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1 | INTRODUCTION

Sunil Jose T. | Dinoop lal S.

Abstract

Silane coupled E-glass fiber (SC-EGF) and E-glass fiber (EGF) reinforced
bismaleimide (BMI)-epoxy-hydroxylated BaTiO; (BTOH) nanocomposites with
1-5 wt% of BTOH nanofiller were fabricated by hand lay-up method and com-
pression molded. Surface hydroxylation of synthesized BaTiO3; nanoparticles
was carried out using H,0,. Both BT and BTOH nanoparticles were character-
ized by SEM, XRD, and FTIR studies. Among the reinforced nanocomposites,
SC-EGF-reinforced showed a remarkable increase in mechanical and dielectric
properties. The tensile strength of BMI-epoxy composite increased 1.56 and
3.10 times when loaded with 2 and 3 wt% of BTOH, respectively. Their flexural
strength too increased 2.14 and 2.21 times upon 2 and 3 wt% of BTOH loading.
BMI-epoxy-BTOH nanocomposites with 3 wt% of BTOH showed higher tensile
strength, flexural strength, and dielectric strength indicating that it possesses
better mechanical and insulating properties and composites with 2 wt%
showed higher dielectric constant and lower dielectric loss indicating that this
composition could be explored to high dielectric applications.
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and retention of physical properties at elevated tempera-
tures as well as in wet conditions. To overcome the brit-

Due to the significant improvements in electrical and
mechanical properties, polymer nanocomposites have
widespread applications in energy storage and microelec-
tronic devices, sensors and so forth. Bismaleimide (BMI)
resin is an young and leading class of thermosetting pol-
yimide and this high-performance resin find application
in spaceware composites, radar, capacitors, stealth tech-
nologies, printed circuit board (PCB) etc.!'! They possess
excellent oxidative stability, rigidity, thermo-mechanical
properties, inferior moisture absorption, high glass transi-
tion temperature, highest service temperature capability,

tleness and to improve the processability, BMI resin is
blended with epoxy resin. Epoxy resins are used as matrix
resins in aerospace composites because of its easy
processing, handling convenience, excellent mechanical
properties, and adhesive nature. Epoxy resins can only be
used safely around 140°C because of their low glass tran-
sition temperatures.”®! Due to poor hot/wet performance
and high moisture sensitivity, they are not used for appli-
cations at high-temperature conditions. So, blending of
BMI with epoxy will be attractive if it results in a matrix
with beneficial characteristics of the two constituents.
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High dielectric permittivity (k) materials have wide-
spread applications in various fields like energy storage
capacitors, microcapacitors, sensors, and printed circuit
boards. Incorporation of high-k nanofillers into the poly-
mer matrix leads to an increase in the dielectric constant
of the polymer nanocomposites. Among the dielectric
ceramic particles like barium titanate (BT), barium stron-
tium titanate, boron nitride, and lead zirconate titanate,
BT exhibits high dielectric constant and has widespread
applications.

Usually, ferroelectric nanoceramics like BT have poor
compatibility with the polymer matrix because of their
small size and high surface energy; they are more suscep-
tible to aggregation leading to lowering of dielectric
breakdown due to increase in leakage current. Surface
functionalization of the filler was the currently employed
technique to overcome this problem. Many research
based on the surface modification of the nanofiller were
carried out not only to enhance the dielectric properties
of the polymer nanocomposites but also to improve the
compatibility with the polymer matrix.

There are so many ways to modify the surface of BT
nanoparticles such as hydroxylation by H,0,P®
silanization using different silane coupling agents,°!
dopamine modification,"?  2,3,4,5-tetra  fluorobenzoic
acid,™¥! fluorinated phosphonic acid modification,*!
modification with nonionic and hydrophilic surface agent
like polyethylene glycol ™ surface aminated BT
nanoparticles,'® chemical modification of the hydroxyl-
ated BT nanoparticles using titanate coupling agents,[”]
modification by ligand exchange reactions,!*® by palmitic
acid,™ and by sodium oleate.!***!! The nanocomposites
embedded with these surface hydroxylated and chemically
modified nanofillers and nanofibers exhibited remarkable
improvement in the dielectric properties, which may be
ascribed to the enhanced interfacial interaction between
the nanoparticles and the polymer matrix, thereby increas-
ing the uniform dispersion of nanoparticles with reduced
agglomeration. These nanocomposites also exhibit high
dielectric permittivity, breakdown strength, low dielectric
loss, and good compatibility.

