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Ternary nanocomposite systems of poly(vinylidene fluoride)/magnetite/carbon nanotube (PVDF/Fe3O4/CNT) and 

poly(vinylidene fluoride)/magnetite/graphene (PVDF/Fe3O4/GN), were prepared using high shear twin screw compounding 

followed by compression moulding. The electromagnetic (EM) microwave absorption properties of the nanocomposites 

were investigated in the frequency range of 3-10 GHz. PVDF/Fe3O4/CNT samples with thickness d = 0.7 mm presents a 

minimum reflection loss (RL) -28.8 dB at 5.6 GHz, while all the RL values in the measurement frequency range 3-10 GHz are 

lower than -10 dB. PVDF/Fe3O4/GN with thickness 0.9 mm, presents a minimum RL of -22.6 dB at 5.4 GHz, while all the RL 

values in the measurement frequency range 3-10 GHz are lower than -10 dB as well. The excellent microwave absorption 

properties of both nanocomposites, in terms of minimum RL value and the broad absorption bandwidth, are mainly due to 

the enhanced magnetic losses. The results indicate that the ternary nanocomposites studied here, can be used as an 

attractive candidate for EM absorption materials in diverse fields of various technological applications, not only in the 

frequency range 3-10 GHz, but also at frequencies <3 GHz for PVDF/Fe3O4/CNT and >10 GHz for PVDF/Fe3O4/GN with 

realistic thin thickness of close to 1 mm. 

Introduction 

In recent years, devices using high frequency electromagnetic 

(EM) waves have been drawing attention, due to the 

exponential growth in their utilization in electronic devices for 

telecommunication, industrial, medical and other applications 

[1]. In addition, there are ongoing controversies worldwide 

over the potential health hazards to the human body 

associated with long-term exposure to electromagnetic fields. 

Hence, considerable attention is being given to the 

development of novel EM wave absorption materials [2-4]. For 

the production of broadband high EM wave absorbing 

materials, several parameters needed to be taken into 

consideration such as weight, thickness, types and content of 

filler, environmental resistance, mechanical strength and 

thermal stability [5]. The combination of polymers and 

nanomaterials is one of the most suitable methods to 

integrate inorganic materials with high electric and/or 

magnetic losses, with the advantages of flexibility and ease of 

processing of polymers to design excellent EM wave absorbers 

[6]. These nanocomposites provide merits of light weight, 

flexibility and cost effectiveness. For polymer matrix, there are 

various options such as polyaniline (PANI), polypyrrole (PPy) 

and poly(vinylidene fluoride) (PVDF), which have been 

extensively used for the manufacture of microwave absorbers 

[7-9]. Ferrites [10], spinel-type ferrites [11], and metallic 

magnetic materials [12] are the typical magnetic 

nanomaterials inclusions which have been widely studied. 

Over the past few years, magnetite (Fe3O4) with its dual 

dielectric and magnetic loss properties in the microwave 

region has been investigated for EM wave attenuation 

properties, however, Fe3O4 nanoparticles used in microwave 

absorbers suffer from narrow absorption in the low-frequency 

range, ease of oxidation and the need for high loading (above 

50 wt.%) [10]. To overcome this, conducting nanomaterial 

inclusions such as one dimension carbon nanotubes (CNT) [13] 

and two dimension graphene (GN) [7] with low density and 

high complex permittivity values have been recently 

investigated as a promising candidate for microwave 

absorbers. Among these systems, the Fe3O4-carbon based 

materials are particularly interesting owing to synergistic and 

complementary behaviour between the magnetic and 

dielectric losses. In fact, previous studies on the carbon 

encapsulated Fe3O4/PVDF, Fe3O4-graphene and Fe3O4-carbon 

nanotube composites have reported on the excellent EM 

shielding behaviour of these materials [15-17]. In polymer-

based magnetic nanocomposites, strong electronic 

interactions between magnetic nanoparticles and polymer 
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matrix can lead to the formation of conducting and magnetic 

hybrid nanocomposites [14]; however, polymer-based 

composites with high filler content (upto 60wt% in reported 

literature) have technical bottlenecks in meeting with the 

criterion of thin and light weight requirements for microwave 

absorbers, severely limiting their processability at large scale 

and the flexibility of the resulting material [16].  

