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Highlights
e PVA-assisted ZnO modification was done by sol-gel method to control their particle size
e  Average particle size of ~62 nm with uniform nanorods like structures was achieved
¢ Enhancement in 7, value of epoxy system suggests strong interfacial interactions with fillers

e Significant improvement in mechanical properties was obtained at 2 wt.% filler content



Superior Mechanical Properties of Poly Vinyl Alcohol-Assisted ZnO Nanoparticle Reinforced Epoxy

Composites

Sudipta Halder®*, Tankeshwar Prasad?, Nazrul Islam Khan?, M.S. Goyat®, Sri Ram Chauhan?
2 Department of Mechanical Engineering, National Institute of Technology Silchar, Silchar-788010, Assam, India
"Department of Physics, College of Engineering Studies, University of Petroleum & Energy Studies, Dehradun,
Uttarakhand, 248007, India

* Author to whom correspondence should be addressed. E-mail: sudiptomec@gmail.com, Fax: +91-3842-224797

Abstract

This work demonstrates the effect of poly vinyl alcohol modified ZnO nanoparticles on thermal and mechanical
properties of epoxy nanocomposites. Modified ZnO nanoparticles with controlled particle size were successfully
synthesized by sol-gel method. The surface modification of nanoparticles was confirmed by FT-IR, EDX and TGA
analysis. Epoxy nanocomposites were prepared using different wt.% (0-3 wt.%) of unmodified and modified ZnO
nanoparticles. A significant improvement in 7, was achieved for synthesized epoxy nanocomposites. The dispersion
and interfacial interactions between unmodified (ZN) and PVA modified ZnO (PZN) with the epoxy matrix were
investigated by morphological study of fractured surface of epoxy nanocomposites. The improvement in mechanical
performance of PVA-assisted ZnO nanoparticle reinforced epoxy composites was found superior at 2 wt.% of
particle concentration. The maximum enhancement in mechanical properties such as tensile strength, tensile
modulus, compressive strength, flexural strength and flexural modulus was ~24, 47, 48, 44 and 77% respectively
with respect to that of neat epoxy system. We have exposed the potential of the PVA-assisted ZnO nanoparticle as

good choice of reinforcement for composite industries.
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1. Introduction

Over the past few years, the introduction of nanoparticles (NPs) such as carbon, metallic or inorganic particles into

polymer matrices led to significant improvement in thermal, mechanical and electrical properties of the



nanocomposite [1-5]. However, another option is the incorporation of low-cost micron sized particles into polymers
which can stiffen and increase the strength of the material under certain loading conditions. But, the use of micron
sized particles in these days is not so common due to generation of some other undesirable properties [6]. Therefore,
worldwide research is going on to modify polymer matrices using different nano-fillers. In these days, low-cost and
abundant ZnO nanoparticles are in great demand because of its morphological diversity, controlled particle size and
crystalline structure. These characteristics of ZnO nanoparticles have a significant effect on the property
improvement not only for semiconductors, solar cells, gas sensors, paints, cosmetics, catalysts and varistors [7-9],
but also for other applications [10]. This enriches the motivation to scientists with regard to the special
characteristics and morphology of ZnO nanoparticles to scrutinize not only its properties but also approaches to
develop technically less sensitive and cost effective processing routes [11]. Over the past few years, the nanosized
Zn0O as ceramic filler has been widely used in the field of high strength polymer composites [12], electronic glass
(ceramics), high-density polyethylene include safety helmets and stadium seating, as it can improve mechanical
performance and thermal resistance properties of the polymers [13-15]. But, all types of pristine nanoparticles are
very prone to aggregate in viscous polymers due to their high surface area and energy, which results in poor thermal
and mechanical properties of the nanocomposites. Thus, to yield a better compatibility between the nano-fillers and
the polymer matrix, the use of particle surface modification by various techniques is recommended to enhance the
desired properties of nanocomposites [16-19]. It is already well-established that the surface modification of nano-
fillers has been a convenient method to reduce the surface energy of nanoparticles while improving its dispersion to
achieve required performance characteristics of nanocomposites [20]. The modified surface of nanoparticles is more
reactive for the miscibility of the nanofillers into the viscous polymer matrices [21-23]. Recently, the preparations of
ZnO/epoxy composites with homogeneous dispersion were reported by Ding et al. [22]. The investigation showed
that the composite containing 5 wt% of ZnO particles (about 100-200 nm) had the optimal mechanical properties.
The addition of ZnO nanoparticles into the epoxy matrix resulted in a significant increment in the thermal stability
and activation energy of thermal degradation. The epoxy nanocomposite exhibited an increase in storage modulus
and glass transition temperature compared to the neat epoxy. Rashmi R. Devi et al. [23] reported the vinyl
trichlorosilane (VTCS) modified ZnO nanoparticles based Wood polymer nanocomposite. The mechanical
properties including modulus of rupture (MOR), tensile strength, hardness, and thermal stability were studied. They