Among the various chemical modification processes,
silanization using silane coupling agents is the most
accepted method because further activation of the parti-
cle surface can be done by introducing different func-
tional groups into it. The silane coupling agents are
usually added to surface hydroxylated BT nanoparticles
(BTOH) because they are more prone to silanization than
BT because of the polarity of the former. Current
researches reveal that silanization of nanoparticles
strongly depends on the reaction kinetics such as reaction
time, temperature, different silane coupling agents, and
solvent effects.

In the present work, surface modification of hydro-
thermally synthesized BT nanoparticles was carried out
by hydroxylation using H,0, treatment. It is the simplest
and easiest method for surface modification compared to
silanization. The interfacial dipole layer emerged from
the surface hydroxylated BT particles portrays a signifi-
cant role in the dielectric properties of the fabricated
BMI-epoxy composites. As BT lacks reactive functional
groups, modification using organic reagents only leads to
physisorption on the nanoparticles either by the electro-
static force of attraction or by van der Waal's forces. The
synthesized BT nanoparticles contain a low concentra-
tion of surface hydroxyl groups, and this will not signifi-
cantly improve the surface activity. For effective
modification of BT, many hydroxyl groups are to be pro-
duced on the surface of BT nanoparticles that can be
attained by treating BT with H,0,. Glass fibers were
introduced to the BMI-epoxy resin matrix via hand lay-
up method to improve the mechanical properties of the
polymer nanocomposites.

2 | MATERIALS AND
EXPERIMENTAL
2.1 | Materials

BMI resin was supplied by ABROL, Hyderabad. Com-
mercial epoxy resin, Epofine-1564 was purchased from
SME Business Services Ltd., Maharashtra and E-glass
fibers from Urja Products, Ahmedabad, India.
Ti(C4Hs0),, Ba(OH),-8H,0, and H,0, were purchased
from Sigma-Aldrich and HNO; from Merck, India.

2.2 | Synthesis of barium titanate
nanoparticles and hydroxylated barium
titanate nanoparticles

BaTiO; nanoparticles were synthesized using
tetrabutyltitanate and barium hydroxide octahydrate as
precursors by employing hydrothermal method.[?*-2¢!
One milliliter of tetrabutyltitanate was dissolved in
18 mL ethanol solution with constant stirring. To this
mixture, a solution containing 0.06 mL HNO; and 3 mL
distilled water was added slowly. Ten milliliter of this
solution was then added in drops into 1 M aqueous bar-
ium hydroxide with continuous stirring. This mixture
was treated at 200°C for 16 h in an autoclave lined with
Teflon. After filtration, the obtained products were
washed with a mixture of ethanol-distilled water and
then dried at 60°C for 24 h under vacuum."?”! Modifica-
tion of the surface of the synthesized BT nanoparticles
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was done by treating the BT nanoparticles with H,O,.
First, the BT nanoparticles and H,0O, mixture were ultra-
sonicated for half an hour. After sonication, the mixture
was heated up to 106°C and continued heating for 5 h
and finally, the obtained hydroxylated barium titanate
nanoparticles (BTOH) were filtered and dried at 60°C for
19 h.!! Schematic representation of the synthesis route is
given in Figure 1.

2.3 | Fabrication of BMI-epoxy
composites

Both silane coupled E-glass fiber (SC-EGF) and E-glass
fiber (EGF) reinforced BMI-epoxy composites with 1-5 wt
% of BTOH nanofiller and without this, nanofiller was fab-
ricated using hand lay-up method followed by compres-
sion molding.*®! Here, the BMI epoxy resin weight ratio
was maintained at 15:1.5 in all the composites.

