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ABSTRACT 
 
This paper presents the synthesis of hematite Fe2O3 nanofiller from mill scales and its application in polytetrafluoroethylene (PTFE) 
composites for enhanced dielectric and microwave-absorbing properties. The nanofiller was obtained through 9 hours of high-
energy ball milling, resulting in a particle size reduction 43.6 to 11.05 nm. The PTFE/Fe2O3 composites were fabricated by 
dispersing different concentration of Fe2O3 nanofillers using the dry powder processing technique. The structural and 
morphological characterization of the nanofiller and PTFE/Fe2O3 composites was carried out using X-ray diffraction (XRD) and field 
emission scanning electron microscopy (FESEM), respectively. The composites’ microwave absorption properties were analyzed 
utilizing vector network analyzer (VNA) measurements in the 8–12 GHz frequency range. Based on the findings from the results, as 
the percentage of filler increased from 5 to 15%wt, the composites' loss tangent and dielectric constant increased from 0.0272 to 
0.0478 and 2.12 to 3.25, respectively, while their reduced signal transmission speed was between 2.21 and 2.07 x 108 m/s at 8 GHz 
and from 2.24 to 2.11 x 108 m/s at 12 GHz. These findings demonstrate that Fe2O3 nanoparticles are a suitable material for 
developing microwave-absorbing polymer composites within the 8–12 GHz frequency range. 
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1. INTRODUCTION 

 

In recent years, there has been an increasing interest in the 
development of materials for electromagnetic interference 
(EMI) shielding. Among the various materials that have 
been investigated, composites made from polymers and 
magnetic particles have shown promising microwave-
absorbing properties. These materials can effectively 
absorb electromagnetic waves and reduce EMI in 
electronic devices. Microwave absorbers (MA) are 
specifically designed to suit the needs of maintaining 
excellent absorption at a broad frequency range, having a 
thin thickness that can enhance microwave absorption 
properties [1], [2].  
 
Physical and chemical assembly techniques can be 
employed to enhance designs by improving the 
performance of absorbent materials [3]–[7]. Microwave 
absorbers, which are used to attenuate electromagnetic 
(EM) waves, are typically fabricated using one-dimensional 
(1D) materials like carbon nanotubes [8], two-dimensional 
(2D) materials such as graphene [9], and more recently 
three-dimensional (3D) bulk materials like ferrites [10]. 
The different structural types result in varying surface 
areas, which in turn affect the interfacial polarization, 
scattering, and reflection of EM waves between surfaces. 
Magnetic losses and dielectric losses are two basic design 
requirements for microwave absorbers. Furthermore, 

ferrite is an important type of magnetic material composed 
of metal oxides containing magnetic ions, is particularly 
important due to its ability to achieve spontaneous 
magnetization while maintaining good dielectric 
properties [11]. Ferrites and other three-dimensional 
nanoparticles of metal oxide are prone to oxygen vacancy 
formation at the interfacial layers, which has an enormous 
impact on their magnetic and dielectric properties [12], 
[13]. The compactness of the nanoparticles allows for air-
gap contact with the constituent particles, which increased 
interfacial polarization and hence complex permittivity. 
Ferrites are frequently synthesized by co-substitution  
using multistage chemical methods such as hydrothermal 
[14], solid state [15],  co-precipitation [16], [17], and sol-
gel [18], [19]. Hematite (Fe2O3), a ferrite with distinctive 
electrical and magnetic properties, is less frequently used 
for microwave absorption applications. A recent low-cost 
technique successfully synthesized Fe2O3 from industrially 
milled steel chips [20]–[22]. Hematite (Fe2O3) is 
inexpensive, environmentally friendly, and its dielectric 
loss properties can be improved by nanosizing the 
particles for use in polymer nanocomposites designed for 
applications in microwave absorption applications [23], 
[24].  
 
On the other hand, polytetrafluoroethylene (PTFE) exhibits 
exceptional properties such as heat resistance at high and 
low temperatures, excellent dielectric properties, and 
chemical inertness, when compared to other polymers, 
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such as polyvinyl butyral, low-density polyethylene, 
polyphenylene sulphides, polyether ether ketone, and 
polystyrene [25].  
 
