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Engineered nanocomposites with tailored dielectric and hydrophobic charac-
teristics are highly desirable for miniaturized electronics. In this context, we
have fabricated acrylonitrile butadiene styrene (ABS)/NiFe2O4 nanocompos-
ites by facile solvent casted and low-volume high-pressure air-atomized
(LVHPAA) techniques. The developed nanocomposites consisted of phases
such as amorphous ABS, and crystalline nickel–ferrite phases were examined
via x-ray diffraction technique. Fourier transform infrared spectroscopic
measuration was used to describe ABS polymers, nickel–ferrite oxide con-
stituents, and their interactions. The effect of the space-charge polarization
mechanism between particulates and the polymer (101–102 Hz and 10–
40 wt.%) was analyzed via impedance spectroscopy, which is further aug-
mented by the Maxwell–Wagner Sillars polarization hypothesis. Also, the
subsequent oriental relaxation phenomenon (103–107 Hz) was analyzed.
Moreover, at � 107 Hz for all wt.% (10–40 wt.%), the incremental permittivity
attributed oriental resonance phenomena was examined. In addition, the
developed nanocomposites DC-conductivity attributed micro/nano-capacitors
mechanism, and the AC-conductivity realized reorientational hoping mecha-
nisms were scrutinized. The cole–cole representation of a nanocomposite that
explained relaxation oriented insulating characteristics was also elucidated.
The hydrophobicity of developed composites was characterized via atomic
force microscopy (AFM) and contact angle goniometry. The AFM analysis
showed a uniform textured surface morphology with the LVHPAA technique,
which renders superior hydrophobic characteristics due to the process induced
nano-needle generated roughness factor. The investigation results explain the
improvement in the dielectric and hydrophobic characteristics of nanocom-
posites obtained by the LVHPAA technique. Therefore, these ABS/NiFe2O4

nanocomposites could be a possible functional material for miniaturized
electronic applications.
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INTRODUCTION

The entire fundamental electronic packaging sys-
tem consists of active and passive components,
wherein, the passive components such as resistors,
inductors, and capacitors can occupy a larger area
than the active components. In current wireless
communication technology, for example, in cellular
mobile devices, the ratio of passive components to
the active components is about � 20:1. The 80% of
circuit board area has been occupying by these
discrete passives on an integrated printed circuit
board (PCB). Thereby the higher parasitic effects,
lower reliability and larger attachment lead to the
low performance of electronic devices and their

components performance. In many applications
interconnected discrete capacitors are extensively
utilized for noise suppression, filtering and tuning,
decoupling, bypassing, termination and frequency
determination, where the discrete capacitor compo-
nents significantly occupy the larger surface area.
Hence, the existing limitations in which capacitors
can be placed around the board periphery leads to
the device’s reduced functionality and results in low
performance.1,2 Moreover, increased fabrication
emphasis on efficient electronic packaging may
fascinate the demands of passive embedded tech-
nology (PET), wherein, the integrated passive com-
ponents are termed as functional elements which
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are incorporated over the substrate surface. In
recent years, this passive embedded technology
(PET) has been approaching towards miniaturiza-
tion, which leads to abnormal operating conditions
in electronic devices attributed to the miniaturized
components inducing stray capacitance effects and
additionally insulation failure causes short circuit
effects.3 In order to prevent these abnormalities in
electronics, insulating materials with desired dielec-
tric characteristics are dominantly required. How-
ever, the moisture absorption may facilitate
dielectric breakdown consequently shortening inter-
connections in-between the electronic parts, simul-
taneously, instigating a galvanic corrosive effect
may decay the overall performance of electronic
components. In order to mitigate above all delin-
eated potential problems, insulating characteristics
with moisture repellency in nanocomposites are
keenly required in wider applications of intercon-
nected miniaturizing electronic technology. In
recent days several research groups have investi-
gated exploring materials of low dielectric constant
with the hydrophobicity, wherein the researchers
have demonstrated a low moisture uptake/hy-
drophobic feature that was particularly due to the
water induced polar groups as a result of dielectric
characteristics. This means that the material’s
moisture phobic characteristics have a synergistic
effect on controlling material dielectric characteris-
tics while maintaining water stability.4,5 Such a
type of moisture repellent with dielectric materials
is the major concern of materials for a wide range of
electronic application fields such as microelectron-
ics, telecommunications, and optical communica-
tions.6–9 Furthermore, researchers have been
intensively studying multifunctional hybrid
organic, inorganic nanocomposites due to their
superior functional, processing advantages as well
as that which were utilized as potential large-scale
fabrication materials for many technological field
applications.10–12 The carbon nanostructures, semi-
conducting, metallic and magnetic nanoparticles
incorporated in polymer composites have been
explored as counter wide-band electronic materials
in electromagnetic wave devices to overcome real
field abnormal problems.13–25 In recent days
researchers have extensively explored magnetic
properties of electrified ferrite incorporated polymer
thin films for EMI suppressions and electromag-
netic absorber applications due to their electromag-
netic wave stimulated functional advantages,
wherein the predominant requirement is higher
complex dielectric permittivity.26,27 Simultaneously,
considerable efforts have been made in the ferrite
thin film fabrication methods, which can induce
various merits for wideband electromagnetic wave
applications. Wherein, the developments invigo-
rated ferrite thin film fabrication techniques con-
sisting of the plasma-assisted method,28 chemical
vapor deposition (CVD),29 ferrite plating,30 sputter-
ing and spin coating,31,32 spray coating, solution

casted, and laser deposition methods.33,34 Among
them, solution casted thin film fabrication tech-
nique is considered as an attractive route in terms
of cost, process and time, and concurrently, this
technique permits fabrication of any shape and
thickness without the need of high temperature and
other atmospheric conditional requirements.35–37

