Journal of Applied Science and Engineering, Vol. 23, No 4, Page 593-602 593

Investigation into Return Loss Characteristic of Graphene Oxide/Zinc
Ferrite/epoxy composite at X-band frequency
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Composite absorbing material is a branch of study that relates electromagnetic compatibility to radio and mi-
crowave frequency applications. Thus, many researchers have been made to focus on the composite fabrication
and its characteristic of microwave signal performance. Generally, a light weight, high absorption and low cost
absorber is highly demanded. Therefore, this work aims to investigate the return loss (RL) characteristics of
graphene oxide/zinc ferrite/epoxy composite in the range of frequency 8.2 GHz to 12.4 GHz. The structural
patterns of graphene oxide (GO) and Zn ferrite (ZnFe,Oy4) were confirmed by X-ray diffraction (XRD). Surface
morphologies of the composites were characterized by Coxem Table Top SEM equipped with an energy disper-
sive spectroscopy (EDS) system and the tracing elements were identified. The bulk density of ZnFe,O4 could be
reduced by addition of GO based on the measurement results. Electromagnetic properties were calculated using
Nicolson-Ross-Weir (NRW) conversion technique based on measured S-parameters by vector network analyzer
(VNA). Complex relative permittivity increases as the GO content increases due to the increment of dipolar
polarization whereas a minor change occurred in permeability. Generally, the dissipation factor happens in the
range of 10 — 11 GHz for both properties. A minimum RL is found to be -12.7 dB at 10.5 GHz with 2.35 mm for
3-GO-ZnFe,O4 composite sample. The RL performance of the sample could be tuned as low as -55 dB using
higher thickness samples.
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1. Introduction

Recently, electromagnetic (EM) pollution has emerged due
to the rapid growth of electronic devices in telecommuni-
cation area such as wireless communication industry and
military [1]. The development of microwave electronic
devices without EM control will affect human health and
degrade the devices performance [2]. Thus, microwave
absorbing materials have been developed in order to re-

duce the pollution from the telecommunication devices [3].
Nevertheless, the most practical materials with low density,
light weight, low cost, high absorption power, wideband
absorption capability and design flexibility are being pro-
gressively investigated [4].

Microwave absorbing materials consist of matrix and
filler. Polymer is usually used as the matrix for its design
flexibility and low processing temperature [5]. Epoxy is one
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of the best polymer candidates because it is commercially
available, resistant to corrosion and easily processed [6]. A
good microwave absorbing material should possess low re-
flection and high absorption properties [7] that depend on
relative permeability and permittivity, impedance match-
ing and microstructure of the material [8]. Introduction
of dielectric and magnetic fillers into the polymer matrix
could enhance microwave absorption properties [4, 9-11].
This distinct property makes graphene and graphene-based
composites appear as promising candidates in microwave
absorption field [12, 13].

Zinc ferrites (ZnFep;O4) have been studied extensively
in microwave absorbing material due to its microwave ab-
sorption properties [14], unique electrical [15] and magnetic
properties [16]. Many methods have been developed to
fabricate ZnFe;O4 such as co-precipitation [17], electrode-
position [18], ball milling [19, 20] and sol-gel [21]. However,
ZnFepO4 has a high density that restricts its use in light
weight application. One of the effective ways to overcome
the high density of ZnFe,Oy is the addition of a dielectric
filler into the microwave absorbing composite material [22].
Therefore, graphene oxide (GO) is introduced due to its
low density, large specific surface area, residual effect and
high dielectric loss [23-26].

Composite materials with dielectric and magnetic fillers
have appeared as a promising microwave absorbing mate-
rial due to its excellent dielectric and magnetic properties
along with lesser density and resistance to chemical [27, 28].
Many preparation methods have been developed to pre-
pare the composite materials such as solvothermal method
[29], physical mixing [30], chemical synthesis [31], chemical
vapour deposition [32] and arc discharge [33].