However, the high thermal expansion coefficient of PTFE 
limits its practical applications. To address this limitation 
and enhance thermal and dimensional stability, various 
filler/PTFE composites have been developed. The effective 
incorporation of fillers has shown significant 
improvements in thermal and dimensional stability. PTFE 
has been used in numerous studies, including the 
development of Mg2SiO4-filled PTFE composites for 
microwave applications [26] and silicon dioxide (SiO2) 
composites [27]. PTFE also demonstrates compatibility 
with natural fibers, modified glass fiber [28], and carbon 
fiber/epoxy composites [29]. The outstanding chemical 
inertness, high heat resistance, and notable dielectric 
properties of PTFE make it a suitable polymer matrix for 
incorporating different fillers in microwave applications. 
Combining PTFE, a non-conductive polymer matrix, with 
hematite (Fe2O3) enables the fabrication of a low-cost and 
lightweight magneto-dielectric absorber with favorable 
microwave absorption properties [24]. However, there is a 
lack of reports on the fabrication of nanocomposite 
materials comprising Fe2O3 and a PTFE matrix for 
electromagnetic and microwave applications.  
 
In this study, a novel absorber with promising attenuation 
qualities for reducing electromagnetic interference 
reduction was developed by incorporating the Fe2O3 
nanofiller with improved relative complex permittivity 
into a non-conductive PTFE polymer matrix. The nano-
sized Fe2O3 NPs were obtained through high-energy ball 
milling (HEBM) using milled steel chips.  The dry powder 
technique and hydraulic press, were used to mix Fe2O3 
nanofiller ranging from 5 to 15 %wt. was mixed with the 
PTFE matrix to produce the nanocomposites. The effects of 
Fe2O3 loadings on the composition of PTFE/Fe2O3 and the 
complex permittivity and microwave reflection loss of the 
samples were also investigated. Furthermore, calculations 
and analyses were conducted on the signal propagation 
speeds in composites with various nanofiller contents. 
 
2. MATERIALS AND METHODS 

 
2.1. Materials 
 

The mill scale chips were acquired from a steel factory in 
Malaysia. The polytetrafluoroethylene was purchased from 
Sanming (China-based Fujan Sannong New Materials Co., 
LTD) and utilized without further purification. The size of 
PTFE particles ranges from 50 to 110 μm. 
 
2.2.  Synthesis of Hematite (Fe2O3) NPs from industrial 
milled scale  

 

Hematite (Fe2O3) was synthesized using industrially milled 
scale chips. The milled steel chips were initially prepared 
by extracting foreign and unwanted materials such as 
sand, dirt, stones, or pieces of plastic in order to prevent 
sample contamination.  After that, the milled steel chips 
were washed, followed by drying in the oven and crushing 
using a pestle and mortar. Sizing processes were then 

carried out. About 200 g of mill scale waste is then 
weighed using an analytical balance (AY, 220) with an 
instrumental error of ± 0.00007 g for conventional ball 
milling. The flakes of mill scale were crushed into a fine 
powder to produce a magnetic wustite (FeO) slurry. Next, 
the slurry was processed by employing the magnetic 
separation method explained in [31, 32]. The slurry was 
then filtered and dried in an oven at 65°C for 24 hours. 
Furthermore, a carbolite furnace was used to oxidize the 
dry FeO at 600 °C for six hours to obtain Fe2O3 powder. 
The high-energy ball milling technique was utilized to mill 
Fe2O3 powder into nanoparticles in a SPEX8000D mill 
(Metuchen, SpexCertPrep, NJ, USA) at room temperature. 
The mill was powered at approximately 1425 revolutions 
per minute by a 50 Hz motor with a clamp speed of 875 
cycles per minute and a ball-to-powder ratio of 1:5. The 
Fe2O3 nanoparticles were milled for 9 hours, as shown in 
Figure 1. 
 
 

 
Figure 1. Synthesis procedure for Hematite (Fe2O3) 

