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Abstract

Modern high performance structures and systems must require the development of cut-

ting edge low weight-to-strength materials. Considering that the constituents of composite

materials can be altered to match the requirements of the advanced structural materials,

they are an unquestionable choice in modern materials. To develop composites, which are

exceptional materials, various elements are combined on a macro- to nano-scale. There-

fore, in order to create composite materials, it is essential to comprehend distinct materials.

There are two or more phases in this material out of which one serves the primary load-

bearing component. The majority of the load applied to the material is carried by the

stronger reinforcement, but the softer phase matrix has unique physical and mechanical

characteristics. Fiber reinforced polymer composites (FRC) have a wide range of applica-

tions because of their exceptional strength and stiffness at low weight. Fiber and matrix are

the two components that make up FRC and fibers can be artificially created or derived from

natural resources like plants. Compared to natural fiber reinforced composites, synthetic

fibers have excellent mechanical properties. One of the most significant reinforcement

materials used in the creation of high performance FRC for crucial applications is carbon

fiber. Due to their exceptional tensile strength, rigidity, low weight, and high heat resis-

tance, carbon fiber reinforced composites (CFRP) have been gaining a lot of interest as
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a new structural material. However, the interfacial bonding of untreated carbon fiber and

resin matrix is poor, which impacts the promising performance of CFRP composite mate-

rials because to the substantial surface inertia of the carbon fiber, an inherent feature of the

material. There are several potential processes for fiber/matrix adhesion include chemical

bonding, adsorption, reaction bonding, wetting, electrostatic attraction, and exchange re-

action bonding, however, promising performance characteristics for advance applications

was not achieved by them. It is well known that, the shear stress is transferred between the

carbon fiber and the polymer matrix through the interphase of CFRP composites. When

the regional shear stress is greater than the CFRP composite’s interfacial shear strength,

debonding of the carbon fiber from the matrix will occur, which results in composite fail-

ure. Impact strength is a fascinating feature of CFRP composites which allows CFRP to

be used in advanced applications where high stiffness and damage resistance is required.

Regardless, plain carbon fiber strengthened polymer composites are exceptionally brittle;

their low energy absorption capacity implies poor behavior under impact loading. Thus,

woven carbon fibers are used for an elective reinforcement for polymer based compos-

ites because WCFs have cross-weaved design which gives good out-of-plane resistance,

strength and durability. Further, the development of hybrid composites where more than

one reinforcement media such as CNT, graphene and other nanostructures can be used for

high performance CFRP composites. Dispersion of CNT, graphene and nanoparticles is

the major concern of fabrication of hybrid composites. Therefore, developing nanostruc-

tures such as ZnO, CuO directly onto fiber surfaces is a successful strategy to improve

fiber surface region, mechanical interlocking, and local softening at the interface, all of

which may improve load exchange and interfacial properties of the CFRP composites. The

performance of CFRP composites are majorly illustrated by the performance of their in-

terphase. Despite of that, fiber cleavage in the interfacial region of the composites restrict

the use of CFRP compoistes for high impact applications. The final performance of the
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developed composites are majorly illustrated by the performance of their interphase. The

interface between both the reinforcement primary and secondary with the polymeric matrix

has been a subject of incredible interest. The idea of the interface has been seemed, by all

accounts, to be a significant factor in an extensive part of the structure’s mass properties.

In like manner, various discernible masters have investigated procedures for improving the

interface of present day composite materials. Different techniques for altering the surface

of carbon fiber are attracting a lot of interest because they can increase the performance

of composites. These techniques essentially consist of surface functionalization, surface

roughening, surface whiskerization and creating secondary interphase. Thus, an exclusive

approach required to be devised which can enhance the mechanical properties of CFRP

composites for advanced applications. It is noted from the literature that fabricating a

secondary interphase between the fiber and polymer matrix can be a successful way to

raise the interfacial shear stress since the new interphase can boost adhesion, enhance load

transmission, and expand the interfacial contact area. The sizing of fibers and fabrication

of metal-oxide nanostructures (NSs) on fibers are the most suitable way to develop nanos-

tructured interphase in the CFRP composites. It is estimated that this study will develop

nanostructured CFRP composites for advanced applications such as structural, electronics

and military with excellent mechanical performance.

The growth of metal oxide nanostructures on woven carbon fiber to minimize failure of

CFRP composites under impact loading is not explored so far. The synthesis of well

aligned ZnO nanorods on WCF strands using an economical seed-assisted hydrothermal

strategy is not explored in an effective manner. The synthesis of metal-oxide nanostruc-

tures on different substrate using varied synthesis techniques is already present in litera-

tures, however, this study is novel in terms as it introduced an easy practical approach to

develop high performance metal-oxide nanostructured CFRP composites for advanced ap-

plications. The study of different factors affecting the performance of nanostructures and
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their resulting composites are investigated using different physical and mechanical charac-

terization techniques. Additionally, the effect of ZnO and CuO concentration on thermal

stability and weight loss pattern on carbon fiber samples have been analyzed. The for-

mation of secondary interphase between the fiber and polymer matrix can be achieved by

synthesis of ZnO NSs on woven carbon fiber (WCF) by hydrothermal technique under

varying conditions of the process parameters. The impact of process parameters such as

pH and molar concentration of precursor solution, growth duration and growth tempera-

ture on morphology and dimensions of ZnO NSs has been investigated to propose favorable

synthesis parameters for effective growth of NSs. Further, the rapid growth of ZnO NSs

on WCF surface was achieved by combining microwave heating with an aqueous process

known as the "microwave assisted chemical bath deposition approach." The study of dif-

ferent process parameters such as molar concentration, microwave duration, microwave

power and growth solution were investigated to achieve optimum growth of ZnO NSs

on WCF surface. In this study different morphologies of ZnO on WCF strands such as

nanowires, hexagonal nanorods, nanoflakes, nanopallets, and nanoflowers were grown by

tuning the hydrothermal and microwave process parameters. The findings of experimen-

tal outcomes are verified using different characterization techniques such as field emis-

sion gun-scanning electron microscope, energy dispersive spectroscopy, % weight change

study, X-ray diffraction study, Fourier transform infrared spectroscopy, UV-VIS-NIR spec-

troscopy and others. The ZnO-modified WCF is used as reinforcement in the bisphenol-A

epoxy resin and dimethyl aniline hardener as a polymer matrix for developing hybrid com-

posites. The mechanical attributes of developed hybrid composites such as tensile strength,

elastic modulus, in-plane shear, and impact resistance improved dramatically.

Further, other metal-oxide NSs such as copper-oxide NSs were grown on WCF using hy-

drothermal technique to produce a nanostructured interphase that increased the interfacial

strength with an epoxy resin matrix. The outcomes demonstrate a considerable improve-
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ment in impact energy absorption, elastic modulus, tensile strength and in-plane shear

strength of the CuO-coated CFRP composites. In comparison to plain carbon fiber epoxy

resin composites, the tensile strength, elastic modulus, and in-plane shear strength of ZnO-

modified carbon fiber composites improved by up to 48.63 %, 46.44 %, and 20.79 %,

respectively, while the impact energy absorption increased by 76 %. However, for the

CuO nanostructured CFRP composite, 74.8 % increase in impact energy absorption, 42

% increase in tensile strength, 52 % increase in elastic modulus, and 32 % increase of

in-plane shear strength were achieved. Thus, it can be concluded that the improved in-

terfacial contact between the surface-functionalized WCF, metal-oxides, and BPA epoxy

resin increased the mechanical and thermal properties of the composites, expanding their

application range. The current research is important to the industries such as automobiles,

electronics and aircraft industry because they used carbon fiber based advanced materials

having strong interfacial strength and impact strength. In addition, incorporating metal-

oxides such as ZnO and CuO in CFRP composites exhibit improved mechanical properties

along with optoelectonic properties which is desirable for producing high strength elec-

tronic components. Furthermore, the developed hybrid composites samples are best suited

for aircraft and automobile industries due to high impact strength and high modulus at

light weight. Thus, the developed hybrid composites samples can be proposed as good re-

placement to the plain carbon fiber reinforced polymer composites for various applications

due to high mechanical properties at low cost and less experimental setup. As synthe-

sized metal-oxides NSs such as ZnO and CuO on WCF surface have its own superiority

in terms of composite properties. The percentage increase in impact energy absorption,

tensile strength and TGA thermal degradation pattern (weight loss) of ZnO nanostructured

CFRP composites are better than the CuO nanostructured CFRP composites. Nevertheless,

the elastic modulus and in-plane shear strength of CuO nanostructured CFRP composites

are higher in comparison to ZnO nanostrcutred CFRP composites. Hence, both the metal-
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oxide nanostructures can be used for the enhancement of mechanical and thermal prop-

erties of CFRP composites based on the requirement. However, the growth phenomenon

and required process parameters for the CuO NSs have negative impacts in terms of large

seeding cycles, high growth duration and high temperature. However, the occurrence of

agglomeration in CuO NSs on WCF was higher, due to which the vertically aligned nanos-

tructures were not grown. On analyzing each factors of both the nanostructured CFRP

composites, the ZnO nanostructured CFRP composites are better in terms of ease of syn-

thesis, less time consuming, high impact energy absorption capacity, high thermal stability,

high tensile strength and moderate impact energy absorption. Thus, the developed metal-

oxide nanostructured hybrid CFRP composites can be used as the promising composite

material for various applications due to high impact strength and high modulus at light

weight.
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1
Introduction

This chapter gives a brief introduction about the basics of carbon fiber reinforced polymer
composites, research background and motivation of issues relevant to interfacial interac-
tion of the composites with an emphasis to enhance it to a maximum extent for tailored
properties. Further, it also covers the aims and objectives, scope, and organization of the
thesis.

1.1 Background

The future advancement of higher execution structures and frameworks depends intensely
upon the work of more up to date, low weight-to-performance materials. In advanced mate-
rials, composite materials are an undeniable decision in light of the fact that the constituents
can be modified to meet the structure’s solicitations. Composites are created by combin-
ing several elements on a macro- to nano-scale to produce superior materials. Therefore,
it is crucial to have an understanding of various materials in order to construct composite
materials. Composites have two or more phases, one of which serves as the main load-
bearing element. The stronger reinforcement carries the majority of the load placed on
the material, but the softer phase matrix has particular mechanical and physical qualities.

1



2 Chapter 1. Introduction

According to the reinforcing and matrix materials employed, composites can be divided
into several categories, as shown in Fig. 1.1. The performance of the composite is de-
termined by the matrix and reinforcements combined, which is further influenced by the
morphology, particle interface, bonding between the components, and distribution of the
reinforcement.

Figure 1.1: Classes of composite materials

High strength, light weight, and better mechanical or electronic capabilities are the ben-
efits of composite materials, which can be micro, nano, polymer, or metal matrix compos-
ites. Other kinds of matrix materials, frequently metals, are necessary because final parts
must be able to operate at temperatures high enough to melt or degrade a polymer matrix.
In addition to high-temperature resistance, metal matrices also have strength and ductil-
ity, or "bendability," which boosts toughness. Even the lightest metals in metal-matrix
composites are heavier than polymers, and processing these materials is extremely diffi-
cult. The skin of a hypersonic aircraft can be made of metal-matrix composites, although
temperatures on the wing edges and in the engines frequently exceed the melting point of
metals. Ceramic-matrix composites are being used more frequently for these latter appli-
cations, despite the fact that their technology is still in its infancy compared to polymer
matrix composites. Alumina, silica, zirconia, and other elements purified from fine sand
and soil or extracted compounds like silicon nitride or silicon carbide make up ceramics.
Superior heat resistance and low abrasive and corrosive characteristics are two of ceramics’
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attractive qualities. Brittleness is its main flaw, which can be remedied by adding fibers or
whiskers. Metal or another type of ceramic might be used as the reinforcing material.

Specifically, a consistent fiber polymer matrix composite offers high quality to weight,
high durability to weight, and design flexibility to coordinate the composites to the auxil-
iary requests. A fiber of business and scholarly interest is the aramid category of strands
(Kevlar and Twaron) in grounds that the extremely crystalline structure overtures a stand-
out amongst the most astounding specific strength extents and the specific nature of normal,
economically accessible filaments [6]. Lately, strengthened plastics are likewise settled to
be all around drafted for building and development, notwithstanding transport and elec-
tronic applications. A portion of the real application territories of Fiber Reinforced Plas-
tics (FRP) in transportation are automobile, flight, delivery and other related segments. In
the vitality/electronic division, FRP are utilized for the creation of high voltage switches,
cryostats, dry transformers and many more. Of late, carbon fiber reinforced polymers
are additionally utilized for cutting edge specialized applications, for example, in rocket
spouts. The pie outline shown in Fig. 1.2 gives a brief picture of market shares of FRPs
in different application territories [7]. In the present market, there has been a snappy im-

Figure 1.2: Market shares of Fiber reinforced polymer composites
[7]
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provement in research and headway in the field of Natural fiber composite (NFC). On
account of the advantages of these materials appeared differently in relation to others, for
instance, engineered fiber composites, including low environmental impact and simplic-
ity and support their power over a broad assortment of utilization [8]. Fiber reinforced
polymer composites are utilized as a part of numerous modern applications in light of
their extreme specific strength and firmness. Carbon fibers (CFs) are extensively used as
a piece of polymer composites to upgrade the quality and strength-to-weight extents and
along these lines give enhanced mechanical properties at low densities [9]. Carbon fiber
(CF) is an extraordinary material to the extent that the material properties navigate a broad
assortment of thermo-physical properties that can be handcrafted to the coveted applica-
tion, considering a massive extent of material properties. Carbon fiber composites are as
of now utilized as a part of the avionics, amusements, automobiles, sports, musical in-
struments, marine, and wind energy zones. The overall carbon fiber feature accomplished
1.98B dollars in 2014, while the carbon fiber composite market (counting all system mate-
rials) accomplished 16.6B dollars in 2014. Figures predict the carbon fiber and carbon fiber
composite markets will expand to 4.3B dollars and 33.6B dollars in 2021, separately. Such
a significant increase can be credited to the expansion in aeronautics and other markets.
Overall carbon fiber ask is to increase from 58,000 tonnes in 2015 to more than 100,000
tonnes by 2020 [10].

1.2 Carbon fiber reinforced polymer composites

Fiber reinforced polymer composites (FRC) have a wide range of applications because of
their exceptional strength and stiffness and low weight [11]. Fiber and matrix are the two
components that make up FRC. Fibers can be artificially created or derived from natural
resources like plants. Compared to natural fiber reinforced composites, synthetic fibers
have excellent mechanical properties. However constraints of synthetic fibers stem from
their inability to degrade raises issues for the government and researchers regarding dis-
posal, recycling, and environmental impact. One of the most significant reinforcement
materials used in the creation of high performance FRC for crucial applications is carbon
fiber [11, 12]. Due to their exceptional tensile strength, rigidity, low weight, and high heat
resistance, carbon fiber reinforced composites (CFRP) have been gaining a lot of interest
as a new structural material [13, 14]. However, the interfacial bonding of untreated carbon
fiber and resin matrix is poor, which impacts the promising performance of carbon fiber re-
inforced composite materials because to the substantial surface inertia of the carbon fiber,
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an inherent feature of the material [15, 16, 17]. The out of plane properties of the compos-
ite laminates are primarily controlled by the matrix and matrix-fiber interface/interphase
[18, 19]. The many potential processes for fiber/matrix adhesion include chemical bond-
ing, adsorption, reaction bonding, wetting, electrostatic attraction, and exchange reaction
bonding [20].

The weaker out of plane response of CFRP composites prevents them from being used
to their full potential in many crucial engineering applications such as aircraft wings, air-
frame structures, bulletproof armors and automobiles front panels [19, 21, 22].

Woven carbon fiber (WCF) composite materials are getting more enthusiasm for some
territories of building because of simplicity of make (notwithstanding for parts with in-
tricate designs) and simplicity of orientation enabling researchers to fix optimum level of
strength and stiffness. Thus, woven fiber composites are frequently less expensive than dif-
ferent kinds of composites. Be that as it may, the fiber structure can prompt "unexpected"
delaminations, interlaminar stresses and cracks [23]. A few works have been directed
on woven composite materials. Vieille et al. [24] strengthened polyether ether ketone,
polyphenylene sulfide and epoxy independently with WCF to examine the impacts of the
polymer lattice on the fracture mechanism under low speed affect. The outcome of the
investigation is that the lattice greatly influences the intra-ply harm and delamination with
a harder framework giving high impact execution. The 3D WCF composite is a spatial
net-shape surface, framed by interweaving confining strings in the thickness going to join
layers of twist and weft together, and cured with system under certain condition. The ob-
tained material have tailored properties such as high resilience, low manufacturing cost and
high impact resistance than plain WCF composites [25]. In this way, 3D WCF composites
have been extensively utilized as a part of aviation, vehicle, marine, and defense. Most
researches create the quality of woven composite materials with impact and interlaminar
stresses. However, a couple of numerical investigations utilizing representative volume
elements have been performed to decide the elastic modulus.

1.3 Multiscale hybrid composites

Polymer composites fortified with nanomaterial are picking up an exceptional considera-
tion because of their remarkable enhancements in properties, like strength, elastic modulus,
impact, out-of-plane stiffness, and toughness [26, 27]. Various authors have officially uti-
lized carbon filaments, glass strands, cellulose filaments, and whiskers for enhancement
in the field of composites [28, 29]. Albeit distinctive sorts of CNT, graphene oxides, and
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distinctive filling elements are also extensively used to overhaul the quality of a polymer
network, for every circumstance, the qualities have not upgraded to the coveted level. To
be a productive reinforcement, the filler materials must have a huge aspect ratio, great ar-
rangement, and sufficient dispersion in the polymer network [30]. Without the closeness
of these parameters, the composite may not fulfill the needs of end applications [31]. More
strikingly, interface of the fiber network is moreover also basic in choosing the general
execution of the composite [32]. Strong fiber interfaces result in capable load transmis-
sion and, in this manner, the capabilities of the composites enhances [33]. Sometimes the
connection between the phases between the layers of the composites is not adequate to
get the desired properties. Everything considered, reinforcement approaches to go must
be gotten to upgrade the interfacial quality and furthermore the stress transfer. This en-
ables the headway of multiscale hybrid composites where more than one bracing media is
used [34], considering the advancement of microscale whiskers, nanostructures like tubes,
rods, and wires around the strands. These topographies connect into the lattice, augment
the surface domain for holding, and improve the load across the fiber and interfaces. For
example, Mathur et al. [35] developed a hybrid composite by creating CNTs on the sur-
face of carbon strands and investigated critical upgrades in the flexural quality and elastic
modulus. Hybrid composites based on copper have numerous usages in light of the broad
load bearing limit, not withstanding, there are good interfacial cooperation between the
CuO nanowires and carbon fibers [36]. They likewise react with polar practical gather-
ings, including carboxyl, hydroxyl, and carbonyl, which may be accessible on the layers of
the carbon strands. These strong affinities, close by the reaction with polymer linkages of
sap, result in strong interlocking inside the composite that stunningly improves the desired
properties.

1.4 Nanostructured CFRP composites

Impact strength is a fascinating feature of CFRP composites which allows CFRP to be used
in advanced applications where high stiffness and damage resistance is required. Regard-
less, plain carbon fiber strengthened polymer composites are exceptionally brittle; their
low energy absorption capacity implies poor behavior under impact loading. Thus, woven
carbon fibers are used for an elective reinforcement for polymer based composites because
WCFs have cross-weaved design which gives good out-of-plane resistance, strength and
durability [37]. Materials consist of carbon strands are confined by a weaving methodol-
ogy did in two ordinarily symmetrical courses, and matrix material is added by impregna-
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tion. The particular composites have better out-of-plane firmness, quality, and durability
properties in comparison to the composites of laminated kind [38]. At a time although
a composite is exposed to a sudden load (impact loading), it fails like a brittle material
without appreciable energy absorption and damage resistance [39]. The persistent cracks
spread up to inter molecular bonding of the interphase, up to the point that the highest level
of impact energy absorption has been come to. Plain composite fails during an impact test-
ing is begun by structure splits, trailed by delineation at the interface territory between the
interphase and the fortifications. In this way, the development of hybrid composites where
more than one reinforcement media such as CNT, graphene and other nanostructures are
used with customary miniaturized scale has been studied. Hybrid structures are broadly
seen in nature, such as plant cell, creature shells and skeletons, demonstrating that high
mechanical properties can be gotten, even from genuinely frail constituents, by organiz-
ing matter over a scope of length scales [40]. While on a fundamental level we are not
restricted by the necessities of physiological conditions and can utilize characteristically
more grounded constituents, we presently cannot seem to misuse the chances of multiscale
gathering of composite materials, methodically.
The fundamental reason for adding CNTs to traditional fiber composites is to mitigate the
current impediments related with the matrix ruled properties. For instance, CNTs could
offer both intralaminar and interlaminar fortification, subsequently enhancing delamina-
tion resistance and through-thickness properties, without compromising in-plane proper-
ties. The CNTs should be better than different methods for improving through-thickness
execution like z-pinning, sewing, twisting and so forth, which will in general lessen the
in-plane overlay execution, by exasperating and harming the primary filaments [41, 42].
The mix of nanostructures with regular fiber-fortifications in polymer composites has been
accomplished predominantly through two distinct methods: scattering CNTs altogether all
through the polymer matrix and growing nanostructures legitimately onto essential forti-
fying fibers as portrayed in Fig. 1.3 [43, 37]. First strategy has the simplicity of creation
and compatibility with standard mechanical strategies however it has restriction of low
loading values. However in the second strategy the fiber-ruled in-plane features are not al-
together influenced but rather grid-dominated properties such as ILSS (inter-laminar shear
strength) are enhanced by about 8-30%. Developing nanostructures onto fiber surfaces is
a successful strategy to improve fiber surface region, making mechanical interlocking, and
local softening at the fiber/grid interface, all of which may improve load exchange and in-
terfacial properties explicit nanoscale impacts on the mass polymer properties are likewise
conceivable [37, 44].
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Figure 1.3: Techniques for development of nanostructured fiber reinforced polymer
composites

1.5 Need of interfacial treatments of CFRP

Delamination is a major damage mechanism behind deployment of mechanical property of
laminated composites. Despite of that, fiber cleavage in the interfacial region of the com-
posites restrict the use of CFRP compoistes for high impact applications such as ballistic
applications. The final performance of the developed composites are majorly illustrated by
the performance of their interphase. Despite of the fact that the interphase assumes a promi-
nent part in choosing the development of composites, nanostructures of wire shapes assist
in the protection from sudden loading. As the data of composites has built up, the interface
between the both the reinforcement primary and secondary with the polymeric matrix has
been a subject of incredible interest. The idea of the interface has been seemed, by all ac-
counts, to be a significant factor in an extensive part of the structure’s mass properties [45].
Additionally, a solid fiber and solid network may not by any stretch of the imagination
achieve a solid composite in light of the fact that the interface is also basic in developing
the general nature of the consequent material. In like manner, various discernible masters
have investigated procedures for improving the interface of present day composite materi-
als. Whiskerization, chemical treatment, and plasma treatment have all indicated favorable
outcomes for interface upgrades; regardless, the properties of fibers are partially utilized,
realizing a final material with diminished in-plane properties [46, 47, 48, 49].
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1.6 Interfacial treatment by fiber modifications

Shear stress is transferred between the carbon fiber and the polymer matrix through the
interphase of carbon fiber composites. When the regional shear stress is greater than the
carbon fiber composite’s interfacial shear strength, debonding of the carbon fiber from the
matrix, takes place which results in composite failure. Different techniques for altering the
surface of carbon fiber are attracting a lot of interest because they can increase the per-
formance of composites. These techniques essentially consist of surface functionalization,
surface roughening, surface whiskerization and creating secondary interphase.

1.6.1 Surface functionalization and roughening

The surface of the carbon fiber can be functionalized and roughened to increase the in-
teraction between the carbon fiber and polymer matrix. When the smooth outer layers of
carbon fiber are removed, the rough surface of the carbon fiber can mechanically interlock
with the polymer matrix, increasing the wetting and adherence of the carbon fiber to the
polymer matrix. However, due to the damage caused by these methods, the in-plane me-
chanical characteristics of carbon fiber, such as its tensile strength, would decline. These
treatments can increase the adhesion between carbon fiber and polymer matrix. Common
techniques used in these techniques include plasma oxidation, acidic and basic oxidation,
electrochemical oxidation, and high energy irradiation.
Li et al. [50] successfully developed chemical treatment of carbon fiber using aqueous am-
monia etching, nitric acid oxidation, and their combination. Nitric acid generated oxygen-
containing functional groups on the surface of the carbon fiber, and aqueous ammonia
increased the roughness. The carbon fiber’s tensile strength was somewhat reduced while
its wettability improved. The largest improvement of interfacial shear stress (IFSS) over
bare carbon fiber was 43.36%. Continuous atmospheric plasma oxidation was utilized by
Erden et al. [51] to treat carbon fiber. The wettability of carbon fiber was enhanced by
the introduction of polar oxygen-containing groups. The single fiber fragmentation test
revealed that after 4 minutes of exposure to the plasma, the IFSS of carbon fiber increased
from 40 to 83 MPa. The effect of electrochemical oxidation on carbon fiber was studied
by Kim et al. [52]. The fiber roughness was enhanced along with formation of oxygen
functional groups on fiber surface. The interfacial shear strength was assessed using the
micro-bond method. The IFSS improved by 144% compared to bare carbon fiber, and it
was discovered that the adhesion between the fiber and resin was substantially improved.
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High energy irradiation has the potential to significantly increase the IFSS between aramid
fiber and resin as demonstrated by Xing et al. [53]. The amount of polar groups formed on
fiber increased along with the roughness and wetability of the carbon fiber. The IFSS was
improved by 45.17% compared to untreated fiber composites.

1.6.2 Surface whiskerization

The surface whiskerization of fibers has been analyzed comprehensively. This strategy
can enhance load exchange and bonding between the fiber and the resin of the composite.
Single crystal SiC or Si3N4 bristles are created on the surface of a fiber with incredible
accomplishment in growing the interfacial shear strength [54]. Surface whiskerization of
fibers is commonly performed by creating nanowires, nanotubes or smaller scale bristles
over standard fundamental strands, for instance, fiberglass, aramid, carbon, SiC filaments
[55]. Such type of fill in as an auxiliary support and upgraded the quality of interphase and
increase complete execution of the composites. It was furthermore noted, regardless, that
the high temperatures and catalysts required for improvement of the whiskers ordinarily
harmed the primary fiber and diminished the in-plane quality of the composite. These
examinations were tested on carbon strands, which can sustain high heat in comparison to
fibers of aramid or other polymers.

1.6.3 Fabrication of secondary interphase

Fabricating a secondary interphase between the fiber and polymer matrix is also a success-
ful way to raise the IFSS since the new interphase can boost adhesion, enhance load trans-
mission, and expand the interfacial contact area. The sizing of fibers [56] and fabrication
of carbon nanotubes [57] or metal-oxide nanostructures [9] on fibers are the most suitable
way to develop nanostructured interphase in the CFRP composites. When compared to
direct fiber-to-matrix connections, the sizing layer will adhere to the polymer matrix more
effectively. Both fiber and polymer were suitable with the sizing. Aligned carbon nan-
otubes and metal-oxide nanostructures are two examples of nanostructured interfaces with
much greater surface contact areas. Nanostructures introduced into the polymer matrix will
operate as mechanical interlocking and improve their load bearing capacity.
The interfacial adhesion of sized and desized T300 and T700 carbon fibers was investigated
by Dai et al. [56] to assess the impact of sizing. Comparing desized carbon fiber to the
two commercial carbon fibers, the polar surface energy and concentration of active carbon
atoms were lower. The IFSS of carbon fiber composites is dependent on both chemical
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bonding and physical adhesion. Excellent mechanical characteristics of carbon nanotubes
allow them to strengthen the in-plane and out-of-plane characteristics of composite mate-
rials. Because aligned carbon nanotubes can improve load transfer, their use can result in a
considerable rise in the IFSS. One of the common method for producing carbon nanotubes
is through chemical vapour deposition (CVD). However, the high temperature and catalyst
use in the CVD process causes carbon fiber to deteriorate and flaws are developed in com-
posites.
Sager et al. [57] used CVD to generate carbon nanotubes on carbon fiber. The developed
nanotubes were randomly oriented and radially aligned. For each morphology of carbon
nanotubes, the tensile strength of carbon fiber decreased by 37% and 30%, respectively. It
was thought that the surface oxidation and thermal deterioration that occurred during the
CVD process added to the surface flaws, reducing the mechanical characteristics of car-
bon fiber but enhances the interfacial characteristics of composites as investigated through
single fiber fragmentation test. The findings of the single fiber fragmentation test exhibits
improvement in the IFSS for both randomly oriented and aligned carbon nanotubes by
71% and 11%, respectively. The interphase shear yield strength and matrix adherence to
the fiber were both strengthened by the presence of nanotubes. Lin et al. [9] proposed a
hydrothermal strategy to overcome the drawbacks of generating carbon nanotubes by CVD
on carbon fibers and boost the IFSS. Due to the low temperature during growth, the tensile
characteristics of carbon fiber were preserved. Song et al. [58] employed electrochemical
deposition technique to deposit seed layers of nanoparticles in the first stage of hydrother-
mal development. In the second stage, microwave radiation was used to accelerate the
growth of nanorods. The use of microwave drastically shortened the development period
of nanowires by 95.8%.

1.7 Metal-oxide nanostructures

Metal oxide nanostructures have undoubtedly received the most attention in contemporary
nanoscience over a decade [59]. The fundamental cause of this is that when their size is
altered down to the nanoscale range, metal oxides frequently exhibit completely different
properties for example gold nanostructures are known to be active catalysts for oxidation
reactions while bulk gold is passive [60]. The last ten years have seen extensive research on
and discovery of a variety of properties of metal oxide nanostructures, including catalytic
activity, mechanical properties, electrical and thermal conductivities, antibacterial activi-
ties and optical attributes [61, 62, 63]. In catalysis, electronics, photonics, energy storage,
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sensors, optoelectronics, biomedical and healthcare sectors, metal oxide nanostructures are
widely employed [64, 65]. By customizing the shape, size, crystallinity, and architecture
of nanostructured materials, diverse properties of resulting materials can be developed.

1.7.1 Zinc-oxide

In the present scenario of materials, Zinc-oxide (ZnO) is a prime and innovative mate-
rial. Their nonappearance of a state of merging of symmetry in wurtzite, joined with huge
electro-mechanical coupling, accomplishes favorable piezoelectric and pyro-electric qual-
ities and the accompanying utilization of ZnO in piezoelectric sensors and mechanical
actuators. Additionally, ZnO is a wide band gap (3.37 eV) compound semiconductor that
is appropriate for short wavelength optoelectronic usage. The high exciton confining crit-
icalness in ZnO crystal can guarantee gainful excitonic transmission at room temperature
and ultraviolet shimmer has been represented in scattered nanoparticles and thin films [1].
ZnO is direct to visible range of light and can be ultra-conductive by doping. ZnO is a ver-
satile utilitarian material that is available in the form like nanorings, nanobelts, nanocombs,
nanocages and nanowires [66].

Crystal and surface structure of ZnO

Wurtzite ZnO consist of a hexagonal shape with cross-sectional indices a = 0.3296 and c
= 0.520 65 nm. ZnO structure can be essentially portrayed as various substituting planes
made out of tetrahedrally organized O2− and Zn2+ atoms, stacked on the other hand along
the c pivot as delineated in Fig.1.4. The tetrahedral coordination in ZnO realizes non-
central symmetric structure and in this manner display piezoelectricity and pyroelectricity.
Another basic trademark for ZnO is their polar surfaces [67]. Basal plane is the most
primarily recognized polar surface. The opposite charge particles deliver emphatically
charged Zn−(0001) and adversely charged O−(0001̄) surfaces, bringing about a typical
dipole minute and unconstrained polarization charged O−(0001̄) along the c-axis and ad-
ditionally a divergence in surface vitality. The polar surfaces have to features or display
enormous surface reproductions, yet ZnO−(0001) are exceptional to develop a stable struc-
ture without recreation [68].
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Figure 1.4: (a) Wurtzite structure of ZnO showing lattice parameters and (b) tetrahedral
coordination of ZnO [1]

1.7.2 Copper-oxide

Copper oxide (CuO) is a direct band gap p-type semiconducting material that has been
identified as a practical substance enabling a range of technologies, including catalytic
systems, electrodes, magnetic storage devices, renewable energy integration, biosensors,
and biomedical applications [69, 70]. As a result, development of CuO nanostructures and
their research is considered valuable for both functional and basic uses. CuO is a photo-
diode and photonic semiconductor substance consists of narrow energy band [71]. Due to
its significant electrical and optical properties, that are fundamentally essential in building
nanosized electronic and optoelectronic devices, there has been constantly significant focus
in the creation of nanostructured semiconducting materials in past few years. Because of
its unique features, such as high surface-to-volume proportion, excitability, specific elec-
trical characteristics, and interesting optical attributes relative to conventional materials,
nano-crystalline semiconductors have attracted a lot of attention over the few years [72].
Transition metal oxides nanostructures are a kind of optoelectronic material that has impli-
cations in magnetic recording, renewable energy integration, electronic parts, and catalytic
systems [73, 74].

1.8 Need and scope of work

The excellent strength-to-weight ratio, corrosion resistance, and design flexibility of light-
weight structural composite materials have recently received a lot of interest. A promis-
ing strategy to enhance the characteristics of composites is to incorporate nanomaterials
and nanostructures into traditional fiber reinforced composites. Due to their high specific
strength and stiffness, as well as flexible tailoring, carbon fiber composites have been play-
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ing a crucial role in industry. The interfacial phase between the fiber and polymer matrix,
which dictates in-plane properties like interfacial shear stress, as well as out-of-plane prop-
erties like interlaminar shear strength, affect composites’ performance.

Impact strength is a fascinating feature of CFRP composites which allows CFRP to
be used with full potential in advanced applications where high stiffness and damage re-
sistance is required. Regardless, plain carbon fiber strengthened polymer composites are
exceptionally brittle; their low energy absorption capacity implies poor behavior under im-
pact loading. Thus, woven carbon fibers are used for an elective reinforcement for polymer
based composites because WCFs have cross-weaved design which gives good out-of-plane
resistance, strength and durability. Further, the development of hybrid composites where
more than one reinforcement media such as CNT, graphene and other nanostructures can be
used for high performance CFRP composites. Dispersion of CNT, graphene and nanopar-
ticles is the major concern of fabrication of hybrid composites. Therefore, developing
nanostructures such as ZnO, CuO directly onto fiber surfaces is a successful strategy to im-
prove fiber surface region, mechanical interlocking, and local softening at the interface, all
of which may improve load exchange and interfacial properties of the CFRP composites.
The performance of CFRP composites are majorly illustrated by the performance of their
interphase. Despite of that, fiber cleavage in the interfacial region of the composites restrict
the use of CFRP compoistes for high impact applications. The final performance of the de-
veloped composites are majorly illustrated by the performance of their interphase. The
interface between both the reinforcement primary and secondary with the polymeric ma-
trix has been a subject of incredible interest. The idea of the interface has been seemed, by
all accounts, to be a significant factor in an extensive part of the structure’s mass properties.
In like manner, various discernible masters have investigated procedures for improving the
interface of present day composite materials.

High performance composites are always desired, however because carbon fiber’s sur-
face is flat and inert, applications of such composites are constrained. Several studies
avoided putting nanomaterial directly into polymeric hosts due to cost and processing chal-
lenges. Hybrid fibers, on the other hand, are a new concept. Standard structural fibers (e.g.,
carbon, fiberglass, aramid, or SiC) are combined with nanofibers or nanotubes formed on
the surface (e.g., carbon nanotubes or ZnO nanorods).

Different techniques for altering the surface of carbon fiber are attracting a lot of inter-
est because they can increase the performance of composites. These techniques essentially
consist of surface functionalization, surface roughening, surface whiskerization and cre-
ating secondary interphase. Thus, an exclusive approach required to be devised which
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can enhance the mechanical properties of CFRP composites for advanced applications. It
is noted from the literature that fabricating a secondary interphase between the fiber and
polymer matrix can be a successful way to raise the interfacial shear stress since the new
interphase can boost adhesion, enhance load transmission, and expand the interfacial con-
tact area. The sizing of fibers and fabrication of metal-oxide nanostructures (NSs) on fibers
are the most suitable way to develop nanostructured interphase in the CFRP composites.
It is estimated that this study will develop nanostructured CFRP composites for advanced
applications such as structural, electronics and military with excellent mechanical perfor-
mance.
Growing nanostructures on fiber surfaces is a good way to increase fiber surface area,
mechanical interlocking, and/or local stiffening at the fiber/matrix interface, all of which
can help with stress transfer and interfacial characteristics. Extensive studies on WCF
grafted with metal-oxide nanostructures primarily rely upon micro fiber tows or woven
preforms. The nanostructure synthesis technique requires to be scaled up to manufacture
continuous nanostructured WCF, so that these grafted WCF will allow fabrication of hy-
brid composites tapes/pre-pregs and composites with enhanced mechanical properties such
as compression, shear, impact and reduced delamination. Tailored properties variation due
to nanostructures of resulting composites need to be assessed by open hole compression
and compression after impact. In the long run, the fabrication and characterization of hy-
brid composites structures simultaneously grown on the fibers and spreading in the matrix
may be possible, permitting even better service conditions. The development in the field
of metal-oxide nanostructured hybrid composites reveals that, in coming years metal-oxide
assisted advanced material must be pioneer material for aviation and industrial usage. Var-
ious studies and researches on hybrid composites are still going on but reflect huge promise
for large scale production of nanostructured composites.

The growth of metal oxide nanostructures on woven carbon fiber to minimize failure
of CFRP composites under impact loading is not explored so far. The synthesis of well
aligned ZnO nanorods on WCF strands using an economical seed-assisted hydrothermal
strategy is not explored in an effective manner. The synthesis of metal-oxide nanostruc-
tures on different substrate using varied synthesis techniques is already present in litera-
tures; however, this study is novel in terms as it introduced an easy practical approach to
develop high performance metal-oxide nanostructured CFRP composites for advanced ap-
plications. The study of different factors affecting the performance of nanostructures and
their resulting composites are investigated using different physical and mechanical charac-
terization techniques. Additionally, the effects of ZnO and CuO concentration on thermal
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stability and weight loss pattern on carbon fiber samples have been analysed.

1.9 Problem definition

Enhancement in the nanostructured materials allow researchers to implement these mate-
rials into the diverse applications due to their enhancement in absorption range, stability,
sensitivity, crystallinity, mechanical properties and many more. The extensive literature
survey has been done to extract the following existing problems in the development of
high performance metal-oxide nanostructured carbon fiber composites:

• Improved synthesis techniques for controlled growth of metal-oxide nanostructures
on fabrics are required for the development of 3D hierarchical composites.

• Enhancement in the quantification of scale and size of nanostructures and their re-
producibility are still unsolved issue.

• Quality and non-uniformity in the growth of metal-oxide nanostrcutres using hy-
drothermal technique.

• Effect of alignment, volume fraction, aspect ratio and morphology of metal-oxide
nanostructures on WCF.

• Non-wettability leads to improper interfacial bonding and weak inherent properties.

• Effect of synthesis parameters for well-aligned metal-oxide nanostructures on WCF
fabrics and its hierarchical polymer composites.

• Enhancement of impact energy absorption and lead bearing capacity of carbon fiber
reinforced polymer composites.

Most of the work reported on synthesis and characterization of metal-oxide nanostructures
is on optoelectonics, photonics, sensors, energy storage and environmental applications.
However, few literatures are available on the utilization of metal-oxide nanostructures for
FRP composites.

Furthermore the synthesis and development of metal-oxide nanostructures on carbon
fiber and their mechanical characterizations need to be addressed for advanced applica-
tions such as opto-electronics and aviation industry. This study demonstrated that growing
metal-oxide nanostructures such as ZnO, CuO on the surface of WCF is a novel approach to
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improve multifunctionality that could be exploited in diverse applications such as electric
cars, unmanned aerial vehicles, and portable electronic devices. Furthermore, the current
research findings can help in the development of structural supercapacitors for automotive
industries, electronic components for energy storage in electric vehicles, unmanned aerial
vehicles, and in the aerospace industry.