In this paper, we fabricated epoxy composites by dis-
persing GO and ZnFe;O; as dielectric and magnetic filler,
respectively into an epoxy matrix. Structures for both fillers
were confirmed by XRD. The epoxy composite samples
were analyzed by Coxem Table-Top SEM equipped with
an EDS system. EM properties were calculated using NRW
conversion technique based on S-parameters via two-port
rectangular waveguide reflection/transmission measure-
ment. RL characteristic of composites at different thick-
nesses was then investigated via transmission line equa-
tion.

2. Theory and formula

2.1. NRW Conversion Technique

Raw data of complex scattering reflection coefficient, S1;
and scattering transmission coefficient, S; of the finite
thickness sample filled in rectangular waveguide holder
were measured by VNA. The actual value of reflection co-

efficient, I and transmission coefficient, T can be deduced
from the measured raw data of complex S1; and Sy; as [34]:
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where Ag = free space wavelength, A, = cut-off wavelength,
L = sample thickness.

2.2. Return Loss

RL characteristic of composite materials can be calculated
using transmission line theory [35]:
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where Z;;, = input impedance of the absorber (epoxy com-
posite material), e, and i, are complex relative permittivity
and permeability of absorber, f = frequency of the inci-
dent electromagnetic wave, d = sample thickness and ¢ =
velocity of light in the free space.

3. Experimental setup

3.1. Materials

ZnO (99% purity), Fe;O3 (99% purity) and GO nano pow-
der (99% purity, 6 — 8 nm) were obtained from Alfa Aesar,
Sigma-Aldrich and Sky Spring Nanomaterials, Inc., respec-
tively.

3.2. Preparation of ZnFe,O4

ZnFe,O4 powder was prepared by solid state reaction
method. Raw materials of ZnO and Fe203 were weighted
using high precision (+0.0001) digital analytical balance
(Mettler Toledo XS64). The raw materials were mixed and
ground using agate mortar for 2 hours. The well-mixed
powders were put in alumina crucible and then sintered
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Table 1. Composition of composite materials.

Sample Epoxy matrix ZnFe;Oy GO
g wt.% g wt. % g wt. %

ZnFe;O4  3.00 60 2.00 40 0.00 0
GO 485 97 0.00 0 015 3
1-GO- 3.00 60 195 39 0.05 1
ZHF6204

3-GO- 3.00 60 185 37 015 3
ZI’IF8204

Table 2. Thickness of composite materials after grinding.

Sample Thickness (mm)
ZIIF6204 2.46
GO 2.28
1-GO-ZnFe; Oy 2.21
3-GO-ZnFe, Oy 2.35

using Protherm box furnace for 5 hours at 1000°C with
heating and cooling rate of 5°C/min. After heating, the
sintered ZnFe,O4 powder was ground for an hour using
agate mortar to ensure particles” homogeneity. Next, the
ground ZnFe,O4 powder was sintered again at the same
temperature and heating/cooling rate as earlier. The dou-
ble sintered ZnFe,O4 powder was ground and sieved into
50 pm.

3.3. Preparation of Epoxy Composite Filled with
ZnFe, 04 and GO

Table 1 shows the preparation of 5 g of ZnFe204, GO and
epoxy composite GO-ZnFe;O4, which is based on different
weight percents (1 wt. % and 3 wt. %) of GO. The weighed
powders were mixed and ground thoroughly using agate
mortar for 15 minutes. The epoxy resin and hardener were
prepared in 2:1 ratio and mixed. Epoxy resin was chosen
among the other polymer matrixes in this study because
of its resistance to corrosion and ease of processing. The
well-mixed powders were dispersed in the epoxy matrix
and stirred gently to ensure uniform distribution with a
minimum of bubble formation. The mixture was poured
into rectangular sample holder with dimension of 22.86 x
10.16 mm and left to solidify under room temperature for
24 hours. Then, the solid epoxy composites were ground
to ensure a flat surface was obtained. Fig. 1 shows epoxy
composites GO-ZnFe,O4 with various wt. % of GO and
ZnFepO4 before and after grinding. Table 2 shows the
thickness of each sample after grinding process.