nanoparticles from milled scale chips 
 
2.3. Fabrication of PTFE/Fe2O3 Composite 
 

The nanocomposites of PTFE/Fe2O3 were prepared by 
incorporating powdered PTFE with various Fe2O3 NPs with 
different mass ratios (5, 7.5, 10, 12.5, and 15%wt), 
according to Table 1. The composites of PTFE and Fe2O3 
were made by mixing 5, 7.5, 10, 12.5, and 15%wt Fe2O3 
filler with PTFE using a dry powder technique. The mixing 
process was undertaken for 10 minutes with a blender or 
wing mixer, and the content in each composite was set to 
2.5 percent weight increments. The compositions were 
then pressed for 5 minutes, employing a hydraulic press 
with a 10 MPa pressure setting. The compressed 
composites were heated in a furnace at 3 ℃/min under 
room temperature to 380 ℃ and then maintained for 1 
hour for the particles of the PTFE matrix to properly 
coalesce and fully eliminate voids. The sintering was 
performed using a furnace (Nabatherm GmbH 
Bahnhofstrasse, 2028865, Lilienthal, Germany). To 
complete the sintering cycle, the cooling rate from 380 ℃ 
to room temperature was set to 1.0 ℃ per minute. The 
rectangular waveguide's fitted sample has dimensions of 
0.114 by 0.228 cm.   
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Table 1. Composition of Fe2O3/PTFE samples 
 

Fe2O3 Nanopowder 
 

PTFE 
Total 

mass (g) Weight 
(%) 

Mass 
(g) 

 Weight 
(%) 

Mass 
(g) 

5.0 1.50  95.00 28.50 30 
7.5 2.25  92.50 27.75 30 

10.0 3.00  90.00 27.00 30 
12.5 3.75  87.50 26.50 30 
15.0 4.50  85.00 25.25 30 

 
2.4. Characterization of Synthesized Nano-Hematite 
and PTFE/Fe2O3 composites 

2.4.1 Structural, Morphological, and Elemental 
Composition Studies 

Phase structure and composition of Fe2O3 nanoparticles, 
PTFE, and PTFE/Fe2O3 composites were analyzed at using 
an automated Philips X-pert system (Model PW3040/60 
MPD, Amsterdam, The Netherlands) for X-ray diffraction 
(XRD) Cu-K radiation with a voltage of 40 kV, a current of 
40 mA, and a wavelength of 1.5405 nm were utilized. The 
diffraction patterns in the 10 - 70° range were recorded at 
a scanning speed of 2 °/min. Rietveld analysis was 
performed on the data using Panalytical X'Pert Highscore 
Plus v3.0 software (PANalytical B.V., Almelo, the 
Netherlands). The Fe2O3 and PTFE/Fe2O3 composites’ 
surfaces were examined using a FEI Nova Nano 230 field-
emission scanning electron microscope (Kensington 
FESEM, Sydney, Australia) and X-ray energy-dispersive 
analysis (EDX). As the particle size decreases, the milling-
induced strains result in a decrease in peak intensity and a 
widening of the diffraction peak's width. The average 
crystallite size (D), was estimated using Debye-Scherer’s 
method given by equation (1) [30]: 

                               (1) 

where β represents the FWHM of the diffraction peak, λ is 
the wavelength of an X-ray, and θ is Bragg’s angle of 
reflection. 

2.4.2 Signal Transmission Speed 

The ability to transmit signals at a high speed with minimal 
delay is crucial for transmitting large amounts of data. 
Typically, when an electromagnetic wave propagates 
through a denser material, it is attenuated. Therefore, it is 
essential to study how filler content affects the speed of 
signal propagation in the process of designing microwave 
circuits with efficient data transmission. The signal 
transmission speed (Vs) can be estimated using the relation 
[31]. 

      (2) 
                           

Where c denotes the vacuum speed of light,   represents 

the material's dielectric constant and   represents its 
permeability. 

2.4.3 Electromagnetic Properties 

A rectangular waveguide (RWG) was employed to measure 
the complex permittivity and complex permeability within 
the frequency range of 8–12 GHz. The RWG was connected 
to a vector network analyzer (N5227A) (Agilent 
Technologies, USA, Santa Rosa) to conduct the 
measurements across the frequency range. During the 
experiment, it was critical to consider both the reflection 
and transmission of waves within the composites. The 
poly-reflection-transmission measurement technique was 
employed by the rectangular waveguide to measure the 
permittivity, 𝜀′, and permeability, 𝜇′ of the samples. An 
optimization technique was utilized to ensure that the 
constant values of both 𝜇′ and 𝜀′ were maintained 
throughout the entire frequency range. One significant 
advantage of the transmission-reflection technique is its 
ability to focus the field, enabling more accurate 
characterization of electromagnetic interference (EMI) 
characterization at microwave frequencies. For the vector 
analyzer, a typical full two-port calibration method was 
employed and 201 frequency points were set within the 8 
to 12 GHz range. Additionally, using the VNA and a 
rectangular waveguide, the transmission-reflection of the 
samples with equal cross-sections at frequency range from 
8 to 12 GHz frequency was determined, as depicted in 
Figure 2. 
 