In this work, ternary polymer-based nanocomposites of 

PVDF/Fe3O4/CNT and PVDF/Fe3O4/GN, have been synthesized 

via twin screw compounding method and their microwave 

dielectric properties have been investigated. To the best of our 

knowledge, despite the low filler content (22 wt%) and low 

thickness of these systems, the microwave electromagnetic 

absorption properties are impressive; for example, RL of -28.8 

dB at 5.6 GHz (for PVDF/Fe3O4/CNT, 0.7 mm thick) and -22.6 

dB at 5.4 GHz (for PVDF/Fe3O4/GN, 0.9 mm thick) which are 

similar to those reported to other similar polymer 

nanocomposites [3, 7, 8]. The high EM shielding efficiency is 

attributed to the microwave absorption from magnetic effects 

of nano-sized Fe3O4 spinal ferrite and synergistic effects from 

multiple components and interfaces. Additionally, the use of 

dielectric PVDF as the polymer matrix with its excellent 

chemical corrosion resistance and high mechanical strength 

provides these ternary composites with the advantages of 

strong absorption, small thickness and flexibility for use 

promising EM wave absorber.  

Materials & methods  

PVDF homopolymer, SOLEF 1008 (from Solvay Solexis) was 

used for the production of nanocomposite samples. The 

polymer has a melt flow index (MFI) of 8 g/10 min at 230
o
C 

(under a load of 2.16 kg). Multiwalled CNT with a mean outer 

diameter of <10 nm, length of 10-30 μm, purity >90% (wt%) 

and GN powders with lateral dimensions of 1-2 μm with an 

average thickness of <4 nm and purity >99% (wt%), were 

obtained from Cheap Tubes Inc. (USA). Fe3O4 nanopowder was 

obtained from Aldrich with average particle size <50 nm and 

purity >98%. PVDF was compounded with nanofillers using a 

lab scale twin screw compounder (Thermo Scientific). Samples 

were composed of PVDF with suitable additives (CNT/GN, 

Fe3O4) in the loading range of 7 wt% (CNT/GN) and 15 wt% 

Fe3O4. As the content of the fillers was high, the compounding 

was done in a two-pass arrangement where a suitable amount 

(usually 50 wt% of the total filler content) of CNT/GN and 

Fe3O4 powders were compounded first, while in the second 

pass the rest of the amount was added [18]. The preparation 

of samples was carried out using a hot-press (sample size 50 g) 

at a pressure of 40kg/cm
2
 for duration of 2 min 30 sec and 

then allowed to cool down at the same pressure using a cold 

press which rapidly cooled down the samples to room 

temperature, thereby providing samples of dimensions 170 

mm x 170 mm and 1.0 mm thickness. Further details of the 

process can be found in our previous work [18]. The materials 

were characterized by X-ray diffraction (XRD, Philips PW 

1050/25). The surface topography was examined using a Field 

Emission Scanning Electron Microscopy (FE-SEM, Jeol JSM-

7401F). The electromagnetic parameters were measured by 

using a vector network analyzer (PNA-L N5230C) and analyzed 

based on the method described in previous references [19, 

20].  

 

Fig. 1: (a) DSC analysis of the pristine PVDF and PVDF/Fe3O4/CNT, GN 
composites showing the melting behaviour and classification of α, β phases, (b) 
FTIR analysis showing the crystallisation of β phase in the composites with (d) 
the corresponding percentage, (c) XRD patterns of PVDF/Fe3O4/CNT and 
PVDF/Fe3O4/GN.  

