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Abstract

In this work, a promising, polyvinyl butryl (PVB)-MnO, decorated Fe composite was synthesised and
microwave absorption properties were studied for the most important frequency ranges i.e., X-band
(8.2-12.4 GHz) and Ku-band (12.4-18 GHz). The microwave absorption of Fe nano cauliflower
structure can be enhanced by MnO, nanofiber coating. 10 wt% Fe—MnO, nano cauliflower loaded
PVB composite films (2 mm thick) shows an appreciable increase in microwave absorption properties.
In X-band, the reflection loss (RL) of this composite decreases almost linearly to —7.5 dB, whereas in
the Ku-band the minimum RL was found to be —15.7 dB at 14.7 GHz. Here it was observed that
impedance matching is the primarily important factor responsible for enhanced microwave
absorption. Further, enhancement of EM attenuation constant («), dielectrics, scattering attenuation
also bolsters the obtained results. This polymer composite can be considered as a novel microwave
absorbing coating material.

1. Introduction

The proliferation of communication systems, digital systems, miniaturisation of electronic devices and
components and the development of superfast processors have led to the emergence of electromagnetic
compatibility [1]. The microwave absorbers, especially core—shell structures, are becoming increasingly
important for the radio, high frequency devices, local area network devices, as well as special applications like
military and stealth technology [2]. Phase matching and impedance matching are two important phenomena
involved in microwave absorption. However, impedance matching plays a key role for microwave absorption
from the materials point of view [3]. The reflection loss (RL) takes place in the material by various mechanisms
like dielectricloss, conduction loss (electric loss) as well as hysteresis and domain wall resonance (magnetic loss)
[4]. Inevitably, composite materials having combinations of dielectric and magnetic materials, such as
nanocomposites, provide the desired combination of low reflection and high loss [1, 5].

In the recent times, polymer nanocomposites are increasingly being used for electromagnetic interference
shielding and microwave absorption [5]. Polymer nanocomposites incorporating appropriate filler material
provide a unique balance of physical and mechanical properties like lightweight, low density, ease of
processability and corrosion resistance [6]. Incorporating magnetic particles in a composite increases its
microwave absorption ability due to the improved complex permeability [7]. Iron (Fe) and its oxides (Fe,O3) is
one of the most common and promising metallic ferromagnetic material to be incorporated in composites for
microwave absorption because of its excellent properties like high Snoek’s limit and permeability, high Curie
temperature as well as high saturation magnetisation [8]. Guo et al [9] studied the self-assembled flower like iron
oxide nanoparticles for microwave absorption. For 80 wt% y-Fe,O5 flower/epoxy composites of thickness
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3 mm, theyreported a RL of —15 dB at 3.4 GHz [9]. Wu et al studied the microwave absorption of Fe fibre-epoxy
resin composites [10]. According to their study, optimum —11 dB RL can be reached by loading 20 wt% Fe fibre
to epoxy resin at 7.5 GHz for the thickness of 1.5 mm [10]. Moreover, their study shows the thickness
dependency of microwave absorption of low permeability materials. Wang et al studied the microwave
absorption properties of 7-Fe, O3, Fe;0, and Fe nanoparticles in ordered mesoporous carbons [7]. They
reported —32 dB RL in the range of 11-12 GHz for 40 wt% loaded Fe;O,-CMK-3 and -Fe,03-CMK-3 to epoxy
matrix (thickness 1.6 mm) [7].

Among the various metal oxides that can be used in polymer nanocomposites for microwave absorption,
MnO; has received a lot of attention due to its dielectric and other unique properties. Song et al reported that
30 wt% B-MnO, nanorod loaded paraffin wax composite shows a RL of —10 dB (~11 GHz) at 2.75 mm
thickness [11]. Duan et al studied 8-MnO, micron cube with rectangular pyramid/paraffin composites and
reported a RL of —13 dB at 15.5 GHz (thickness 2 mm) [12]. In a related work, they reported that the low
temperature annealed a-MnO, has better microwave absorption with frequency. They reported ~—13.5 dBRL
value at 18 GHz for 30 wt% MnO, loaded paraffin nanocomposite (thickness 2 mm) [13]. Lv et al studied the
microwave absorption of graphene-MnO, nanorod-Fe nanocomposites. According to their result, graphene—
MnO,—Fe loaded paraffin wax (1:1) displays —15 dB RL at 12 GHz for a thickness of 3 mm [3].

