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Aramid composites impregnated with different reinforcement:
nanofibers, nanoparticles and nanotubes

In thiz stedy, the efectrospun nanofibers, namoparicles and nanolebes wene Uzed 35
reinforcement It ovder o improve mechanical properties of malerdals for ballzlc profection. The
sampes of pofyurethamep-aranrd rmulfiaxsial fabs forms (Twaron fabrics and Cofon Tabncs) werg
impregnated with paly (viny butyral) (PVYE) ethano! sofwfion with the different content of
reinforcement. Due fo the improvernent in mechanical, balisic and impact propedies, the surface
modiication of the fabrics with y-aninopropwirethoxysiane (AMED siamepethansd solufion was
wsed and sifica nanoparticles were modified with AMEQ silane. This study is divided into three
parts of reseanch: elecrospinming process, batishc festing of the p-aramid composiles and rrpact
tester amalysis of the Colon compaosifes. The mechanical properfies of all the Composiies wene
tested by the dymamic mechanical aralyss (DAA )

Keywords: p-aranmid composites, Siica nanoparficles, Carbon nanofubes, AMEQ  silane,
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INTRODUCTION

Electraspinning is a simple and unique techno-
logy for preducing polymer fibers from polyrmer
solutions and polymer melts. The produced fibers
are in the micrometre and nanometre scale diame-
ters [1]. The process of electrospinning 15 dnven by
a high voltage source fo charge the polymer solu-
tion. These free charges are on the surface or ingi-
de a polymer liquid, The Bquid & then accelerated
toward a grounded metal collector of opposite
paolarity. The fiber jet travels allowing the solvent to
evaparate from it, thus leading o the deposition of
the solid polymer fibers on the collector. In fact, as
the jeb moves towards the collector, the electrosta-
tic forces accelerate and stretch the jet. Stretching
and evaporation of the solvent cause the jet diame-
ter to becoma smaller. The basic electrospinning
sef-up consists of & syringe filked with the palymner
solution, & needle, 3 high woliage source and a
grounded conductive collector [2]. An electric field
is initiated between the tip of a syringe and the
collector and  thus the electrostatic forces are
generated. Under the influence of an electrostatic
ficld, & pendant droplet of the polymer solution ot
the end of the syringe is deformed into the conical
shape called Taylor cone. When these forces
gvercome the swiface tension of the palymer
solution, @ jet is ejected from the tip of the syringe
Than, the schwent from the jet evaporates leading to
the randomiy orented fibers on the collector [3-5].
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The schematic drawing of the clecraspinmng
process is illustrated in Figure 1.
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Figune 1- Basic electrospinming Set-up

In this work, the effect of the electrospinming
process parameters on the morphology of PVES
Si0; nanocomposite fibers was analysed.

Wowven fabrics produced from high tenacity fib-
res are used in ballistic protection due to their low
density, high strength and high energy absorption
capacity. These properties are exdremely impartant
for a bulled-fabric interaction which is a complex
phenomencn,

Thee higher kinetic energy of bullel mass and
speed during ballislic impact generates more defor-
mation of the fabric. When the bullet speed re-
mains within the limits, the bullet is sfopped inside
the fabric and the deformation formed on the faanc
spreads oubwards with the degree of deformation
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the nancfubes were from 3 pm to 30 pm in ther
length and frem 13 am fo 18 nm in their cuter
diarmeter, Multiaxial sramid fabrics (Martin Ballistic
Mat, Ultratex, Serbia) were used with p-aramid
fiber type Colon (Herscron, Kolon Industnes, Inc,
Korea) which were impregnated with pobyurethane
{Desmopan, Bayer) [8]. The dimensions of the fab-
ric sample were 15 cm * 15 cm, and their thickness
was around 2 mim.

PREFARATION OF THE SAMFLES

The siica nanoparticles were put into the PVB
solution (10 wt.3%) and sfirred continuously for 24
houwrs and afterwards ultrasonically dispersed in the
salution for 15 minutes afterwards. The PVE so-
lutions without the silica paricles as well as wilh
them (all with different contents) were tested by
changing applied voltages and fliow rates in the
elactrospinning process, A sat of experments was
driven with the apphed voltages of 16, 20, 24, 28
and 30 kK while the flow rate was kept constant Q
=1 mlh. Anather experimental set was performead
with flowr rates valwed 0.2, 0.4, 0.6 and 0.8 mLUh
while the voltage was held at Vv = 20 EV. Dunng the
electrospinning  process, the formed fibers were
deposited onto the flat aluminium fol which served
as a collector. The distance between the needle tip
and the collector was b= 10 cm in all cases.