3.4. Measurement Method

The structural patterns of ZnFe,O4 and GO powders were
determined using XRD (Rigaku MiniFlex II Cu K, radiation
(A=1.5418 A, 30kV, 15 mA) over an angular range of 20°

."

1-GO-ZnFe04 3-GO-ZnFe204 ZnFeO4 GO
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| | B
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Fig. 1. Cured epoxy composite materials with various wt.
% of GO and ZnFe, Oy (a) before and (b) after grinding.

to 70° of 26 in continuous scan mode with a step width of
0.02°. The densities of epoxy composites GO-ZnFe, O, were
measured using Mettler Toledo X564 model density kit that
is based on Archimedes principle (Fig. 2(a)). The morpholo-
gies of epoxy composites GO-ZnFe,O4 were characterized
using Coxem Table-Top SEM equipped with an EDS system.
The S-parameters of reflection S1; and transmission S; co-
efficients were measured using Keysight E5071C VNA in
the range of 8.2 — 12.4 GHz X-band frequency region. A
rectangular sample holder was adjoined an X-band coax-
waveguide adapter as shown in Fig. 2(b) while Fig. 2(c)
shows the VNA set up for S-parameters measurement.

@ (&) (e}

Fig. 2. Flow chart of the FVS-KELM method in the training
phase.

4. Result discussions

Fig. 3 shows XRD pattern of ZnFe,O4 and GO powder. It
can be observed that the diffraction peaks at 29.92°, 35.27°,
36.870, 42.85°, 53.11°, 56.63° and 62.21° could be indexed
to (220), (311), (222), (400), (422), (511) and (440) the face
centered cubic (FCC) ZnFe, O, phase (JCPDS 00-022-1012)
[36-38], indicating that a formation of well crystallized
ZnFe;Oy via solid state method. Meanwhile, the diffrac-
tion peaks of GO powder can be indexed to graphite phase
(JCPDS 00-041-1487) [39—41]. This is due to the compres-
sion of tiny GO powder in the sample holder hence it looks
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Table 3. Bulk density of composite materials.

Yi Lin Chan et al.

Reading ZnFe;O4 GO 1-GO- 3-GO-
ZnFe; Oy ZnFe;Oy
15t 1.641 1.138 1.647 1.626
ond 1.645 1.140 1.651 1.627
3rd 1.640 1.139 1.651 1.622
4th 1.645 1.135 1.654 1.624
5th 1.643 1.136 1.642 1.623
Average 1.643 1.138 1.649 1.624

like a solid. Noticeably, a sharp peak at 20 = 26.4° (002)
can be observed implying that the hexagonal structured
carbon atoms present in graphite [40, 42]. A broader peak
of graphite plane (002) can be seen at 56.5°, which is as-
sociated with the partial crystalline behavior and lattice
distortion of graphite structure [40, 43]. Density measure-
ment shows that the addition of GO filler from 1 wt. %
to 3 wt. % decreases the density of epoxy composites GO-
ZnFepOy as could be seen in Table 3. GO possesses large
surface area which results in increment and reduction of
volume and density, respectively for each epoxy composite
GO-ZnFep Oy [23, 44-46].
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Fig. 3. XRD patterns of ZnFe,O, and GO

Fig. 4 demonstrates SEM images of epoxy containing
GO and 3-GO-ZnFeyO4. The respective EDS results are
shown accordingly with point scanned in yellow circles.
Random and uniform dispersion of GO and 3-GO-ZnFe,O4
particles are found in the epoxy matrix. This is due to the
continuous stirring process during the composite sample
preparation. The presence of Au element in the respective
EDS tracing is due to the coated layer on the surface of
composites. All the constituent elements C, O, Zn, Fe are
present in the epoxy composite 3-GO-ZnFe, Oy, as shown

in Fig. 4(b), indicating that it is successfully developed.