Results and discussion  

The differential scanning calorimetry thermograms for pristine 

PVDF and PVDF/Fe3O4/CNT, PVDF/Fe3O4/GN composites are 

shown in Fig. 1(a). The samples show the melting temperature, 

TM, in the range of 165-175ºC, with shoulder-like structures 

appearing at low temperature sides for the composite 

samples. While the TM of the pristine PVDF sample is 173.8ºC; 

upon the composite formation with Fe3O4 and CNT/GN, low-

temperature shoulder is observed at approximately 169ºC 

which can be attributed to the enhanced β-phase content and 

is further corroborated by the FTIR measurements. It is largely 

accepted in the literature that the melting peaks in the range 

165-172
o
C correspond to the β-phase; while that in the range 

172-175
o
C are consistent with the presence of α-phase 

crystals; with the further shoulder observed between 175 and 

180
o
C being attributed to the γ-phase [21, 22]. In Fig. 2(a), it 

can be clearly observed that the addition of Fe3O4/CNTs seems 

to promote the formation of crystalline β phase as compared 

to the addition of Fe3O4/GN, as evident by the much more 

significant shoulder for PVDF/Fe3O4/CNT composite. The total 

crystallinity of samples, ΔXC, can be calculated by assuming the 

fusion heat of 100% crystalline PVDF to be 104.7 J/g [21, 22]:  

       %100
100







m

m

H

H
Xc          (1) 

 where ΔHm and ΔHm100 are the melting enthalpy of the sample 

and the melting enthalpy for a 100% crystalline sample, 

respectively. As compared to the pristine PVDF (38.6%), only a 

marginal increase in the crystallinity was observed in the 
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Fe3O4/GN (38.2%) and Fe3O4/CNT (41.03%) samples and is 

similar to the values reported earlier [18]. To calculate relative 

amount of β phase in the composite film, FTIR spectra for 

pristine and the nanocomposite samples was collected, as 

shown in Figure 2(b). Various characteristic absorption bands, 

corresponding to the individual crystalline phases of the PVDF 

have been reported in the literature [18, 19]. As shown in 

Figure 2(b), absorbance bands at 760, 795, 853 and 974 cm
−1

, 

correspond to α phases; while bands at 840, 878 and 1279 

cm
−1

 corresponded to β phase. The content fraction of β phase 

in each sample of PVDF nanocomposites, F(β) was calculated 

according to Equation 1 [21, 22]: 

  %100
26.1










AA

A
F                                    (2) 

