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Abstract Modern world seeks dramatic progress in composite materials use in numerous applica-

tions. Scientists worldwide are researching on fabricating new composites and attempting to have

more applications using these materials. Serious attempts have also been taken to improve the prop-

erties of these materials. In this circumstance, a conscious attempt has been made in this present
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Adhesion;
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work that studies the effect of SiC/TiO2/Al2O3/ graphene nanoparticles (NPs) deposition on Kevlar

fiber. In this process, SiC/TiO2/Al2O3/ graphene NPs have been deposited on Kevlar fiber by dip

coating process. For the analysis, physical observation has been performed well at first which con-

firms nanoparticle deposition on the fiber and formation of adhesive bonding. SEM analysis fol-

lowed by surface topography has been conducted to observe and further analysis of nanoparticle

deposition. Atomic bonding mechanism shows how chemical bonding between fiber and nanopar-

ticles. TGA analysis shows thermal improvement of the fiber by NPs deposition where graphene

with binder makes 21.6% improvement in decomposition temperature. Tensile strength and

young’s modulus of binder inclusion coated kevlar fabric are improved up to 26% and 5.7%,

respectively. Finally, the IR-spectra confirms successful deposition of nanoparticles on the fiber.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Kevlar is a thoroughly aromatic polyamides and it is an extensively

used fiber reinforced materials in aerospace, spacecraft, automobile,

and military applications because of its high specific strength, high

elastic modulus, lightweight, low density, high resistance to abrasion,

and chemical stability as a synthetic fiber (Chakraborty et al., 2020;

Reuben et al., 2020; Sreejith and Rajeev, 2021). Kevlar is a widely used

in composites as fiber bundles, continuous filaments, pulp, short cut

fibers, fabric, paper and powder based on application. However, Kev-

lar is a chemically inert, highly crystalline structure and smooth surface

which drive to poor interface with the matrix due to its chemical struc-

ture. The chemical structure of Kevlar keeps down its use owing to dif-

ficulties of matrix adhesion. Adhesion is crucial in composite material

applications because it effects the durability and functionality of struc-

ture of the composites. Due to this reason, surface treatment tech-

niques such as ultrasonic treatment, c-ray irradiation, plasma

treatment, etching, cryogenic treatment and chemical grafting are used

to resolve the issues and to improve interfacial adhesion strength

(Yang et al., 2019; Lu et al., 2018; Bulut et al., 2018). These techniques

can be classified into two categories chemical and physical type. The

chemical type surface treatment techniques have considerable effects

of modification on the fiber surface. However, these techniques are

hard to control, complex, damage the surface properties of the fiber

(Li et al., 2019). In contrary, physical type surface treatment tech-

niques are easy to control, simple, but may result in poor strong inter-

facial adhesion than chemical treatment techniques. In addition,

chemical and physical type surface modification techniques are multi-

step procedure, limited with strict reaction and high-cost instrument.

Coating is a significant fiber surface treatment or modification tech-

nique which provided potential enhancement of the surface interface.

Moreover, this technique can retain the main surface structure, resolve

defects of surface of the fibers and it is compatible for complex shape

samples. Recently, thin film deposition using NPs onto surface of the

fiber has been identified to be an efficient surface treatment technique

as the NPs make more corrugated surface of the fibers and accordingly

improve the fertilization capability between the fiber and the polymer

matrix. In addition, the reactive group of the NPs that may contain in

the NPs may yield chemical bonding interaction to ameliorate the

interfacial adhesion between the fiber surface and polymer matrix.

Reuben et al. (Chakraborty et al., 2020) studied biometric surface

treatment method for aramid fiber to improve the interface properties

between the epoxy resin and modified aramid fibers. The graphene

oxide (GO) was utilized to graft on the surface poly dopamine coated

aramid fibers. They found surface modification enhanced the interfa-

cial shear strength by 210%.

