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ABSTRACT: The objective of present research work is to investigate the surface morphology, physical and mechanical
properties of unidirectional S-glass fiber epoxy composites filled with varying amount of ZnO nanofiller content such as
1 wt%, 2 wt%, 3 wt%, 4 wt% and 5 wt% respectively. ZnO nanofiller was modified with matrix in varying amount using
mechanical stirrer and followed by ultrasonication process. The laminate composites were fabricated using a compres-
sion molding press technique. Further, laminate composites were subjected to individual characterization and testing in
an according to American society for testing and materials standards. The crystalline nature of ZnO nanofiller was stud-
ied using X-ray diffraction analysis and surface morphology of ZnO nanofiller on the resin surface was examined by us-
ing a scanning electron microscope. The experimental test results revealed that addition of nanofiller content by 1 wt%,
2 wt% and 3 wt% resulted in a gradual reduction of a void fraction by 2.760%, 2.510% and 1.641% respectively and
thereafter growth in void fraction increased from 2.696% to 2.833% with 4% and 5 wt% of loading. The flexural and im-
pact strength increased to a maximum of 694.2 MPa and 2550.42 J/m with 3 wt% of loading, with further increasing load
content of 4 wt% and 5 wt%, both flexural and impact strength were decreased. Whereas, surface microhardness results
showed unique behavior in increased order of 21.6 HV, 24.3 HV, 28.5 HV, 33.7 HV and 38.4 HV with nanofiller loading
of 1 wt% to 5 wt%. Thermo-gravimetric test analysis of composites revealed that there was negligible weight loss (%) in
composites at 50 °C to 380 °C. So composites were thermally stable up to 380 °C. Further heating of composites from 380

°C to 900 °C, the majority of weight loss (%) incurred in composites which were nearly half of the weight loss (%).
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1 INTRODUCTION

Glass fibers such as S-glass fibers are synthetic fibers and
predominantly used in high strength applications (aircraft
body parts, boat hulls, insulation cables, etc.) due to its in-
combustibility nature, resistance to heat, deformation and
electricity. These fibers are typically less brittle, highly flex-
ible at room temperature and inexpensive than carbon and
aramid fibers'"’. S-glass fibers are light-weight and are high-
ly resistant to acids and moisture. It contains SiO, as major
constitute (65 wt%) which imparts low thermal expansion
and stable performance at elevated temperatures to the
fibers’. Virgin S-glass fiber has properties such as density
(2.49 g/cm’) and stiffness (70-80 GPa) that are equivalent
to pure aluminum, it’s tensile strength (UTS 4700 MPa) fif-
teen times greater than heat-treated aluminum alloys such
as AA6061-T6 (UTS 310 MPa)"".

Glass fiber epoxy composites are a classic variety of en-
gineering materials and are extensively used in marine,
aerospace, automotive, sports and construction as struc-
tural composites””. These composites are well known for
low creep, good thermal and dimensional stabilities’. But,
due to irregular uncross-link chain structures (three di-
mensional) present in the matrix, composites have low im-
pact and toughness strength, these chain structures cause
composites to shrink at elevated temperature and loose its

dimensional stability. At heavy mechanical loads, induced
stresses cause to break down the chain structure and results
in micro-cracks initiation in the matrix as shown in Figure
1(a)'”". During the curing process and fabrication route,
voids (empty spaces) are formed in the interface layers and
develop some modes of failure in the composites such as
de-bonding and de-lamination as shown in Figure 1(b).
These defects reduce composites properties and durability
(working span)".

To avoid the composite from failures, suitable reinforcing
agents should be applied to the matrix, which gives the addi-
tional properties that, the composite need"”. Matrix modifica-
tion is one of the processes to strengthen the matrix phase and
improve the composite’s properties'*. This matrix modification
process can be done by reinforcement of the second phase
mainly (Nano-tubes, Nano-wires, Nano-particles, etc.) to the
matrix, which can alter mechanical, physical and chemical
properties'>'®. Reinforcing the matrix with the secondary
phase, alter its multifunctional properties due to the physical
interaction between them'’. Since the fillers are in nano-level,
they occupy the large surface area to given surface volume, so
the amount required (wt%) to obtain the mechanical properties
are lesser than that of traditional fillers'®.

The loading content of nanofillers considered as an import-
ant factor for composites fabrication'’. The specific weight
fraction of nanofiller content mainly depends on the type of
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Figure 1. Illustration of failure modes in the composites (a) Micro-cracks in the matrix (b) De-bonding and De-lamination

in the interface layer.

composite material, filler size, and resin content™ *’. Research

works found out that, as a weight fraction of nanofiller con-
tent increases in the matrix beyond specific weight fraction
level (Wt%), there is a sharp decline in mechanical properties
of composites, this is due to the formation of irregular clus-
ters which results in uneven distribution of stresses in the
matrix”***. However, nano-size fillers are hard to disperse
uniformly into the resin manually (hand stirring)”’. Recent
advances show that ultrasonication is one of the dispersion
methods used to obtain uniform filler dispersion” . Research
studies indicate that properties of composites were mainly
depending on series of factors such as aspect ratio of particles,
degree of filler orientation, filler size, filler content (wt%) and
homogeneity of filler dispersion” .