However, the electrified ferritic particles are high-
density ceramics and produce magnetic fields under
applied electromagnetic force fields instigating par-
ticle induced agglomerations, which are intensified
by their high-density characteristics. Additionally,
the inability offered by the magnetic particle dis-
persion is most likely associated with the clustering
effects, which are attributed to interactions between
particles as well as a particle and polymer matrix.38

Therefore, the controlled particle dispersion in thin
magnetic polymer composite films has been a chal-
lenging technological prerequisite. The alternative
synthetic fabrication and processing technique
strategies to overcome these intrinsic-steric forces,
are simultaneous agglomeration prevention strate-
gies as required. Manish K et al., have reported
spray coated technique influenced ferrite thin films
are having a greater advantage in EM wave appli-
cations, which ascribes to the atomized processing
feature rendering particle dispersion interactions
under electromagnetic wave to improve device
performance.39 This simple and highly automated
industrial spray coated technique consists of a hand
controlled industrial air gun pneumatic system,
which renders stabilized spraying of nanocomposite
fluid flux. Wherein, functional flux is atomized
through the spray head nozzle that induces a
sequential fluid flux flow from the nozzle. The
nozzle induces kinetic impact and controls the
droplet size of the composite solution, where the
size of the polymer composite droplet is minimized,
which provides the composite droplet contained
particles that are less consequently sprayed flux
droplets containing particles that are prevented
from forming a higher number of agglomerations.
Therefore, kinetically sprayed composite flux fabri-
cated thin films demonstrate non-agglomerated
uniformly dispersed ferrite particles, which has
been a motivation to fabricate ferrite thin films by
the low volume high-pressure pneumatic fluid flux
coated method.

In this present study, we report the practical and
straightforward approach to fabricate particulate
nanocomposite thin films composed of dispersed
NiFe2O4 particles via the solvent casting method as
well as the low volume high-pressure pneumatic
fluid flux coated method. Subsequently, the struc-
tural characteristics of fabricated particles incorpo-
rating polymeric composite thin films were revealed
by x-ray diffraction spectroscopy. Simultaneously
thin films of acknowledged oxide groups, ABS
functional groups, and their interactions have been
demonstrated by utilizing FT-IR spectroscopy. Addi-
tionally, AFM ascribed roughness factor, and
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correlated hydrophobic characteristics were exten-
sively analyzed for the magnetic composite thin
films with the aid of AFM and contact goniometry.
Moreover, the thin film composite’s impedance
broadband spectrum analyzer dielectric properties
were intellectually elucidated as well as having the
dispersion characteristic advantages highlighted.

MATERIALS AND THIN FILM FABRICATION
METHODS

Materials

Raw materials, ABS (Grade: ABSOLAC-920, melt
flow rate 27 g/10 min at 220�C/kg and den-
sity = 1.04 g/cc) in the form of cylindrical pellets were
procured from Styrolutions ABS India Ltd. NiFe2O4–
nickel ferrite powder (Particle size � 60–170 lm and
Density � 5.13 g/cc) was obtained from Defence Lab-
oratory Jodhpur, Rajasthan, India. Methyl acetate
(MW = 74.08 g/mol and Purity = 99.0%) was pur-
chased from Sigma Aldrich Pvt. Ltd., for the prepara-
tion of solution casted ABS composite thin films, and
LVHPAA spray atomized thin films. All reagents and
solvents involved were of analytical grade and were
used without any further purification.

Solution Casted Method of ABS/NiFe2O4 Thin
Film Fabrication

The solution casting method is an entirely primary
method to prepare nanocomposite thin films from
solution. This thin film fabrication process initiates
from dropping of the solution on a flat glass substrate
followed by a releasing agent subsequent to the
drying process. But, the film forming method, i.e.,
during the solvent evaporation time, this technique
suffers lack of control to produce qualified thin films.
Such as a lack of control over thickness and often
dispersed high-density particle effects (agglomera-
tions) are observed during the drying process.34

Additionally, fluid surface tension/surface energy
dominates in drying in-homogeneous results with
picture forming effects at the corners/edges of
nanocomposite films.34 Simultaneously, inhomoge-
neous solubility induced polymer precipitation
effects dominate during thin film formation.34

However, Gore et al.40 have demonstrated the sol-
vent casted thin film nanocomposite fabrication
technique is cost-effective and a facile method among
the other techniques such as in situ polymerization,
melt mixing, melt blending, and the sol–gel method.
Therefore, the solvent casted thin film fabrication
method has been implemented, consequently, ABS/
NiFe2O4 nanocomposite thin films were obtained. In
the typical nanocomposite thin film fabrication pro-
cess, ABS crystals (2 g) were dissolved in methyl
acetate (10 mL) solution using a magnetic stirrer at
400 rpm and 35�C temperature for 1 h. Then the
different weight fractioned nano nickel ferrites were
added to the ABS dissolved polymer solution (see
supplementary Table S1) followed by the ultrasonic

probe sonicator (Model No: VCX 750 Sonics and
Materials, Inc., CT 06470 USA) operated 30 min at
35�C with 25% energy amplitude for nickel ferrite
nanoparticle dispersion in nanocomposite mixture.
Consequently, the homogeneous nickel ferrite poly-
meric composite solution was obtained. Finally, the
extracted nanocomposite polymeric solution was
used to fabricate nanocomposite thin films on a flat-
bottomed glass petri dish (dia U = 100 mm and
height h = 10 mm). The thin film fabrication process
has been illustrated as shown in Fig. 1.