Li et al. (2019) conducted Kevlar fiber surface treatment deposited

with nano SiO2 and they found that the strongest adhesion and shear

strength between the Kevlar fiber and the epoxy resin and improved
the shear strength 83.6% higher than original composites. Haijuan

et al. (2019) investigated Kevlar fiber surface modification with super-

critical carbon dioxide (ScCO2) with acetic anhydride to enhance the

mechanical properties and the interfacial adhesion. They increased

the shear strength and tensile strength of the composites 47.9% and

21.3% than untreated composites, respectively. Moreover, they found

that the ScCO2 treatment technique is safe for environment for surface

modification to enhance the interfacial bonding between treated Kev-

lar fiber and the matrix. Patterson and Sodano (2016) characterized

surface modification of the aramid fibers with ZnO NPs deposition

that concurrently improved UV absorption and interfacial adhesion

of the fiber reinforced composites. They found the surface modification

with ZnO NPs deposition improved the interfacial shear strength

18.9% of the treated aramid fibers than those of untreated Kevlar

fibers. Bulut et al. (Sharma et al., 2019) conducted a comprehensive

study to enhance the interfacial bonding between carbon/Kevlar/epoxy

deposition with nano silica. The modified fiber reinforced composites

showed that the flexural strength and tensile strength improved by

35.7% and 20% respectively.

In literature (Wen et al., 2020; Wen et al., 2019; Bi et al., 2020; Xie

et al., 2020), the fiber mat attributed to nanoparticles are investigated

to change the requisite properties. The thermal conductivity of TiO2-

Al2O3 aerogel-SiO2 fiber mat composite is reduced by doping first

rutile-typed TiO2 and then after heated with temperature doping by

SiC (Wen et al., 2020). Al2O3 aerogels and Al2O3 aerogel- SiO2 fiber

composite is made by sol–gel method for improving thermal insulation

for high heat resistance (Wen et al., 2019). The uniformity, elasticity

and hydrophobicity of methyltrimethoxysilane (MTMS)-based silica

aerogels were prepared which have failure strain as much as 66.14%.

Due to superior properties of MTMS based silica aerogel, such as

lightweight, superhydrophobic and flexibility, it is promising for

defense, civil and building construction applications (Bi et al., 2020).

The Nitrogen-doped porus Graphene-based aerogels including differ-

ent chitosan elements were fabricated by the hydrothermal reaction.

The density of graphene-based aerogels reduces and their specific sur-

face area increase slowly with the increase of chitosan element (Xie

et al., 2020). These concepts of nanoparticles related aerogel can be

extended by attributing it with the fiber mats for their multifunctional

application in industry.

In general, different methods are used to improve the interfacial

adhesion between the different fiber mats and deposited nanoparticles

for confirming the better thermal and mechanical properties. Beside

this, to understand the role of nanoparticles for improving the other

properties as a deposited material can be investigated in future. As

for example, CNT (carbon nanotube) and gold have the property of

increase the photocatalytic efficiency of TiO2 and TiO2-SiO2. In case

of CNT/TiO2 and Au/TiO2 composites, CNT and Au are used as elec-

tron receptors to improve the photo-activity of TiO2 (Chinh et al.,

2019). The CNT/TiO2-SiO2 composite in comparison of Au-CNT/

http://creativecommons.org/licenses/by/4.0/
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TiO2-SiO2 addressed the higher photocatalytic behavior toward the

degradation of methylene blue. Using different strategies, enhancing

the photocatalytic activity of graphene nanoparticle as graphene com-

posite, water purification is done (Singh et al., 2020). Al2O3-GO

nanoparticle-based carbon paste electrode is considered as potential

electrode for NADH (dihydronicotinamide adenine dinucleotide) level

detection in enzymatic applicability in practice (Mekawy et al., 2018).

Apart from this, bio-based nanoparticles are used for biomedical to

different range of applications (Wang et al., 2021; Anwar et al.,

2021; Shoaib et al., 2021; Nazir et al., 2021; Arriaza-Echanes et al.,

2021; Farias et al., 2021; Dara et al., 2021; Chen et al., 2021; My-

Thao Nguyen et al., 2021).

From the discussion of the literatures, it is identified that Kevlar

fiber mat deposition with SiC, TiO2, Al2O3, Graphene NPs was not

conducted yet to improve the interfacial adhesion of the Kevlar fibers.

The structure, morphology and properties of the both Kevlar fiber mat

and NPs modified were investigated. This characterization study was

aimed at demonstrating that the NPs deposition interface can improve

the interfacial adhesion performance of the Kevlar fiber mat.