1.10 Aim and objectives

The present research focuses on synthesizing metal-oxide nanostructures on woven car-
bon fiber using solution phase synthesis such as hydrothermal method, microwave-assisted
hydrothermal method and further investigating its effect on polymer matrix to achieve
high-performance CFRP composite material. To accomplish aim of the work, following
objectives have been established:

• Surface functionalization of woven carbon fiber fabrics by growth of metal-oxide
nanostructures using solution phase synthesis.

• Hydrothermal growth of ZnO nanostructures on WCF and effect of synthesis param-
eters on morphology.

• One-step microwave-assisted hydrothermal synthesis of ZnO nanostructures on car-
bon fiber fabric and their characterizations.

• Fabrication of ZnO-modified WCF reinforced polymer composites for enhanced me-
chanical properties and investigation of their damage response.

• Development of carbon fiber fabrics functionalized with monoclinic CuO nanostruc-
tures using seed-assisted hydrothermal growth treatment and their characterization.

• Improvement of interfacial adhesion of CuO nanostructured carbon fiber reinforced
polymer composites and their impact damage response.

1.11 Research novelty and originality

The research carried out is significantly novel, since the growth of metal oxide nanostruc-
tures on woven carbon fiber to minimize failure of CFRP composites under impact loading
is not explored so far. The synthesis of well aligned ZnO nanorods on WCF strands using
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an economical seed-assisted hydrothermal strategy is not explored in an effective manner.
The synthesis of metal-oxide nanostructures on different substrate using varied synthesis
techniques is already present in literatures, however, this study is novel in terms as it intro-
duced an easy practical approach to develop high performance metal-oxide nanostructured
CFRP composites for advanced applications. The study of different factors affecting the
performance of nanostructures and their resulting composites are investigated using differ-
ent physical and mechanical characterization techniques. Additionally, the effect of ZnO
and CuO concentration on thermal stability and weight loss pattern on carbon fiber sam-
ples have been analyzed. Application of growing metal-oxide nanostructures on carbon
fiber fabrics with hydro-thermal method for high performance structural material is a novel
task performed in the present work. Further, the introduction of a large interfacial area and
load transfer capacity of nanostructured interphase in CFRP is the successful outcome of
the thesis.

1.12 Industrial importance

This project is important to the industry using advanced materials especially to the elec-
tronics and aircraft industry as it proposes strong interfacial strength and impact strength
of the CFRP composites which helps in production of high performance FRP composites.
In addition, incorporating metal-oxides such as ZnO and CuO in CFRP composites exhibit
improved mechanical properties along with optoelectonic properties which is desirable for
producing high strength electronic components. Furthermore, the developed hybrid com-
posites samples are best suited for aircraft and automobile industries due to high impact
strength and high modulus at light weight. Thus, the developed hybrid composites samples
can be proposed as good replacement to the plain carbon fiber reinforced polymer com-
posites for various applications due to high mechanical properties at very low cost and less
experimental setup.

1.13 Organization of presented report

The thesis comprises of seven chapters and brief description of each chapter is given below:
Chapter 1 deals with the brief introduction about background of FRP and CFRP along

with the need and motivation for development of high performance CFRP composites. In
this chapter the need and scope of surface functionalization of WCF using metal-oxide
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nanostructures is defined to resolve the existing problem of CFRP. In addition, this chapter
includes problem definition, aim and objectives of the work, research novelty and indus-
trial importance of the current research.
Chapter 2 focuses on detailed literature survey on synthesis of metal-oxide nanostructures
such as ZnO and CuO on WCF fabrics along with their merit and limitations. In addi-
tion, the chapter includes morphological variation of nanostructures, strategies for effective
growth of nanostructures, research gap and research methodologies adopted in previous
works.
Chapter 3 includes synthesis of ZnO nanostructures on WCF surface using hydrothermal
technique and effect of hydrothermal process parameters on growth rate and morphologies
of ZnO nanostructures.
Chapter 4 deals with an attempt of synthesis of ZnO nanostructures on WCF surface in
shortest possible duration using one-step microwave-assisted hydrothermal technique. It
shows structural, morphological and optical characterization of the ZnO-modified WCF
samples. Effect of microwave parameters and effect of different growth solutions are also
illustrated in this chapter.
Chapter 5 includes development of ZnO-functionalized carbon fiber reinforced epoxy resin
composites by vacuum bagging method. The mechanical attributes of developed hybrid
composites such as tensile strength, elastic modulus, in-plane shear, and impact resistance
improved dramatically in comparison to plain carbon fiber epoxy resin composites. Fur-
ther, the impacts of cross-linked networks of ZnO-WCF-epoxy in hybrid composite on
mechanical properties are illustrated in this section.
Chapter 6 focuses on fabrication of monoclinic CuO nanostructures on carbon fiber fab-
rics using seed-assisted hydrothermal method and their characterization. Evaluations of
the optimum process parameter used in hydrothermal synthesis are identified to achieve
ultra-fine growth. Further, this chapter describes study of improvement in interfacial ad-
hesion of CuO-modified WCF reinforced polymer composites and their impact damage
response. Furthermore, the impacts of varying molar concentration of CuO nanostructures
on mechanical attributes of the fabricated hybrid composite samples are explored in this
section.
Chapter 7 summarizes key findings of each chapter for the development of high perfor-
mance carbon fiber reinforced polymer composites and proposes suggestions for the po-
tential future work.
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Literature Review

The brief introduction about background of FRP and CFRP along with the need and mo-
tivation for development of high performance CFRP composites is discussed in chapter-1
along with the need and scope of surface functionalization of WCF using metal-oxide NSs.
The different techniques for synthesis of metal-oxide NSs (ZnO, CuO), effect of mor-
phological variations, desired process parameters and limitations have been discussed in
this chapter. In addition, the chapter includes detailed study about hydrothermal synthe-
sis of nanostrcutres, morphology of ZnO NSs such as nanoparticles, nanorods, nanowires,
nanoflowers, nanopetals, nanopallets, nanoneedle and others. The literature review presents
the prior work done in the relevant areas such as challenges of existing surface func-
tionalzation techniques, nanostructured CFRP composites, mechanical characterizations
of CFRP composites, hydrothermal synthesis using microwaves, doping of ZnO NSs and
techniques for the fabrication of CFRP laminates. In addition, the recent work done in the
field of carbon fiber surface functionalization, improvement in interfacial interaction, and
enhancement of mechanical properties for advanced applications are discussed. Further,
the chapter summarizes concluding remarks of the literature surveyed and concluded with
the formation of research gap, research problem and the objectives for the present research
work.
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2.1 Introduction

This chapter addresses the recent developments of the processing of ZnO NSs and char-
acterizations of the developed NSs by various techniques, mainly hydrothermal technique.
Various kinds of ZnO NSs such as wires, rods, flowers, dumbbells, spheres, particles and
combs created by hydrothermal process on different substrate are explained in brief. Metal-
oxides likely have the wealthiest group of NSs among all materials, both in structures and
properties. The NSs could have novel applications in sensors, transducers, optoelectronics,
and biomedical sciences. The ZnO NSs processed on any substrate makes a hierarchical
structure and can altogether enhance the specific properties in the final nanocomposites.
The potential of ZnO NSs for fiber reinforced nanocomposites, focusing on the most used
techniques used for the creation of ZnO NSs reinforced hierarchical composites are used
for development of high performance CFRP composites. Recently few innovative concepts
are used for improving or synthesizing other distinctive NSs that can be implemented for
the development of hybrid composites for specific applications.

2.2 Recent advancements in carbon fiber reinforced poly-
mer composites

Researchers are required to create sophisticated materials with improved qualities as a re-
sult of the emergence of the cutting-edge engineering period. Due to their low specific
gravity, higher strength, higher stiffness, simple fabrication process, higher corrosion re-
sistance, improved fatigue resistance, extended life cycle property, and most importantly
convenient-lightweight structure, composite materials—especially carbon fiber-reinforced
polymer composites (CFRPs)—have recently been displacing various orthodox metal and
metallic alloys [75, 76, 21, 77]. Additional benefits that should not be disregarded include
multi-functionality, part integration favorability, and design flexibility [78]. Because of
this, CFRPs have been resonating with a seismic effect in structural applications ranging
from sports equipment to aerospace since their first commercial use in 1960. By 2025, the
CFRP market is anticipated to be worth 32 billion dollars worldwide [21]. Carbon fiber
(CF) serves as reinforcement in a thermoplastic or thermoset polymer matrix that makes
up CFRP [79]. There is a three-dimensional interphase zone with distinct properties lo-
cated between the two elements. Additionally, a two-dimensional construction known as
an interface marks the boundary between these components. A CFRP’s main objective is to
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produce a lightweight material with superior mechanical properties that cannot be obtained
from its component parts alone. These enhanced properties are influenced by the morpho-
logical structure and the interaction between the reinforcing material and the matrix at the
interface, which takes the form of hydrogen bonds and Vander Waals forces [80]. When
the binding energy between the CF and the polymer replaces the cohesion energy produced
by all of the individual constituents, this interaction may change the mechanical properties
of the composite. Physical dovetailing, chemical inertness, and thermal parallelism are
required for this [48]. These are partly accomplished by the polymer matrix, which se-
cures the fiber and shifts the load towards it, and the filler CF, which carries the load in
addition to it. Delamination, weak interfaces, low impact damage resistance, poor wetta-
bility and fatigue resistance, inferior strain, mismatched surface energies between matrix
and reinforcement, and therefore uncompetitive traversal properties are challenges faced
by CFRP [79, 81]. Vapour phase-grown carbon nanofiber (VGCNF), which has a diameter
of less than 200 nm and appears to have better mechanical properties than CFRP, has been
tried as reinforcement to address these problems [82]. The curved structure of VGCNF,
however, limited the quantity of fiber volume fraction (FVF) and homogenous resin distri-
bution in composite, which was a drawback [83]. As a result, it was unavoidably quickly
eclipsed by the forceful application of various carbonaceous nanofllers. The most popular
carbonaceous nanofillers for changing the mechanical properties of neat composites are
one-dimensional (1D) CNT, two-dimensional (2D) graphene, and zero-dimensional (0D)
nanodiamond [84, 85]. The term "hybrid composite" will also be limited to "CF-based fiber
hybrid composite," which is a polymeric composite that combines two distinct reinforcing
fibers.

The implementation of CNT, graphene and other nanofillers in CFRP composites has
limited improvement in the mechanical and thermal characteristics which provide basis
for further advancement in the nanofillers [86, 87, 21]. Further, the dispersion of CNT,
graphene and nanoparticles in the polymer matrix is the major concern of fabrication of
hybrid composites. Therefore, developing metal-oxide nanostructures such as ZnO, CuO
directly onto fiber surfaces is a successful strategy to improve fiber surface region, me-
chanical interlocking, and local softening at the interface, all of which may improve load
exchange and interfacial properties of the CFRP composites [33, 36, 37]. The performance
of CFRP composites are majorly illustrated by the performance of their interphase. The
fabrication of secondary interphase between the fiber and polymer matrix can be a success-
ful way to raise the interfacial shear stress since the new interphase can boost adhesion,
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enhance load transmission, and expand the interfacial contact area. The sizing of fibers
and fabrication of metal-oxide nanostructures (NSs) on fibers are the most suitable way to
develop nanostructured interphase in the CFRP composites [88, 89, 90]. It is estimated that
this study will develop nanostructured CFRP composites for advanced applications such as
structural, electronics and military with excellent mechanical performance [91, 92, 89].

2.3 Recent advances in ZnO NSs

In the present scenario of materials, ZnO is a prime and innovative material. Their non-
appearance of symmetry in wurtzite structure, high electro-mechanical coupling, accom-
plishes favorable piezoelectric and pyro-electric attributes and the accompanying utiliza-
tion of ZnO in piezoelectric sensors and mechanical actuators [93]. Additionally, ZnO is a
wide band gap (3.37 eV) compound semiconductor that is appropriate for short wavelength
optoelectronic usage. The high exciton confining criticalness in ZnO crystal can guarantee
gainful excitonic transmission at room temperature and ultraviolet shimmer has been rep-
resented in scattered nanoparticles and thin films [94, 95]. ZnO is direct to visible range
of light and can be made ultra-conductive by doping [96]. ZnO is a versatile utilitarian
material that can come in different morphologies like nanorings, nanobelts, nanocombs,
nanocages and nanowires [97, 98]. Since 2000 and particularly lately, the ZnO based
nanocomposites have gained more consideration as ZnO displays piezoelectric and semi-
conducting dual properties [99]. Specialists discovered inspiration to build up a material
which has elite and the novel applications in the field of innovative upgrade, for exam-
ple, optoelectronics, sensors, transducers and biomedical sciences [100, 101]. ZnO based
groups of NSs such as nanowires are frequently utilized for an extensive variety of utilities
from power devices to solar products to semiconductor devices [102]. Morphologies of
the nanowires with the surface of carbon fibers are the prime factor to enhance the struc-
tural properties of the nanocomposites [103]. All together for the interphase of nanowire
to develop interactions between the interfaces of composites, which must offer upgraded
bonding between the polymer lattice and base fiber. While bonding with the base fiber, the
extended surface domain and mechanical interlocking of the nanowire covering ensured
and upgraded collaboration with the polymer matrix. This reaction was guessed to be an
eventual outcome of the collaboration of ZnO with oxide groups like carboxylic acid. But
the correct interactions have not been estimated, it is striking that ZnO combines unequiv-
ocally with COOH groupings. There have been a couple of findings of how ZnO associates
with the COOH groupings, however,concrete conclusions on exact strength of such bond-
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ing was not yet explored [104]. Distinctive methods for synthesizing ZnO nanowires have
been outlined, including the aqueous method, template based development, thermal dis-
sipation, plasma beam epitaxy, CVD, and MOCVD [105, 106, 107, 108]. The aqueous
procedure is frequently used to produce ZnO NSs with generally negligible cost at very
low temperatures. In this system, NSs are developed by varying the precursor chemicals,
fixation, reaction time and development temperature [88]. Regardless of the way that it was
extremely difficult to manage the development of ZnO NSs, a restraint way of development
of NSs of zinc oxides has been accomplished by Liang et al. [109].

2.4 Synthesis techniques of metal-oxide NSs

Different preparation and synthesis techniques for nanomaterials have been developed over
the last few decades. Identifying the purpose for which nanomaterials are being produced
is one of the key goals of the process. In order to properly synthesize the nanomaterials,
the researchers must be aware of their uses. It will be different from the approach used to
produce nanomaterials for biological or medical applications to employ them in industrial
applications for the creation of numerous items. Better functioning and cheaper cost are
two further goals of the researchers who are synthesizing nanomaterials. Several physical
and chemical techniques have been employed in recent years to enhance the functionality
of nanomaterials that already exhibit improved characteristics [110]. The amalgamation
techniques of various metal-oxide NSs can comprehensively be classified into three major
categories such as green synthesis, solution phase synthesis and gas phase synthesis.

2.4.1 Green synthesis

Green synthesis of nanomaterial includes synthesis of metals, metal oxide, bimetallic and
their functional NSs [111, 112, 113, 114]. Fundamental properties of ZnO remain undis-
turbed as compared to synthesis using non-green process. Green synthesis of ZnO nanopar-
ticles (NPs) have been done by employing plants, algae, fungus and bacteria [115]. The
production of zinc oxide without causing any damage to the environment is also a major
concern. Green synthesis focuses on biological approach that is less toxic, environment-
friendly, safe and biocompatible. This process enhances properties of zinc oxide apart
from its basic properties. Reducing and limiting the degree of agglomeration of zinc oxide
has led to the introduction of green synthesizing using different organic substances. Ac-
cording to observations, basic properties of ZnO NPs are undisturbed but it is found that
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ZnO NPs have obtained additional properties by following Green synthesis procedures like
antioxidant, antibacterial, antifungal properties and many more [116]. It is also observed
that different morphological structures like nanorods, nanospheres, nanoflowers and many
more can be Green synthesized [117]. The implementations of green technology based
ZnO nanomaterial may have few limitations. The heterogeneity of ZnO nanomaterial, for
instance, is innate to the manufactured conventions, where the crude materials may lack
homogeneity in composition and chemical circulation, while the possible connection of
harmful parts from bacterial or parasites cells to the produced nanomaterial could be an-
other wellspring of constraint for their bio-engineering applications. Thus, and in spite of
the way that there is few researches on the utilization of green technology incorporated
ZnO nanomaterial as biological specialists, there presently need a deficiency of descriptive
comprehension of their specific cytotoxic system and biocompatible strategies as well.

2.4.2 Solution phase synthesis

In comparison to traditional ceramic routes, soft chemical routes, which are primarily rep-
resented in the solution phase by hydrolytic or non-hydrolytic sol-gel processing, as well as
photo- or thermal metal organic decomposition (MOD), have many advantages, including
access to desired forms of inorganic nanomaterials at much lower temperature [118, 119].
The precursor molecules employed in these processes, however, have a significant im-
pact. These precursors need to possess a number of desired properties in order to be used
in solution phase synthesis, including solubility, control of hydrolysis/condensation, sur-
face properties or texture (homogeneity, porosity, and specific surface area), formation of
gels for coatings or embedding, access to organic-inorganic systems with a covalent bond,
low temperature decomposition pathways, and for multi-metallic materials, a proper stoi-
chiometry of the constituent parts [120]. In the solution phase synthesis, the development
procedure is performed under liquid phase. The procedure is known as hydrothermal pro-
cess or solvothermal process because of utilization of typical aqueous solution. Following
are involved in the solution phase synthesis processes:

i. Zinc acetate hydrate (ZAH) in alcoholic solutions with NaOH or Tetra Methyl Am-
monium Hydroxide

ii. Spray pyrolysis for growth of thin films

iii. Electrophoresis
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iv. ZAH derived nano-colloidal sol-gel route

v. Template assisted growth

2.4.3 Gas phase synthesis

This process utilizes gaseous atmosphere in enclosed containers. Generally. this process
involves high temperatures in the range of (500-1500)◦C. Through further inert-gas cooling
and gas-phase condensation of the sputtered atomic vapour, magnetron-sputtering has been
extensively employed to synthesis of single- and multi-component nanomaterials. Follow-
ing the work of Haberland et al. [121], there has been a rapid advancement in the synthesis
of nanomaterials using magnetron-sputtering; in-depth theoretical studies have clarified the
fundamentals of particle formation [122]. There are many technologically sophisticated
variations of nanomaterials fabrication systems, such as those with improved geometries,
pulsed plasma or multiple-target usage, enabled high cluster yields, post-deposition ther-
mal treatment, oxidation control, etc [123, 124]. Some of the prominent work on gas phase
synthesis of nanomaterials concluded that, the nanomaterial synthesis procedure may pro-
vide good control over nanoparticles size, crystallinity, and, most crucially, functionality
[125, 126]. Following are the usually available methods of gas phase:

i. CVD (Chemical vapour deposition)

ii. Metal oxide CVD

iii. Thermal oxidation of pure Zn and condensation

iv. Vapour phase transport, which consist of vapour solid (VS) and vapour liquid solid
(VLS) growth

v. Physical vapour deposition

vi. Microwave assisted thermal decomposition

2.5 Hydrothermal synthesis of ZnO NSs

The “Zinc acetate hydrate based nanocolloidal sol-gel course”, when this approach was
proposed, claimed "size quantized Q-ZnO" nano-colloids were successfully clarified and
their key optical features especially revealed. The genuine disadvantages of such solutions
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having low concentration as ∼ 1mM were their robustness and utility potential, funda-
mentally kept to vital spectroscopic examinations [105]. This issue could be overpowered
by displaying the sol-gel idea that allowed raising the volume segment of non-accelerated
ZnO colloids by small rate of variation, down to between molecule partitions pushing to-
ward one atom separate over. This new approach yielding straightforward completions
opened us new possible results of making thin films and nanocomposites [127]. It also
enabled a controlled association, shape adjustment and outlining on the nano and micro
scale. Sol-gel technique has picked up prominence as it allows restrained combination,
shape regulation and designing of the NSs [128]. A transparent solution will form when
concentrated ethanolic ZAH suspension was refluxed and distilled. Under high fixation
conditions small ZnO nanoparticles of measurement of 5nm (approx.) can be developed
by the aid of hydroxides such as LiOH, NaOH. For the development of ZnO NSs there are
several literatures of changes of the ZAH dehydration or disintegration and further conden-
sation [129, 130]. The scan for essential bunches to fill in as building hinders for different
NSs has been continuing for a long while. The detachment and recognizable proof of es-
sential bunches is a region of dynamic research. The blend of essential structures relies
upon different situations like the amalgamation temperature, initial concentration of the
salt, nature of the solvent and warming time. The ZnO groups can be individuals from any
of the three unique families mentioned beneath:

i. The Zn4O(Ac)6 named as “basic zinc acetate” and their greater itself similar homo-
logue Zn10O4(Ac)12,

ii. The ethoxy-acetate (EtOZnAc)n for creating wire-shape Nano-features and

iii. The hydroxy-acetate Zn5(OH)8(Ac)2(H2O)2 monomer of lamellar sheet compounds,
also named as “hydroxy double salt” (Zn-HDS).

The Zn4O(Ac)6 amass is encircled in ethanol and 1-propanol at temperatures more than
50◦C as observed by researchers in XRD and Raman spectroscopy estimations [131]. All
the more as of late, Tokumoto et al. [132] successfully proposed a depth study time set-
tled EX-AFS examine joined with UV-VIS optical analysis and FTIR-spectroscopic out-
comes. Researchers unreservedly and unambiguously exhibited the appearance and ex-
panding groupings of these tetrahedral bunches by deferred refluxing of ethanolic ZAH
arrangements [133, 134]. The entire test perceptions exhibit that underlying heating ad-
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vance can be depicted by the going with complete reactions:

4Zn(Ac)2.2H2O Heat−−→ Zn4O(Ac)6 +7H2O+2HAc (2.1)

4Zn4O(AC)6
Yields−−−→ Zn10O4(Ac)12 +6”Zn(Ac)2” (2.2)

Zn4O(AC)6 +Zn10O4(Ac)12
Yields−−−→ Zn13O5(Ac)16 + ”Zn(Ac)2” (2.3)

Zn4O(AC)6 +Zn(Ac)2 +9H2O Yields−−−→ Zn5(OH)8(Ac)2(H2O)2 +6HAc (2.4)

Zn10O4(Ac)12 +16H2O Yields−−−→ 2Zn5(OH)8(Ac)2(H2O)2 +8HAc (2.5)

Zn10O4(Ac)12 +8H2O+8OH− Yields−−−→ 2Zn5(OH)8(Ac)2(H2O)2 +8Ac− (2.6)

Stability of ZAH-derived NSs

To analyze the stability of the ZAH-inferred clusters, partial charge estimations utilizing
the model of Henry-Livage [135] have been studied. The estimated trend is illustrated in
Table 2.1 exhibiting consistency with the above stated experimental findings [135, 136].
The chemical clusters are recorded by the expanding thermodynamic stability. This might
be watched that bunches of tetrahedral oxy-acetate have fairly more stability than the high-
est responsive ZAH. Additionally, the dependability of the auxiliary Zn10O4(Ac)12 an-
tecedent is positively extended inside seeing 1−H2O and 7−EtOH, continually found in
synthetic examination. The more noteworthy solidness of monomer (Zn−HDS) concern-
ing the exposed oxy-acetic acid derivation clusters anticipates that once a specific measure
of water is accessible, an unconstrained and specific course of action of Zn-HDS can be
normal that also agrees with produced literature. Authors have figured charge course in the
advance state contrasting with the response between oxy-acetic acid derivation and water
and saw an unconstrained improvement of Zn−OH under HAc release. The zinc ethoxy
acetate is most stable precursor bunch and without a doubt, this is experimentally affirmed.
In spite of the fact that, in a moderate response constrained process, these groups develop
to huge single crystal in ethoxy-acetic acid derivation solutions [137].
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Table 2.1: ZAH derived precursors groups with their Partial charge distribution δi in
based on H-L model based estimations using Allred-Rochow electronegativity

(χ0 = 3.5,χc = 2.5,χH = 2.1,χZn = 1.66); where, EtO = OC2H5 ligands, χm= mean
electronegativity

Precursor clusters δZn δAc δH2O δOEt δOH χm

Zn(CH3COO)2.2H2O 0.471 -0.227 -0.011 2.485
Zn(CH3COO)2 0.469 -0.235 2.482
Zn4O(CH3COO)6 0.467 -0.245 2.479
Zn10O4(CH3COO)12 0.465 -0.254 2.476
Zn5(OH)8(CH3COO)2.2H2O 0.463 -0.269 -0.027 -0.22 2.471
Zn10O4(CH3COO)12.H2O.7EtOH 0.429 -0.462 -0.111 2.412
EtOZn.CH3COO 0.411 -0.567 0.16 2.379

2.6 Morphological variations of ZnO NSs

Various morphologies of ZnO NSs can be developed by altering the different process pa-
rameters such as precursor chemicals and growth solutions of hydrothermal synthesis. The
morphological variation of the nanomaterial have great impact on the desirable properties
of resulting materials. Some of the major morphology types and details of their synthesis
or properties are discussed in this section.

2.6.1 Nanoparticles

Despite the fact that the organo-metallic blend of nanoparticles of ZnO in atmosphere of
alcohol has gotten more extensive acknowledgment for reasons of speedier nucleation and
development when contrasted with water. In this survey the distinguished reports of aque-
ous amalgamation in fluid medium are presented. Baruwati et al. [138] revealed the liquid
amalgamation of nanoparticles of zinc oxide utilizing Zn(NO3)2.6H2O. Blend was done
in autoclave at 120◦C in the wake of changing the pH to 7.5 utilizing NH4OH. In the
wake of cleaning, the particles were kept at 80◦C medium-term for procuring into the pow-
dered form by drying. Bhattacharyya et al. [139] first uncovered that nanoparticles of ZnO
can be used for potential antimicrobial applications, they investigated the antimicrobial
and characteristics of ZnO nanoparticles to bacterium Streptococcus pneumoniae. ZnO
nanoparticles demonstrated solid antimicrobial properties against S. pneumoniae, with a
minimum inhibitory concentration (MIC) estimation of 40 lg/ml. The literature shows that
sub-MIC dosages of ZnO nanoparticles show antagonistic behavior towards biofilm activ-
ity of S. pneumoniae. Along these lines, ZnO nanoparticles may fill in as a major aspect
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of a blend treatment contrary to medicate resistant S. pneumoniae contaminations, where
biofilm arrangements accept an essential part in disease progression. Das et al. [140] ar-
ranged organic-inorganic heterogeneous hybrid anion leading films utilizing 1,4-diglycidyl
butane ether with the aid of synthetic nanoparticles of SiO2 onto polyvinyl alcohol (PVA).
They showed that PVA cross-connected with at room temperature added to the DGBE and
SiO2 upgrade of rigidity and conductivity in comparison to their uncross-connected por-
tion. Deka et al. [28] effectively created Wood polymer nanocomposite by utilizing HDPE,
LDPE, PP, PVC, wood powder, polyethylene-co-glycidyl methacrylate, and diverse nano-
sized particles of ZnO, clay, and SiO2. By the joining of such nanoparticles the UV pro-
tection properties get enhanced. Bacterial deployment of composite was also enhanced by
the aid of clay and nanoparticles. Brintha et al. [2] effectively synthesized nanoparticles
of ZnO by various strategies such as hydrothermal techniques, sol-gel method and aque-
ous emulsion and the arranged nanoparticles were analyzed by SEM, EDX, XRD and UV.
Figure 2.1(a) outlines the SEM results of zinc oxide nanoparticles produced by aqueous
solution technique. The image indicates spherical and flower like structure. Figure 2.1(b)
demonstrates SEM pictures of the ZnO nanopowders arranged by sol-gel technique. The
ZnO nanoparticles have blossom like shape. Similar outcomes were observed in structural
and optical portrayal of nanopowders of Ni and Ni-Al co-doped with ZnO orchestrated by
means of the sol-gel process [141]. Figure 2.1(c) demonstrates the SEM image of ZnO
nanoparticles arranged by hydrothermal strategy. The zinc oxide particles arranged are
round shape. It likewise demonstrates that a network formation of the zinc oxide nanopar-
ticle has occurred which clearly shows that agglomeration has occurred. Ramimoghadam
et al. [142] produces NSs of ZnO by means of hydrothermal technique utilizing uncooked
rice (UR) form as a bio-resource that can be used as bio-template for directing the mor-
phology of nanoparticles. The influences of the rice on ZnO properties were investigated.
Mechanics of the development of the ZnO crystal is conceivable coordinated by conjugated
and contending amalgamation of Zn and starches.

2.6.2 Nanorods and Nanowires

Nanorods and nanowires of metal oxides have been developed by various researchers to
achieve tailored properties for high performance material applications. Some of the promi-
nent work is discussed in this section. Most of the researchers use hydrothermal technique
for enhanced morphologies of ZnO NSs. Deka et al. [36] adequately made CuO nanowires
encapsulated in WCF polyester resin composites utilizing vacuum assisted resin transfer
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Figure 2.1: (a) SEM image of ZnO nanoparticles (Aqueous solution method), (b) SEM
image of ZnO nanoparticles (sol-gel method), (c) SEM image of zinc oxide nanoparticles

(hydrothermal method) [2]

molding (VARTM) procedure. Initially, seeding of CuO on WCF was done then nanowires
on that portion were allowed to grow via hydrothermal synthesis. The development of
nanowires completely depends upon the seeding cycles and there are no influences of con-
centration of development solution and development time on the growth of nanowires.
Due to the development of nanowires on WCF, properties like strength and tensile modu-
lus increased by 42.8% and 33.1%, respectively. Ko et al. [3] demonstrated nanoforest by
means of a simple selective hierarchical development that would fundamentally enhance
the efficiency of DSSC power converter. Developed nanoforest consist of high density
long branched tree-like various leveled crystalline ZnO photoanodes. The effectiveness
of overall light transformation and short circuit current density of the stretched nanowires
DSSCs were appropriate around 5 times greater than the productivity of upstanding ZnO
nanowires. The productivity augmentation is because of significantly enlarged surface ter-
ritory enabling greater dye stacking and light collecting, and in addition diminished charge
recombination through direct conduction along ZnO nanotree branches. The foundation
of leveled ZnO nanoforest is basically a cluster of vertically adjusted long ZnO nanowires
as shown in Fig. 2.2. Furthermore, Fig. 2.2b, 2.2c portray the "seed effect" and Fig.
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2.2d, 2.2e exhibit the "polymer removal effect". Hazarika et al. [143] effectively created

Figure 2.2: SEM image of ZnO nanowires (a) Growth of length (b) with no seeds (c) with
seeds after polymer removal (d) without polymer removal and (e) with polymer removal

after seed nanoparticle deposition [3]

ZnO nanorods on woven kevlar fiber (WKF) via hydrothermal strategy as a way to upgrade
the interfacial stronghold of aramid composites. Initially the WKF was treated by surface
hydrolysis and an ion-exchange procedure to consolidate ˘COOH group on the filaments
of WKF to upgrade the attachment of ZnO to main strands. Dependency of development
of ZnO nanorods was examined by SEM results and it was found that the development of
nanorods completely relied upon quantity of seeding, time for treatment and the conver-
gence of ZnO utilized. The impact of time, pH, molar concentration, and temperature on
the morphology of ZnO NSs was considered by Amin et al. who detailed consistent and
enduring development of ZnO nanorods up to 10h of synthesis [144]. Kong et al. [37]
created ZnO nanorods on WCF utilizing hydrothermal strategy. The VARTM technique
was utilized to totally mix the ZnO/WCFs with polyester resin. The test results demon-
strate that the developed ZnO will enhance the energy absorption because cross connected
network transfers energy through interfaces and also enhances the load exchange and inter-
facial strength. Ruqeishi et al. [145] successfully developed a piezoelectric nanogenerator
by producing ZnO nanorods on inner side of horizontal quartz tube. Nanorods were suc-
cessfully made and used as an alternating electric current producer. Tube-in-tube chemical
vapor deposition (CVD) technique was used to grow 3-5g of ZnO nanorods in every cycle
which is sufficient to respond to mechanical stress by producing current. Salahuddin et al.
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[146] effectively created ZnO nanotube with mean external diameter and span of 200nm
and 2.4µm separately by hydrothermal strategy. The FTIR demonstrated the characteris-
tic absorption groups at 508 and 404cm−1. These two retention peaks connect with the
mass To-phonon frequency and the Lo-phonon frequency. The XRD investigation affirmed
that the ZnO nanotubes have the hexagonal wurtzite structure. The optical properties were
estimated by UV spectroscopy. Ghasaban et al. [147] experimentally accomplished needle-
like and plate-like morphologies of ZnO in a higher scale (60g) of creation by means of a
hydrothermal response performing in low temperature of 115◦C and low response time of
2 or 6h. They suggested that the hydrothermal response can be a reasonable technique to
orchestrate ZnO NSs with the particular size and morphology and it is able to do simple
scaling up. When ammonia (pH = 9) is utilized as an anionic antecedent, a needle-like mor-
phology with a mean diameter 240nm is shaped. As the anionic antecedent was supplanted
by sodium hydroxide (pH = 13), the morphology is changed to plate-like NSs with mean
diameter under 50nm. XRD investigations of ZnO nanoparticles appeared as in Fig. 2.3.
Both ZnO NSs have comparative XRD designs, aside from relative pinnacle intensities,
because of their irregular orientation. XRD designs were recorded by hexagonal wurtzite
shape of ZnO (a=3.249Å, c=5.206Å; JCPDS card no. 36-1451). XRD results displayed
sharp and solid signals supporting that the item is an exceedingly crystalline material. Uti-
lizing Scherrer condition, the crystallite size (L) of the particles can be resolved as follows
[148]

L =
Kλ

βs
COSθ → cosθ = (

Kλ

L
).(

1
βs
) (2.7)

Where, L is crystallite size in nm, λ is the radiation wavelength 1.540 for CuKα in A0,
βs is the full width (at half-maximum) of ZnO diffraction crest profile in radian, θ is the
diffraction angle (top position) and K is the shape factor (0.89 < K < 1) which is viewed as
0.94 here. It is important to decide the instrumental expanding and correct the deliberate β

as following:
(βs)

2 = (βmeasured)
2− (βinstrumental)

2 (2.8)

As indicated by Scherrer condition, the crystallite size can be acquired by plotting Cosθ

versus 1
βs

and figuring L parameter from the slant of regression line going through the
origin facilitates. The other technique is directed by making logarithm on both sides of
equation (2.7) as follows [149]
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) (2.9)
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By drawing ln(βs) versus ln( 1
cosθ

), a straight line with a slant of around one and an inter-
cept ca. ln(K

L ) must be found. Yilmaz et al. [150] viably applied hydrothermal technique
and chemical spray pyrolysis to successfully create nanocubes and nanorods. Amount of
Zn2+ ion assumes a critical part for different shapes of the nanoparticles. Presence of
nanoparticles of ZnO indicates great photo-iridescence so that synthesized product can
have optoelectronic utilities. Grain size (D) and dislocation density (δ ) have been esti-
mated with the help of mathematical relations given by Scherer as mentioned below [151].

D =
0.9λ

βcosφ
(2.10)

δ =
1

D2 (2.11)

In above relations, λ represents incident X-beam’s wavelength, β represents FWHM and
φ represents Bragg’s angle.

Figure 2.3: XRD results of (a) needle-like (b) plate-like ZnO NSs
[147]

2.6.3 Blossoms and cabbage-like NSs

The NSs like as blossoms are extremely rare of zinc oxide and can be created utilizing
hydrothermal techniques. The development of blossoms like ZnO utilizing hydrothermal
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technique was revealed by Yoo et al. [152]. They demonstrated amalgamation of nanopow-
ders of CuO on high surface region of ZnO blossoms via hydrothermal technique. Result-
ing materials had exceptionally sensitive dimethyl methyl phosphate (DMMP) gas detect-
ing qualities. Affirmation of the arrangement of CuO/ZnO heterojunction was assessed by
PXRD and TEM examinations. Figure 2.4 indicates the results of SEM examination of
both ZnO and CuO/ZnO morphologies in the function of time. Blossom molded ZnO struc-
tures were framed and by expanding ZnO production time, the span of the bloom expanded
from around ∼3-3-10µm in diameter. In the wake of blending of CuO in ZnO blooms,
CuO nanoparticles were consistently kept of the top of the blossoms as depicted in the
Fig. 2.4(d-f). Xu et al. [153] successfully grown hierarchical ZnO crystals on polyimide
(PI) film without any additional seeds under hydrothermal condition. The morphologies of
ZnO crystals can be tuned just by changing the concentration of zinc ion solution. Stearic
acid (SA) can self-assemble into nanoflowers when ZnO modified PI film was immersed
into SA solution. The surface wettability of the films was tuned by the self-assembly of
SA. On the contrary, concentration of Zn exhibits a significant role in determining the mor-
phologies of ZnO on PI film. For better understanding the surface wettability transition of
PI(ZnO-SA) films, they further investigated their surface morphologies. Compared with
PI(ZnO) films, newly belt or sheet-like morphologies were found. Original morphologies
of ZnO flowers on PI film show slight change after stearic acid (SA) solution immers-
ing procedure, which is attributed to the wet chemical fabrication process in the presence
of SA [154]. Guo et al. [155] proposed a novel method for the selective growth of 3D
ZnO flower-like NSs. The flower-like structure could be varied by adjusting hydrothermal
reaction conditions and laser irradiated parameters. This approach offers synthetic flexi-
bility in controlling film architecture, coating texture and crystallite size. The control of
flower density is another important aspect in spatial organization. It is also worth to men-
tion that no NSs are observed in the un-irradiated area. Abdelfatah et al. [156] detailed
the creation of ZnO clusters using hydrothermal technique which developed vertically on
FTO substrates. Molarity of KOH guided the strategy of development procedure. The
outcomes demonstrated that ZnO exhibits along [0 0 2] plane. These ZnO rod clusters
next to lowest diameter will create the favorable optoelectronic systems. ZnO nanorods
and nanoflowers gives high extent of volume to surface with respectably high sensitivity
both are required to great extent of practical and redesign sensor execution in characteristic
appliances [157]. Fan et al. [158] viably made enormous measure of nanoflowers of ZnO
on graphene/SiO2/Si substrate by aqueous technique. Findings of the XRD examination
conforms the presence of pure wurtzite stage in nanoflowers. Star-like morphology were
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seen in the prepapred nanoflowers of ZnO. ZnO nanoflowers were displayed in narrow
band gap in comparison to powders of ZnO because of the presence of O-vacancy.

Figure 2.4: SEM images of the surface morphology of both (a–c) ZnO and (d–f)
ZnO/CuO structures as a function of ZnO synthesis time

[152]

Venkatesha et al. [159] utilizes electrochemical strategy to orchestrated bloom molded zinc
oxide microstructures. Controlled development of these structures was conceivable at bring
down current densities and electrolyte focuses. Notwithstanding, sporadic development
occurred at higher current density with a little abatement in the band gap of this semicon-
ductor. Sun et al. [160] mentioned an easy aqueous strategy to specifically create bloom-
like microstrcutrues of ZnO via high photocatalytic movement. By changing the molar
extents of Zn2+ to caustic soda, morphologies of the acquired samples can be controlled.
At a point, when the free [Zn(OH4)]

2− contents were satisfactory, the hexagonal biprism-
like and bar-like shapes were developed. Be that as it may, the conditions of ZnO center
would change into oblate-like, nut-like, hexagonal circle-like and blossom-like when the
free [Zn(OH4)]

2− contents were for the most part phenomenal. Additionally, bloom-like
examples display great photocatalytic movement for decoloration of methylene blue (MB).
Pant et al. [161] successfully utilizes the facile one-pot hydrothermal process for blending
blossom shaped ZnO particles progressively collected with Ti and Ag nanoparticles. The
developed composite demonstrated brilliant photocatalytic execution which is credited to
a moderate electron acceptor supporting the trading of photogenerated electrons from the
conduction band. The size of the produced structures diminished by adding TiO2 and
AgNO3 blend in hydrothermal framework. The conceivable reason for reduction in bloom
size may be because of the reduction in per unit volume of ZnO concentration in aqueous
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course of action. Liu et al. [162] prepared diverse blossom-like ZnO hierarchical designs
by C4H6O6 (Tartaric acid, TA) aided hydrothermal technique particularly four bloom shape
NSs were gotten all the while under a similar response condition. When spherical shaped
nanoparticles get amassed then the resulting structure looks like a cauliflower shaped ZnO.
Similarly by gathering of hexagonal rods and prism, other blossoms-like structure can be
developed. TA goes about as a topping operator and structure-coordinating agent in the
midst of combination. Affirmation of the oxygen opening for the most part originates
from the ZnO surface as explained in XRD, PL and Raman spectra. The blossoms-shaped
specimens of 1 : 4.5 and 1 : 3 with the higher aspect proportions have most astounding
photocatalytic execution. The upgraded photocatalytic execution is predominantly incited
by oxygen opportunity of ZnO.