found considerable amount of properties enhancement with uniformly dispersed nano-ZnO particles in the polymer



matrices. Mallakpour et al. [24] reported the modification of ZnO nanoparticles using poly vinyl alcohol (PVA) to
increase the compatibility and dispersibility in the PVC matrix. They reported, some improvement in tensile
strength, strain, and elongation at break about 27%, 19%, and 19% respectively at high filler content of 8 and 12
wt.%. In another work, Xie et al. [25] reported the surface modification of nano-Sb,O; by polymethyl methacrylate
(PMMA) and its effect on mechanical properties of Sb,O3/PVC nanocomposites. They showed the improvement in
dispersibility of particles in the matrix as well as improvement in stiffness and strength of the matrix at 2.5 wt.% of
filler content. Chatterjee et al. [26] investigated the effect of nano-calcium carbonate (CaCOs) containing PMMA
nanoparticles on thermal and mechanical properties of polypropylene (PP) composites. Their results showed the
homogeneous dispersion of CaCOj; nanoparticles in PP matrix due to grafting with PMMA and also significant
enhancement of thermal and mechanical properties were observed at 1 wt.% filler content in the matrix.

In the above context, study on the effect of surface modified ZnO nanoparticles on thermal and mechanical
properties of epoxy resin system has been reported for the first time. In this study, we focused on the homogeneous
dispersion of ZnO nanoparticles and their impact on the thermal and mechanical properties of the resulting
composites. However, earlier reported studies based on ZnO nanofillers reinforced polymers reveal only nanofiller
dispersion and interfacial interactions as the two main issues governing the properties of nanocomposites [27, 28].
Most of the literatures reported the functionalization of commercially available ZnO nanoparticles by attaching non-
covalent functional groups on their surfaces, but such kind of functionalization produces poor interfacial adhesion
between ZnO particles and polymer matrix leading to insignificant enhancement in mechanical properties. To
achieve a desired set of properties in polymer nanocomposites, adopting a suitable method capable of controlling the
interfacial interaction is of quite important. Therefore, in the present study, ZnO nanofillers were functionalized with
PVA through sol-gel method and then reinforced them into polymer matrix to enhance the interfacial interaction
between the filler and matrix. The effects of unmodified and PV A-assisted ZnO nanoparticles on the thermal and
mechanical properties of epoxy nanocomposites with respect to varied filler concentration were investigated. The
possible toughening mechanisms were identified by microscopic investigation of the fractured surfaces of

nanocomposites.

2. Experimental

2.1 Materials



Zinc Sulfate heptahydrate (ZnSO4*7H,0) used as a precursor and sodium hydroxide (NaOH) as a reagent were
supplied by Merck specialties private Itd, Mumbai, India. Poly vinyl alcohol (PVA), ER grade (MW: 22,000 g/mol)
was used as a capping agent and purchased from Loba chemie private ltd., Chennai, India. Diglycidylether of
bisphenol-A (DGEBA) based epoxy resin (Lapox L12) with density 1.20 g cm™ and Triethylenetetramine, (TETA,
K6) hardener with density 0.95 g cm™ were supplied by Atul Itd., Gujarat, India.

2.2. Surface modification of ZnO nanoparticles

Surface modification of ZnO nanoparticles was carried out by using sol-gel method. Initially, ZnSO4+7H,0 and
NaOH were mixed in a molar ratio of 1:2 and dissolved in deionized water to obtain an aqueous solution. Further,
0.28 g of PVA (equivalent to 10 wt.% PVA in ZnSO,) was added to 10 ml of deionized water. Then, continuous
stirring was employed at 60 °C for 25 min to achieve a homogenous solution. The resultant solution was mixed with
zinc solution under continuous stirring followed by drop wise addition of NaOH solution. The reaction was carried
out for approximately 3 h till the formation of white precipitate. The white precipitate was centrifuged, washed and
dried in vacuum at 80 °C for 12 h. The resultant dried material was grounded to fine powder using agate mortar.
Finally, the powder was calcined for 2 h at 500 °C. The ZnO nanoparticles modified with 10 wt.% PVA in ZnSO,
are designated as PZN. Using the same method, unmodified ZnO nanoparticles were synthesized but without using
PVA and designated as ZN. The possible reaction mechanism between PVA monomer and hydroxyl groups of ZnO

nanoparticle is illustrated in Scheme-1.
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Scheme 1: Schematic representation of reaction mechanism between PVA monomer and hydroxyl groups of ZnO

nanoparticles.