The novelty of this study is to use Kevlar fabric or mat that has not

been used previously by coating different type of nanoparticle on it

under with and without binder addition. The thermal and mechanical

properties of Kevlar mat are increased noticeably after coating with

nanoparticles by the improvement of interfacial adhesion performance.

The coated Kevlar mat can be used as reinforcing phase for the fabri-

cation of composite materials to improve their physical properties for

extending their applications in different areas. It can be expected that

coated Kevlar reinforced composites will exhibit higher physical prop-

erties than that of the Kevlar composites when coatings are absent.

The suitable selection of nanoparticles and their coatings on Kevlar

mat can be attributed to the advancement of knowledge in energy stor-

age process, semiconductor applications, automotive applications,

aerospace technology, insulator fabrication, fuel cell, biomedical sen-

sors, supercapacitors, waste water treatment, food industries, corro-

sion resistance and the applications where the high temperature and

superior mechanical properties are important.

2. Methodology

2.1. Materials

In present study commercially available Kevlar fiber mats

(1.5 mm thickness) were purchased from Richest Group Ltd
of China. In general, Kevlar fiber mats are used as a reinforc-
ing phase to improve the qualities of the composite materials.

To enhance the applicability of this mat, Al2O3, Graphene, SiC
and TiO2 nanoparticles are used to deposit on the surfaces of
Kevlar mat. The nanoparticles are purchased from Shanghai

Ruizheng Chemical Technology Co., Ltd of China. The qual-
ities of Al2O3 NPs (Model: AIN-001, average particle size: 30
Nm, purity = >99.9%, specific surface area = 42 m2 /g, den-

sity = 0.15 g/cm3, shape = hexagon, color = white), SiC
(Model: SiC-001, average particle size: 40 Nm, pur-
ity = >99.9%, specific surface area = 39.8 m2 /g, den-
sity = 0.11 g/cm3, shape = cube, color = grey green),

graphene (purity = >95 wt%, thickness = 3.4–7 nm, diame-
ter = 50 * 50 mm, electrical conductivity = 105 sm, Oxygen
content: 0.5%, Sulphur content: 0.5%, layers = 6–10, SSA:

100–300 m2/g, appearance: black) and TiO2 (particle size:
10 nm (R), purity: 99.5%) were provided by the materials sup-
plier. Polyvinyl alcohol (1.19–1.31 g/cm3) was used as a binder

substance which purchased from the local market. PVA is a
water soluble synthetic polymer having the chemical formula
[CH2CH(OH)]n. It has high tensile strength and flexibility,
high oxygen and aroma barrier properties and film-forming,
emulsifying and adhesive properties.

Kevlar fibers are aromatic polyamide threads which is com-

bined by para-phenylenediamine and terephthaloyl chloride.
The yellow color of the Kevlar fiber (KF) is produced by the
combination of strong and weak electron system bonds in dif-

ferent directions of polymer chains. When fibers are bended in
a loop, they become twisted internally resulting resulting its
properties into the composites. Existing interchain bonds,

molecular hydrogen bonds make kevlar highly resistive.
Spuned kevlar shows high tensile resistance as well due to
the formation of intermolecular hydrogen bonds between car-
bonyl groups and nitrogen–hydrogen bonds. Relatively rigid

molecules form kevlar structure resulitng sheet like structure.
Kevlar fiber is mainly used in textiles as composites (Zhu
et al., 2011; Saba and Jawaid, 2017; Kowsari et al., 2019).

The morphology of Kevlar mat in Fig. 1 shows the plain weave
fabric with clean and smooth surfaces (Zeng et al., 2018; de
Oliveira Braga et al., 2018). Fiber weaving process in different

directions and Kevlar fibers are clearly appeared. The mor-
phology of nanoparticles is illustrated in Fig. 2.

The exponential distribution for grain size of aluminium

oxide nanoparticles is observed from the figure. High quality
quantum dots are appeared. SEM image indicates that the dis-
tribution of nanoparticles is non-uniform throughout the
entire surface. Some agglomeration of the nanoparticles is also

formed. This is due to the interfacial surface tension and
appearance of the quantum dots (Bodke et al., 2015; Jbara
et al., 2017).

