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A B S T R A C T

The demand for light weight broadband microwave absorber is ever increasing for defence and civilian appli-
cations. A hollow microsphere filler based polymer composite system was studied in the present work owing to
its attractive microwave absorbing characteristics. Poly (vinyl-butyral) (PVB) is chosen as the matrix and flyash
cenosphere (FAC) is used as filler (hollow microsphere). FAC, being dielectric, is coated with Ni-P using elec-
troless coating method to synthesize core-shell filler(magneto-dielectric). The dielectrics and microwave ab-
sorption study was carried out for the frequency range 8.2–18 GHz (X-band and Ku-Band). The minimum re-
flection loss (RL) was obtained to be −69 dB (thickness 1.5 mm) for ~ 665 nm Ni coated FAC-PVB composite.
Further, this composite has excellent microwave absorption efficiency (70 dB GHz/mm). Hence, an ultra-thin Ni
coated FAC loaded PVB composite is a potential candidate for broad band microwave absorption.

1. Introduction

There are four methods generally employed for reducing radar cross
section (RCS), namely shaping, active loading, passive loading and
distributed loading [1–4]. In particular, the fourth method which in-
volves the use of microwave absorbing material (MAM) has been de-
ployed widely along with shaping for military applications [1,3]. The
MAM consists of dielectric/polymers such as epoxy, polyurethane,
polyethylene terephthalate, rubbers, foams, polyaniline modified with
conductive/magnetic fillers [1,5–9]. Their absorption performance is
dependent not only on their dielectric (permittivity) and magnetic
(permeability) properties but also on thickness, frequency and structure
[10,11]. The absorbing materials need to have wide band width, light
weight, lower thickness besides being cost effective. Core-shell, hollow
microsphere based systems are attractive for lightweight broadband
microwave absorption due to its multi phases and voids [12–15]. If
MAMs are flexible, they can be possibly used as a sandwich layer in a
structural member. The MAMs can be mixed with paint system and
applied on external surfaces to achieve reduction in RCS. Polyvinyl-
butyral (PVB) is a flexible and recyclable thermo plastic which is

amenable for various exciting applications starting from automobile to
solar [16–19]. Due to its easy wettability and compatibility with var-
ious other polymer groups such as phenolics, epoxies, isocyanates etc.,
PVB is employed in many interesting functional applications such as in
organic electronics. It can be also used as an adherent coating on the
metal surfaces when it is mixed with suitable fillers for microwave
absorbing applications [16,17].

The flyash cenosphere (FAC) is an attractive filler for different ap-
plications [20–22]. FAC is a lightweight (0.6–0.8 g/cc), hollow micro-
sphere which was mainly made of silica and alumina [20–24]. FAC is a
byproduct from thermal power plants where coal is used as fuel [20].
FACs are used in various industries due to their unique combination of
spherical shape, high compression, low specific gravity, good thermal
and acoustical insulation properties and inertness to acids and alkalis.
These attractive properties of FAC make it an ideal candidate for
making light weight and functional composites [20,25]. Literature
shows that FAC containing PVB is useful for dielectrics and device en-
capsulation (especially organic electronics) application [26,27]. How-
ever, FAC being inert, conducting/magnetic coating is often employed
to produce core-shell type composites [28–30]. Several methods such as
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electroless plating, PVD, sol-gel auto-combustion method etc. are
available to fabricate core-shell composites [3]. As the electroless
plating process is amenable to coat both nano particles and macro
structural members alike, the process can be easily adopted to industry
standard [31]. Several researchers have carried out work on coated
hollow microsphere. Liu et.al. [32] studied Ni coating on hollow glass
microsphere for various volume fractions and coating thicknesses
(100–250 nm) and showed a reflection loss of 35 dB for absorber
thickness of 2 mm with a bandwidth of 2 GHz. Kim et al. [33] coated Ni,
Co and Ni-Fe on hollow cenosphere of 50 µm and shown that for the
same experimental conditions, Ni-Fe coated cenosphere exhibited
better impedance matching than those of Co and Ni coated ones where
Ni thickness was in several microns.