2.3. Preparation of ZnO/epoxy nanocomposites



Varying amount of unmodified and PVA modified ZnO nanoparticles (1, 2 and 3 wt.%) was chosen for preparation
of ZnO/epoxy nanocomposites. High shear mixing was used for blending of the nanoparticles into the epoxy
network. Initially, the nanoparticles suspended epoxy resin was continuously stirred at 2000 rpm for 15 min. Later,
in a stoichiometric ratio, hardener was added to the ZnO/epoxy resin mixture under continuous stirring for 5 min at
400 rpm. Thereafter, the resulting mixture was sonicated in an ultrasonic bath for 25 min to obtain homogenous
mixture. After the ultrasonication, the mixture was degassed at room temperature to remove the entrapped air
bubbles. Finally, the mixture was poured into rubber molds followed by pre-curing at room temperature for 24 h and
post-curing at 80 °C for 2 h to obtain different sets of cured samples. For ease in writing, the neat epoxy is
designated as NE, unmodified and PVA modified ZnO/epoxy nanocomposites consisting 1, 2 and 3 wt.% of ZnO
are designated as (ZEC-1, ZEC-2 and ZEC-3) and (PZEC-1, PZEC-2 and PZEC-3) respectively.

2.4. Characterization

Morphology, particle size and particle size distribution of nanoparticles were investigated using FESEM, (Zeiss,
model: Supra 55VP, Germany). Chemical characterization was done by FTIR spectrometer (Bruker, model:
Hyperion Microscope with Vertex 80, Germany) to identify surface functional groups of modified ZnO
nanoparticles. The structural properties of the synthesized nanoparticles were investigated by powder X-ray
diffractometer (XRD), (Phillips, model: X’Pert PRO diffractometer, USA) with Cu Kao-radiation and energy
dispersive X-ray (EDX) analysis (Zeiss, model: Supra 55VP, Germany). Glass transition temperature and thermal
decomposition behavior of samples were measured using a simultancous thermal analyzer i.e. simultancous
application of Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC) (NETZSCH, model: STA
449F3, Germany). The analysis was performed on 10 mg of samples in a temperature range of 50 to 800 °C with a
heating rate of 20 °C/min under nitrogen gas purging. The mechanical properties such as tensile, compression and
flexural strength were determined using a computerized universal tensile machine (INSTRON, Model 8801, USA).
The tensile properties of samples were investigated according to ASTM D 638 (type-V) standard. The compression
tests were conducted in accordance to ASTM D695-96 with specimen size (cube) of 12.5 x 12.5 x 12.5 mm? and the
flexural properties from single edge notched bending (SENB) specimen were investigated according to ASTM
D5045 with specimen size of 53 x 12 x 6 mm3. All SENB specimens were tapped by a sharp razor blade to create

sharp cracks of ~ 6 mm length. At least five specimens were tested for each composition and property. The tensile



and SENB test fracture specimens were examined under FESEM to investigate the toughening mechanisms of

ZnO/epoxy nanocomposites.

3. Results and discussion

3.1. PVA-assisted growth mechanism of ZnO nanoparticles

During sol-gel process, the growth of pristine ZnO nanoparticles generally follows the diffusion-limited Ostwald
ripening mechanism. But, in presence of capping agent (PVA), the growth of nanoparticles follows a combination of
diffusion and surface reaction mechanism [29]. This can be explained on the basis of Scheme-1. During the
hydrolysis process, the increase in zinc precursor concentration significantly increases the nucleation rate of ZnO,
which results in formation of large amount of ZnO nuclei due to the decomposition of intermediate parts of Zn(OH),
precipitates. On the other hand, at a constant pH (10), some of Zn(OH), precipitates may have transformed into the
growth units of [Zn(OH)4]* due to alkaline condition. It is well-known that the polar growth of ZnO nano-crystal
along (0001) direction proceeds through the adsorption of growth units of [Zn(OH)4]* onto (0001) plane. These
grown nuclei may aggregate together due to excess saturation [30]. There is a possibility of ionic—dipolar interaction
due to electrostatic force between PVA and the growth units along the crystal plane (0001), which may lead to the
formation of nucleus of rod-like twinning crystal. The growth of the individual crystallite in a twin crystal occurs
along the polar c-axis due to incorporation of growth units on the growth interface plane (0001), which possess
highest surface energy in nature and thus leads to the formation of rod-like ZnO nano-crystals [31].

3.2. Morphology of ZnO nanoparticles

Fig. 1(a-b) shows the FESEM images of unmodified and modified ZnO nanoparticles, which clearly reveal varying
particle size, their size distribution and change in morphologies. The average particle size of unmodified and
modified ZnO nanostructures was determined from FESEM image in terms of aspect ratio using Image J software.
The average particle size of unmodified ZnO nanoparticles was ~78 nm (aspect ratio: 5.38) with mixed morphology
of nanorod and nanoflakes like structures (Fig. 1a). But, the modified ZnO reveals the average particle size ~62 nm
(aspect ratio: 4.53) with uniform nanorod like structures (Fig. 1b and Fig. 2a). Fig. 2(b) shows the histrograms of
particle size distribution of unmodified ZnO nanoparticle (ZN) and PVA modified ZnO nanoparticle (PZN).
Generally, the use of capping agent during the synthesis of nanoparticles plays a vital role in controlling the particle