In this figure, SiC and TiC nanoparticles are seen as a cube
or spherical, non-uniform and irregular shape particles. The
agglomerated and rounded particles are also observed

(Mahawish et al., 2017). In this case, agglomeration of parti-
cles is supposed to relate with the Van-der Waal forces that
act between the individual particles. Moreover, chainlike

aggregated nanostructures are evident for SiC nanoparticle
(Rajarao et al., 2014). The smooth surface morphology of gra-
phene is observed in which nano-scale platelet structure is
clearly formed (Ren et al., 2020).

2.2. Dip coating process

Solution dip-coating technique is utilized for thin film deposi-

tion on Kevlar fibers because of it is the simplest technique and
is usually exploited in scale up coating fabrication. Kevlar fab-
rics (10 cm � 10 cm) were cut and used for the pulling tech-

nique which were immersed with the nanoparticle solutions
(Fig. 4). The samples were perpendicularly pulled into the solu-
tion. The samples are let to immersed into the solution to allow
some time for nanoparticle deposition. After this, the samples

are withdrawn out from the solution and let to dry. The pro-
cess can be divided into three steps namely immersion and
immersion time, deposition and drainage, and solvent evapo-

ration. In immersion and immersion time, Immersion of the
substrate is typically done perpendicularly although a different
type of angled immersion has also been tested for asymmetrical

deposition thicknesses. The immersion is controlled by a com-
puter for automated dipping and constant dipping speed. After
immersion, the substrate is kept in the solution to allow

enough time for complete wetting of the substrate. The solu-
tions were prepared with 2% of nano-particles. Here, the func-



Fig. 1 SEM morphology of Kevlar fiber at (a) 3.3x, (b) 10x, (c) 20x and (d) 33.3x magnification.

Fig. 2 SEM morphology of (a) aluminum oxide at 50x, (b) silicon carbide at 50x, (c) graphene at 50x and (d) titanium-di-oxide at 100x

magnification.
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tionality of the both, initial substrate surface and the nanopar-
ticle surface, plays an important role. After the immersion
time, the substrate is pulled out from the solution at pulling
rate of 100 mm/s from the 2% nano particles solution. The
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speed at which the substrate is pulled is meaningful. Higher
withdrawal speed leads to thicker coatings. The speed should
be thus kept constant the whole length of the substrate and

any undesired vibrations should be avoided. The concentration
of the solution is also an important parameter. Too low con-
centration will lead to an uneven coating of the substrate. High

concentration solution tends to cause aggregation of nanopar-
ticles already in the solution phase leading to multi-layered
assembly of nanoparticles. Evaporation stage is for the solvent

to evaporate from the produced film. Here, the samples are
dried at 75 �C for 1 h in a dry oven The evaporation time
depends on the solvent used and can be promoted by heating
of the substrate. If very volatile solvents are used, such as alco-

hols, the evaporation will start already at the drainage stage. A
laboratory padding mangle was used to squeeze out the excess
water from the Coated Kevlar fiber at a pressure 1 kg/cm2. The

full experimentation is shown in Fig. 3.

2.3. Procedure of decomposition temperature determination

Thermal Gravimetric Analyzer (Model: SDT 650 Simultane-
ous Thermal Analyzer, Serial no.: 0650-0180, Sample Interval:
0.1 s/pt, Ramp Segment 10 �C/min to 1400 �C Started, Pan

type: Alumina 90 ll) is used to determine thermal decomposi-
tion temperature of coated sample by oxidation or reduction in
which the mass of the coated sample is measured over the time
as the temperature changes. A data acquisition system is used

to collect the data of temperature vs weight loss and heat flow
continuously when the system is on and these data are sent
directly to the computer. The graph is also plotted automati-

cally by the computer programming. From the graph of tem-
perature vs weight loss, the point where the coated fiber
material starts disintegrating is identified as an initial decom-

position temperature. The maximum rate of decomposition
temperature is evaluated in the regime where the maximum
amount of coated fiber material is decomposed. Beside thermal

decomposition, the other parameters such as, absorption, des-
orption, and phase transition are also be analyzed. For this
Fig. 3 Dip coa
work, a heating rate of 100 C/min was provided up to 1000
�C in a nitrogen environment. The thermal gravimetric ana-
lyzer (TGA) set up used for measuring decomposition temper-

ature is illustrated in Fig. 4.