Till now, some research works shown that, tensile, im-
pact and flexural properties were greatly enhanced by
nano-sized particles, while micro-size particles may act
as cracks initiator and gives poor bonding in the interface
zone and were responsible for de-bonding, de-lamination
and also significantly effects the various properties such as
fatigue, wear, etc**'. Presence of high aspect ratio nanofill-
ers will induce more stress concentration in interface layers
and impart brittle nature to the composite™. Sushil Kumar
Singh et al.” investigated that, incorporation of TiO, filler
1,2,3,4,5,6 & 7wt%) to the epoxy polymer and found in-
crease in tensile strength by 32.56 % for 4 wt% of TiO,, with
further increase of TiO, (5, 6 & 7 wWt%), there was a sharp
decline in tensile strength due to formation of uneven clus-
ters or agglomerations. M. J. Pawar et al.”’ identified that,
for better improvement of surface microhardness in jute
fiber epoxy composites, granite powder was reinforced into
the resin by 8, 16 and 24 wt%. It was identified that micro-
hardness of granite powder reinforced composites showed
a substantial increase of hardness with granite powder
loading. This was due to decreased voids and air bubbles
in the matrix and that also inter-particulate distance de-
creased in the matrix with loading, which creates resistance
to penetration by indentation loads.

Vishnu Prasad et al.” studied that, loading of nano TiO,
filler content to flax fiber reinforced epoxy composites by
0.5, 0.7 & 0.9 wt%, flexural strength was gradually increased
from 76.11 to 88.77 MPa for 0.5 and 0.7 wt%, but for 0.9
wt% flexural strength was decreased to 80.11 MPa this was
due to clusters which may easily form for nano-particles at
higher loading content results in reduction of inter-partic-
ulate distance between them as a result flexural strength
reduced due to brittle nature. Sandhyarani biswas™ inves-
tigated that, loading of SiC content to the bamboo-epoxy
composites by 0, 5, 10 and 15 wt% found out that, void frac-
tion gradually decreased from 5.69 to 3.91% for 0 and 5 wt%,
with further loading of SiC wt%, void fraction increased
from 4.35 to 7.95% for 10 and 15 wt%, this reverse trend in

composites were mainly due clusters of SiC particles which
led to the formation of voids in interfaces gaps.

Till now some previous research works carried out on
physical, mechanical and tribological properties of glass
fiber epoxy composites with reinforcement of titanium-ox-
ide, nano-silica, nano-clay and zirconia as particles™*. In
the present work, ZnO (20-40 nm) was selected as rein-
forcement to the matrix, because of its excellent properties
such as thermal, chemical and photo-stability and can be
used as multi-functional material. ZnO is one of the prom-
ising materials used in a wide range of applications. How-
ever, no preliminary research works have been taken up
that, how ZnO can influence the unidirectional S-glass fi-
ber epoxy composites properties. The present research work
aim is to develop the composites with varying load content
of ZnO as reinforcement into the matrix with S-glass fiber
by compression molding press technique and to investigate
the surface morphology, physical and mechanical proper-
ties of composites.

2 EXPERIMENTATION DETAILS

2.1 Materials

The primary reinforcement material such as glass fiber
used in the present fabrication of composites and it is in the
form of unidirectional S-glass fiber mat (450 GSM) having
a thickness and density of 0.5 mm and 2.49 g/cm’ as shown
in Figure 2. S-glass fiber material was commercially pro-
cured from Jushi Pvt. Ltd, India. In the present fabrication
work matrix materials such as LY 556 Epoxy (Diglycidyl
ether of bisphenol-A) and HY 951 Hardener (Triethylenete-
tramine) with densities of 1.15 and 0.97 g/cm’ were select-
ed. Matrix materials were collected from Huntsman Pvt.
Ltd, India. The Secondary reinforcement material such as
Zinc-Oxide (ZnO) with particle size and density of 20-40
nm and 5.606 g/cm’ was selected to the matrix modification
and this ZnO (nanofiller) was supplied by Nano Labs Pvt.
Ltd, India.

2.2 Fabrication of laminate composites

Figure 2. Unidirectional S-glass fiber mat (a) Photographic
view; (b) Magnified view.
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Initially, continuous S-glass fiber mat was cut into the
dimensions of 300 mm X 300 mm (length X width), this
was done to obtained 6 fiber mats of equal dimensions for
each composite. The stoichiometry weight ratio of epoxy
and hardener were taken in a 10:1 ratio by the manufactur-
er’s specification. Composites designation and its chemical
composition are mentioned in Table 1.

Table 1. Composites designation and its chemical

composition.
Composite ID Chemical composition
Neat resin S-glass Fiber mat 50 wt% + Matrix 50 wt%
Cl S-glass Fiber mat 50 wt% + Matrix 49 wt% + ZnO 1 wt%
C2 S-glass Fiber mat 50 wt% + Matrix 48 wt% + ZnO 2 wt%
C3 S-glass Fiber mat 50 wt% + Matrix 47 wt% + ZnO 3 wt%
C4 S-glass Fiber mat 50 wt% + Matrix 46 wt% + ZnO 4 wt%
C5 S-glass Fiber mat 50 wt% + Matrix 45 wt% + ZnO 5 wt%

Further, obtained weight quantities (wt%) of S-glass fi-
ber mat, matrix, and nanofiller for each composite type, a
selective quantity of epoxy was heated at 65 °C for 1hr at
to lower the viscosity of liquid and then degasification for
20 min in a vacuum oven at 65 °C. Further on, varying wt%
of ZnO nanofiller was measured by using an electronic
weighing machine. This weighed ZnO content was mixed
into the epoxy by using mechanical stirrer at 500 rpm for 30
min and subsequently followed by ultrasonication process
for 20 min with 20 kHz. Ultrasonication process time was
increased with increasing of ZnO content for better uni-
form dispersion’. The hardener quantity (wt%) was slowly
and steadily added into the epoxy and mixed for 2 min by
manual stirring using as the wood stick. This mixture of a
liquid matrix with varying wt% of ZnO is then applied on
the glass fiber layers.

