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A B S T R A C T

Developing new absorbing and sheilding materials with a large band of frequency and high performance to allow
the coexistence of the electronic components without the damaging electromagnetic interference (EMI) is
needed. This paper is about the development of microwave-absorbing material from polycaprolactone by the
addition of nickel oxide. Preparation of NiO/PCL composites to homogeneous were carried out using a
Brabender Internal Mixer using the melt blend technique. These composites were characterized using Fourier
transform infrared (FT-IR) spectrometry, scanning electron microscopy (SEM) as well using X-ray diffraction
(XRD). Dielectric properties were obtained over a broad range of frequency of 8–12 GHz at the room tem-
perature. It is found that the permittivity values increased via NiO filler content increments and decreased with
frequency hikes. An instrument of rectangular waveguide is connected to a network analyzer (PNA) and the
values of transmission (S21) and reflection (S11) parameters were measured which were also used for calculating
reflection loss, microwave absorption values and the shielding properties of EMI by NiO/PCL composite at X-
band frequencies. The measurement results found the material has good EMI shielding application potential as
its microwave absorption has shown.

Introduction

Usage of working electronic devices in the frequency band of mi-
crowave grown rapidly over the few decades, whereas the EMI have
immensely increased. Therefore, there are pertubations of large degree
produced in electronic systems of military and civil telecommunication.
In the civil domain, the shelf life is reduced and disrupted by electro-
magnetic interferences and the electronic systems efficiency fitted to
automobiles or planes [1]. Protection of electronic equipments against
electromagnetic aggression waves is needed to avoid these problems,
and one way to do that is repressing the electronic circuits in a shielding
package that allows the reduction of the impact of the incident waves
and electromagnetic coupling [2]. Extensive studies have been carried
out about developing new and high effective shielding materials that
can increase the electronic devices shelf life and also reducing the effect
of the EMI [3].

Recent developments in microwave absorber technology have

resulted in composite mixed materials, by mixing two or more different
materials together in a single matrix or hybrid matrix, which can be
used on wether they are appropriate for narrow- or broadband ab-
sorption and for low- or high-frequency [4]. Reduction of reflection of
electromagnetic signals is achieved effectively by composite mixed
materials and the physical performance, on the other hand, is good with
also lower production cost [5]. The composite mixed materials possess
interesting functions through the mixture of important properties from
both components and optimized to achieve a particular balance of
properties for a given range of applications [6,7]. The metal oxide is
one of the important components that is utilized to form improved
composites materials with advanced properties. Their large variety of
structural geometries with an electronic structure have made them
advanced candidates for biological sensing, optoelectronic applications,
and electronics [8]. Meanwhile, the cost of the raw materials, the
weight of resulting composites, and the metal corrosion may be con-
sidered as drawbacks or cons on these candidates [9,10]. Thus, to
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overcome these cons, the used compounds were mixed with other
materials such as carbon compounds and polymers.

The common example of such combination is nickel oxide (NiO)
mixed with reduced graphene oxide (rGO) composite successfully to
synthesize a rGO/NiO composite in a facile pyrolyzation way to achieve
excellent properties for the absorption applications [11]. A novel
structure of rGO/a-Fe2O3 in 3D composite hydrogel with a prominently
improved microwave outcome of light and strong absorption properties
has been successfully achieved via a two-step process [12]. The com-
posite (rGO-MCNTs -Fe3O4) have been successfully synthesized by re-
searchers via a hydrothermal process where utilized reduced graphene
oxide (rGO), multi-walled carbon nanotubes (MCNTs) and Fe3O4 na-
noparticles to achieve novel physical properties [13]. Furthermore, the
Polymer matrix mixed with metal oxides are used by pioneering re-
searchers to fabricate interesting polymer oxides composites for pro-
mising microwave applications [14,15].

Herein, NiO was utilized due to its promising properties along with
its potential applications in energy efficiency and solid-state sensors
[16–18]. As well as the NiO material was combined with PCL as a
polymeric matrix due to its flexibility and easy to process to provide the
carrier template.

