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a b s t r a c t

This paper focuses on ballistic tests of a new class of composite materials, i.e. hybrid nanocomposites. The
two hybrid nanocomposites studied are fiber glass/epoxy/nanoclay and fiber glass/epoxy/nanographite.
The fiber glass used is a plain weave 200 g/m2, while the nanoclay is an organically modified mont-
morillonite ceramic (Nanomer I30E). The expandable graphite used to generate the graphene nanosheets
was from Graftech (grade 160-80N). Ballistic tests were performed considering two types of ammunition,
i.e. 38 caliber and 9 mm full metal jacketed. The results showed that for a 38 revolver projectile a 5 mm
thick nanocomposite with additional 5 mm nanoclay layer was able to absorb the energy efficiently. A
9 mm projectile, with speed of 380 m/s, was stopped by a two plates (5 mm each) arrangement with
elastic deformation of the second plate less than 18 mm. The energies during the ballistic tests ranged
from 316 to 576 J.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Ballistic materials have been studied for years especially for
military applications. However, after the 9/11 and Madrid terrorist
attacks, the usage of these materials became a valuable commodity
even for the ordinary citizen. In addition, there has been an increase
of bullet proof vehicles in large cities such as São Paulo and Mexico
City due to the increase in urban violence. One of the critical
performance requirements for this class of material is impact
resistance. In fact, various scholars have highlighted the impor-
tance of the impact behavior of aeronautical materials. As argued by
Caprino et al. [1], the Concorde tragedy that occurred in Paris in
2000 was probably caused by a tire fragment moving at high speed
and impinging the jet’s fuel tanks. Langdon et al. [2] also claimed
that if the luggage container was made of fiber-metal laminate, it
would be able to withstand a bomb blast greater than that in the
Lockerbie air disaster.

In addition to impact resistance, another critical issue in
ballistic/impact resistant materials is weight. Composite materials
are a valuable alternative to conventional materials due to their
high specific mechanical properties, i.e. stiffness-to-weight and
strength-to-weight, tailor-ability. As their specific properties are
higher than conventional material, e.g. steel, composites are
capable of better performance. These composite materials and/or
x: þ55 31 3443 3783. .
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structures during their service life undergo various loading condi-
tions. Among them, the most critical condition is the impact
loadings due to the laminated nature of these structures. As stated
by Luo et al. [3], the damage in composite structures resulting from
impact events is one of the most important aspects to be consid-
ered in the design and applications of composite materials. Impact
events, however, can be classified according to the impact velocity,
i.e. low and high velocities. Asmentioned by Naik and Shrirao [4], in
high velocity impact, the contact period of the impactor is much
smaller than the time period of the lowest vibration mode of the
structure. As a consequence, the response of the structural element
is governed by the local behavior of the material in the neighbor-
hood of the impacted zone.

According to Mines et al. [5], for high velocity impact, the
perforation mechanics depend on various factors such as the fiber
type and volume fraction, the matrix, the stacking sequence, the
size, and initial kinetic energy of the impactor. Moreover, Cheng
et al. [6] demonstrated that the penetration process can be broken
down into three sequential stages: (i) punching; (ii) fiber breaking;
and (iii) delamination. The authors even tried to model the perfo-
ration phenomenon by considering failure criteria based into these
three stages. Although their model presented good correlations
against experimental results, they were limited to a 2-D axi-
symmetric geometry. Gu [7] went further by adding the composite
strain energy to his model. He was able to simulate the progressive
damage and delamination caused by high velocity impact. Potti and
Sun [8], however, considered the use of the dynamic response
model along with the critical deflection criterion to analyze the
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high velocity impact and perforation. According to them, the
delaminated area increased with the velocity up to the penetration
ballistic limit. Yet, beyond this limit, the delamination area
decreased with the increase of velocity. By analyzing high velocity
impact tests, Abrate [9] concluded that compressive strain in
composites and the stress wave propagation through the thickness
were related. Still, in a small area near the impactor, this stress
wave reached the speed of sound, which supported Potti and Sun’s
results.