Three pieces of paramed fabrics (fiber type
Twaron) were coated with the PVE solution and the
produced PVB-Si0; fibers were deposited conti-
nivgushy onto the fabrics during the electrospmning
process (Figure 2). The dimensions of each fabric
were 297 cm x 21 cm, weighing 40 g appro-
wimataly. The fibers contained 18 g of PVE powder
and 9 g of silica nanoparticles (both of them wera
it 10 wi % PVBisthanaol solution) and they were de-
posited onto the aramid fabrics. The flow rate of the
PWE-SID; solution for this process was 0O=50 mLh
and the voltage was held at V=30 kV, Figure 2.

Figure 2 - The coated armmid fabrics with deposited
PVB-5:02 fibers

The aramid fabrics with the deposited PVE-
Si0, fibers were hot compressed using N 840 D
Hix Digtal Press (Hix, Corp., USA) atl a tempera-
ture of 170 °C for 30 minutes under pressure of 4
bar, The fabrics wera additionally pressed with P-
125 press (170 °C, 106 MPa) for 2 hours and then
brought under pressure of 20.6 MP:a for 1 hour.
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For the ballistic properties, the mullizcal ara-
mid fabrics (Martin Ballistic Mat, Uliratex, Serbiz)
with p-aramid fiber type Twaron (Teqin Aramid)
were tested, The modification of silica nanoparti-
cles with y-ammopropyl triethoxysilane  (AMED
silang, (CaH:00:500.HMH; ) began with adding the
silane into 95 wi.% ethanol-5 wi, % water midure in
arder to reach a 2 wi% final AMED concentration,
The process of hydrolysis and silanol formation
neaded about 10 minutes. The solution was
homogenized with & magretic stirrer for 30 minutes
after the addition of the nanopardicles. After three
haurs of sonication, the solution was centrifuged for
30 minutes =t a spesad of 2000 rpm. Afier the
centrifugation, the particles werz placed af the
bottorm of ihe beaker and the supematant was
decanted. In the end, the pariclas were rinsed with
ethanol and dried in an oven at 110 *C [8]

The modified silica nancparticles wene with an
average particle diameter of about ¥ nm and they
were added into 10 wi% PWBfethanol solution. Al
the fabncs were coated with  y-ammopropyl
triethoxysilane (AMEOQ silane)iethanol solution, and
then left to stand for about 24 hours for elhanol
evaporation. Then, twe of the fabrics were coated
with poly (vinyl butyral) (PVE)ethanol solution
while the other two were coated with the same
solution but with the addition of 30 wt% AMED
gilane maodified silica nancparticles and all of them
were left to stay for 24 hours for the ethanol
evaporates.

The hard composite samples were hot-pressed
using N 840 D Hix Digital Press (Hix, Comp.. USA)
at a temperature of 170 °C and under pressura of 4
bars for 80 minutes. The fabrics were further
pressed with P-125 press (170 "C, 8.2 MPa) for 30
mimutes, Within the flexible samples, the flexible
composite fabrics were stitched logether with the
lightweight polyester thread (Korteks, Turkey). The
two hard pressed samples contained 17 pieces of
fabrics, while the flexible ones consssted of 15
layers of fabrics.

For the impact testing, the 10 wi% FWVB/etha-
nod solution was used for the experiments. The
MWCNT were firstly added into ethanal with con-
centration of 0.5 and 1.0 wia, where MWCHNTY
PWE ratio was 0.005 and 0.01, respectively. This
ethanal-MWENT solution was ultrasonicated for 30
minutes separately in order to provide satisfying
dispersion of the carbon nanotubes. Afier this
process, he ethanol-MWCNT midure was added
inta the 20 wi PVBlethanol soluflion due bo
producing a 10 wt% sclution which was mixed
onfin & magnetic stirrer overnight. The good dis-
persion of MWCHT in PVBlethanol solufion was
achieved and thus the maodification of the nano-
tubes was not needed while the surface modi
fication of Colon fabrics was applied for some
samiphkes.
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fibers had & diameter smaller than 500 nm and
they were visible only by the SEM images. The
mages showed that, in some cases, the fibers
tended to stay close to each other. Probably, the
mzin reason for this was the insufficient working
distance h. All the formed fibers were mainly nar-
rew al lower voltages of 16 kV and 20 kV. Oppo-
sitely, the electrospun fibers starded to remain
whipped while increasing the applied voltages from
24 to 30 kKV. The whipped fiber sfructure was also
obtained by reducing the flow rale.

The fibers of the PVE solution showed an
expected tendency of decreasing their dameters at
increasing the applied voltages (Table 2). The ma-
ximal walue of the average fiber diameter is pro-
duced with O = 1 mUh, V = 20 k%, and the minimal
one & oblained by O = 0.8 mUb, WV = 20 kY
process parameters [26].