Polyvinylbutyral (PVB) has recently become one of the most attractive polymers due to its dielectric,
moisture resistance, good mechanical properties as well as good adhesion to particles [14-16]. Hence, it can be
expected thata composite incorporating Fe and MnO, nanoparticles in the PVB matrix can exhibit good
microwave absorption properties. The objective of the present work was to synthesise and examine the
microwave absorption property of PVB-MnO, decorated Fe composite.

2. Experimental

2.1. Synthesis of MnO, decorated Fe nanoparticles

In the first step, Fe nanoparticles were synthesised by standard heterogeneous precipitation and thermal
reduction method [17]. In this synthesis scheme, 100 ml of 0.5 M FeSO, was prepared and to this solution 1 M
NH,HCO; was added at a rate of 3 ml min~ ' under stirring. The pH of the solution was adjusted to 7-8 by
adding few drops of 1 M NaOH. The solution was kept for stirring another 3 h under same conditions. The
obtained precipitate was filtered and washed with distilled (DI) water several times and kept in vacuum oven at
80 °C for 12 h. Further it was reduced under nitrogen at 600 °C for 2 h.

In the second step, 0.3 g of PEG (8000) was dissolved in 100 ml DI water and the as synthesised Fe
nanoparticles (1.5 g) were dispersed. To this solution, 20 ml of 0.05 M KMnOj, solution was added. After 15 min,
3 ml of 5 M HCl was added very slowly and the solution was allowed to stir for another 2 h. After that, the
obtained precipitates was filtered and several times washed with DI water. Finally, it was vacuum dried at 120 °C
for12 h.

2.2. Preparation of PVB-Fe—-MnO, nanocomposites

The PVB—Fe-MnO, nanocomposites were prepared by solution processing. For a stock solution preparation,

3 g of commercially available PVB was dissolved in 10 ml ethanol. To this solution 10 wt% of as synthesised Fe—
MnO, was added and kept stirring for another 1 h. After that 5 ml DI water was drop wise added to this solution
and the hydrophobic gel was washed several times with DI water and poured into rectangular silver moulds
(sample holder used for microwave absorption study) and kept for open air drying (48 h). Similarly, for a
comparison PVB—Fe composite was also prepared. The prepared PVB—Fe—-MnO, and PVB—Fe composites were
indexed as PVBMF and PVBF, respectively.

3. Characterisations

The prepared samples were coated over carbon tape and sputter coated with gold to examine the surface
morphology by using high-resolution scanning electron microscope (SEM, Carl Zeiss). The complex S-
parameters measurement was carried out by using a vector network analyser (VNA, Agilent NS230A). The
complete two-port calibration of the VNA (thru-reflect-line or TRL standard) was performed in the X-band
(8.2-12.4 GHz) and Ku-band (12.4-18 GHz) before taking the measurements. From the obtained S-parameters
(S21> S12> S11> S22), the complex permittivity (¢* = ¢’ — ie”) and permeability (u* = p/ — i”) values were
calculated by using standard Nicolson—Ross—Weir algorithm [18]. The prepared PVBF and PVBMF composites
were Cubacked for RL measurement (S;,). As the composites were Cu backed, the impedance matching

(Zin/ Z,) is obtained from the following relation [19], Impedance matching (Z;,/Z,) = (1 + S11) (1 — S11).
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Figure 1. Surface morphology of the as synthesised (a) Fe, (b)—(d) MnO,~Fe and (e) EDX of MnO,—Fe composite.

4. Results and discussion

The surface morphology of the as synthesised Fe, MnO, decorated Fe nanoparticles were shown in the figure 1.
As shown in figure 1(a), the observed surface morphology of the synthesised Fe shows that the Fe nanoparticles
form a group of clusters of size 350—400 nm which is similar to cauliflower shape. Figures 1(b)—(d) shows the
surface morphology of synthesised Fe~-MnO, nanocomposite, the MnO, nanofibers covered Fe fully and size
was observed to be ~500-550 nm. The obtained surface morphology suggests the improvement of loss factor as
dielectric loss can takes place along the MnO, nanofibers (due to the polarisation in between the interfaces of
core—shell) and antenna mechanism of microwave absorption is also applicable for this surface

morphology [20].