Low Volume High-Pressure Air Atomization
Method of ABS/NiFe2O4 Thin Film Fabrication

The sculptured nanocomposite thin films were fabri-
cated by a low volume high-pressure air atomized
(LVHPAA) fluid system. This technique is a widely
known industrial atomization technique to smear over
unified as well as capricious surfaces. Wherein, ato-
mized functional fluid induces uniformed droplet sizes,
and uninterrupted droplet flows through the nozzle
head, which is illustrated in Fig. 2.41,42 The pneumatic
fluid flux atomized system’s nonlinear dominant
parameters include surface tension, viscosity, fluid
density, air/gas or liquid mass ratio, nozzle diameter,
spray speed, droplet size and control over the distance
between the nozzle and spray coated substrate that
determines the growth of thin films.43 Among them,
air/gas or liquid mass ratio is a preeminent parameter
to control the mean droplet size that comprises the
minimum number of nanoparticles.43 In other words,
atomized mean droplet size is a critical parametric
feature, which enhances nickel ferrite nanoparticle
dispersion in nanocomposite thin films.43 Typically, in
an engineered nanocomposite thin film’s fabrication
process, ABS polymer crystals were dissolved in methyl
acetate solution by magnetic stimming action. The
resulting dissolved solution was mixed with nickel
ferrite nanoparticles (see supplementary Table S1)
followed by the sonication for 30 min, then sprayed
onto the substrate using apparatus as shown schemat-
ically in Fig. 2. The suspension was delivered onto the
substrate by an atomized nozzle head, where the
atomized droplets by an atomized nozzle were operated
with back air pressure at 217.5 psi and the fluid flux
rate at 2 mL/min. The distance between the substrate
and the nozzle was fixed at 15 cm for uniform distribu-
tion. The atomized droplets form a fine solvent mist on
the substrate that was avoided at 40�C in a furnace.

As fabricated nanocomposite thin film thickness
was obtained by digital thickness gauge, where the
casted technique nanocomposite mean thickness
value was � 0.45 mm, and low volume high-pres-
sure air atomized (LVHPAA) spray coated thin film
technique nanocomposite mean thickness value at
about � 0.45 mm was observed.

Characterization Techniques

As fabricated composite thin films were collected
to carry out different characterization studies,
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include thin film composite x-ray diffraction spec-
troscopy (XRD), this investigation was effectuated
with the aid of Bruker - x-ray diffraction spec-
troscopy, USA. Additionally, ABS/NiFe2O4 thin
film’s Fourier transform infrared (FTIR)

spectroscopic functional groups were examined by
utilizing BX-FTIR Spectroscopy (Perkin Elmer Inc.,
USA) at ambient temperature (3500–500 cm�1).
Moreover, the room temperature dielectric proper-
ties were scrutinized as per ASTM D150 standard
within the frequency range 1–10 MHz by utilizing
broadband impedance spectroscopy (Nova-con-
trol—ALPHA, Germany). Furthermore, surface
topographic roughness measuration was performed
for thin film nanocomposites by atomic force micro-
scopy (AFM-Metris 2001A NC, Burleigh Instru-
ments, Inc.). Subsequently, the static water contact
angle was measured with the aid of a contact angle
goniometer (DSA-100, Kruss GmbH, Germany)
using deionized water at room temperature, where
the droplet volume 8 ll was maintained. The con-
tact angle was evaluated after balancing fundamen-
tal steric forces in the injected droplet; an average of
five measurements was made to analyze thin film’s
wettability behavior. Simultaneously, these gonio-
metric contact measurements were correlated with
the AFM examined topographic roughness to eluci-
date thin film hydrophobic characteristics.

Structural Analysis

X-ray diffraction patterns representing structural
information of nanocomposites is illustrated in
Fig. 3. In course, the XRD pattern at 2h = 15�–25�
demonstrates successive confirmatory area under

Fig. 1. Preparation of nanocomposite thin films via solution processed technique.

Fig. 2. Preparation of nanocomposite thin films via low volume high
pressure air atomized (LVHPAA) spray coated technique.
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the peak pertinent to the amorphous nature of the
ABS polymer, which is highest for pristine ABS thin
film and is consistent with results obtained by
Vinay et al.44 Subsequent high intense peaks at 2h
correspond to the Miller indices (hkl) attributed to
the nickel ferrite phase, and this was confirmed by
JCPDS data (see supplementary Table S2).
Whereas, in an ABS XRD peak with conjugated
scaling area, this disappears while increasing the
nickel ferrite phase in thin films, which is attributed
to the enforced chain alignment due to accommo-
dated crystalline particles; and, as a result, the
amorphous nature of ABS polymer is approaching
towards crystallinity.26,44 Moreover, the FWHM of a
10 wt.% intense (311) peak indicates a small
increase in crystallinity.45 In contrast to the ABS,
the nanocomposite thin films crystallinity was
increased markedly, which probably can be attrib-
uted to the higher nickel ferrite concentrations.45

The higher the concentration of nickel ferrites in
thin film, the more intense these emergent
nanocomposite peaks are, although the peak width
is similar. The nickel nanoparticles might act as
nucleation sites for nanocomposite crystalline struc-
ture growth. Hence, the nanocomposite thin films
with a higher wt.% of nickel ferrites showed a
considerable crystalline intensity. Whereas, Vinay
Panwar et al., have demonstrated the improper
crystalline filler dispersion or inappropriate bond-
ing between filler surface and amorphous polymer
chain renders a disordered structure; consequently,
the reduced composite crystallinity was obtained.44

This feature was improved in nanocomposite thin
films and is illustrated in Fig. 3, and which was
probably due to thin film composites as elucidated in
interfacial bonding between polymer and filler
particulates.26 Moreover, this can be further

augmented with the aid of FT-IR spectroscopic
characterization spectra.