3. Results and discussions

3.1. Physical analysis of coated Kevlar mat

Fig. 5(a) represents the optical image of Kevlar used in this
study. Two phenolic rings are connected in Kevlar monomer
chain with the help of one para-amide in axial direction and

hydrogen bonds connect these monomer chains radially which
makes their fibers highly crystal when extruded (Sharma et al.,
2019). The presence of Al2O3 NPs on Kevlar fiber mat is seen

in Fig. 5(b). The color of the surface of Kevlar fiber has been
changed due to the presence of Al2O3 NPs. Fig. 5(c) represents
the Al2O3 NPs with binder on Kevlar surface. Binder changed
the color of the surface of Fig. 5(c) than Fig. 5(a). The presence

of black color on Kevlar fiber proves the presence of graphene
nanoparticles shown in Fig. 5(d). The presence of binder with
graphene makes the surface darker which is seen in Fig. 5(e).

Fig. 5(f) and Fig. 5(g) show the presence of SiC NPs and
SiC NPs with binder. Fig. 5(h) and Fig. 5(i) show the presence
of TiO2 NPs and TiO2 with binder. Binder differentiated the

color of the surface from titanium di-oxide. In case of
nanoparticles, without binder some particles are pushed into
the internal surfaces of the Kevlar mat, some of the NPs are

broken to adhere on the upper surfaces of the mat. Some other
particles are diffused through the surfaces. All of these
nanoparticles on Kevlar strengthen the surfaces. The angle
and roughness of the NPs infused coating develop adequate

surface tension to confirm that than soaking effects into it
(Nahum et al., 2017). The mechanisms of formations of coat-
ing are observed to be different when NPs incorporates with

binder. In case of binder addition, the NPs are melted and uni-
formly distributed throughout the mat surfaces, there is no any
NPs that are pushing down into the nano-holes of the surfaces.
ting process.



Fig. 4 TGA setup for determination of decomposition

temperature.

Fig. 5 Visual analysis of (a) Kevlar Fiber (Standard), (b) Al2O3 coa

fiber, (e) Graphene coated fiber with binder, (f) SiC coated fiber, (g) S

fiber with binder.
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Due to the combined modes of nanoparticles on Kevlar sur-
faces, produce adhesive forces in the interface which results
to cause enough energy dissipation within the interfacial layers

adjacent to the fibers embedded. In physical observations, it is
also evident that after surface modifications in both cases sur-
faces are seen to be rougher. But the surfaces with binder are

smoother than that of the surfaces without binder. As the sur-
face roughness is related to the tribological responses, the sur-
faces without binder can exhibit more friction than that of

surfaces with binder (Zhou et al., 2015). The weight of the sur-
faces with binder are higher in comparison with the surfaces
without binder. The binders squeeze the Kevlar mat in certain
ted fiber, (c) Al2O3 coated fiber with binder, (d) Graphene coated

iC coated fiber with binder, (h) TiO2 coated fiber, (i) TiO2 coated



Fig. 5 (continued)

Improvement of interfacial adhesion performance of the kevlar fiber mat 7
extent. However, in case of without binder, the mat is seen to
be straight, flexible and more compact.

3.2. SEM characterization of coated Kevlar MAT

The most extensive used tool is SEM for surface analysis in
materials science. Fig. 6 represent SEM images of NPs deposi-

tion or adhesion in Kevlar fiber mat. Fig. 6(a) represents pure
Kevlar fiber mat and no NPs were added. This figure repre-
sents pure Kevlar fiber mat and no NPs were added. The sur-

face is seen clean and smooth and the fibers are firmly spun
with each other. Fig. 6(b), Fig. 6(c) show Al2O3 NPs coated
fiber without and with binder. Dispersion of Al2O3 NPs is

clearly visible as seen in Fig. 6(b) and almost homogenous.
Similar pheromones are also observed for TiO2 as seen in
Fig. 6(h) and (i). However, in case of graphene NPs and SiC
NPs, there are less visible of particles dispersion. From the

SEM observation, Graphene NPs concentrated less due to
small pores between the weft and warp threads (Mahbub
et al., 2014). However, porosity and morphology depend on

size of the graphene sheets (Wang et al., 2013). In addition,
Al2O3 and TiO2 NPs show higher adhesion into the Kevlar
mat this is because of three-dimensional porous structure, sur-

face tension force and capillary effect of the Kevlar fibrous mat
(Ke and Li, 2018).