The aim of this study is to improving absorption of materials and
effectiveness of shielding (SE) where preparation of NiO/PCL compo-
sites were carried out using a different ratio of filler by blending
technique. In recent years, polymer blending is widely accepted by both
the industrial and scientific communities because of its effective way to
achieve performance and cost balance [19,20]. Increased electro-
magnetic performances of PCL polymer is achieved by addition of metal
oxide particles and to study the absorption and reflection effect of
electromagnetic waves. Morphology, functional groups and crystal-
linity, structure and phase analysis of the prepared samples were dis-
tinguished by Scanning Electron Microscopy (SEM), Fourier transform
infrared spectrometer (FTIR) and X-ray diffraction (XRD). Investiga-
tions have been carried out on the effect of the fillers content on the
electromagnetic properties of composites. The absorption, reflection
loss and EMI shielding properties in addition to the dielectric properties
measurement like dielectric constant and loss factor of NiO/PCL com-
posite were discussed at X-band frequencies. it was observed that the
dielectric properties of NiO/PCL were modified with nickel oxide ad-
dition.

Experimental and method

Materials

For the preparation of the polymer composites (NiO/PCL) used in
this study, the following were used: nickel oxide (NiO) 99.9% purity
purchased from Sigma–Aldrich, polycaprolactone (PCL) (C6H10O2)
97.0% purity and 1.146 g/cm3 density from Sigma–Aldrich (Sarasota).

Fabrication of NiO/PCL composite substrate

In our work, the NiO/PCL composites were prepared via the melt
blend technique using the Brabender internal maxture, with speed
range of 50 rpm shown in Fig. 1. The simplicity and friendly use of this
technique is considered as an advantage compared to other methods.
The melt blend method is characterized by the fact that dielectric ma-
terial mixed with plastic material of a very high flexibility are made at
temperature of 70 OC. Where the melting point of PCL depends on its
molecular weight that usually range between 30 °C and 70 °C. The mix
blending process is started by melting the polymer in a Thermo Haake
blending machine for about 2min until the PCL melting process com-
pleted. Then, NiO filler amount is introduced into the blender to obtain
the melted polymer composite.

The process is allowed to rotate in the machine for 20min, before it
is taken out and fabricated to the required dimension using the hot and

cold molding method. The process is frequent for different filler and
polymer percentages which is clearly presented in Table 1. The melt
blend method is suitable for large amounts production. However, it is
not the key technique for composites preparation. All the specimens
presented in Fig. 2 were fabricated with common dimensions of
22.05mm×9.27mm and 6mm thickness to fit the size of the rectan-
gular waveguide.

Characterizations

The scattering S-parameters (S11, S21) reflection and transmission,
respectively, in addition to the dielectric properties measurement of
dielectric constant and loss factor for the NiO/PCL composites were
collected via the rectangular waveguide connected by the coaxial cable
with the vector network analyzer namely; Agilent PNA-L N5230A at
8 GHz–12 GHz frequency range as shown in Fig. 3. Full two-port Thru-
Reflect-Line (TRL) calibration was initially carried out on the VNA, the
errors that occur in many components like cables, connector and
measurement were removed using method of calibration [21].

During the calibration, the reflection losses was limited to be less
than dB in the measurement setup, allowing reflections that occur from
the inner walls of the rectangular waveguide to be ignored. The che-
mical bonding of the sample was carried out using a spectrum 100,
FTIR spectrometer perkin elmer in the range of 400–4000 cm−1. Whilst
investigation of surface morphological, and the dispersion of NiO in the
matrix is carried out using scanning electron microscopy (SEM). X-ray
diffraction analysis was used to study crystallinity, structure and phase
analysis of the samples. The X-ray data were collected using a fully
automated Philips X-pert system (PHILIPS PW3040) with Cu-Kα radia-
tion.

Results and discussions

Reflection loss (RL)

Fig. 4 presents the variation of the reflection loss for NiO/PCL
composite at different filler ratio with the sample’s thickness of 3mm at
X-band range. It is clear that the reflection loss (RL) starts decreasing
gradually in regards to the frequency increment until 10 GHz, and then
the RL starts increased until reaching higest values at each percentage
of filler at 12 GHz. Note that the filler increment in the composites
boost the RL values.