The regular interfacial interaction between ABS
and nickel ferrite in nanocomposite thin films has
been confirmed via FTIR spectroscopic technique as
illustrated in Fig. 4. The essential vibrational
absorption peaks and their corresponding structural
features were elucidated (see supplementary
Table S3).46 Wherein, nickel ferrites M–O interac-
tion wave numbers ranging from 700 cm�1 to
490 cm�1 are attributed to the absorption of inter-
facial infrared wave energy through metal–oxygen
vibrational stretching interactions between tetra-
hedral and octahedral groups, respectively.26 The
peak located at 2237 cm�1 is attributable to a CN
bond, which corresponds to the acrylonitrile mono-
mer. The other subsequent bonds belong to the
aromatic ring of the styrene component, which has
been located at 1610 cm�1, 1470 cm�1, 760 cm�1

and 699 cm�1 with the butadiene monomer bond
corresponding to band nearer 1005 cm�1 and the
bond appeared at 911 cm�1 which is also belongs to
butadiene monomer.40,47,48 The simultaneous
appearance of peaks located at 3301 cm�1,
1637 cm�1 and 1552 cm�1 is attributed to that of
noncyclic N-monosubstituted amide, which may
arise from the toughening and antistatic additives
to the ABS by manufacturers.49 The appearances of
additive induced peaks are consistent with the
obtained FT-IR spectra. Moreover, the absorbance
of the peak located at 1637 cm�1 is attributed to
overlapped ABS C=C stretch mode with the C=O
stretch mode of the amide. Additionally, a bond
located at 1735 cm�1 in thin films was observed,
which is ascribed to the ether group carbonyl
stretch mode. Further, it can be attributed to that
of the existing additive in ABS formulation, i.e.,

Fig. 3. X-ray spectroscopic characteristic spectra of polymer com-
posite (ABS and ABS/NiFe2O4) thin films.

Fig. 4. FT-IR characteristic spectra analysis of nanocomposite thin
film.
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probably a hindered amine light stabilizer (HALS)49

or phenolic antioxidant (PA)50,51 Whereas, in ABS/
NiFe2O4, there are some specific bands (wave
numbers) demonstrating nickel ferrite phase, and
the subsequent absorption bands (wave numbers)
corresponding to the ABS polymer phase. Which
probably elucidates an ABS polymer that is well
wrapped over nickel ferrite nanoparticles. Addition-
ally, the observed thin films characteristic absorp-
tion peaks are slightly moved from their original
position, which probably can be attributed to that of
bond stretching and bending strategies40

Dielectric and Conductivity Analysis

Room temperature frequency dependent charac-
teristics (10–10 MHz) of as fabricated (solution
casted and LVHPAA spray coated) thin films were
investigated as per the ASTM D150 with the aid of
utilizing an impedance Nova control dielectric spec-
troscopy analyzer (Novacontrol, Alpha-A, Ger-
many). Wherein, the sample dimensions were
cautiously maintained to that of brass circular
capacitor plates (ø 20 mm), then loaded into a brass
electrode dielectric cell. The frequency (10–10 MHz)
dependent characteristic capacitance was obtained,
the obtained dielectric permittivity ‘e’ can be
attributed according to the mathematical formula
as given in Eq. 1.

C ¼ e0erA
d

; ð1Þ

where C = measured capacitance, A = area of the
electrode plate, d ¼ thickness of a medium,
e0 ¼ 8:85 � 10�12 F=m = permittivity of free space
and er = permittivity of the medium, respectively.
However, the dielectric constant is equivalent to the
relative permittivity or the absolute permittivity of
the medium.52,53 This can be described as a complex
mathematical form and is expressed as e* = e¢ + ie¢¢,
where, e¢ = real part of the permittivity, which
attributes to the measure of how much energy is
stored in applied external force fields. Likewise e¢¢ =
imaginary part of the permittivity, which is attrib-
uted to the loss or dissipative nature of a material to

an external source and i ¼ ð�1Þ
1
2.52,53 Moreover, this

deterministic complex permittivity conceptual char-
acteristics can be explained with the aid of vector
representation, known as a tangent loss vector
diagram. Wherein, the dielectric constant e0 and
dielectric loss e00 can be calculated from measured
capacitance data ‘C’, those mathematical expres-
sions are given in Eqs. 2 and 3.52–54

e0 ¼ C0d

Ae0
; ð2Þ

e00 ¼ e0tand ð3Þ

Furthermore, the AC conductivity rAC can be
calculated according to the Universal Jonchser
Power Law relation as represented in Eq. 4.

rAC ¼ e0xe
0
tan d; ð4Þ

where x = angular frequency.52–55 Additionally,
the complex impedance can be represented as
Z* = Z¢ + iZ¢¢ where Z¢ = real impedance and Z¢¢ =
imaginary impedance.56

The frequency respective dielectric constant e¢
characteristics attributes of LVHPAA spray coated
and solution processed ABS + NiFe2O4 thin films
with varying concentration is elucidated in Fig. 5a
and b. The fabricated pristine ABS polymer thin
film demonstrates constant dielectric permittivity
characteristics, and simultaneously exhibits � zero
slope within the frequency range (100–1 MHz).
Such a demonstrated result in pristine ABS and
ABS nanocomposite’s permittivity characteristics
can be attributed to their intrinsic oriented dipole
oscillations under the vicinity of applied alternating
electric fields, and the oriental resonance phenom-
ena governing the frequency dependence.57 The
material influenced by applied alternating electric
fields produces resonance at the resonance fre-
quency, which in turn causes higher dipole oscilla-
tions and consequently higher dielectric
permittivity at the resonance frequency. This phe-
nomenon was observed from 10�7 s in Fig. 5a and b,
of the as-fabricated nanocomposite thin films by
LVHPAA spray atomized and solution casted meth-
ods. If the applied frequency is higher than that of
resonance frequencies, the polarization of polymer
dipoles cannot keep up with the applied alternating
frequencies. Hence, the polarization mechanism
vanishes and contributes to a decaying polarization
response of dielectric as seen by Maex et al.58