Fig. 4. Morphology and EDS element tracing of (a) GO
and (b) 3-GO-ZnFe,Oy.

Fig. 5 demonstrates the result of S-parameter measure-
ment, S11 and Sy using rectangular waveguide at X-band
frequency. The scattering reflection coefficient, S; for
epoxy containing GO is significantly higher than ZnFe;Oy,
indicating a strong electronic conductivity, o that could be
related to the dielectric loss factor, ¢” [38, 47, 48].

o = wepe' (8)

The 1 wt. % and 3 wt. % addition of GO together with
ZnFe; 0y inside the epoxy display a respectable increment
in S1; while maintaining 40% of total fillers. Besides, the
3-GO-ZnFe, Oy in the epoxy is less densely packed than
the 1-GO-ZnFe; Oy since the GO has lower particle density
[47, 49, 50]. However, the scattering transmission coef-
ficient, Sp; is inversely proportional to the S1; due to the
decrement in amount of incident electromagnetic wave pen-
etrate through the sample and also due to the signal loss
enhancement. Generally, the loss mechanism for all sam-
ples is prominently caused by material absorption along
the frequency range since all the measurements were con-
ducted using the closed system technique. Thus, the loss
percentage in the material could be assessed using Equa-
tion 9 as shown in Fig. 6 where the dimensionless material
absorption (A) multiplied by 100, such value signifies per-
centage of material absorption of composite material.

A=1—[S1*—[Sxn [ ©)

It can be observed that the overall absorption ratio per-
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Fig. 6. Absorption ratio of epoxy composites GO-
ZnFe204.

centage has a bell-shaped distribution along the frequency
range. The percentage is in the range of 5 to 12% and the
maximum absorption is observed almost at 10.5 GHz for
all samples. This might be due to the minimum peak of the

513 for all samples are approximately at that frequency and
furthermore the calculation only involves magnitude of
S-parameters. However the absorption trend throughout
the frequency range is possibly because of materials char-
acteristic such as particle category and size, which later can
be addressed as its specific resonant frequency. Absorption
capability increases significantly when GO is introduced
into polymer composite of ZnFe,O, especially for 3 wt.%
loading of GO. The GO itself shows the highest absorption
among others because it has higher dielectric constant and
loss as observed in Fig. 7(a).

Fig. 7(a) shows relative complex permittivity of all
epoxy composite materials was calculated by NRW conver-
sion technique based on measured S-parameters. The real
part of permittivity, ¢} for all epoxy composite materials
are almost constant over measurement frequency range.
This is due to the polarization that is almost independent
of the frequency when electric field is applied, which con-
tributes to the independent oscillation of the electric dipole
moments with the microwave frequencies [49]. There are
two types of polarization involved in this microwave study;
space charge and dipolar. Space charge polarization (in-
terfacial polarization) takes place in an interface of two
different substituents of zinc ferrite compound that has
different grain boundaries and interfaces. However, dipo-
lar polarization arises from molecules with a permanent
dipole moment that is able to change its orientation in an
applied electric field. As the GO is carbonaceous material
which possesses permanent dipoles, and thus the permit-
tivity value attributed by the dipolar polarization. The
GO has higher value of ¢} than the ZnFe,O4 due to higher
value of S1;. Greater value of the ¢/ is observed when the
loading of GO in the epoxy ZnFe,Oy increases up to 3 wt.
%. Additionally, there is also an increment in the dielectric
loss that is due to an extra relaxation of electron during the
polarization.

Similar behavior is found to the imaginary part of per-
mittivity, which also increases in all samples throughout
the frequency range. However, the GO and 3-GO-ZnFe, Oy
values are almost overlapping with each other and slightly
increasing to the maximum at about 10.5 GHz before grad-
ually decreasing and remaining almost constant after 11.1
GHz. The overlapping phenomenon is because of sim-
ilar weight percent (3 wt. %) content of GO inside the
epoxy even though there is existence of ZnFe;O4 for an-
other mixture, which shows less significant dielectric loss
of ZnFe,O4 as compared to GO. Thus, the dielectric loss of
3-GO-ZnFe;0y is dominantly contributed by the presence
of GO. This can be deduced that both real and imaginary
part of complex relative permittivity of the epoxy compos-
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Fig. 7. Calculated value of (a) relative permittivity, (b) relative permeability, (c) dielectric and (d) magnetic loss tangent of

epoxy composite materials.

ite materials can be changed with different amounts of GO
fillers [49, 51, 52].