The RL curves were obtained by deducing a normal or nearly per-
pendicular incident of the microwave field on to the surface of NiO/PCL
composite absorber backed by metal oxide, where the absorber is as-
sumed to have a constant thickness. Table 2 indicates reflection loss and
absorption values of NiO/PCL, which clearly shows high reflection loss
conform to low absorption and vice versa. And also small attenuation
corresponds to large reflection loss and vice versa. Calculation of RL of
the normal incident electromagnetic wave at the absorber surface was
carried out using the well-known formula [22]:

=RL 20log |S |10 11 (1)

It can be observed from the RL results in Fig. 4 that the raise in NiO
filler contents boost up the RL values. Thus, the lower NiO filler content
in the composite indicates the lower absorption of the sample.

The reflection loss performance for the composites is able to further
established by the analysis undertaken the FTIR spectral investigation
at Fig. 10, that presents the highest reflection loss as result of the
highest NiO filler content of (25%). Higher concentration of filler is
reported to result in the configuration of filler multilayer in the interior
of the polymer that reduces the intensity of wave passing through
polymer composites. Furthermore, it is suggested that the interparticle
space at the composites decreases as the amount of filler in polymer
composites increases [23].
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Microwave absorption properties

The electromagnetic wave absorption mechanism of the NiO-PCL
composite can be considered as energy dissipation due to the interac-
tion between electromagnetic microwave and the composite particles.
Therefore the absorption behavior depends greatly on the filler loading,
thickness, dieletric properties, and the frequency range [24,25]. The

microwaves suffer multiple reflections from the angles at the surface,
thereby increasing their propagation path in the absorber body. These
multiple reflections of microwave lead to the higher losses of electro-
magnetic energy inside the material. This is due to the fact that the
interaction of microwaves with dielectric materials causes molecular
motions such as ionic conduction, dipolar relaxation, etc, in the mate-
rial. Many relaxation processes were lead to by frequency dependence
of the microwave properties. Debye-type relaxation processes occur at
very low frequencies. Also possible in polymers are dipolar reorienta-
tion processes and interfacial polarization relaxation effects [26]. The
proportional measure of the absorption is presented in [27].

The inversely proportional relation of the microwave absorption of
NiO/PCL composite to NiO filler percentages has been illustrated in
Fig. 5 at X-band frequencies. Where, the NiO filler increment in the
composite resulting a reduction in the microwave absorption. The basic
parameters of the absorption coefficient (A) equation are the trans-
mission coefficients (T= |S21|2) and the reflection coefficients
(R= |S11|2), where

Fig 1. The NiO/PCL composite preparation using Brabender internal maxture.

Table 1
Composition of materials used in composite preparation.

Ratio %wt NiO:
PCL

Mass (g) of NiO
powder

Mass (g) of PCL
grain

Total mass (g)

5:95 2.0 38.0 40.0
10:90 4.0 36.0 40.0
15:85 6.0 34.0 40.0
20:80 8.0 32.0 40.0
25:75 10.0 30.0 40.0

Fig. 2. Prepared sample of NiO/PCL composites.
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= − −A 1 R T (2)

While, the absorption with respect to incident power in dB is

= − −A(dB) 10log[1 R T] (3)

Effect of NiO on dielectric properties

For a clear understanding of the reflection loss and absorption be-
havior, the permittivity properties (dielectric constant and loss factor)
for the composites were studied. The real permittivity values of the pure
NiO microparticle, pure PCL, and NiO/PCL composites are shown in
Fig. 6. The results illustrate that the reduction in the dielectric constant
values due to the frequency raise, that reduced the dielectric properties

may be attributable to the real permittivity distribution which is an
interfacial polarization. This interfacial polarization can take place
between the two materials that have different dielectric properties and
conductivity. Therefore, when the electrical field is applied to the
composite, space charges available by the Ni+O phase accumulate at
the interface of the two materials.

Fig. 3. Measurement set up for sample inside waveguide.

Fig. 4. variation reflection loss with frequency for various concentrations filler
of composites at thethickness of 3 mm.

Table 2
Mean values of Reflection loss (RL), Absorption (Abs), Shielding Effectiveness,
dielectric constant, and loss factor for all samples at X-band frequency rang.