Wherein, the inherent delay of orientation dipoles
takes time to align within the enforced field, as
delay increases and consequently the orientation
polarization mechanism vanishes. Typical orienta-
tion polarization relaxation/delay times are within
the range of 10�1–10�9 s, which can demonstrate a
resonance frequency range of that polarization
mechanism, this characteristic feature was
observed in Fig. 5a and b. Moreover, the ABS
nanocomposites with different nickel ferrite weight
fractions demonstrated dielectric permittivity
increases with increasing fractions, which is prob-
ably an attribute of higher oriented dipole concen-
tration at higher nickel ferrite weight percent (see
supplementary Table S1). This dielectric delin-
eation was superior in the case of nanocomposites
obtained by the LVHPAA spray technique, which
has been embellished in Fig. 5b and (see supple-
mentary Table S1). The superiority in dielectric
characteristics by the LVHPAA assisted technique
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was majorly attributed to atomized dispersion with
particles encapsulated by ABS polymer. Further-
more, it is also evident that the dielectric constant
characteristic slope at a lower frequency region is
larger than a higher frequency region, which can be
additionally treated as the more significant differ-
ence in dielectric constant at lower frequencies than
higher frequencies. Since the NiFe2O4 is a ceramic,
it may generate space charges at interfaces,
between the particle and ABS polymer segments,
which are preeminently active at lower frequencies
than higher frequencies and thus the deterministic
larger dielectric permittivity. This can be exten-
sively elucidated with the aid of the MWS interfa-
cial polarization mechanism.52,59,60 Where, the
higher value of interface area to volume ratio
intensifies their interaction with ABS polymer
under the application of the alternating field, which
is significantly attributed to the space charge

interactions or short range dipoles interactions at
the interfaces of particle and insulating ABS mate-
rial and consequently the considerable polarization
effect. At lower frequencies, these space charge
dipoles are much more responsive to an applied
alternating field, hence increasing dielectric con-
stant values at lower frequencies is observed in
Figs. 5 and 6. However, as-fabricated nanocompos-
ites obtained by the LVHPAA (Fig. 5b) technique
illustrates the lowest damping decrement in its
lower frequency dielectric characteristics as due to
the polymer encapsulated particles, whereas 40 and
30 wt.% samples are more prominently elucidated
by higher dielectric values correlating with thin
films obtained by the solvent casted technique.
Moreover, the characteristic curves represent min-
imum slope characteristics rather than sudden
stepwise phenomena at lower frequencies, which
are possibly due to the reduced interfacial air gaps

Fig. 5. Variation of dielectric constant versus frequency of thin film polymer ABS and (ABS + NiFe2O4) composites. (a) Solution casted thin films,
and (b) LVHPAA spray coated thin films.

Fig. 6. Variation of dielectric constant with respect to wt (%) of NiFe2O4 in composite at different frequencies. (a) Solution casted thin films, and
(b) LVHPAA spray coated thin films.
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in between polymer and filler material during film
fabrication process.61,62 It also reveals that the
dielectric characteristic values were increasing with
the addition of filler content in nanocomposite thin
films. Additionally, this suggests that in ABS +
NiFe2O4 composite thin films, the nickel ferrite

particles act as intermediate in-between segments
of amorphous chains and which can penetrate
through the molecular bundle of ABS polymer
rendering the existence of chain elongation, which
might be the one of the reasons for the incrementing
nature of the dielectric constant of as-fabricated
nanocomposites by the LVHPAA technique
(Fig. 5b).63

In general, several factors are contributing to
dielectric losses in nanocomposite films; they are
MWS dipole relaxation/reorientation and residual
leakage current/conduction current. In ABS and
ABS/NiFe2O4 composite thin films, losses are asso-
ciated with NiFe2O4 as well as the ABS polymer
phases, where the moisture-induced interfacial air
gaps are the primary aspect of gaining losses,
reorientation and residual leakage current/conduc-
tion current. As fabricated thin film’s frequency
dependent (10–1 MHz) dielectric loss tangent (tan
d) characteristics are elucidated in Fig. 7a and b.
Wherein, for Fig. 7a the increasing trend in losses
with the frequency (10–10 MHz) as well as with the
nickel ferrite weight percent from 10 Hz to 1 kHz is
probably attributed to a conduction mechanism,
dipole relaxation mechanism or the non-homoge-
neous thickness of thin films.64,65 However, the
conduction mechanism can be ascribed due to direct
contact between ferrite particles, where is present
the electron jumping known as hopping charge
carriers, that is a basic loss mechanism at near
relaxation frequencies, consequently, at higher tan
d, which increases with increasing NiFe2O4 wt.%.
Additionally, loss characteristics represent a

stepwise tan d increment from 105–107 and
attributable to the resonance frequency of that
polarization, this causes the maximum alignment
of dipoles at resonance frequency with applied
alternating field to generate dipole losses that could
be a reason for represented loss characteristics in
Fig. 7a.60–62,66,67 Moreover, these can be attributed
to a nickel ferrite structural mismatch with polymer
phase.68 Additionally, the structural mismatch
probably induces localized space charges and con-
sequently Maxwell–Wagner Sillar interfaces,
thereby obtaining the loss tangent.69,70 Further-
more, ferrites have electronic exchange between
trivalent and divalent Fe-cations, which is accom-
panied by ferromagnetic resonance (FMR) phenom-
ena, hence, beyond certain critical frequencies,
losses monotonically decrease with increasing fre-
quencies. Additionally, this can be elucidated by
domain wall motion, a relaxation mechanism asso-
ciated with loss component induced polymer
phase,71 which has been demonstrated in LVHPAA
spray coated thin film characteristics as shown in
Fig. 7b, meanwhile the other peaks suggest step-
wise relaxation is a Debye-type.31 Furthermore, in
Fig. 7b, the dielectric loss mechanism illustrates a
culminating nature and slight maxima shift, it is
also noted that the peak decreases with increasing
frequency. This attribute is according to the relation
xs = 1, where x is the angular frequency x ¼ 2pf
and s is the relaxation time. The ‘s’ relates the
jumping polarization probability per unit time
s ¼ 1