In all cases, the key issue in the design of composite structures is
the damage resistance of each component, i.e. fibers and matrix.
According to Silva Junior et al. [10], aramid reinforced composites
presents one of the best protections to weight ratio for impact
applications. However, the high cost of these fibers is a disadvan-
tage. One viable substitute to aramid fibers is the use of carbon
fibers. Nevertheless, as mentioned by Davies and Zhang [11],
carbon fiber epoxy composites have linear elastic behavior but they
are also brittle. For this reason, they suggested the use of fiber glass
reinforcement as carbon fiber replacement. Yet, fiber glass
composite toughness is highly dependent on strain rate, damage
and the matrix behavior itself. A possible solution for this problem
is to enhance the matrix toughness.

Findik and Tarim [12] suggested the usage of aluminum
substrate and composite materials as another option to steel
products. Following the same approach, Villanueva and Cantwell
[13] investigated the performance of fiber-metal laminates (FML) as
skins of sandwich materials under high velocity impact conditions.
They concluded that the application of aluminum foams associated
to FML performed very well up to 120 J. However, as stated by
Findik and Tarim [12], the impact energy from fire arms ranges
from low 700 J from a 9 mm parabellum to high 2500 J from a 7.62
caliber M1-rifle. Those values are far from the gas gun used by
Villanueva and Cantwell.

An option to FML is the dispersion of nanoparticles into lami-
nate composites, especially with epoxy systems. Yasmin et al. [14]
were among those researchers who studied the effect of nano-
particles (organically modified montmorillonite - Cloisite 30B) into
epoxy systems. By varying the amount of Cloisite 30B, in weight
from 1% up to 10%, they observed an increase in the elastic moduli
to a maximum of 80%. Another set of experiments on epoxy-
nanoclay systems was conducted by Ho et al. [15]. They concluded
that both stiffness and toughness were enhanced by the use of
nanoparticles. However, for their binary system, resin - diglycidyl
ether of bisphenol A and cure agent - triethylenetetramine, the
ultimate tensile strength was obtained at 5% in weight of mont-
morillonite content. The difference between the Yasmin et al. [14]
and the Ho et al. [15] results can be attributed to the mixing
process, shear mixing in Yasmin’s case and direct mixing for Ho’s
conditions. Consistent with Ho et al. [15], Ávila et al. [16] not only
reported an increase in ultimate strength for 5% content of mont-
morillonite, in their case Nanomer I30E from Nanocore Inc., but
they also pointed to an increase in impact resistance close to 48%.
By impact resistance Ávila et al. [16] meant the composite energy
absorbing without a catastrophic failure. This definition can also be
interpreted as damage resistance.

Kornmann et al. [17] studied the effect of another inorganic
layered silicate in its nano-dimension form, i.e. fluorohectorite, into
epoxy systems. According to them, like montmorillonite, the fluo-
rohectorite has tremendous ability to exchange ions, which favors
the penetration of the polymer or polymer precursors between
these layers and consequently the formation of an exfoliated
nanocomposite. They reported that with only 10 wt% of layered
silicate added to the epoxy matrix, an increase of the Young’s
modulus of 54% was noticed. Moreover, the tensile strength was
reduced by 36% and the elongation at break was also affected.
When the nanomodified epoxy matrix was added to the glass
fibers, the results obtained by Kornmann et al. [17] were different.
A remarkable increase in flexure strength, i.e. 27%, was observed
while the Young’s modulus enhanced only by 6%. Two hypotheses
can explain this increase in flexural strength. First, the improve-
ment in the compressive strength of the epoxy matrix can be
attributed to the presence of the layered silicate. Second, the
presence of the silicate layers at the surface of the glass fibers may
improve the interfacial properties between matrix and fibers.

So far, most of the scientific research has focused on the
synthesis of polymer-layered silicate nanocomposites where
a heating phase is present. This heating phase makes the nano-
composite manufacturing susceptible to premature degradation
due to temperature gradients. The objective of this paper is to study
the high velocity impact response of a polymer-nanoclay-fiber glass
nano-structured laminate, where the heating phase is not present.