where Aα and Aβ are crystalline mass fractions of α and β 

phases and, Aα and Aβ correspond to their absorbance at 760 

and 840 cm
-1

 respectively. This relation gives the relative 

amount of α and β phases in composites assuming that only 

these phases are present and has been used extensively in the 

literature. As shown in Figure 2d, the β content calculated for 

pristine PVDF samples and composite samples shows a huge 

increase from approximately 28% (pristine PVDF) to 48% (for 

PVDF/Fe3O4/GN) to ~53% (for PVDF/Fe3O4/CNT) samples, 

signifying the effect of CNTs in promoting the β phase 

crystallization. Similar behaviour has been seen in PVDF based 

composites prepared by melt compounding, in which the 

incorporation of CNTs produced transformation of α phase 

into β phase [23, 24]. In our previous studies, we have 

observed that upon incorporation of Fe3O4 nanoparticles in the 

PVDF/CNT matrix, the β-phase increases gradually, up to a 

maximum value of 51% (10 wt% Fe3O4), beyond which it 

dropped off significantly to 39% with the addition of 15 wt% 

Fe3O4, thereby leading us to conclude that it is mainly CNTs 

which promote the formation of β phase in PVDF 

nanocomposites, while the influence of Fe3O4 is less 

important. The XRD patterns of PVDF based nanocomposites 

are presented in Figure 2(c). The first four peaks of the 

spectrum can be assigned to the PVDF matrix. In particular, the 

diffraction peaks at 2θ= 17.8⁰, 18.4⁰ and 20.0⁰ correspond to 

the (100), (020) and (110) planes of the α-phase of PVDF 

orthorhombic lattice respectively [25-28]. The weak diffraction 

peak at 2θ=20.7⁰ indicates the presence of β-phase of PVDF 

[26]. Some blurry reflections near these peaks may indicate 

the existence of γ-crystals [27]. For the composite with CNT, 

two sharp peaks at 2θ= 17.8⁰ and 18.4⁰ have been merged into 

a broader peak, which can be explained due to the presence of 

CNT that affects α-phase crystals [26]. The rest of the peaks 

are contributed from the Fe3O4. Namely, 2θ= 30.1⁰, 35.5⁰, 

43.3⁰, 57.2⁰and 62.8⁰ correspond to the (220), (311), (400), 

(511) and (440) planes of the cubic spinel phase of Fe3O4 [29]. 

Compared to the peak feature for CNT particles, the rather 

sharp feature at 26.5⁰ for the composite with GN particles, 

corresponding to the (002) graphitic plane is significantly 

higher. This can be attributed to the formation of short range 

order in stacked graphene sheets owing to the high pressures  

Figure 2:  FE-SEM images for fracture surface of (a) PVDF/Fe3O4/CNT and (b) 

PVDF/Fe3O4/GN samples.  

(40 kg/cm
2
) and high temperatures used in the hot-press 

process [30]. Due to the manufacturing process, some 

agglomeration of the graphene sheets occurs and exists within 

the composites with the graphene sheet still maintaining their 

flake-like structure (Fig. 2(b)). The SEM fracture images shown 

in Figure 2(a, b) reveals a good dispersion of the CNT and GN 

nanoinclusions (dotted squares in Fig. 2(a, b)) in the PVDF 

matrix. At the given magnifications, while it was not possible 

to view the individual nanoparticles, some agglomerates of the 

Fe3O4 nanoparticles could be observed clearly (marked arrows 

in Fig. 2(a, b)). The measurements of complex permittivity 

(ε*=ε′−jε″) and permeability (μ*=μ′−jμ′′) was carried out in the 

range of 3-10 GHz for both the PVDF/Fe3O4/CNT and 

PVDF/Fe3O4/GN nanocomposites and are presented in Figures 

3a, b. In Fig. 3a, the PVDF/Fe3O4/GN nanocomposite presents 

relatively higher ε′ values than PVDF/Fe3O4/CNT, while the real 

part of permittivity ε′ for both nanocomposites gradually 

decreases from 9.0 to 5.1, and from 8.0 to 2.6 respectively as 

the frequency increases from 3 to 10 GHz. However, their 

imaginary part ε″, increases slightly as the frequency increases. 

It is clear that the PVDF/Fe3O4/CNT sample presents 

approximately 2.2 times higher dielectric losses in the 

measured frequency range. As shown in Fig. 3b, the 

PVDF/Fe3O4/CNT sample exhibits relatively higher μ′ and μ″ 

values. It is possible that for unpurified CNTs used in this study, 

the residual catalyst (~10 wt% according to the manufacturer), 

largely consisting of magnetic transition elements (Fe, Co, Ni 

etc.) can play a part in enhancing the permeability values for 

PVDF/Fe3O4/CNT as compared to the PVDF/Fe3O4/GN samples 
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which do not have any residual catalyst material [31]. Similarly, 

μ′ values gradually decrease as the frequency increases, 

however, μ″ values gradually increase as the frequencies 

increase for both nanocomposites. It should be noted here 

that the μ″, which is related to the magnetic energy losses is 

significantly higher than μ′, which is related to the magnetic 

energy stored. The fact is demonstrated by both the 

nanocomposites. In order to compare microwave absorption 

properties of the nanocomposites, the reflection loss (RL) was 

calculated according to the transmission line theory [32], by 

the following equation: 

 

                                                                                                  (3) 

 

where the normalized input impedance (Zin) is given by the 

relation  

 

                                                                                                   (4)  

 

where ε*=ε′−jε″, μ*=μ′−jμ″, f is the microwave frequency (Hz), 

d is the thickness of the absorber (m), and c is the velocity of 

light in free space (m/s).  