Compression molding press is one of the fabrication
techniques adopted for laminated composites™. In this
technique, the liquid matrix was uniformly applied on one
side of the fiber surface mat by using a roller brush. The
second layer of fiber mat was placed on the first layer of
liquid matrix surface mat and compressed with mild pres-
sure using a roller brush to remove the excess matrix in the
interface zone. This technique was repeated for 6 layers
with 0° orientation along fibers direction for each compos-
ite and this was to be done till the required fiber layers were
tightly stacked, then the composite was placed on the mold
die and compressed with uniform pressure of 5 MPa with a
temperature of 100 °C for 15 min®, are schematically illus-
trated in Figure 3.

The variable wt% of ZnO laminate composites with uni-
form thickness were then subjected to the curing process
at room temperature for 48 hrs. However, still aromatic

amines (hardener compound) are less reactive with ep-
oxy at room temperature so, composites were placed in
an adjustable mould with holes to restrict the composites
alignment and slope during the curing process and then
subjected to post-cure in a hot air oven at 80 °C for 4 hrs to
strengthen the cross-link chain structures in the matrix™.
Finally, composites were prepared for individual character-
ization and testing in an according to ASTM standards.

3 CHARACTERIZATION TECHNIQUES OF
LAMINATE COMPOSITES

3.1 X-ray diffraction analysis (XRD)

ZnO nanofiller was characterized by using Ringaku Mini-
Flex 600. Cu Ka X-ray source wavelength was operated at
a voltage of 40 kV and a current 20 mA. The continuous
scanning mode 26 was selected with a scan speed rate of 2°/
min. ZnO nanofiller mean crystallites size at peak diffrac-
tions were calculated from the Debye-Scherrer method by
using the following Eq. (1)

kA
b= LcosO M

where D is the mean crystallites size (nm), & is the dimen-
sionless shape factor ( = 0.94 for FWHM of spherical crys-
tals with cubic symmetry), 4 is the X-ray source wavelength
of 1.54 A, fis the Full Width at Half Maximum (FWHM)
and @ is the Bragg’s diffraction angle.

3.2 Scanning electron microscope (SEM)

In order to study the surface morphology of variable wt%
of ZnO on the resin surface, laminate composites were
cut into the required dimensional area of 10 mm X 10 mm
(length x width). Later, prepared specimens were examined
by using scanning electron microscope (ZEISS EVO 18).
The specimens were mounted on the aluminum multi-pin
stubs using carbon tape. The instrument was operated with
an accelerating voltage of 15.00 kV.

3.3 Density and void fraction

Void fraction is one of the important characterizations
done on polymer composites, which determines the com-
posite quality and span™. The void fraction of composites
were obtained by using the following equations.

Theoretical density (without voids) of fabricated compos-
ites was obtained from Eq. (2)”.

Figure 3. Schematic illustration of the fabrication technique process for laminate composites.
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Figure 4. X-ray diffraction peaks of ZnO nanofiller at vari-
ous scanning angles.

1
Ptheoretical = (Wfib> (Wmat) (Wfil) )
+(mat) 4 (L=
Pfib Pmat Pril
where wgp, Wi, and wy, are the weight fraction of fiber, ma-
trix, and nanofiller, pgp, pmae @a0d pyg, are the density of fiber,
matrix and nanofiller.
Experimental density (with voids) of fabricated compos-
ites was obtained from Eq. (3)™.

Weight of sample (g)
Volume of sample (cm3)

3

Pexperimental =

The void fraction in composites was obtained from using
Eq. (4)”.

Void fraction (%) _ Ptheoretical — Pexperimental % 100 (4)

Ptheoretical

3.4 Mechanical characterization

Mechanical tests were performed on the composites spec-
imen to assess the significance of ZnO nanofiller content
in the composite. To obtain flexural strength of composites,
the specimen of 127 mm X 12.7 mm X 3.2 mm (length X
width X thickness) was prepared according to ASTM D790
and was tested on ZWICK-ROELL Z020 with crosshead
test speed of 1.5 mm/min at room temperature. To conduct
Izod impact toughness test on composite specimens, the
specimen of 64 mm X 12.7 mm X 3.2 mm (length X width
X thickness) with 2.54 mm central depth of V-shaped notch
with 45° was prepared according to ASTM D256, all the im-
pact test specimens were conducted on the ZWICK ROELL
HIT 50P with an experimental impact velocity of 2.9 m/s at
room temperature. To conduct Vickers microhardness test,
specimens were prepared into the required dimensions lat-
er indentations were performed at 15 different locations on
specimen surface for obtaining mean microhardness with
an applied indentation load of 100 gf and dwell time of 15
sec in an according to ASTM E384.

3.5 Thermal characterization

Thermal stability of fabricated composites was examined
by conducting thermo-gravimetric analysis (TGA). This test
was carried out on the PERKIN ELMER TGA 4000 with
each specimen weight of 10 mg in a closed atmosphere
chamber with nitrogen gas flow rate of 60 ml/min in an
according to ASTM E1131. In this test method, specimens

were subjected to different controlled temperature ranges.
Specimens were heated at a temperature range from 50° -
900 °C at 20 "C/min. This test determines the characteristic
of weight loss (%) in the composites with the function of
temperature variations in a closed controlled atmosphere.