2. Experimental procedures

2.1. Materials and manufacturing

The hybrid nanocomposites were manufactured following the
proceduredescribed inÁvila et al. [16]. Aplainweavefiber glasswith
200 g/m2 areal density was used as traditional reinforcement. The
epoxy formulationwas based on diglycidyl ether of bisphenol A resin
(RemLam M) and a hardener, triethylenetetramine (HY 956), were
supplied byHuntsman Inc. Theweightmixing ratio suggested by the
manufacturer was 100A:20B, and the average viscosity was around
1250 cPs. This type of epoxy system has a glass transition temper-
ature of 72 C. Two types of nanoparticles, i.e. nanoclay and nano-
graphite,were employed. The nanoclaywas an organicallymodified
montmorillonite in a platelet form, i.e. 10 mm long, 1 mm wide and
50 nm thick, called Nanomer I30E from Nanocor (see Fig. 1a), while
the graphene nanosheets were obtained after thermal expansion of
expandable graphite (grade 160-80N) supplied by Graftech.
Expandable graphite can be defined as modified graphite with
intercalated polymeric matrix, which suffers a large volume
expansion when submitted to a thermal shock (300 C/min). Fig. 1b
shows the expandable graphite before the volume expansion, while
Fig. 1c is a micrograph of the final shape after the thermal shock.

The nanoparticle dispersion technique employed was mechan-
ical mixing with the usage of a dispersing agent in a two-step
procedure. In the first step, the nanoparticle was mixed to
a dispersing agent (acetone). The second step consisted of
dispersing the nanoparticle þ acetone mix into the hardener by
applying a mechanical mixing at 1200 RPM for at least 1 h.
A degassing stage was required to eliminate bubbles generated
during themechanical mixing as well as to eliminate the dispersing
agent, i.e. acetone. After this procedure, the hand lay-up with
vacuum assisted cure was performed. Based on previous experi-
ments, the largest amount of graphene nanosheets dispersed into
the epoxy system without phase separation was 3 %wt. This value
was adopted for this study. Following Ávila et al. [16], the amount of
nanoclay employed was 5 %wt. Moreover, the fiber/matrix ratio in
weight was kept around 65/35. The nanoparticles addition was
calculated considering the matrix weight. The final fiber/matrix
including the nanoclay was around 63/37 and 64/36 for the gra-
phene nanoparticle.

Each 5 mm thick square plate with 32 layers was 0.35 m wide
and 0.35 m long. A 24 h cure on vacuum was followed by a post-
cure procedure at 80 C for 6 h. Two types of ceramic “extra layer”
were employed. The first one was a blend in weight of 3 parts of
epoxy and 1 part of I30E nanoclay. The second one was a mix, also
in weight, of 2 parts of epoxy and 1 part of nanoclay. This mixture
had the consistence of “soft spreadable butter.” Again the cure and



Fig. 2. Test apparatus representation according to NIJ standard.

Fig. 1. Nanoparticles micrographs. (a) Nanoclay I30E; (b) Nanographite before
expansion; (c) Nanographite after expansion.
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post-cure process employed were the same as the ones used for the
laminate. To be able to compare the extra layer contribution, in all
cases, the “extra ceramic layer” thickness was made equal to the
laminate thickness, i.e. 5 mm. As the Nanocor I30E has a density of
0.41 mg/cc and the epoxy system of 1.04 g/ml, the final density for
the first type of ceramic layer was 0.70 g/cc, and 0.78 g/cc for the
second one.
Fig. 3. Impact locations.
2.2. Ballistic tests

The ballistic tests were performed according to NIJ standard
0101.03 [18] for a type I and II-A classifications. Fig. 2 shows
a schematic representation of the ballistic test apparatus. The target
was held by a steel frame which provided a clamped condition for
all four edges. It is worth to mention that a rectangular container
holding 50 kg plasticine at 37 C was placed right behind the target/
frame to simulate the human body as described by NIJ standard.
This “witness”mass had approximately the same consistence of the
muscles on the thoracic region and this allowed us to measure the
deformed ballistic cone described by Naik and Shrirao [4]. Two
different projectiles were used for this investigation. The first one
was the 38 caliber special (38 SLP), standard ammunition used by
most of the Brazilian Police Departments. The second type of
ammunition was a 9 mm full metal jacket (9 mm FMJ), used by the
Brazilian Armed Forces. In this study the 38 SLP and 9mm FMJ have
mass of 10.2 g and 8.0 g, respectively, a slightly different mass for
the 9 mm FMJ projectile was reported by to Tarim et al. [19], i.e.
7.45 g. This difference can be due to the Minas Gerais State Police
Department remanufacturing process. The remanufacturing
process can be also the cause of velocity variations registered in this
study, i.e. 242 � 6 m/s and 355 � 23 m/s for 38 SLP and 9 mm FMJ,
respectively.