size and its morphology [32].
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Fig. 1 Morphology of (a) unmodified ZnO nanoparticle (ZN) and (b) PVA modified ZnO nanoparticles (PZN).
However, in absence of any capping agent, there is no control over the nucleation and growth of nanocrystals and
which may lead to the rapid growth of the nanoparticles without allowing any phase separation. This may lead to
anisotropic growth of the nanostructures along any direction. Also, the surface of nanostructure is quite unstable
which leads to the formation of irregular shape and size (Fig. 1a), in order to attain its normalized surface energy
[33]. But, when the capping agent is introduced during synthesis, then the synthesized ZnO nanostructures exhibit
well-developed facet planes. The variations in the morphology may affect the crystallinity of the material because of

controlled growth rate of nanostructures in presence of the capping agent is possible [34-37].
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Fig. 2 (a) Morphology of modified ZnO nanoparticle at high magnification (b) histogram of particle size distribution

of Unmodified ZnO nanoparticle (ZN) and PVA modified ZnO nanoparticle (PZN).

3.3. Structural property of ZnO nanoparticles
Fig. 3 shows the FT-IR spectra of unmodified ZnO nanoparticles (ZN) and modified ZnO nanoparticles (PZN). The

spectra of ZN reveal a broad peak at 472 cm™!, which is a characteristic absorbance peak of ZnO. Another band at
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3500 cm™! is attributed to the presence of hydroxyl groups (~OH) on the surface of ZnO nanoparticles. However,
from the spectra of PZNs, peaks at 1430 cm’' and 1326 cm! represent C-C stretching and C-H deformation
vibrations, respectively. The C-O stretching and O-H bending vibrations of the PVA chains were detected by the
absorption peaks at 1100 cm! [38]. Thus, the spectra of PZNs reveal characteristic peaks of both ZnO and hydroxyl

group from PVA, which confirms the successful surface modification of ZnO.
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Fig. 3 FTIR spectra of Unmodified ZnO nanoparticle (ZN) and PVA Modified ZnO nanoparticle (PZN).
Fig. 4 shows the TGA curves of unmodified (ZN) and unmodified ZnO (PZN). As reflected by the TGA curves,
weight loss occurs in two steps for PZN while no such behavior is observed for ZN. Initial weight loss at 50 °C is
attributed to the removal of the physically absorbed volatile solvents and moisture absorbed on the surface of

hydrophilic PVA chains in PZN.

Table. 1 Elemental analysis of unmodified and PVA modified ZnO nanoparticles from EDX spectra.

Unmodified ZnO Modified ZnO
Element Weight % Atomic % Element Weight % Atomic %
CK - - CK 9.16 18.35
OK 29.96 63.71 OK 41.22 61.96
Zn K 70.04 36.29 ZnK 49.62 19.69
Total 100 Total 100




In second step, rapid weight loss between 200 and 400 °C may be attributed to dehydration process of hydroxyl
groups from PVA chains and formation of oxides. A noticeable weight loss about 5.30% is observed in case of
PZNs. This may be due to presence of PVA on the surface of nanoparticles, which again confirms the successful

functionalization of the surface of ZnO nanoparticles.
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Fig. 4 TGA thermogram of unmodified ZnO nanoparticles (ZN) and PVA modified ZnO nanoparticles (PZN).

Typical XRD patterns of ZN and PZN are shown in Fig. 5 (a). Almost all the observed diffraction peaks of ZN and
PZN can be indexed to wurtzite structure of ZnO (hexagonal phase, space group P63 mc, and JCPDS no. 36-1451).
No new diffraction peak is observed in case of the PZN compared to that of the ZN. The crystallite size of
unmodified and modified ZnO nanoparticles have been determined using Scherer’s formula [39] and found as 43.5
and 32.7 nm. The XRD patterns show the capped polymer does not affect the crystallite structure of ZnO
nanoparticles, which is found in close agreement with the results reported by others [40]. The average crystallite size
of PZN is about 32.7 nm, which indicates that the capping agent plays a vital role in controlling the growth of the
crystals during the synthesis process. Fig. 5(b) shows the EDX spectra of ZN and PZN, which indicates high level
purity of nanoparticles. The presence of C atom in case of PZN shows an evidence of PVA bonding onto the surface
of ZnO nanoparticles. The elemental analysis in atomic wt.% is depicted in Table 1. Thus, again it is verified that

the surface of ZnO nanoparticles is successfully modified by the capping agent PVA.
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Fig. 5 (a) XRD pattern (b) EDX spectra of Unmodified ZnO nanoparticles (ZN) and PVA modified ZnO

nanoparticles (PZN).