2.4 | Characterization

The chemical structure of the BMI resin, BMI-epoxy com-
posites, BT nanoparticles, BTOH nanoparticles, and
interactions of the BTOH nanoparticles in the polymer

nanocomposites were characterized using Fourier
Distilled
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transform Infrared Spectroscopy (FTIR), IR Affinity-1S,
Shimadzu, Japan. Powder X-ray diffraction (XRD) pat-
terns of the synthesized BT and BTOH nanoparticles,
BMI-epoxy composite without BTOH nanoparticles,
BMI-epoxy nanocomposites with varying percentages of
BTOH nanoparticles using X-ray diffractometer Aeris,
and PANalytical with Copper-K alpha radiation
(1.5406A° wavelength) as the source were obtained at
room temperature. The scanning angle was set in the
range of 5°-80°. The morphological studies of BMI resin,
BTOH nanoparticles, BMI-epoxy composite without
BTOH nanofiller, and BMI-epoxy composite with 2%wt
of the BTOH nanoparticles were done using the scanning
electron microscope (SEM) images from JSM-6390LV.
Elemental characterization of BTOH nanoparticles and
BMI-epoxy composites with 3 wt% of BTOH
nanoparticles were assessed by Energy dispersive X-ray
analysis using Jeol 6390LA/OXFORD XMX N. TEM anal-
ysis of BMI-epoxy composites with 3 wt% of BTOH
nanoparticles without EGF were done using Jeol/JEM
2100.The flexural and tensile tests of the composites were
measured as per ASTM standards using the universal
testing machine, Autograph AG-X plus, Shimadzu.
Dielectric behavior of the samples was studied in the fre-
quency range of 10°-10” Hz using LCR meter as per
ASTM standards, the dielectric break down strength were
measured using Hipotronics AC Dielectric test set.
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sonicator (750 W)

Refluxed for 5 hr
and filtered

| A



http://wileyonlinelibrary.com

* I WILEY-F i e

K. ET AL.

PROFESSIONALS  COMPOSITES

3 | RESULTS AND DISCUSSION
3.1 | Fourier transform infrared spectra
analysis

Fourier transform infrared spectra of the synthesized
BaTiO; and surface hydroxylated BaTiO; nanoparticles
were illustrated in Figure 2. The absorptions at 637 cm ™"
in BaTiO; and 645 cm ™' in surface hydroxylated BaTiO,
nanoparticles correspond to metal-oxygen (Ti—O)
stretching vibrations. Absorptions at 1641 and 3411 cm ™"
correspond to the —OH deformations and stretching
vibrations, respectively, establishing the presence of
adsorbed —OH group. A strong peak around 1436 cm™
in both spectra corresponds to C—O stretching vibrations
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Wavenumber in cm™
FIGURE 2 FTIR spectra of the synthesized (A) BaTiO3

(barium titanate [BT]) (B) hydroxylated BaTiO; (BT-OH)
nanoparticle [Color figure can be viewed at wileyonlinelibrary.com]|

arose from the carbonate impurity, which is present as
BaCOj; in trace quantities along with BaTiO; during the
hydrothermal synthesis of BaTiO;**! Broadband in the
range of 3000-3700 cm ™" corresponds to —OH stretching
vibrations, which confirms the presence of effectively sur-
face hydroxylated BT nanoparticles. The characteristic
absorption at 868 cm™' corresponds to barium-oxygen
bond in BT particles.*>3"!

FTIR spectra of EGF and SC-EGF reinforced BMI-
epoxy composites with BTOH loadings in the range from
1 to 5 wt% are illustrated in Figure 3. A thorough analysis
of the spectra throws light into the fact that the charac-
teristic absorptions are retained in both the spectra. Anal-
ysis of the spectra reveals that the absorption bands
correspond to (i) the maleimide ring and imide group at

686~ and 1387 cm™', (ii) benzene ring at 820 cm™’,

(iiiy C—N—C maleimide group around 1100 cm’,
(iv) weak C—N stretch around 1020 cm™, (v) C=0 group
at 1710cm™*°, and (vi) C=C of benzene ring at
1510 cm™". The absence of epoxide ring absorption bands
at 915, 970, 862, and 1248 cm™! in BMI-epoxy
nanocomposites indicates that there exists an inter-
crosslinking between BMI and epoxy resin, which occurs
through the oxirane ring opening of the epoxy resin (refer
supporting information Figure S1). Absorption at
2965 cm™" corresponding to CH stretching vibration of
BMI-Epoxy composite without nanofiller is very much
reduced in BMI-epoxy composite with BTOH nanofiller.
Also absorption at 1386 cm™* corresponds to CH, vibra-
tional wagging shifts to lower wavenumber. Both these
observations pointed out the possibility of hydrogen
bonding between the CH, hydrogen atoms of BMI-epoxy
matrix with oxygen atoms of surface hydroxylated BTOH

FIGURE 3 FTIR spectra of
(A) E-glass fiber (EGF) reinforced
and (B) silane coupled E-glass fiber
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nanofiller. Each composite also exhibiting broadband in
the range of 3000-3700 cm™" indicates the presence of
surface hydroxylated BT nanoparticles.