2pt
and is directly proportional to the frequency

s ¼ 1
2pt

¼ 1
f , i.e., fapt, hence, the maxima can be

observed. However, the peak magnitude is higher in
a 20 wt.% sample with the frequency ranging from
10 Hz to 10 MHz, which was probably the sec-
ondary peak, this has been illustrated in Fig. 7.
Whereas, the peak magnitude shifts from higher

Fig. 7. Variation of dielectric loss versus frequency of ABS and (ABS + NiFe2O4) composites. (a) Solution casted thin films, and (b) LVHPAA
spray coated thin films.
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magnitude peaks to the lower magnitude peaks
while increasing frequencies are concerning differ-
ent wt.% and can be attributable to the actively
participated electronic exchange polarization mech-
anism between Fe2+ and Fe3+.27

Thin film polymer composites AC conductivity is
attributed to the type of triggered electronic charge
transport mechanism, which is governed by the
material intrinsic characteristics. The frequency
dependent conductivity of pristine ABS and ABS/
NiFe2O4 thin films with varying concentration of
NiFe2O4 has been elucidated in Fig. 8a and b,
respectively. The obtained frequency dependent
conductive characteristic composite thin film loga-
rithmic illustration has elucidated a plateau region
at the lower frequency and further augmented as
per frequency, which can be interpreted by the
Universal Jonscher’s Power Law (JBL) hypothesis
as exemplified in Eq. 4.54,55 However, the fabricated
composite thin films with varying weight fractions
of NiFe2O4 involve two regions of frequency, i.e., at
lower frequency range 10�1–107 Hz and the higher
frequency range 105–107 Hz.54,55 Wherein, the DC
conductivity is dominated by the lower frequency
region, which primarily is attributed to the dipoles
existing in air gap interfaces between the ABS
polymer and nickel ferrite particles in the interfa-
cial polarization mechanism. Additionally, this can
be elucidated with the aid of the micro/nano-capac-
itor principle, where the static electronic exchange
takes place in interfacial air gaps as a result zero
conductivity.62 Moreover, at higher frequencies,
105–107 Hz. , the conductivity hypothesis follows
frequency dependent characteristics that can be
extensively elucidated by the Maxwell–Wagner
Sillars (MWS) interfacial polarization mechanism
and the dielectric relaxation mechanism.56 Further-
more, the momentum of mobile charge carriers in
the reorientational hopping mechanism deals fre-
quency dependent conductivity at higher frequency
ranges, wherein the electron hopping probability

across the reorientational dipolar chain facilitates
the conducting route through the amorphous zone of
polymer drives towards the incremental increase in
conductivity.54,55,72 This might be the one of the
reasons in the enhancement of conductivity while
increasing weight concentrations, which is more
prominent in nanocomposites fabricated by
LVHPAA technique than by the solvent casted
technique (Fig. 8a and b). However, the solution
casted thin film 20 wt.% nanocomposite elucidates
higher conductivity compared to the other thin
films, which is attributed to the electron driving
force enabled mobile charge carrier, as well as the
magnetically coupled nickel ferrite agglomerations,
and provides the path for electrons participating in
the enhancement of conductivity at higher frequen-
cies, as a result, the conductivity is
4.5 9 10�6 s cm�1 as compared to the pristine ABS
2.0 9 106 s cm�1 Likewise, LVHPAA spray coated
samples are revealed at the higher frequency 105–
107 Hz region, the conductivity is increasing while
increasing the nickel ferrite concentrations, which
can be attributed by the nickel ferrite encapsulated
ABS polymer phase that induces an interconnected
network providing the path for the flow of mobile
charge carriers by the arbitrarily moving
electrons.73

Complex impedance spectroscopic investigation is
a well-known technique to examine dielectric mate-
rial properties,56 additionally, which can resolve
various contributions such as electrode effects, bulk
effects, and their interfaces. The imaginary versus
real impedance (Z¢¢Versus Z¢) plot elucidates domi-
nant resistance and is insensitive to smaller resis-
tances, which is the reason for losses in
nanocomposites, where the losses by the LVHPAA
spray coated method is superior, this has been
illustrated in Fig. 7a and b.74 Moreover, the ideal
cole–cole characteristics (Z¢¢Versus Z¢) are semicir-
cles.31 Whereas, as fabricated thin film’s cole–cole
characteristics are producing linear representations

Fig. 8. Variation of conductivity versus frequency of ABS and (ABS + NiFe2O4) composites. (a) Solution casted thin films, and (b) LVHPAA
spray coated thin films.
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(10 Hz to 10 MHz), which is illustrated in Fig. 9a
and b. This probably is attributed to the room
temperature respective hypothesis.31 Simultane-
ously, the center of semicircular characteristic
curves in Fig. 9a and b, are existing outside of the
real impedance axis, which is attributed to the
distributed passive elements (resistance, capaci-
tance and inductance) in thin films to that of
electrodes in a real system. These passive elements
are the predominant elements participating in a
relaxation mechanism and consequently relaxation
time ‘s’, which is in good agreement with the loss
tangent concept explained above in relation to
illustrate Fig. 7a, b. The relaxation time is the time
taken by a particular polarization mechanism to
occur in dielectric thin films, which was observed
higher in LVHPAA spray assisted nanocomposites,
where the space charge polarization mechanism
(< 10�2 s) to oriental/dipole polarization mechanism
(10�2 � 10�7 s) over the frequency range was
observed, thus the cole–cole characteristic curves
were faintly illustrating two semicircular projec-
tions’ integrated linear characteristics. However,
the relaxation time ‘s’ is not a discrete quantity, it
varies with respect to the mean value. The angle at
which these dispersed semicircles is related to the
distribution of relaxation time in a polarization
mechanism, where the frequency inversion to the
imaginary impedance value reveals the relaxation
time and the intercept indicates the resistance of
the material. The radius of these arcs is increasing
with different wt.% from pristine thin film, where
the LVHPAA spray administered samples are elu-
cidating higher relaxation time and higher resis-
tances, hence, the higher dielectric characteristics
and simultaneous resistance induced higher losses
were observed. It can be seen that in reported cole–
cole plots of the composition, as shown, two inter-
connected semicircles correspond to the thin films,
which is indicating the appearance of one more
interconnected semicircles at lower frequencies and

the second semicircle might be at higher frequencies
to elucidate the frequency-dependent polarization
mechanism existing in nanocomposites.31,56,71