3.4. Dispersion behavior of nanocomposites

The FESEM micrographs of ZEC-1 and PZEC-1 are shown in Fig. 6. The image (Fig. 6 (a)) clearly indicates the
particles in the agglomeration form, whereas the homogeneous distribution and dispersion of modified ZnO
nanoparticles can be easily observed (Fig. 6 (b)) compared to that of the unmodified nanoparticles. The surface
energy of the nanoparticles decreases due to the strong interaction between CH-OH groups of PVA and hydroxyl
groups present on the surface of nanoparticles. The decrease in surface energy also reduces the clustering tendency
of nanoparticles [41]. The curing behavior and the possible reaction mechanism of PVA modified ZnO nanoparticles
with epoxy network are illustrated in Scheme-2. The possible interactions between the modified ZnO nanoparticles

and epoxide groups have been shown through strong hydrogen bonding.

(a) Uniformly Distributed
Nanoparticles

Clustered Nanoparticles

Fig. 6 FESEM micrographs of epoxy nanocomposites containing (a) unmodified ZnO nanoparticles (1 wt. %), (b)

PV A modified ZnO nanoparticles (1 wt. %).
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The polymer stabilizing agent, PVA also creates steric hindrance between inorganic nanoparticles to reduce their

agglomeration [42].
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Scheme 2: Schematic representation of cuing reaction of epoxy network in presence of PZN.

3.5. Glass transition temperature and thermal stability of nanocomposites

The variation in glass transition temperature (7,) versus the concentration of ZN and PZN in epoxy matrix is shown
in Fig. 7. The increase in concentration of unmodified and modified nanoparticles upto 2 wt.% increases the T, value
of the composites. But, further increase in concentration from 2 to 3 wt.% results in decline in 7 value in both the
cases. In case of modified nanoparticles reinforced epoxy matrix, the 7, value for each variation of nanoparticle
content from 0 to 3 wt.%, is found higher than the unmodified particles reinforced epoxy. The maximum
enhancement in 7, value of PZEC-2 is ~24% higher than the neat epoxy. This indicates the restriction offered by
nanoparticles to the mobility of polymer chains of epoxy network [43-44]. Therefore, this enhancement in T, value
suggests strong interfacial interactions between the polymer matrix and surface modified ZnO nanoparticles through
strong hydrogen bonding. The difference in 7, values may be due to the difference in the degree of cross-linking

density of epoxy network. The higher value of 7, may be attributed to the higher degree of cross-linking density,
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whereas low value of T, with increase in particle content may be attributed to the non-homogeneous dispersion of
nanoparticles in the epoxy network [45-46].
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Fig. 7 Variation in glass transition temperature (7,) with respect to concentration of ZN and PZN in epoxy matrix.

The TGA curves of unmodified and modified epoxy nanocomposites containing 1-3 wt.% of ZnO are shown in Fig.
8. The TGA plots clearly reveal single step degradation behavior for each concentration of unmodified and modified
nanocomposites. The value of Tipr (initial decomposition temperature, 5% wt. loss), Typr (maximum
decomposition temperature, 50% wt. loss) and char yield percentage (CYP) of the composites measured from TGA
plots are illustrated in Table. 2.

Table. 2 Thermal properties of NE, PVA modified and unmodified ZnO/epoxy nanocomposites.
Samples ZnO content (wt. %) Tipt (°C) Typr (°C) Char yield (%) at (700°C)
NE 0 310.5 375 10.91

Modified ZnO/epoxy nanocomposites

PZEC-1 1 319.6 376.5 15.04
PZEC-2 2 326.3 381.5 17.52
PZEC-3 3 3229 377.8 14.37

Unmodified ZnO/epoxy nanocomposites

ZEC-1 1 324.7 375.5 11.47
ZEC-2 2 319.8 376.5 12.68
ZEC-3 3 300 373.7 10.69

12
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Fig. 8 TGA curve of (a) unmodified ZnO epoxy nanocomposites (b) PVA modified ZnO epoxy nanocomposites.
Fig. 8 shows the addition of both unmodified and modified nanoparticles in epoxy network results in improved
thermal resistance of the composite. It was observed that the decomposition temperature of PZEC-2 slightly
improves the Tipr (326.3 °C) by 16 °C with respect to NE (310.5 °C). Similar trend was also observed in case of
ZEC-3, but comparatively less enhancement in Tipr by 10 °C with respect to NE. Moreover, the increase in Tipr is
an indicative of the homogeneous dispersion of ZnO in epoxy matrix which acts as obstacles to heat flow through
the matrix [11, 47-49]. The char yield percentage (CYP) of unmodified and modified nanocomposites increases with
the increase in particle content. It is obvious that the thermal degradation of inorganic nanoparticles is higher as
compared to the polymer matrix. Therefore, due to addition of nanoparticles in the matrix, the overall thermal
stability of nanocomposites increases. Moreover, these modified and unmodified ZnO nanoparticles forms residue in
nitrogen atmosphere. Maximum CYP of PZEC-2 compared to other composites demonstrates its potential to hinder
the decomposition at high temperature. Thus, it infers that the PVA modified ZnO nanoparticles have the potential
to restrict the thermal decomposition of the epoxy network, which may be due to their nanorod like morphology

with high aspect ratio compared to the unmodified nanoparticles.