Table 2 - Average fber diamefers of the FVB
solubion with different process paramelens

Flow rate Applied voltegs Average dismeter
Q, mLth VoEY iy, HITE
02 20 1.57
0.4 20 1.68
0.6 20 1.54
0.4 &0 146
1 15 213
1 0 284
1 24 208
1 28 1.58
1 30 177

According 1o the stdies [27-29], the PVEB
composite fibers with a great content of 30 wis
Si0; nanoparicles were deposited on p-aramid
fabrics which had been impregnated with the PVEB
solution. Figure 5a shows the termperature depen-
dence of the storage modulus for the p-aramid
fabric with PVE film and the p-aramid fabric with
PVE/PVE-50 wit% Si0; fibers. The composte p-
aramid'PVB showed a lower value of the storage
modulus at the temperatures of 40 *C and 70O °C.
The difference in the beo storsge modul was
greater when the temperature was increased
{Table 3). The glass transition temperature of the
praramidPVBPYE-50 wi % 5i0; fibers composite
was v54 “C abowt 8 "C higher that the peara-
mid/iPVE composite, Table 3. Tan Delta of the p-
aramidPYEPVE-50 wi.% Si0y fibers composite
had a lower valug which mdicated that the addifion
of the FVE fibars with silica nanoparticles promoie
enhanced thermal properties of the p-aramid fab-
ricg, Table 3, Figure 8b, which was the amn of the
addition of the composite fibers. The mechanical
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properties were slightly improved, but insufficiently
due to the weak bonds among p-aramid fabric,
PWE and silica nanoparlicles.

Tabla 3 - DMA results for p-aramid fabrics
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Figure 5 - Stovage modiitus of (3] p-aramidFPVE

fabrics and (b) p-aramid®VE fabrcs with PVE/SI0,
nanofibers
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Figurg & - Tare Dedla (tan &) of (a) p-aramidPVE
fabrics and (h) p-aramicPVE fabrics with PYB/S0,;
rranmofibhers

The Si0; nanopariickes were then modified with
AMED silane. Based on the images of the electro-
spun fibers with unmodified silica nanoparticles, it
was evident that these nanoparticles fused into big
aggregates, Figure 7. scale bar 10 pm. Unlike
them, the modified nanoparticles were well-
dislributed inside the fibers, Figure 8, scale bar 10
.
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nanoparticles in the composite of p-aramidf
potyivinyl butyral) provided significant mprovenent
in the mechanical properies, producing  hybrid
ballistic system of higher protection, Figura 11.

Table 4 - Resuls of bulet-shooting fest

| Indentation
. s.?;?ﬁ;.fa Shl'::-tIt T‘-‘_rp“ i d;f‘él:h irmen)
complete
1 1 357 Magrum DBI‘PCI:II:l?.ItiI:ln
> 2 | 357 Magnum | 1165 |
2 3 357 Magarn 129
2 4 5T Magnum 21.5
2 5 | 357 Magmum 157 |
2 & | 44 Rem. Magnem 2185 |
3 | 7 |257Magmam | 79
3 g IRT Magnum 10
3 9 | 357 Magnum 113
3 10 | 44 Rem. Magnum 16.6
4 11 | 357 Magnum 115
4 12 | 357 Magnum .2
4 13 | 357 Magrnum 04
4 14 357 Magnum 11 =
4 15 | 44 Rem. Magnum 12.9 Figure 11 - Frant and back side of shof sample No, 4

Flgure 10 - Front and back side of shal sampie Na. 1

The magnum bullet no. 1 completaly penetrated
the sample Mo, 1, with the thickness of 8.2 mm. The Figure 13 - indenfation depth analysis
millmeter scales anakysis of the entrance print of of the shot Na. 1
thiz shot is flusirated in Figure 12, A proper 3D ; 2

. - The =ample Mo 2-hard option had a lower valwe

ﬁfﬂF‘“ 1%@e S i L U B af the storage modulus (3634 MPa) compared fa
o the sample Mo (the flexible option) which was
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the ColonPVES 1 wi®% MWNCHT sample was
66, 35°C, Figure 17, Table 5. For the third sample,
after modification with AMED silane, the storage
modulus incregsed considerably and T, progressed
slightly. The value of T, for the Calon/AMEOPVEN
wht3 MWONT was 69.21°C. Hence, there was a
light increase in thermal stahility with the addition of
MWWCNT and madiication with AMEQ silane which
dimmished the overall mobility of the polymer
chains.