The impact energy (E) was calculated by the following
expression:



Table 1
Target characteristics.

Target ID Target characteristics Total
thickness (t) [mm]

1 Nanoclay 5 wt% þ ceramic layer
of nanoclay 25 wt%

10

2 Nanoclay 5 wt% þ ceramic layer
of nanoclay 33 wt%

10

3 No nanoclay (pure fiber glass/epoxy) 10
4 Nanoclay 5 wt% þ pure fiber glass/epoxy 10
5 Graphene 3 wt% þ pure fiber glass/epoxy 10

Fig. 5. Fiber breakage after high velocity impact.
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E ¼ 1
2
mv2 (1)

where m is the projectile mass and v its velocity measured during
the projectile trajectory. The position of each one of the six
projectile impact locations in each plate is shown in Fig. 3. Because
of their strategic location, one damage position does not have any
influence on the others. Furthermore, these impact locations also
allowed us to prepare six bending specimens following the y-axis
direction.

To be able to investigate the nanoparticle effect on target
protection, five different types of targets were manufactured; they
are summarized in Table 1. All targets are composed of two plates of
5 mm thickness each one placed back to back.

2.3. Damaged areas ratio

Following Silva Jr. et al. [10], damage on the back (BA) and the
front (FA) surfaces after the impact must be evaluated. According to
them, in composites under ballistic test delamination (back side)
and fiber breakage (front side) are the main failure modes. The
damaged areas weremeasured by image processing technique [20].
According to NIJ standard [18], the back face signature criteria (BSC)
must be determined. The BSC is the depth of depression in backing
material (in our case plasticine).

3. Data analysis

3.1. Damaged area and impact energy

As commented by Silva Jr. et al. [10], the damaged area is also
related to the impact energy and the materials response to impact
event. As can be observed in Fig. 4, in most cases, three distinct
damaged areas were noticed on the back surface after impact. The
Fig. 4. Different damaged areas after ballistic test.
first one was a central fiber breakage region, while the second one
was a much intense delamination area surrounding the fiber
breakage/perforation region. The last regionwas a large regionwith
diffuse delamination.

As mentioned by Naik and Shrirao [4], during high velocity
impact, when the ballistic cone is formed, in addition to the local
compressive loading, a bending stress is also applied, mainly in the
projectile impact surrounding areas. Tension and compression
loading are developed through the composite thickness. At the
same time, fiber breakage occurs due to the tension on the back
area. This mechanism also leads to delamination due to the shear
stress generated between the layers. This phenomenon can be seen
in Fig. 5, where the arrows indicate fiber failures.

In their study, Naik and Shrirao [4] did not consider the
projectile deformation as a source of damage inside the composite.
Fig. 6 shows the case where the 38 SLP caliber projectile after
penetrating some layers “spread” between layers. The witness
material deformation and the perforation condition must be
considered. Furthermore, by analyzing the BSC (z13 mm) and
perforation condition, it is possible to observe an improvement in
energy absorption with the addition of nanoparticles. According to
the NIJ standard [18] the maximum BSC must be less than 38 mm,
the composite performance is acceptable (see Table 2).