2.6.4 Miscellaneous shapes

Several other shapes of the NSs such as nanodumbell, nanoflakes, nanodisk, twinned
dumbbelss and double disk have been developed by prominent researchers. Guo et al.
[163] effectively produced the twinned ZnO disks using Cetyltrimethyl Ammonium Bro-
mide (CTAB) assisted aqueous technique at lower temperature. Literatures recommended
that, by the expansion of duration of development, the size and intensity of UV NBE peak
diminishes. For the imperfection associated visible outflows, it increment with the time
taken for development. In light of the preliminary outcomes, CTAB and improvement
temperature are proposed as main segments for the formation of twinned plates molded
ZnO. Wang et al. [4] incorporated dumbbell-formed ZnO microstructures by utilizing an
effortless aqueous technique. The obtained shape of ZnO was around 5-20µm in length and
diameter of two closures and center part was around 1-5µm and 0.5-3µm, separately. Figure
2.5 represents different magnified pictures of SEM examination of produced dumbbell-like
ZnO. Sun et al. [164] effectively developed twinned blossom like ZnO structure by CTAB
helped low temperature aqueous technique. The principle emanation peaks is identified
with the bound exciton recombination of the acceptor as demonstrated by the tempera-
ture dependent PL spectra. It also demonstrated a decent crystal nature of specimens. In
perspective of the preliminary outcomes, the self-etching and regrowth are proposed as
the reason behind the improvement of stream-like structures. The trailing effect of as-
developed twinned bloom like ZnO structures are outlined in Fig. 2.6(a). The magnified
twinned bloom-like ZnO structures is portrayed in Fig. 2.6(b). The outside forms of the
twinned bloom-like ZnO particles exhibited the hexagonal profile, as differentiated from
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Figure 2.5: SEM analysis of dumbbell-shaped ZnO at various magnifications: (a) and (b)
low magnification; (c) and (d) high magnification [4]

the double-disk molded ZnO in Fig. 2.6(a). The bloom shape is made of little wafers
that are enclosed by an empty hexagonal ZnO. A hexagonal nut structure delineated in Fig.
2.6(c) is the base to shape bloom-like structures. Kumar et al. [165] developed an inno-
vative idea to grow ultrathin ZnO nanoflakes to prepare a tip based tool by hydrothermal
assisted electrochemical discharge deposition process. In the same way researchers are de-
veloping hybrid process in corporation with hydrothermal process for better morphologies
of ZnO NSs.
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Figure 2.6: (a) SEM image of ZnO NSs; (b) twinned flower-like ZnO; (c) hexagonal nut
structure

[164]

2.7 Microwave assisted hydrothermal synthesis

Another technique for creation of NSs which is accepting a considerable measure of in-
trigue of late is the utilization of microwave warming instead of regular warming. Uti-
lization of microwaves based heating for amalgamation provides basis for synthesizing
ZnO NSs in field of high performance nanostructured materials for varied applications
[166, 167, 168, 169]. Zhu et al. [170] effectively incorporated ZnO rod-amassed micro-
spheres by means of a basic microwave-helped aqueous strategy. The as-arranged ZnO
structures have astounding optical features and high photocatalytic action than conven-
tional ZnO for deployment of MB under UV illumination, which can be ascribed to basic
contrast, considering morphology, surface features and surface imperfections. The utiliza-
tion of microwave aqueous amalgamation in modern situations may constitute an imper-
ative commitment to the improvement of a green chemistry idea in industrial blend tech-
nology [171]. Witkowski et al. [172] integrated all around adjusted ZnO nano/microrods
with indistinguishable crystallographic introduction on a c-plane GaN template, utilizing
a microwave-assisted aqueous technique at 50◦C for term of 2 minutes. In the mean-
time, this technique empowers a more prominent level of control over the diameter and
thickness of the nanorods. Two-dimensional ZnO nanosheets and one-dimensional drib-
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ble pipe-like, baseball bat-like, gear-like, bud-like, grenade-like, prism-like, bamboo-like,
brush-like, arrow-like, pencil-like, strolling stick-like, taper-like, shuttle-like, and hollow
pinnacle-like ZnO nanorods with different tips were combined by a basic hydrothermal
course from the system of CO(NH2)

2−N2H4 [173]. Liang et al. [5] detailed a clear,
single-step, microwave-aided hydrothermal technique to create ZnO NSs with inconsistent
morphologies. Balancing of [Zn2+] in solution precursors with no auxiliaries will allow
to create urchin-shaped, blossom-shape, seven-spine and rod-like ZnO. Samples of ZnO
were furthermore organized with contrasting [Zn2+] under a similar microwave illumina-
tion situation as represented in Fig. 2.7. The great command of the MAH amalgamation
parameters similar to time, temperature and solvent of amalgamation response kept the
primary ZnO hexagonal wurtzite stage. In any case, the concentration of Zn precursor as
well as solvent time and amalgamation temperature influence the morphological structure
creating rounded plates, producing plates, brush-like and 3D blossoms [174]. Caglar et al.
[175] explored that in the microwave-helped hydrothermal strategy illumination time in-
fluenced the diameter of nanorods and orientation degree while, pH value totally changed
the molecule size and shape. The nanorods at first glance vanished after a little measure of
decreasing in pH value. The adjustments in stoichiometry connection amongst Zn2+ and
OH− directly influence the morphology of the final structures [176].

Figure 2.7: Impact of [Zn2+] on grown ZnO NSs (a) 0.01, (b) 0.02, (c) 0.04 and (d) 0.06
M [5]
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2.8 Doping in metal-oxide NSs

For controlling properties like band gap, ferromagnetism and electrical conductivity, some
essential steps have to be taken in the form of doping of semiconducting nanostructured
materials [177]. A great deal of enthusiasm from analysts for conceivable applications in
optics, electronics and visible light photocatalysis are produced by doping of transition
metal of II-VI and III-V categories [178]. Remarkable works have been done by the re-
searchers in the field of doping of ZnO single crystal and thin films by transition metal
[179, 180, 181]. To enhance photocatalytic movement, ZnO nanowires were altered by
Co doping and CuS was coupling by means of a progression of advantageous hydrochem-
ical reactions. In any case, a couple of reports on the blend and portrayal of doped ZnO
NSs with various dopants like Co, Al, Mn, Ga, Cu, Sb, and so forth are accessible in the
literature [182, 183, 184, 185]. The measure of doping is a conspicuous factor for fitting
the properties of the NSs, there must be a conceivable method to control the morphology
and doping fixation [186]. Hwang et al. [187] controlled the morphology and doping
centralization of P-doped ZnO NSs sequentially framed on the top sides of undoped ZnO
nanorods by means of aqueous technique. Ajala et al. [188] reasoned that, to the extent
the optoelectronic highlights are concerned, Al doping initiated a blue move of the band
gap and a cathodic move of the quasi Fermi level. Notwithstanding, as the degree of these
adjustments was too low, it was inferred that the optoelectronic highlights did not assume
a huge part in the upgraded photocatalytic action of the powders. Then again, the nearness
of surface defectivity initiates high water fondness of the Al adjusted samples. Mendez
et al. [189] arranged the C-doped photoactive circular TiO2 and ZnO semiconductors
by microwave-helped solvothermal amalgamation. They prepared two C-doped TiO2 and
ZnO tests with an unmistakable red-move in the vitality band gap of the semiconductors,
essentially in TiO2 based materials. Literature inferred that fitting of the crystalline stage,
morphology, and porosity qualities can be accomplished by microwave-helped blend and
consequently, this system is a promising outline device for the planning of C-doped meso-
pore photoactive semiconductors with a blend of anatase and rutile stages. An easy citric
acid-mediated aqueous course has been utilized for blend of Eu-doped bloom-like ZnO
progressive structures by Sin et al. [190]. Sathya et al. [191] effectively arranged Pb
doped ZnO semiconductor NPs by the straightforward chemical precipitation technique.
XRD examination affirmed that the crystallite size expands persistently to 10 (wt%). SEM
outcomes affirmed the microstructural change from nanoparticle to rod-like microstructure
on 10 (wt.%) Pb dopant. The aqueous synthesis of undecorated and Ag improved ZnO
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nanorods were accounted for by Wei et al. [192]. Byun et al. [193] revealed that titanate
NSs doped with Nb having upgraded photocatalytic movement under visible light illu-
mination were effectively integrated by an aqueous procedure utilizing TiO2 and Nb2O5

powders. Blended Nb-doped titanate NSs were made out of nanotubes, nanosheets, and
TiO2 NPs. They had organized a structure, with TiO2 NPs at the center site, and titanate
NSs went head to head with bordering titanate NSs. The fluorescence discharge is likewise
adjusted upon gallium doping prompting an adjustment in the relative power, which per-
sists for higher measures of dopant [194]. The room temperature ferromagnetism (RTFM)
with upgraded polarization and coercivity in the Tb and co-doped ZnO nanoparticles were
accounted for by Das et al. [195]. Chen et al. [196] detailed that the gas detecting features
of silver-doped sensors were great astounding than unadulterated, and the sensor of 1.0
wt% silver-doped ZnO ocean urchin-like NSs demonstrated the most raised response to
ethanol with bring down fixation of 10 ppm at 260◦C. The reasons were that ocean urchin-
like structure could give broad specific surface locale and the doping extended flaws at first
glance; both of them could assemble the consumed oxygen species.

2.9 Potential applications of metal-oxide NSs

Different applications based on the ZnO hierarchical architectures are photocatalysis, field
emission, electrochemical sensors, supercapacitors, antibacterial agent and electrodes for
lithium ion batteries [197, 198, 199, 200]. Various morphologies of ZnO NSs possess
novel benefits of large surface area, permeable designs, and interdependent associations
of the comprised nano-sized parts. Subsequently, ZnO NSs have tailored chemical and
physical features, which are profoundly required for diverse applications [201, 202, 64].
Following are the most prominent regions where ZnO NSs are exceptionally consolidated
as portrayed in Fig. 2.8. The detailed description of significant application fields with
examples are discussed in this section.

2.9.1 Photocatalysis

Catalysis are considered as a significant tool in reducing harmful products arises from
industries like refinery, food, petrochemical, and environment pollution [203, 204]. Photo-
irradiation under UV visible source is the prime solution to expand the pace of photocatal-
ysis process along with specific semiconductor photocatalyst under specific circumstances.
Different application fields such as green organic synthesis, air and water treatment, renew-
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Figure 2.8: Utilization range of ZnO nanostructured materials

able energy, CO2 reduction and self-cleansing phenomenon are using ZnO photocatalyst
for better outcome [205]. A pictorial representation of potential application of ZnO photo-
catalysts are outlined in Fig. 2.9.

Figure 2.9: Major fields for utilization of ZnO photocatalyst
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2.9.2 Field emission

These devices exhibits various benefits, like low power utilization, protection from vacil-
lation of temperature and radiation, less thermionic commotion, less dissipation of energy,
micro-sized and nonlinearity, and remarkable characteristic of current and voltage behavior
which shows significant variation of emission current at low voltage changes [206, 207].
ZnO NSs incorporated in field emission were studied by Umar et al.[208] and they reported
the growth of ZnO nanoflowers by thermal evaporation on Si-substrate and concluded that
incorporation of ZnO NSs shows efficient field emission properties for device applications.
Several researches were performed to assess the feasibility of different morphology of ZnO
NSs on field emission devices and it was revealed that the development of ZnO NSs caus-
ing the great emission properties and promoting connection with integrated circuits as well
as vacuum device applications [64, 209, 210].

2.9.3 Sensors

Industries like biotechnology, food processing and pharmaceutical sciences requires non-
stop observation of biological phenomenon occurring during biological reactions. In such
manner, the growth of different sensors such as electrochemical sensors exhibit novel ben-
efits such as large detection span, quick response, continuous observation, controlled man-
ufacturing at less capital and reproducibility [211]. In these devices, concepts of electro-
analytical processes are used which provides quality investigation and sensing under the
variation of potential and their resulting current. There are various techniques such as lin-
ear scan voltammograms and electrochemical impedance spectroscopic techniques which
are used for efficient application of ZnO based sensors in biological applications [212].
Doped-ZnO hybrid sensors have high sensitivity and reproducibility which are used for
gas sensing applications and also applied in biomedical industries [213, 214, 215].

2.9.4 Lithium ion batteries

In the present scenario of increasing populace and industries, demand of high energy and
climate balance for sustainable environment is becomes a big challenge for researchers.
Thus they are investigating the development of renewable energy source and their conver-
sion and storage systems also [216]. ZnO NSs materials are now a days very promising
materials for energy storage application such as batteries [217]. Li-ion batteries are per-
haps the main energy storage system which overcome the problems of electronic industries
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and furthermore have application in hybrid vehicles. Materials for high performance elec-
trodes are prominent active material which influence the overall response of the batteries
thus the development of electrode materials are again a challenging task for researchers
[218, 219]. ZnO NSs and doped ZnO NSs electrode materials are promising materials for
high performance electrodes because of great optoelectronic properties, low cost, nontoxic
and abundance. On a basic level, the response among lithium and ZnO anodes happens un-
der the purported system of "conversion phenomenon" [220]. In the process of lithiation,
the ZnO anode produces Li2O by conversion reaction implanted with nanosized metallic
zinc groups [221].

2.9.5 Antibacterial application

The high biocompatibility and magnificent antimicrobial features of ZnO makes it as a
prominent antibacterial agent [222]. Especially, ZnO NSs exhibits better results from the
antibacterial application on Gram-negative and positive bacteria [223]. Nonetheless, the
exact study of antibacterial phenomenon of ZnO is still under process, in this way confining
the complete utilization of ZnO as an antibacterial material [224]. Recent and upcoming
examinations on ZnO NSs based antibacterial system can provide the basis for specific
application on antibacterial work but in future ZnO can be a promising agent for clinical
usage after upgrading the investigations and overcoming the challenges.

2.9.6 Supercapacitors

Another class of energy storage device is “supercapacitors” which possesses high impor-
tance in view of its rate of quick charging and discharging, high service span and high ca-
pacity of power. Due to these features supercapactiros are mostly used for backup source
of energy, emergency source of energy and hybrid transport systems [225]. Nano-sized
particles available in the nanocomposite materials are responsible for low ionic dissemi-
nation and less transfer of energy which is very much required to produce supercapacitors
[226]. Nanocomposite materials having high specific capacitance value and service span
are broadly utilized for developing supercapacitors. Yun et al. [227] reported electrospin-
ning technique to develop ZnMn2O4 electrode having one dimensional hollow NSs which
produces high crystallinity. The developed electrode shows 100.8% of capacitance reten-
tion which is a remarkable cycle performance for different electronic systems. Guerra et al.
[228] fabricated ZnO coated carbon nanomaterial to develop an electrode for supercapac-
itor using laser technique. The finding of their experiments reveals that the electrodes are
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independent of thickness of deposited ZnO but ZnO film improves the specific capacitance
and retention values which provides basis to use ZnO as a low cost potential material for
supercapacitors.

2.9.7 High performance composite materials

Researches are going on to implement such distinguished properties of ZnO NSs into the
field of high performance composite materials. Some of the prominent applications of such
composites are in aviation industries due to improved mechanical properties especially im-
pact strength [27]. Continuous improvements of such materials will take the materials
applications into different level such as in robotics and artificial intelligence, sensors and
biomaterials, micro-electronics and photonics and defense and artillery [229]. Recent ad-
vancements in the fabrication of ZnO NSs on the WCF lead towards the numerous applica-
tions in comparison to the natural carbon fibers [230, 231] and more advanced development
status compared to metal and ceramic counterparts, in addition to their unique properties
[232, 233]. Application ranges of polymer nanocomposites are represented in Table 2.2.
As it can be clearly discovered, the prominent usages of nanocomposites are huge, con-
sisting of evolution of advanced materials and the quality advancement of components like
sensors, cells and super-capacitors. Still there is least application of nanocomposites in
industries but advancements of these material from research to industry is growing and in
coming few years it is expected to be extensive.
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Table 2.2: Application area of Polymer based Nanocomposites

Nanocomposites Applications
Polyimide/SiO2 Microelectronics
Polycaprolactone/SiO2 Bone-bioerodible for skeletal tissue repair
Polyethylacrylate/SiO2 Catalysis support, stationary phase for chromatogra-

phy
PMMA/SiO2 Dental application, optical devices
Poly(amide-imide)/TiO2 Composite membranes for gas separation applica-

tions
Polycarbonate/SiO2 Abrasion resistant coating
Shape memory polymers/SiC Medical devices for gripping or releasing therapeu-

tics within blood vessels
Poly(p-phenylene
vinylene)/SiO2

Non-liner optical material for optical waveguides

poly(3,4-ethylene-
dioxythiophene)/V2O5

Cathode materials for rechargeable lithium batteries

PEO/LS Airplane interiors, fuel tanks, components in electri-
cal and electronic parts, brakes and tires

Nylon-6/LS Automotive timing-belt – TOYOTA
PET/clay Food packaging applications
PLA/LS Lithium battery development
Polyimide/clay Automotive step assists - GM Safari and Astra Vans
SPEEK/laponite Direct methanol fuel cells
Epoxy/MMT Materials for electronics
Thermoplastic olefin/clay Beverage container applications

2.10 Current research situation and challenges for ZnO
nanostructured materials

The blend of ZnO NSs and their potential usage are checked on as far as development
strategy, qualities, and utilities. The zinc oxide has an incredible variety in underlying
morphology, most likely the most extravagant group of NSs among all materials, which
subsequently lead the distribution of thousands of literatures and patents. The utiliza-
tions of ZnO NSs incorporate field-effect semiconductors, field-emission devices, piezo-
electric nanogenerators, biosensors, p-n heterojunction diodes and photovoltaic cells. A
minimal cost and simple method should be created by which a uniquely needed shape of
NSs can be incorporated. Particularly, the designing and specific developments of ZnO
NSs on wanted destinations are needed for the nanodevices creations and incorporations.
The most promising quality of 3D ZnO nanostructured material is large surface area with
porous structure, and enables more than one chemical and physical process. Additionally,
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nanostructured materials allow tailored properties of each NSs and also create advance
features because of in-between relation of each NSs. Hence 3D nanostructured materials
allow a wide variety of utility. ZnO NSs grown on WCF also have potential to use as
hybrid nano-composites incorporation with the suitable matrix medium. ZnO NSs-WCF-
epoxy hybrid composites have great potential to replace existing non-reinforced materials
in industries like aerospace, petrochemical and automobiles. Tailored properties like high
impact strength, wear resistant, corrosion resistant and low friction coefficient allow these
materials to become prominent choice in various technological utilities. ZnO keeps on be-
ing seriously concentrated because of its special and complex properties, just as incredible
potential for an assortment of pragmatic applications. Despite various investigations in the
literature, few significant issues stay uncertain which need to be studied, as summarized in
Fig. 2.10.

There has been loads of progress in development of ZnO NSs and their utilization for

Figure 2.10: Current research situation and challenges for ZnO materials

an assortment of useful applications. Eventually, the reproducibility and dependability of
the acquired outcomes (particularly on account of doping of ZnO) is a huge concern. A
significant issue which should be defeated to tackle this issue is the explanation of the
connection between development conditions, types and groupings of imperfection framed,
and properties estimated. Additionally, there is significant interest in the advancement of
surface change or passivation agents which could bring about the decrease of imperfection
emission, solid and stable electronic features, improved charge transport, and device exe-
cution. Because of huge surface-to-volume proportions of the n NSs, surface nature of the
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material assumes an essential part in deciding its general conduct and a huge change in the
material properties can be accomplished with appropriately planned surface adjustments.
It is additionally important to examine significant issues of harmfulness and ecotoxicity of
ZnO NSs. For instance, in reports worried about the optical or electronic properties of ZnO
and its applications in electronic or optoelectronic appliances, ZnO is much of the time de-
picted as a non-harmful or even biocompatible material. However, various investigations
show that ZnO displays huge ecotoxicity to a wide range of organic entities. This should be
considered in the uses of this material, with the goal that guidelines concerning its removal
to forestall uncontrolled delivery into the climate could be set up. Besides, most of ecotox-
icity considers have been performed on uncovered nanomaterials. In existing applications,
for example, sunscreens, nanoparticles as a rule have altered surfaces. Surface alterations
as examined above will likewise be alluring for optoelectronic and electronic gadget appli-
cations. Hence, there is a conspicuous and pressing requirement for considering the impact
of surface alterations on the harmfulness of ZnO NSs.

2.11 Modification strategies of ZnO nanomaterials

For the treatment of waste water, ZnO NSs are reasonable photocatalyst to remove azo dyes
dissolved in waste water. ZnO based photocatalysts are very popular because of its high
UV-photoactive, economical, stability and chemically and naturally inertness. Notwith-
standing, the response of ZnO catalyst is restricted due to variable like insensitivity in
visible region due to wide band gap, less photonic efficiency due to quick recombination
of holes and electrons, and corrosive disintegration. To overcome these issues, doping of
the nanomaterial and hybrid material formation is required. Thus altered ZnO nanoma-
terials based photocatalysts are the required solution for successful treatment of azo dye
in waste water treatment and removal of harmful substance from any surface. Scientists
have utilized different techniques to enhance the properties of ZnO NSs photocatalyst for
effective removal of organic toxins as portrayed in Fig. 2.11. Doping of ZnO exhibits
morphological variation, crystal imperfections such as dislocation and deformation. With
the aid of required doping agent in adequate amount these defects of ZnO crystals can sig-
nificantly upgrade the photocatalytic phenomenon. It was noted that, the amount of doping
agent is a vital parameter to enhance the visible range photocatalytic action that relies upon
synthesis technique and size of the doping agent [234]. Metallic dopants produces another
energy band level but do not alter location of CB and VB of ZnO and this intra energy band
is required for certain uses like creation of large oxidant holes. But, nonmetallic dopant
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Figure 2.11: Strategies to modify ZnO nanomaterials for better outcomes

increases VB level of ZnO and exhibits decrement in band gap. Corrosion of ZnO un-
der photon energy is a significant problem which can be resolved by the metallic dopant.
Metal dopant also causes reduction in ZnO growth thus the small crystals having large sur-
face area is produced. On the basis of exploratory and hypothetical outcomes, doped ZnO
photocatalyst is perceived as a fitting technique to upgrade photocatalytic action [235]. But
still there are some prominent concerns which are affecting the photocatalytic utilizations.
Following are some major issues:

• Survey of literatures exhibits that mostly doped ZnO were used for removal of harm-
ful substances such as dye, thus detailed analysis of fragmentation and photo degra-
dation of pollutants.

• Detailed study of antibacterial phenomenon of pollutants and their detoxification
ought to be also performing on ZnO photocatalysts.

• Limited study is available for oxidization of volatile matter by photocatalysis and
lack of study on purification of indoor and outside air by ZnO photocatalysts.
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2.12 Summary of Literature survey

Developmet in the available metal-oxide nanostructured materials allow researchers to im-
plement those materials into the diverse electronic applications due to their enhancement
in absorption range, stability, sensitivity, crystallinity of ZnO and many more. Notwith-
standing these noteworthy improvements, still few difficulties remains unsolved.

i. Irrespective of the improved synthesis techniques for controlled growth of ZnO NSs
and their 3D hierarchical composites, enhancement in the quantification of scale
and size of NSs and their reproducibility are still unsolved issue. There are lots
of ongoing researchers showing the impact of varied morphologies and synthesis
mechanism which shows further scope to investigate the novel features of ZnO based
on their synthesis, applications, shape, size and structure.

ii. Apart from ZnO hierarchical structure, the execution of electronic systems also re-
lies upon concentration, dimensions and imperfections in NSs. Incorporating 3D
ZnO NSs having controlled geometry and chemical stability will further quantify the
properties of resulting materials.

iii. Study of real time application of ZnO NSs and their variations due to dynamic factors
will also provide basis to improve the overall performance by understanding and
resolving the real-time issues.

iv. Due to limited availability on high performance ZnO NSs/heterojunction develop-
ment strategies, devices are not economical and efficient. Thus further investigations
are needed to implement current development in the nanoscience to develop novel
devices.

v. To resolve the issue of low effectiveness and durability of ZnO based devices, further
study of ZnO catalysts are needed. Also practical difficulty in terms of sensitivity and
effectiveness provides basis for the researchers to develop advanced hybrid materials
based on ZnO NSs using novel strategies of doping and synthesis.

vi. Different analytical tools and software should be used to assess the real time situation
of the fabricated ZnO NSs electronic devices.

vii. Development of optimum designs of electronic devices by mathematical and logical
computations is needed for economically feasible large scale heterojunction semi-
conductors.
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viii. It is profoundly imperative to develop beneficial and reformist nanomaterials to set
up the ZnO NSs heterojunction for sensible usage and their commercialization.

Extensive studies on WCF grafted with metal-oxide NSs primarily relies upon micro fiber
tows or woven preforms, the NSs synthesis technique requires to be scaled up to manufac-
ture continuous nanostructured WCF, so that these grafter WCF will allow fabrication of
hybrid composites tapes/pre-pregs and composite to assess mechanical properties via com-
pression, shear, impact and delamination testing. Tailored properties variation due to NSs
of resulting composites need to be assessed by open hole compression and compression
after impact. In the long run, the fabrication and characterization of hybrid composites
structures simultaneously grown on the fibers and spreading in the matrix may be possible,
permitting even better service conditions. The development in the field of ZnO nanos-
tructured hybrid composites reveals that, in coming years ZnO assisted advanced material
must be pioneer material for aviation and industrial usage. Various studies and researches
on hybrid composites are still going on but reflect huge promise for large scale production
of nanostructured composites. The accompanying comments were extracted in the view
of thorough study of literatures based on ZnO/polymer nanocomposite which exhibit the
current difficulties in nanocomposite.

i. Overall features of the nanocomposite greatly rely on the interface parameter be-
tween the polymetric matrix and ZnO NSs. Surface modification is one of the best
suited technique for enhancing the interfacial strength and modulus of the nanocom-
posites. Current situation of interaction between matrix and reinforcement is only
based on ZnO NSs containing polar groups which can be further improved by aiding
more surface modification techniques.

ii. The dispersion of NSs into the matrix is one of the deciding factors for properties
of the resulting composites. Thus appropriate method of fabrication must be used
for optimum dispersion of ZnO NSs into the polymer matrix with uniform mate-
rial properties and light weight. Current fabrication techniques also require further
modification so that final composite can contain desirable outcomes.

iii. Dielectric properties of the composite materials can be tuned by adding ZnO NSs
into matrix even at low concentration because polar group present in the ZnO surface
cause reduction of surface charge of the composites.

iv. Detailed study of interfacial interaction of ZnO NSs and polymer matrix by different
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analysis software or simulation technique is much needed to assess the real time
application behavior of resulting nanocomposite.

v. High performance ZnO nanostructured composite materials which are compatible
with the sensors to measure the failure mechanism are expected. ZnO nanomate-
rial composites are favorable for device applications and biomedical area but least
possible weight and toxicity are also deciding parameters for commercialization of
material for mankind.

Numerous categories of NSs improvised matrix products are now conventionally used in-
cluding nanostructured epoxy resins, prepregs and sizings, which will propagate the pro-
duction of large scale nanostructured composites. Additionally the excellent thermal and
electrical conductivity of ZnO NSs should enable nanostructured hybrid composites to be-
come new era of multifunctional materials. Currently preparation of functional and struc-
tural hierarchical composites having distinguished performance characteristics is under de-
velopment. This can be concluded that more application range of nanostructured hybrid
composites will come in knowledge in few years. The Summary of findings of major re-
search works done till date has been illustrated in the Table 2.3 for better understanding of
the current work.
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Table 2.3: Summary of findings of major research works done till date

S.no. Author/Year Research findings References
1 Mathur et al.

(2008)
Developed a hybrid composite by growing CNTs on the
surface of CFs, and observed significant improvements in
the flexural strength and flexural modulus

[35]

2 Amin et al.
(2011)

Discussed the behavior of conceivable parameters like pH,
time, concentration and development temperature on the
control of morphologies of ZnO nanostructures

[144]

3 Deka et al.
(2012)

Fabricated wood polymer nanocomposite by utilizing
HDPE, LDPE, PP, PVC, wood powder, polyethylene-co-
glycidyl methacrylate, ZnO NPs, clay, and SiO2. UV pro-
tection and Bacterial deployment of composite has been
enhanced

[28]

4 Kong et al.
(2013)

Created ZnO NRs on WCF utilizing hydrothermal strategy
and fabricated the composite in polyester matrix. Devel-
oped ZnO enhances the energy absorption, load exchange
and interfacial strength

[37]

5 Brintha
and Ajitha
(2015)

Synthesized nanoparticles of ZnO by various strategies
such as hydrothermal techniques, sol-gel method and aque-
ous emulsion

[2]

6 Hazarika et
al. (2015)

Developed ZnO nanorods on woven Kevlar fiber via
solvothermal strategy as a way to deal with upgrade the
interfacial stronghold of aramid composites

[143]

7 Deka et al.
(2015)

Developed CuO nanowires encapsulated in WCF-polyester
resin composites which results significant improvement in
properties like strength and tensile modulus

[36]

8 Ghasaban et
al. (2017)

Developed needle-like and plate-like morphologies of ZnO
in a large scale and suggested that the hydrothermal re-
sponse can be a reasonable technique to graft ZnO NSs
with the particular size and morphology

[147]

9 Das et al.
(2018)

Utilizes the concept of doping in ZnO nanostructures and
achieved the Room temperature ferromagnetism (RTFM)
with upgraded polarization and coercivity in the Tb (ter-
bium) and co-doped ZnO nanoparticle

[195]

10 Yoozbashizadeh
et al. (2019)

Investigated the impacts of plasma treatment process pa-
rameters at ambient pressure in the enhancement of bond-
ing characteristics of CFRP composites and proposes opti-
mum parameter settings using regression analysis

[49]

11 Upadhaya et
al. (2020)

Successfully synthesized seed layer assisted one dimen-
sional ZnO nanorods having super-hydrophobic wettabil-
ity and photocatalytic characteristics using hydrothermal
synthesis on borosilicate glass substrate

[246]

12 Preda et al.
(2021)

Functionalized basalt fibers by ZnO electroless deposition
for obtaining a nanostructured interphase and enhanced
wettability for upgrading the interfacial strength of Basalt
fiber reinforced polymer composites

[315]

13 Li et al.
(2022)

Developed ZnO nanosheet on WCF using a simple electro-
plating and oxidation method and studied interfacial modi-
fication and tribological properties of ZnO-carbon fiber re-
inforced poly(hexahydrotriazine) composites

[89]
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2.13 Research gap

Upon a thorough review of the literature, the following research gaps are discovered.

• Researchers have already used different types of fibers and fillers but the properties
have not improved to the desired level.

• Development of effective reinforcement materials and the secondary reinforcement
techniques have to be explored by researchers.

• Synthesis of metal-oxide NSs on WCF fabrics as a secondary reinforcement and their
optimum synthesis conditions need to be examined for effective growth of nanorods
for high performance CFRP composites.

• To improve the interfacial strength as well as the stress transfer, multiscale hybrid
composites with more than one reinforcing filler need to be developed.

• Recently researchers studied metal-oxide hybrid structures and its applications in dif-
ferent heterogeneous fields. However, there has been less research on the mechanical
properties of ZnO nanowires embedded in composites, such as impact behavior and
elastic modulus.

• Limited research has been found on metal-oxide nanostructured CFRP composites
and its effect on mechanical strengthening of FRP composites.



3
Hydrothermal Growth of ZnO

nanostructures on woven carbon fiber and
effect of synthesis parameters on

morphology

This chapter introduces synthesis of ZnO NSs on woven carbon fiber by hydrothermal
technique under varying process parameters. The impact of process parameters such as pH
and molar concentration of precursor solution, growth duration and growth temperature
on morphology and dimensions of ZnO NSs has been investigated in this section. The
findings of experimental outcomes are verified using different characterization techniques
such as FESEM, EDS and UV-VIS-NIR spectroscopy. Further, this chapter illustrates
formation of different ZnO NSs such as nanopallets-like, nanoflowers-like and nanoflakes-
like which were achieved at pH >7 but nanorods-like and nanowires- like morphology
were achieved at low pH. In addition, the impact of the chemical reactions, seeding and the
growth phenomenon on formation of ZnO nanostrcutures on woven carbon fibers has been
discussed in this chapter.

57
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3.1 Introduction

The ZnO NSs have gained extensive research potential because of its inherent physical
properties and demand for various electronics and photonics industries [104]. ZnO is a
very promising semiconductor material due to presence of its symmetry of focal point,
wurtzite structure and excellent thermal and chemical stability. ZnO has wide energy band
of 3.37eV and 60meV of binding energy [236]. Zinc oxide nanomaterials have high pos-
sible utility range in technological devices such as LEDs, optical modulator waveguides,
solar cells, acoustic filters, gas sensors and varistors [237, 238, 156, 239]. Over the few
years ago, different techniques have emerged for the development of 1-D nanomaterials
such as vapour-liquid-solid technique, sol-gel technique, template-assisted solvothermal
and electrochemical processes [127]. ZnO NSs with oriented arrays were successfully
prepared via hydrothermal decay of Zn2+ amine, metal-oxide chemical vapour deposi-
tion, physical vapour deposition, vapour-liquid-solid epitaxial, laser pulsed deposition, ul-
trasonic synthesis and epitaxial electro deposition [240, 241, 242].The above techniques
require extensive experimental setup with controlled environment such as fixed gas con-
centration, high temperature and rate of flow or complex procedures are required to achieve
growth of metal oxides. This has motivated to develop simple method which can operate
at low temperature for grafting metal-oxide NSs. In comparison with the above methods,
the modified solvothermal process (Hydrothermal technique) is found to be simple, low
cost and can be done at low temperature. The Hydrothermal technique can deposit wide
range of eco-friendly metal oxide [4, 147, 95]. Density and orientation of the grafted ZnO
NSs via hydrothermal technique depends upon various factors such as seeding treatment of
the sample [243, 244], in the spin coating process, the concentration of seed layer highly
depends on the speed of spinning and on the amount of impurity present in the seeded
layer which affect the amount of growth and crystallinity of NSs [245, 246]. Several other
factors such as orientation of sample, time, temperature and pH affect the development of
NSs [247]. The size of the NSs increases with increment in growth temperature based on
the selection of chemical agents [248, 164]. In the same way size of NSs can be modified
by varying the growth duration [249] and concentration of Zn2+ [163]. Hydroxyl ions are
responsible for the chemical reactions to develop ZnO NSs and the amount of hydroxyl
ion can vary by varying the pH, thus pH of the solution has great impact on the growth
of NSs [250, 251]. First-ever production of ZnO rods with the help of new hydrothermal
process was discussed by Vayssieres et al. [252]. The process involves use of equivalent
molar emulsion of Hexamethylenetetramine (HMTA, C6H12N4) and zinc nitrate hexahy-
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drate (Zn(NO3)2.6H2O) on different substrate by planting seeds of resynthesized nanopar-
ticles on the epitaxial layers which grows into ZnO rods. Hazarika et al. [143] applied
hydrothermal technique on woven Kevlar fabric to successfully grow ZnO nanorod at low
temperature and the grafted nanorod enhanced interfacial strength of hybrid composites.
Kong et al. [37] successfully grew ZnO NSs on WCF and achieved improved energy ab-
sorption property on fabricated composites due to cross linking of nanorods which transfer
the energy over the interface area. Amin et al. [144] investigated impact of factors such
as time, temperature, pH and precursor concentration on morphologies of ZnO NSs grown
of silicon (100) substrates. The effect of surface chemistry and growth mechanism of ZnO
nanowires upon carbon fiber at the interphase was investigated by Ehlert et al. [231]. Sin-
gle fiber fragmentation testing technique were used to check the adhesion of the grown
ZnO nanowires and it was found that concentration of ketone groups is the prime reason
for the interface strength. Caglar et al. [175] investigated the impact of variation of ir-
radiation time and pH of precursor solution during synthesis of ZnO nanopowder using
microwave-assisted hydrothermal technique. Findings of experiments showed that largest
crystal size and crystallinity were achieved at 20 min of synthesis time, also damage in
crystal structure of ZnO was found while diminishing the pH value of growth solution.
Extensive research on the control of shape of different NSs has been investigated by sev-
eral researchers. It was found that dimensions, shapes, compositions and orientation of NSs
have great impact on physical and chemical features of the resulting materials [253, 254]. It
is evident that star like morphology of CuO NSs has high percentage of photo-degradation
rate of methylene blue [255]. Nevertheless, most of the researcher demonstrated impact of
one or two parameters on growth of NSs grafted on different types of metallic substrate but
limited work has been done on WCF. In the present scenario of advance materials, different
morphologies of ZnO NSs can be used to improve the interface parameter of hybrid mate-
rials such as nanostructured fiber reinforced polymer composites. Very few literatures are
available demonstrating impact of process parameters on development of metal-oxide NSs
on WCF. Morphologies of NSs grafted on the carbon fiber are major parameter to improve
the structural properties of hybrid composites. To achieve varied range of morphologies,
it is required to regulate the process parameters such as pH, synthesis time, temperature
and molar concentration. Different conditions of seeding and growth reactions also have
to examine to understand their impact on growth.
Therefore, this chapter presents a brief discussion on the development of varied NSs of
ZnO on WCF using hydrothermal technique. A brief investigation of impact of hydrother-
mal factors such as pH of solution, growth time, temperature and molar concentration of
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chemicals on growth of varied morphologies of ZnO NSs has been performed. Confir-
mation of varied morphologies of ZnO was examined by FESEM, EDS and UV-VIS-NIR
spectroscopy. Series of experiments were systematically conducted to study morphology
and structure of ZnO grafted samples. The findings reveal that synthesis and control of
varied NSs can be done by varying the process parameters.

3.2 Synthesis details

3.2.1 Materials used

Unmodified WCF of grade T-300 consisting of 3000 wires, 200 GSM size, 7µm diameter
and 0.25mm thickness designed as plain woven and bi-directional structure and chemicals
precursor of analytical grade applicable for experiments were procured and used in the
process. A list of chemicals used and its purpose have been listed in Table 3.1.