Tan Delta value of these fabrics was almost the
same for all the samples at the T, temperature,
Table 5, Figure 17. With the rze of temperaturs,
the Tan Delta value of the Colen/AMEQPYEN
wi % MWNCHT sample was decreasing due to the
strong bonds among AMEQ silang, FVE, MWCNT
and polyurethane. The glass transition lemperaturs
of polyurethane i about 150 "C.
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Frgure 17 - Tan Delta of the samples

The results of the impact tester analysis are
given in Tables 6 and 7. The maxmum rmpsct
force (Foe) of the Colon/PVB samples increased
with the addition of pure mulliwalbed carbon mang-
tubes. According to Table 3, the AMEDQ modifed
sample demaonsfrated the greatest impact force
(4.55 kN) compared to the Colon/PVE sample
(3,20 kM), The result for the Caolon/aAMEDFVE! 1
wi B MWCHNT yielded around 42% mprosement in
the maximum impact force compared to the
CaolonPVE sample.

All the samples had wvery similar tme and
displacement for their peak force values, Figures
18 and 19, Table &.

Table & - Impact force lest results For all the

_ ARAMID COMPOSITES IMPREGNATED WITH DIFFERENT ...

The shope of the Enear part of the force-dime
curve is proportional to the storage modulus [30]. 1t
mcreased from the first sample o the third one,
with the addition of MWCNT, and AMED silane
surface modification, Figure 18
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Figure 18 = Force versus displacemend for diferent
ColoyPVE fabrics

Simikarly to the results for the impact forces, the
total absorbed energy of the ColonPVE samples
increased with the addiion of pure muliwalled
carban nanotubes, Figures 20 and 21. Also, from
Table 7, the AMEQ modified sample displayed
greater absorbed energy compared fo the other
two samples. The third sample produced around a
73% improvement in the total impgact energy
absorption (B5.69 J) compared o the ColonPVE
sample (37.97 J).

S@mHaes Table 7 - Impact energy tes resuls for all the
N Time, Displacement | Framx samples
C | imnsex) {rmam] [k} Sample no, Ermas, (1) Eit. ()
| 1 13.66 1211 3,20 3 18.84 37.07
2 i 1047 1811 364 a 31.85 49 o4
3 12.43 18.75 455 3 4437 5560
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ARAMIDNI KOMPOZIT! IMPREGHNISANI S RAZLICITIM OJaCANJIMA:
NANOVLAKNA, MANGOCESTICE | NMANOCEWI

L owom asfradvvanie sy 20 elekiroespinovana wakna, nanodestice i manocewT korshil kao giadania
kya b ownapredila mehanitka svolsha materfala za balisfidhu zaltify. Uzond poliureland-
ararmmdnd  awlfakstalnih  amina (Twaron § Kolon lamingl sy impregmisani sa  polifviod
butiral{PVBMetanal raslvorom sa razlidiim sadrfajem ojacanja. Radi pobolifanja mehanithih,
balistickih i impakt svoisfava, modiikovala e povriing laming 53 y-aminopriiinefoksisianom
[(AMED silanlietansl rastvorom ¢ konsile sy 56 siike nanedestice modifthovane AMED silanom,
Ovaj rad je podelien ma bF dela Eafvaniy proces olekirospinings, balzbiko festirame p-
aramidnit kormpozila § impakt lester analiza Kolon kompozita, Mehamidka svojstva svil kompozifa
sy bifa testirena pomody dinsmidle mehanidke analize (DLA4).

Filfucne reci; p-avamidyd komponli, sitka nanodestice, uglienidme namocew, AMED silanm,
PYESSIC, nanondakma, halishitko testiranje, impakt festiranje.
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which depends on the fabric structure. In contrary,
when the bullet speed excesds a certain maximum,
the bullet passes through the fabric. Fabric layers
have a resiricted energy absorplion capacily and it
i5 necessany o develop different structures of them
to block the bullet when s kinelic energy exceeds
fabric energy absorption Emits [5.7]. In the work,
the p-aramidPYBIAMED-20 wi. % Sl hybrid com-
posite system was made for this function.