According to antenna mechanism of microwave absorption, MnO, nanofibers can act as a receiving antenna
for incident electromagnetic energy which transforms it to dissipative current [20]. Further, the multi interfaces
between antenna frame, presence of polymer matrix and air gap can enhance the microwave absorption
property [20]. EDX confirms the presence of Fe and Mn (figure 1(e)). The cross sectional SEM image of the
prepared PVBMF composite is shown in the figures 2(a) and (b). To investigate the distribution of MnO,—Fe
nano cauliflowers in PVB matrix, elemental mapping was carried out. Figures 2(d) and (e) shows the elemental
mapping of Fe and Mn respectively in the PVBMF composite. The homogeneous elemental mapping of Fe and
Mn was observed and it suggests the uniform distribution of MnO, decorated Fe in PVB matrix.

The variation of real (¢/) and imaginary part (¢”) of complex permittivity (¢* = ¢’ — ic”) of as prepared
PVBF and PVBMF composites in X-band (8.2-12.4 GHz) and Ku-band (12.4-18 GHz) frequency is shown in
the figures 3(a), (b) and 4(a), (b) respectively. The real part (¢’) of the complex permittivity (¢* = &’ — ie")is
associated with amount of polarisation which corresponds to the storage ability of the electric energy and
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Figure 2. Cross sectional SEM images of (a)—(c) PVBMF composite, (d) elemental mapping of Fe and (e) elemental mapping of Mn in
PVBMEF composite.
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Figure 3. Variation of (a) real part (¢/) and (b) imaginary part (¢”) of complex permittivity (¢* = &’ — ic”) and (c) real part (1) and
(d) imaginary part (1) of complex permeability (1* = p/ — iu”) of PVBMF and PVBF composite in the X-band (8.2-12.4 GHz).

imaginary part (¢”) associated with dissipation of electric energy. In the X band, the £’ was found 3.9-4 for PVBF
composite, whilst ¢” was between 0.55-0.5. The ¢’ and €” increases to 4.3-4.4 and 0.8-0.7 respectively when
10 wt% of MnO, coated Fe (nano cauliflower) was loaded to PVB (PVBMF). No significant change in the ¢/ and
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Figure 4. Variation of (a) real part (¢) and (b) imaginary part (¢”) of complex permittivity (¢* = &’ — ie”) and (c) real part (1/) and
(d) imaginary part (1) of complex permeability (1* = p/ — iu” ) of PVBMF and PVBF composite in the Ku-band (12.4-18 GHz).

¢’ values was observed for PVBMF composite in Ku band (figures 4(a) and (b)). However, a noticeable variation
was observed in between 15 and 16 GHz. Figures 3(c) and (d) shows the variation of real (i/, corresponds to
storage ability of magnetic energy) and imaginary part (1", corresponds to dissipation of magnetic energy) of
complex permeability (u* = p' — iu”) of the PVBF and PVBMF composite in the X and Ku-band respectively.
Compared to 1/, 11" is negligible for both the composites (figures 4(c) and (d)).

The presence of MnO, coated Fe in PVB matrix increases the heterogeneity of the composite system and the
oriental polarisation also increases. This could be another reason for the observed dielectric behaviour.
Furthermore, the change of the applied electromagnetic field is faster than that of the induced current over
MnO,-Fe nano cauliflowers in the PVB matrix.

