fractured composites after the 
ballistic test. (a) 100% mallow fabric (b) EDS of 100% mallow 
fabric, (c) 70% mallow/30% jute fabric and (d) 50% mallow/50% 
jute fabric.
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Table 3. Evaluation of weight and cost of the different multilayered armors.

Armor component Volume (cm3) Density (g/cm3) Weight (kgf) Price per kg (US 
dollars)

Component cost 
(US dollars)

Al2O3ceramic tile 225 3.72 0.837 33.00 27.62

Aramid fabric plies 225 1.44 0.324 63.60 20.61

100% Mallow 
composite plate 225 1.19 0.268

Fiber 9.41 (30%)
5.17

Epoxy 23.50 (70%)

70% Mallow/30% 
Jute composite 
plate

225 1.18 0.266
Fiber 9.41 (30%)

5.13
Epoxy 23.50 (70%)

50% Mallow/50% 
Jute composite 
plate

225 1.17 0.263
Fiber 5.57 (30%)

4.77
Epoxy 23.50 (70%)

5052 H34 
aluminum sheet 112.5 2.70 0.304 11.24 3.42

% of decrease of weight (using 100% 
Mallow fabric composite) 3.82 % of decrease of cost (using 100% 

Mallow fabric composite) 29.89

% of decrease of weight (using 70% 
Mallow/30% Jute fabric composite) 3.96 % of decrease of cost (using 70% 

Mallow/30% Jute fabric composite) 29.97

% of decrease of weight (using 50% 
Mallow/50% Jute fabric composite) 4.16 % of decrease of cost (using 50% 

Mallow/50% Jute fabric composite) 30.67

3.1 Economical analysis 
Cost analysis strongly favored the 30 vol% mallow 

and hybrid mallow/jute fabric reinforced epoxy composite. 
Table 3 presents a weight and cost analysis based on density 
obtained from experimental measurements and current 
prices (November, 2016). The calculated face area of the 
ceramic plates was considered to cover the whole 150 x 
150 mm (Fig. 3) surface of the MAS target. As shown in 
Table 3, substituting KevlarTM for natural fabric with 30 
vol% mallow, hybrid mallow/jute (70/30 wt%) or hybrid 
mallow/jute (50/50 wt%) fabric reinforced epoxy composite 
creates only a modest weight decrease around 4%. On the 
other hand, this substitution represents about 30% reduction 
in cost. Therefore, a multilayer armor system with 30 vol% 
pure mallow or hybrid mallow/jute (70/30 or 50/50 wt%) 
fabric epoxy composites, as compared with KevlarTM, 
provides the same technical advantages in terms of ballistic 
performance, lightness, durability and integrity. However, 
in addition to these advantages, they are all associated with 
a much lower cost. 

4. Conclusions

• The MASs with second layer reinforced with either 
100% mallow fabric, or 70 mallow/30 jute or 50 
mallow/50 jute fabric meet the requirements of 
standard N.I.J. 0101.0624, since the average indentation 
obtained on the clay witness, after the ammunition 
impact 7.62 mm, was lower than 44 mm. Therefore, 
they can be considered as a suitable material for use 
in ballistic shielding MAS second layer. 

• The main failure mechanism verified by both visual 
and SEM analysis after the ballistic impact was layer 

delamination, which together with capture of front 
ceramic fragments, allow the absorption of much 
of the kinetic energy coming from the projectile 
and the shards of the ceramic front layer. 

• By means of the analysis of variance it was verified 
that there is no significant difference between the 
mean values of indentation in MASs with a second 
layer of either 100% mallow fabric, or 100% jute 
fabric, or 70 mallow/30 jute or 50 mallow/50 jute 
fabrics as well as aramid fabric (KevlarTM. The 
similarity of mallow and jute fabrics in applications 
as reinforcement of composites for ballistic purpose 
was confirmed and found comparable to the KevlarTM 
fabric, which is the material traditionally used in 
armors for personal ballistic protection. 

• The 30% vol mallow and hybrid mallow/jute fabric 
(70/30 or 50/50 wt%) epoxy composite is much 
less expensive than the aramid fabric, representing 
a reduction around of 30% in the total cost of the 
MAS and a weight decrease of around 4%.
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