NiO% R.L Abs SER SEA SET ɛ′ ɛ″

5 −11.760 −0.306 0.338 7.124 7.462 3.05 0.31
10 −10.315 −0.431 0.465 8.468 8.933 3.09 0.36
15 −9.009 −0.626 0.669 9.281 9.950 3.20 0.40
20 −7.798 −0.793 0.842 10.659 11.501 3.25 0.47
25 −6.941 −0.992 1.035 11.404 12.438 3.29 0.52

Fig. 5. Variation of absorption of the NiO/PCL composite for various con-
centrations of NiO filler at X-band frequencies.

Fig. 6. Frequency dependence of the ɛ' for composites with various NiO con-
centrations at X- band frequency.
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This behavior is not intrinsic usually but is rather associated with
the heterogeneous conduction in the multiphase structure of the com-
posite [28]. The increment in the dielectric values of the NiO/PCL
composites is also due to the number of Ni+O added to the polymer
matrix. The increment in the number of charged ions within the com-
posite has contributed to the increment in the real permittivity of the
NiO/PCL composites.

The loss factor showed in Fig. 7 describes the loss in energy of the
propagated waves through the samples. The results display that the 5%
NiO in the composites had the lowest loss which is in good agreement
with the result obtained for the scattering parameters and FT-IR ana-
lysis. In addition, the dielectric measurement result confirms the in-
corporation of the particle into the polymer matrix. The work used the
higher NiO filler percentage (i.e. 25%) to produce composites whose
dielectric constant would be the highest and the closest to the value of
NiO particle.

EMI shielding effectiveness of NiO/PCL ocomposites

Material shielding of electromagnetic interference (EMI) is defined
as the attenuation by absorption and reflection of the power incidented,
or the incident power (Pi) to transmitted power (Pt) of an electro-
magnetic wave [29]. The expression of the shielding effectiveness (SE)
decibels (dB) is given as;

=SE (dB) 10log (P /P)i t (4)

By sending an incident electromagnetic radiation on a shielding
material, phenomena like the transmission, reflection, and absorption
takes place [30]. The total of Shielding effectiveness (SEtotal) is the
summation of the SE due to absorption (SEA), reflection (SER), and the
third effect multiple reflections in the internal of materials (SEM)

Fig. 7. Loss factor measurement for composites versus frequency.

Fig. 8. EMI Shielding Effectiveness (a) SEA, (b) SER and (c) SEtotal as a function of frequency measured in the 8–12 GHz range of NiO/PCL.
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effectiveness (generally, they are ignored for their small values), i.e.,

= + +SE SE SE SEtotal A R M (5)

The measurement of transmittance (T) is carried out by determining
the Pt to Pi ratio i.e.,

=T (P /P)t i (6)

Terefore, the shielding material’s SEtotal can be expresssed as

=SE 10log(1/T)total (7)

Then by the definition, the effective absorbance (Aeff) is expressed
as;

= − − −A (1 R T)/(1 R)eff (8)

where R is the reflectance value of the incident electromagnetic wave
power on the shielding material. Then both SE values of the reflectance
and the effective absorbance can be described by the following equa-
tions

= − −SE 10log(1 R)R (9)

= − = − −SE 10log(1/(1 A )) 10log[T/(1 R)]A eff (10)

EMI radiation interaction on the surface of the shield with free
electrons is a result of primary EMI shielding mechanism which is
electromagnetic radiation reflection incident on the shield [31]. Var-
iation in the SE shielding (SEA, SER, and SE total) for the NiO/PCL
composite at different filler percentages against the X-band frequencies
is illustrated in Fig. 8(a–c). We observed that increasing NiO% boosts
the SEA and SER results.

The rate of SEA increments was higher than that of SER due to the
interaction of the electromagnetic fields with electric dipoles. Fig. 8a
shows the proportional increment of the SEA with NiO% loading due to
the interfacial polarization of PCL by NiO which increases the absorp-
tion component (SEA increment from about 7.124 dB at 5 vol% to about
11.404 dB at 25 vol% loading). Fig. 8b presents the proportional and
gradual increment of SER values with NiO% loading, which results from
the composites’ conductivity increase (SER increases from ∼0.3338 dB
at 5 vol% to ∼1.035 dB at 25 vol% loading). Fig. 8c shows higher
shielding efficiency of NiO/PCL composite by NiO% filler increments.
The outcome of SEtotal was calculated by using Eq. (5) with 7.462 and
12.438 dB at 5%wt and 25%wt dB, respectively.