3.2 | Powder X-ray diffraction analysis
The perovskite cubic phase of the synthesized BT
(Figure 4(A)) was confirmed by XRD analysis and the
peaks at 20 = 22.19(100), 31.57(110), 38.92(111), 45.27
(200), 50.96(210), 56.18(211), 65.87(220), 70.39(300), 74.82
(310), and 79.17(311) were more consistent with the
reported data with JCPDS No#892475.

From X-ray diffractograms of both BT and BTOH
nanoparticles, at 26 values around 31.6°, the most intense
peak (110) were observed. The single peak at 26 = 45.13°
and 45.23° for BT and BTOH nanoparticles, respectively,
again confirms the presence of perovskite cubic phase of
BT and BTOH.! These single peaks without splitting
can be used to distinguish the cubic phase from the
tetragonal phase of BT because the latter has two over-
lapping or close peaks at 44.85° and 45.38° in XRD pat-
terns.!32-34!

From Figure 4, it is clear that there is no change in
the XRD patterns of BT and BTOH which indicates that
even after refluxing BT nanoparticles with H,O, for 19 h,
crystallization of only BT nanoparticles remained with
no other crystalline byproducts. Based on the XPS data
and zeta potential values, Ohia Chen Li et al. concluded
that during surface hydroxylation of BT nanoparticles,
the —OH is attached to barium instead of titanium and
this causes the surface of hydroxylated BT to be more

(a—BT
(b)——BT-OH

—~

b)
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)
(211)
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(220)
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(311)

Intensity (a.u)
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111)

(200)
211)

(100) (100)
(110)

E(
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— (220)
S 44(300)
310)
® 4 (311)
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2 theta(degrees)

FIGURE 4 Powder XRD patterns of (A) barium titanate
(BT) nanoparticles (B) BTOH nanoparticles [Color figure can be
viewed at wileyonlinelibrary.com|

Bronsted basic that may be attributed from the lower
ionic potential of barium compared to titanium.®! H,0,
is an oxidizing agent and it reduces oxygen to OH, only
oxygen atoms present at the surface are reduced to OH,
whereas that present in the bulk remains as such without
undergoing reductions. Comparison of FTIR spectra of
BT and BTOH further supports the surface hydroxylation
argument. The bands corresponding to Ba—O vibrations
(868 cm™") were less intense in the spectra of BTOH,
whereas more intense O—H stretching vibrations (3700-
3000 cm™") could be observed in BTOH compared to
BT. The average crystallite size of the BT and BTOH
nanoparticles is calculated using Scherrer's formula and
is found to be 33 and 28 nm, respectively.

The incorporation of BT-OH nanofiller to BMI-epoxy
resin resulted in no significant shift in the position of the
intense peaks at 20 = 19°-22°. Sharp crystal peaks
corresponding to BT-OH nanoparticles were seen in the
XRD patterns of the composites. Further analysis of
Figure 5 reveals that the most intense peak of BT-OH
nanofiller at 20 value around 32° is retained along with
peaks corresponding to the perovskite cubic structure at
260 value around 45.5° indicating that there is effective
dispersion of BT-OH nanofiller in the BMI-epoxy
matrix.**!

3.3 | Morphological studies of BMI-
epoxy nanocomposites

SEM images reveal the morphology of BTOH (Figure 6
(A)), BMI resin (refer supporting information
Figure S2 A), BMI-epoxy composites with (Figure 6(B))

(a)—— 0% BT-OH
(b)—— 2% BT-OH
(c)— 3% BT-OH

6000

5000

4000 -

2000 4

Intensity(counts)
]
T

1000 H

10 20 30 40 50 60 70 80
2 theta (degrees)