Table 3.1: List of chemicals used in the process

Sr.no. Name of the chemical Chemical formula Purpose
1 Zinc Acetate dihydrate

(ZAD)
Zn(CH3COO)2.2H2O To prepare seed solution

2 Ethanol/Acetone C2H5OH Cleaning of samples/substrates
3 Sodium hydroxide NaOH To prepare seed solution
4 Zinc nitrate hexahydrate

(ZNH)
Zn(NO3)2.6H2O To prepare growth solution

5 Hexamethyline tetramine
(HMTA)

C6H12N4 To prepare growth solution

6 Water (deionized)(DIW) H2O Solvent to prepare growth solu-
tion and to rinse the sample to
halt the growth of NSs

3.2.2 Hydrothermal synthesis

Seed solution and growth solutions have been prepared as the first step of the hydrothermal
technique. In the preparation of the seed solution, first solution is made up of 0.30g of
Zinc acetate dihydrate and 420ml of ethanol mixed together in magnetic stirrer at 75◦C for
45 min. Similarly second solution is made by mixing 2mM NaOH with 80ml of ethanol
and continuously stirred at 70◦C for 15 min, this second solution was then transferred
slowly into first solution and extra 300ml of ethanol was also poured to make 800ml of
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seed solution. This solution was mixed vigorously using a magnetic stirrer without heat
source for 45 min and left for cooling at atmospheric condition with maintained pH of 5-6
[256]. This is the final seed solution used for seeding treatment of the samples; chemical
reactions in making of seed solution are described as:

Zn2++4OH−←→ [Zn(OH)4]
2− (3.1)

[Zn(OH)4]
2−←→ ZnO+H2O+2OH− (3.2)

ZnO2−
2 +H2O←→ ZnO+2OH− (3.3)

ZnO+OH−←→ ZnOOH− (3.4)

The growth solution is a mixture of HMTA and zinc nitrate hexahydrate. It was an equimo-
lar solution prepared by stirring for 20 min to the mixture of 10mM HMTA in 650ml dis-
tilled water, further 10mM of zinc nitrate hexahydrate was mixed with HMTA solution and
continuously mixed by magnetic stirrer for 45 min under room temperature while main-
taining its pH at 6-8. With the same process, ZnO growth solution with different concen-
tration were prepared (30mM, 50mM and 70mM). Following chemical reactions occurred
in preparation of the growth solution:

C6H12N4 +6H2O←→ 6HCHO+4NH3 (3.5)

C6H12N4 +Zn2+←→ [Zn(C6H12N4)]
2+ (3.6)

NH3 +H2O←→ NH+
4 +OH− (3.7)

Zn(NH3)
2+
4 +2OH−←→ ZnO+4NH3 +H2O (3.8)

After preparing the seed and growth solutions now the WCF was cut into pieces of size
120mm X 100mm and then cleaned by a solution of ethanol-acetone to extract foreign
impurities. Then the rinsed pieces were put in an oven and let them desiccated at 90◦C for
20 min. This treatment helped in the removal of any foreign elements contamination and
oxide layers and made the samples suitable for synthesis of ZnO NSs. The treated pieces
were then dipped in the firstly prepared seed solution for 15min followed by removal of
solvent via thermal annealing at 120◦C for 15min. This process is called as seeding process
which forms a ZnO seed layer on the WCF surface which will further act as growth site
of ZnO NSs. The seeding treatment of samples was performed in four repetitive cycles.
Seed treatment of WCF with ZnO particles present in the seed solution was formed to
bring down the thermodynamic obstruction by giving nucleation locales. It is a significant
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factor to accomplish uniform development of ZnO NSs through aqueous procedure. Now
the seeded samples were then kept in hot air oven for 4h at constant temperature of 90◦C.
Now the samples were withdrawn from oven and then rinsed by DI-water for 30min to
stop further development of ZnO NSs. On a final approach, the WCF samples with grown
NSs were dried for 24h under ambient condition. In the same way different morphologies
of ZnO NSs can be grown on WCF by tuning the hydrothermal parameters. Schematic
representation of synthesis technique used for growing the ZnO NSs is depicted in Fig. 3.1.
Growth of ZnO NSs also relies on pH of the precursor solution. To study the impact of pH,

Figure 3.1: Schematic representation of growth mechanism of ZnO NSs

growth solutions were prepared by varying the pH in the range of 2.5-8.5, and each solution
was used for the growth of NSs on pre-seeded samples at 90◦C for 4h in hot air oven. To
change the pH value of solution, NaOH pallets were added to the growth solutions. Other
chemicals such as HCl, HNO3 and NH3 can also be used to vary pH. The intrinsic pH of the
growth solution was 6.5. In the final step, the grown samples were washed many times by
DI-water and then desiccated at atmospheric condition. The pH of solution was measured
after growth phenomenon by pH meter. Impact of growth duration and temperature on NSs
was also studied by using constant molar concentration and varying growth duration. In the
same way, impact of varying molar concentration of growth solution was studied. The NSs
characterization was done using FESEM at different magnification size and confirmation
of presence of ZnO was examined by EDS and UV-VIS-NIR spectroscopy analysis.
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3.3 Results and Discussion

Impact of process parameters viz. molar concentration of precursor solution, pH of growth
solution, growth duration and processing temperature has been studied on shape, dimen-
sions and aspect ratio of the grown ZnO NSs. Separate effect of seeding and growth on
morphology of ZnO NSs has been also studied.

3.3.1 Impact of seeding and growth phenomenon

To understand the separate behavior of seeding treatment and growth treatment a sample
has been prepared in a seed solution and another sample has been prepared in 10mM of
growth solution. Effect of seed solution treatment and growth solution treatment for pro-
cessing of ZnO NSs on WCF is illustrated in Fig. 3.2. It is clearly seen that ZnO nanorods

Figure 3.2: FESEM images: (a) seeding; (b) growth phenomenon of ZnO NSs

are nucleated at some portion on the WCF surface only by seeding. The growth solution
treatment produces low quality nanorods on WCF which provides a basis that nanorods can
be grown by growth solution treatment only. But successive treatment of seeding followed
by growth treatment produces high quality nanorods on WCF samples. The concentration
of OH− ion in the solutions has a vital role in development of the different shaped ZnO
NSs along the c-direction which is verified in the literatures [147, 257]. Crystalline ZnO
nanorods grown on WCF crucially depend on the amount of impurities in the solution. The
morphology achieved lies upon the seeding solution for desired usage.
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3.3.2 Impact of molar concentration

The change in molar concentration of the precursor solution using inherent pH of 6.5 is
illustrated in this section. It is evident that, the variation in molar concentration of the
precursor solution causes modification in the final outputs. The growth of ZnO NSs using
aqueous method is available in the literature in which researchers synthesized scale-like
ZnO while using the high molar concentration of the solution and they also synthesized
spindle-like ZnO while using lower molar concentration [258]. Thus it can be said that the
required size of the NSs can be grafted by controlling the molar concentration of the pre-
cursor solution. Based on the above mentioned fact, authors studied the impact of molar
concentration on ZnO NSs grafted upon WCF using hydrothermal technique. ZnO NSs
have been grafted on WCF at different molar concentration with constant pH of 6.5, 4h du-
ration and 90◦C temperature (see Fig. 3.3(a)-(d)).The dimensions of the NSs are different
for different molar concentrations such as nanoflakes were grown at higher concentration
as depicted in Fig. 3.3(d). Rather than nanowires of diameter <100nm and 1.2µm height
were grafted at lower concentration as depicted in Fig. 3.3(a) and (b). Figure 3.4 demon-
strated the EDS spectra of ZnO grown samples conforming the deposition of Zn and O on
WCF strands.

Zhu et al. [259] grafted different size of ZnO spheres for semiconductor core/shell
structures at 5mM molar concentration in shorter time upon glass/Si substrates using a
general chemical conversion route. A plot of impact of concentration of precursor solution
on dimension of ZnO NSs is clearly depicted in Fig. 3.5. The chart obviously shows
that a straight connection can be seen among the expansion of the molar concentration and
NSs measurements; strikingly diameter increments progressively, but height gets consis-
tent over 50mM. This suggests there is a critical height for the ZnO NSs at which further
increment of the molar value did not affect axial development heading though the radial
course develops ceaselessly and at sufficiently high fixation the nanorods converge to shape
ultrathin nanoflakes. As per the experimental ZnO NSs, the ZnO morphologies have bigger
diameter and smaller height as molar fixation raised. It was clearly seen that lower zinc
forerunner molar value produces more slender and longer NSs.

3.3.3 Impact of pH on synthesis of ZnO NSs

Huge impact of pH value was seen while synthesizing the ZnO NSs on WCF using solvother-
mal process. To examine the impact of pH on development of ZnO NSs on WCF, the initial
and final value of pH during synthesis of NSs was recorded. Different chemicals such as
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Figure 3.3: FESEM imags of ZnO NSs on WCF at varied molar concentrations: (a)
10mM; (b) 30mM; (c) 50mM; (d) 70mM

NaOH and NH3 can be used to modify pH value of the solutions. Initial pH values of so-
lutions were varied to 2.5, 4.5, 6.5 and 8.5 respectively. The variation of initial versus final
pH value of solution calculated over 4h of processing using 10mM molar concentration
was plotted in Fig. 3.6. Four cycles of experiments were performed to check the repro-
ducibility of the procedure. It was found that alkaline pH was comparatively diminished
at identical rate instead of acidic pH which approaches to inherent pH of 6.5. A series of
samples were used to graft ZnO NSs on preseeded WCF pieces at 90◦C and 4h of pro-
cessing in prepared pHinitial growth solutions. Appearance of the solution was transparent
and consists of white precipitates at inherent pH value. The ZnO NSs having height 1.2µm
and diameter 60nm were grafted on WCF from prepared solution. Cross-sectional FESEM
image was used for measurement of average height (Fig. 3.7) and top view of image was
used to calculate diameter as depicted in Fig. 3.8(c) and (d). When ammonia was added
for increment in pH of the solution, NH3 started hydrolyzing into NH+

4 and hydroxide thus
increases OH− ion in the solution. FESEM images of different ZnO NSs grafted under
varied pHinitial values are depicted in Fig. 3.8 in which Fig. 3.8(c) demonstrated high
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Figure 3.4: EDS spectra of ZnO NSs at different molar concentrations: (a) 10mM; (b)
30mM; (c) 50mM; (d) 70mM

Figure 3.5: Effect of molar concentration on height and diameter of the ZnO Nss

density NSs grafted at pH value of 6.5 of precursor solution. When pH value was raised to
8.5, ultrathin nanoflakes of ZnO were produced as depicted in Fig. 3.8(d). Thus, finding
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of variation of pH above inherent value shows anisotropic development headings because
of increment in concentration of OH− ions [144].

Figure 3.6: Variation in pH value of the solution in 4h growth duration

This can be concluded as, for the high pH value solution NSs were grafted in self-
assembly manner. For the case of pH<7 due to addition of HNO3 or HCl varied ZnO
NSs were achieved as depicted in Fig. 3.8(a) and (b). The grafted shapes of ZnO were
hexagonal nanorods or nanowires of increased height and diameter with less density due
to inclusion of acids such as HNO3 or HCl which reduces the pH value and increase the
formation of Zn2+ as depicted in Fig. 3.8(a) and (b).

3.3.4 Impact of the Growth duration

Growth duration has huge impact on the processing of different morphologies of ZnO NSs
on WCF. The investigation of impact of growth duration on grafted morphologies of ZnO
NSs was performed for equimolar precursor concentration of 10mM and varied growth
duration of 2, 4, 6, 8 and 10 h with inherent pH value of 6.5 at 90◦C temperature. The
grafted morphologies of ZnO NSs on WCF at specified growth duration were analyzed by
FESEM examination as illustrated in Fig. 3.9. FESEM images reveal that growth duration
is a prime factor to modify dimension and morphology of resulting ZnO NSs. Figure
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Figure 3.7: The grown ZnO NSs under processing condition of 90°C, 4h, 6.5pH and
10mM

3.9(a) illustrates FESEM result of ZnO NSs grafted on WCF for growth duration of 2h.
The grown structure is hexagonal nanorods with average height of 400nm and diameter
80nm, but the nanorods were not vertically aligned because of lack of growth duration.
The grafted NSs were started modifying their size when the growth duration rose to 4h.
The average height of the NSs is 1.1µm with diameter of 100nm with increase in density of
the nanostructure as depicted in Fig. 3.9(b). The FESEM results clearly shows that for 4h
of processing time grafted NSs are properly grown and vertically align. Thus, for grafting
the ZnO NSs on WCF via hydrothermal synthesis at 10mM precursor concentration, 90◦C
growth temperature and pH value of 6.5; 4h of growth duration is sufficient. There is boost
in average height of ZnO NSs for further increase in growth duration upto 8h of processing
time, while decrements in size, density and morphology was observed above 8h. Other
NSs such as nanoflowers, nanoflakes and nanopallets were grown on WCF above 4h of
growth duration as depicted in Fig. 3.9(c), (d) and (e). The variation of dimensions of
ZnO NSs with growth duration is illustrated in Fig. 3.10.

It was found that ZnO NSs were continuously grown till 8h of processing time and then
the growth phenomenon reached to equilibrium, thus growth was started diminishing and
precursor precipitation was happened as shown in Fig. 3.10. All the seeded ZnO nanopar-
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Figure 3.8: ZnO NSs on WCF having pH of precursor solution (a) at 2.5, (b) at 4.5 (c) at
6.5 and (d) at 8.5

ticles on WCF surface started growing after 2h of growth durartion and it increases on
increasing the growth duration. However, after 8h of growth duration no seeded particles
are left to grow because the system has been reached in equilibrium and on further increase
in the growth duration, the chemical precursors are started precipitating on the WCF sur-
face which cause reduction in the size of nanostructures or development of agglomerated
nanoparticles. The results also defined that growth duration also affects the density of NSs.
The limiting growth duration for grafting ZnO NSs on WCF was observed to be 2h, below
which agglomerated ZnO was collected on the WCF surfaces causing no growth, these
results are found in accordance with the previous work [37, 260].

3.3.5 Impact of processing Temperature

The temperature at which seeded WCF samples were kept for growth of different NSs of
ZnO also play major role to achieve varied morphologies and dimensions. To examine the
impact of growth temperature, a series of experiments were performed on seeded WCF
samples using 10mM molar concentration, 4h of processing time and inherent pH of 6.5.
Four set of processing temperature such as 50◦C, 70◦C, 90◦C and 110◦C was used for
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Figure 3.9: ZnO NSs on WCF at 90°C and at growth duration:(a) 2 h, (b) 4 h, (c) 6 h, (d)
8 h and (e) 10 h

Figure 3.10: Effect of processing time on the dimensions (diameter and height) of ZnO
NSs

experimentation by using hot air oven. ZnO NSs morphologies grafted on WCF at each
set of growth temperature is demonstrated by FESEM image shown in Fig. 3.11. It can
be seen that NSs were not properly grown at low temperature such as at 50◦C and 70◦C



3.3. Results and Discussion 71

(see Fig. 3.11(a) and (b)). FESEM image also shows that, the size and density of grafted
NSs also depends upon temperature. Graph for variation of aspect ratio on ZnO NSs with
processing temperature at fixed remaining parameters is illustrated in Fig. 3.12. From
graph, it is found that aspect ratio increases gradually on increasing the temperature till
90◦C. However, on further increment in temperature, the aspect ratio becomes constant
till 95◦C and then started decreasing in irregular manner. From complete experimentation
of impact of growth temperature it reveals that dimensions and shapes of ZnO NSs can
be modified by varying the growth temperature and the limiting growth temperature must
be < 100◦C because the process used is hydrothermal (aqueous-based solution) technique
[261].

Figure 3.11: ZnO NSs on WCF for 4 h and 10 mM solution at temperatures: (a) 50◦C, (b)
70◦C, (c) 90◦C and (d) 110◦C

3.3.6 UV-VIS-NIR spectroscopy study

Spectroscopy technique is an analysis process to understand the optical nature of grown
NSs. The absorption graph from UV range to NIR range wavelength of ZnO NSs at
90◦C, 4h, pH value of 6.5 and different molar concentration is depicted in Fig. 3.13.
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Figure 3.12: Effect of growth temperature on the aspect ratio on ZnO NSs

If a particular wavelength is utilized to illuminate a sample, then there may be absorption
of that radiation. But no absorption will occur at remaining wavelength. This absorption
behaviour is used for material characterization such as colour, filtering and metamerism.
ZnO has a direct wide band gap at room temperature with a large exciton binding energy
(60meV). Absorption graph reveals that the first strong absorption band occurs at wave-
length of 355nm in UV region which lies to ZnO band gap excitonic emission range of
360-380 nm (Eg = 3.37eV ). This obvious absorption corresponds to band gap of ZnO
(360−380nm;Eg = 3.37eV ) is greater than the as grown ZnO NSs (355nm. It is likewise
obvious that critical sharp retention of ZnO shows the monodispersed nature of grafted NSs
as discussed in the literature [262, 263]. The next sharp absorption peak exists at 800nm
which attributes the traces of ionized oxygen vacancies. The radiative recombination of a
photo-generated hole with an electron taking the oxygen vacancy is the main reason for
such emission. Thus UV-VIS-NIR spectra reveal that morphologies of the ZnO NSs have
great impact on the optical properties of the material.
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Figure 3.13: UV-VIS-NIR absorbance graph of ZnO NSs grafted on WCF samples

3.4 Summary

In conclusion, this chapter deals with grafting of ZnO NSs on WCF samples using hy-
drothermal synthesis technique and analysis of impact of synthesis conditions on ZnO
NSs. Variation and control in size and shapes of the ZnO NSs can be done by varying syn-
thesis conditions such as pH, molar concentration, time and temperature. Different NSs
such as nanorods, nanowires, nanoflakes, nanoflowers and nanopallets were developed by
varying the pH of precursor solution, molar concentration, growth duration and growth
temperature. It can be concluded that the pH commands the morphological structure of
NSs and the nucleation density of NSs was directed by molar concentration of precursor
solution. Aspect ratio of the grafted ZnO NSs can be adjusted by varying the synthesis time
and growth temperature but growth temperature also influences the morphology. Thus the
varied shapes and size of ZnO NSs can be grafted on woven carbon fibers by hydrother-
mal technique and their structure and morphology can be directed simply by adjusting the
above discussed parameters to achieve desire NSs as per the potential usage.
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One-step microwave-assisted hydrothermal

synthesis of ZnO nanostructures on WCF
and their characterization

This chapter investigates the rapid growth of ZnO NSs on WCF surface by combining mi-
crowave heating with an aqueous process known as the "microwave assisted chemical bath
deposition approach." This method allows the generation of ZnO NSs with varied mor-
phologies such as nanowires, hexagonal nanorods, nanoflakes, nanopallets, and nanoflow-
ers by heating WCF samples in different precursor solutions in a household microwave.
A probable development phenomenon of various morphologies of ZnO NSs on WCF has
been described based on microwave compatibility with materials. Furthermore, study of
different process parameters such as molar concentration, microwave duration, microwave
power and growth solution were investigated to achieve optimum growth of ZnO NSs on
WCF surface. In this study different morphologies of ZnO on WCF strands were grafted by
tuning the microwave power, microwave duration and type of precursor solution. The de-
veloped ZnO on WCF was characterized to understand their morphologies, size variation,
crystallinity and optical behavior. These analyses will provide the basis to implement ZnO

75
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embedded WCF to developed advanced nanocomposite materials for optoelectronics and
photonics applications. The development of ZnO NSs on WCF surface develops functional
groups which may react with the other bracing media and polymer matrix during fabrica-
tion of hybrid composites. The current work can be used to develop high performance
nanocomposites for industrial applications.

4.1 Introduction

In the developing era of advanced materials, combination of different metal oxide nanos-
tructures along with different base materials having specific properties are combined to-
gether to fabricate hybrid/composite materials. The developed hybrid materials possess
tailored properties for diverse applications [264]. Woven carbon fibers are one of the
prominent fibrous material which possesses high strength and light weight required for ex-
tensive applications in the field of fiber reinforced polymer composites [25]. Woven carbon
fibers are a primary bracing media for polymer composites to enhance the properties of the
final composites but single bracing media is not sufficient, thus the concept of secondary
reinforcement such as metal oxide nanostructures arises as green field of research [265].
Since very limited work has been done on the growth of nanostructures on woven carbon
fiber surface therefore it is required to investigate the advancement of ZnO nanostructured
woven carbon fiber materials for varied applications. Out of several metal oxides, zinc ox-
ide (ZnO) is the prominent metal-oxide because of its significant and varied features such
as wide energy band of approx. ∼3.3 eV at atmospheric condition, piezoelectric nature,
optical nature, chemically stable and is biocompatible [266]. The unique properties of ZnO
NSs created from synthetic morphology would create undiscovered probabilities for ZnO
NSs to be used in a wide range of semiconducting and functional devices. ZnO nanostruc-
tures can be orchestrated by considerably acknowledged amalgamation techniques such as
solvothermal, chemical bath deposition, pyrolysis, sol-gel technique, vapour deposition,
microwave assisted technique and others [95, 165]. They reveals that due to high amal-
gamation temperature in most cases, agglomerated NSs formed on the surface which had
to be unnecessarily granulated, resulting in little control over molecular shape and size
dispersal. Out of all the strategy for synthesis of ZnO NSs, the aqueous strategy has sev-
eral points of interest over other engineered techniques that make chemical bath deposition
synthesis as one of the prominent routes for NSs development [267]. The chemical bath
deposition route enables superior purity and phenomenal control over the morphology and
size of NSs [268]. Recently, another method for formation of NSs which is gaining inter-
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est of late is the use of microwave warming rather than standard warming which improves
the development phenomena. Microwave-assisted warming is used for the synthesis of
metal-oxide NSs on diverse substrates [269]. In this case, the benefits of microwave warm-
ing can be used in chemical bath deposition synthesis for annealing sample and precursor
solutions [270]. Because of its various advantages, such as reaction at atmospheric pres-
sure, low response duration, fast warming, low response temperature, uniform heating,
and phase immaculateness with better yield, microwave assisted chemical bath deposition
amalgamation has gained widespread attention as a new heating route in the development
of NSs [271]. A rapid combination process called as microwave-aided aqueous course is
now being developed for nanostructure production. This is a fast warming method based
on microwave dielectric warming of the precursor arrangement, which results in volumet-
ric warming of chemical precursors and solutions. As a result, it is faster, easier, and more
energy efficient than traditional conduction heating [272].
Several studies have been published on the microwave-assisted wet-chemical development
of ZnO nanostructures. However, only a few comprehensive studies on the effects of
growth variables on the characteristics of microwave-generated ZnO nanostructures have
been conducted. But in case of woven carbon fiber as a substrate, there are very few au-
thors who worked on growth of ZnO on woven carbon fiber however but there is no work
related with growth of ZnO nanostructures using microwave assisted chemical bath depo-
sition method on woven carbon fiber surfaces and their optical characterization. Ahmed et
al. [273] describe the effect of precursor molar ratio and reaction duration on the shape and
aspect ratio of ZnO nanostructures created by microwave aided wet-chemical technique.
Radhakrishnan et al. [274] found that changing the microwave power per growth run can
vary the morphology of individual ZnO nanostructures from hexagonal cones to faceted
hexagonal nanorods to hollow hexagonal nanorods. El-Nahas et al. [275] effectively syn-
thesized ZnO NS with diverse morphologies using a household microwave treatment at
200 Watt power for 15 minutes as well as a minimal amount of capping and complexing
agents. Fabrication and characterization of ZnO nanorods upon woven Kevlar fibers by
applying low temperature chemical bath deposition process has been achieved by Hazarika
et al. [143]. Enhancement of energy absorption properties of ZnO embedded WCF com-
posite and their energy transmission under impact loading were discussed by Kong et al.
[37]. It was found that the grown ZnO nanorods combined with matrix in a crosslinking
manner causing high interface properties of final composite. Rai et al. [88] concluded that,
the nucleation, growth and morphology of ZnO nanostructures on woven carbon fiber by
chemical bath deposition route mainly depends on synthesis parameters such as solvent,
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growth time, precursor concentration, external agitation, seed layer, and pH. Caglar et al.
[175] used a microwave-assisted chemical bath deposition approach to study the effects
of varying the irradiation period and pH of the precursor solution during the production
of ZnO nanopowder. Experiments revealed that the maximum crystal size and crystallinity
were attained after 20 minutes of synthesis, and that damage to the crystal structure of ZnO
was discovered when the pH value of the growth solution was decreased.

4.2 Materials and methodology

4.2.1 Materials

As a substrate material for the synthesis of ZnO NSs, T-300 grade unmodified WCF with
3000 wires, 0.2 mm fabric thickness and 200 GSM size with filament diameter of 7 µm
was used. Some precursors of analytical-grade were employed in the production of growth
solutions and fiber modifications as presented in Table 3.1. Without any refining, all of
the raw ingredients and chemicals were used. Synthesis was carried out on a household
microwave with nine power levels and a power output of 1000 W at a frequency of 2.45
GHz.

4.2.2 Preparation of growth solutions

Microwave aided chemical bath deposition methods were used to produce various mor-
phologies of ZnO NSs. Growth solutions of different molar concentrations were prepared
using equimolar (1:1 ratio) solution of ZNH and HMTA in DIW. To prepare 10 mM of
growth solution, 2.97 g of ZNH is mixed in 650 ml of DIW using magnetic stirrer operated
at 400 rpm and ambient temperature for 45 minutes. Then 1.4 g of HMTA was added in the
prepared solution and stirred for 45 minutes. The resulting solution was allowed to cool
at room temperature and maintained at pH of 10-12. Similarly, the other concentrations
of growth solutions such as 30 mM, 50 mM and 70 mM were prepared. These prepared
growth solutions were used for synthesis of ZnO NSs on WCF surface and to study the
effect of molar concentrations, microwave duration and microwave power. Furthermore to
study the effect of different type of growth solutions on the synthesis of ZnO NSs on WCF,
four separate kinds of growth solutions having 30 mM concentration were synthesized and
named as A, B, C, and D. To prepare these solutions different set of chemical precursors
were mixed in de-ionized water. Solution A was prepared using 2.5 g of ZAD mixed with
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500 ml of DIW in a beaker. A magnetic stirrer was used to mix the solution for 45 minutes
at 400 rpm at a constant temperature of 50 ◦C. Similarly, another solution was prepared
using 8 gram of sodium hydroxide into 100 ml of DIW. The NaOH solution was gently
poured into the first beaker and vigorously mixed for 30 minutes at 400 rpm. Growth solu-
tion ‘A’ is the resultant solution. At a regulated pH of 10-12, the resulting growth solution
was allowed to cool to ambient temperature. The precursor mixture (Solution-B) consisted
of an equimolar mixture of ZNH and HMTA. Mix 30 mM HMTA in 600 ml DIW for 30
minutes at 300 rpm to make the ZnO precursor mixture (30 mM). The ZNH arrangement
was added to the HMTA arrangement, and the resulting mixture was mixed for 30 minutes
at atmospheric condition with a pH of 6–8. Similarly, 600 ml of solution-C was made by
combining 4.5 gram ZNH, 1.35 gram NaOH, and 13.3 gram HMTA. 2.5 gram of ZAD,
1.35 gram of NaOH, and 13.3 gram of HMTA were mixed in 600 ml of DIW to make
solution D. For optimal growth of ZnO NSs onto WCF, all of the resultant solutions should
be cooled to room temperature and kept at a pH of 10-13.

4.2.3 Surface functionalization of WCF

Surface functionalization is a type of fiber modification that comes before the creation of
nanostructures on any substrate and is a crucial step. An unaltered form of woven carbon
fabric was cut into a square-section of 100 mm X 100 mm dimension to create the sample,
and then all of the pieces were cleaned with an acetone-ethanol solution to eliminate dust,
dirt, and other impurities that may cling to fiber during manufacture. After dipping the
samples in an ethanol-acetone solution for 10 minutes, they were dried in a hot air oven at
90 ◦C for 20 minutes. DIW cleaned the treated WCF many times before drying it in the
oven at 90 ◦C for 30 minutes. This phase of surface modification improves the quality of
substrate by eliminating foreign impurities and oxides that may be present on the surface
and inhibit nanostructure formation [88]. Microwave assisted chemical bath deposition
growth technique was employed to produce ZnO NSs from functionalized WCF samples.

4.2.4 Microwave synthesis of ZnO nanostructures on WCF

The prepared growth solution was poured into a glass flask in which the dried surface
treated WCF samples were dipped then the glass flask was placed into a domestic mi-
crowave (Samsung-QW71X, 1000 W, 2.45 GHz) for 10 minutes to irradiate the precursor
solution and WCF sample. Microwaves travel at the speed of light and consist of two mutu-
ally perpendicular electric and magnetic fields which cause linear temperature variation of
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WCF samples dipped in precursor solution. Since microwave photon energy is moderately
low (0.03-0.00003 kcal/mol) and only influences kinetic molecular excitation therefore
tetra ammonium zinc complex [Zn(NH3)4]

2+ and OH− present in the precursor solution
started generating ZnO NSs on WCF samples dipped into growth solution, microwave ir-
radiation causes the growth of NSs. After microwave irradiation, the WCF samples were
left in the growth solution for 10-15 minutes before being withdrawn and allowed to cool
naturally to ambient temperatures. Then DIW is used to rinse the treated WCF and sam-
ples were dried in a 70 ◦C oven for 6 hours before storing them at room temperature for 24
hours. The characterization was carried out on the ZnO nanostructured WCF samples that
resulted for further study of grown nanostructures. Similarly, ZnO NSs were synthesized
under the varying set of experiments to study the effect of different process parameters
such as varying molar concentration (10 mM, 30 mM, 50 mM and 70 mM); microwave
duration (5 minutes, 10 minutes, 15 minutes and 20 minutes) and microwave power (250
W, 500 W, 750 W and 1000 W).
The details of process parameters used for synthesis of ZnO nanostructures on WCF sur-
face using microwave-assisted chemical bath deposition are illustrated in the Table 4.1.
The outcomes of these experiments were analyzed and it was found that the optimum

Table 4.1: Process parameters used for synthesis on ZnO NSs

Sample Molar Concentration
(mM)

Microwave power
(Watt)

Microwave duration
(minutes)

A 10 250 5
B 30 500 10
C 50 750 15
D 70 1000 20

growth condition can be developed by varying the type of growth solutions such as solution-
A, solution-B, solution-C and solution-D). Furthermore, another set of experiments were
performed on varying growth solutions of 30 mM concentration such as A, B, C, and D
for the production of ZnO NSs on WCF under microwave irradiation for 10 minutes oper-
ated at 1000 W microwave power. The flow chart of synthesis of ZnO NSs on WCF using
microwave-aided chemical bath deposition is illustrated in the Fig. 4.1. Microwave irradi-
ation of the WCF surface produced various distinct morphologies of ZnO under different
set of process parameters. According to FESEM data, the sizes of generated ZnO NSs
were around 300-2300 nm in longitudinal direction and 200-1100 nm in lateral direction.
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Figure 4.1: Stepwise procedure to fabricate ZnO NSs on WCF using microwave-assisted
chemical bath deposition

4.2.5 Characterizations

FESEM model-Supra 55 (make-Carl Zeiss, Germany) was used to characterize the gener-
ated morphologies and growth structure of ZnO NSs on WCF at various magnifications.
FESEM results were also used to examine the size and morphology of the growing NSs.
The presence of ZnO on WCF strands was investigated using EDS technique combined
with FESEM. The absorption graphs of as generated ZnO NSs on WCF were investigated
using UV-vis spectroscopy (model-Agilent Cary 5000) with attachments of an integrating
sphere, and study of their optical nature at room temperature were assessed using tauc’s
plot method. Using wide-angle XRD automated with guidance software (SmartLab Studio
II) of Rigaku Smartlab using Cu−Kα radiation imaging, the crystalline structure of the
grown morphologies of ZnO on WCF was examined.

4.3 Result and discussion

4.3.1 Morphological characterization of as grown ZnO NSs on WCF

4.3.1.1 Influence of varying molar concentration

The surface morphology of all of the ZnO nanostructures grown on the woven carbon fiber
fabrics was directly observed by FESEM. To investigate the influence of the molar con-
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centrations of precursor chemical such as ZNH and HMTA on the growth and morphology
of the ZnO nanostructures, a set of experiments was performed. The attachment of ZnO
nanostructures may be seen on the surface of the woven carbon fibers as shown in Fig.
4.2. It was found that the concentrations of zinc nitrate hexahydrate and HMTA had a
great influence on the size and structure of the grown nanostructures. At low zinc nitrate
hexahydrate and HMTA concentration of 10 mM (Fig. 4.2a), small ZnO nanorods were
found on the surface of the carbon fiber, but the quantity of nanorods coated on the car-
bon fiber surface is very less. Furthermore, some tiny ZnO crystals were sparsely coated
upon large nanorods and fiber surface. A non-uniform and discontinuous layer of grown
ZnO nanorods can be seen on all of the samples synthesized at different molar concen-
trations using the microwave-aided chemical bath deposition except for the sample with a
concentration of 50 mM (Fig. 4.2c). It is clear that the molar concentration of the growth

Figure 4.2: FESEM results of as grown ZnO NSs on WCF by microwave heating under
varying molar concentration (a) 10 mM (b) 30 mM (c) 50 mM and (d) 70 mM

solution plays a vital role in developing different shape and size of the ZnO nanostruc-
tures. However, the variations of molar concentration for growth of ZnO nanostructures
on WCF using microwave heating did not develop well distributed nanostructures bonded



4.3. Result and discussion 83

with carbon fiber surface. Although the ZnO nanorods were grown at a higher concentra-
tion (i.e. 30 mM, 50 mM, 70 mM), thicker nanorods were obtained compared to the lower
concentrations. The higher concentration led to the supersaturation and formation of many
small nuclei, which results in fast nucleation and a slow growth rate. Consequently, this
will retard the growth rate of the (0001) plane and will make the ZnO nanorods thicker and
twinned (Fig. 4.2d).

4.3.1.2 Influence of microwave heating duration

Figure 4.3 illustrates the FESEM micrographs of the as-prepared nanorods grown on the
ZnO seeded woven carbon fibers after solution based microwave irradiation reaction at
different reaction times. It can be clearly seen that the carbon fibers are partially covered
with non-uniform ZnO nanorods at lower microwave duration. However, the uniformity
and density of grown ZnO nanorods increases as the microwave duration increases and car-
bon fiber fabric was completely covered with a uniform and dense film of ZnO nanorods.
The as-prepared ZnO nanostructures were non-uniform hexagonal nanorods with an axial
length of 1000-1500 nm and a diameter of 300-500 nm under varying microwave dura-
tion (Fig. 4.3). As the microwave treatment time varies, the shape of nanorods started
changing due to twinning of nanorods into flower shape structure. However, the well dis-
tributed nanoflower structures were developed at 10 minutes of treatment due to twinning
of nanorods into a bunch a flower (Fig. 4.3b). The length and diameter of developed
nanostructures increased with an increase in the reaction time. For instance, the length
and diameter increased from 1000 to 1500 nm and 300 nm to 500 nm, respectively, when
the reaction time increased from 5 to 20 minutes. Therefore, the reaction time is also an
important factor for controlling the size of the nanorods.

4.3.1.3 Influence of microwave power

The effects of microwave power on the growth rate of the ZnO nanostructures were also
studied. The microwave power was found to have a great influence on both the axial and
lateral growth rates of the nanorods. The microwave power level was found to be propor-
tional to the growth rate of the nanorods, mainly due to the rapid heating of the precursors
to its crystallization temperature and quick dissolution of the precipitated hydroxides. It
was observed that longer and thicker nanorods may be obtained at higher microwave power
levels. Figure 4.4 shows the FESEM images of as-grown nanorods at different microwave
power levels (250 W, 500 W, 750W and 1000 W) for 10 min. A homogenous and continu-
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Figure 4.3: FESEM results of as grown ZnO NSs on WCF by microwave heating under
different microwave duration (a) 5 minutes (b) 10 minutes (c) 15 minutes and (d) 20

minutes

ous film of ZnO nanorods may be seen on the WCF. The hexagonal ZnO nanorods grown
at a high microwave power (1000 W) had a greater diameter (300 nm) and length (600 nm)
than nanorods grown at 250 W, 500 W and 750 W (Fig. 4.4a to c). An increase in the mi-
crowave power causes the rapid heating of the solution, which enhances the nucleation and
growth of the ZnO crystals. The well distributed nanorods of hexagonal cross-section were
developed at microwave power of 1000 W for 10 minutes of treatment in 30 mM of reaction
mixture as illustrated in Fig. 4.4d. Therefore, rapid growth of longer and thicker nanorods
may be achieved by increasing the microwave power. It may be concluded that the mi-
crowave power has a great influence on enhancing the dimensions of the nanorods. The
above discussion indicated that a ZnO nanorod film may be successfully prepared on the
WCFs. The findings of FESEM images illustrated in the Figure 4.4 clearly exhibited that,
the alteration of microwave power influences the variation of radiation heat in the system
causing growth of ZnO NSs in varied shape and size. It has been noticed that the average
thickness of the produced nanorods increases with increasing microwave power and the
calculated thickness of the nanorods are 150 nm at low power (250 W) and 320 nm at high
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power (1000 W). It was found that when microwave power increases, aggregation forma-
tion is preferred. The temperature of the mixture’s aqueous solution rises with microwave
power, increasing the tendency of the ZnO nuclei to congregate [278]. As the microwave
power rises, the system becomes less homogeneous and poorly dispersed due to the for-
mation of agglomerates. However, due to the precursor solution being heated quickly for
10 minutes of irradiation time, agglomerated but well-aligned hexagonal nanorods are pro-
duced at 1000 W of microwave power.

Figure 4.4: FESEM results of as grown ZnO NSs on WCF by microwave heating under
different microwave power (a) 250 W (b) 500 W (c) 750 W and (d) 1000 W

The size and morphology of the as-prepared nanorods may be controlled by changing
the salt concentrations, reaction time and microwave power levels. Therefore, we may
conclude that an increase in the concentration of zinc nitrate hexahydrate/HMTA induces
changes in the kinetics of nucleation and growth, which may result in a change in the size
and density of the ZnO nanorods on the fiber surfaces. Similarly, the reaction time and
microwave power also had a great effect on the size and density of the ZnO nanorods.
In particular, these parameters influenced the growth rate of the nanorods along different
planes resulting in varying sizes of ZnO nanorods. Finally, a controlled and uniform film



86
Chapter 4. One-step microwave-assisted hydrothermal synthesis of ZnO nanostructures

on WCF and their characterization

of ZnO nanorods of the desired shape and size may be developed under optimized parame-
ters. The developed nanostructures under varying experimental conditions such as solution
concentration, microwave duration and microwave power are discussed in this work. The
development of ZnO nanostructures on the carbon fiber fabric in one-step solution based
synthesis is a challenging task because it requires seeding of WCF in a seed solution which
produces ZnO nucleation [143]. Since some of the developed nanostructures are not well
distributed and non-uniform in shape and size, therefore an attempt has been taken to study
the effect of different type of growth solution for the development of well distributed ZnO
nanostructures on woven carbon fiber fabric. Four different kind of growth solution named
as A, B, C and D having 30 mM concentration were prepared using different precursor
chemicals in deionized water. These solutions were used to synthesize ZnO nanostructures
on carbon fiber fabric.

4.3.1.4 Influence of variety of growth solution

In the current work the effects of different process parameters such as molar concentration,
microwave duration and microwave power on the growth rate of the ZnO nanostructures on
carbon fiber fabric were studied. These process parameters were found to have a great in-
fluence on morphologies and growth rates of the ZnO nanorods. Furthermore, it is required
to study the impact of different kind of growth solutions on morphologies and growth rates
of the ZnO nanorods. Four different kind of growth solutions such as A, B, C and D hav-
ing 30 mM concentration were prepared using precursor chemicals such as ZAD, ZNH,
HMTA and NaOH in deionized water. The prepared growth solutions of 30 mM concen-
tration were used to synthesize ZnO nanorods on carbon fiber fabric using solution based
microwave irradiation reaction at microwave power of 1000 W for 10 minutes. The grown
morphologies and growth structure of ZnO NSs on WCF by microwave aided chemical
bath deposition method under four distinct growth solutions prepared with different set of
precursor chemicals are represented by FESEM micrographs. As shown in Fig. 4.5, dif-
ferent solutions exhibit varied morphologies of ZnO NSs on the strands of carbon fibers,
such as nanopetals, nanospheres, nanoflowers, and nanoflakes. The grown nanostructures
have an uneven shape, which could be due to post heating at 70 °C for 6 hours in a hot air
oven.