Function of NiO content at all frequency in the X-band region are
revealed to be components of absorption and reflection of these com-
posites when investigated further, and that increase in content of NiO,
both SER and SEA increases as discovered is depicted in Fig. 9.

Table 2 illustrated the mean values of SE including absorption SEA,
reflection SER, that is calculated by the S-parameters correspond to the
reflected (S11) and transmitted (S21) powers and SE total for all ratios

vol.% of NiO/PCL composite.

Fourier transform infrared (FT-IR) analysis

The FT-IR is used to prove the bonding, interaction, and most of all
the absorbing properties of the composites. Fig. 10(a, b) shows the FT-
IR spectrum of net NiO particles, net PCL and NiO/PCL composites with
different weight ratios of filler at the room temperature. The spectrum
was recorded in the wavenumber range of 400 cm−1 to 4000 cm−1.
Fig. 10a presents the FT-IR spectrum of NiO particles at 664 cm−1,
1087 cm−1, 1341 cm−1, 1608 cm−1 and 3378 cm−1 peaks that indicate
the purity of NiO [32]. The principal bands of pure PCL were at
2941–2916.41 cm−1 (CH2 stretching vibrations), 1800–1620.35 cm−1

(C–O stretching vibrations), 1243.52–1277 cm−1 (CH2 and CH bending
vibrations), 129–1042 cm−1 (C–O–C aliphatic ether stretching vibra-
tions) and 946.33–818.67 cm−1 (CH2 long chain rocking motion vi-
brations) that correspond to the absorption peaks at 3344.03 cm−1,
2941.40 cm−1, 2866.41 cm−1, 1721.85 cm−1, 1167.59 cm−1, and
728.97 cm−1 [33].

While, the main FT-IR peaks analysis that relates to NiO/PCL
composite show the Ni–O vibration. The broad absorption band cen-
tered at 3349 cm−1, can be deduced from the band O–H stretching
vibrations and the weak band near 1612 cm−1 is assigned to H–O–H
bending vibrations mode. The presence of hydroxyl in the precursor
was also indicated at the same time, and the broad absorption around
667 cm−1 is assigned to the band C]O stretching vibrations. The ser-
rated absorption bands in the region of 1084 and 1345 cm−1 are as-
signed to the O–C]O symmetric and asymmetric stretching vibrations
and the C–O stretching vibration, but the band intensity has weakened,
indicating the physical strength of the ultrafine powers and to H2O and
CO2 absorption.

The lattice vibration bands between 3470 and 3420 cm−1, 3070 andFig. 9. Effect of NiO content on SEA, SER, and SE total of NiO/PCL composites.

Fig. 10. FT-IR spectrum for NiO, PCL and NiO/PCL at different percentage of
NiO filler.
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2720 cm−1, and 455 and 755 cm−1 of the pure PCL when compared to
the NiO microparticle fillers showed an increase in absorption peaks for
all weight percent, thus evidence that the NiO filler layers have been
added by the process of melt blending into the PCL matrix was pro-
vided, thereby forming the NiO/PCL composites as depicted in
Fig. 10(b). The increase in the absorption peaks of the composites is
achieved by increasing the NiO filler due to the shifting of bands to-
wards a lower wavelength after composite formationas [34].

Scanning electron microscopy (SEM) analysis

Scanning the sample’s surface by beam of electron is carried out in
SEM. A number of signals are generated when a beam of electrons is
focused to hit the specimen surface due to the interaction of the primary
electron with material particles. Chemical content and information
about the sample surface were obtained from recorded signals by the
detector. Scanning electron micrographs (SEM) illustrated in
Fig. 11(a–c), depicts the surface morphologies of magnification (300×)
of the NiO, PCL, and 15%NiO/85%PCL composite. Fig. 11(a) with
300× magnification shows clearly the size of the NiO practically where
the particle is completely separated and this image clearly showed that
the NiO particles size are not uniform and well dispersed in the bulk
state. From the general prospect of Fig. 11a, observation shows that the
many NiO many have a small diameter, while some coarse particles
were also be found.