4 RESULTS AND DISCUSSIONS

4.1 X-ray diffraction analysis of ZnO nanofiller

4.1.1 ZnO peak indexing

X-ray diffraction analysis was conducted on the ZnO
nanofiller to characterize the crystalline nature. Figure 4
shows the diffraction peaks of nanofiller at various scan-
ning angles in the XRD pattern.

It is perceived from the Figure 4, the XRD pattern of ZnO
nanofiller showed all the characteristic diffraction peaks ob-
tained were consistent with the patterns observed with that of
hexagonal wurtzite structure with ZnO space group of P63mc
(186) or C*,, and space lattice constants (lattice parameters) of
a=b=3.249 A, c=5.207 A and c/a = 1.602 A. The obtained
XRD pattern which was in good arrangement with JCPDS data
(card no. 01-089-0510), and confirmed the hexagonal wurtzite
phase of ZnO™. In Figure 4, seven strong diffraction peaks of
ZnO were observed at 26 values of 31.391°, 34.075°, 35.878°,
47.178°, 56.191°, 62.465° and 67.573° corresponding to the
space lattice planes (hkl) of (100), (002), (101), (102), (110),
(103) and (112) respectively. It is also observed that sharp and
narrow broad varying diffraction peaks in the XRD pattern
were attributed to good crystalline nature of ZnO. Hence, there
was no evidence for remnant micro and foreign particles in as
bought ZnO. Mean crystallites size of ZnO at strong peak dif-
fractions were calculated by using the Debye-Scherrer equa-
tion. Mean crystallites size, d-spacing and space lattice plane
at strong diffraction peaks of ZnO are mentioned in Table 2.

Table 2. Mean crystallites size, d-spacing and space lattice
plane of ZnO at strong diffraction peaks.

Space . Mean
Material PE:SE/ZG F\XHM laIt)tice d-spgcmg crystallites

31.391 0.353 (100) 2.846 24.43

34.075 0.282 (002) 2.622 30.77

35.878 0.364 (101) 2.500 23.96

ZnO 47.178 0.340 (102) 1.924 26.63
56.191 0.387 (110) 1.635 24.29

62.465 0.343 (103) 1.485 28.28

67.573 0.375 (112) 1.384 26.62

4.1.2 Estimation of lattice-strain (induced-strain) by William-
son-Hall (W-H) analysis

In this Williamson-Hall analysis approach, the induced-stain
from the peak broadening of ZnO crystallites can be evaluat-
ed by considering the Uniform Deformation Model (UDM)’’.
Referring to the Williamson-Hall approach, narrow broad
varying peaks of ZnO crystallites in the XRD pattern were
caused due to the contribution of varying crystallites size and
induced-strain. However, from the uniform deformation mod-
el by Williamson-Hall, the induced-strain (&) in the narrow
broadening peaks was mainly due to lattice plane structure
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Figure 5. The Williamson-Hall plot of induced-strain in
peak broadening of ZnO.

distortion and dislocation which arises from the imperfection
of ZnO crystallites and this can be calculated by using Eq.

()

strain(E) = ﬁ% ©)

From the mentioned Eq. (1) and (5), it was identified that
the peak width of ZnO crystallites size (D) varies as 1/cos®
and the strain (¢) varies as tan 6. Total narrow peak broadening
(B of the individual Cauchy profile is indexed by the sum of
the crystallites size () and induced-strain (§3,) and this can be
represented as Eq. (6)”:

Buki = Pp + B¢ (6)

It was assumed that the crystallites size and in-
duced-strain contributions are independently each other to
the formation of the strong narrow peaks in the XRD pat-
tern, also perceived that both are forming an overlap Cau-
chy-like profile, so the observed Cauchy profile line breadth
is the sum of Eq. (1) and (5) and given as Eq. (7)™

KA
D cosf

ﬁhkl = + 4¢tanb (7)

By rearranging the above Eq. (7) we get the Eq. (8):

Bnkicosé = I% + 4 ¢ sinb 6)

The above Eq. (8) is the Williamson-Hall equation; from the
Eq. (8) we assumed that induced-strain is uniform in the entire
crystallographic directions and known as uniform deformation
model. In this model, crystallites are considered as isotropic
behavior and it is assumed that properties of crystallites are in-
dependent along the direction which is considered to be mea-
sured. The values £3,,,cos0 on the y-axis were plotted with the
function of 4 ¢ sind on the x-axis and forms the linear fit with
respect to the given experimental data. The induced-strain (g)
in the strong diffraction peaks was estimated from the negative
slope of the linear fit as shown in Figure 5. Overall, it was
observed that there is an induced-strain of -3.1125x10™ in the
strong peaks of ZnO crystallites and also that negative linear
fit indicates the lattice shrinkage in the crystallites and further
this can be fully evaluated by the calculation of lattice param-
eters™.

4.2 Surface morphology of Zn0 nanofiller on the resin surface

Surface morphology of ZnO nanofiller on the resin sur-
face was examined by using ZEISS EVO 18 scanning elec-
tron microscope (SEM). Figure 6 shows the dispersion state
of varying ZnO nanofiller on the resin surface.