3.6. Mechanical properties

3.6.1. Tensile and compressive properties

Fig. 9 shows the tensile and compressive properties of unmodified and modified ZnO nanoparticles reinforced
epoxy composites. The tensile strength, tensile modulus and compressive strength was found increased with the
increase in filler content up to 2 wt.% but decreased with the further increase in ZnO content. The measured values

13



of tensile strength, tensile modulus and compressive strength for NE are 55 MPa, 2.85 GPa and 120 MPa,
respectively. The maximum enhancements in tensile strength, modulus and compressive strength of PZEC-2
compared to the neat epoxy system are ~24%, ~47% and ~48%, respectively. Furthermore, the decrease in tensile
strength, tensile modulus and compressive strength at higher nanoparticle content may be attributed to the

agglomeration of nanoparticles in matrix due to high surface energy and large surface area of the ZnO nanoparticles.
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Fig. 9 Tensile and compressive properties of epoxy nanocomposites: variation in (a) tensile strength (b) tensile
modulus and (¢) compressive strength; with respect to the concentration of ZN and PZN.
The above hypothesis is supported by the FESEM images of the nanocomposites at higher filler contents (3 wt.%).
A microscopic image of epoxy nanocomposites reinforced with modified ZnO at particles content 1, 2 and 3 wt.% is
shown in Fig. 10 (a-c). From Fig. 10 (b), it is clear that maximum distribution of particles into the matrix is achieved

with 2 wt.% loading while at 3 wt.% ZnO nanoparticles tend to aggregate as shown in Fig. 10 (c).
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Fig. 10 FESEM images of epoxy nanocomposites containing (a) 1 wt. % PZN, (b) 2 wt. % PZN, (c¢) 3 wt. % PZN.

It is fact that the reinforcing capability of PZN in epoxy resin system was better than that of ZN. The mechanical
properties of the epoxy nanocomposites strongly depend on the proper dispersion of fillers in the polymer matrix
along with a good interaction between them. After grafting of ZnO with PVA, the surface energy gets reduced
resulting in effective dispersion and strong adhesion at the interface and thereby improving tensile properties of
nanocomposites. So, in comparison to unmodified ZnO nanoparticles, the modified ZnO nanoparticles show
superior mechanical properties may be due to strong chemical bond formation between modified nanoparticles and
the epoxy matrix. It is suggested that the use of PVA modified ZnO nanoparticles in composites can significantly
improve effective dispersion and compatibility with polymer matrix.

3.6.2. Flexural property

Fig. 11 shows the flexural properties of unmodified and modified nanoparticle reinforced epoxy composites. The
flexural strength and modulus of unmodified and modified ZnO/epoxy nanocomposites increase with the increase in

particle content up to 2 wt.% and then decline with the further increase in particle content from 2 to 3 wt.%.
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Fig. 11 Flexural properties of epoxy nanocomposites: Variation in (a) flexural strength and (b) flexural modulus;

with respect to the concentration of ZN and PZN.

The maximum enhancement in flexural strength and modulus of PZEC-2 compared to the neat epoxy system are
~44% and ~64% respectively. In comparison to unmodified ZnO nanoparticles, the modified ZnO nanoparticles
show better flexural properties that may be due to the formation of strong chemical bond at interface between the
modified ZnO nanoparticles and epoxy network. Similar results were also reported in the case of other nanofillers
based nanocomposites [50]. Thus, it can be inferred that the surface modification of ZnO nanoparticles leads to the
significant improvement in mechanical properties of the epoxy nanocomposites.

3.6.3. Fracture toughness and fracture energy

The effect of unmodified and modified ZnO nanoparticles content on fracture toughness (Kj.) and fracture energy
(Gy) of nanocomposites is shown in Fig. 12, where error bars indicate the maximum and minimum values. The K.
and Gy, values of NE are ~0.46 MPa.m'? and 37.42 J/m? respectively. The addition of 2 wt.% of modified ZnO
particles into the epoxy matrix results an increase in Kj. value of ~0.79 MPa.m'”2, which corresponds to ~49%
increase in the fracture toughness. For higher nanoparticle content (3 wt.%), the Kj. reduces to ~0.69 MPa.m!?,
which is found still higher than that of the neat epoxy matrix. Similar trend of K, value is observed in case of ZEC
and PZEC nanocomposites at 2 wt.% filler concentration. To achieve same enhancement (~49%) in Ky, the required
amount of (wt.%) titania, alumina and silica nanoparticles in epoxy matrix is quite high [51-53]. This reflects the

potential of low content of modified ZnO nanoparticles to reinforce the epoxy matrix.