 

 

Fig. 3: Real and imaginary parts of complex permittivity ε* (a) and complex 
permeability μ* (b), for PVDF/Fe3O4/CNT and PVDF/Fe3O4/GN. 

The variations of RL at different sample thickness d (0.7, 0.8, 

0.9, 1.0 and 1.2 mm) were calculated and shown in Figures 3a-

b. Both nanocomposites showed a minimum RL peak which is 

shifted to lower frequencies while their magnitude is slightly 

reduced when the thickness increases. PVDF/Fe3O4/CNT 

sample with d = 0.7 mm demonstrated the best absorption 

properties, for example a minimum of -28.8 dB RL at 5.6 GHz, 

beyond -10 dB loss through the whole measurement X band. 

The absorption bandwidth, i.e. the frequency range exceeding 

-20 dB (over 99% absorption), is 2.3 GHz (4.4-6.7 GHz). As the 

sample thickness increases from 0.7 to 1.2 mm, the absorption 

properties of PVDF/Fe3O4/CNT seem to be extended into the 

range lower than 3 GHz. This superior and excellent absorption 

ability does not stand only for this kind of nanocomposite, as 

the PVDF/Fe3O4/GN with d = 0.9 mm, presents a minimum RL 

of -22.6 dB at 5.4 GHz and -10 dB RL through the whole 

measurement frequencies, however, the absorption 

bandwidth, is 1.4 GHz (4.8-6.2 GHz). Also, for d = 0.7 mm 

PVDF/Fe3O4/GN sample it shows a minimum RL value of -24.1 

dB at 7 GHz, the better absorption bandwidth exceeding -20 

dB where is 2.5 GHz (6.0-8.5 GHz), while all the RL values in the 

frequency range 3.8-10 GHz are lower than -10 dB and this 

bandwidth seems to extend much higher than 10 GHz. 

 

 
Fig. 4: Reflection loss curves of (a) PVDF/Fe3O4/CNT and (b) PVDF/Fe3O4/GN 

samples. 
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Fig. 5: Dielectric and magnetic loss tangents of the PVDF/Fe3O4/CNT and 

PVDF/Fe3O4/GN samples. 