The prepared PVBF and PVBMF composite was Cu backed for microwave absorption study in the X-band
and Ku-band. The importance of introducing a perfect conductor (Cu) at the back of the composites is that it
behaves as aload of transmission line and completes transmission line model [21]. The variation of obtained RL
of PVBF and PVBMF composites in the X-band and Ku-band were shown in the figures 5(a) and (b),
respectively. In the X-band, as shown in figure 5(a), the RL value of 2.5 mm thicker PVBF composite decreased
linearly from —2 dB to —4 dB. On the other hand, for PVBMF composite, it decreased to —8 dB at a thickness of
~2 mm. Similarly, in the Ku-band (figure 5(b)), the RL value of PVBMF composite decreased from —7.5 dB to
the minimum —15.7 dB at 14.7 GHz, whereas the PVBF composite shows minimum RL value —9.6 dB at same
frequency. Thus, it suggests that, the presence of MnO, coated Fe enhances microwave absorption in PVB. A
tabulation of RL of as prepared PVBMF composite with various reported materials is shown in table 1. The
microwave absorption by polymer nanocomposites also depends on polymer to filler mass ratio along with
thickness [22]. However, for the present system, percolation threshold was observed. From the table 1, it is
observed that the present composite material (PVBMF) has better microwave absorption ability at minimum
wt% of filler and thickness as compared to the other MnO, /Fe based systems.




I0P Publishing

Mater. Res. Express 3 (2016) 095003

PJBoraetal

X-band (8.2-12.4 GHz) and (b) Ku-band (12.4-18 GHz).
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Figure 5. The variation of reflection loss (RL) of PVBMEF (thickness 2 mm) and PVBF (thickness 2.5 mm) composites in the (a)

Table 1. Optimum reflection loss (dB) of various reported materials with present work.

Reflection Filler wt%/matrix:
Material Frequency  loss(dB) filler Thickness  Reference
Paraffin/Fe granules ~10 GHz ~—8dB 40 2 mm [8]
Paraffin/Fe nanorods ~11.5GHz ~-8dB 40 2 mm [8]
Paraffin/Fe nanoflakes ~9.5 GHz ~—10dB 40 2 mm [8]
Paraffin/Fe-SiO, 10 GHz —14 dB 40 2 mm [8]
Paraffin/Fe-SiO, nanorods 13 GHz —14dB 40 2 mm [8]
Paraffin/MnQO, micron cube 15.5 GHz —13.3dB 30 2 mm [12]
Paraffin/Fe/C 15 GHz ~—10dB 20 1.4 mm [24]
Epoxy/Fe,O3 nanoflowers 10 GHz —15dB 80 3 mm 9]
Epoxy/Fe-CMK3 9.5 GHz —12dB 31.8 1.6 mm [71
Paraffin/MnO,—Fe—graphene 12 GHz —12dB 1:1 2 mm [3]
Epoxy/Fe micron fibre 7.5 GHz —11dB 20 1.5 mm [10]
Paraffin/MnQO, nanorod 5 GHz —8dB 1:1 2.5 mm [3]
Paraffin/MnO,-Fe nanorod 15 GHz ~—10dB 1:1 2.5 mm [3]
PVB/MnO,decorated Fe nano 14.7 GHz —15.7 dB 10 2 mm Present work
cauliflower
For the above system, the input impedance of the system can be writtenas [21,23]
V) mp — jn tan(k. x)
Min (%) = =1 . @
I(x) 1, — j tan(k. x)

V(x) and I(x) represents the voltage and current at a distance x from the end of the transmission line respectively.
7> 7, and k corresponds to the intrinsic impedance, load impedance and wave number of the incident

electromagnetic wave.

For the present system, 77, = 0 (As samples were Cu backed).
Therefore, the input impedance of the microwave absorbing material having thickness ¢ is given by

Zin = _j 1o tan (kts) =T tanh (’yts))

@)
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Figure 6. The impedance matching (Z;,/Z,) of PVBMF and PVBF composites in (a) X-band (8.2-12.4 GHz) and (b) Ku-band
(12.4-18 GHz).

where, v = jw./me, = j2nf Jne; —]

permittivity and permeability of the materlal , fis the frequency and A, is the wavelength of incident
electromagnetic wave in air).

The simplified form of equation (2) is

/14, €, is the propagation constant (¢, and (i, are the relative

2Tt
Zin = 1), tanh (] Lt
Ao

xwr—e,) ZO\/itnh( At /—M,s,), 3)
Er 0

Thus, the RL of a material is given by following equation

RL(dB) = 20 log |M
Zin + ZO

I (C))
where, Zyand Z;, corresponds to the intrinsic impedance of free space and the composite material respectively.