Particle size dispersion is consistent with the mass fraction. Many of
the particles were spherical in form but, but a few are not. As Fig. 11(b)
with 300X magnification clearly shows the PCL polymer after melting it
and prepared at film form shows good correspondence between
polymer particles. At last Fig. 11(c) shows SEM the homogeneity of the
NiO particles dispersion in the PCL matrix for the 15%NiO/85%PCL
composite. NiO particles are observed as small particles scattered
throughout the polymer matrix of the composite, as well fully in-
corporated with the PCL matrix were embedded in the polymer matrix.
The morphology indicates that NiO particles have indeed reacted with
the pure PCL evenly to produce NiO/PCL composites. The NiO filler was
well dispersed on the PCL matrix, indicating a high interaction between
the filler and the PCL matrix.

XRD patterns for NiO/PCL composite

XRD was used to further probe the structural form and crystallinity
of the samples. Fig. 12 shows typical XRD patterns of pure materials
such as polycaprolactone (PCL) film, and pure nickel oxide (NiO)
powder, in addition to NiO/PCL composite at different percentage of
NiO filler. From the XRD outcomes, the PCL film presents sharp peaks at
position close to orthorhombic PCL reflections at 21.43°, 22.03° and
23.55°, which are assigned to (1 1 0), (1 1 1) and (2 0 0) and an amor-
phous halo under the crystalline reflections. The ratio of the crystalline
and amorphous reflections indicated significant crystallnity [35]. The

Fig. 11. SEM micrographs of fracture surfaces of (a) NiO microparticle (b) PCL polymer film (c) 15%NiO-85%PCL composites film showing NiO dispersion in PCL at
300 X magnifications.

A.F. Ahmad et al. Results in Physics 11 (2018) 427–435

433



broad halos peak present that the amorphous nature phase is dominant
in the compound this results of PCL matched with JCSPS data of 00-
050-2459 [36].

The purity and crystallinity of the NiO particles are clearly shown in
Fig. 12. The diffraction peaks are low and broad due to the small size
effect and incomplete inner structure of the particle. The XRD pattern
shows only five peaks for NiO in the angular range of 2θ=5°–80°, at
peak positions of 2θ: 37.41°, 43.41°, 63.05°, 75.62°, and 79.48° can be
readily indexed as (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) crystal
planes of the NiO particle, respectively. The obtained X-ray diffraction
pattern of NiO is in good agreement with the standard reference data
(JCPDS: 65-2901) [37]. Also, as it can be seen clearly from Fig. 12 a lot
of small peaks obtained throughout the angles of the XRD patterns for
the NiO/PCL composite. While, in the NiO/PCL composites, the in-
tensity of PCL sharp peak is reduced unlike the NiO peak which is in-
creased to NiO loading increment. There is no significant change ob-
served for halos. From the results, probably the crystallinity of the
materials has been reduced after compounding.

Conclusion

Melt blending technique was used to prepare PCL matrix reinforced
with different filler loadings of NiO particles. The composite was
characterized using Scanning electron micrographs (SEM) and FT-IR
spectrometer Perkin Elmer. Calculation of the reflection loss was car-
ried out using a rectangular waveguide technique of measurement,
shielding effectiveness and also the dielectric properties of NiO/PCL
composites in the wide frequency range of 8–12 GHz. The result of FT-
IR spectrum for forming the NiO/PCL composites showed an increase in
NiO filler content increases the absorption peaks of the composites for
all weights percent.

The results obtained by SEM present the homogeneity of the NiO
particles dispersion in the PCL matrix for the NiO/PCL composite when
increasing the NiO filler content in the matrix indicating a high inter-
action between the filler and the PCL matrix. The XRD results show
probably the crystallinity of the materials has been reduced after
compounding. The SE results present the efficiency of shielding in-
creases with the percentages increment of the filler due to the growing
of free electrons on the surface of the composite, but slightly reduced

with higher frequency. The values of the dielectric properties show the
increment in the number of charged ions within the composite has
contributed to the increment in the real permittivity of the NiO/PCL
composites.
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