The use of Ni coated FAC in PVB matrix has the potential to be a
flexible light weight microwave absorber. The volume fraction of the
composite was chosen so as to maintain the flexibility of the composite
and filler size was chosen in alignment with the previous work [33].
The objective of this work is to optimize the electroless process para-
meters to coat FAC with electroless Ni-P for varying thicknesses, pre-
paration of PVB composites and study of its microwave absorption
properties.

2. Experimental

2.1. Electroless preparation of Ni-FAC

In order to functionalize the FAC, it was coated with nickel using
electroless coating method. The FAC was obtained from National
Thermal Power Station (NTPS), India (Raichur, Karnataka) and cleaned
by the standard acid-base treatment [21]. The FAC had to be pre-
treated prior to electroless nickel plating. Initially, the FAC was sensi-
tized in a solution of 18 g of SnCl2 and 25 g of HCl in 250 ml of water at
room temperature for 10 min followed by a rinsing with deionized (DI)
water. This was followed by activation in the solution of 125 mg of
PdCl2 and 1.5 g of HCl in 500 ml of water at room temperature for
10 min followed by rinsing using DI water. The pre-treated FAC was
filtered and dried in oven at 100 ± 3 °C for 30 min. This was then

transferred to electroless nickel plating bath. Electroless nickel bath
composition and process parameters are given in Table 1.

2.2. Preparation of PVB-Ni-FAC composites

In the present study, the coating was carried out for 5, 10 and
15 min of duration. PVB-Ni-FAC composites were prepared by simple
solution processing. PVB was first dissolved in ethanol and 10 wt% of
filler (Ni-FAC) was added very slowly to PVB solution and stirred for
another 30 min. In the next step, few drops of DI water was added to the
solution and poured to wave guide sample holders which were subse-
quently used for microwave measurement. The sample holders of size
22.68 mm x 10.16 mm x 3 mm and 15.79 mm x 7.89 mm x 3 mm were
used for X and Ku band measurement, respectively. The casting was
kept in open air drying for 48 h. Similarly, for a comparison, PVB-FAC
(uncoated) composite was also prepared and cast into sample holder.
Schematic of PVB composite preparation (Fig. S1(a)), Supporting in-
formation) and the optical images of the prepared samples (Fig. S1(b)
and (c)) were shown in the Supporting information. The PVB-electroless
Ni coated FAC composites were respectively named as S1, S2 and S3 for
5 min Ni-FAC, 10 min Ni-FAC and 15 min-FAC. PVB-FAC composite was
named as S0.

2.3. Characterization

The coating morphology and thickness were examined using field
emission scanning electron microscopy (FESEM, Carl Zeiss). The phase
composition of the coated FAC was characterized using Rigaku
Smartlab X-Ray Diffractometer with Copper Kα radiation. The coating
thickness was determined by FIB cut, followed by FESEM. The complex
S-parameters (S21, S12, S11, S12) were obtained from vector network
analyzer (VNA, Agilent NS230A) measurements and rectangular wa-
veguides WR-90 and WR-62 were used for the measurements in the X-
band (8.2–12.4 GHz) and Ku- band (12.4–18 GHz), respectively. The
complete two-port calibration of the VNA (thru-reflect-line or TRL
standard) was carried out before commencing the measurements. The
relative complex permittivity and complex permeability were extracted
from the measured S-parameters using Nicholson-Ross-Weir (NRW)
algorithm [34]. The experimental set-up and measurements schematic
was shown in Fig. S2 (Supporting information). By using the measured
values of complex permittivity and permeability, reflection loss (RL)
was determined with the help of an in-house analytical procedure. The
most popular and easy way to investigate the microwave absorption or
EM absorption property of a material is by measuring reflection loss
(RL). From application point of view, the RL of a material is important
where the composite is applied as microwave absorbing layer on a

Table 1
Details of electroless bath composition.

Sl. no. Chemicals Composition (g/l)

1 Nickel sulfateheptahydrate (NiSO4•7H2O) 25–30
2 Trisodium citrate 35–40
3 Ammonium sulfate 10–15
4 Sodium hypophosphite 20–25

Fig. 1. Surface morphology of cleaned (a) large amount of FAC with broken FAC, (b)unbroken FAC.
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Fig. 2. FESEM images of electroless Ni-FAC for various time, viz., (a) 5 min, (b) 10 min and (c) 15 min, respectively.