The impedance matching (Z;,/Z,) of PVBF and PVBMF composite in X-band and Ku- band is shown in the
figures 6(a) and (b), respectively. PVBMF composite shows excellent impedance matching as compared to the
PVBF composite, in the X-band, the Z;,,/ Z, value of PVBMF composite increases linearly from 0.2 to 0.8.
Similarly, in the Ku band, the Z;,, / Z, value of PVBMF reached maximum in the 14—15 GHz, the region having
minimum RL value. In PVBMF composite, the important factor due to which it shows high impedance
matching is the dielectric attenuation. Here, it is associated with the interfacial polarisation, space charge
polarisation and relaxation phenomena as it depends on morphology and dispersion of inclusion in the matrix
[24]. In other words, these factors are responsible for changing propagation constant of incident microwaves in
the PVBMF composite. The real part of the propagation constant () is known as EM attenuation constant ()
which plays the key role in microwave absorption. The EM attenuation constant () can be calculated using
following equation [25, 26]

_ Y2

c

1
% I:(‘u//e,_:// _ /) + {(MII " 1)2 + (ul " + ‘ullel)z }%]2) (5)

where cis the velocity of light and fis the frequency of incident electromagnetic wave.

Figures 7(a) and (b) shows the variation of o of PVBF and PVBMF composite in the X and Ku-band
respectively. For PVBMF composite, v value increases from 20 to 67 in the X band whilst it was 25-43 for PVBF
composite. Similarly, in the Ku band, « value lies 35-59 for PVBF composite which was increased to 67-80 for
PVBMF composite. The variation observed in the 14-16 GHz also reveals the maximum absorbing range. Thus,
the enhancement of EM attenuation constant of PVMF composite also signifies that the MnO, decorated Fe
improves the microwave absorption in PVB matrix.

Apart from the above discussions, there is a contribution of scattering attenuation of incident microwave for
the obtained RL value of PVBMF composite. The scattering attenuation is a function of the number of
nanoparticles in the given volume of the effective medium [22]. The equation of scattering attenuation (Iy.) is
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Figure 7. Variation of EM attenuation constant (o) of PVBF and PVBMF composites in the (a) X-band and (b) Ku-band.
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I =1, exp{—n =

Here, §; is the skin depth of the material.

In PVBMF composite, all the MnO,—Fe nano cauliflowers are surrounded by effective media. Therefore the
incident microwave is also attenuated by scattering and hence microwave absorption increases as the
electromagnetic attenuation by a small particle (I7) is the sum of the absorption attenuation of refracted wave
(Ip)and I i.e. It = I, + I [22]. In case of heterogeneous systems, especially polymer composites, the
interfacial polarisation (Maxwell-Wagner—Sillars or MSW effect) is more prominent [27]. For MnO, coated Fe
nano cauliflowers, the space charge takes place at the interfaces due to the complex permittivity differences
between the constituents and it increased significantly in the PVBMF composite as MnO,—Fe nano cauliflowers
were dispersed optimally in the PVB matrix [27]. The inverse of complex permittivity is the complex electric
modulus and is associated with dielectric relaxation [27, 28]. Thus, interfacial polarisation (accumulated charge)
and associated dielectric relaxation of PVBMF composite also gives a significant RL.

5. Conclusions

The MnO; nanofiber decorated Fe (cauliflower morphology) was synthesised by a simple chemical process.
MnO,—Fe nano cauliflower was dispersed in weather resistive PVB matrix and microwave absorption was
studied in X-band and Ku-band. The RL of Fe decreased in the presence of MnO, and the optimal RL value of
—15.7 dB was obtained at 14.7 GHz for 10 wt% loaded PVB/MnO,—Fe nano cauliflower composite. The factor
that strongly enhanced this excellent RL value was found to be impedance matching (Z;,/Z,, value reaches
maximum in 14.5-15 GHz). Further, enhancement of EM attenuation constant (<), surface morphology,
dielectric loss as well as scattering loss also enhances the microwave absorption property of this composite. As
PVB based materials are most suitable for coating, the present composite material can also be considered as a
coating material to prevent electromagnetic interferences of communication devices as well as for robotic/
microwave engineering.
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