Fig. 7(b) shows the frequency dependence of the rela-
tive complex permeability for the samples. It can be seen
that the real and imaginary part of permeability values
lie in the ranges of 0.98 — 1.08 and 0 — 0.08, respectively.
The real part of permeability of ZnFe,Oy is found to be
slightly greater than the rest of composite materials along
the frequency range because of magnetic behavior dom-
ination. Conversely, the magnetic loss has a low effect
on electromagnetic wave attenuation hence small values
of imaginary part of permeability are observed. In gen-
eral, prediction of the magnetic loss for magnetic materials
can be made based on magnetic hysteresis, eddy current,
domain wall resonance, neutral resonance and exchange
resonance. The eddy current loss can be associated with the
electrical conductivity and thickness of the samples, and

can be expressed by X, [47].

- I,l”
Xeady = 7,72

Similarly, the dielectric mechanism, y; and u,” also ex-

= ZTryochz (10)

perienced the same behavior because of the increment in
loss factor especially between range of 10 — 10.8 GHz where
the y drops slightly in value. In general, the addition of
GO filler in the epoxy composite of ZnFe,Oy is found to
be having a minor change in complex relative permeability
and this is also reported by some literatures [49, 51, 52].
The microwave absorption characteristics of the materials
can be affected by small differences of the permeability [23].
Therefore, that is the reason of having an increment in the
absorption percentage when GO content in polymer com-
posite of ZnFe,;Oy increases. Nevertheless, the absorption
is essentially due to dielectric and magnetic dissipation
factors from the intrinsic polymer composite material prop-
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erties as shown in Fig. 7(c) and (d).

RL characteristic curve calculation was done using Equa-
tion 6 where effective input impedance (Equation 7) as the
important parameter that requires EM properties retrieved
from NRW earlier in this study. It is noticed that the con-
cavities in the values of RL against frequency, suggesting a
low reflectivity. Fig. 8 demonstrates the RL characteristic
of ZnFe, 04, GO, 1-GO-ZnFe, 04 and 3-GO-ZnFe,O4 with
the respective sample thicknesses as stated in Table 2. It
is commonly known that the material with RL value less
than -10 dB could be a potential candidate in microwave
absorbing material application. This is due to approxima-
tion of 70% wave absorption upon reaching sample surface.
Hence, there is a significant change on RL characteristic as
the addition of GO filler increases especially for the 3-GO-
ZnFe, Oy, which is -12.5 dB at 10.5 GHz with thickness of
2.35 mm due to higher loss. The corresponding bandwidth
related to the RL is 0.8 GHz, which is measured from 10.2 to
11 GHz. This proves that the dielectric material (GO) and
the magnetic material (ZnFe;Oy) can contribute equally to
improve microwave absorption characteristics.

| ¥ oo sy t T
E@Qﬁnga‘aeﬁﬁﬁeaggﬁg
0, e |
sk, ngflcoﬂﬂonc{:G{:Q::Gu”ﬂbuou_
i Dy LR LE LD
| Wkt ., T o g s0B00
- ﬁl*‘* **‘
L] A **F
*® 1|
% i * _¥-ﬁ R
= * .
T ]
w g - " -
E * *
= = *
E Linpe= . L asamgginas a B
E - .
2 g
-12 1 F . 4
o InFe,0, (24Bmm) . .
14 2 - i 1
4 GO (2.28 mm) d
e 1-GO0-InFe O (221 mn])
16 h . 1
*  3GOIrFe 0 (2.35mm)
i@ !
BS 9 85 10 10.5 " 1.5 12 12.5

Frequency (GHz)

Fig. 8. RL characteristic of epoxy composite materials
with different thicknesses.