It is observed from the above SEM images of resin surface
with 1 wt% and 2 wt% of ZnO nanofiller, that they have
almost homogenous, uniform dispersion and spherical
shaped structure on the resin surface as shown in Figure
6 (a) and 6 (b). The main reason for uniform dispersion on
the resin surface was due to optimal ultrasonication meth-
od and also low nanofiller loading content (wt%). At such
a low wt% of loading, nanofiller occupies sparsely area
to the given surface volume in the resin, hence there are
negligible van der Waals interactive forces (physical force)
between the nanofiller, so this helps in uniform disper-
sion thereby retaining the uniform shape and size (aspect
ratio). Further, loading ZnO nanofiller content to 3 wt%,
it is observed from the Figure 6 (c) that, there was a vari-
ation in the nanofiller shape and size due to interaction of
nanofiller with each other and form small cluster groups
in sparsely area, and also that nanofiller diameter was
slightly increased to micron level due to collision. It is also
perceived from Figure 6 (c) that, the addition of 3 wt% of
ZnO nanofiller to the resin, results in good dispersion and
reduces the possible formation of voids, thereby improving
the interfacial bonding strength between each fiber lami-
nate. Further loading ZnO content to 4 wt%, it is observed
from the Figure 6 (d) that, the nanofiller occupies short
inter-particulate distances because of less surface area to
volume ratio in the resin and they start to agglomerate and
overlap with each other due to high van der Waals inter-
active forces between the nanofiller as shown in Figure 7.
This results in the formation of high aspect ratio particles
and causes inhomogeneous distribution with clusters. Fur-
ther loading to 5 wt%, inter-particulate distance becomes
lesser than that of 4 wt% resulting in the formation of large
and big uneven continuous clusters, these clusters will col-
lide with other clusters and form voids in the collided inter-
face area as shown in Figure 6 (e). Overall, it is observed
from 4 and 5 wt% of nanofiller loading to the resin, (i)
There was difference in the size of the clusters (ii) Reduc-
tion of inter-particulate distance between the nanofiller (iii)
There were voids in interface area of collided clusters on 5
wt% loading on the resin surface.

4.2.1 Effect of Zn0 morphology by cluster growth mechanism

In the cluster growth mechanism, the properties of
nanoparticles are decided by their structure resulting in
the formation of actual particle growth. Overall from the
SEM research work scenario, it was identified that clusters
generation have a strong influence on the ZnO (wt%), type
of stirring process and the stirring time. According to the
available SEM images with variable wt% of ZnO, it was
considered that low wt% have the negligible clusters this
means that particles have enough space to occupy in the
epoxy volume without interactive forces (van der Waals
forces) between them. As wt% increases, it was noted that
individual nanoparticles start to hit by one another re-
sulting in the formation of clusters, later more and more
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Figure 6. Dispersion state of ZnO nanofiller on the resin surface (a) 1 wt% ZnO (b) 2 wt% ZnO (c) 3 wt% ZnO (d) 4 wt%

ZnO (e) 5 wt% ZnO.

clusters were formed with given wt% by collision effect due
to reduced volume ratio (particles volume/epoxy volume).
The generated clusters have more surface volume than
individual nanoparticles, hence increased surface clusters
have more interactive physical forces to attract the more
individual nanoparticles and neighboring clusters. Cluster
to cluster collision in reduced volume ratio area in epoxy
during ultrasonication which may lead to the formation of
agglomeration or coalescence which its size is bigger than
the generated cluster. In this work, clusters mechanism can
be explained by the diffusion process of the nanoparticles
as shown in Figure 7. In first mechanism (a) process, the
surface of the particle B attract the cluster A by gravity or
van der Waals forces, gradually particle diffuses or merges
into the cluster. Whereas in the mechanism (b) process, in-
dividual particles such as B and C collide the surface of the
cluster at a time and slowly particles surface partially merg-
es into the cluster which leads to the bigger cluster. But in
the mechanism (c), first individual particles B will attract
the surface of cluster later particle C collide the surface
of the particle B eventually all together merges with each

other which forms the large and uneven cluster as shown
in Figure 7. Overall, from the work we investigated that
coagulation of the particles has a great effect on the time it
means that after the ultrasonication process the particles
are settling down due to gravity and diffusion effect. In this
process, particles will collide each other by different cluster
mechanism. So, the time during the sonication and after
the sonication process is also one of the important factors
for the formation of clusters.

4.3 Density and void fraction

Void fraction is an important consideration in composites
and it has a strong influence on physical, mechanical and
tribological properties™. The measured theoretical density,
experimental density and void fraction of fabricated com-
posites with varying wt% of ZnO loading are shown in Fig-
ure 8 and Figure 9.

It is clearly observed from the Figure 8, each composite
has different theoretical and experimental density these
are mainly due to the presence of non-uniform voids and
matrix pores in stacked interface layers. So, these defects
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Figure 7. Illustration of different mechanisms of cluster
formation in the resin via ultrasonication process.

Figure 8. Theoretical and experimental density of fabricat-
ed composites on ZnO nanofiller loading.