Ceramics have usually been used as reinforce-
ment in the body armour owing o i% properties,
such as infroducing fexibility and hght weght of the
owverall fabric structure [B]. The addition of the na-
noscale ceramic reinforcement to pofymer matnces
improves the mechanical properiies, notably com-
pared o the pure matrix materal in the body
armour [9]. Among this ceramics, nanosilica is one
of the primary nandfillers used in polymer com-
posites. The silica nanoparicles are defined by
their high specific surface area and due o ther col-
lective agglomeration, silane coupling agents mo-
dify nanosilica surface for ther successful dis-
persaon and desgglomeration, cawsing the forma-
tion of chemical bonds bebween them and organic
compananis [9,10],

Fiber reinforced composites present impressive
enginecring materials nowadays, They hawe ther
COMMOn use in asrospace, automobile, building
and military industries. Despite their versatility and
greal advantages, composies possess certain im-
perfections and failure properties. Fiber of matrix
crackings, as well as delaminalions, anra common
accidents which do not appear in uniform materizls
[11]. Composite structures ane exposed to different
impact loading condiions and when they are nat
fabricated properly, they can undergo a greaf
failure,

i = assumed thatl mpact phenomenan coukd
be diided into four calegories according to the
mnpact velocity, Thus, there exist low (< 0.25 kmi's),
medivm (0.25-2 km's), ballistic (2-12 km's) and
hyper velocity impacts (> 12 kmis) [12]

There are bvo forms of impact damages on
composide structures - complete penetration of the
larminate by high-velocity ballistic strikes snd non-
penetrating impacts by Iow-welocty strikes [13].
Wiith & low velocity impact loading condibanes, the
time of contact between a projectile and a target is
considerably long and the load history can be
detected with important information about damage
progression [14]. During the impact process, the
effect of transverse shear and thickness deforma-
tions are significant, Delamination appears among
thie layers, because of insufficient interlaminar
bonding which causes a drop in the shear strain
that is greater than the bending strain as a resull of
defarmations in the ayers [15]. A low speed impact
produces |ocal, micro cracks of a matrix material,
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This does nob consequently lesd to & fracture
appesrance; though it will produce redistribution of
the stress and energy concantrations at the mbes-
laminar sections, In these zones, thera is a large
drversity in material stiffeess which genersles a
fracture growth due to inter-ply delamination [16,
17]. The total impact energy represents a sum of
crack indiafion energy and crack propagabon
energy. The fragile malenzls passess high values
af the crack intiaton energy and low values of the
crack propagation enargy, while with the toughest
matenals it completely opposite [18],

Carbon nanclubes (CHTS) possess light weight
ard excellent energy absorplion capacity and thus
are gpplied in producing anbiballste malenals for
bulletproof vests, body and wehicle armor and body
armor which can withstand high bullet speed [15,
20]. Pristine CHTs are usually nol well dispersed in
palymer matices owing to the strong Van der
Waals aftractive forces between the nanotubes
which tend 1o their aggregation. A small quantity of
CHTs in polymer matrices is more easily dispersed
and it is assumed that the modulus iz enhanced,
On the contrary, when the amount of CHTz is
large, the nanotubes may interact and form small
aggregates, which reduce the interfacial contact
area for stress transfer in the polymer matrix [21].
Im crder fo prevent from the agglomaration due o
the presence of the Van der Waals forces belween
the nanotubes, compatibility with the pohmer
matrix can be achieved by chemical modificabon of
CHTs with solvents, sufaciants, strong acids, non-
covalent and covalent banding and ather chemical
methods [22-24].

In W current study, the mechanical and impact
properties of hybrid thermoplastic compaosites were
tested. The samples of Colon fabrics were impreg-
nated with paly (vinyl butyralifethans] solution, and
the AMEQ silane surface modification of one sa-
mple improved the properties besides the addiion
of mutthwalled carbon nanotubsas.

EXFPERIMENTAL

Materials

For preparation of PVE solution in all threse ca-
ses, a palymer powder, poly (vinyl butyral) (Mowital
BS0H, Kuraray Specialities Eurcpe) and absolute
ethancd (Zorka Pharma, Sabac) were used. The
silica nanoparicles with an average paricle dia-
meter of about T nm (Evonik-Degussa, Aerosil 330)
wizre introduced into the PVB solufion. The mo-
dification of siica nanoparticles was managed with
y=arminopropyl tnethoxysilane (AMED silans). Mul-
tizxial aramid fabrics (Martin Ballistic Mat, Ultratex,
Herbia) were used with p-aramid fiber type Twaron
(Teijin Aramid). For the impact testing, the carbon
nanclubes, MWCONT (Cheap Tubes Inc, USA),
were put into the PYE solution, The dimensions of
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There were three series of composites which
consisied of four pieces of fabrics, The compo-
siions of the samples are presented in Table 1. For
the third sample [(ColonfaMEQPVYEA  wiis
MWCNT), the fabric was firstly impregnated with
AMED silanefethandd solution owing to the surface
micdification. The modification of this compasibe
was manzged by impregnation with 2wt % AMED
silangfethanc] solution. After the mpregnation, the
fabrics were et to dry for 24 howurs and the ap-
propriate PAVBlethanol solution was coated on the
fabrice. The solution consisted of T2 g of ethancl
and 8 g of PVE and sppropnate MWCNT con-
cenfration (0, 0.5 or 1.0 wi ). Both sides of all the
three samples were impregnated with the appro-
priate solutions, afer which they were l=ft 1o stay
for 24 hours for ethanol evaporation. The samples
werg processad in the compress machine (M 840 D
Hix Digital Press) under a pressune of 3 bars for 30
minutes and at a temperatune of 170 °C