According to the Equation 6, the RL characteristic of a
composite material can be tuned and improved by chang-
ing the thickness of sample while maintaining the intrin-
sic electromagnetic properties of the composite material.
For that reason, Fig. 9 presents the variation of calculated
RL for each epoxy composite materials, ZnFe,O4, GO, 1-
GO-ZnFe,04 and 3-GO-ZnFe; Oy respectively at various
thicknesses. The selected thicknesses are the optimum
thicknesses where the return loss of each composite has
been revealed at its minimum level. It is noticed that all
occurs at about similar frequency, 10.5 GHz, which is very

much related to the dissipation factor caused by dielectric
and magnetic loss as mentioned earlier (Fig. 7). It can be
seen that the 3-GO-ZnFe;O4 composite material performs
as good as GO composite where the minimum RL is about
-55 dB with reduction in thickness as much as 0.6 mm. The
thickness was reduced from 7.8 mm to 7.2 mm, which sig-
nifies that a combination of dielectric filler and magnetic
filler in polymer matrix host could have a lighter absorbing
material without compromising the RL performance. The
RL for ZnFe;Oy is only -18 dB with volumetric material
10.9 mm thick but when there is 1 wt.% additional of GO
in 40 wt.% of total filler content, good enhancement of RL
performance to -24 dB with 9.4 mm is observed. It is be-
lieved that by increasing GO content inside the polymer
composite, a very significant performance of RL with lower
thickness of sample will be attained. The sample can be
used as a microwave absorbing coated material especially
in the X-band frequency region. The summary of finding
in Fig. 8 and 9 are presented in Table 4. Therefore, it can
be noticed that each of composite samples with GO and
ZnFe, Oy filler content reached minimum return loss due
to the synergistic effect of both dielectric and magnetic loss
and better impedance matching from the sample thickness
with optimal addition of filler content [22, 51-53].
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Fig. 9. RL characteristic of ZnFe,;Oy4, GO, 1-GO-ZnFe, Oy
and 3-GO-ZnFe, 0y at various thicknesses.

5. Conclusion

In conclusion, epoxy composite GO-ZnFe;O4 samples were
successfully prepared by mixing GO and ZnFe,Oy in the
epoxy matrix. The addition of GO filler content greatly
affected the electromagnetic properties and return loss of
GO-ZnFe,O4 composites due to the dielectric loss incre-
ment. The epoxy composite of 3-GO-ZnFe,O4 shows mini-
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Table 4. Return loss of composite materials.

Composite Sample Resonance . Absorption (> 70%)
materials  thickness (mm) frequency (GHz) Minimum RL (dB) Range (GHz) Bandwidth (GHz)
ZnFepOy 2.46 10.8 -2.5 NA NA

10.90 10.5 -16.0 9.6t011.3 1.7

GO 2.28 10.6 -8.5 NA NA
7.80 10.5 -55.0 94to11.7 2.3

1-GO- 221 10.7 -3.8 NA NA
ZnFepOy 9.40 10.5 -25.0 95to11.4 19
3-GO- 2.35 10.5 -12.5 10.2to 11 0.8
ZnFepOy 7.20 10.5 -55.0 9.5t011.6 2.1

mum RL -12.7 dB at 10.5 GHz with 2.35 mm thickness and
bandwidth 0.8 GHZ (from 10.2 to 11 GHz). Optimum per-
formance of RL was successfully investigated by tuning the
composite’s thickness for each filler content. A minimum
RL (-55 dB) is noticed for both GO and 3-GO-ZnFe,O4 with
7.8 mm and 7.2 mm thickness, respectively, suggesting that
a lighter and thinner composite could be made while not
compromising its performance. Further investigation into
this study is highly recommended in future by selecting
appropriate composition that can offer better RL charac-
teristics at a minimum thickness of material, for example

transparent absorber.
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