The impact of microwave treatment on the precursor chemicals and polar groups present
on the WCF surface is the growth mechanism of ZnO NSs on WCF via microwave based
chemical bath deposition process. Due to exposure of WCF samples to the electric field
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Figure 4.5: FESEM results of as grown ZnO NSs on WCF by microwave irradiation
under different precursor solutions (a) nanopetals (b) twinned nanospheres (c)

nanoflowers and (d) nanoflakes

Figure 4.6: (i) EDS spectra and (ii) Size distribution of ZnO NSs under different precursor
solutions

during microwave irradiation, precursor chemicals such as ZAD and ZNH in the solution
began breaking down into ZnO nuclei, which started acting like dipoles in the precursor
solution. After that, under the influence of microwave power of 1000 W, the generated
nuclei began polarizing and aggregating to produce ZnO nanostructures on the WCF sur-
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face for the duration determined for each sample. ZnO NSs with different morphologies
and different dimensions with smooth surfaces were produced because of post heating of
samples at 70 °C for 6 hours in a hot air oven. The blossom shaped ZnO NSs were de-
veloped on WCF when the microwave power is exposed to the samples for 10 minutes in
solution C. The amalgamation of ZNH and HMTA with NaOH caused the flower shape
to grow with nine petals as depicted in the inset of Fig. 4.5c. While processing WCF in
solution D, where the presence of ZAD generates ZnO nuclei, ZnO nanoflakes were gen-
erated. Some of the nanoflakes were destroyed due to 10 minutes of microwave irradiation
and subsequent heating during post-annealing process. FESEM micrographs were used to
calculate the dimensions of the produced ZnO NSs. Different morphologies have differ-
ent sizes of the NSs mainly in longitudinal and lateral direction as shown in Fig. 4.6(ii).
Nanopetals and nanoflakes have large longitudinal and lateral sizes, but the overall surface
area of nanoflowers and twinned nanoshpheres is substantial, which will improve the sur-
face properties of the final ZnO/WCF samples. The FESEM images confirmed that the
ZnO grown on WCF has a variety of morphologies and emerges from the distinct cross-
sections of the NSs. EDS spectra indicated the growth of ZnO NSs on WCF surface with
weight percentages of Zn and O as shown in Fig. 4.6(i). It was found that the growth
of NSs on WCF is in good quantity with a weight percentage range of 45-62 % of Zn
and 12-30 % of O. XRD and UV-VIS spectra analysis were used to further investigate the
produced ZnO. The EDS spectra analysis demonstrated that the produced ZnO NSs have
excellent purity and contain no impurities.

4.3.2 Structural characterization of grown ZnO NSs

Figure 4.7(i) shows the XRD spectra of as-grown ZnO NSs on WCF fibers, such as
nanopetals, twinned nanospheres, nanoflowers, and nanoflakes. The results of XRD peak
analysis confirmed that the developed ZnO NSs have a high purity wurtzite phase of ZnO
and possess hexagonal crystal system having space group “P 63 m c”; space group number-
186; a=b=3.2530 A°; α = β = 90°; γ = 120°; cell volume- 47.72 x 106 pm3 and density =
5.66 g/cm3; JCPDS card no. 96-900-4180). Crystallite sizes of the ZnO NSs were deduced
from the XRD peaks using the full-width at half maximum (FWHM) of high intensity peak
using the Debye Scherrer relation. In this method, the effects of peak broadening of the
XRD spectra due to instrumental errors and inhomogeneous strain were not considered. In
order to calculate crystallite size (D) and strain (ε) of the synthesized ZnO NSs on WCF,
Williamson-Hall (W-H plot) technique was applied by calculating FWHM. The overall
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broadening of XRD peaks is the sum of broadening due to crystallite size and broadening
due to strain [276]. That is;

βt = βD +βε (4.1)

And the Scherrer formula is;

D =
Kλ

βDcosθ
(4.2)

Where, K is the shape factor which is equal to 0.9, is the wavelength of X-ray source which
is equal to 0.15406 nm, θ (in radian) is the location of peaks and D is the size of grown
crystals. The overall broadening of XRD peak may be written as:

βt =
Kλ

βDcosθ
+4εtanθ (4.3)

The above equation can be written as,

βtcosθ = ε(4sinθ)+
Kλ

D
(4.4)

This statement is equivalent to a straight line equation, therefore the W-H graph is essen-

Figure 4.7: (i) XRD spectra and (ii) Williamson Hall graph of as grown ZnO NSs on
WCF sample

tially a straight line drawn with (4 sinθ ) on the x-axis and (βtcosθ ) on the y-axis, as seen
in Fig. 4.7(ii). The slope of the line will give the amount of strain “ε” and the y-intercept
will give the value of crystal size. The computed value of the strain is 5.03698 x 10−4 and
the crystallite size is 42.53 nm. The observed value of the crystallite size using Scherrer
formula for all XRD peaks of ZnO NSs is found to be in the range of 30-40 nm and the
analogous value of D corresponding to the high intensity peak (101) of all the samples was
observed to be in the range of 32-43 nm as illustrated in the Table 4.2. The expression to
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Table 4.2: Growth conditions and properties of as grown ZnO NSs on WCF

ZnO/WCF
sample

Growth
solution

Developed mor-
phology

Microwave
duration
(minutes)

Crystallite
size, D101
(nm)

Energy
level (Eg ∼
eV)

A A Nanopetals 10 ∼ 38 ∼ 3.358
B B Twinned-

nanospheres
10 ∼ 40 ∼ 3.29

C C Nanoflowers 10 ∼ 43 ∼ 3.18
D D Nanoflakes 10 ∼ 32 ∼ 3.32

calculate the texture coefficient Tc(hkl) which will provide the basis to deduce the preferred
orientation of crystal growth and their orientation in the (h k l) plane is defined as [277]:

Tc(hkl) =

I(hkl)
I0(hkl)

[1
n ∑

Ihkl
I0(hkl)

]
(4.5)

Where, I(hkl) is the calculated XRD intensity corresponding to (h k l) plane derived from
the XRD data, I0(hkl) is reference data of XRD peak intensities from (JCPDS card no. 96-
900-4180) and n is the total number of XRD peaks. The texture coefficients (Tc(hkl))of the
as grown ZnO NSs on WCF are tabulated in the Table 4.3. If the value of Tc(hkl) is more
than one then there is affluence of grain in the corresponding plane but if the value equal to
one then it shows random orientation of crystals. It can be observed that the largest value of
Tc(hkl) lies in the plane (101) for each sample but sample C (nanoflowers morphology) has
the highest value of texture coefficient because of the larger surface area of nanoflowers as
mentioned in Table 4.3. Finally it can be concluded that the preferred orientation for the
crystal growth of ZnO NSs is along the (1 0 1) plane which is largest for sample-C.

Table 4.3: Details of texture coefficient of ZnO/WCF samples

Sample Tc(102) Tc(100) Tc(002) Tc(101) Tc(112) Tc(012) Tc(110)
A 1.21 1.06 1.054 2.35 0.78 1.02 1.24
B 1.14 0.97 1.18 2.42 0.92 0.91 0.97
C 1.2 1.18 1.23 2.78 0.98 1.06 1.13
D 1.01 0.96 1.04 2.26 0.88 0.91 0.96
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4.3.3 Optical characterization of ZnO NSs grown on WCF

The optical properties of produced ZnO NSs on WCF were investigated using a UV-vis
spectrophotometer with a wavelength range of 200-800 nm (visible range). UV-vis anal-
ysis of samples was analyzed by optical absorbance, optical transmittance and optical re-
flectance spectrum in the visible range as illustrated in Fig. 4.8, Fig. 4.9 and Fig. 4.10
respectively. At a particular wavelength sample illuminates due to the absorption of that
radiation and at the remaining wavelength no absorption will occur. In the same way trans-
mittance and reflectance will be seen while transmitting and reflecting that radiation at a
particular wavelength. ZnO include a large direct energy band and large exciton energy
at atmospheric conditions (60 meV). From Fig. 4.8, the strong absorption occurred near
∼353 nm wavelength for all the samples that exhibit presence of ZnO because pure ZnO
has band gap (Eg=3.37eV) in the wavelength range of ∼360 nm. In Fig. 4.8(a), the
graph shows that the absorbance varies nonlinearly, however there is a sharp decline in ab-
sorbance at wavelengths near ∼350-355 nm, which is due to optical conversions occurring
at the energy level of the ZnO nanopetal morphology. In Fig. 4.8(b and d) there is a decre-
ment in the absorption value just after the wavelength of∼350-355 nm and small variation
near the wavelength of 650 nm which may be due to oxygen vacancies. However in the

Figure 4.8: Optical absorbance of ZnO NSs grown on WCF
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case of Fig. 4.8(c), the graph indicates a dramatic drop in absorption value, followed by
an increase, shortly after the 353 nm, which could be owing to the nanoflower shaped ZnO
formed on WCF. As shown in Fig. 4.9 and Fig. 4.10, the transmittance and reflectance
graphs of the grown ZnO NSs on WCF show irregular change of transmitted and reflected
radiation near 350 nm. Due to morphological diversity of produced ZnO NSs on WCF,
it can be assumed that the developed ZnO NSs have optical absorbance, optical transmit-
tance, and optical reflectance up to a certain level in the visible range. The reflectance
values of sample A, B, D are a combination of positive and negative value but sample C
has positive values. The reflectance values of sample A and B are showing negative value
because nanopetals and nanosphere morphologies of ZnO might act like a mirror, caus-
ing glossy peaks in the spectra when the angle of observation corresponds to the angle of
incidence. The negative reflectance is not desirable. Thus it can be concluded that only
nanoflower shaped ZnO NSs have positive value of all three spectrum of UV-VIS spec-
troscopy which shows nanoflower shaped ZnO NSs are most suited for optics applications.

Figure 4.9: Optical transmittance of ZnO NSs grown on WCF
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Figure 4.10: Optical reflectance of ZnO NSs grown on WCF

4.3.3.1 Determination of the band gap value and Urbach energy

The energy band values (Eg) of the fabricated ZnO NSs on WCF samples were determined
using following equation and Tauc’s plot method [278]:

(αhν)n = B(hν−Eg) (4.6)

Where, α represents coefficient of absorption hν represents photon energy, n represents

the exponent of the band gap which is
1
2

for indirect band and 2 for direct band. B is the
constant depending upon material used. The value of α can be calculated by subsequent
relation:

α ≈ 2.303xA
l

(4.7)

Where, A is absorbance value from UV-VIS spectra and L is the thickness of the film (in
this case it is 4 µm). Tauc’s plot is a plot between (αhν)2 and photon energy (hν) as illus-
trated in the Fig. 4.11(i). As shown in Fig. 4.11(ii), the value of energy band gap for each
sample can be determined by linear fitting analysis of their Tauc’s plot. Table 4.2 displays
the band gap values of various morphologies of ZnO on WCF. The computed energy gap
is concordance with the energy gap of bulk ZnO (Eg=3.37 eV). Differing ZnO NSs mor-
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phologies exhibit different computed optical band gap values, in which ZnO nanopetals
(sample-A) have higher value of band gap while ZnO nanoflowers (sample-C) possesses
low band gap. At the principal absorption line, the coefficient of absorption depends in

Figure 4.11: (i) Tauc’s plot of grown ZnO NSs and (b) Band gap calculation by linear
fitting of Tauc’s plot

exponential manner with the incident photon energy and compiles an empirical formula
which is called Urbach’s expression. Thus expression to calculate Urbach energy may be
defined as [276]:

α = α0exp[
hν−E1

Eu
] (4.8)

Where, E1 and α0 represent constants and Eu represent Urbach energy which is equal to
the width of the exponential absorption edge. The Urbach energy Eu is a vital boundary to
portray the problem of a material. It has to do with transitions between enlarged valence
band circumstances and constrained conduction band ones. The width of the band’s re-
stricted states in the band gap is defined as the urbach energy, ‘Eu’. It is possible to deduce
the problem in the compound from the variation of the retention coefficient. The urbach
energy ‘Eu’ represents the concept of material disorderliness and has been proven to be
a crucial aspect in understanding material irregularity [279]. It relates between expanded
conditions of the valence band and confined condition of the conduction band. The urbach
energy, ‘Eu’ is defined as the width of the confined state of the band gap. The change in
the coefficient of absorption can be used to express disorder in a material. The plot against
ln(α) and hν of grown ZnO NSs on WCF reveals the amount of the urbach energy as illus-
trated in the Fig. 4.12. Samples A and D have growing urbach energies, whereas sample
B has a stable value after ∼3.6 eV photon energy, but sample C (nanoflowers) has started
to decrease. This variation demonstrates the material’s disorderliness, namely microstruc-
tural lattice disorder. The dependence of the optical coefficient of absorption with ‘hν’
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Figure 4.12: Urbach energy of ZnO NSs grown on WCF

may appear from ambush levels at grain borders.

4.3.3.2 Study of refractive index and dielectric constants of grown ZnO NSs on WCF

The complicated behavior of refractive index and dielectric constants can also be used to
define the optical properties of solid materials. Because dispersion is a vital parameter in
optical communication and producing spectra dispersion appliances, dispersion plays an
important role in the analysis of optical materials. The optical performance of developed
ZnO NSs in the UV-visible region was studied using absorbance, transmittance, and re-
flectance spectra. The refractive index is a function of wavelength n(λ ) and can be derived
from Fresnel’s expression of reflectance as [280]:

R =
(n−1)2 + k2

(n+1)2 + k2 (4.9)

Where, n and k represent factor of real and the imaginary portion of complex refractive

index n∗; and the factor k =
αλ

4Π
is named as extinction coefficient. The expression of
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refractive index can be written as [280]:

n = (
1+R
1−R

)+

√
4R

(1−R)2 − k2 (4.10)

The behavior of the observed refractive index with the function of wavelength is illustrated

Figure 4.13: Variation of (i) refractive index and (ii) extinction coefficient of grown ZnO
NSs with wavelength

in Fig. 4.13(i). The graph reveals the non-monotonic variation of refractive index with re-
spect to wavelength in the region of (200-360 nm) which is called “anomalous dispersion”.
The fluctuation then follows a normal dispersion pattern for the wavelength range (360-800
nm). The anomalous dispersion could be caused by a resonance between electromagnetic
radiation and electron polarization, which causes electrons in ZnO NSs to pair with the
oscillating electric field. Because of the growth of diverse morphologies of ZnO NSs on
WCF surface, the refractive index of as grown ZnO NSs exhibit nonlinear and irregular
variations for each sample, however there is a sudden change in the value of refractive

index near the wavelength range of 350-360 nm. The variation of parameter k =
αλ

4Π
(ex-

tinction coefficient) with the prescribed wavelength range in the visible region is illustrated
in Fig. 4.13(ii). Because of the nanoflowers shape of the ZnO, the values of ‘k’ for devel-
oped ZnO NSs decrease up to a particular wavelength range and subsequently increase for
all samples except sample-C. The variation of ‘k’ for all samples is nonlinear and irregular
and there is dramatic variation in the value near∼350-360 nm wavelengths due to different
morphology of ZnO NSs. The frequency dependability of the complex dielectric function
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is used to characterize the principal electron excitation peak of ZnO NSs. It should also
be mentioned that polarizability of solid is determined by their dielectric function, which
is linked to the density of states in the forbidden band. As a result, understanding the na-
ture of the real and imaginary parts of the dielectric function in terms of photon energy is
critical. The complex dielectric function is expressed as [281]:

ε
∗ = εr + iεi (4.11)

Where, εr and εi represents the real part and imaginary part of the dielectric function re-
spectively. Also, εr and εi are depending on the n and k value in the subsequent manner;

εr = n2− k2 (4.12)

εi = 2nk (4.13)

The variation of εr and εi as a function of photon energy for the grown ZnO NSs on WCF is
illustrated in Fig. 4.14(i) and Fig. 4.14(ii), respectively. The variation of dielectric constant
of fabricated ZnO on WCF is nonlinear in the whole range of wavelengths but there is
dramatic change in value near ∼350-360 nm. It is caused because of the low estimation
of the coefficient of extinction which is credited to the profound coefficient of absorption.
Furthermore, the plot reveals that both εr and εi have non-monotonic changes, with εr being
more articulated than εi. This pattern can be explained by the fact that in this energy range,
specific collaborations between photons and electrons within the sample occur. The εr and
εi of the dielectric function demonstrate almost similar model.

4.3.3.3 Optical conductivity

This is an important material feature that connects the current density to the electric field
at normal frequencies. Optical conductivity is a modified kind of high-frequency electrical
transfer. It is a contactless, quantitative test that’s prone to charged outputs. The optical
conductivity of the material is computed from the following expression [276]:

σopt. =
αnc
4Π

(4.14)

Where, α , n and c represents absorption coefficient, refractive index and speed of light
(in vacuum), respectively. Figure 4.15 illustrates the variation of optical conductivity
of the synthesized ZnO NSs on WCF having different precursor solution treatment under
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Figure 4.14: Variation of (i) real part and (ii) imaginary part of dielectric function of ZnO
NSs with wavelength

microwave with in visible range. The plots of four different morphologies of ZnO reveal
their particular conductivity nature. Because of the activation of electrons in interactions
with photons, the behavior of optical conductivity (σ ) with photon energy is nonlinear, as
shown in the graph. The optical conductivity of nanoflowers (sample-C) displays a positive
variation in conductivity value before ∼353 nm wavelength, but then drops abruptly under
the band gap region before increasing nonlinearly.
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Figure 4.15: Optical conductivity variation with wavelength for grown ZnO on WCF

4.4 Summary

One step rapid growth of ZnO nanostructures on carbon fiber fabric using microwave-
assisted chemical bath deposition technique has been advanced which is quicker than the
chemical bath deposition process. Rapid heating of growth solution of [Zn(NH3)4]

2+ un-
der microwave irradiation causes production of ZnO nanostructures by forced hydrolysis.
The impact of different microwave synthesis parameters such as salt concentration, mi-
crowave duration and microwave power have great influence on morphologies and growth
rates of the ZnO nanorods. The distributions and orientations of nanostructures can be op-
timized by tuning these process parameters and their reaction with growth solution. The
FESEM analysis of developed ZnO NSs on WCF at different microwave synthesis param-
eters such as salt concentration, microwave duration and microwave power revealed that
the nanostructures are not uniform and well aligned. However it gives basis to set the best
conditions of process parameters for effective growth of ZnO NSs on WCF. Further, differ-
ent growth solutions were prepared to analyze the effects of precursor chemicals used for
making growth solution. It was found that, the well distributed and uniform growth of ZnO
NSs on WCF can be developed using different growth solutions. The best conditions for
development of ZnO NSs on WCF using microwave-assisted solution phase synthesis are
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30 mM of molar concentration, 1000 watt of microwave power, 10 minutes of microwave
duration and type ’C’ growth solution. Thus, The impact of different kind of growth so-
lution for the well distributed and uniform growth of ZnO nanostructures on carbon fiber
fabric provides a basis to effective functionalization of fabrics. The FESEM result shows
that nanostructures are irregular in shape and size but have smooth surface. The sizes of
generated ZnO NSs were around 300-2300 nm in longitudinal direction and 200-1100 nm
in lateral direction based on FESEM findings. The preferred orientation of ZnO growth is
in the [1 0 1] direction, which is highest for nanoflowers, according to XRD and texture
coefficient results. The optical characteristics of the samples reveal that nanopetals have a
big band gap and nanoflowers have a small band gap which indicates greater size crystals
possess smaller band gaps. The refractive index, extinction coefficient, dielectric constant,
Urbach energy, and optical conductivity of growing morphologies of ZnO on WCF surface
are also investigated and depicted in graphs. The findings of all the analyses of grown ZnO
NSs on WCF are in convergence with the already published experimental results and other
available literatures. As formed ZnO NSs on WCF have these features, indicating that they
have the potential to be employed in high performance nanocomposites for optoelectronics
and photonics applications such as sensors, emitters, catalysts, active medium, and elec-
trodes. Its potential may be expanded in energy harvesting devices, bio-sensing, medicinal
implementations, and environmental pollution sectors due to its outstanding morphological
structure and enhanced surface to volume ratio.



5
Development of ZnO-modified WCF

reinforced epoxy resin composites and
their mechanical characterizations

The aim of the chapter is to investigate the impact of surface functionalization of car-
bon fibers by the growth of ZnO nanostructures via hydrothermal route on the mechan-
ical characteristics of a carbon fiber reinforced polymer composites. The ZnO-modified
carbon fiber fabric is used as a reinforcement in the bisphenol-A epoxy resin polymer
matrix for developing hybrid composites. The formations of ZnO on the surface of the
carbon fibers are analyzed through field emission scanning electron microscopy, % weight
change study, X-ray diffraction study, Fourier transform infrared spectroscopy, UV-VIS
spectroscopy and energy dispersive spectroscopy technique. In comparison to plain car-
bon fiber epoxy resin composites, the tensile strength, elastic modulus, and in-plane shear
strength of ZnO-modified carbon fiber composites improved by up to 48.63 %, 46.44 %,
and 20.79 %, respectively, while the impact energy absorption increased by 76 %.

101
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5.1 Introduction

Carbon fiber reinforced polymers (CFRPs) have attracted a lot of attention in high-performance
applications because they are 70 % lighter than steel and have extremely high specific me-
chanical characteristics [282, 283]. However, because to the high rigidity of carbon fibers,
which are about two to five times more rigid than aluminium and steel for a given weight,
CFRPs are vulnerable to impact damage. Low-impact energy absorption makes CFRP
composites vulnerable to impact damage. When a composite is impacted, it absorbs the
impact energy and deforms as a result. When enough impact energy is absorbed, cracks
in the matrix begin to form. The cracks continue to spread up to the interphase until they
reach the maximum amount of impact energy absorption. Matrix cracks commence the
overall composite damage process during an impact test, which is then followed by delam-
ination at the matrix-reinforcement contact, and lastly fiber breakage [284]. Delamination
is a common cause of laminate composite mechanical property degradation. In ductile
or brittle fiber composites, however, fiber breaking in the areas surrounding the impact
loading point plays a significant effect. The interfacial performance is ultimately what de-
termines the composite’s effectiveness [285]. The type of composite reinforcement utilized
in the textile industry is woven carbon materials. Carbon fiber textile composites are cre-
ated using a weaving process in two mutually orthogonal directions, and then impregnated
with a resin substance. In comparison to laminate composites, these composite materials
exhibit better out-of-plane stiffness, strength, and toughness qualities [286]. Delamination
and fiber pull-out, which are hardly apparent due to inadequate adhesive bonding in com-
posites, can dramatically degrade the mechanical strength of composites and even cause
catastrophic structural failures. Due to their thermal stability, electrical conductivity, and
improved mechanical properties, nanoscale carbon-based fillers such as carbon nanotubes
(CNTs), graphene/graphite nanoplatelets, carbon nanofiber (CNF), and carbon black have
recently gained a lot of attention [287, 288]. However, due to the strong intermolecular
vanderwall interactions between CNTs and graphene, as well as the tendency for CNFs
and carbon black to form bundles and branches, it is difficult to prepare uniform disper-
sions of these nanoscale carbon-based fillers; as a result, these materials may aggregate in
the composites [289, 290]. To overcome these issues, whiskerization has been utilized to
grow a secondary reinforcement directly onto the surface of the fiber to get the appropriate
interfacial reinforcement, which is the most important aspect in composite performance.
The benefits of growing 1-D metal oxide NSs in general and ZnO nanorods in particu-
lar over structural and conductive fibers include smart materials for energy scavenging,
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improved mechanical behavior through better matrix-to-fiber adhesion, gas sensors, field
emission, photo-electrochemical cells, surface polarity shielding, and improved damage
resistance [291, 61]. Because of their superior piezoelectric, optical, electrical, mechani-
cal, dielectric, and microwave absorption properties, ZnO NSs have been selected as one
of the most promising whiskerization materials [292]. ZnO NSs arrays improve load trans-
fer capacity from fiber to matrix without compromising fiber mechanical qualities; they
reduce stress concentration and increase surface area for interfacing with the polymer ma-
trix [143]. While other nanowires can improve interfacial mechanical properties, ZnO
nanowires are projected to be less susceptible to impact damage. Increased surface area
between ZnO nanowires and a polymer matrix is thought to improve these qualities via
improving chemical reactivity and mechanical load-transfer efficiency. It is due to the
presence of functional groups (hydroxyl, carbonyl, and carboxyl) on the surface of carbon
fibers. ZnO nanowires have a great affinity for these functional groups. The polar groups
on the carboxylic acid of the carbon fiber surface react with the Zn2+ of the ZnO nanowires
to generate a strong ionic connection. In addition, the existence of two lone electron pairs
in the carbonyl group has a great affinity for ZnO nanowires. Furthermore, these func-
tional groups react quickly with the ester linkages in polyester resin, generating a strong
bind. Overall, all of these interactions between the functional groups of carbon fiber, ZnO
nanowires, and resin boost the composite’s impact strength [37].
The hydrothermal approach, template-based growth, thermal evaporation, plasma-molecular
beam epitaxy, and metal organic chemical vapour deposition have all been established as
ways for producing ZnO nanowires [108, 165, 293]. The hydrothermal approach is exten-
sively used to create ZnO nanowires at low temperatures and at a low cost. ZnO nanowires
are made using this process by varying the precursor chemicals, concentration, growth
temperature, and time. Although controlling the growth of ZnO NSs was difficult, Liang
et al. [109] succeeded in controlling the formation of ZnO structures. Researchers have
recently looked at ZnO nanowires/graphene hybrid structures and their applicability in a
variety of diverse sectors. However, mechanical properties of ZnO nanowires incorporated
in composites, such as impact behaviour and elastic modulus, have received less attention.
Impact strength is a fascinating composite feature that is crucial for understanding the dam-
age mechanism in terms of stiffness [294].
In the present work, the energy absorption of ZnO-modified woven carbon fibers reinforced
bisphenol-A epoxy resin (ZnO/WCF/BPA epoxy resin) hybrid composites is examined in
terms of ZnO concentration, which controls the microstructure of the ZnO NSs. An energy
balance equation is used to describe produced hybrid composites after they have been dis-



104
Chapter 5. Development of ZnO-modified WCF reinforced epoxy resin composites and

their mechanical characterizations

torted by an impact test in order to better understand the damage mechanism. The growth
morphology of ZnO NSs on the surface of woven carbon fibers is studied using field emis-
sion scanning electron microscopy (FESEM). The vacuum bagging procedure is used to
explore the energy absorption and tensile modulus of ZnO/WCF/BPA epoxy resin hybrid
composite specimens, which saves time and money while ensuring uniform mechanical
properties [295, 296].

5.2 Experimental

5.2.1 Materials used

The substrate material for the formation of ZnO NSs was unmodified WCF of grade T-300
consisting of 3000 wires and 200 GSM size with attributes (as listed in Table 5.1). For
the studies, analytical grade chemical precursors (as listed in Table 5.2) were utilized to
prepare seed and growth solution. All of the materials were used in their natural state.

Table 5.1: Properties of Woven carbon fiber

S.no. Characteristics Specifications
1 Woven type Bidirectional plain woven
2 Fabric thickness 0.20 mm
3 Filament diameter 7 µm
4 Tensile strength 4000 MPa
5 Tensile modulus 240 GPa
6 % Elongation 1.7
7 Density 1.8 g/cm3

5.2.2 Surface treatment of WCF

To eliminate any organic impurities, samples of unaltered WCF were cut into 120 x 100
mm2 (length x width) pieces and rinsed in an acetone–ethanol solution. After that, the
samples were oven dried for 20 minutes at 90 ◦C. After that, the samples were immersed
in a 10 % NaOH solution for 30 minutes at room temperature. The WCF samples were
rinsed multiple times with deionized water before being oven dried for 1 hour at 90 ◦C. The
functionalized WCF pieces were immersed in aqueous HCl (10 N) for 10 seconds before
being rinsed and oven-dried for 1 hour at 90 ◦C. Excess metal ions that would contaminate
the growth solution were eliminated by immersing the specimens in aqueous HCl. Through
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Table 5.2: List of chemicals precursors

S.no. Name of the chemical Chemical formula Purpose
1 Zinc Acetate dihydrate Zn(CH3COO)2.2H2O To prepare seed solution
2 Ethanol/Acetone C2H5OH Cleaning of sam-

ples/substrates
3 Sodium hydroxide NaOH To prepare seed solution
4 Zinc nitrate hexahydrate Zn(NO3)2.6H2O To prepare growth solution
5 Hexamethyline tetramine C6H12N4 To prepare growth solution
6 Water (distilled/dionized) H2O Solvent to prepare growth so-

lution and to rinse the sample
to halt the growth of NSs

7 Bisphenol A (BPA) epoxy
resin

(CH3)2C(C6H4OH)2 Used a matrix material for
WCF/ZnO polymer compos-
ites

an ion-exchange reaction, the hydrogen ions in the HCl solution induced carboxylic acid
groups to develop on the fiber surfaces [297]. Surface treatment causes the production of
active groups on the WCF surfaces, such as (–O–C–, –C=O, –O–C=O), which increased
the sample’s overall surface energy and polarity, as well as its wettability to interact with
other components and the polymer matrix [88]. The process parameters for hydrothermal
synthesis of ZnO NSs on WCF surface have been defined after detailed literature survey.
However, the variations of selected process parameters have been defined after performing
several some preliminary experiments. The variations of different factors affecting the
growth of ZnO NSs on WCF have been studied and illustrated in the Chapter 3. Thus, the
selection of process parameters for this work has been decided upon literature outcomes
and our preliminary experimental findings.

5.2.3 Preparation of ZnO seed and growth solutions

At 65 ◦C, 0.25 g zinc acetate dihydrate was dissolved in 400 ml ethanol to make the seed
solution. For 30 minutes, the solution was vigorously swirled. In a separate beaker, 2
mM NaOH was dissolved in 80 ml ethanol and agitated for 15 minutes at 65 ◦C. The
resulting solution was slowly poured into the zinc acetate dihydrate solution, followed by
the addition of 320 ml of ethanol to form a total volume of 800 ml. Without using heat, the
mixed solution was agitated for 30 minutes. The pH of this homogeneous seed solution was
kept in 5-6 range while it was cooled to ambient condition. An equimolar solution of zinc
nitrate hexahydrate and HMTA was used as the growth solution. The ZnO growth solution
(10 mM) was made by stirring 10 mM HMTA for 20 minutes in 650 ml distilled water. The
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zinc nitrate hexahydrate solution was put into the HMTA solution, which was then agitated
for 30 minutes at room temperature while maintaining a pH of 6-8. The remaining growth
solutions (30, 50, and 70 mM) were made in the same manner. For the growth of diverse
morphologies of ZnO NSs on the surface modified WCF strands, the prepared seed and
growth solutions were introduced. During the hydrothermal synthesis of ZnO on WCF in
the prepared seed and growth solution, the following chemical reactions occurred:
During the seed treatment process:

Zn2++4OH−↔ Zn(OH)2−
4 (5.1)

[Zn(OH)4]
2−↔ ZnO2−

2 +2H2O (5.2)

ZnO2−
2 +H2O↔ ZnO+2OH− (5.3)

ZnO+OH−↔ ZnOOH− (5.4)

During the growth treatment process:

C6H12N4 +6H2O↔ 6HCHO+4NH3 (5.5)

NH3 +3H2O↔ NH+
4 +OH− (5.6)

2OH−+Zn2+↔ ZnO+H2O (5.7)

5.2.4 Preparation of ZnO/WCF/BPA epoxy resin composites

The surface altered WCF samples were soaked in seed solution for 15 minutes before being
annealed at 120 ◦C to eliminate the solvents and aid in seed layer adherence for ZnO NSs
development. The technique was repeated four times, for a total of two, four, six, and eight
cycles. In a stainless steel autoclave, the samples were placed in the growth solution and
sealed. The samples were hydrothermally treated by placing the autoclave in a hot air oven
set to 90 ◦C for 8 hours. After growth treatment, the samples were removed and properly
cleaned with distilled water to stop the ZnO NSs from growing further. After drying the
decorated WCF samples for one day in ambient settings, a vacuum bagging technique was
employed to make the composite by layering ZnO NSs decorated WCF with BPA epoxy
resin. Using a vacuum bagging method on a glass plate, WCFs adorned with ZnO NSs were
integrated into composites using BPA epoxy resin. The plate was 600 x 600 x 8 mm in size.
To remove contaminants, the plate was extensively cleaned with a mixture of acetone and
ethanol. The glass plate was covered with a release fabric, and a single sheet of WCFs
containing ZnO NSs was placed on top. A silk cloth that served as a peel ply was used to
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cover the samples. A distribution media was laid on top of this to ensure that the resin was
distributed evenly. The system was entirely sealed after a rubber gasket was connected to
the edge of the releasing cloth. To prevent resin or air leakage, a vacuum was established
inside the sealed system by forcefully pressing a plastic film onto the rubber gasket. All
of the samples were made with unsaturated BPA epoxy resin. Dimethyl aniline, which
served as a catalyst, was carefully incorporated into the resin. After completely combining
the catalyst with the resin, methyl ethyl ketone peroxide, a curing agent, was applied. The
resin was introduced into the system via an inlet, which was connected to a vacuum pump
via an output. At a vacuum pressure of 60 kPa, the resin was put into the chamber. After
the chamber had been filled with enough resin, the entrance and outflow were shut. To
guarantee a complete cure of the resin, the chamber was kept at room temperature for 48
hours. The growth of ZnO NSs on WCFs and the vacuum bagging technique utilized to
make the composites are depicted in Fig. 5.1.

Figure 5.1: Hydrothermal development of ZnO-modified WCF polymer composites

5.2.5 Impact and tensile testing

With an instrumented drop-weight impact tester fully computer controlled with data gath-
ering system, the energy absorption and impact force due to vertically dropped weights on
the ZnO/WCF/BPA epoxy resin composites were investigated. The range of impact en-
ergy is (0-120) J, while the range of impact height is (0.1-1.0) m. The photoelectric sensor
recorded data from the initial impact contact point until penetration happened or the tub
maximum weight capacity was achieved, and the circular clamping size was 40 mm in di-
ameter to fix the specimens. The tensile test was carried out on fifteen samples (3 samples
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from each of the five categories) on an Instron 5982 universal testing machine with a 100
kN load cell, with the load increased till fracture. The findings of the experiment were
calculated using the average of three samples, excluding the greatest and lowest replies. In
accordance with ASTM D3039, a constant strain rate of 1 mm/min was used to pull the
sample. The end tabs were employed to prevent joint failure and slippage during testing.

5.3 Results and discussion

5.3.1 Morphological characterization of as grown ZnO NSs on WCF

The experimental settings for the reaction sequences used to generate the ZnO nanorods
on the WCF surface were developed from extensive literature survey. The experimental
process took into account three separate parameters: the number of seeding cycles, the
concentration of the growth solution, and the duration of the hydrothermal treatment. The
designed set of experiments under the defined process parameters with their outcomes are
illustrated in the Table 5.3. Field-emission scanning electron microscopy (FESEM; Supra
55, Zeiss-Germany) with an Air Lock chamber at a 15 kV operating voltage was used
to conduct preliminary research on the formation of ZnO nanowires on WCF. Researchers
have previously achieved well-grown ZnO nanofibers on polycarbonate substrates by seed-
ing the growing process with zinc nuclei [143]. However, regardless of the growth solution
concentration or growth period, no development of ZnO nanowires was seen after two
seeding cycles. The nanowires did not grow due to the small number of seeding cycles,
despite the fact that the growth solution concentration and growth time were both appro-
priate. The seeding process was recognized as an important element in the growth process
as a result of these findings. Even when the growth solution concentrations were 50 and
70 mM, WCF samples with four seeding cycles and four hours of growth period showed
agglomerated or minimal development of ZnO NSs. Although the concentration of the
growth fluid was relatively high, the seed nuclei did not have enough time to grow, there-
fore the nanowires’ short growth period played a major role [88]. Table 5.3 exhibits that,
nearly all seeding cycles ≥ 4 resulted in considerable NSs development. The concentra-
tion of the growing solution was not a critical parameter, although it may be exploited to
alter the ZnO morphologies. For ultra-fine development of ZnO NSs, the length of the
hydrothermal treatment was critical. Zhang et al. [298] used an ethylene glycol-assisted
hydrothermal technique to establish regulated development of a CuO nanostructure. CuO
nanowires were successfully produced at all growth solution concentrations from 10 mM



5.3. Results and discussion 109

Table 5.3: Design of hydrothermal experiments and their findings

S.no. Seed cycles
(10+10 min)

Concentration
(mM)

Time (hrs) Results

1 2 10 4 No growth
2 2 10 8 No growth
3 2 30 4 No growth
4 2 30 8 No growth
5 2 50 4 No growth
6 2 50 8 No growth
7 2 70 4 No growth
8 2 70 8 No growth
9 4 10 4 Agglomerated growth
10 4 10 8 Agglomerated growth
11 4 30 4 Agglomerated growth
12 4 30 8 Little growth
13 4 50 4 Agglomerated growth
14 4 50 8 Little growth
15 4 70 4 Little growth
16 4 70 8 Little growth
17 6 10 4 Agglomerated growth
18 6 10 8 Little growth
19 6 30 4 Agglomerated growth
20 6 30 8 Little growth
21 6 50 4 Little growth
22 6 50 8 Little growth
23 6 70 4 Little growth
24 6 70 8 Fine growth
25 8 10 4 Fine growth
26 8 10 8 Fine growth
27 8 30 4 Fine growth
28 8 30 8 Ultra-fine growth
29 8 50 4 Fine growth
30 8 50 8 Ultra-fine growth
31 8 70 4 Fine growth
32 8 70 8 Ultra-fine growth

to 60 mM for all growth times longer than 1 h. For 8 seeding cycles and 8 hours of growing
period, the highest concentration of nanowires was achieved. As a result, the seeding cy-
cles and growth duration were the most important factors in the growth process. Nanowires
grew in practically every concentration of growth solution. The findings of the tests that
induce the most effective development of ZnO NSs on WCF, corresponding to 8 seeding
cycles, 8 hours growth treatment at molar concentrations of growth solution 10 mM, 30
mM, 50 mM, and 70 mM, will be utilized for further analysis and their behaviour.
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5.3.1.1 ZnO nanowire growth

The hydrothermal approach was used to investigate the ZnO crystalline formation process.
The prevailing zinc/OH- concentration ratio initially aided ZnO development during hy-
drothermal treatment. Many ZnO nanowires’ morphologies will begin to transition from
hexagonal rods to "syringe"-like structures if the ZnO growth time exceeds 3 h [299]. In
the research of Amin et al. [144], average sized ZnO NSs were classified by ZnO nanorods
when development was completed for 3 h. The ZnO growth time was chosen at 4 h and 8
h in this work, with the pH of the ZnO growth solution varying from 6 to 8, to evaluate the
morphologies in terms of the ZnO molar concentration. Hu et al. [300] and Greene et al.
[301] described a method for synthesizing and organizing ZnO nanoparticles. The growth
rate in the axial direction (c-axis direction) was affected by increasing the molar concen-
tration of zinc nitrate hydrate and HMTA, but it also enabled the nucleation of unwanted
micron-sized rods and non-uniformity. Growth time is a significant component in deter-
mining the lengths and diameters of the NSs in the hydrothermal process of developing
ZnO structures [88, 144]. Seed layer treatment of woven carbon fibers was carried out in a

Figure 5.2: Hydrothermal development of ZnO-modified WCF polymer composites

stainless-steel autoclave at an external temperature of 90 ◦C for 4 and 8 hours in this work.
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As the molar concentration of ZNH and HMTA increased from 10 mM to 70 mM, the sur-
face density of the ZnO NSs increased. Figure 5.2 shows FESEM images of successfully
produced ZnO NSs on WCF which shows homogeneous and well-distributed morphology
of ZnO. The ultra-fine ZnO NSs were produced on WCF after 8 seeding cycles and 8 hours
of growth treatment. For the ZnO molar concentrations of 10 mM, 30 mM, 50 mM, and 70
mM, four distinct morphologies such as hexagonal nanorods, vertically aligned nanowires,
nanopellets, and nanoflakes were produced. To create the ZnO/WCF/BPA epoxy hybrid
composite for future study, five layers of each ZnO concentration sample were stacked to-
gether, and a BPA epoxy resin and hardener mixture was added to the stacked fiber using
the vacuum bagging technique.

5.3.1.2 Effect of Seed treatment and growth treatment

WCFs were decorated with the zinc compound ZnOOH−, as well as ZnO nanoparticle
seeds, following pyrolysis treatment with the ZnO seed solution only, as shown in Fig.
5.3(a). As a result, the ZnO seeds chemically interacted with the woven carbon fibers.
ZnO crystalline development, on the other hand, happened during hydrothermal treatment
with only the growth solution. When there was no chemical pretreatment with the ZnO
seed solution, the ZnO morphology took the form of clusters laying on the woven carbon
fibers, as shown in Fig. 5.3(b). Pretreatment, on the other hand, caused ZnO NSs to stick
to the WCFs, and the growth direction was aligned with the c-axis, as illustrated in Fig.
5.3(c). As a result, ZnO seed layer treatment is critical for the growth of ZnO NSs on
WCFs.