Generally, multi-interfaces between the components of the 

composites can serve as polarized center, which contributes to 

EM wave absorption properties due to the induced interfacial 

polarization [33]. The dielectric and magnetic losses for these 

composites can be evaluated by the dielectric loss (tan δe = 

ε”/ε’) and magnetic loss (tan δm = μ”/μ’) tangent values. For 

the PVDF/Fe3O4/CNT system, the dielectric loss tangent values 

vary between 0.02-0.07, while the corresponding magnetic 

loss tangent varies between7.80-8.10; the corresponding 

values for the PVDF/Fe3O4/GN system varies between 0.009-

0.017 (for tan δe) and 6.80-7.15 (tan δm), Fig. 5. However, the 

relatively low value of dielectric loss (in the lower frequency 

range of 3-8 GHz) suggests that this mechanism is not crucial 

to the EM absorption properties in the two ternary systems 

studied here. Beyond the value of 8 GHz, it seems that the 

value of dielectric loss tangent is increasing rapidly, while the 

value of magnetic loss is relatively consistent (Fig. 5). Similar 

results of magnetic loss dominated EM wave attenuation in 

the low frequency region and dielectric loss dominated 

attenuation in the high frequency region has been reported by 

Liu et al in  their study of carbon encapsulated magnetite 

nanospindle PVDF composites [15]. It is clear observed that 

PVDF/Fe3O4/CNT sample presents a better absorbing property 

compared with the other sample, PVDF/Fe3O4/GN. The 

significantly high magnetic loss as shown in Fig. 3b for of both 

nanocomposites, suggests that the microwave absorption 

results mainly from magnetic rather than electric effects, 

which can be ascribed eddy current, natural resonance and 

exchange resonance effects [15, 30]. This is further 

corroborated by the fact that the RL peaks for these samples 

(Fig. 4(a, b)) were all observed in the low-frequency region, 

whereas for the dielectric loss dominated mechanism, the 

peaks are shifted to the higher frequency region [16, 34]. For 

the PVDF/Fe3O4/CNT and PVDF/Fe3O4/GN composites, the 

magnetic loss is caused by the time lag of the magnetisation 

vector M behind the magnetic field vector H. In the microwave 

region, the motion of the magnetization vector M cannot keep 

up with the applied field, which results in the occurrence of μ″ 

[15]. For both the samples, the permeability values (μ” and μ’) 

do not show any strong trends/variation with the change in 

the frequency. In fact, both the real and imaginary parts of the 

permeability seem almost independent of the frequency. This 

phenomenon can be explained by the insulation effect 

provided by the carbonaceous additives (CNT, GN) [35]. It is 

well known that the addition of insulating graphitic shell 

improves the high-frequency performance of soft magnetic 

materials like Fe, Ni etc. For the metallic magnetic materials 

like magnetite, the low cut-off frequency (<1.5 GHz for bulk 

magnetite) is related to the eddy currents induced by the 

alternating current field, due to poor insulation between the 

particles [35]. These eddy currents especially at high frequency 

can lead to significant losses via heating of the material. In the 

case where no CNTs/GN is present, then the formation of a 

continuous Fe3O4 nanoparticle network will lead to creation of 

eddy currents causing μ′ to decrease with frequency rapidly 

and the imaginary part μ″ would reach a maximum at a lower 

frequency [36]. In the present system, the almost constant 

values of μ′ and μ″ indicate good insulation between the metal 

nanoparticles via the addition of GN and CNTs. The measured 

complex permittivity and permeability are not able to fully 

explain the loss mechanisms from the microstructures of 

nanocomposites. However, one possible reason is the surface 

phenomena near Fe3O4-CNT/PVDF and Fe3O4-GN/PVDF 

interfaces. These kinds of interfaces are characterized by the 

relation of charge-carrier transport in the conductor and the 

spin ordering of the magnetic phase [37]. However, the 

intrinsic large magnetic loss of ferrite particles is the crucial 

contribution factor to this large loss phenomenon as Fe3O4 

shows highest magnetic losses in relation to other nano-sized 

spinal ferrites [38] and moreover, coupling and interfacing 

effects between Fe3O4, CNT/PVDF and GN/PVDF could be 

responsible for superior EM absorbing characteristics of both 

nanocomposites. Finally, from the engineering point of view, 

the superior EM absorption properties of the two ternary 

nanocomposites systems, can be contributed from the 

impedance matching conditions.  According to Eqs. 3, 4, the 

combination of the six parameters ε`, ε``, μ`, μ``, f, d, has 

acquired the normalized input impedance to take value Zin ~ 1 . 

 

Conclusions 

Two ternary nanocomposite systems, PVDF/Fe3O4/CNT and 

PVDF/Fe3O4/GN, were prepared with twin screw compounding 

method. The conductive inclusions CNT/GN together with 

magnetic Fe3O4 particles were kept at the same levels of 7 and 

15 wt%, respectively. Both nanocomposites exhibit excellent 

and superior EM absorption properties which are attributed to 

the dominant magnetic losses. Dielectric loss is significant 

lower than the magnetic loss, which is a very important and 

desirable property as it leads to low dielectric heating. 

PVDF/Fe3O4/CNT with d = 0.7 mm presents a minimum RL 

value of -28.8 dB at 5.6 GHz and broad band loss below than -

10 dB. Similarly, PVDF/Fe3O4/GN sample with d = 0.9 mm, 

presents a minimum RL of -22.6 dB at 5.4 GHz and broad band 
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absorption properties. The results indicate that both ternary 

nanocomposites with realistic thin thickness close and around 

1 mm, can be used as an attractive candidate for EM 

absorption materials in the microwave regions. 
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