Surface Textured Hydrophobic Analysis

Small size, high speed, low power and low-cost
electrostatic actuators have provided significant
advantages over thermal devices by minimizing
power consumption, by reducing size and less power
consumption over electromagnetic devices and by
providing faster responses than the piezoelectric
devices in many applications, such as electrical and
magnetic scaling, MEMS, optical networks and
wavelength division multiplex (WDM) systems.75–77

However, the isolated electrodes in electrostatic
actuators reduce its sensitivity to the environmen-
tal humidity as well as touch mode electrostatic
actuators incurring abnormal operations for their
use in outdoor and in many unprotected humid
environments.75 Therefore, in such conditions
hydrophobic materials are intended to be both
electrically isolating and chemically stable under
intended humid environments, which can be accom-
plished by hydrophobic coating on the surfaces of
dielectrics with the hydrophobic layer or the usage
of conjugated intrinsically induced hydrophobicity
in dielectric composites so that water will not be
absorbed on the surface.75 The absorption of water
forms a continuous conducting layer, which pro-
duces relatively high surface conductivity and
reduces the square wave AC voltage, consequently
reducing sensitivity. This can be prevented with the
aid of a hydrophobic coating, which induces the
droplets on the surface from the condensed water
where the hindering effect of leakage current
enhances the electrostatic actuation up to the
stabilized material hydrophobicity.75 Moreover,
hydrophobic insulating materials are extensively
utilized in high voltage applications, where the
improved hydrophobicity induces suppressing of

Fig. 9. Cole-Cole plots for ABS and (ABS + NiFe2O4) composites. (a) Solution casted thin films, and (b) LVHPAA spray coated thin films.
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Fig. 10. Atomic force microscopy topographical roughness characteristics at different NiFe2O4 weight fractions. (a) Solution casted thin films,
and (b) LVHPAA spray coated thin films.
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Fig. 10. continued.
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leakage current and potential discharge under
heavily contaminated conditions additionally low-
ering the electrostatic arcing effect.78 Furthermore,
over in past decades microwave, integrated circuit
improvements have been achieved by increasing
transistor speed, reducing its size and advance-
ments of integrating components in single chip
packaging technologies. Wherein, miniaturization
of electronic components can operate faster, so
integrated circuits have become faster. However,
integration of elements in a single chip is more
complicated, an emerging factor being that, inte-
gration may disrupt the signal propagation within
the chips, signal delays were caused by shorting or
interconnection, which has been increasing while
reducing towards micro and nano with each gener-
ation of scaling and may soon limit the overall
performance of the devices.5,79 Such a type of
functional electronic components may induce

malfunctioning due to shortening, burning of insu-
lation material by anodization under critical mois-
ture conditions.80 Therefore, in recent days
researchers have been approaching towards intrin-
sically stimulated hydrophobic dielectric character-
istics in materials, which are of vital interest to
digital electronics and integrated circuits as well as
other electronic components in miniaturizing single
chip packaging technology.

The stable surface wettability is determined by
interfacial adhesion and cohesion forces, where the
deposited water droplet spreads over a horizontal
thin film surface until their intrinsic molecular
cohesion under the influenced gravitational force
field conditions. If the water droplet influencing
internal forces are balanced, which in turn causes
an equilibrium state, then the contact angle mea-
surements can be performed by the Contact
Goniometer. Where the water droplet internal

Fig. 11. Linear nanoscale roughness characteristics values at different NiFe2O4 weight fractions. (a) Solution casted thin films, and (b) LVHPAA
spray coated thin films.

Fig. 12. Thin film contact angle characteristics of various NiFe2O4 weight fractions. (a) Solution casted thin films, and (b) LVHPAA spray coated
thin films.

Dielectric, Hydrophobic Investigation of ABS/NiFe2O4 Nanocomposites Fabricated by Atomized Spray
Assisted and Solution Casted Techniques for Miniaturized Electronic Applications

5653



force’s equilibrium state influenced a gravitational
force field tendency then it elucidates that the
minimal energy state of three phases acting
between the water surface and solid surface, which
can be additionally demonstrated with the aid of
Young’s relation. The mathematical representation
is cSG ¼ cSG þ cSG � cosh. Where the ‘c’ is the
surface tension representative coefficient of solid–
gas (SG), solid–liquid (SL) and liquid–gas (LG)
interfaces.81 However, this relation can be compat-
ible for smooth and homogeneous surfaces, but not
for the rough surfaces, where the nanoscale rough-
ness pattern personifying heterogeneous textured
nanoneedles induces capillary actions over water
droplets known as capillary forces produces coun-
teractions to that of the gravitational force acting on
the water body, hence accomplishing roughness
determined by hydrophobic characteristics.82,83

The nanoscale morphological roughness patterns
can be delineated by topographical images, which
were obtained with the aid of raster scanned
noncontact tapping mode atomic force microscopy.
The methodology for demonstrating the prognosis of
hydrophobicity on the nanoscale rough surface
patterns from 2-D and the 3-D images is illustrated
in Fig. 10a and b. Wherein, the morphological
surface roughness value increases while increasing
nickel ferrite weight fractions were visually per-
ceived. The AFM characteristic root mean square
(RMS) results of as-fabricated thin films are shown
in Fig. 11a and b (see supplementary Table S1).
This elucidates that the noticeable transmutation of
surface morphology is a direct path mechanism for
hydrophobic to hydrophilic transition, which prob-
ably can be attributed to a hydrophilic oxide phase
present in the nanocomposites. Additionally, 3-D
micrographs suggest that the existence of sharp
nanoneedles yields nanoscale roughness, this inher-
ent nanoscale property conjugated with hydrophilic
oxide phase intensifies their hydrophilic character-
istics with increasing nickel ferrite weight fractions.
Whereas, the role of the roughness parameter
amplifies the contact angle measurements, which
might be in either directions negative (decreases) or
positive (increases) and consequently imports
hydrophilic or hydrophobic features of the respec-
tive surface. Balasubramanian K et al., have
reported that increases in surface roughness caused
a super-hydrophobic nature for the coatings.84