As can be seen in Fig. 7, the analyses of the fiber breakage front
area showed that in all cases the nanocomposite samples presented
smaller area than the control samples, with the exception of the
5 wt% nanoclay nanocomposite with the addition of one ceramic
layer of 33 wt%. This increase in the fiber breakage area can be due
to the “extra stiffness” added by the ceramic layer. This extra
stiffness could be the cause of projectile fragmentation, producing
consequently more damage on the fibers. When delamination on
the back surface was observed, see Fig. 8, once again the sample
with the extra ceramic layer presented a larger area. This behavior
can result from the extra fragmentation caused by the extra ceramic
layer. Notice that according to Abrate [9], the addition of ceramic
tiles to ballistic materials is a common strategy employed to
increase energy dissipation by projectile fragmentation. When the
Fig. 6. 38 SLP projectile deformation between layers.



Table 2
Ballistic test results.

Projectile Energy [J] Target BSC [mm] Perforation BA [mm2] FA [mm2]

FMJ 576 1 e YES 3922 2652
568 2 e YES 5158 2894
582 3 e YES 2811 771
446 3 13 NO 5295 4431
557 4 16 NO 3103 550
442 4 16.2a YES 2962 231
445 5 17.0a YES 3286 2395
450 5 8.2 NO 1389 231

SLP 306 1 5.0 NO 10899 1341
313 1 7.5 NO 5588 501
309 2 8.0 NO 4994 6866
280 3 e YES 1849 1176
304 3 7.9 NO 1032 231
316 4 13 NO 3762 4346
302 5 14.0 NO 3086 1030
284 5 11.5 NO 1216 231

a Deformation cone measured.

Fig. 8. Back surface damage.
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back surface signature criteria were analyzed, all samples with no
perforation had BSC smaller than the control samples (see Fig. 9). In
sum, the addition of nanoparticles can cause changes in failure
modes. These changes can be translated into an increase in the
delamination process. As described by Daniel and Ishai [21],
delamination can be associated with energy dissipation. According
to Hong and Liu [22], there is a linear relationship between
delamination and impact energy. Moreover, the mismatch of
bending stiffness between adjacent laminae can be correlated to
delamination on the interface. Therefore, the delaminated area can
be a helpful parameter to evaluate impact energy absorption on
composites.

According to Naik et al. [23], when the projectile partially pene-
trates the target, it is an indication that the projectile initial energy
was lower than the energy that the target can absorb. Still, based on
the target material properties, the projectile can either be stuck
within the target or rebound. Taking into consideration Naik’s
commentsandthe impactenergy, it ispossible toestablish theenergy
absorption lower bound (the amount of energy absorbed by the
target without total perforation) for the various configuration tests.

For those configurations with 5 wt% nanoclay addition and the
control sample (no nanoparticle addition), the energy absorption
lower bound seems to be around 305 J. The addition of an extra
layer with a larger amount of nanoclay (25% wt and 33% wt) seems
Fig. 7. Damage into front surface.
to have an effect on the energy absorption since the peak value
reached 316 J. The association of two plates back to back, one with
fiberglass/epoxy and the other with nanoparticles, led to much
higher energy absorption. The energy absorption lower bound for
the nanoclay plates (target id 4) was around 556 J, while for the
graphene plates (target id 5) the lower boundwas approximately of
450 J.

The improvement in energy absorption can be due to the
addition to nanoparticles (nanoclay or graphene nanosheets) into
the epoxy matrix. X-ray diffraction (XRD) tests demonstrated that
nanoclays were dispersed into the epoxy matrix mostly in the
intercalated formwith basal distance of approximately 1.5 nm. The
intercalated condition is indicated by the peak value (Fig. 10a) and
the basal distance can be calculated by applying the Bragg’s law, as
described by Hussain et al. [24]. Further electronic transmission
microscope (TEM) observations confirmed the existence of inter-
calated nanostructures (Fig. 10b).

For the graphene nanosheets, the “X-ray signature” seems to be
an indication that the graphene nanosheets were exfoliated in
blocks (Fig. 10c). This hypothesis was confirmed by high resolution
SEM. Clusters of graphene nanosheets with 100 nm of diameter can
be observed in Fig.10d. As discussed byKoo [25], the nanostructures
Fig. 9. BSC signature.



Fig. 10. XRD signature and TEM observations. (a) XRD ofnanoclay; (b) TEM of nanoclay; (c) XRD of graphene; (d) TEM of graphene clusters.