 
Figure 2. Measurement set up for Complex Permittivity. 

 
3. RESULTS AND DISCUSSION 
 
3.1. Characterization of Synthesized Hematite 
Nanoparticles and PTFE/Fe2O3 Composites X-ray 
Diffraction Pattern Analysis 

 

Figure 3 displays the X-ray diffractograms of hematite 
(Fe2O3) particles after 9 hours of milling. Comparing the 
hematite (Fe2O3) diffraction patterns are compared to 
typical patterns in the ICSD (Inorganic Crystal Structure 
Database), it is evident that all Bragg peaks are consistent 
with the R—3 space group, indicating the rhombohedral 
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crystal structure of hematite, Fe2O3 (Reference code: 01-
084-0309). Another phase is not detected, indicating that 
Fe2O3 did not transform into Fe3O4 during the ball milling 
process. The crystal structures of the 9-hour particles 
remained similar. Moreover, it was observed that the 
milled nanoparticles exhibited their highest intensity 
peaks in the (104) plane. This could be attributed to 
factors such as the ideal orientation [32], magnetic 
sequencing [33], or an increase in crystallinity due to ball 
milling. The PTFE XRD pattern in the same figure showed a 
sharp peak and five low-intensity peaks located at 2θ = 
18.05°, 31.27°, 36.27°, 40.92°, 48.78°, and 55.93°, while a 
sharp peak is located at 18.05°. These peaks match the 
ICSD index of PTFE and correspond to the (100), (110), 
(200), (107), (108), and (210) planes, respectively, based 
on the ICSD index of PTFE (ICSD 00-047-2217) [31]. 
Additionally, the intensity of the peak located at 2θ = 
18.05° slightly decreases with the addition of different 
percentages of Fe2O3 nanofiller are added to the PTFE 
matrix. The absence of unwanted peaks in the composites' 
pattern indicates that there was no chemical interaction 
occurred between the PTFE matrix and Fe2O3 nanofiller. 
 

 
Figure 3. Diffractograms of X-rays of recycled Fe2O3, PTFE, 

PTFE/Fe2O3composites. 

 
3.2. Analysis of Morphological and Elemental 
Composition Hematite NPs and PTFE/Fe2O3 
composites 
 

 

The FESEM image of the Fe2O3 nanoparticles after 9 hours 
of milling, PTFE, and Fe2O3/PTFE composites are depicted 
in Figures 4a-c, respectively. As the particles became 
underwent milling, they were refined into fine 
nanoparticles with noticeable aggregation and 
agglomeration [23]. The elemental compositions of Fe2O3 

nanoparticles were determined using EDX, as shown in 
Figures 4a-c. The spectra of the nanoparticles revealed that 
they were composed of iron and oxygen.  No impurities or 
other elements, were detected in the spectra indicating 
that the synthesized nanoparticles are pure iron oxides 
with no significant impurities. Figure 4a depicts the size 
distribution pattern of the 9-hour milled Fe2O3 particles. As 
the milling time increased, the peak center shifted towards 
the lower cross-sectional area of the particles [34]. The 
average grain size estimated from the 9-hours-milled 
Fe2O3 falls within the range of 16-12 nm. The spectra in 
Figure 4b show that PTFE is primarily composed of C (0.1 
keV) and F (0.5 keV). In Figure 4c, it is evident that the 
Fe2O3 particles are uniformly distributed on the PTFE 
matrix exhibiting a pattern known as warts and dendrites 
that completely cover the surface of the PTFE matrix. 
These findings are consistent with previous research [35]. 
On the other hand, EDX was utilized to determine the 
elemental compositional of PTFE and PTFE/Fe2O3 
composites. Further investigation reveals that the 
PTFE/Fe2O3 composites shown in Figure 4c contained both 
PTFE and Fe2O3 elements. 
 