Table 1 - The composiion of the samplas for the
impact festimg

Sample no.
i Colon/PvE
Z ColondEVES w3 WACNT

Ciompasition

2 ColonAMEQPTE wh % MWTANT

Charactenzation

The electrospinning apparatus used for the ex-
permments m this work 15 the Electrospinner CH-01
(Lirnari Engineering) which is localed al the Faculty
of Technology and Metallurgy in Belgrade, Figure
3.

Figune 5 - The electmsminning apparatus at the
Faculty of Technology and Metallurgy, Belgrade
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The resistance test of the ballistic mmpact was
peformed in accordanse with the modified balkstc
resistance of the personal body armar ML standard
0101.04, by apphang integrated range instrument
system (IRIZ) by SABRE ballistics LK [25],

Twe types of bullets were used for the balkstic
testing: the 357 Magnum FMJ 10.Z2 g and the 44
Foern, Magnum JHP 15.6 g, with nominal masses of
10.2 g and 13.6 g, comespondingly. The first four
shots for each sample were fired with the 357 Mag-
num amd the 44 Rem Magnum was used for the
fifth cne, all of them being shot at a reference velo-
city of 436 m's for each zample az a target. There
were fifteen shols altogelher during the balistc
test: twehse with the 357 Magnum and three with
the 44 Rem Magnum.

The digital ruker with nonus PRO-Max (Fowler)
was used for the measunng of the shols' penetra-
tion depths. The print and penefration depth image
anahlysis of the shots were performed in Image Pro-
Plus software. The images weare converied to the
grayscale mode, and further subjected to the bit-
map analyses. The created images were calculated
in pixels and converted o millimeters i order to
complate 30D image analysis of the peneiration
dapth,

The specimens for the impact fests had a
sguare shape, with the dimensions of 6 cm = & om
and the thickness of about 2 mm. The impact tests
wizrg conducted on a high speed punclure impact
testing machine Hydroshot HITS-F10 Shimadzu,
Jazpan. The diameter of the siriker of the impact
testing device was 127 mm while the puncturs
velooty was 2 mis, and the expenment was camied
out af room temperature, The impact tests were un
due to the determination of impact force and impact
absorbed energy. The impact testing equipment
used in thes work is presented in Figure 4.

Figure 4 - Overall equipmend for the igh spead
] fester

RESULTS AND DISCUZSI0M
Elecirospinning resuifs
The average dameters of the electrospun

fibers from the optical microscopy images ranged
froem 1.14 to 2893 pm. | was observed that some
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TE49.3 MPa dus to & process of delaminalion in the
hard sample. Tan & of the sample Mo.2 had a lowar
value compared to the sample No.d, awing 1o the
weak bonds among p-aramid, PVE and S0,
nanoparicles. With glas= transition temperature of
Tez = B8.84 °C which originates in PVE, the hard
sample (Mo, 2) exposed betier therma mechanical
properies than the flexible one (Mo, 4, T4 =
=54 77°C), due o the compression in the hard
opticn,

Impact fester analysis

Thee samples were deformed after the impact
process, withoul the complete penetration, Figuras
14 and 15. The absorbed enengy 15 accountable for
the ensrgy spent in producing damage.

Figure 14 - Samples before the impact test:
al Colon®VE; b ColonFVEST wi b MWONT
&) Colore AMECYPVES 1 wi S5 AMWICNT

_—

Figurg 15 - Samples after the impact test
a) ColondPVE, b ColonP VYRS wi b MWONT,
o) CodorAMECQVEVES T wi % MWCNT

The force curve in the mpact process pardarms
limearly in the beginning, amd this part s defined as
an elastic zone with small elastic defermations of
the composite. After this segment, the change of
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the force curve skope appears and with the
increase of mpact absorbed energy of a striker, the
composite beging to endure plastic deformations
Then, the maximum of the Empact force occurs
(Foxd, with the appropriate absorbed energy
(Ef=q)- After this point, thare is a sudden drop in
force and rige of absorbed energy when @ process
of delammation develops with a failure. At the end
af the impact process, the force retums to zem and
relevant ab=zorbed energy at this point presenis the
total absorbed energy (E,.) which takes a constant
valus [12].