5.3.2 Compositional study of ZnO/WCF samples

The compositional assessment of the as grown ZnO/WCF samples was carried out using
the EDS equipment connected to the FESEM setup. The results of the Energy Dispersive
Spectroscopy (EDS) investigation are reported in Fig. 5.4. The EDS spectra clearly show
the presence of Zn, O, and C components, and statistical analysis indicates that Zn and O
are in a 1:1 stoichiometric ratio. It reveals the presence of zinc and oxygen elements on
WCF, confirming the nano-growth of ZnO in the provided growth solution by hydrothermal
deposition. The EDS spectra were also used to calculate the atomic % and weight % of
each element, as shown in Fig. 5.4. After the presence of ZnO NSs on the WCFs has been
confirmed, the samples can be used to manufacture hybrid composites using BPA epoxy
resin as a matrix for a variety of applications.
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Figure 5.3: Growth of ZnO NSs on WCF (a) through 8 seeding cycle treatment only, (b)
through 8h of growth treatment and (C) combined seeding followed by growth treatment

5.3.3 Structural characterization of grown ZnO NSs

The X-ray diffraction (XRD) study of WCF embedded by ZnO NSs is shown in Fig. 5.5(a).
The sample’s braided carbon fiber exhibits the large diffraction peak of the (002) crystal
plane at 26.2°. The formation of ZnO NSs on the surface of WCFs produces a new series
of crystal planes at 31.26°, 33.88°, 36.2°, 43.92°, 47.04°, and 56.2°, which closely resem-
bles the hexagonal structure described in JCPDS No. 36-1451. The created ZnO NSs have
a high purity wurtzite phase of ZnO and a hexagonal crystal system with space group “P
63 m c”; space group number-186; a=b=3.2530 A°; α = β = 90°; γ = 120°; cell volume-
47.72 × 106 pm3 and density = 5.66 g/cm3. In addition, the ZnO NSs were formed along
the c-axis, as evidenced by the (002) diffraction peak at 33.88° (2θ angle) [302]. Accord-
ing to the ZnO molar concentration, the XRD patterns had a different intensity. As the
molar concentration of ZnO growth rose, the intensity of the diffraction peaks increased
as well. The molar concentrations of zinc nitrate hexahydrate and HMTA influenced the
rate of ZnO development in the axial direction (i.e., the c-axis direction). ZnO NSs with
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Figure 5.4: EDS spectra of ZnO-modified WCF (a) 10 mM (b) 30 mM (c) 50 mM and (d)
70 mM

a significant surface density were produced with a uniform and well-distributed morphol-
ogy [303]. The Debye Scherrer relation was used to calculate the crystallite sizes of the

Figure 5.5: (a) XRD peaks and (b) Williamson-Hall plot of as grown ZnO NSs on WCF

ZnO NSs from the XRD peaks using the FWHM of the high intensity peak. Peak broad-
ening of the XRD spectra owing to experimental errors and inhomogeneous strain were
not taken into account in this procedure. The Williamson-Hall (W-H plot) approach was
used to measure crystallite size (D) and strain (ε) of the produced ZnO NSs on WCF by
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determining FWHM. The Scherrer’s expression is defined as [304];

D =
Kλ

βDcosθ
(5.8)

And the overall broadening of XRD peak may be written as [304]:

βt =
Kλ

Dcosθ
+4εtanθ (5.9)

The W-H graph, which is essentially a straight line drawn with (4 sinθ ) on the x-axis and
(βt cosθ ) on the y-axis, was plotted using these two equations, as shown in Fig. 5.5(b).
The amount of strain “ε” will be determined by the slope of the line, and the value of
crystal size will be determined by the y-intercept. The calculated strain value is 46.98 x
105, and the crystallite size is 41.96 nm. For all XRD peaks of ZnO NSs, the crystallite size
was found to be in the range of 32-42 nm using Scherrer’s formula, and the comparable
value of D corresponding to the high intensity peak (101) of all the samples was reported
to be ∼43 nm.

5.3.4 Optical characterization of ZnO NSs grown on WCF

A UV-vis spectrophotometer with a wavelength range of 200-800 nm was used to study
the optical characteristics of the generated ZnO NSs on WCF (visible range). The optical
transmittance spectrum in the visible region was used to assess UV-vis examination of ma-
terials, as shown in Fig. 5.6(a). The transmittance of the radiation illuminates the sample
at a certain wavelength, whereas no transmittance occurs at the remaining wavelengths. At
atmospheric circumstances, ZnO has a huge direct energy band and high exciton energy
(60 meV). Because pure ZnO exhibits a band gap (Eg=3.37eV) in the wavelength range of
360 nm, the strong transmittance for all the samples that show presence of ZnO occurred
about 350 nm wavelength. The transmittance fluctuates nonlinearly, although there is a
strong variation near ∼350-355 nm, which is related to optical conversions at the energy
level of the ZnO NSs shape. There is a decrease in transmittance near the wavelength of
∼350-360 nm, as well as a slight change near the wavelength of 800 nm, which could
be due to oxygen vacancies. Because of the low concentration and high concentration of
ZnO in the 10 mM and 70 mM ZnO/WCF samples, there is no appreciable transmittance.
Using the following equation and Tauc’s plot approach, the energy band values (Eg) of the
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Figure 5.6: (a) Optical transmittance spectra, (b) Tauc’s plot and (c) linear fit ZnO band
gap of as grown ZnO on WCF

fabricated ZnO NSs on WCF samples were calculated [305]:

(αhν)n = B(hν−Eg) (5.10)

Tauc’s plot is a plot between (αhν)2 and photon energy (hν) as illustrated in the Fig.
5.6(b). These plots are used to calculate band gap values for ZnO/WCF samples using
linear fitting technique as illustrated in Fig. 5.6(c). For all samples, the computed band gap
values for the evolved morphologies of ZnO NSs on WCF are 3.4852 eV. The calculated
energy gap agrees with the bulk ZnO energy gap (Eg=3.37 eV).

5.3.5 Fourier-transform infrared spectroscopy

The functional groups and metal-oxide interactions contained in the compounds were iden-
tified using FT-IR spectroscopy, which is a qualitative technique. In the wavenumber range
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of 500 to 4000 (cm−1), the FT-IR spectrum of plain WCF and as manufactured ZnO NSs
on WCF surfaces is shown in Fig. 5.7. The distinctive stretching mode of the Zn-O bond

Figure 5.7: FT-IR spectroscopy spectra of ZnO-modified WCF samples

is ascribed to a prominent vibration band in the FTIR spectra ranging from 600 (cm−1)
to 800(cm−1). At 721, 1110, 1378, 1459, 1626, 2852, 2854, 2923, 2929, 3327, 3428,
and 3578 (cm−1), there are multiple distinct absorption peaks. The bending vibrations of
methylene (cm−1) were attributed to the peak at 721 (cm−1), the bending vibrations of the
-CH3 groups and -CH bonds were attributed to the peaks at 1378 and 1459 (cm−1), and
the stretching vibrations of the -CH bonds were attributed to the peaks at 2852 and 2923
(cm−1). The peaks at 1626 (cm−1) were attributed to C=C or C=N stretching vibrations,
whereas the peaks at 3327 (cm−1) and 3428 (cm−1) were assigned to -OH stretching vi-
brations. These findings suggested that some polar groups were present on WCF surfaces.
The H–O–H vibration of a cluster of crystallization water molecules peaks at 2370 (cm−1).
The C=C stretching of an alkane group, C=C stretching in an aromatic ring and stretching
in polyphenol (C=O), C–H bending vibration of an alkane group, stretching of C–N, and
bending vibration of C–H, respectively, correspond to the peaks at 1652, 1520, 1110, and
885 (cm−1) [306]. The existence of C-alkyl chloride and ZnO hexagonal phase is revealed
by the tiny peak at 664 (cm−1). The intensity of the peak at 3327 (cm−1) was reduced for
the ZnO-decorated WCF, indicating that the carboxylic acid was involved in the creation of
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the ZnO bond. A new peak for a Zn/WCF/O stretching vibration emerged at 752 (cm−1).

5.3.6 Study of thermal stability and weight change

A Thermo Gravimetric Analyzer (TGA) was used to evaluate the yield of the ZnO synthesis
and its impact on the thermal stability of modified WCF (DTG-60, Shimadzu Co., Japan).
The ZnO/WCF sample was heated from ambient temperature to 1000 °C in a platinum
crucible on the microbalance pan. The experiment was carried out using nitrogen flow and
a heating rate of 10 °C/min−1. Figure 5.8(a) shows the TGA degradation trend of WCFs
before and after surface modification by ZnO NSs. With the development of NSs on the
surface of the WCFs, the thermal stability enhanced. When compared to the unmodified
WCF samples, the initial degradation temperature (Ti), maximum pyrolysis temperature
(Tm), and residual weight of the samples all improved. The improved thermal stability was
due to a significant interfacial contact between the carbon fiber and the ZnO. The Zn2+

ions made strong ionic interactions with the carboxylic acid groups on the surface of the
WCF in particular. This interaction resulted in the construction of a densely networked

Figure 5.8: (a) Thermogravimetric degradation and (b) weight loss pattern of ZnO-WCF
samples

structure that served as a barrier to the transport of volatile breakdown products, improving
the thermal stability of the WCF samples [307]. The difference in mass loss between the
ZnO-embedded WCF and the pure WCF was used to estimate the amount of ZnO formed
on the surface of the WCF. The amount of CuO generated on the surface of WCFs was
previously estimated using this method [308]. The weight loss of the untreated WCF and
ZnO implanted WCF samples are displayed in Fig. 5.8(b) as a bar chart. Table 5.4 shows
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Table 5.4: Design of hydrothermal experiments and their findings

S.no. Sample Weight change (%)
1 10 mM ZnO/WCF 12.8
2 30 mM ZnO/WCF 28.4
3 50 mM ZnO/WCF 23.2
4 70 mM ZnO/WCF 27.3

the percent variations in weight of the ZnO/WCF samples. In comparison to the plain WCF
sample, all of the ZnO-embedded WCF samples created by hydrothermal synthesis showed
a significant weight shift. The weight loss of the sample reduces as the ZnO concentration
rises. When compared to the other samples, the samples with 30 mM ZnO concentration
and eight seeding cycles and eight hours of treatment duration lost much more weight. For
the samples treated with eight seed cycles, 30 mM, 8 h, the residual weight rose by 28.4 %;
these conditions resulted in the maximum development of ZnO on the WCF. This sample
shows the most regulated development of ZnO on vertically aligned WCF pieces and can
be used to determine the best growth conditions for future studies.

5.4 Volume fraction and void analysis of the composites

Numerous studies have established that the fiber content is one of the most significant
variables in improving the mechanical attributes of fiber reinforced composites [309, 310,
311], therefore its correct proportion should be identified. Fiber volume proportion is
commonly computed as per ASTM D2584 standard [312];

Vf = {
ρm.w f

ρm.w f +ρ f .wm
} (5.11)

Where, Vf represents volume fraction of the fiber, ρ f represents density of the fiber, ρm

represents density of the matrix, w f represents weight of the fiber and wm represents the
weight of the matrix. When it comes to textiles, the yarns with fiber volume proportions
are designed and implemented in a particular framework, and the overall fiber volume
proportion is established by the spacing between the yarns of textile pattern. As a result,
estimating the fiber content depending on the area between yarns in the textile is inadequate
because the yarns would be occupied by the polymeric matrix. As a result, the volume
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fraction of fiber can be calculated using rationalized mathematical expression [312]:

Vf = {
ρm.wy

ρm.wy +ρy.wm
} (5.12)

Where, Vf represents fiber volume fraction, ρy represents yarn density of the fabric, ρm rep-
resents density of the matrix, wy represents weight of the yarns and wm represents weight
of the matrix. Applying the aforementioned mathematical formulas, the fiber volume pro-
portion of the fabricated composites was calculated utilizing ratio of mixing for density,
with the composite density measured and the fiber and matrix densities known. Table 5.5
illustrates the computed fiber volume proportion estimates for the fabricated composites.
Similarly, the volume proportions of ZnO nanostructures implanted in ZnO/WCF/BPA
epoxy resin hybrid composites were calculated employing the accompanying equation:

VZnO = {
(
WZnO

ρZnO
)

(
WZnO

ρZnO
)+(

Wf

ρ f
)+(

Wm

ρm
)
} (5.13)

Where, ρZnO represents density of ZnO NSs, wZnO represents weight of ZnO NSs, VZnO

represents volume fraction of ZnO NSs, w f and wm represent weight of fiber and matrix
respectively. Table 5.5 demonstrates the measured values of volume fraction characteri-
zation of ZnO NSs in the synthesized nanocomposite. Specimens containing four seeding
cycles, the volume proportion of ZnO NSs improves, and this trend persists as the amount
of seeding cycles and development duration rise. Based on the most effective growth of
ZnO NS, the samples corresponding to 8 no. of seeding cycles and 8 hours of growth
treatments with different molar concentrations were examined for volume fraction evalua-
tion. As the molar concentration of the growth solution increases, the volume proportion
of ZnO in the composite samples developed with the most successful growth of ZnO on
WCF and BPA epoxy resin also increases, i.e., 10 mM > 30 mM > 50 mM > 70 mM.
With the synthesis of ZnO NSs, the % volume fraction and density of WCF increased. The
quality of the manufactured hybrid composites is likewise improved as the volume fraction
and density rise. The specimens obtained with 70 mM solution seemed to have the largest
volume fraction of ZnO, signifying the highest growth of ZnO NSs among the specimens,
using 8 seeding cycles and 8 h growth time. As the ZnO NSs growth improves, the inter-
facial contact among the ZnO NSs, WCF, and BPA epoxy resin becomes stronger. The net
load transmission rate from matrix material to the fibers gets improved as a result of such
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interactions. As a result, composites with greater volume fractions of ZnO perform more
effectively [103]. Void content assessments are used to measure the characteristics of a

Table 5.5: Design of hydrothermal experiments and their findings

S.no. Sample cate-
gory

Fiber
volume
fraction
(%)

ZnO
volume
fraction
(%)

Void
content
(%)

Tensile
strength
(MPa)

Elastic
Mod-
ulus
(GPa)

In-plane
shear
strength
(MPa)

1 00 mM
ZnO/WCF/BPA
Epoxy resin hy-
brid composite

≈
53.8±0.60

0.0 ≈ 11.64 257.78 14.75 163.94

2 10 mM
ZnO/WCF/BPA
Epoxy resin hy-
brid composite

≈
58.7±0.75

≈ 1.62 ≈ 7.86 299.82 16.23 167.16

3 30 mM
ZnO/WCF/BPA
Epoxy resin hy-
brid composite

≈
61.3±0.40

≈ 2.26 ≈ 6.42 337.9 18.18 168.37

4 50 mM
ZnO/WCF/BPA
Epoxy resin hy-
brid composite

≈
62.4±0.38

≈ 2.84 ≈ 5.37 354.72 19.47 159.25

5 70 mM
ZnO/WCF/BPA
Epoxy resin hy-
brid composite

≈
64.3±0.24

≈ 3.56 ≈ 5.14 383.16 21.6 192.36

composite and its potential for different operations. The void fraction affects the majority
of a composite’s material characteristics. ASTM D792 was used to estimate the densities
of composites. The weights of the specimens were examined after they were dipped in
distilled water at ambient level. The % void proportions of the specimens were computed
with the help of standard mathematical formulas derived from experimental and theoretical
density as per ASTM D2734 standard:

Voidcontent =
(ρtheoretical−ρexperimental)

ρtheoretical
(5.14)

ρtheoretical =
1

(
WZnO

ρZnO
)+(

Wf

ρ f
)+(

Wm

ρm
)

(5.15)
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The void percentage of WCF/BPA epoxy resin composites in their natural state was 11.64
%. With the formation of ZnO NSs on the WCF surface, this dropped significantly. The
void percentage began to drop as the development of ZnO NSs increased. Yahaya et al.
[313] observed the 16.2 % void content in woven aramid/kenaf fiber/epoxy composites
and found that composites with kenaf mat have a higher void percentage and poor interfa-
cial adhesion. The interfacial relations among WCF and BPA epoxy resin were improved
by ZnO NSs synthesized on WCF. Ionic bonds develop among the Zn2+ ion and the car-
boxylic acid groups present on WCF. The epoxide group of BPA epoxy resin also had a
role in crosslinking bonding, leading in improved interfacial adhesion. As a result, the
void content of WCF/ZnO/ BPA epoxy resin composites was significantly lower than that
of neat WCF/BPA epoxy resin composites. The increase in density of ZnO NSs grown on
WCF also reduces void content. The WCF/ZnO/BPA epoxy resin composite sample with
70mM ZnO molar concentration produced by 8 seeding cycles and 8 hours of growth time
has the lowest void content.

5.5 Mechanical characterization of fabricated hybrid com-
posites

The optimum growth of ZnO on WCF samples were used for the fabrication ZnO/WCF/BPA
epoxy resin hybrid composites using vacuum bagging technique and after curing the com-
posites panels were analyzed under mechanical loading conditions. Five categories of com-
posite samples were considered for further study and three tests were performed on each
category of samples to achieve the average value of the desired properties. The finalized
categories of composite samples are illustrated in the Table 5.6.

Table 5.6: Fabricated ZnO/WCF/BPA epoxy composite samples for mechanical
characterizations

S.no. Sample name Sample category
1 T-0 00 mM ZnO/WCF/BPA Epoxy resin hybrid composite
2 T-1 10 mM ZnO/WCF/BPA Epoxy resin hybrid composite
3 T-2 30 mM ZnO/WCF/BPA Epoxy resin hybrid composite
4 T-3 50 mM ZnO/WCF/BPA Epoxy resin hybrid composite
5 T-4 70 mM ZnO/WCF/BPA Epoxy resin hybrid composite
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5.5.1 Drop weight impact test

Low-impact energy absorption makes CFRP composites vulnerable to impact damage.
However, ZnO nanowires should be less susceptible to impact damage. The energy ab-
sorption owing to ZnO growth and failure behavior of the manufactured composite samples
were investigated under impact loading. Increased surface area between ZnO nanowires,
fibers, and a polymer matrix is thought to improve these qualities through improving chem-
ical interaction and mechanical load-transfer capacity. It is due to the presence of functional
groups (hydroxyl, carbonyl, and carboxyl) on the surface of carbon fibers. ZnO nanowires
have a great affinity for these functional groups. The impact test was conducted using a
drop-weight impact tester (Model: SPRANKTRONICS, Bangalore, India) fully computer
controlled with data acquisition system in accordance with the ASTM D5628-10 stan-
dard to determine the energy absorption potential of composites subjected to impact force
caused by vertically dropped weights. The impact energy scale ranges from 0-120 Joules,
while the impactor’s height ranges from 0.1 m to 1.0 m. The circular clamp with a 5 kg im-
pactor was adjusted to a diameter of 45 mm at first. The impact velocity was 3.84 m/s and
the drop height was 0.75 m in these experiments. Each sample has an average thickness of
1.8 mm. The drop weight impact tester, their impact data gathering system, and the pro-
duced composite samples are shown in Fig. 5.9. In the drop weight impact tester, data was
collected between the initial impact contact point and the penetration point. The impact
energy was calculated by adding the rebound and absorbed energies together. When the
rebound energy was small, the resin and fibers absorbed all of the energy. For low velocity
hits, the delamination and bending deformation energies were included in the absorbed en-
ergy. The brittle nature of the composites, on the other hand, resulted in moderate levels of
absorption energy when the fibers broke. The remaining energy, which included shear-out,
global deformation, and delamination energy, was absorbed by the impact energy of sam-
ples. The impact energy absorption findings of the plain WCF and WCF/ZnO/BPA epoxy
resin composite specimens are shown in Fig. 5.10(a). The impact energy absorption of the
bare WCF/BPA epoxy resin composite specimen was the lowest. With 10 mM ZnO growth
on the WCF, the impact energy absorption increased by 41.33 %, and continued to increase
with the growth of the ZnO NSs. The surface area of ZnO NSs grew in a linear relation-
ship with their growth, improving the interaction of ZnO NSs with WCFs and the polymer
matrix. These interactions resulted in a high level of entanglement within the composite,
allowing it to absorb and transmit enough energy through the interfaces. Composites with
8 seeding cycles, an 8-hour growth time, and a growth solution concentration of 50 mM
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Figure 5.9: (a) Set up for drop weight impact tester, (b) Impact data acquisition system
and (c) Fabricated impact test samples

and 70 mM had the highest growth of ZnO nanowires, as discussed above, and thus had the
greatest effectiveness against impact energy, with a 62 % and 76 % increase over the bare
WCF/BPA epoxy composite specimen, respectively. Furthermore, the affinities of the sur-
face functional groups contained in the carbon fibers helped to improve the characteristics.
Carbon fibers naturally have carboxyl, hydroxyl, and carbonyl groups on their surfaces.
Strong ionic connections are formed when the hydroxyl and carboxyl groups contact with
the Zn2+ ions in ZnO. The carbonyl group’s extra-long pairs have a great affinity for ZnO
nanowires as well. Furthermore, the functional groups of epoxy resin can react with the
epoxy groups, generating strong connections. As a result of integrating these elements,
WCF and BPA epoxy resin enhanced the overall impact absorption energy capacity of hy-
brid composites. The fractured surface and crack debris of ZnO/WCF/BPA epoxy resin
hybrid composite samples are illustrated in Fig. 5.10(b). Fiber breakage, fiber pullout,
crack debris, and other failure modes such as ZnO NSs pullout and ZnO NSs breakage are
all examples of sample fracture mechanisms. The fracture point mainly offers fiber break-
ing information. The cracking interaction energy was estimated to be between the ZnO
NSs and the surface of the WCFs up until the fracture point. Additionally, the WCFs ab-
sorbed delamination energy. Interactions between ZnO NSs and ZnO growing area zones



124
Chapter 5. Development of ZnO-modified WCF reinforced epoxy resin composites and

their mechanical characterizations

Figure 5.10: (a) Impact energy absorption, (b) fracture surface topography and (c)
energy-time response of composite samples

on the surface of the WCFs resulted in variances in impact energy absorption. The cross-
linking density was shown to increase with the molar density of ZnO. The following is the
impact energy absorption relationship:

Etotal = Erebound +Eabsorbed (5.16)

The rebound energy of brittle composites is minimal. As a result, the resin and fibers ab-
sorbed nearly all of the total energy. The bending deformation energy and delamination
energy are included in the absorbed energy in low-velocity impacts. Due to the compos-
ites’ brittle nature, energy was absorbed mostly through fiber breakage, with the remaining
energies (such as global deformation, delamination, and shear-out energy) absorbed by the
impact. In all cases, the external area affected by the impact was nearly identical. The holes
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in the composites formed at higher molar ZnO concentrations were arch-shaped, which
was the most significant difference. The plain WCF/BPA epoxy composites were pene-
trated straight downward. The impact-damaged area of the composites formed at greater
molar concentrations of ZnO, on the other hand, resembled an erupted volcano. The reason
for this was that the surrounding ZnO NSs cross-linked the impact region. The bonding
energy between the ZnO NSs and WCFs was stronger than the epoxy resin’s deformation
energy when the ZnO NSs extended up to the fractures. As a result, despite the fact that
the damaged region was small, the ZnO NSs absorbed more energy. Higher the molar con-
centration of ZnO composites, the more impact energy is absorbed. The EDS graph with
compositional details at the fractured portion has been illustrated in Fig. 5.11. The pres-
ence of Zn and O atoms have been seen at the interface of the fiber fracture which proves
the interfacial enhancement of ZnO nanostructured CFRP composites.

Figure 5.11: EDS graph with compositional details at the fracture regime

5.5.1.1 Energy–time response

The impact energy is made up of both rebound and absorbed energies when samples are
subjected to a low-velocity impact. When the striker did not pierce the composites, the
rebound energy was low since the energy was completely absorbed by the resin and fibers.
Bending deformation energy and delamination energy were among the absorbed energies.
The absorbed impact energy of the WCF/BPA epoxy resin and WCF/ZnO/BPA epoxy resin



126
Chapter 5. Development of ZnO-modified WCF reinforced epoxy resin composites and

their mechanical characterizations

composites is graphed as a function of time in Fig. 5.10(c). After including ZnO NSs
into WCF/BPA epoxy resin composites, an increase in the absorbed impact energy was
found. When compared to WCF/BPA epoxy resin composites, the WCF/ZnO/BPA epoxy
resin composites had higher absorbed impact energy. The impact absorption energy of
plain WCF/BPA epoxy resin composites was the lowest, but this property improved as the
number of ZnO NSs increased. For example, the sample with minimal ZnO growth (i.e., the
sample treated with eight seed cycles, 10 mM concentration, and 8 hrs growth treatment)
had a 41.73 % higher impact energy than the WCF/BPA epoxy resin composites, and the
impact energy increased as the molar concentration of ZnO was increased. The greater
surface area of the ZnO NSs resulted in a stronger interfacial interaction between the fibers
and the epoxy resin, resulting in increased impact energy absorption. Surface carboxylic
groups formed ionic bonds with Zn2+ ions, and these functional groups also interacted
with the epoxide (oxirane) group of Bisphenol A (BPA) epoxy resin, resulting in further
contacts between the fibers, ZnO NSs, and resin. Because energy is transferred more easily
from the polymer to the fiber across the interface, the greater the interfacial interaction, the
more energy is absorbed. The WCF/ZnO/BPA epoxy resin composite, which was made
with 8 seeding cycles, 70 mM ZnO concentration, and 8 hrs of treatment, grew the most
ZnO NSs and, as a result, absorbed the most impact energy, 76 % better than the plain
WCF/BPA epoxy resin composite. The WCF/ZnO/BPA epoxy resin composites with 30
mM and 50 mM ZnO concentrations had 48 % and 62 % higher impact energy absorption
capability than plain WCF/BPA epoxy composites.

5.5.2 Tensile and In-plane shear strength

In terms of ZnO concentration and morphologies, tensile strength measurements were used
to determine the stiffness of WCF/BPA epoxy resin composites and WCF/ZnO/BPA epoxy
resin composites. Instron 5982 universal testing equipment with a maximum load of 100kN
was used to perform tensile tests on the specimens. According to the ASTM D3039 stan-
dard, five specimens were examined at a displacement rate of 1mm/min for each sample
category. For further analysis, the average values of the tests are taken into account. Fig-
ure 5.12(a) illustrates stress-strain curves of the WCF/BPA epoxy resin composite and the
WCF/ZnO/BPA epoxy resin composite. The increments represent the amount of interac-
tion between the WCFs and the epoxy resin. These findings demonstrate the overall trend
of rising strength and modulus values: more ZnO NSs development led to better results.
Earlier studies have shown that external impact energy causes fiber breakage in brittle com-
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posites [37]. Higher ZnO NS growth rates result in more effective load sharing between
the NSs and fibers, resulting in higher energy requirements for fiber breakage. The ten-
sile strength and elastic modulus results of all the composite samples are illustrated in Fig.
5.12(b and c). The plain WCF/BPA epoxy resin composite samples had the lowest strength
and modulus values, probably because the fibers and epoxy had the least interfacial con-
tacts. The surface area of the fibers rose as the ZnO NSs were embodied on the surface
of WCFs. Composites containing ZnO nanowires produced with 8 seeding cycles and 8h
of development time at a growth solution concentration of 70mM achieved the highest
modulus (46.44%) and strength (48.63%). However, as previously mentioned, the surface
functional groups of WCFs (e.g., hydroxyl, carboxyl, and carbonyl) interacted with the
ZnO NSs and the epoxide groups of the BPA epoxy resin. The overall tensile strength of

Figure 5.12: (a) Stress-strain characteristics and variation of (b) tensile strength, (c)
elastic modulus and (d) in-plane shear strength of composite samples

the composite was greatly boosted as a result of the additional interfacial connections. The
in-plane shear resistance of the as fabricated composite samples was also calculated, and
it was discovered that while there is a small increase in in-plane shear strength for 10mM,
30mM, and 50mM molar concentrations of ZnO/WCF/BPA epoxy resin composite sam-
ples when compared to bare WCF/BPA epoxy composite samples, there is a large increase
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in in-plane shear strength (20.79%) at higher molar concentration (70mM) as illustrated in
Fig. 5.12(d). In addition, the hydrothermal growth process has been proven to improve the
mechanical properties of large-scale composites. The tensile test findings indicate that a
ZnO NSs network resulted in improved interfacial characteristics and enhanced interfacial
shear strength. The ZnO NSs networking enhanced load transmission from the matrix to
the WCFs.

5.6 Summary

Successful growth of ZnO NSs was developed on the surface of WCF using a low-temperature
hydrothermal approach as a technique to improve the interfacial reinforcement of the plain
WCF polymer composites. The carboxylic acid functional groups on the surface of the
WCFs were developed by surface hydrolysis to promote the adherence of ZnO to the base
fibers. It was found that the number of seeding cycles, hydrothermal treatment period,
and molar concentration all influenced the growth of the ZnO NSs on WCF. Even at high
concentrations and multiple seeding cycles, the NSs did not grow due to short treatment
duration. The effective growths of ZnO were achieved at 8 seeding cycles and 8h growth
duration. However, high density and uniform distribution of ZnO NSs were achieved at 8
seeding cycle, 8h growth duration and 70mM molar concentration. The improvement in
thermal stability and % weight change were seen on ZnO-modified WCF samples due to
fine growth of ZnO NSs. Drop weight impact testing and tensile testing were used to in-
vestigate the mechanical properties of ZnO/WCF/BPA epoxy resin hybrid composites. The
cross-linked networks of ZnO-WCF-epoxy in hybrid composite diffuse the energy over the
interface area which results into higher energy absorption. Furthermore ZnO NSs improve
effective load transfer and interfacial strength of composites. The penetration limits of the
hybrid composites were higher than those of the plain composites because of effective load
transfer at interface, and it improved as the molar concentration increased. The impact en-
ergy absorbed by the ZnO-decorated composite with the maximum ZnO growth was 76%
higher than the impact energy absorbed by the plain WCF polymer composites. The ten-
sile strengths and elastic moduli of the hybrid composites were higher than those of the
plain composites. In comparison to plain composites, the maximum ZnO molar concentra-
tion produced a 48.63% increase in tensile strength, 46.44% increase in inelastic modulus,
and 20.79% increase in in-plane shear strength. The mechanical and thermal properties
of the composites were improved as a result of improved interfacial contact between the
surface-functionalized WCF, ZnO, and BPA epoxy resin. The zinc-oxide nanostructured
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interphase was found more effective and achieved higher mechanical characteristics due
to high effective surface area and crosslinking of ZnO NSs. Based on the findings of
physical and mechanical characterizations, the hexagonal nanorods and nanoflakes type
nanostructures have promising thermal and mechanical characteristics among the different
nanostructures that include nanowires, hexagonal nanorods, nanoflakes, nanopallets, and
nanoflowers. The hexagonal nanorods can make crosslinking of the nanorods with them-
selves and polymer matrix in the interfacial region which improves the interfacial strength
and load transfer. Similarly, the nanoflakes can fill the voids and create graded interface
of WCF in the CFRP composites which may increase interfacial interaction and effective
load transfer. It has been reported that, the size and density of the grown nanostructures
can be varied by choosing the appropriate synthesis parameters. Further, the strength of the
nanostructured CFRP composites highly depends on their interfacial interaction which can
be modified by growing different sized nanostructures. The finding of this chapter reveals
that, the highest impact strength and tensile properties have been achieved for 70 mM sam-
ples which have thin flakes like structure having small thickness and large length/width.
These nanoflakes can fill the voids and create graded interface in the CFRP composites
which causes enhance interfacial interaction and effective load transfer. The evident cor-
relations between these factors have not been deduced analytically. It can be developed by
mathematical modeling or simulation of the current work in a future research. However,
the proposed concept/theory has been verified with the required physical and mechanical
characterizations of the developed ZnO nanostructured CFRP composites.





6
Improvement of interfacial adhesion of

CuO nanostructured carbon fiber
reinforced polymer composites

This chapter deals with the development of CuO nanostructures on woven carbon fibers to
produce a nanostructured interphase that increased the interfacial strength with an epoxy
resin matrix. In this work, detailed analysis of structural, morphological, and mechanical
properties of the pure WCF fabrics with CuO-coated WCF fabrics has been done. Further,
the mechanical characteristics such as impact strength and tensile strength of CuO-coated
WCF reinforced epoxy resin composite samples was assessed using drop-down impact test
and universal material testing system. Moreover, this chapter concludes that the develop-
ment of CuO nanostructures can lessen composite delamination and enhance composite
performance because of the increase in interfacial surface area between the matrix and
the fiber by CuO nanostructures which can potentially expand the spectrum of structural
applications for these materials

131



132
Chapter 6. Improvement of interfacial adhesion of CuO nanostructured carbon fiber

reinforced polymer composites

6.1 Introduction

The development of value-added textiles with improved or innovative capabilities that
can be used in a variety of applications is made possible by the use of nanotechnology
in the fabric industry, such as the functionalization of fiber surfaces with nanostructures
[227, 314]. The huge surface area unique to a given weight or volume of fabrics is the key
factor causing the synergy between textiles and nanotechnology. In both civilian and mil-
itary applications such as textiles, electronics, automobile, construction, chemical and air-
craft industries, carbon fibers and composite materials are now frequently used [315, 316].
The rapid advancement of technology has made several scientists interested in advanced
materials made up of carbon fibers. The composite may fail at the interface if the fiber ma-
trix has inadequate adhesion, which could reduce the composite’s performance. A graphite
microcrystalline structure with a smooth shape and inert chemical characteristics makes up
the surface of a carbon fiber [317]. In order to increase interface adhesion, it is crucial to
surface treat the carbon fibers. Fibers are frequently subjected to physical and chemical
changes to improve interactions and increase the compatibility of the fiber with the ma-
trix [318, 319]. Figure 6.1 shows strategy of grafting CuO nanowires onto the surface of
plain WCF to improve the interfacial interaction of composites. By grafting CNTs onto
the surface of the fibers, Zhao et al. [320] enhanced the interfacial characteristics of car-
bon fiber/epoxy resin composites. Due to the strong chemical interaction between carbon

Figure 6.1: Surface modification of plain WCF by CuO nanowires

fibers and CNTs, the polarity, wettability, and roughness of carbon fibers are greatly in-
creased, resulting in good interfacial properties and a better impact strength than untreated
carbon fibers. To enhance the mechanical properties of carbon fiber composites, Zhang et
al. [321] described a technique for directly grafting amino functionalized graphene oxide
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(GO-NH2) onto the carbon fiber surface by covalent bonding. The mechanical characteris-
tics and thermal conductivity of carbon fiber/phenolic resin matrix composites treated with
HNO3/H2SO4 were studied by Feng et al. [322]. The findings demonstrate that the fiber
surface may be efficiently modified by oxidation to incorporate functional groups contain-
ing oxygen, enhance surface roughness and area, and greatly improve mechanical and ther-
mal conduct of composites. Diverse methods to achieve desired non-structural functions
in composite materials have been documented by a number of researchers. There are two
ways to use nanostructures to change the surface of carbon fibers: either adding nanopar-
ticles to the matrix or growing them directly on the fiber surfaces (whiskerization). Due to
their huge interfacial surface area and low void content, growing nanostructures on fibers
is the method with the most unexplored potential. Additionally, unlike when nanoparticles
are mixed with a matrix, this method prevents nanoparticle agglomeration. Figure 6.2
shows the impact of growing CuO nanostructures on the surface of woven carbon fiber. A
graded interface created by whiskerization which is a characteristic method for adjusting
interfacial interactions lessens tension between the fiber and matrix phases. In compos-
ites, whiskerization improves the cohesiveness between the fiber and matrix by depositing
a variety of whiskers onto the fiber. As a result of interlocking the matrix-fiber contact,
the interphase characteristics are improved. Because of the cross-linked network acting
as the increased load-bearing capacity due to the higher specific surface area of metal-
oxide nanostructures, metal-oxides grafted on the surface of fiber have been reported to
gain higher mechanical properties of composites [33]. This method of processing metal
oxide nanomaterial has been used in novel sensor applications, including piezoelectric
systems, chemical sensing, and photo-detection [61]. Due to their typical p-type semi-
conductor structure and 1.2 eV narrow band gap, CuO whiskers appear promising in this
regard. Additionally, CuO whiskers have nonstructural properties that have been shown to
be beneficial in a number of applications, such as solar energy transformers, lubricant ad-
ditives, magnetic storage media, lithium-copper oxide electrochemical cells, gas sensors,
and magnetic storage media [323, 324]. The mechanical properties of CuO nanostruc-
tures have been examined in any of the research conducted to yet be very limited because
they have all concentrated on the chemical characterization of these nanostructures. CuO
nanostructures have been described in a wide range of morphologies, including nanopar-
ticles, nanowires, nanoribbons, nanoplates, microspheres, dandelion-like structures and
many more [325, 165]. Sol-gel technique, vapor-liquid-solid synthesis, laser ablation, arc
discharge, electron beam evaporation, template-assisted synthesis and template-free syn-
thesis are only a few of the methods used to create these morphologies [326, 327, 328].
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Figure 6.2: Surface whiskerization of carbon fiber using CuO nanostructures

However, the majority of the documented techniques call for extreme temperatures, in-
ert environments, and high-tech optoelectronic devices. Furthermore, since the majority
of stabilizers for functionalization are expensive and ineffective, achieving a uniform dis-
tribution of particles on fabrics without the use of expensive chemicals has remained a
challenge. The procedures are typically time-consuming and complex. An economical
hydrothermal approach that treats seeds is used to scale up production to overcome these
issues. In general, templates and reagents for surface capping are used during the produc-
tion of nanoparticles in liquid phase [329]. However, it is quite difficult to prepare, pick a
suitable template, and clean up their impurities in the finished output. Therefore, in terms
of cost and simplicity, template-free techniques are preferred [330]. The hydrothermal
synthetic method, in contrast, is a flexible method for the creation of CuO nanostructures
at relatively low temperatures, in high yields, and with controllable morphologies [331].
The impact of CuO nanowires on the enhancement of the mechanical characteristics of
woven carbon fiber (WCF)-based polyester resin composite was studied by Deka et al.
[36]. Following the formation of nanowires on the carbon fibers, the mechanical proper-
ties in terms of tensile strength, modulus, and impact resistance greatly enhanced. CuO
nanostructures embedded in the surface of woven carbon fibers (WCFs) were grown us-
ing the hydrothermal technique with regulated chemical precursors as examined by Kong
et al. [33] and they proposed that by regulating the thermal development temperature
throughout the hydrothermal process during a growth time of 12 hours, CuO nanostructure
morphologies ranging from petal-like to cuboid-like nanostructures can be created. The
surfactant-aided hydrothermal method was utilized by Zhang et al. [332] to make shuttle-
like CuO nanocrystals. CuO nanotubes and nanorods were also produced by Cao et al.
[333] using a hydrothermal process. Teng et al. [334] used hydrothermal synthesis to cre-



6.1. Introduction 135

ate flower-like CuO nanostructures without the use of a template. Furthermore by adopting
a solution-phase synthesis at a relatively low temperature (100 °C) and without the use of
a surfactant, Zhu et al. [335] created needle-shaped nanocrystals. The qualities of the indi-
vidual major components and the interface, where load transfer from the matrix to the fiber
takes place, both affect the performance of composite materials. Since the fiber to matrix
surface-to-volume ratio is higher in composites with secondary reinforced nanomaterial
formed on the surface of the fibers, therefore the interfacial interaction is stronger. In the
presence of a strong adhesive interlocking activity between the fiber and the matrix, cracks
propagate less before the composite is destroyed; the secondary reinforced nanomaterial
operate as intermediary bridges. An attempt has been undertaken to create CuO embed-
ded plain woven carbon fabric reinforced epoxy resin composites, taking inspiration from
past works. Since transition-metal oxides like CuO have higher specific capacitance and
energy density than materials like graphene or conductive polymers, they are widely used
in a variety of industries [336]. The hydrothermal treatment of the woven carbon fabric to
generate CuO nanostructures enhances the interfacial bonding with the matrix. Untreated
and CuO-treated carbon fiber epoxy composites with various molar concentrations were
characterized physically and mechanically. On the creation of well-aligned CuO grown as
secondary nanostructures on a WCF substrate and their usage as a composite component,
few investigations have been documented. The ability of CuO/WCF nanocomposites to
absorb external impacts and how the shape of the CuO nanostructures affects crack propa-
gation following an impact are of particular interest. To improve the interfacial adhesion of
WCF/epoxy resin composites and preserve the tensile properties of the WCF, the present
study is focused on the functionalization of carbon fibers by CuO via two-step seed-treated
hydrothermal deposition. Therefore, the results of the mechanical tests show that, in com-
parison to the pristine WCFs, the CuO nanostructures on the surface of the WCFs signifi-
cantly improve the apparent interfacial shear strength, impact strength, and tensile strength.
Considering that there have only been a few papers on the coating of these multifunctional
fibers by CuO hydrothermal deposition up to this point, the information from the current
research offers fresh insights into constructing CuO nanostructured interphase on WCFs
for diverse applications. Furthermore, because it uses readily available raw materials and
affordable equipment, this functionalization strategy has a significant chance of scaling up.
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6.2 Materials and methods

6.2.1 Materials

This experimental work made use of unsized bidirectional plain woven carbon fiber fab-
ric (T300 grade, 3000 wires) that was provided by CF Composites (New Delhi). With-
out further purification, the experimental steps used analytical grade reagents from P.K.
Enterprises (Dhanbad, Jharkhand) of copper acetate monohydrate (Cu(CH3COO)2.H2O,
98 %), copper nitrate trihydrate (Cu(NO3)2.3H2O, 98 %), sodium hydroxide (NaOH ,
98 %), hexamethylenetetramine (HMTA, 99 %) and absolute ethanol (C2H5OH, 99.9 %).
Sakshi Dyes and Chemicals (New Delhi) provided the Bisphenol-A (BPA) epoxy resin
(CH3)2C(C6H4OH)2) and Dimethyl aniline (C8H11N) hardener that was used to test the
interfacial adhesion with modified carbon fiber yarns. It was combined in a recommended
ratio of 2:1 by weight using overhead stirrer and desiccated to remove air bubbles. The
curing procedure took place at ambient temperature for 24-48 hours.