 
Figure 4. (a) FESEM images and EDX spectra for Fe2O3 

after 9 h milling, (b) PTFE and, (c) PTFE/Fe2O3. 
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3.3. Complex Permittivity 
 

Figure 5 depicts the dielectric constant ( ) for PTFE/Fe2O3 

composites within the measured frequency range. In 

Figure 5, the observed values of  are 2.43, 2.45, 2.61, 
2.63, and 3.25 for compositions of 5, 7.5, 10, 12.5 and 15 
%wt., respectively, for the PTFE/Fe2O3 composites. The 

maximum value of  for PTFE/Fe2O3 composites is found 
to be 3.25 for 15 %wt. On the other hand, the loss factors 
for the compositions of 5, 7.5, 10, 12.5, and 15 %wt. are 
0.11, 0.14, 0.16, 0.18, and 0.24, respectively. It is concluded 

that the dielectric constant  and the loss factor  
are enhanced with the increasing of the Fe2O3 nanofiller 
content in the matrix over the investigated frequency 
range. As predicted, the complex permittivity of 
composites increased when Fe2O3 nanofillers were loaded 
into the matrix, in accordance with the findings of previous 
studies on inorganic and organic matrix polymer 
composites [23], [36]. The complex permittivity 
characteristics of the material heavily depend on 
contributions from multiple polarizations, including 
electronic, interfacial, atomic, and orientation effects [37]. 
Additionally, the exchange of hopping between O2- and Fe3+ 
within the localized states increases permittivity values 
[40, 41]. 
 

Further investigation revealed that  and  of 
PTFE/Fe2O3 composites increased as the Fe2O3 nanofiller 
size increased, which was consistent with previous work 
[40], [41]. This phenomenon attributed to increased 
density and interfacial polarization [42]. Composites 
reinforced with nanoparticles tend to have a larger 
interfacial area, resulting in an increase in interfacial 
polarization and dielectric properties [40], [43]. 
Furthermore, Figure 6 shows that the loss tangent 
increased significantly as the filler content increased from 
5 to 15 wt.% within that frequency range, indicating that 
microwave attenuation properties of Fe2O3 improved with 
increasing filler content, which is consistent with previous 
work [44].  
 

 
Figure 5. Complex permittivity of PTFE/Fe2O3 composites. 

 

 

 
Figure 6. Loss tangent of PTFE/Fe2O3 composites 

3.4. Speed of Signal Transmission 
 

The variation in signal transmission speed through 
PTFE/Fe2O3 composites at various Fe2O3 mass percentages 
and frequencies is displayed in Figure 7. It is evident that 
the transmission speed reduces as the filler content 
increases. The relative permittivity of the filler content was 
found to be significantly lower at higher transmission 
speeds. The speed of signal transmission of PTFE/Fe2O3 

samples at 8 and 12 GHz is presented in Table 2. As shown 
in Table 2, the velocity (Vs) of PTFE/Fe2O3 composites 

measured at 8 GHz decreases from 2.21 to 2.07  108 m/s 
as the Fe2O3 filler content increases from 5 to 15%wt. At 

12 GHz, the Vs also decreases from 2.24 to 2.11  108 m/s 
for the same filler ratio. At higher filler contents, the 
decreased transmission speed is substantially related to 
reduced relative permittivity [45].  
 

Table 2. Speed of Signal Transmission of PTFE/Fe2O3 

samples 

Weight 
(%) 

Vs (  108 m/s) 
8 GHz 12 GHz 

5.0 2.21 2.24 
7.5 2.20 2.22 
10.0 2.18 2.21 
12.5 2.15 2.17 
15.0 2.07 2.11 

 

 
Figure 7. Signal transmission speed variation with 

increase in filler content 
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4. CONCLUSIONS 

 
This research concludes by demonstrating the successful 
synthesis of hematite Fe2O3 nanofiller from mill scales and 
its application in PTFE composites for enhanced dielectric 
and microwave-absorbing properties. The use of 9 hours of 
high-energy ball milling resulted in the production of Fe2O3 
nanoparticles with a size reduction of 11.05 nm. The 
prepared PTFE/Fe2O3 composites were characterized 
using XRD and FESEM techniques, while their microwave 
absorption properties were evaluated using VNA 
measurements in a frequency range of 8–12 GHz. The 
findings revealed that increasing the percentage of Fe2O3 
nanofiller in the composite led to an increase in the loss 
tangent and dielectric constant while reducing the signal 
transmission speed. Overall, the study suggests that Fe2O3 
nanoparticles are a promising material for developing 
microwave-absorbing polymer composites within the 8–12 
GHz frequency range. 
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