The results of DMA analysis exposed that the
mcdulus (E7) of the ColonPVE sample mcreased
with the addifion of mulbwalled carbon nanotubes
and surface modification of the fabrc (Figure 15).
The introduction of MWCHNT to the Colon/PVB
fabrics moreased the storage modulus by 21.2 %
for the Colon/PVEN wh% NMWCHNT and by 60.1%
for the Colon/AMEOPVEN wiis MWCHNT sample
in companzon with the ColonPVE respectively,
Figure 16, Table 5. These values demonstrate that
a good dispersion of MWCNT was achieved and
the impregnation of the fabnc with AMEC silane
maximized the storage moedulus for the third
sample as a resull of the strong bonds bebween
AMED silane and Colen/PVE surface.

Tabie & - DA ltest resuilfs for all e samples

Samplenc. | E(MPa 40°C) | tan 81 | Ta(*C)
q 1377 0.2934 G553
vl 1669 03029 | 6535
3 7704 03012 | 6821
Hie

la ) COLOKITYE

Tres 0] COLORPVIL with ONT
UL O L ROk PR PR w5 CAIT

Bovaje Moduled |HPa)

Temperabure (M7

Figure 16 - Sforage modulus of the samples

The first peak of Tan Deliza shows the glass
iransition temperature, T, of PVE in the impreg-
nated Colon fabrics. The T, valee for the Co-
kon/PVEB sample was 65.53 "C, and the value for
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Figure 7 - SEM image of the PVE fhers with
5 wi % unmodifed 5. nanoparicles
(=1 mlh, V=30kV)
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Figure 8 - BEM image of the PVE fbers with
5wt % modifed 5i0y nanoparticies
(=1 mildh V=30k)

Ballstic properties resulis

Dynamic mechanical properties of the thoes
hytrid composites, p-aramid/PVE, p-aramidPVB (5
wt. % S5i0;) and paramidPVE/AMED (5 wi %
Sily;) samples were imvestigaled. The samples
consisted of four pieces of g-aramid fabnes, Tiber
fype Twaron. The storage modulus vs. temperature
dependencies are shown in Figure 9. The addition
af AMEC-maodified silica nanoparticles masximzed
the storage modulus of the p-aramid/PVB/AMED-5
wi % S0, composie, where the value of the
storage modulus was 2983 MPa, compared with
the walue of the p-aramidPVB composie whesh
was 1916 MPa. The modification of the nano-
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particles with AMED silane made the chemical
bonds betwesn the Si0; nanoparticlkes, polymers
angd p-aramid fibaers, producing significant increase
in the mechanical properties of the p-aramid!
EVEBMEO-S wi, % Si0:; composite. This meods-
fication also led o improved dispersion of the silica
nanoparickes and therefore enhanced the mecha-
nical properties of the compasite [8).

0 ¢ ———— —
|
| ——  FRARCOWTVE
i —— = TWAROMPVI Sa SADD
s TR IRTL Sl SN0 LA
5 | e
E 1 - =
_;:IH-CI .
13 e
= 5 \‘\_‘\
-
E'-i -\.\_\_.'\'-\. +%
: i h
g 1\ PR
voen] THIEMRR, 0 =
xh..
)
"
£ 1] [

Figure 3 - Stovage modulus of the samples

Due to the previous resulls, the two samples
which were used for the bullet shoobng tests
cantained only AMED modified silica nanoparticles.
The ballistic results are presented in Table 4._ The
camples are denofed 5 follows: Mo, 1- 17 peces
of fabrics with PVE - hard option; Mo, 2- 17 pieces
of fabrics with PVE and 30 wi% AMEOD silane
modified silica nanoparbcles-hard option; Ma, 3- 16
pieces of fabrics with PVB-flexible cption; Mo, 4- 16
pieces of fabrics with PVE and 30 wii AMEO
silane modified silica nanoparicles-flexible aption,
The sample No.1 is removed after the first shot due
io the complete penetration of the bullet nod. The
provided number of shots i four instead of five for
the sample Mo, 3 because there was no registerad
welacity for one bullet,

Freen the Table 4 it is cbvious that tha 44 Rem.
Magnurm bullels made a larger penefration depth
than the 357 Magnum ones in each sample. This
was fypical due o the greater mass of the 44 Rem
Magnum bulleds.