6.2.2 Synthesis of reaction mixtures for hydrothermal treatment

CuO nanoparticles on WCF yarns can be hydrothermally treated using one of the two dif-
ferent types of reaction mixtures, either seed solution or growth solution. In order to create
these reaction combinations firstly, 400 mL of ethanol and 0.02 M copper acetate monohy-
drate were dissolved together at 65 °C. The mixture was then continuously stirred for 30
minutes. The second solution of 0.02 M NaOH in 80 ml ethanol was prepared by heating
and stirring the mixture for 30 minutes at 65 °C. The obtained copper acetate monohy-
drate solution was then added to this ethanol solution. Furthermore 320 mL of ethanol was
added to bring the overall amount to 800 mL. To ensure thorough and even mixing, the
final solution was stirred for further 30 minutes at room temperature. To achieve efficient
seeding, the seed solution’s pH was monitored and kept in the range of 6 to 8. Over the
course of an hour, the resulting light blue solution which contained a suspension of CuO
particles was cooled to ambient temperature. The following chemical reactions took place
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in the CuO seed solution:

Cu2++4OH−↔Cu(OH)2−
4 (6.1)

[Cu(OH)4]
2−↔CuO2−

2 +2H2O (6.2)

CuO2−
2 +H2O↔CuO+2OH− (6.3)

CuO+OH−↔CuOOH− (6.4)

Copper nitrate tetra hydrate and hexamethylenetetramine were mixed in a 1:1 molar ratio
to create CuO growth solutions at the necessary concentration. 10 mM of HMTA was
dissolved in 630 mL of distilled water over the course of 10 minutes to create 10 mM
of the CuO growth solution. The addition of 10 mM copper nitrate tetra hydrate came
next. For 30 minutes, the entire solution was stirred. The growing solution’s pH was kept
between 6 and 8. For the preparation of 15, 25, 35, 45, and 60 mM growth solutions, a
similar process was used. On the WCFs that had been treated, CuO nanostructures were
grown using these final solutions. The following chemical processes were engaged in the
development of CuO and the production of CuO from OH− and Cu2+:

C6H12N4 +6H2O↔ 6HCHO+4NH3 (6.5)

NH3 +H2O↔ NH+
4 +OH− (6.6)

2OH−+Cu2+↔Cu(OH)2 (6.7)

Cu(OH)2↔CuO+H2O (6.8)

6.2.3 Preprocessing of carbon fiber fabric sample

Unaltered WCF samples were sliced into 150 X 150 mm2 (length x breadth) pieces and
washed in an acetone-ethanol solution to remove any organic contaminants. The samples
were then dried in an oven at 90 °C for 20 minutes. The samples were then soaked for
30 minutes at room temperature in a 10 percent NaOH solution. Before the WCF samples
were dried in the oven for an hour at 90 °C, they were repeatedly rinsed with deionized
water. The functionalized WCF pieces were rinsed and oven-dried for an hour at 90 °C after
being submerged in aqueous HCl (10 N) for 10 seconds. The specimens were submerged in
aqueous HCl to remove extra metal ions that could have contaminated the growth solution.
The hydrogen ions in the HCl solution caused carboxylic acid groups to form on the fiber
surfaces through an ion-exchange reaction [297]. The creation of active groups, such as (-
O-C-, -C=O, and -O-C=O), on the WCF surfaces as a result of surface treatment improved
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the sample’s total surface energy, polarity along with its wettability to interact with other
components and the polymeric matrix [88] as seen in Fig. 6.3. The process parameters

Figure 6.3: Surface treatment of woven carbon fiber by CuO nanostructure deposition

for hydrothermal synthesis of CuO NSs on WCF surface have been defined after detailed
literature survey. However, the variations of selected process parameters have been defined
after performing several some preliminary experiments. The variations of different factors
affecting the growth of CuO NSs on WCF have been studied and illustrated in this chapter.
Thus, the selection of process parameters for this work has been decided upon literature
outcomes and our preliminary experimental findings.

6.2.4 Formation of CuO nanostructures on WCF

CuO nanostructures were created using a two-step hydrothermal process that included
seeding and growth stages. CuO nanoparticles were deposited onto the WCFs during
the seeding procedure. After that, the seeded WCFs were added to the growth solution
in a beaker that was at a high temperature and atmospheric pressure. This two-step hy-
drothermal process was modified from that previously reported in that the metal-oxide,
pH, concentration of precursor solution, development period, and temperature were dif-
ferent [88]. The CuO/WCF hybrid was completely rinsed with deionized water (DIW)
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following the formation of the CuO nanostructures and allowed to air dry for a full day.
Detailed description of steps involved in the growth of CuO nanostructures is discussed
in this section. Using a prepared seed reaction mixture during seed treatment, the pre-
processed WCF samples were then used for seeding of CuO nanoparticles. In order to
improve adhesion between the substrate and nanoparticles, the surface-treated WCFs were
next submerged in the seeding solution for 10 min. After that, they were annealed in a hot
air furnace at 150 °C for 10 min. To guarantee that CuO nanoparticles were seeded com-
pletely across the WCFs, the soaking and annealing procedure was repeated many times.
The prepared growth solution was added to the seeded WCFs, and then the entire mixture
was moved into a glass beaker that was tightly sealed with aluminum foil and maintained
in a hot air oven at the required growth temperature (120°C) for the development of CuO
nanostructures on WCF. CuO nanostructure’s morphology was investigated under a prede-
termined set of seeding cycles of 2, 4, 6, and 8 and variable molar concentrations of 10, 15,
25, 35, 45, and 60 mM, as well as under a separate set of growth durations of 3, 6, 9 and
12 hours at 120 °C. The CuO/WCF hybrid was rinsed with DIW after the hydrothermal
processing to inhibit the formation of CuO nanostructures and dried at room temperature
for 24 hours.

6.2.5 Fabrication of CuO/WCF/Epoxy hybrid composites

The final composite materials were created from carbon fiber specimens that had CuO
nanostructures produced on them using the vacuum bagging technique. The composite was
made using a standard vacuum bagging procedure and flat glass plates with measurements
of 500 × 500 × 5 mm. Acetone was used to clean the glass plates in order to get rid of debris,
adhesives, and other contaminants. Using adhesive tape, a release fabric was connected,
and a rubber gasket was used to seal the system all the way around the release fabric. One
piece of silk fabric was employed as a peel ply above the samples, with the CuO-grown
WCF sample being positioned just above this layer. A distribution medium that ensured
an even spread of the resin followed this layer. To produce a vacuum, a plastic film was
placed on top of these layers. To stop air or resin leaks, the film was firmly fastened to
the rubber gasket. The intake was left open for the resin, and the outlet was attached to a
vacuum pump. A 60 kPa vacuum pressure was applied to the system. The resin poured into
the system when a vacuum at a pressure of 60 kPa was applied. The inlet and exit were
shut when enough resin was poured into the mold. An illustration of the hydrothermal
production of CuO nanostructured-WCF-epoxy hierarchical composites utilizing vacuum
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bagging technique is shown in Fig. 6.4. This layer was followed by a distribution medium,
which provided a uniform distribution of the resin. A plastic film was employed at the top
of these layers to create a vacuum. The film was attached tightly to the rubber gasket so
as to prevent leakage of the resin or air. The outlet was connected to a vacuum pump, and
the inlet was opened for the resin. Vacuum pressure of 60 kPa was applied to the system.
When the vacuum was applied at a pressure of 60 kPa, the resin flowed into the system.
After sufficient resin had flowed into the mold, the inlet and the outlet were sealed. With
each sample, an unsaturated Bisphenol-A (BPA) epoxy resin ((CH3)2C(C6H4OH)2) was
utilized as the matrix material. To improve the matrix’s ability to cure, the BPA epoxy
resin and dimethyl aniline (C8H11N) hardener were combined in the prescribed 2:1 weight
ratio. For 24-48 hours, the system was kept running to finish the curing process.

Figure 6.4: Hydrothermal approach for development of CuO nanostructured-WCF and
their hierarchical composites by vacuum bagging method

6.2.6 Characterizations

FESEM model-Supra 55 was used to examine the shape of CuO nanostructures grafted
on the WCF surface at varied CuO molar concentrations (10-60 mM) (make-Carl Zeiss,
Germany). Utilizing an energy dispersive spectroscopy (EDS) instrument mounted with a
FESEM model, the % atomic and % weight composition of CuO as formed on carbon fiber
fabric was examined. The elemental mapping of each elements present on the surface of
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CuO/WCF samples were also examined using EDS mapping technology. CuO nanostruc-
tures were grafted onto the surface of WCF, and their X-ray diffractograms were examined
using a high resolution X-ray diffractometer (HRXRD) from Rigaku Smartlab that was
automated with guidance software (SmartLab Studio II) and operated with a 40 kV, 200
mA operating voltage and current. Using a thermogravimetric analyzer (TGA, TA Instru-
ments, USA), the formation of CuO nanostructures on woven carbon fiber was determined
by examining the degradation pattern of the plain carbon fiber. The transmittance peaks of
concomitant functional groups and CuO present on the bare WCF and carbon fiber with
CuO nanostructures were examined by a Fourier Transform Infrared Spectrometer (FTIR,
Thermo Fisher Scientific Instruments, USA) system. The surface chemistry, material com-
position, and presence of trace quantities of Cu3+ coexisting with Cu2+ in CuO were all
examined using X-ray photoelectron spectroscopy (XPS) studies on CuO-modified WCF.
The impact energy absorption of the CuO/WCF/epoxy composites was evaluated using an
instrumented drop-down impact device (Spranktronics, Bangalore, India). The specimens
prepared for drop-down impact test have a diameter of 45 mm. Data was gathered from
the time of initial hit till penetration occurred using a photoelectric sensor. In accordance
with ASTM D5628-10 standard, the impact test was performed using a drop-weight im-
pact tester fully computer controlled with data acquisition system to assess the composite’s
ability to absorb energy from impacts caused by vertically dropped weights. The height of
impactor varies from 0.1 to 1.0m, and the impact energy scale goes from 0-120J. The 5kg
circular impactor clamp was first set to a 45mm diameter. In these studies, the drop height
was 0.75m and the impact velocity was 3.84m/s. Each sample is approximately 2.0mm
thick on average. A universal material testing equipment (Instron 8801, UK) with a load
cell of around 100 kN was used to study in-plane shear response and uni-axial tensile prop-
erties. For applying strain in the sample, a constant displacement rate of 1 mm/min was
used. The n-plane uniaxial tensile stress-strain response of a composite material reinforced
by high-modulus continuous fibers or woven textiles is the basis for in-plane shear testing,
which is based on the ASTM D3518/D3518M-13 standard test technique. Ultimate tensile
strength and elastic modulus were assessed in accordance with ASTM D3039 for uni-axial
tensile characteristics. The test has been conducted on five replicas of specimens in each
sample category to estimate variability of the results. The average value was determined
from the remaining three specimens after the top and lowest responses from five speci-
mens were excluded because removal of outlaying data provides more realistic average
value. The average, standard deviation and coefficient of variance of each test results are
reported in this work.
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6.3 Results and discussion

Prior to the reaction sequences that led to the CuO growth pattern on the woven carbon
fibers, a reliable experimental design was created. The number of seeding cycles (2, 4,
6, and 8) as well as the growth solution’s concentration (10, 15, 25, 35, 45, and 60 mM)
and the duration of the seed-assisted hydrothermal treatment were the three variables that
were taken into account during the experiment (3, 6, 9 and 12 h). Each seeding cycle for
the samples lasts 20 minutes, which includes 10 minutes of soaking in the seed solution
and 10 minutes of annealing in a hot air oven at 150°C. In all, 96 experiments were con-
ducted to explore the growth phenomena of CuO nanostructures on carbon fiber fabric. A
full-factorial experimental design was opted to develop optimal sequence of process param-
eters as illustrated in Table 6.1. The experimental parameters were chosen in accordance
with the experiment design and each experiment was repeated three times to estimate their
variability and increase in accuracy. The various combinations of parameters along with
their outcome are listed in Table 6.2.

Table 6.1: Selected process parameters and their levels for full-factorial experimental
design

Process parameters Level-1 Level-2 Level-3 Level-4 Level-5 Level-6
Number of seeding cycle 2 4 6 8 - -
Concentration (mM) 10 15 25 35 45 60
Duration of growth (hr) 3 6 9 12 - -

6.3.1 Morphological study and growth chemistry of CuO

Using a two-step seed-mediated hydrothermal process, the quantities of copper nitrate tri-
hydrate and HMTA precursor chemicals between 10 and 60 mM were used to influence
the morphologies of CuO nanostructures. Similar to nanostructures, CuO formations were
developed mostly along the [0 1 0] direction. Increased L[010]/L[100] and L[100]/L[001] as-
pect ratios, which control self-aligned assembly into different microstructures, promoted
growth in the [0 1 0] direction [337]. Thus, the NH3 molecules that passivate the surface
have an impact on the growth mechanism of CuO. Then, aggregates and Cu2+ ions es-
tablish coordinate connections. CuO development is inhibited when HMTA is present at
the right temperature and exposure period, which has been previously highlighted as being
crucial for Cu2+/OH− ratio. The resulting OH− ions from HMTA’s self-hydrolysis sub-
sequently combine with copper nitrate to form Cu(OH)2 nuclei. Non-ionic cyclic tertiary
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amines are functionalized by the pH buffer reactant HMTA, which on hydrolysis rapidly
yields substantial amounts of OH− ions. These ions then interact with the Cu2+ ions
present in the growth mixture in a sealed beaker at the appropriate temperature. Because
of the buffer conditions inside the sealed beaker, CuO self-aligns mostly along the [0 1 0]
direction while preventing adhesion at the [1 0 0] and [0 1 0] directional planes. The only
leftover result of the final chemical reaction is water. As a result, Cu2+ ions and WCF’s
carboxylic functional group create stable ionic connections. FESEM was used for the ini-
tial research into the formation of CuO nanostructures on WCF. However, independent of
the growth solution concentration and the growth duration, our results showed that there
was no growth of CuO nanostructures with 2 seeding cycles. The nanostructures did not
grow despite the growth solution concentration and growth period being adequate because
there were not enough seeding cycles. These findings demonstrated the significance of the
seeding procedure as a growth process parameter. Even when the growth solution concen-
trations were 45 and 60 mM, CuO nanostructures did not grow in WCF samples with 2,
4, 6, or 8 seed cycles and 3 h of growth time. Even though the growth solution’s concen-
tration was rather high, the CuO nanostructure’s quick development time was crucial since
the seed nuclei did not have enough time to grow. Figure 6.5 depicts the impact of the
seeding and growth phenomenon for the ultrafine growth of CuO nanostructures on WCF
fabric. From Table 6.2, practically all seeding cycles ≥ 6 indicated considerable growth
of nanostructures except the samples having modest growth periods (3 h). However the
concentration of the growth solution varies slightly, such as when CuO is present in low
density during the growth of CuO nanostructures, it cannot be regarded as a major param-
eter, whereas the duration of the seed-assisted hydrothermal treatment was crucial. CuO
nanostructures were successfully formed under all growth solution concentrations between
10 mM and 60 mM for all growth times longer than 6 h. CuO nanostructures were most
abundant after 8 seeding cycles for 9 hours, and 12 hours of development. Thus, seeding
cycles and growing time played a major role in the growth process. With the exception of
the samples with a 10 mM concentration that were only subjected to two seeding cycles, the
CuO nanostructures grew in nearly all of the growth solution concentrations. According to
planned experiments, the growth of CuO nanostructures on WCF yarns is divided into six
categories: no growth, agglomerated growth, little growth, moderate growth, fine growth,
and ultra-fine growth. Figure 6.6 shows FESEM images of WCF samples that have under-
gone seed-assisted hydrothermal processing for various treatment settings. These pictures
show no growth, agglomerated growth, low growth, moderate growth and fine growth of
CuO nanostructures under various process parameters that may have occurred due to low
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Figure 6.5: Effect of hydrothermal treatment on WCF in (a) seed solution only, (b) growth
solution only and (c) seed-assisted growth treatment

seeding cycle and low growth duration. Low seeding is not capable to nucleate the CuO
nuclei on WCF surface subsequently low growth duration does not have sufficient time to
grow that nucleated CuO nanoparticles. Thus different set of experiments were performed
to achieve optimum set of process parameters for ultrafine growth of CuO nanostructures.
Figure 6.7 shows samples with ultrafine CuO nanostructure development on WCF strands
under treatment settings corresponding to 8 number of seeding cycles and 12 h of growth
treatment having different molar concentration. The developed CuO grown WCF samples
have high density of CuO nanostructures and will be used for further study.

6.3.1.1 Structural and crystallographic analyses of CuO/WCF samples

X-ray diffractograms of CuO nanostructures produced on WCF samples are displayed in
Fig. 6.8(a). These were obtained using a high resolution X-ray diffractometer (HRXRD)
from Rigaku Smartlab that was automated with guidance software (SmartLab Studio II)
and operated with crystal monochromated Cu−Kα radiation (λ = 1.5418 A°) from 20° to
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Figure 6.6: Unsuccessful growth of CuO nanostructures on woven carbon fibers showing
no-growth, agglomerated-growth, little-growth, moderate-growth and fine-growth

Figure 6.7: Ultrafine growth of CuO nanostructures on WCF corresponding to 8 number
of seeding cycles and 12 h of growth treatment having different molar concentration of (a)

10 mM, (b) 15 mM, (c) 25 mM, (d) 35 mM, (e) 45 mM and (f) 60 mM

80° (2θ ) at a scanning speed of 5°/min, 40 kV operating voltage, and 200 mA operating
current. The lattice parameters a = 4.68 A°, b = 3.43 A°, c = 5.13 A° and β = 99.5° con-
verge to JCPDS database no. 05-0661, 1-0420 and were indexed to the monoclinic CuO
crystal phase in all of the samples. Major peaks indexed as (1̄11)-(002) and (111)-(200)
planes, coupled with those of elemental Cu (111), respectively, showed pure-phase mon-
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oclinic CuO crystallites and concur with the outcomes of Kong et al. [338]. The carbon
contained in the carbon fiber was responsible for the significant diffraction peak seen at
25.8° on (002) plane. Due to the development of CuO nanostructures on the WCF sur-
face, additional diffraction peaks on the planes corresponding to (110), (111), (1̄11), (002),
(111), (200), (2̄02), (020), (202), (1̄13), (311), (220), and (004) developed between 30° and
80°. With higher molar concentrations of CuO, the diffraction peaks intensities rose, indi-
cating denser CuO nanostructures. The presence of CuO-specific peaks indicates the high
crystallinity of the nanostructure. The samples with 8 seeding cycles, 40 mM growth so-
lution concentration, and 8 h of growth time produced the second highest diffraction peak
intensities after WCF with 8 seeding cycles, 60 mM growth solution concentration, and
8 h of growth time. These outcomes offered additional proof of the development of CuO
nanostructures on the surface of WCF. The Debye Scherrer relation was used to calculate
the crystallite sizes of the CuO nanostructures from the XRD peaks using the FWHM of
the high intensity peak. Peak broadening of the XRD spectra caused by instrument er-
rors and inhomogeneous strain was not taken into account in this procedure. According

Figure 6.8: (a) XRD spectra and (b) Williamson Hall graph of as grown CuO
nanostructures

to the Scherrer’s formula, the crystallite size for all CuO nanostructure XRD peaks that
correspond to the sample’s high intensity peak (111) is found to be in the range of 36 nm.
Williamson-Hall (W-H) plot technique was used to calculate FWHM in addition to the
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crystallite size (D) and strain (ε) of the produced CuO nanostructures on WCF. The sum
of the broadening caused by strain and by crystallite size results in the overall broadening
of XRD peaks [276]. That is;

βt = βD +βε (6.9)

And the Scherrer’s relation is;

D =
Kλ

βDcosθ
(6.10)

Where K (the shape factor) is equal to 0.9, λ is the X-ray source’s wavelength (0.15406
nm), θ (the peak location in radians), and D (the size of produced crystals) are other im-
portant parameters. The XRD peak’s overall broadening can be expressed as follows:

βt =
Kλ

Dcosθ
+4εtanθ (6.11)

Equation (6.11) can be written as,

βtcosθ = ε(4sinθ)+
Kλ

D
(6.12)

Since the W-H graph in Fig. 6.8(b) is essentially a straight line drawn with (4sinθ ) on the
x-axis and (βtcosθ ) on the y-axis, this expression (equation-11) is identical to a straight line
equation (y=mx+c). The amount of strain “ε” will be indicated by the line’s slope, and the
value of crystal size will be indicated by the line’s y-intercept. The crystallite size is 33.81
nm, and the calculated strain is 3.3933 x 10−4. For all XRD peaks of CuO nanostructures
that correspond to the high intensity peak (111) of the sample, the measured value of the
crystallite size using W-H plot and Scherrer’s formula are found to be in the range of 33-36
nm.

6.3.2 Compositional analysis of as fabricated CuO nanostructures on
WCF

The energy dispersive spectroscopy apparatus connected to the FESEM setup is used to
analyze the composition of the CuO/WCF samples as they were developed. Figure 6.9
presents the findings of the Energy Dispersive Spectroscopy (EDS) examination. Accord-
ing to statistical analysis, Cu and O are present in a 1:1 stoichiometric ratio, and the EDS
spectra clearly demonstrate the presence of Cu, O, and C components. It demonstrates
the presence of copper and oxygen components on the surface of carbon fiber, supporting
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nano-growth of CuO in the prepared precursor mixture by hydrothermal depositions. As
illustrated in Fig. 6.9, the atomic percentage and weight percentage of each element are
also determined using the EDS spectra. The inherent CuO often has a non-toxic p-type

Figure 6.9: Elemental composition of CuO nanostructures

semiconductor property, which is supported by the fact that the created CuO nanostruc-
tures are frequently oxygen depleted. The spectrum does not contain any more undesirable
elements. The CuO/WCF samples can be used to create hybrid composites employing
BPA epoxy resin as a matrix for a number of applications after the EDS spectra showed the
hydrothermal development of CuO nanostructures on carbon fiber surfaces. To explain the
compositional variance, the elemental mapping of a synthesized CuO nanostructured WCF
sample is shown in Fig. 6.10, coupled with an EDX analysis of the sample. The created
sample includes the following elements such as carbon (C), oxygen (O), and copper (Cu)
which are represented by the colors red, green, and blue respectively. This verifies the
growth of CuO nanostructures on carbon fiber surface possesses high density and uniform
growth distribution.
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Figure 6.10: Elemental mapping of the CuO nanostructures grown on WCF strands

6.3.3 Impact of process parameters on dimensions of CuO nanostruc-
tures

Depending on the quantity of seeding cycles, the length of the growth process, and the
molar concentration applied different geometric shapes of CuO nanostructures were pro-
duced by the seed-assisted hydrothermal growth technique. The nanoflakes, nanopellets,
and nanowires have pointed tips and broader bases, as can be seen in Fig. 6.7. As mea-
sured from the base, all dimensions (height, width, and thickness) tended to decrease by
adjusting the stated hydrothermal process parameters. The CuO nanostructures with the
shapes of nanoflake, nanopellet, and nanowire ranged in height from 650 to 750 nm, 600
to 650 nm, and 200 to 300 nm, respectively. Similarly, CuO nanostructures with the shapes
of nanoflake, nanopellet, and nanowire ranged in width from 200 to 250 nm, 150 to 200
nm, and 100 to 120 nm, respectively. The thickness of the generated CuO nanostructures
with the shapes of nanoflake, nanopellet, and nanowire was calculated to be between 150
and 180 nm, 120 and 150 nm, and 80 and 100 nm, respectively. The dimensional fluctua-
tion of CuO nanostructures as synthesized morphologies on WCF surface is shown in Fig.
6.11(a). Nanoflakes have higher dimensions (height, width, and thickness) than nanowires,
which have smaller dimensions, but nanopellets have a moderate size fluctuation. These
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major morphologies include nanoflakes, nanopellets, and nanowires. Figure 6.11(b) shows
the relationship between the dimensional variation of produced CuO nanostructures and
changes in molar concentration. It was clear that at low molar concentrations, the CuO
nanostructure’s surface exposure was higher. When the concentration of growth precursors
grew, the base’s width and thickness dropped but its height climbed. It makes sense that
the bigger surface area of these CuO nanostructures and the higher density of CuO nanos-
tructures per unit of WCF surface area could improve the performance of composites made
with them.

Figure 6.11: Dimensional variation of as grown CuO nanostructures (a) under varied
morphologies and (b) under varied molar concentrations

6.3.4 Weight loss study of CuO by TGA thermograms

Using a Thermo Gravimetric Analyzer (TGA), the yield of the CuO synthesis and its ef-
fect on the thermal stability of the modified WCF were assessed (DTG-60, Shimadzu Co.,
Japan). The CuO/WCF sample was heated in a platinum crucible on the microbalance pan
from room temperature to 1000 °C. Using nitrogen flow and a heating rate of 10 C/min−1,
the experiment was conducted. Figure 6.12(a) depicts the TGA degradation trend of WCFs
both before and after CuO nanostructure surface modification. The surface of the WCFs
having developed CuO nanostructures exhibits improvement in the thermal stability. The
sample’s initial degradation temperature (Ti), maximum pyrolysis temperature (Tm), and
residual weight all increased as compared to the unaltered WCF samples. A large amount
of interfacial contact between the carbon fiber and the CuO was the cause of the increased
thermal stability. Particularly with the carboxylic acid groups on the surface of the WCF,
the Cu2+ ions formed strong ionic connections. The development of a densely networked



6.3. Results and discussion 151

structure as a result of this interaction improved the thermal stability of the WCF samples
by acting as a barrier to the transport of volatile breakdown products [307]. The amount

Figure 6.12: (a) Thermogravimetric degradation pattern and (b) weight loss evaluation of
WCF before and after CuO growth

of CuO generated on the surface of the WCF was calculated using the difference in mass
loss between the CuO-embedded WCF and the pure WCF. The weight loss of the WCF
samples with and without CuO implanted is shown in Fig. 6.12(b) as a bar chart to show
how the weight of the CuO/WCF samples varies in comparison to bare WCF. As compared
to the plain WCF sample all of the CuO-embedded WCF samples produced by hydrother-
mal synthesis displayed a considerable weight change. The sample loses less weight as
the concentration of CuO rises, but the weight loss for the 45 mM sample increases sud-
denly, which may be caused by a lack of crosslinking between the CuO nanostructures and
the WCF surface. The samples with 60 mM CuO concentration, 8 seeding cycles, and 12
hours of treatment time show the least amount of weight loss when compared to the other
samples. The sample that was subjected to 8 seed cycles, 60 mM, and a 12-hour hydrother-
mal condition produced the greatest growth of CuO on the WCF. In comparison to other
aspects, the concentration of the growth solution has very little influence on the pattern of
weight reduction. These findings demonstrate that the CuO nanostructures on the vertically
oriented WCF pieces developed in this sample in the most controlled manner, and they can
be used to establish the ideal growth conditions for subsequent research.

6.3.5 Fourier-transform infrared spectroscopy

The developed sample’s functional groups and metal-oxide interactions were located uti-
lizing the qualitative method of FT-IR spectroscopy. The FT-IR transmittance spectrum of
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plain WCF and as produced CuO Nanostructures on WCF surfaces is given in Fig. 6.13
for the wavenumber range of 500 to 4000 cm−1. The presence of hydroxyl, carboxyl, and
moisture on the surface of the carbon fiber was the primary cause of the tiny and broad
absorption peak that was found between 3200 and 3500 cm−1. Peaks at 2921 and 2856
cm−1 were caused by the methylene group’s (−CH) stretching. The WCF-CuO nanos-
tructure’s peaks at 3433, 2924, and 2851 cm−1 were caused by the surface hydroxyl and
methylene groups (−CH2−). Additionally, a peak at 3433 cm−1 was used to assess the
absorption of water molecules on the surface of the CuO nanostructures. The new peaks at
1632, 1427, 1361, and 1082 cm−1 were caused by the stretching vibrations of C=C and C-
O, which suggests the combination of carbon fibers and CuO [339]. The surface carbonyl
group displayed a peak at 1722 cm−1. Cu-O was stretched in the [1̄11] direction, producing
the peaks at 617 cm−1. The Cu-O stretching along the [101] direction of the WCF-CuO
nanostructures caused the peak at 531 cm−1 to occur [36]. The Cu-O bond’s characteristic

Figure 6.13: FT-IR spectroscopy spectra of plain WCF and CuO-modified WCF

stretching mode is attributed to a significant vibration band in the FTIR spectrum between
600 cm−1 and 800 cm−1. Peaks at 1361 and 1427 cm−1 were attributed to the bending
vibrations of the −CH3 groups and −CH bonds, while peaks at 2852 and 2923 cm−1 were
assigned to the stretching vibrations of the −CH bonds. While the peaks at 3327 and 3428
cm−1 were attributed to OH stretching vibrations, the peaks at 1626 cm−1 were attributed
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to C = C or C = N stretching vibrations. These results suggested the existence of certain
polar groups on WCF surfaces. A cluster of water molecules in the process of crystalli-
sation has a peak H–O–H vibration at 2370 cm−1. The peaks at 1652, 1520, 1082, and
907 cm−1 correspond to the C = C stretching of an alkane group, C = C stretching in an
aromatic ring and stretching in polyphenol (C = O), C–H bending vibration of an alkane
group, stretching of C–N, and bending vibration of C–H, respectively [306]. The small
peak at 664 cm−1 indicates that C-alkyl chloride and CuO hexagonal phase are present.
Since the CuO-decorated WCF had a lower intensity of the peak at 3327 cm−1, the car-
boxylic acid must have played a role in the formation of the CuO bond. At 617 cm−1, and
531 cm−1, new peaks for the Cu/WCF/O stretching vibration appeared [36].

6.3.6 X-ray photoelectron spectroscopy (XPS) analysis

The physical behavior of CuO nanocomposites are significantly influenced by the concen-
tration of oxygen vacancy and the existence of trace quantities of Cu3+ within CuO. It is
well known that it is highly challenging to observe micro-quantities of Cu3+ through XRD
examinations. The most effective method for identifying this minute amount of charge co-
existing with Cu2+ in CuO is X-ray photoelectron spectroscopy (XPS). The surface chem-
istry and content of CuO-modified WCF and the same hybrid nanocomposite in laminated
form were investigated using XPS measurements. Charge neutralizer was used throughout
the analysis to remove the charging effect. With regard to quantification, Shirley’s algo-
rithm was used for background correction while data analysis and processing were carried
out using vision processing software [340]. The collected spectra were deconvoluted, and
a Gaussian fitting approach was used to fit them. C 1s at 284.6 eV was used to calibrate
the binding energies. The survey scan spectra of CuO nanostructures as they have been
formed, coupled with their atomic percentage, are shown in Fig. 6.14(a). The spectrum
clearly identifies signals for Cu, O, and C, dispelling the possibility of additional element
in the sample. High resolution Cu 2p spectra (Fig. 6.14(b)) show two prominent peaks at
roughly 933.7 eV and 953.8 eV that correspond to the binding energies of Cu 2p3/2 and
Cu 2p1/2, respectively, with spin orbit splitting separation of 20 eV in accordance with
published data [341]. These peaks represent typical Cu (II) state characteristics. CuO is
also characterized by the presence of the shake-up satellite peak at 941–944 eV, which sup-
ports the occurrence of the CuO phase of synthetic CuO on WCFs. This further indicates
the existence of an unfilled 3d9 ground state, as opposed to the totally filled 3d states of
Cu2O, which make it impossible to have such a satellite peak [342]. CuO-modified car-
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bon fiber’s XPS O 1s spectra are shown in Fig. 6.14(c). The CuO lattice oxygen, which
corresponds to the Cu-O bond, is indicated by the strong peak at 529.5 eV. There is no
additional peak indicating surface adsorbed hydroxyl ions. As a calibration reference, the
typical C 1s (284.6 eV) spectra depicted in Fig. 6.14(a) will be used. The XPS analysis of
pure CuO/WCF confirms the existence of the CuO phase and is in line with the findings of
XRD and EDS.

Figure 6.14: (a) XPS survey scan for the grown CuO nanostructures on WCF, high
resolution XPS spectrum of as synthesized CuO-modified WCFs for (b) Cu 2p and (c) O

1s regions
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Table 6.2: Findings of hydrothermal growth of CuO nanostructures on WCFs

S.no. Sc Cg Tg Oe S. no. Sc Cg Tg Oe

1 2 10 3 Ng 49 6 10 3 Ng

2 2 10 6 Ng 50 6 10 6 Ag

3 2 10 9 Ng 51 6 10 9 Lg

4 2 10 12 Ng 52 6 10 12 Lg

5 2 15 3 Ng 53 6 15 3 Ng

6 2 15 6 Ng 54 6 15 6 Ag

7 2 15 9 Ag 55 6 15 9 Mg

8 2 15 12 Ag 56 6 15 12 Mg

9 2 25 3 Ng 57 6 25 3 Ng

10 2 25 6 Ng 58 6 25 6 Lg

11 2 25 9 Ag 59 6 25 9 Mg

12 2 25 12 Ag 60 6 25 12 Mg

13 2 35 3 Ng 61 6 35 3 Ng

14 2 35 6 Ng 62 6 35 6 Lg

15 2 35 9 Ag 63 6 35 9 Mg

16 2 35 12 Ag 64 6 35 12 Fg

17 2 45 3 Ng 65 6 45 3 Ng

18 2 45 6 Ng 66 6 45 6 Lg

19 2 45 9 Ag 67 6 45 9 Mg

20 2 45 12 Ag 68 6 45 12 Fg

21 2 60 3 Ng 69 6 60 3 Ng

22 2 60 6 Ng 70 6 60 6 Lg

23 2 60 9 Ag 71 6 60 9 Mg

24 2 60 12 Ag 72 6 60 12 Fg

25 4 10 3 Ng 73 8 10 3 Ng

26 4 10 6 Ag 74 8 10 6 Lg

27 4 10 9 Ag 75 8 10 9 Fg

28 4 10 12 Lg 76 8 10 12 Ug

29 4 15 3 Ng 77 8 15 3 Ng

30 4 15 6 Ag 78 8 15 6 Lg

31 4 15 9 Lg 79 8 15 9 Fg

32 4 15 12 Lg 80 8 15 12 Ug

33 4 25 3 Ng 81 8 25 3 Ng

34 4 25 6 Ag 82 8 25 6 Lg

35 4 25 9 Lg 83 8 25 9 Fg

36 4 25 12 Mg 84 8 25 12 Ug

37 4 35 3 Ng 85 8 35 3 Ng

38 4 35 6 Ag 86 8 35 6 Lg

39 4 35 9 Lg 87 8 35 9 Fg

40 4 35 12 Mg 88 8 35 12 Ug

41 4 45 3 Ng 89 8 45 3 Ng

42 4 45 6 Ag 90 8 45 6 Lg

43 4 45 9 Lg 91 8 45 9 Fg

44 4 45 12 Mg 92 8 45 12 Ug

45 4 60 3 Ng 93 8 60 3 Ng

46 4 60 6 Ag 94 8 60 6 Lg

47 4 60 9 Lg 95 8 60 9 Fg

48 4 60 12 Mg 96 8 60 12 Ug
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6.4 Volume fraction and void analysis of the composites

The correct proportion of the fiber content should be determined because several studies
have expressed that it is one of the most important factors in enhancing the mechanical
properties of fiber reinforced composites [309]. The ASTM D2584 standard is typically
used to calculate the fiber volume proportion as follows [312];

Vf = {
ρm.w f

ρm.w f +ρ f .wm
} (6.13)

Where, Vf denotes the volume fraction of the fiber, ρ f denotes fiber density, ρm denotes
matrix density, w f denotes weight of the fiber, and wm denotes weight of the matrix. When
it comes to textiles, the spacing between the yarns of the textile pattern determines the total
fiber volume proportion. Yarns with different fiber volume proportions are designed and
implemented within a certain framework. Because the polymeric matrix would occupy
the threads, measuring the fiber content only on the space between yarns in a textile is
insufficient. As a result, a reasoned mathematical expression may be used to determine the
volume fraction of fiber as follows [312]:

Vf = {
ρm.wy

ρm.wy +ρy.wm
} (6.14)

Where, Vf stands for the fiber volume fraction, ρy for the fabric’s yarn density, ρm for the
matrix density, wy for the yarn’s weight, and wm for the matrix’s weight. With the compos-
ite density measured and the fiber and matrix densities known, the fiber volume proportion
of the manufactured composites was determined using the aforementioned mathematical
procedures. The estimated computed fiber volume proportions for the manufactured com-
posites are shown in Table 6.3. The following equation was used to calculate the volume
proportions of CuO nanostructures implanted in CuO/WCF/BPA epoxy resin hybrid com-
posites:

VCuO = {
(
WCuO

ρCuO
)

(
WCuO

ρCuO
)+(

Wf

ρ f
)+(

Wm

ρm
)
} (6.15)

Where, ρCuO represents density of CuO Nanostructures, wCuO represents the weight of
CuO nanostructures, VCuO represents the volume fraction of CuO nanostructures, and w f

and wm, respectively indicate the weight of the fiber and matrix. The volume fraction mea-
surements of the CuO nanostructures in the developed nanocomposite are shown in Table
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6.3. The volume fraction of CuO nanostructures increases in specimens with 6 seeding
cycles, and this trend continues as the number of seeding cycles and development time
increase. The samples representing 8 seeding cycles and 12 hours of growth treatments
with various molar concentrations were analyzed for volume fraction evaluation based on
the CuO nanostructures growth that was the most effective. The volume fraction of CuO
in the composite samples created with the most successful development of CuO on WCF
and BPA epoxy resin similarly increases as the molar concentration of the growth solution
increases, i.e., 10mM > 15mM > 25mM > 35mM > 45mM > 60mM. WCF’s density
and volume fraction both increased with the creation of CuO nanostructures. As the vol-
ume percentage and density increase, so does the quality of the created hybrid compos-
ites. Using 8 seeding cycles and a 12-hour growth period, the specimens made with a 60
mM solution appeared to have the highest volume fraction of CuO, indicating the highest
growth of CuO nanostructures among the specimens. The interfacial contact between the
CuO nanostructures, WCF, and BPA epoxy resin gets stronger as the CuO nanostructures
growth progresses. These interactions enhance the net load transfer rate from the matrix
material to the fibers. Therefore, composites with higher volume fractions of CuO function
better [103]. Additionally, evaluations of void content are utilized to gauge a composite’s
qualities and possibilities for various operations. The majority of a composite’s material
properties are influenced by the void percentage. To calculate the densities of composites,
ASTM D792 was employed. The specimen’s weights were measured after they were sub-
merged in distilled water at room temperature. According to ASTM D2734, the percent
void proportions of the specimens were calculated using common mathematical methods
derived from experimental and theoretical density as follows:

Voidcontent =
(ρtheoretical−ρexperimental)

ρtheoretical
(6.16)

ρtheoretical =
1

(
WCuO

ρCuO
)+(

Wf

ρ f
)+(

Wm

ρm
)

(6.17)

In their natural form, WCF/BPA epoxy resin composites had a void rate of 11.64 %. This
considerably decreased as CuO nanostructures began to develop on the WCF surface. As
more CuO nanostructures were being developed, the void percentage started to decrease.
In woven aramid/kenaf fiber/epoxy composites, Yahaya et al. [313] reported a 16.2 %
void content and discovered that kenaf mat composites have a larger void percentage and
poorer interfacial adhesion. Hazarika et al. [143] reported 16.24% of void content in the
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fabrication of uncoated woven Kevlar fiber reinforced polyester composites using vacuum
bagging technique and found reduction in void content on increase in coating of ZnO.
However, the current work reported approximately 10.84% of void content for uncoated
WCF reinforced polymer composites. The formation of high void content might have
occurred during its fabrication because major cause of void formation is mechanical air
entrapment during flow of resin and formation of gases due to chemical reactions. Further
nucleation of dissolved gases in the resin can cause void formation. In this work, the fiber
surface is treated under different chemical solutions during deposition of CuO nanostruc-
tures which may propagate creation of gases during curing of the samples. Furthermore,
the fiber architecture changes due to chemical treatments which cause air entrapment re-
sulting in non-uniform permeability of the fiber which may causes local variation in resin
velocity. These are possible reasons of high void content which need to be explored for
detailed information. CuO nanostructures generated on WCF increased the interfacial rela-
tionships between WCF and BPA epoxy resin. The Cu2+ ion forms ionic connections with
the carboxylic acid groups on WCF. The BPA epoxy resin’s epoxide group also contributed
to the crosslinking and bonding that boosted interfacial adhesion. Therefore, compared to
bare WCF/BPA epoxy resin composites, the void content of WCF/CuO/BPA epoxy resin
composites is much reduced. CuO nanostructures formed on WCF have a higher density,
which also has a lower void content. The WCF/CuO/BPA epoxy resin composite sample
produced by 8 seeding cycles and 12 hours of development period exhibits the lowest void
content at 60 mM CuO molar concentration.
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Table 6.3: Study of CuO volume fraction and void content of fabricated composites

S.no. Sample cate-
gory

Fiber
volume
fraction
(%)

CuO
volume
fraction
(%)

Void
content
(%)

Tensile
strength
(MPa)

Elastic
Modulus
(GPa)

In-plane
shear
strength
(MPa)

1 00 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

0.0 ≈ 10.84 257.78 14.75 162

2 10 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

≈ 1.62 ≈ 8.86 288.69 17.83 168

3 15 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

≈ 2.13 ≈ 7.42 299.82 18.74 176.11

4 25 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

≈ 2.64 ≈ 6.37 310.31 19.29 182.78

5 35 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

≈ 3.36 ≈ 5.14 333.75 19.81 191.67

6 45 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

≈ 3.92 ≈ 4.72 345.01 20.83 206.23

7 60 mM
CuO/WCF/BPA
Epoxy resin hy-
brid composite

≈
48.76 ±
0.80

≈ 4.68 ≈ 3.68 364.52 22.35 214

6.5 Mechanical characterization of fabricated hybrid com-
posites

The CuO/WCF/BPA epoxy resin hybrid composites were made using the WCF samples
with the highest CuO growth. The vacuum bagging technique was use to prepare the
laminated composite samples and after curing, the samples were tested under mechanical
loading. In order to determine the average value of the necessary attributes, seven cate-
gories of composite samples were considered for further study and five tests were run on
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each category of composite samples. The average value was calculated from the remaining
three responses after the top and lowest responses from five tests were excluded. Table 6.4
enlists the finalized categories of composite samples.