Figure 9. The void fraction of fabricated composites on
ZnO nanofiller loading.

were mainly responsible for the reduction of weight and
density in composites™. Overall it is identified from the
Figure 8, the experimental density of composites gradually
increased from 0 to 5 wt% of loading, because of the density
differences between glass fiber (2.49 g/cm’), ZnO nanofiller
(5.606 g/cm®) and matrix density (1.06 g/cm®). While load-
ing nanofiller content to composites, ZnO content (Wt%)
is gradual increases as a result matrix content slightly de-
creases (in the required proportionate manner) hence, ZnO
impart more density to composite and eventually there is
an increasing density variation in composites with nano-
filler loading. Overall from Figure 9 it is observed that, neat
resin composite showed the highest void fraction of 3.186%
with no addition of nanofiller content, high void fraction

in the neat resin composite was mainly attributed to en-
trapped air in manufacturing route (pressure, temperature
variation) and presence of volatile organic compounds
(alcohol, amine and ether groups) which become vapors
or gases during curing stage in the matrix which results in
the formation of empty spaces (air pockets or voids) in the
matrix”. Further loading of nanofiller content from 1 to 3
wt% to composites, it is perceived that void fraction gradu-
ally reduced from 2.760 to 1.641% in composites. Therefore,
decreased void fraction in composites was mainly due to
ZnO nanofiller content, this nanofiller content in the ma-
trix occupies the air gaps and also reduce the formation of
voids in interface zones. Further loading nanofiller content
from 4 to 5 wt%, void fraction start increased from 2.696
to 2.833% in composites. It is also observed that at 4 wt%
loading, there may be a generation of micro-voids in in-
terface layers due to the increased aspect ratio of particles
and clusters’'. Further loading to 5 wt%, nanofiller turn
in to micro-filler by collision and thereby increases in the
formation of more uneven clusters in stacked zones than 4
wt%. These clusters in the interfacial layers create more air
pockets. Hence, clusters were responsible for the increment
of void content in composites.

4.4 Flexural test results and analysis

Three-point flexural bend test was conducted on the test
specimens to investigate and analyze the mechanical effect
of ZnO nanofiller content in the composites. The flexur-
al strength, modulus, and stress-strain behavior on ZnO
nanofiller content in composites are shown in Figure 10
and Figure 11.

It is clearly identified from the Figure 10, neat resin com-
posite showed the lowest flexural strength and modulus of
348.2 MPa and 13.68 GPa. Thereafter, as wt% of nanofiller
reinforcement increased from 1 to 5 wt%, it is observed that
flexural strength and modulus were reached the highest
value of 694.2 MPa and 15.01GPa with nanofiller content
of 3 wt%. Flexural strength and modulus were increased
from 490.51 to 694.22 MPa and 13.92 to 15.01 GPa with an
improvement of 41.53%, while modulus showed 7.83% of
improvement in composites. The significant improvement
in the flexural strength and modulus were observed at 3
wt% of loading. The matrix modification with reinforce-
ment of ZnO nanofiller showed enhanced flexural strength
and modulus results in composites at certain wt%. These
improved test results were mainly attributed to the incorpo-
ration of ZnO nanofiller into the matrix which led to better
adhesive bonding strength between the nanofiller, fibers,
and matrix, resulting in the gradual increase of load trans-
fer rate interaction between the nanofiller, matrix and glass
fiber®*”’. It is also identified that at low wt% of reinforce-
ment (1 to 3 wt%), collision rate of nanofiller in the matrix
was negligible. Hence, with this it can imagine that there
was no generation of high aspect ratio particles or clusters
by collisions of nanofiller so, this results there may be less
chance of generation of localized point stress concentration
in the matrix. In Figure 10, flexural strength and modulus
results were increased at certain wt% (1 to 3) of nanofiller
reinforcement, this improvement may be assigned to the
proper functioning of nanofiller with matrix and fibers,
leading to transfer of bending stresses (compression and
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Figure 10. The behavior of flexural results on ZnO nanofiller loading (a) Flexural strength (b) Flexural modulus.

tension) in aligned uniform distribution across all the
stacked layers“. Further, as wt% of ZnO nanofiller loading
from 4 to 5 wt%, flexural strength was gradually decreased
from 694.22 to 457.32 MPa with strength reduction of
34.12% and modulus was decreased from 15.01 to 13.85 GPa
with reduction of 7.72% in composites. Hence, this reverse
effect of decreased flexural strength and modulus in com-
posites were mainly due to high van der Waals interactive
forces between the nanofiller in the matrix during ultrason-
ification process, which forms agglomerations or clusters of
nanofiller and imparts brittle nature to the matrix**”’. These
clusters of nanofiller reduce the active surface area in the
resin, resulting in the exhibition of ineffective load trans-
fer rate between the matrix and fibers (interface zones). It
is also evident that, irregular clusters in the matrix act as
points for localized stress concentration and this in-turn
to reduce the elasticity nature of composites. Void content
is also one of the factors for reduced flexural strength and
modulus because, at higher flexural loads, voids start to
open and help in crack generation thereby reducing flexur-
al strength and modulus in composites”.

4.5 Impact test results and analysis

After conducting the Izod impact toughness test, the
impact strength of specimens was analyzed and compared
with each other to understand the importance and influ-
ence of matrix modification with ZnO nanofiller content in
composites. The behavior of impact strength and absorbed
energy on varying ZnO nanofiller loading in fabricated

Figure 11. Stress-strain behavior of flexural test specimens
on ZnO nanofiller loading.

composites are shown in Figure 12.