Due to the bullet shooting test if is confimed
that the composites of p-ammidPVE wiathout silica
reinforcement could not abways serve as full
protection against bullets, This is evident from the
complete penetration of bullket no.1 in sample Mo, 1
with 17 peeces of fabnes, Table 4, Figure 10. For
examphe, shot no, 2 is realised with the 357 Mag-
num bullet which partially penstrated 17 pieces of
fabrics with PVE and 30 wt.% AMED sitane mod-
fied sifica nanoparickes, making the indentation
depth of 11.65 mm, Table 4), Also, all the other
shots produced partial penetrations of the bullets
The introduction of AMED silane modified silkica
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Figure 20 - Energy versus fime for alf the samples
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Figure 21 - Energy versus displacemeant for
differant ColonFVE fabrcs

The resulis of the samples from the impact
tester analysis were in coherence with the results
from DMA anatysis and they indicated the effect of
the AMED modification and MWCNT content on
the mechanical and impact properbes of the
COMposites.

COMCLUSION

The structure and morpholegy of the electro-
spun PVBSSID: composite fibers was inveshigated
by changing two process parametears - the flow rate
of the solution O and the applied valtage W, &S well
az the nanopadicle content and treatment. The
produced nanofibers were merely narrow at low
voltages of 16 KV and 20 kV. Howaver, the fibers
began o whip 2t the voltage of 24 kW and by
further increasing, up to 30 kV, they were
completely caikad.

The addition of the PVE fibers with silica nano-
particles promote enhanced themmal properies of
the p-aramid fabrics companng to ones coated with
PVB film, producing hybrid balistic system of
higher protection.
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The penefration of the samples during the
impact test did not occur. The ColonAMEOIPVEA
wl%% MWCNT sample exhibited the increase of
storage modulus, impact force and  absorbed
energy compared to the ColonPVE sample. The
results from DMA anabysis were consonant with the
ones from impact tester analvsis and they deman-
strated that the best results for the properies of
Colon/PVB sample were achieved with the addition
of 1% wi. concentration of MUWCNT and the surface
modification with AMEC silane

Acknowdedgernents

The authors wish lo acknowledge the fnancial
Support from the Ministry of Educalion, Zoence
and Techmalogical Development of the Republic of
Serbia through FProjects Mo, TR 34071 and W
45019,

REFEREMCES

[11 D. H. Renekes, |. Chun, (1996) Nanometre diameter
fipars of polymer, produced by eleclrespinmng,
Manotechnology 7, 216223,

[2] T. . Sill, H. A von Recum, (2008) Ekctrospinmng:
Applications in drug delivery and lissue engineering,
Biomaterials 79, 19692008,

[3] C.Zhang X Yuan, L Wu, ¥, Han_J, Sheng, (2005)
Sy on morphology of electrospun poly (vimd alco-
hol} mats, European Polymer Joumal 41, 423432

4] K Garg, G. L Bowin, {2011} Elecirospinning jels
and nanofibrous structures, Bomicrofludics, 5. 391-
403,

5] L W Schueren, B. D. Schoenmaker, 0. 1. Kalaoglu,
K. O, Chlercke, (2011} An allematiee sohvent system
for the sieady siate electrospenning of polycapro-
lacione, Ewopean Polyrmer Journal 47, 12561263,

[B] M. Karahan, A Kus, R, Eren, (200E) An investiga-
tisn Nk ballistic performance and energy absoplion
capabiifies of woven aramid fabecs, Intemationsl
Joums of Impact Engineening, 35, 498-510.

[7] R. Aleksic, | Fidowid, Dinamitko-menanicka svol-
siva Dalistitlon kompozimih materijala, TMF, Beo-
grad, 2005,

[8] H. Mahfuz, F. Clements, W, Rangan, V. Dhanak, G.
Bearnzon, (20089} Enhanced stab resstance of
ammor composites with funclionalized silica nano-
particles, Joumal of Applied Physics 1056, 220307

[2] A M Torki, D. B. Stojanowic, I D. Fvkovie, A
Marinkowie, 5. 0. Skapin, P. 5. Uskokowit, R. B
Aleksit, (2012} The viscoelastic properties of mo-
dified thermoplastc impregnited ruli-aal aramad
fabrics, Polymer Composibes 33, 158-180.

[10] D. Stojanowic, A Ordowid, 5. B Glifa, 5. Markawad, V.
Radmilowe®, P 5, Uskokowd, B Aleksic, (2010) Pre-
paration of MEMC silane-coabed 510y manoparticles
under high pressune of carbon deoxide and ethanal,
The Journal of Supercritical Fleds 52, 275-284.

[11] Wi A de Morais, 5. M. Monbeiea, J. B M, d'Almaida,
{3005 Effect of the laminete thicknezs on the
romposite strength to repeatad kow energy impacts,
Composite Struchwes 70, 233228

[12] M. % Padaki, R. Alaginusamy, B L. Deopura, B, &
Sugun, F, Fangueiro, (2008} Low welocity impact

ZASTITA MATERIJALS 55 (2014) broj 4