Fig. 11. Damaged area and deformed projectile.
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formed inside the polymeric matrix can be located at the fiber/
matrix interface and/or dispersed on the matrix. At the interface,
these nanostructures are responsible for the increase infiber/matrix
bonding due to their large surface area. Note that for ordinary
nanoparticles, the surface area is at least two orders of magnitude
higher than the conventional reinforcement. The other effect caused
by nanoparticle dispersion is the “nano barrier effect.” These
nanostructures act as barrier for crackpropagation. As the energy for
crack propagation increases, the interlayer shear deformation
becomes dominant and delamination occurs.

A different behavior is observed when the amount of nanoclay
increases on the front surface. During the 38 SLP caliber test on
a hybrid nanocomposite, the projectile hit the plate and rebounded.
Fig. 11 shows the damaged area and the deformed bullet with
a cross shape mark. Furthermore, an extensive damage can also be
observed. This fact can be attributed to the extra nanoclay layer,
which increases the stiffness of the local/first layer. As stated by
Chan et al. [26], a much stiffer (shield) outer layer can induce
a smaller local bending deformation and consequently alter the
damage mechanism.

The 9 mm FMJ impact was also affected by the nanoclay/gra-
phene nanosheets presence. The arrows in Fig. 12 show the extra
nanoclay layer split up from the fiber glass/epoxy/nanoclay part.
This behavior can be attributed to the local increase in stiffness,
which causes stress discontinuity at the interface nanoclay layer/
laminate. Notice that, in addition to the split up, some cracks were
also observed which can be due to the brittle behavior of the
ceramic layer.

Another interesting observation was the 9 mm FMJ projectile
entrapment inside the hybrid nanocomposite. In this case, as
described by Naik et al. [23], the projectile energy was lower than
the hybrid nanocomposite energy absorption capacity. However, by
analyzing Fig. 13a,it is possible to notice an “additional” deforma-
tion suffered by the projectile copper shell inside the laminate. In
other words, the copper shell detached from the lead kernel due to
an increase of friction coefficient caused by the graphene
nanosheets.



Fig. 12. Ceramic layer debonding and damage.
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According to Duan et al. [27], for plain weave configuration
composites, the friction coefficients between the yarns at cross-
overs and between the projectile and the fabric have direct influ-
ence on the damage mechanism. Fig. 13b shows various deformed
projectiles (38 SLP and 9 mm FMJ) where the shell copper and the
lead kernel are still attached after deformation. Furthermore, as
claimed by Espinosa et al. [28], the different failure mechanisms are
a consequence of the type of target tested and the ammunition
Fig. 13. 9 mm projectile trapped on 3 wt% graphene and deformed projectiles.
used. Therefore, it is possible to conclude that the addition of
nanoclay and graphene nanosheets can be one of the factors that
contributed to the hybrid nanocomposite responses under ballistic
tests. Notice that, although the ammunition used was the same in
various cases, the presence or absence of nanoclay or graphene
nanosheets resulted in distinct failure modes. In all cases, the
addition of nanoparticles seems to be a significant addition to the
composite.
4. Conclusions

The addition of nanoclay and graphene nanosheets to fiber
glass/epoxy laminates not only increased the high velocity impact
resistance of these composites, but it also had major influence on
their failure mechanism. The nanoclay addition to the hybrid
nanocomposite represented an increase in delamination, i.e. 68%
and 2930% for the front and back surfaces, respectively. The gra-
phene effect also provoked a large increase in the delamination
process. Although the front surface impacted delaminated area
appeared to be approximately the same, the back surface delami-
nated area was enlarged by 557%. In both cases, the delamination
process seems to be predominant.

The average lower bound energy absorption for the hybrid
nanocomposite was around 313 J. For the sandwich configuration
(two plates associated back to back), the lower bound energy
absorption was between 450 and 556 J. Following the NIJ standard,
it is possible to classify these nanocomposites with addition 5 mm
ceramic layer as an armor type I for a 38 SLP ammunition, and
a type II-A when the thickness is equal to at least 10 mm, as the
maximum back elastic deformation measured, i.e. 16 mm, was less
than 38 mm (1.5 inches) for an FMJ 9 mm ammunition.
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