3.3. Surface topography

The particle dispersion through Kevlar mat by Al2O3, SiC,
TiO2 and Graphene with and without binder is shown in
Fig. 8. The figure illustrates that the interfacial adhesion
between NPs infused binding element and Kevlar mat surfaces
are higher than that of the NPs depositing mat surfaces where

the binder is absent. When only NPs is used as coating mate-
rials on the substrate surfaces, then agglomeration is occurred.
Due to formation of agglomeration, the particles are adhered

loosely with the substrate surfaces which can usually be broken
by mechanical forces. The is associated with the reduction of
effectiveness for obtaining improved adhesive properties of

nanoparticles in the surfaces of fiber mat (Zare and
Garmabi, 2012; Zare et al., 2011; Dorigato et al., 2013). The
literature (Zare, 2016; Zare, 2016) have reported that any accu-
mulation of nanoparticles (agglomeration) effects adversely

the stiffness of embedded fibers, by decreasing the interfacial
contacts between layer of coating and substrate. Moreover,
some defects and stress concentrations are produced in interfa-

cial surface of coating layer and Kevlar mat (Zare, 2016;
Müller et al., 2014).

Homogeneous and compatible particle distribution and

well dispersion is attributed in case of SiC and TiO2, thereby
improving the strength of the material for formation of coating
layers (Jana et al., 2013). However, dispersion of Al2O3 and

graphene nanoparticles is not evident as well as SiC and
TiO2 nanoparticles in the surfaces of the substrate. Well com-
patibility and dispersion lead to address superior rheological,
mechanical, water absorption, and thermal behavior (Cicco

et al., 2017; Yang et al., 2020). Fig. 7(a) indicates that particle
dispersion of Al2O3 including binder is more in comparison of
Al2O3 when binder is not considered. In case of Al2O3 and bin-

der mixture, the homogeneity is more visible in thin film coat-
ings. Similar trends are also observed in case of SiC, TiO2 and



Fig. 6 SEM analysis of (a) Kevlar Fiber (Standard), (b) Al2O3 coated fiber, (c) Al2O3 coated fiber with binder, (d) Graphene coated

fiber, (e) Graphene coated fiber with binder, (f) SiC coated fiber, (g) SiC coated fiber with binder, (h) TiO2 coated fiber, (i) TiO2 coated

fiber with binder.
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graphene as which are depicted in Fig. 7(b), (c) and (d). The
characteristics of coating surface roughness or topography of
the surfaces are clearly appeared on the Kevlar fiber mats.

Fig. 8 confirms that the surface topography is smooth, when
nanoparticles are mixing with binder solution for the forma-
tion of thin film on substrate surfaces. However, the coating
surfaces without binder are exhibited the higher roughing

property.

3.4. Atomic bonding mechanism

The Kevlar fibers have large molecular chains which are paral-
lel to each other. Each Kevlar molecular chain is bonded by
one to five million monomers (Cheng et al., 2005; Yang,
1993; Cao et al., 2013). The orientation of the molecules in
fibers is described as a crystalline structure which causes aniso-
tropy property. The structures of nanoparticles of materials in

general are determined by the chemical composition of the
materials, the number of atoms available in the particles and
the character of the chemical interaction among atoms.
Nanoparticle is comprised of a regular crystalline structure.

This structure can be in the form of amorphous or a pseudo
close packing which is indescribable by any of the crystallo-
graphic space groups. In case of each structural states of a

nanoparticle, the certain set of number of atoms is associated
with the particle that leads to optimal stable configurations
(Shevchenko and Madison, 2002).