FIGURE 5 Powder XRD patterns of (A) bismaleimide (BMI)-
epoxy composite without BTOH nanofiller and BMI-epoxy
composites with (B) 2% and (C) 3% BTOH nanofiller [Color figure
can be viewed at wileyonlinelibrary.com]|
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and without (refer supporting information Figure S2 B)
BTOH nanocomposites. EDAX analysis of the synthe-
sized BTOH nanoparticles (refer supporting information
Figure S3) confirmed that there were no impurities in the
sample with a quantitative composition of barium ~ 65%,
titanium ~ 17%, and oxygen ~ 18%. EDAX spectra and
mapping images of the synthesized BMI-epoxy compos-
ites with 3 wt% of BTOH nanoparticles showed the pres-
ence of elements carbon, oxygen, barium, and titanium
with their dispersion in the composite matrix (refer
supporting information Figure S4). The presence of chlo-
rine atom in traces, as impurity, observed in the spectra
of composite might have originated from the BMI since
the EDAX of BTOH is free of chlorine (refer supporting
information Figure S3). The EDAX pattern hence shows
the presence of all the elements as expected, for BMI-
epoxy BTOH composites.

Figure 6(B) represents the cross-sectional SEM image
of BMI-epoxy nanocomposite loaded with 2 wt% of
BTOH nanoparticles and it reveals a uniform smooth sur-
face of nanocomposite with no folding over or buckling.
The phase of embedded BTOH nanoparticle is not that
much visible in the polymer matrix, which is identifiable
as the dark gray region.

Transmission electron microscope (TEM) and selected
area electron diffraction (SAED) images were also taken,
in order to study the dispersion of BTOH in BMI-epoxy
composites with 3 wt% of BTOH nanoparticles without
EGF reinforcement. From the figure (supporting informa-
tion Figure S5 A, B, and C), it is evident that BTOH
nanoparticles were homogeneously distributed without
any agglomeration. The brighter spherical parts may

FIGURE 6 SEM images of
(A) BTOH nanoparticle

(B) bismaleimide epoxy composite
with 2% BTOH

fym 0000 12508E)

indicate glass fibers, which were unknowingly present
during the powdering of the sample. SAED pattern of the
composite showed no clear spots or distinct ring patterns.
The foggy type SAED pattern reveals amorphous nature of
the composite (refer supporting information Figure S5 D).

3.4 | Mechanical properties of BMI
epoxy nanocomposites

Figure 7 represents the results of flexural and tensile
measurements of the composites done as per ASTM stan-
dards. It is evident from the figure that for the BMI-
epoxy-BTOH nanocomposites, the mechanical properties
such as flexural strength and tensile strength increases
with BTOH percentage reaches a maximum value at 3%
and thereafter decreases. When the wt% of the BTOH
nanoparticles is above a certain value, there is probability
of agglomeration of nanofiller that may reduce interfacial
interaction between the polymer matrix and BTOH
resulting in decreased values for tensile and flexural
strength.

The enhancement in the mechanical properties may
be due to the surface hydroxylation of BT nanoparticles,
which results in a high degree of matrix interaction and
uniform dispersion of nanoparticles in the polymer
matrix.[**=% It is established from the test results that
due to greater interaction between SC-EGF and the BMI-
epoxy matrix there is a significant enhancement in flex-
ural strength of BMI epoxy BTOH nanocomposites
reinforced with SC-EGF compared to composites with
EGF reinforcement.!*"’
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3.5 | Dielectric properties of the BMI-
epoxy BTOH nanocomposites

3.5.1 | Dielectric permittivity

Figure 8 represents the dielectric constant versus frequency
plots of BMI-epoxy-BTOH composites with different load-
ings of BTOH nanofiller (1%-5%). Maximum value of
dielectric permittivity was obtained at 2% loading of BTOH
nanoparticles in BMI-epoxy nanocomposites reinforced
with SC-EGF and EGF. The functionalization of BT by sur-
face hydroxylation improves the interfacial interaction
between the BT-OH nanoparticle and the BMI-epoxy resin
matrix thereby increasing the dispersion of BTOH
nanofiller in the BMI-epoxy resin matrix resulting in
higher dielectric constant values for the composites.*3%#!

2000000 4000000 6000000 8000000
Frequency in Hz

3.5.2 | Dielectric loss (tan §)

Figure 9 shows the variation of dielectric loss (tan &)
with the applied frequency for BMI-epoxy composites
with differently loaded BTOH nanoparticles. Up to
2 wt% of BTOH nanoparticles, tan 6 of composites
remained very low.