Moreover, P J V Zowl et al., have demonstrated
roughness parametric value increases with increas-
ing sharp needles with consequently capillary forces
acting on the surfaces, but either of hydrophilicity
or hydrophobicity that corresponds to their thresh-
old percolation limit.85 This probability facilitates
the superior hydrophobic characteristics in the case
of LVHPAA assisted ABS/nickel ferrite nanocom-
posites, and further which has imminent hydro-
philic attributes while increasing nickel ferrite
weight fractions.

The goniometric measurement is used to capture
either hydrophilic or hydrophobic characteristic
(contact angle) with the aid of combined Wenzel
and Cassie Baxter mathematical models.81,86,87 This
significant contact angle measurement is precisely
attributed to thin film’s surface morphology and
chemical composition. Wherein, the water droplet
consisting of the 8 ll volume is injected onto the
surface of fabricated nanocomposite thin films to
estimate static water contact angle measurements.
Whereas, the contact angle measurements elucidate
that the incremental weight fractions diminish
static water contact angle measurements, which
probably can be attributed to heterogeneous surface
roughness characteristics. The roughness analyzed
contact angle measurements have been illustrated
in Fig. 10a and b. Additionally, the water contact
angle measurements with different wt.% nickel
ferrites are shown in Fig. 12. Where the water
contact angle readings 142.5�–81.8� were obtained
from solvent casted thin film fabrication technique
as well as the results 141�–130.9� were observed by
LVHPAA spray assisted technique. However, the
hydrophobic result obtained by the LVHPAA spray
supported technique is superior to the solvent
casting technique, which probably elucidates that
the atomized nanoneedles induced homogeneous
surface roughness characteristics, which controls
an intensified hydrophobic to hydrophilic transition
mechanism.88 Therefore, from this study, it is
demonstrated that the solvent caste thin films were
approaching towards hydrophilic characteristics
while increasing wt.% configurations. Whereas,
the LVHPAA spray coated method facilitates expo-
nentially decaying contact angular readings, where
the spray atomized mechanism controls hydrophilic
characteristics by introducing homogeneous tex-
tured nanoneedles on the surface instigates uniform
capillary forces acting on the droplets. Hence, this
superior hydrophobic characteristic facilitates an
electronic counter mechanism against water dro-
plets induced for mal-operation in miniaturized
electronic technology, integrated circuits, in elec-
tronic packaging technologies and other electronic
devices.

CONCLUSION

ABS and NiFe2O4 amalgamated ABS polymer
thin films were successfully fabricated with the
aid of solution casted (� 0.45 mm) and the
LVHPAA spray coated (� 0.45 mm) technique.
The ABS polymer amorphous structure
(2h = 15�–25�) and nickel ferrite crystalline
phases (JCPDS:00-010-0325) were elucidated by
utilizing the x-ray diffraction spectroscopy. Addi-
tionally, the interconnected nickel ferrite infrared
absorption bands (600–490 cm�1) and ABS
functional groups were examined by a FT-IR spectro-
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meter. Moreover, the frequency (101–107 Hz) respec-
tive space charge polarization at lower frequencies
was explained by the MWS polarization hypothesis.
Subsequent higher frequency dielectric constant
characteristics were elucidated with the aid of an
oriental polarization mechanism, simultaneously ori-
ental dipole resonance phenomena in thin films were
observed, this illustrates patronizing exponential
decay dielectric permittivity characteristics within
the frequency range (101–107 Hz). Concurrently, thin
film’s nickel ferrite concentrations revealed dielectric
permittivity � 2.4–4.5 and � 2.4–10.5 for casted and
LVHPAA spray technique, which probably can be
attributed to the conductivity and impedance char-
acteristics. Furthermore, the effect of as-fabricated
nanocomposite thin films quantitatively (LVHPAA:
141� to 113.9� and casted technique: 142.5� to 81.8�)
hydrophobic textured surfaces were analyzed by
combined AFM and contact goniometry. Where, the
AFM nanoneedles induced a roughness factor that is
a predominant parameter to produce hydrophobicity,
which was (6.75–182.16 nm) for casted technique
and (10.927–240.066 nm) for LVHPAA assisted fab-
rication technique. However, the demonstrated
LVHPAA technique produces nanoparticle dispersion
induced well EM interactions to quantify the supe-
rior dielectric characteristics concurrently with ato-
mized surface nanoneedles influencing qualitative
roughness factor to control the hydrophobic charac-
teristics better than the solvent casted technique.
Therefore, it is envisioned that the utilization of the
LVHPAA thin film’s admirable technique renders
the superior dielectric and hydrophobic characteris-
tics by varying wt.% nickel ferrites, and it offers a
rapid, convenient route to produce nanocomposite
thin films.

Associated Content

Supplementary information: Solvent casted and
LVHPAA spray coated techniques administered
nanocomposites demonstrated interfacial properties
such as dielectric permittivity and contact angle
hydrophobicity with uniform thickness is repre-
sented in Table S1, and their correlative investiga-
tions elucidate that the nanocomposites fabricated
by low volume high-pressure air atomized technique
exhibited superior characteristics than did the
solvent casted fabrication technique. The Table S2,
reveals the JCPDS reference No. 00-010-0325 and
the Table S3, reveals a thin film’s bond analy-
sis—various stretching modes obtained in FT-IR
spectra.
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