Fig. 6 (continued)

Fig. 7 Particle dispersion through on Kevlar mat by (a) Al2O3, (b) SiC, (c) TiO2 and (d) Graphene with and without binder.
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Fig. 8 TGA and DSC analysis of (a) Al2O3 coated fiber, (c) Al2O3 coated fiber with binder, (d) Graphene coated fiber, (e) Graphene

coated fiber with binder, (f) SiC coated fiber, (g) SiC coated fiber with binder, (h) TiO2 coated fiber, (i) TiO2 coated fiber with binder.
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During coating process, chemical bond is formed between

nanoparticle and the surfaces of the Kevlar mat by the attach-
ment of one atom or molecule with the other through the func-
tionalization process. Some molecules of adhesives in

combination of nanoparticles chemically react with the mole-
cules of Kevlar mat materials and become hardened, because



Fig. 8 (continued)
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of this adherends are bond together (Pequegnat and Zhou,
2013). The formation of chemical bond changes the properties

of the fibers of Kevlar mat.
Apart from chemical bond, during functionalization pro-

cess, covalent or a van der Waals bond is formed within the
interfacial layers. In covalent bond, one or more pairs of

valence electrons are shared between the atoms through the
adjacent layers of the substrate and nanoparticles which results
in strong bond. In physical adsorption process, van der Waals

forces exists between the molecules of adhesives in combina-
tion of nanoparticles and the molecules of fiber mat materials
and bonds them together (Pequegnat and Zhou, 2013).

In a van der Waals bond, due to presence of electrostatic
attraction, positively and negatively charged atoms is created
a bond between the nanoparticles and the mat surfaces. The
strength of this bond is less than that of covalent bond; how-

ever, it plays some roles to hold the coating materials on the
surfaces of the fiber mat by the formation of bond. The bond-
ing characteristics are different for different nanoparticles

depending on their distinct properties. The bonding mecha-
nism between the coating layers and the surface of the sub-
strate is confirmed by the other research works available in

the literature (Booker and Boysen, 2005; Tian et al., 2017).

3.5. Improvement of thermal property of coated Kevlar mat

Fig. 8 represents the TGA and DSC analysis of coated Kevlar
mat. The decomposition temperature for standard Kevlar fiber
in air is varied from 427 �C to 482 �C (Ioffe, 2010; Chaitep
et al., 2009). In this study, the decomposition temperature of

Kevlar fiber after coated with nanoparticles are measured
around the range of 530 �C to 585 �C for Al2O3, 540 �C to
590 �C for Al2O3 with binder, 540 �C to 590 �C for graphene,

545 �C to 595 �C for graphene with binder, 540 �C to 585 �C
for SiC, 545 �C to 590 �C for SiC with binder, 535 �C to
585 �C for TiO2 and 540 �C to 590 �C for TiO2 with binder.

Considering the decomposition temperature (427 �C to
482 �C) of standard Kevlar fiber, the decomposed tempera-
tures for Al2O3, graphene, SiC and TiO2 nanoparticle depos-
ited Kevlar are enhanced 19.43%, 20.9%, 20.9% and 20.2%
respectively. When polyvinyl alcohol binder is considered,

20.9%, 21.6%, 21.6% and 20.9% decomposition temperature
are increased for Al2O3, graphene, SiC and TiO2 nanoparticle
infused Kevlar respectively. These results are presented in
Fig. 8. The data indicates that addition of coating improves

the decomposition temperature of Kevlar fiber. Addition of
binder improves the thermal quality of the fiber. Fiber mor-
phology effects the thermal behavior as interfere on contact

area and reinforces by nanoparticles in the form of coating
layer which results in more area of contact (Oyama et al.,
2012). Due to this fact, improved thermal stability is obtained.

Previous study shows, foam expansion is occurred in interfa-
cial coating adjacent Kevlar surfaces due to mixing of the vinyl
binders which cause better filling characteristics with acoustic
thermal insulation due to char formation which is responsible

for more heat protection (Pimenta et al., 2016; Nørgaard and
Dam-johansen, 2012). In addition to that the coatings inclu-
sion with vinyl resin give in higher thickness on the substrate

and behave as a viscoelastic solid to liquid transaction against
thermal degradation (Pimenta et al., 2016).