It is clearly identified from the Figure 12, the variation of
impact strength was identified with nanofiller loading and
also that there was a remarkable difference in the impact
strength of each composite. Figure 12 shows the impact
strength and absorbed energy results as follow a similar
trend to that of flexural strength and modulus results. Over-
all from the test results, it is observed that neat resin com-
posite showed the lowest impact strength and the absorbed
energy of 1381.56 J/m and 4.21 J with no addition of nano-
filler content. Further, on loading ZnO nanofiller content
from 1 to 3 wt%, the impact strength and absorbed energy
in composites were substantially increased from 1711.87 to
2472.50 J/m and 5.47 to 7.95 J resulting in 44.43% of impact
strength improvement, while the absorbed energy show
45.33% of improvement. This increment was due to the
increase of nanofiller loading which provides better interfa-
cial bonding between the matrix and fiber mats and reduc-
es the possible development of voids in the matrix and in
stacked layers. It is also evident that ZnO nanofiller help to
form the rigid cross-linking chain structure by mechanical
interlocking in between the matrix and fibers and impart
more improved stiffness and rigidity between the matrix
and fiber, and also nanofiller in the interface zones acts as
bridges between them. This results in increased load trans-
fer rate interaction between nanofiller, matrix, and fibers®.
Further loading of ZnO nanofiller content from 4 to 5 wt%,
it is observed that impact strength and absorbed energy
were gradually reduced from 2472.50 to 1501.30 J/m and
7.95 to 4.80 J resulting in the reduction of 39.42% of impact
strength, while absorbed energy show 39.62%. This reduc-
tion was due to high loading content, at such a loading con-
tent of 4 to 5 wt%, the surface area to volume for nanofiller
in the matrix reduces, this result individual nanofiller start
colliding with each other and forms high aspect ratio par-
ticles of clusters. These clusters act as barriers to polymer
chain mobility structure and disturb the matrix continuity
phases in interface zones”. Also, the most important factor
is cluster peaks which create imperfect interface bonding
in the composites as a result voids are developed in uneven
cluster areas. So, cluster phases were responsible for the
declined impact strength and absorbed energy at heavy
impact loads due to clusters act as crack propagation in
the matrix and develop a poor mode of stresses transfer in
stacked layers. Overall from the impact results, it is per-
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Figure 12. The behavior of impact test results on ZnO nanofiller loading (a) Impact strength (b) Energy absorption.

Figure 13. Composites surface microhardness behavior on
ZnO nanofiller loading (wt%).

Figure 14. Stages of weight loss (%) in composites with
the function of temperature (a) Volatilization (b) Matrix
plasticization and dissolution (c) Fiber glass-transition (d)
Residue matter (ash).

ceived, matrix with higher nanofiller loading (4 & 5 wt%)
has typically less capability of impact strength and energy.

4.6 Surface microhardness results and analysis

Surface microhardness test results of composites showed
increment in the hardness with an increase of nanofiller
loading and also microhardness results were not in a simi-
lar trend to that of flexural and impact results.

Figure 13 shows the increasing of microhardness of

composites with a variation of nanofiller loading (wt%). It
is perceived from the nanofiller concentration that, neat
resin composite exhibits the lowest microhardness of 19.2
HV with no nanofiller addition. Further, microhardness in
composites was substantially increased by 21.6, 24.3, 28.5,
33.7 and 38.4 HV with the incorporation of nanofiller con-
tent to composites of 1, 2, 3, 4 and 5 wt% respectively. This
improvement from composites was mainly due to gradually
decreasing of voids and pores formation with gradually
loading of nanofiller to the matrix and also that, matrix
become hard with nanofiller content because of nano-par-
ticles in matrix restrict the polymer molecules movement
under the applied mechanical loads™. It is also evident that
as a nanofiller concentration (wt%) gradually increases, the
indentation load uptake capacity (absorbed energy capaci-
ty) of the composites also increases this is due to inter-lam-
inar distance between the particles in the matrix decreases,
so more particles (ZnO) absorbs the applied indentation
energy, as this result in composites create more resistance

to penetrations and scratches by external loads™ .

4.7 Thermo-gravimetric test results and analysis (TGA)

The thermo-gravimetric analysis was conducted on com-
posites to identify the composites thermal stability and per-
formance at elevated temperatures. As shown in Figure 14,
it explains the stages of weight loss (%) in composites with
the function of temperature variations. Characteristic of
weight loss (%) in composites according to the function of
temperature variations are mentioned in Table 3.

Initially, in composites, the minute weight loss (2-3%)
start with the loss of bound moisture content and volatiliza-
tion (un-reacted epoxy/hardener compounds, bound gases,
and monomers, etc.) from the matrix at the temperature
range from 50° to 380 °C through dehydration process™"’.
It is observed that almost every composite had the same
degradation curve up to 380 ‘C with almost no weight loss
(%). Further, the first characteristic weight loss (%) in com-
posites occur at the temperature range from 380° to 600 °C.
At this temperature range, increasing heat radiation which
causes the matrix inside the stacked layers to turn plastici-
zation and dissolution by the de-polymerization effect. This
result in changing the microstructure of the composites
(matrix and glass fiber microstructures) and also that nano-
filler content gradually reduces its adhesive nature with
matrix due to plasticization effect, this causes breakdown of
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Table 3. Characteristic of weight loss (%) in composites with the function of temperature.