3.5.3 | Dielectric break down strength

The characteristic breakdown strengths of BMI-epoxy-
BTOH nanocomposites are illustrated in Figure 10. The
energy storage capacity of polymer nanocomposites
depends on the magnitude of dielectric strength. All of
the MI-epoxy-BTOH nanocomposites withstand low AC
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0.12 . . 0.15 . . FIGURE 9 Plots of frequency-
(@) 10/0 (b) 20/0 (@) 1°/° (b) 20/° tan 6 of bismaleimide-epoxy-BTOH
0.10 - (©) 20//0 (d) o (©) g;’ (d) 4% composites with (a) E-glass fiber
(©) > (e) > (EGF) (B) silane coupled E-glass
(e) fiber (SC-EGF) as reinforcement
0081 (e) 0104 [Color figure can be viewed at
*(-'_“ wileyonlinelibrary.com]
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FIGURE 10 Effect of wt% of BTOH nanoparticles on dielectric

breakdown strength of bismaleimide (BMI)-epoxy BTOH
nanocomposites [Color figure can be viewed at
wileyonlinelibrary.com]

electric field tests over 2-6 kV/mm, performed as per
ASTM standard D149. At first, dielectric break down
strength increases with increase in wt% of BTOH up to
3 wt% for both EGF and SC-EGF BMI-epoxy-BTOH
composite which again may be due to the increased
interfacial interaction and uniform distribution of
nanoparticles!****3! and then decreases which may be
due to the nonuniform particle dispersion caused by the
agglomeration of nanoparticles and voids created inside
the polymer matrix.

I I I I I
1000000 2000000 3000000 4000000 5000000
Frequency in Hz

4 | CONCLUSIONS

In our previous work, the effect of BaTiO; nanoparticles
on mechanical and dielectric properties of BMI-epoxy
nanocomposites was studied. Researchers report that the
most effective way to strengthen the interface compatibil-
ity and enhance both mechanical and dielectric proper-
ties of the composites is the inclusion of surface modified
nanofiller. A detailed comparison has been made
between BMI-epoxy nanocomposites with BaTiO;
(BT) nanoparticles as well as those with BTOH
nanoparticles and it is found that dielectric constant, ten-
sile strength, and flexural strength of BMI-epoxy
nanocomposites with BTOH nanoparticles were
increased 2, 5.15, and 2.13 times, respectively. In our pre-
sent work, BaTiO; nanoparticles were synthesized by
using the hydrothermal method and surface modification
of BaTiO; (BT) nanoparticles using H,0,. XRD patterns
confirm the surface hydroxylation of BaTiO; nanofillers
and FTIR spectra also supports the effective surface
hydroxylation. This modified BT nanoparticles (BTOH)
were used to prepare glass fiber-reinforced BMI-epoxy
nanocomposites with different filler loadings (1%-5%) of
BTOH nanoparticles. The effect of BTOH nanoparticles
on the mechanical and dielectric properties of BMI-epoxy
nanocomposites was studied. The tensile strength and
flexural strength of BMI-Epoxy composite 3 wt% of
BTOH were increased 3.10 times and 2.21 times, respec-
tively as compared to BMI-epoxy composite without
BTOH nanofiller. The remarkable enhancement in both
mechanical as well as dielectric properties may attributed
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from the enhanced interfacial interaction between the
polymer matrix and BTOH nanofiller and increase in
BTOH filler concentration. But above a particular con-
centration, there is chance for filler aggregation so that
uniform dispersion would not be possible, which will
lead to reduction in both mechanical and dielectric prop-
erties. The synergic effect of uniform dispersion of BTOH
nanofiller as well as the optimum wt% of BTOH
nanofiller (3 wt%) may result in significant improvement
in both mechanical and dielectric properties of BMI-
Epoxy nanocomposite. Both E-glass fiber and silane
coupled E-glass fiber-reinforced BMlI-epoxy-BTOH
nanoparticles with 3 wt% of BTOH exhibits better insulat-
ing and mechanical properties and composites with 2 wt
% showed maximum dielectric constant and low dielec-
tric loss values making this composition more suitable
for high dielectric applications.
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in the Supporting Information section at the end of this
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