Fig. 3. FESEM image of electroless Ni coated FAC (15 min) and Ni elemental mapping.

Fig. 4. The broken FESEM images of(a)5 min, (b)10 min and (c)15 min Ni-FAC, respectively.

Fig. 5. The cross sectional FESEM images of (a)5 min, (b)10 min and (c)15 min Ni-FAC respectively.
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metal substrate, a perfect electric conductor (PEC or metal) backed
condition [35] such that incident microwave energy is absorbed before
reaching the metal.

The RL (dB) of a material is given by following equation [35],

=
+

RL log Z Z
Z Z

(dB) 20 in

in

0

0 (1)

where, Z0 (=377 Ω) and Zin corresponds to the intrinsic impedance of
free space and the composite material respectively.

The Zin also can be expressed as [35],

=Z Z
µ

tanh j
ft µ

c
2

in
r

r

r r
0

(2)

where, c is the velocity of light (3 × 108 ms−1) and t is the thickness of
the absorber. −10 dB RL is believed as an adequate level of absorption

limit for practical applications (90% absorption) [35–37]. In general, to
investigate the microwave absorption performance of the absorbing
materials, the factors should be considered are the minimal RL peak,
the bandwidth (RL <−10 dB), and the thickness of the absorber [35].

3. Results and discussion

The surface morphology of the cleaned FAC were shown in the
Fig. 1(a) and (b), respectively. In Fig. 1(a), few broken FAC in the
micrograph indicate the hollow feature of FAC. The average size of the
FAC is ~ 50 µm. The elemental details of the FAC were reported in our
previous study [36]. The surface morphology of electroless Ni coated
FAC in various time was shown in the Fig. 2(a), (b) and –(c) respec-
tively. EDX result shows that presence of Ni weight% in FAC was 37%,
48% and 65% for electroless time of 5 min, 10 min and 15 min, re-
spectively (Figs. S1–S3, Supporting information). Fig. 3 shows the Ni
mapping over FAC coated for 15 min. Uniform Ni coating was observed.
However, few agglomerated regions were also observed. The broken Ni-
FAC, synthesized at different conditions (different electroless time)
were shown in the Fig. 4. The coating thickness was determined
through FIB cut and followed by FESEM (Fig. 5).

Schematic 1.
The electroless Ni coating thickness for different times is shown in

the Table 2.
To examine the phase-structure of the coated Ni-FAC, X-ray dif-

fraction pattern was recorded and it was shown in Fig. 6. The XRD
pattern of FAC is similar to the mullite [36]. In case of electroless Ni-
FAC, the broadening of the pattern (corresponds to amorphous nature)
was due to disorder of the lattice caused by phosphorous when it was
accommodated by nickel [9]. A single broad peak was observed on the
diffraction pattern at 45° which signifies the presence of nickel at (111)
plane [9]. The increased intensity of this peak with increase in coating
duration indicates the enhanced nickel content in the film. The sharp
peaks at 21º, 26°, 28º and 42º belongs to silica and peaks at 16º and 31º
belongs to mullite, the major constituents of FAC [36]. The peak at 37º
and 71° indicates the presence of magnetite and peak at 40º belongs to
hematite.

The cross sectional surface morphology of the as prepared S2 and S3
composite was, respectively, shown in the Fig. 7(a) and (b). Grafted
PVB-Ni-FAC was observed. The cross sectional FESEM of S1 composite
and corresponding elemental mapping were shown in the Fig. 8.

The microwave absorption property is strongly depending on ε and
µ. The variation of real (ε′) and imaginary part (ε′′) of the complex
permittivity in the frequency range 8.2–18 GHz is shown in the Fig. 9(a)
and (b), respectively. The ε′ and ε′′ were found to steadily increase with

Table 2
Obtained coating thickness of Ni over FAC for different duration during elec-
troless method.

Serial no Coating duration (min) Average coating thickness (nm)

1 5 334 ± 4
2 10 453 ± 7
3 15 665 ± 9

Fig. 6. Recorded XRD pattern of FAC and electroless Ni coated FAC (for dif-
ferent plating time).