16



_—
]
S

100 (b)

~ 10 e 1.0 100

g Unmodified nanocomposites - Modified nanocomposites

£ o E o

& 0.81 g s 0.8 £

% : 180 = % L80 =

= ; g = i i &

%2 0.6 = % 0.6 e

£ s R s

S 044 2 2 044 f £

< i = < E =

s 20 % s 40 B

5 02{ * = 502 1 =

o o

= ®

= =

-l 20 = w20
00 05 1.0 1.5 20 25 3.0 35 0.0 05 10 15 20 25 30 35

ZnO Content (wt. %) ZnO Content (wt. %)
Fig. 12 Fracture toughness of epoxy nanocomposites: Variation of fracture toughness (K;.) and fracture energy (Gy.)

as a function of (a) unmodified and (b) modified ZnO nanoparticle content in epoxy matrix.

The fracture energy of the epoxy nanocomposites have been calculated using the relation: Gy, = K? [(1-p?)/E],
where p is Poisson's ratio [54]. The fracture energy (Gy.) enumerates the energy required for crack propagation in a
material. The calculated Gy, of NE is 280 J/m2. At 2 wt.% loading of PZEC (PZEC-2), the composite shows ~95%
enhancement in Gy, (545 J/m?) with respect to that of NE. However, further increase in nanoparticle content up to 3
wt.% (i.e., PZEC-3) leads to a reduction in the fracture energy of the composite. This noticeable enhancement in
energy release rate of the nanocomposite is comparable to tough polymers reinforced with other organic or inorganic
nanofillers [55]. These results exhibit the potential of low content of modified ZnO nanofiller in toughening the
epoxy polymer. All mechanical properties such as tensile strength, compressive strength, elastic modulus, flexural
strength, flexural modulus, fracture toughness and fracture energy show a consistent improvement with increase in
modified ZnO nanofillers content up to 2 wt.% and on further addition of filler, efficiency gets reduced. This is
happening due to clustering of ZnO nanoparticles which aids to diminish the interfacial contact area at ZnO/epoxy
matrix interface and hence, it weakens the ability of the ZnO to reinforce the composite. The clustering leads to poor
interaction between the nanofiller and epoxy matrix because; the clusters act as defect centers in the epoxy matrix

causing a detrimental effect on the mechanical properties.

3.7 Microscopic investigation of fracture surfaces
FESEM images of tensile fracture surface of NE, epoxy nanocomposites containing 2 and 3 wt.% of unmodified and

modified ZnO particle content are shown in Fig. 13 (a-e). The fracture surface of NE (Fig. 13a) shows relatively
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smooth and glassy texture, which suggests poor absorption of energy during crack propagation resulting in brittle
fracture. However, the fracture surface of epoxy nanocomposites containing unmodified ZnO nanoparticles such as
ZEC-2 and ZEC-3 (Fig. 13(b, d)) shows less rough surface compared to that of epoxy nanocomposites (PZEC-2 and

PZEC-3) containing modified ZnO nanoparticles (Fig. 13(c, e))..
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Fig. 13 Tensile fracture surfaces of (a) NE (b) ZEC-2 (c) PZEC-2 (d) ZEC-3 and (e) PZEC-3.
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Fig. 14 FESEM micrographs showing the failure mechanisms of the fracture surface obtained from the 3-point

bending specimens of (a) NE (b) ZEC-2 (c¢) PZEC-2 (d) ZEC-3 and (e) PZEC-3.

The fracture surface of the epoxy nanocomposite containing unmodified ZnO nanoparticles shows ravine patterns
like texture and the surfaces between the ravine patterns is relatively smooth, which are the characteristic features of

brittle fracture behaviour. However, the fracture surfaces of epoxy nanocomposites containing modified ZnO
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nanoparticles shows substantial increase in the surface roughness due to the presence of large number of dimples
and ridges, which is a measure of enhanced restriction to crack propagation and thus enhanced the toughness of
material. The modified ZnO nanoparticles reinforced in highly cross linked polymer network diverts the crack path
in different direction thereby delaying the crack propagation and absorbing more energy prior to failure. As a result
of crack divergence in random directions, crack pinning and shear yielding zones were observed on the fracture
surface which may be attributed to increase in overall tensile strength and stiffness of the nanocomposites [56].
FESEM images of SENB fracture surface of NE, epoxy nanocomposites containing 2 and 3 wt.% of unmodified and
modified ZnO particle content are shown in Fig. 14 (a-e). The fracture surface of NE (Fig. 14a) shows the smooth
surface with branches of river pattern depicting brittle failure. However, the introduction of ZnO nanoparticles into
the epoxy network shows localized shear yielding zones like shear bands, river lines and crazing lines (Fig. 14 (b-
¢)). These zones may restrict the crack propagation resulting in absorption of more energy prior to failure of the
material. But, the craze line features observed on the fracture surfaces of epoxy nanocomposites containing modified
ZnO nanoparticles may absorb more energy and result in slow crack propagation and develop more number of shiny
river lines and shear yielding zone. Moreover, the appearance of increased number of river lines increases the
surface roughness justifying the enhanced fracture toughness of PZEC (Fig. 14 (c, e)) as compared to the ZEC (Fig.