First characteristic weight loss (%)

380°C - 600°C

Composite ID  ZnO (wt%) Onset ("C)

Second characteristic weight loss (%)

600°C - 900°C

Neat resin 0 380.44
Cl 1 380.52
Cc2 2 380.83
C3 3 381.05
C4 4 380.72
Cs5 5 380.38

48.157
45.626
41.113
36.919
38.911
39.763

7.774
7.399
6.956
5.212
5.899
6.712

polymer backbone cross-link chain structure between the
epoxy, hardener, and nanofiller in the matrix, this is seen
at temperature range from 380 °C to 600 °C*. The point at
which the composite starts to degrade is called onset deg-
radation point. It is perceived from the first degradation
stage that neat resin composite exhibits the highest weight
loss of 48.157% with no filler content. Whereas, remaining
composites with varying ZnO nanofiller content exhibit the
weight loss of 45.626, 41.113, 36.919, 38.911 and 39.763%
corresponding to nanofiller content of 1, 2, 3, 4 and 5 wt%
respectively. These characteristic trends of weight loss (%)
in composites were mainly attributed to the incorporation
of ZnO nanofiller. This is maybe due to nanofiller content
in the matrix creates more resistance to heat radiation by
providing rigid cross-linking chain structures to the matrix.
Overall it is observed from the first degradation stage that,
weight loss (%) is slightly decreasing with filler content,
but for 4 and 5 wt% of reinforcement weight loss (%) start
increased by 38.911 and 39.763%. Increased weight loss (%)
in composites at 4 and 5 wt% of reinforcement may be due
to weakening and breaking of polymer chains (OH groups)
because at that wt% reinforcement, ZnO clusters act as
barriers to polymer chain mobility structure and break-
down the OH bonding groups with epoxy®. This result in
composites reduces its thermal stability in terms of weight
loss (%). Thereafter, second characteristic weight loss (%)
in composites occur at the temperature range of 600° to 900
°C, it is identified from the second degradation stage that,
neat resin showed the highest weight loss of 7.774%, where-
as remaining ZnO filled composites showed the weight
loss of 7.399, 6.956, 5.212, 5.899 and 6.712% with nanofiller
content of 1, 2, 3, 4 and 5 wt% respectively. The weight loss
(%) of composites in the second degradation stage follows
a similar trend to that of the first degradation stage. At
these elevated temperature stages, the glass fiber reduces
its service temperature (above 620 °C) and slowly elemental
compounds in glass fibers are turns to disappear. It is also
evident that increasing heat radiation causes damage to
glass fiber and slowly turn to the glass-transition (viscous
or rubbery state), finally glass fibers start degradation or
decompose completely. Overall, it is observed that the ma-
jority of weight loss (%) occur on the first degradation stage
(380 °C to 600 °C) is higher than that of the second degrada-
tion stage (600 °C to 900 °C). At this temperature range (600 °C
to 900 “C) composites possess low weight loss (%) due to the
majority of weight loss (%) occur on the first degradation
stage. Further, heating composites undergo complete deg-
radation which turns in to residue matter (ash).

5 SUMMARY AND CONCLUSIONS

The present research work was conducted to examine the
influence of matrix modification with the addition of ZnO
nanofiller to S-glass fiber epoxy composites. Experimental
behavior of fabricated composites from surface morphol-
ogy, physical and mechanical properties was evaluated.
Based on composites behavior from experimental test re-
sults and analysis the following conclusions are drawn.

1. Surface morphological images of ZnO nanofiller on
resin surface from SEM analysis showed that the
presence of 1, 2 and 3 wt% loading the better uniform
dispersion was achieved via ultrasonication process
on further loading from 4 and 5 wt% uneven clusters
were formed on the resin surface due to increased
loading content which increases van der Waals inter-
active forces between the nanofiller.

2. The void fraction of composites was gradually de-
creased from 2.760 to 1.641% for the loading content
1 to 3 wt% respectively. Further, void fraction starts
increased by 2.696 and 2.833% with loading con-
tent of 4 and 5 wt%. This was mainly due to clusters
which generate voids in the stacked layers.

3. The flexural and impact strength in composites
shown an effective increment of 694.2 MPa and
2550.42 J/m with an improvement of 41.53 and 44.43
% for 3 wt% ZnO loading. This was due to better in-
terface bonding in the stacked layers and also nano-
filler acts as bridges in between the matrix and fibers
result in effect load transfer between them. Further
loading of 4 and 5 wt%, flexural and impact strength
in composites were substantially decreased by 457.3
MPa and 1543.30 J/m with reduction of 34.12 and
39.12 % improvement. This decreased strength was
assigned to main clusters of high aspect ratio parti-
cles and voids in the matrix and stacked layers.

4. From surface microhardness test results, it was per-
ceived that there was low significant variation in
each composite of 21.6, 24.3, 28.5, 33.7 and 38.4 HV
with no hardness reduction obtained by nanofiller
addition of 1, 2, 3, 4 and 5 wt% respectively. This was
due to increasing wt% more particles absorb energy
this creates resistance to external loads. Overall it
was identified that, wt% of nanofiller and inter-par-
ticulate distance plays a vital role in controlling hard-
ness in composites.

5. Thermo-gravimetric analysis on composites reveals
that they were thermally stable at the temperature
range of 50 °C to 380 °C with an insignificant weight
loss (%). Further, increasing temperature (380 °C to
900 °C), there was significant thermal degradation
indicated by major weight loss (%). Decreased weight
loss (%) in composites was attributed to volatiliza-
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tion, matrix plasticization, and dissolution through
de-polymerization effect. It was concluded that ap-
plication of these composites was applicable to the
temperature below 380 °C.

6. Overall it was observed from the surface morphology,
void fraction flexural and impact results, composite
with 3 wt% of ZnO nanofiller loading was found to
be the best among all the fabricated composites in
terms of nanofiller dispersion, strength (flexural/im-
pact) and voids.

7. The potential applications of S-glass fiber reinforced
composite with 3 wt% of ZnO can be used in the air-
craft, automotive body parts and boat hulls where the
high mechanical loads were acting on the subjected
areas, taking the considerations as high-strength
to low-weight ratio and corrosion resistance of this
S-glass material can be predominantly used in the
manufacturing of wind turbine blades and structural
beams for the construction applications.
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