3.6. FTIR analysis of coated Kevlar mat

Fig. 9 represents the IR spectra of Kevlar fiber (standard) and
nanoparticle deposited Kevlar fiber. The figures show that the

nanoparticle deposited IR spectra has dissimilarity with the IR
spectra of standard Kevlar fiver. The characteristics of bands
at 2926 cm�1 (CAH vibrating) of Fig. 9(b), 1504 cm�1

(C‚C stretching) of Fig. 9(c), 2926 cm�1 (CAH vibrating)

of Fig. 9(d), 1641 cm�1 (C‚C stretching) of Fig. 9(e),
1641 cm�1 (C‚C stretching) of figure-9f, 819 cm�1 (Ring
deformation and CAO vibrating) of Fig. 9(g), 1504 cm�1

(C‚C stretching) of Fig. 9h, 1506 cm�1 (C‚C stretching) of
Fig. 9(i) were observed in the peak of nanoparticle deposited
Kevlar fiber. These observations demonstrated that the

nanoparticles successfully deposited on Kevlar fiber (Lee
et al., 2016). The adhesion between fiber and nanoparticles
are expected to increase since the fiber is now capable chemi-



Fig. 9 ATRanalysis of (a)Kevlar Fiber (Standard), (b)Al2O3 coated fiber, (c)Al2O3 coated fiberwith binder, (d)Graphene coated fiber, (e)

Graphene coated fiberwith binder, (f) SiC coated fiber, (g) SiC coated fiberwith binder, (h) TiO2 coated fiber, (i) TiO2 coated fiberwith binder.
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Fig. 9 (continued)

Fig. 10 Improvement of tensile strength. Fig. 11 Improvement of tensile strength (%).
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Fig. 12 Improvement of young’s modulus.

Fig. 13 Improvement of young’s modulus (%).
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cally to react with matrix material. The Nanoparticles are
existed on Kevlar fiber is also confirmed by a SEM image.
Because NPs easily form a coating layer after completing

Dip-coating process.

3.7. Improvement of mechanical property of coated Kevlar mat

Fig. 10 graphically represents the improvements in tensile

strength of nanoparticle coated Kevlar mat or fabric under
with and without inclusion of binder. The percentage increase
of tensile strength of thin film deposited kevlar mat with

respect to non-coated standard Kevlar is illustrated in
Fig. 11. After addition of nanoparticles as coating materials
in Kevlar mat, the increase of tensile strength varies from

15% to 26%. But the percentage improvement in young’s
modulus varies from 3.1% to 5.7% in presence of coating
nanoparticles on the surfaces of the weaving fabric. The prop-

erties of young’s modulus and their percentage imprvements
are presented in Fig. 12 and Fig. 13. The Kevlar fibers are very
sensitive to moisture content and the limitation of Kevlar
fibers is to absorb moisture quickly from the environment.
The moisture content in the fibers is not only responsible to

reduce their mechanical strength but also responsible for the
formation of weak interfacial bonding (Isaac, 2020; Saheb
and Jog, 1999). The coating on Kevlar mat prevents the mois-

ture absorption and increase the interfacial bonding which are
associated with the increase of mechanical properties.
Although the fibers also exhibit high resistance against high

temperature decreasing its tensile property up to 10–20% but
the degradation of mechanical properties are increased further
with the time (Kowsari et al., 2019). The coated Kevlar mat in
this case shows better performance in relation to temperature,

tensile strenth and time. In general, the fibers of higher molec-
ular weight are attributed to strong coating interlayers in rela-
tion to mechanical properties. The higher adhesion is expected

because of the mechanical behaviors of the coating effect sig-
nificantly the interfacial shear strength of the composite
(Varelidis et al., 2000).

4. Conclusions

In this study, Nano SiC, TiO2, Al2O3 and Graphene were deposited on

the surface of Kevlar fiber mat via dip coating process. From this

research work, it can be concluded that nanoparticles are deposited

well on the surface of Kevlar fiber mats and makes interfacial adhesive

bonding. The interfacial adhesion of the Kevlar mat composites can be

enhanced by SiC, TiO2, Al2O3 and Graphene on the surface of the

Kevlar fiber mat. Dip coating process proves to be effective for the

deposition of nanoparticles. Deposition of different nanoparticles

improves the decomposition temperature significantly. Addition of

binder adds further improvement and higher adhesion is found in

NPs with binding agent due to NPs alone tend to be agglomerate

because of attractive forces. Addition of graphene and graphene with

binder show maximum improvement of 21.6% in decomposition tem-

perature. Tensile strength of coated Kevlar is increased within the

range of 15% to 26%. whereas young’s modulus is increased within

3.1–5.7%. Stretching, vibration and decomposition of different bands

confirm the successful deposition of nanoparticles on Kevlar fiber mat.
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