Table 6.4: Fabricated ZnO/WCF/BPA epoxy composite samples for mechanical
characterizations

S.no. Sample name Sample category
1 S-1 00 mM CuO/WCF/BPA Epoxy resin hybrid composite
2 S-2 10 mM CuO/WCF/BPA Epoxy resin hybrid composite
3 S-3 15 mM CuO/WCF/BPA Epoxy resin hybrid composite
4 S-4 25 mM CuO/WCF/BPA Epoxy resin hybrid composite
5 S-5 35 mM CuO/WCF/BPA Epoxy resin hybrid composite
6 S-6 45 mM CuO/WCF/BPA Epoxy resin hybrid composite
7 S-7 60 mM CuO/WCF/BPA Epoxy resin hybrid composite

6.5.1 Drop weight impact test

CFRP composites are susceptible to impact damage due to their low impact energy ab-
sorption. However, carbon fiber coated with CuO nanostructures can improve resistance
to failure under impact loading. In this section, the energy absorption caused by CuO
growth and the failure behavior of the produced composite samples under drop down im-
pact load were examined. The properties of fabricated hybrid composites are believed to
be enhanced by increased surface area between CuO nanostructures, fibers, and a polymer
matrix, which would enhance chemical interaction and mechanical load-transfer capac-
ity. It results from the surface of carbon fibers having functional groups such as hydroxyl,
carbonyl, and carboxyl. These functional groups have a strong affinity for CuO nanos-
tructures and causes effective bonding site with polymeric matrix. In accordance with
ASTM D5628-10 standard, the impact test was performed using a drop-weight impact
tester (Model: SPRANKTRONICS, Bangalore, India) fully computer controlled with data
acquisition system to assess the composites’ ability to absorb energy from impacts caused
by vertically dropped weights. The height of impactor varies from 0.1 to 1.0 meters, and
the impact energy scale goes from 0-120 Joules. The 5 kg circular impactor clamp was
first set to a 45 mm diameter. In these studies, the drop height was 0.75 m and the impact
velocity was 3.84 m/s. Each sample is approximately 2.0 mm thick on average. Figure
6.15 illustrates the drop weight impact tester, their impact data collection system, and the
fabricated composite samples. Data was gathered between the initial impact contact point
and the penetration point. The rebound and absorbed energies were combined to determine
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the impact energy. The resin and fibers absorbed all of the rebound energy while it was
low. The delamination and bending deformation energies were incorporated into the ab-
sorbed energy for low velocity strikes. On the other hand, the composite’s brittleness led
to a moderate amount of absorption energy when the fibers broke. The impact energy of
the samples absorbed the residual energy, which included shear-out, global deformation,
and delamination energy.

Figure 6.15: Drop weight impact tester along with data collection system and fabricated
samples

6.5.1.1 Impact energy absorption

Figure 6.16 displays the impact energy absorption results for the WCF/CuO/BPA epoxy
resin composite specimens and the simple WCF specimens. The uncoated WCF/BPA
epoxy resin composite specimen had the lowest impact energy absorption. The impact en-
ergy absorption rose by 48.34 % with 10 mM CuO growth on the WCF, and this increase
persisted as the CuO nanostructures grew. CuO nanostructure’s surface area increased
linearly with their development, which improved their compatibility with WCF and the
polymer matrix. Due to the high level of entanglement created by these interactions, the
composite was able to efficiently absorb and transmit energy through its interfaces in com-
parison to plain CFRP composites [343] and microparticle embedded CFRP composites
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[344]. As previously discussed, the highest growth of CuO nanostructures occurred in
the composites with 8 seeding cycles, 12-hour growth times, and growth solution con-
centrations of 45 mM and 60 mM. As a result, these composites were the most effective
at absorbing impact energy, with increases in energy absorption of 66.7 % and 74.8 %
in comparison to bare WCF/BPA epoxy composite specimens, respectively. The features
were also enhanced by the affinities of the surface functional groups present in the carbon
fibers. Naturally carboxyl, hydroxyl, and carbonyl groups can be found on the surfaces
of carbon fibers. When the hydroxyl and carboxyl groups come into touch with the Cu2+

ions in CuO, strong ionic bonds are created. Additionally, the long pairs of the carbonyl
group exhibit a strong attraction for CuO nanostructures. Furthermore, the epoxy func-
tional groups can interact to form strong linkages with the epoxide groups. WCF and BPA
epoxy resin improved the overall impact absorption energy capacity of hybrid composites
by merging these components. The average, standard deviation, and coefficient of variance
of impact test results of each sample have been tabulated in the Table 6.5. It can be ob-
served that, the coefficient of variance is around 5% which shows lower level of dispersion
of the test results and good performance of the method applied.

Figure 6.16: Absorbed impact energy of impact test samples
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6.5.1.2 Energy Vs time response of impacted samples

When samples are subjected to a low-velocity impact, the impact energy is made up of both
the rebound and the absorbed energies. The rebound energy was modest when the striker
did not puncture the composites because the resin and fibers totally absorbed the energy.
The energies that were absorbed included delamination and bending deformation energies.
Figure 6.17 shows the variation in impact energy absorbed by the WCF/BPA epoxy resin
and WCF/CuO/BPA epoxy resin composites as a function of time. CuO nanostructures
were added, and it was discovered that the absorbed impact energy and time till failure
increased in WCF/BPA epoxy resin composites. The impact absorption energy of plain
WCF/BPA epoxy resin composites was the lowest and failed very rapidly, but this property
improved as the quantity of CuO nanostructures increased. The impact energy increased
as the molar concentration of CuO increased, for instance, the sample with minimal CuO
growth (i.e., the sample treated with 8 seed cycles, 10 mM concentration, and 12 hrs growth
treatment) had a 48.34 % higher impact energy and a 133 % increase in failure time than
the plain WCF/BPA epoxy resin composites. The CuO nanostructure’s larger surface area
produced a stronger interfacial interaction between the fibers and the epoxy resin, increas-
ing the absorption of impact energy. Surface carboxylic groups reacted with the epoxide

Figure 6.17: Variation of absorbed impact energy of samples as a function of time
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(oxirane) group of the BPA epoxy resin to establish ionic interactions with Cu2+ ions, re-
sulting in additional connections between the fibers, CuO nanostructures, and resin. The
greater the interfacial interaction, the more energy is absorbed since energy can be trans-
mitted from the polymer to the fiber across the interface more easily. The WCF/CuO/BPA
epoxy resin composite, which was created with 8 seeding cycles, 60 mM CuO concen-
tration, and 12 hours of treatment, grew the most CuO nanostructures and, as a result,
absorbed the most impact energy, 74.8 % better than the bare WCF/BPA epoxy resin com-
posite. Additionally, the time taken to failure was increased by 166 % in comparison to the
bare WCF/BPA epoxy composites as shown in the Fig. 6.17. An investigation of load-
deflection response of fabricated composites under impact loading is also performed and it
was found that their variation is illustrated in the Fig. 6.18. It is evident that the fluctua-
tion of load versus deflection graph of CuO treated composites is cubic in form, as opposed
to sample-1 (plain WCF/BPA epoxy composites). The load supported by the samples in-
creases initially as the deflection increases, then beyond a certain point the load decreases
as the material reaches its ultimate point and moves toward the point of fracture, eventually
tending to zero due to fracture of samples. Samples without CuO nanostructures sustained
least value of load and it increases on increasing the growth of CuO nanostructures.

Figure 6.18: Investigation of load-deflection response of composites under impact loading
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6.5.1.3 Fractured surface topography

As-fabricated CuO/WCF/BPA epoxy resin hybrid composite sample’s fractured surface
topography and crack debris are shown in Fig. 6.19. The all fracture mechanisms seen
during the FESEM examination of tested samples has been reported in this section. Gen-
erally, the fracture mechanisms in case of plain CFRP such as sample-1 consist of fiber
breakage, matrix cracking and delamination as shown in Fig. 6.19(a and b). However
other failure modes such as fiber pullout, crack debris and de-bonding can be seen for
hybrid composites such as sample having improved interfacial adhesion due to fiber modi-
fication as illustrated in Fig. 6.19(c-e). Furhter analysis of hybrid samples results into the
information of other failure modes such as nanostructure pullout, nanostructure breakage,
as well as nanostructure debonding due to presence of CuO nanostructures at the interface
of CFRP as illustrated in Fig. 6.19(f-h). The fracture point primarily provides information
on fiber breakage and delamination. Up until the fracture point was reached, the cracking
interaction energy was thought to exist between the CuO nanostructure and the surface of
the WCFs. The WCFs also absorbed delamination energy. Variations in impact energy
absorption were caused by interactions between CuO nanostructure and CuO growth re-
gion zones on the surface of the WCFs. It has been demonstrated that the cross-linking
density rises with the molar density of CuO. The impact energy absorption relationship is
as follows:

Etotal = Erebound +Eabsorbed (6.18)

Brittle composites have very little rebound energy. As a result, almost all of the energy was
absorbed by the resin and fibers. In low-velocity impacts, the absorbed energy also includes
the bending deformation and delamination energy. Due to the brittle nature of the compos-
ite, the majority of energy was absorbed by fiber breakage, with the impact absorbing the
remaining energies (such as global deformation, delamination, and shear-out energy). The
impact’s outward area in each case was essentially the same. The most notable difference
was that the holes in the composites generated at higher molar CuO concentrations were
shaped like arches. The straightforward WCF/BPA epoxy composites were straight down-
penetrated. On the other hand, the impact-damaged region of the composites produced
at higher molar concentrations of CuO resembled an erupted volcano. The impact zone
was cross-linked by the nearby CuO nanostructures, which was the cause of this. When
the CuO nanostructures reached up to the cracks, the bonding energy between the WCFs
and CuO nanostructures was greater than the deformation energy of the epoxy resin. As a
result, the CuO nanostructures absorbed more energy despite the modest size of the dam-
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Figure 6.19: Fracture surface topography showing different fracture mechanism and
interfacial interaction under impact loading

aged area. Impact energy is absorbed to a greater extent in CuO composites with larger
molar concentrations. Different nanostructure failure mechanisms, such as debonding and
breakage, were observed, confirming an improvement in the interfacial characteristics of
the produced composites. The CuO nanostructure traces are seen as a result of the FESEM
investigation of the damaged surface of the hybrid CFRP samples (S2-S7) as illustrated
in Fig. 6.19(f-i) and the enlarged view of presence of CuO nanorods at the interface of
the failure zone of hybrid composite sample is depicted in Fig. 6.19(i). It can be con-
cluded that the presence of CuO nanostructures on the WCF and crosslinking of CuO at
the interfacial area improved the mechanical properties of the fabricated hybrid composite
samples.

6.5.2 Tensile and In-plane shear strength

Tensile strength measurements were performed to compare the stiffness of WCF/BPA
epoxy resin composites with WCF/CuO/BPA epoxy resin composites based on CuO con-
centration and morphologies. Tensile tests were conducted on the specimens using Instron
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5982 universal testing apparatus with a 100 kN maximum load. The pictorial representa-
tion of micro universal testing machine set up used for tensile testing is illustrated in Fig.
6.20(a). In this set up, a hydraulic wedge gripping has been used for effective gripping
of the fabricated specimen as shown in Fig. 6.20(b). Further, a schematic representation
of load direction, gauge length and location of clamped extensometer is illustrated in Fig.
6.20(c). The specimen showing fractured surface of CFRP under tensile loading is also
depicted in Fig. 6.20(d). Five specimens from each sample category were tested and ana-

Figure 6.20: (a) Micro-universal testing machine set up used for tensile testing, (b)
enlarged view of gripped specimen and location of extensometer, (c) schematic

representation of load direction and gauge length and (d) fractured specimen after tensile
loading

lyzed in accordance with ASTM D3039 standards at a displacement rate of 1 mm/min. The
test average values are taken into consideration for further analysis. Figure 6.21 shows the
average values for tensile strength, elastic modulus, and in-plane shear strength for all the
manufactured composite samples in each category. Because the fibers and epoxy had less
interfacial contacts, the plain WCF/BPA epoxy resin composite samples had the lowest ten-
sile strength, elastic modulus, and in-plane shear strength values. As CuO nanostructures
were embedded on the surface of WCFs, the surface area of the fibers increased. Figure
6.22 shows the tensile stress-strain curves for the WCF/BPA epoxy resin composite and the
WCF/CuO/BPA epoxy resin composite. The increments show how much the WCF, CuO
nanostructures, and epoxy resin interacts with one another. These results show the general
upward trend in strength and modulus values and showed that greater CuO nanostructure
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Figure 6.21: Variation of (a) Tensile strength, (b) Elastic modulus and (c) In-plane shear
strength values of composite samples

growth produced superior outcomes. Previous research has demonstrated that in brittle
composites, external impact energy leads to fiber breakage [37]. Increased load sharing
between CuO nanostructures and fibers as a result of faster CuO nanostructure develop-
ment rates raises the energy needed to break fibers. The maximum elastic modulus (52 %)
and tensile strength (42 %) were attained by composites containing CuO nanostructures
generated with 8 seeding cycles and 12 hours of development time at a growth solution
concentration of 60 mM. The surface functional groups of WCFs, such as hydroxyl, car-
boxyl, and carbonyl, interacted with the CuO nanostructures and the epoxide groups of the
BPA epoxy resin, enhancing the interfacial interaction, as was previously mentioned. The
additional interfacial connections significantly increased the composite’s overall tensile
strength. When comparing the fabricated CuO/WCF/BPA epoxy resin composite samples
to bare WCF/BPA epoxy composite samples, the in-plane shear resistance of the compos-
ite samples as fabricated was also calculated. It was found that the in-plane shear strength
gradually increases on increasing the molar concentrations of CuO nanostructures. As seen
in Fig. 6.21, the highest increase in in-plane shear strength of 32 % found at higher mo-
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Figure 6.22: Stress-strain plot of the WCF/BPA and WCF/CuO/BPA epoxy resin
composite

lar concentrations. Additionally, it has been demonstrated that the hydrothermal growth
process enhances the mechanical characteristics of large-scale composites. The results of
the tensile test show that the network of CuO nanostructures improved the interfacial prop-
erties and increased the interfacial shear strength because it improved load transmission
from the matrix to the WCFs in comparison to plain CFRP composites modified by micro
and nanofillers as reported in literatures [345, 346]. The average, standard deviation, and
coefficient of variance of tensile test results such as tensile strength, elastic modulus and
in-plane shear strength of each sample have been tabulated in the Table 6.5. The tabu-
lated data reveals that, the coefficient of variance is around 5% which shows lower level
of dispersion of the test results and good performance of the method applied. Hence the
estimated values of the mechanical properties of as fabricated CFRP composites are more
precise.
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Table 6.5: Average, standard deviation, and coefficient of variance of each test results

Sample Impact energy Tensile strength Elastic modulus In-plane shear strength
(J) (MPa) (GPa) (MPa)

µ σ C.V
(%)

µ σ C.V
(%)

µ σ C.V
(%)

µ σ C.V
(%)

S-1 4.84 0.25 5.16 257.78 12.89 5.01 14.75 0.74 5.01 162 8.1 5.00
S-2 7.18 0.36 5.1 288.69 14.43 4.98 17.83 0.89 5.00 168 8.4 5.01
S-3 7.26 0.37 5.09 299.82 15.01 5.00 18.74 0.94 4.99 176.11 8.82 5.01
S-4 7.42 0.37 4.98 310.31 15.52 4.99 19.29 0.96 5.00 182.78 9.14 4.99
S-5 7.57 0.38 5.02 333.75 16.69 5.01 19.81 0.99 5.01 191.67 9.58 4.98
S-6 7.96 0.40 5.02 345.01 17.25 4.98 20.83 1.04 4.98 206.22 10.31 4.99
S-7 8.45 0.42 4.97 364.52 18.23 5.00 22.35 1.12 5.01 214 10.7 5.00

6.6 Comparison on the effect of ZnO and CuO nanostruc-
tures

The comparison between grown CuO and ZnO nanostructures on thermal and mechanical
properties of CFRP composites are included in this section. The effect of growth on CuO
and ZnO nanostructures has great impact on the thermal and mechanical of the fabricated
composites. The comparison on the effect of ZnO and CuO nanostructures is illustrated
in the Table 6.6. From Table 6.6, it can be seen that each of the metal-oxide NSs has
its own superiority in terms of properties. The elastic modulus, in-plane shear strength of
CuO nanostructured CFRP composites are higher in comparison to ZnO nanostructured
CFRP composites. Nevertheless, the percentage increase in impact energy absorption,
tensile strength and TGA thermal degradation pattern (weight loss) of ZnO nanostruc-
tured CFRP composites are better than the CuO nanostructured CFRP composites. Hence,
both the metal-oxide nanostructures can be used for the enhancement of mechanical and
thermal properties of CFRP composites based on the requirement. However, the growth
phenomenon and required process parameters for the CuO NSs have negative impacts in
terms of large seeding cycles, high growth duration and high temperature. However, the
occurrence of agglomeration in CuO NSs on WCF was higher, due to which the vertically
aligned nanostructures were not grown. On analyzing each factors of both the nanostruc-
tured CFRP composites, the ZnO nanostructured CFRP composites are better in terms
of ease of synthesis, less time consuming, high impact energy absorption capacity, high
thermal stability, high tensile strength and moderate elastic modulus and in-plane shear
strength.
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Table 6.6: Properties of as fabricated ZnO and CuO nanostructured CFRP composites

S.no. Concentration Impact Tensile Elastic In-plane shear Weight
(mM) energy (J) strength(MPa) modulus(GPa) strength(MPa) loss(%)

CuO ZnO CuO ZnO CuO ZnO CuO ZnO CuO ZnO CuO ZnO
1 00 00 4.84 4.32 257.78 257.78 14.75 14.75 162 159.24 6.66 6.66
2 10 10 7.18 6.13 288.69 299.82 17.83 16.24 168 163.94 6.64 6.5
3 15 30 7.26 6.4 299.82 337.92 18.74 18.18 176.11 167.16 4.74 1.4
4 25 50 7.42 7.01 310.31 354.72 19.29 19.47 182.78 168.36 4.27 2.65
5 35 70 7.57 7.62 333.75 388.16 19.81 21.6 191.67 192.35 3.35 2.86
6 45 7.96 345.01 20.83 206.22 6.33
7 60 8.45 364.52 22.35 214 5.22

6.7 Summary

To enhance the interfacial adhesion of the basic WCF/BPA epoxy resin composites, CuO
nanostructures were successfully produced on the surface of woven carbon fiber using a
low-temperature hydrothermal method. The fabrication of WCF/CuO/BPA epoxy resin hi-
erarchical composites was done using the vacuum bagging technique. Prior to creating the
CuO nanostructures on the surface of the fibers, the WCF was subjected to surface hydrol-
ysis and an ion-exchange technique to add carboxylic acid functional groups to the surface
of the WCFs. The interactions of WCF and CuO nanostructure, surface hydrolysis of the
WCF as well as the development of CuO nanostructures on the surface of the WCFs, were
all examined using FT-IR. The XRD results showed the expected peaks for crystalline mon-
oclinic CuO nanostructures, demonstrating that CuO had successfully grown on the surface
of the WCF. The intensity of the crystalline CuO peaks increases as the CuO nanostruc-
ture develops further. The peak corresponding to the (101) crystal plane became stronger
as more CuO nanostructures grew in the c-axis direction. A FESEM analysis revealed
that the number of seeding cycles, the length of the hydrothermal treatment, and the CuO
concentration all had an impact on the development of the CuO nanostructures. The CuO
nanostructure did not spread even at high concentrations and numerous seeding cycles over
small treatment durations. The CuO nanostructures successfully formed after 8 seeding
cycles and a 12-hours treatment period. The high density of ultrafine CuO nanostructures
growth took place when the treatment period was 12-hours long, the molar concentration
was 60 mM, and there were 8 seeding cycles used. The heat behavior and weight change
phenomenon of formed CuO nanostructures on the WCF were characterized using TGA
analysis. The CuO-modified WCF samples have higher residual weight and better thermal
stability than untreated WCF. The density of developed CuO on WCF is demonstrated by
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elemental mapping of the sample, and the composition of CuO nanostructures formed on
WCF samples is determined using EDS analysis. It is highly challenging to observe micro-
quantities of Cu3+ through XRD examinations. The most effective method for identifying
this minute amount of charge coexisting with Cu3+ in CuO is photoelectron spectroscopy.
CuO-modified WCF’s surface chemistry and composition were examined using XPS mea-
surements. Analysis of the fiber volume fraction, CuO nanostructure fraction, and void
content has been performed to evaluate the efficacy of the constructed composite samples.
It was discovered that, at constant fiber volume fraction, the fraction of CuO nanostruc-
tures increases as the molar concentration of the growth precursor increases. Because of
the low void content and improved interfacial characteristics, the quality of the produced
composite increases at high concentrations of CuO nanostructures. The mechanical charac-
teristics of CuO/WCF/BPA epoxy resin hybrid composites were studied using drop weight
impact testing and tensile testing. The experiment results show that the produced CuO
nanostructures boost energy absorption of the created hierarchical composite. The impact
energy diffuses over the interfacial area due to cross-linked networks. CuO nanostruc-
tures were discovered to increase interfacial strength and improve load transmission. The
WCF/CuO/BPA epoxy resin composite’s impact energy absorptions from impact testing
were used to calculate the perforation and penetration thresholds. The WCF/CuO/BPA
epoxy resin composites had higher penetration limits than the WCF/BPA epoxy resin com-
posites, and they got better as the CuO content increased. The impact energy absorbed by
the composite with the most CuO growth (at 8 seeding cycles, 12 hours, and 60 mM) was
74.8 % higher than the impact energy absorbed by the composites made of plain WCF/BPA
epoxy resin, and the time it took to fracture was reduced by 166 %. The WCF/CuO/BPA
epoxy resin composites had greater tensile strengths and elastic moduli than the CuO-
free composites. The CuO-modified WCF composite, developed at 8 seeding cycles, 12
h growth treatments, and 60 mM molar concentration, produced 42 % increase in tensile
strength, 52 % increase in elastic modulus, and 32 % increase of In-plane shear strength
when compared to bare WCF/BPA epoxy resin composite. Thus, it can be concluded that
the improved interfacial contact between the surface-functionalized WCF, CuO, and BPA
epoxy resin increased the mechanical and thermal properties of the composites, expanding
their application in the automotive and aerospace industries.
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Conclusion and Future Scope

The present thesis work investigates the development of high performance carbon fiber re-
inforced polymer composites using metal oxide NSs as a secondary reinforcement. In this
regard, the synthesis of metal-oxide NSs on WCF surface using solution phase synthesis
and fabrication of their hybrid composites have been conducted. The controlled growth of
NSs on carbon fiber fabric is achieved by tuning the hydrothermal process parameters such
as pH, growth temperature, growth time, number of seeding cycles and molar concentra-
tion during synthesis of metal-oxide nanostructured fabrics. Extensive characterizations of
WCF samples modified with metal-oxide NSs have been performed to study the formation
of functional groups along with metal-oxides in order to enhance the mechanical perfor-
mances of the composites. The influence of nanostructured interphase of hybrid CFRP
composites on mechanical properties such as impact strength, tensile strength, elastic mod-
ulus and in-plane shear strength have been examined to assess the performance of compos-
ites for varied applications. The introduction of two prominent metal-oxides such as ZnO
and CuO in the development of nanostructured CFRP has been found an effective strategy
to develop enhanced mechanical attributes of CFRP. The mechanical properties such as
impact strength and tensile strength of CFRP composites increase on increasing the molar
concentration of the metal-oxide NSs. Out of both the nanostructured CFRP composites,
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the ZnO-modified CFRP composites have better thermal and mechanical characteristics
due to better interfacial interaction caused by morphological variation of ZnO NSs grown
on WCF and their interaction with polymer matrix. However some properties are good
in CuO- modified CFRP composites. Hence a holistic comparison between thermal and
mechanical properties of CuO and ZnO nanostructured CFRP composites are tabulated in
the Table 6.5 and on that basis it is concluded which one has more advantages.

7.1 The key conclusion of the thesis

On the basis of theoretical and experimental analysis key conclusions of the thesis are as
follows:

7.1.1 Hydrothermal Growth of ZnO nanostructures on woven carbon
fiber and effect of synthesis parameters on morphology

• Successful growth of ZnO NSs on woven carbon fiber fabrics were achieved through
seed-assisted hydrothermal synthesis technique.

• The variation and control in size and shapes of the ZnO NSs can be done by varying
synthesis conditions such as pH, molar concentration, time and temperature.

• Different NSs such as nanorods, nanowires, nanoflakes, nanoflowers and nanopallets
were developed by varying the pH of precursor solution, molar concentration, growth
duration and growth temperature.

• The pH commands the morphological structure of ZnO NSs and the nucleation den-
sity of ZnO NSs was directed by molar concentration of precursor solution.

• The aspect ratio of the grown ZnO NSs can be adjusted by varying the synthesis time
and growth temperature but growth temperature also influences the morphology.

• The varied shapes and size of ZnO NSs can be grafted on woven carbon fibers by
hydrothermal technique and their structures and morphologies can be directed simply
by adjusting the above discussed parameters to achieve desired NSs for the potential
applications.
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7.1.2 One-step microwave-assisted hydrothermal synthesis of ZnO nanos-
tructures on WCF and their characterization

• One step rapid growth of ZnO NSs on carbon fiber fabric using microwave-assisted
chemical bath deposition technique has been successfully achieved which is quicker
than the chemical bath deposition process.

• Rapid heating of growth solution consisting of [Zn(NH3)4]
2+ nuclei under microwave

irradiation causes production of ZnO NSs by forced hydrolysis.

• The impact of different microwave synthesis parameters such as salt concentration,
microwave duration and microwave power have great influence on morphologies and
growth rates of the ZnO nanorods.

• The distributions and orientations of NSs can be optimized by tuning these process
parameters and their reaction with growth solution.

• The impact of different kind of growth solution for the well distributed and uniform
growth of ZnO NSs on carbon fiber fabric provides a basis to effective functionaliza-
tion of fabrics.

• The FESEM result shows that NSs are irregular in shape and size but have smooth
surface and the size of generated ZnO NSs were around 300-2300 nm in longitudinal
direction and 200-1100 nm in lateral direction.

• The preferred orientation of ZnO growth is in the [1 0 1] direction, which is highest
for nanoflowers, according to XRD and texture coefficient results.

• The optical characteristics of the samples reveal that nanopetals have a big band gap
and nanoflowers have a small band gap which indicates greater size crystals possess
smaller band gaps.

• The findings of refractive index, extinction coefficient, dielectric constant, Urbach
energy, and optical conductivity of grown ZnO NSs on WCF surface indicates that
they have the potential to be employed in high performance nanocomposites for op-
toelectronics and photonics applications such as sensors, emitters, catalysts, active
medium, and electrodes.
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• The potential of developed ZnO NSs on WCF may be expanded in energy harvesting
devices, bio-sensing, medicinal implementations, and environmental pollution sec-
tors due to its outstanding morphological structure and enhanced surface to volume
ratio.

7.1.3 Development of ZnO-modified WCF reinforced epoxy resin com-
posites and their mechanical characterizations

• The successful growth of ZnO NSs was realized on the surface of WCF using a
low-temperature hydrothermal approach as a technique to improve the interfacial
reinforcement of the plain WCF polymer composites.

• The carboxylic acid functional groups on the surface of the WCFs were developed
by surface hydrolysis to promote the adherence of ZnO to the base fibers.

• The number of seeding cycles, hydrothermal treatment period, and molar concentra-
tion all influenced the growth of the ZnO NSs on WCF. Even at high concentrations
and multiple seeding cycles, the NSs did not grow due to short treatment duration.

• The effective growth of ZnO NSs was achieved at 8 seeding cycles and 8h growth
duration. However, high density and uniform distribution of ZnO NSs were achieved
at 8 seeding cycle, 8h growth duration and 70mM molar concentration.

• The improvement in thermal stability and % weight change were seen on ZnO-
modified WCF samples due to fine growth of ZnO NSs.

• The cross-linked networks of ZnO-WCF-epoxy in hybrid composite diffuse the en-
ergy over the interface area which results into higher energy absorption in drop
weight impact testing.

• The penetration limits of the hybrid composites were higher than those of the plain
composites because of effective load transfer at interface, and it improved as the ZnO
molar concentration increased.

• The impact energy absorbed by the ZnO-decorated composite with the maximum
ZnO growth was 76% higher than the impact energy absorbed by the plain WCF
polymer composites.
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• The tensile strength and elastic modulus of the hybrid composites were higher than
those of the plain composites. In comparison to plain composites, the maximum
ZnO molar concentration produced a 48.63% increase in tensile strength, 46.44%
increase in elastic modulus, and 20.79% increase in in-plane shear strength.

• The mechanical and thermal properties of the composites were improved as a result
of improved interfacial contact between the surface-functionalized WCF, ZnO, and
BPA epoxy resin which provides basis for potential structural applications.

7.1.4 Improvement of interfacial adhesion of CuO nanostructured car-
bon fiber reinforced polymer composites

• To enhance the interfacial adhesion of the basic WCF/BPA epoxy resin composites,
CuO NSs were successfully produced on the surface of woven carbon fiber using a
low-temperature hydrothermal method.

• The number of seeding cycles, the length of the hydrothermal treatment, and the
CuO concentration all had an impact on the development of the CuO NSs. However,
the high density of ultrafine CuO NSs growth took place when the treatment period
was 12-hours long, the molar concentration was 60 mM, and there were 8 seeding
cycles used.

• The heat behavior and weight change phenomenon of formed CuO NSs on the WCF
characterized by TGA analysis revealed that the CuO-modified WCF samples have
higher residual weight and better thermal stability than untreated WCF.

• It was discovered that, at constant fiber volume fraction, the fraction of CuO NSs
increases as the molar concentration of the growth precursor increases and due to
low void content and improved interfacial characteristics, the quality of the produced
composite increases at high concentrations of CuO NSs.

• The drop weight impact testing results showed that the produced CuO NSs boost
energy absorption of the created hierarchical composite because the impact energy
diffuses over the interfacial area due to cross-linked networks.

• The WCF/CuO/BPA epoxy resin composites have higher penetration limits than the
WCF/BPA epoxy resin composites due to improved interfacial strength and load
transmission, and it increases on increasing CuO content.
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• The impact energy absorbed by the composite with the most CuO growth (at 8 seed-
ing cycles, 12 hours, and 60 mM) was 74.8 % higher than the impact energy absorbed
by the composites made of plain WCF/BPA epoxy resin, and the time it took to frac-
ture was reduced by 166 %.

• The CuO-modified WCF composite developed at 8 seeding cycles, 12 h growth treat-
ments, and 60 mM molar concentration achieved 42 % increase in tensile strength,
52 % increase in elastic modulus, and 32 % increase of in-plane shear strength when
compared to bare WCF/BPA epoxy resin composite.

• It can be concluded that the improved interfacial contact between the surface-functionalized
WCF, CuO, and BPA epoxy resin increased the mechanical and thermal properties
of the composites, expanding their application in the automotive and aerospace in-
dustries.

7.2 Contribution

The main contributions from the presented thesis work are as follows:

• The functionalization of carbon fiber textiles by metal-oxide nanostructures deposi-
tion using seed-assisted hydrothermal synthesis and microwave-assisted hydrother-
mal techniques opens new insights into designing nanostructured interphase in or-
der to develop high performance metal-oxide nanostructured carbon fiber reinforced
polymer composites.

• The idea is that strengthening properties of CFRP composites can be controlled more
when functionalized carbon fiber is used instead of plain carbon fiber for required
applications.

• The CFRP composites made with functionalized carbon fiber have better interfacial
interaction and load transfer mechanism which enhances their mechanical properties.

• Development of metal-oxide nanostructured carbon fiber fabrics is cost effective bet-
ter substitute to the plain carbon fiber and their subsequent nanocomposites for ad-
vanced applications.

• The introduction of two prominent metal-oxides such as ZnO and CuO in the de-
velopment of nanostructured CFRP has been found an effective strategy to develop
enhanced mechanical attributes of CFRP.
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• The mechanical properties such as impact strength and tensile strength of CFRP
composites increase on increasing the molar concentration of the metal-oxide NSs.
However the highest value has been achieved for ZnO-modified CFRP composite
having 70 mM concentration.

• Out of both the nanostructured CFRP composites, the ZnO-modified CFRP compos-
ites have better mechanical characteristics due to better interfacial interaction caused
by morphological variation of ZnO NSs grown on WCF and their interaction with
polymer matrix.

• In addition, multifunctional structural materials with integrated damage detection
capabilities can be envisaged by exploiting the piezoelectric properties of the ZnO
NSs obtained by this scalable functionalization approach.

• The ZnO-modified carbon fiber fabrics have proven to increase surface functional-
ization which enhances crosslinking epoxides and their adherence capabilities with
carbon fiber for strong interfacial bonding of WCF with polymer matrix.

• The thermal stability of metal-oxide nanostructured CFRP composites has been in-
creased due to better interfacial strength and effective bonding of metal-oxides with
WCF and polymer matrix. Hence the weight loss of the nanostructured CFRP com-
posites is less and it decreases on increasing the molar concentration of metal-oxides.

Finally, it can be concluded that each of the metal-oxide NSs has its own superiority in
terms of properties. The percentage increase in impact energy absorption, tensile strength
and TGA thermal degradation pattern (weight loss) of ZnO nanostructured CFRP com-
posites are better than the CuO nanostructured CFRP composites. Nevertheless, the elastic
modulus and in-plane shear strength of CuO nanostructured CFRP composites are higher in
comparison to ZnO nanostrcutred CFRP composites. Hence, both the metal-oxide nanos-
tructures can be used for the enhancement of mechanical and thermal properties of CFRP
composites based on the requirement. However, the growth phenomenon and required pro-
cess parameters for the CuO NSs have negative impacts in terms of large seeding cycles,
high growth duration and high temperature. However, the occurrence of agglomeration
in CuO NSs on WCF was higher, due to which the vertically aligned nanostructures were
not grown. On analyzing each factors of both the nanostructured CFRP composites, the
ZnO nanostructured CFRP composites are better in terms of ease of synthesis, less time
consuming, high impact energy absorption capacity, high thermal stability, high tensile
strength and moderate elastic modulus and in-plane shear strength.
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7.3 Future Work

As it can be clearly discovered, the prominent usages of nanocomposites are huge, consist-
ing of evolution of advance materials and the quality advancement of regarded components
like sensors, cells and depositions. Still there is least application of nanocomposites in in-
dustries but advancements of these material from research to industry is growing and in
coming few years it is expected to be extensive. The following work can be explored for
the further research on this topic:

• The advanced simulation techniques such as molecular dynamic simulation to study
the surface chemistry and growth phenomenon involved in synthesis and size control
of metal oxide NSs on carbon fiber fabrics can be conducted.

• Metal-oxide functionalized carbon fiber has genuinely shown to be a more effective
alternative for secondary reinforcement in the plain carbon fiber polymer composites
and can be investigated for other reinforcement and dopant materials.

• The investigation toward scaling up and economical feasibility about the production
of metal oxide NSs for application on washable antimicrobial fabrics could be done.

• Mathematical modeling and multi-scale modeling for the failure analysis of nanos-
tructured CFRP composites can be conducted to understand the mechanics of metal-
oxide interactions at the interphase in mechanical strengthening of composite.

• The effect of metal-oxide functionalized carbon fiber is limited to strength enhance-
ment and can be used for other applications areas.

• Development of hybrid nanocomposites by combination of metal-oxides with other
transition metals for controlling properties such as band gap, ferromagnetism, elec-
trical conductivity and others for advanced applications can be explored.

• The evident correlations between the factors affecting the performance of nanostruc-
tured CFRP composites such as size and density of the grown nanostructures and
best suited morphology of ZnO NSs have not been deduced analytically. It can be
developed by mathematical modeling or simulation of the current work in a future
research.

• Investigation of machinability of developed metal-oxide nanostructured CFRP com-
posites during high speed machining and cryogenic machining can be conducted.
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