14 (b, d))

Conclusion

Poly vinyl alcohol (PVA)-assisted ZnO nanoparticles with nanorod like morphology was successfully synthesized
using sol-gel technique. Better dispersion of 2 wt.% modified ZnO nanoparticles in epoxy polymer was achieved
compared to the same concentration of unmodified particles. A lower concentration (~2 wt.%) of unmodified and
modified ZnO nanoparticles for obtaining improved thermal and mechanical properties of the epoxy composites was
identified. A significant improvement in 7, and minor improvement in thermal stability were achieved for
synthesized epoxy nanocomposites. The improvement in modified ZnO nanoparticles reinforced composite was
superior to unmodified particle reinforced epoxy composite at same nanofiller content (2 wt.%). The mechanical
properties including the tensile strength, tensile modulus, compressive strength, flexural strength and flexural
modulus were significantly increased in case of modified ZnO nanoparticles reinforced composite at 2 wt.%

nanoparticle concentration. The reduced thermal and mechanical properties of epoxy nanocomposites for higher
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concentration of nanoparticles might be due to non-homogencous particle dispersion in the highly viscous epoxy
resin system. The tensile and SENB test fracture surfaces of unmodified and modified ZnO/epoxy nanocomposites
showed the various toughening mechanisms like branching of river lines, regular river lines and craze lines. The
improved roughness of fracture surface of ZnO nanoparticles reinforced composites significantly improved the
fracture toughness. These results show the potential of surface modified ZnO nanoparticles to enhance the thermal

and mechanical properties of epoxy nanocomposites.
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Captions:

Scheme. 1. Schematic representation of reaction mechanism between PVA monomer and hydroxyl groups of ZnO

nanoparticles.

Fig. 1 Morphology of (a) unmodified ZnO nanoparticle (ZN) and (b) PVA modified ZnO nanoparticles (PZN).

Fig. 2 (a) Morphology of modified ZnO nanoparticle at high magnification (b) Histogram of particle size

distribution of Unmodified ZnO nanoparticle (ZN) and PVA Modified ZnO nanoparticle (PZN).

Fig. 3 (a) FTIR spectra of Unmodified ZnO nanoparticle (ZN) and PVA modified ZnO nanoparticle (PZN).

Fig. 4 TGA thermogram of unmodified ZnO nanoparticles (ZN) and PVA modified ZnO nanoparticles (PZN).

Fig. 5 (a) XRD pattern (b) EDX spectra of Unmodified ZnO nanoparticles (ZN) and PVA modified ZnO

nanoparticles (PZN).

Fig. 6 FESEM micrographs of epoxy nanocomposites containing (a) unmodified ZnO nanoparticles (1 wt. %), (b)

PV A modified ZnO nanoparticles (1 wt. %).
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Scheme. 2. Schematic representation of cuing reaction of epoxy network in presence of PZN.

Fig. 7 Variation in glass transition temperature (75) with respect to concentration of ZN and PZN in epoxy matrix.
Fig. 8 TGA curve of (a) unmodified ZnO epoxy nanocomposites (b) PVA modified ZnO epoxy nanocomposites.
Fig. 9 Tensile and compressive properties of epoxy nanocomposites: Variation in (a) tensile strength (b) tensile
modulus and (¢) compressive strength; with respect to the concentration of ZN and PZN.

Fig. 10 FESEM images of epoxy nanocomposites containing (a) 1 wt. % PZN, (b) 2 wt. % PZN, (¢) 3 wt. % PZN.
Fig. 11 Flexural properties of epoxy nanocomposites: Variation in (a) flexural strength and (b) flexural modulus;
with respect to the concentration of ZN and PZN.

Fig. 12 Fracture toughness of epoxy nanocomposites: Variation of fracture toughness (K,.) and fracture energy (Glc)
as a function of (a) unmodified and (b) modified ZnO nanoparticle content in epoxy matrix.

Fig. 13 Tensile fracture surfaces of (a) NE (b) ZEC-2 (¢) PZEC-2 (d) ZEC-3 and (¢) PZEC-3.

Fig. 14 FESEM micrographs showing the failure mechanisms of the fracture surface obtained from the 3-point
bending specimens of (a) NE (b) ZEC-2 (¢) PZEC-2 (d) ZEC-3 and (¢) PZEC-3.

Tables:

Table. 1. Elemental analysis of unmodified and PVA modified ZnO nanoparticles from EDX spectra.

Table. 2. Thermal properties of NE, PVA modified and unmodified ZnO/epoxy nanocomposites.
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