Fig. 7. Cross sectional FESEM images of (a) S2 and (b) S3 composite.
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increase in coating thickness. The ε′ increased from ~2 of sample S0
(PVB-uncoated FAC) to 16 for sample S3 (PVB-Ni (665)-FAC) where Ni
(665) refers to coating thickness of Ni over FAC is ~ nm. In similar
manner ε′′ increased to ~2 for sample S3 where as it was close to zero
for uncoated FAC. As ε′ corresponds to storage ability of electrical en-
ergy and ε′′ corresponds to dissipation of electric field energy of the
incident wave [35], S3 composites has higher storage and dissipation
capability which is aided by relatively higher coating thickness of
Nickel on FAC. Slightly different trend was noticed in the case of

complex permeability (Fig. 9(b) and (c)). The µ´ of coated FAC samples
S1 and S2 did not show significant variation and remain comparable to
uncoated FAC. Whereas sample S3 showed a noticeable increase.
However, samples S1 and S2 showed marginal increase in imaginary
permeability whereas S3 showed appreciable increase here as well.

The thickness dependency of RL (dB) value of PVB-Ni-FAC compo-
site is highlighted in the Fig. 10. The minimum RL value of PVB-FAC
was noted to be −5.5 dB for the thickness 3 mm (thickness dependent
RL of PVB-FAC was shown in Fig. S4, supporting information). As shown

Fig. 8. Cross sectional FESEM image and corresponding elemental mapping of S1 composite. Presence of Si and Al is due to the FAC as major constituent of FAC is
silica (SiO2) and alumina (Al2O3).

Fig. 9. Variation of (a) real part of complex permittivity, (b) imaginary part of complex permittivity, (c) real part of complex permeability and (d) imaginary part of
complex permeability of S0, S1, S2 and S3composites in the frequency range (8.2–18 GHz).
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in the Fig. 10(a), the minimum RL value of S1 composite is −25 dB. For
minimum RL of −10 dB, the sample with thickness 2.5 mm showed a
bandwidth of 4 GHz (8.5–12.5 GHz) while the sample with thickness of
2 mm showed a bandwidth of 5.5 GHz (10.5–16 GHz). In both cases, the
minimum RL achieved was −25 dB. For RL of −10 dB, the sample S2
with thickness of 2.5 mm showed bandwidth of 4 GHz (8–12 GHz) and
with thickness of 2 mm the bandwidth was 5 GHz (10–15 GHz). In both
the cases, the minimum RL achieved was −20 dB. The sample S3 with
thickness of 1.5 mm showed bandwidth of 9 GHz (9–18 GHz) with
minimum RL of −40 dB at 13 GHz. The sample S3 showed higher
bandwidth with the lowest thickness among all the three samples.
Moreover, the obtained minimum RL value was −69 dB for the

thickness of 2.0 mm. The shifting of RL value towards lower frequency
region with increase in absorber (composite materials S1, S2 and S3)
thickness is due to the electromagnetic (EM) cancellation effect. The EM
cancellation effect takes place on the surface of the absorbing composite
surface if the phase difference between the incident wave and emerged
wave is 180º [36].

The microwave absorption efficiency (RE)is the important factor to
identify the best absorbing composite which is also dependent on broad
band and is expressed as, [35,36]

= =S S RL dfR
d

, where, RL dBE 10 (3)

The RE value was calculated for S1, S2 and S3 composites to identify
the best microwave absorber among these three composites in the fre-
quency range 8.2–18 GHz and is shown in the Fig. 11. As shown in
Fig. 11, the RE value is maximum for S3 composite (70 dB GHz/mm)
with minimum thickness (2 mm). Thus, it indicates the excellent mi-
crowave absorption efficiency of S3 composite and most prominent for
real time applications.

A comparison of hollow microsphere based systems for microwave
absorption of the present work with those reported in literature is ta-
bulated in the Table 3. It shows that, S3 composite has minimum RL
value and high RE value as compared to previously reported compo-
sites.

The excellent microwave absorption property of the S3 composite
can be understood in terms of EM power absorption and EM attenuation
as well as dielectric loss tangent. The power absorbed by the S1, S2 and
S3 composites were investigated by standard EM simulation (CST
Microwave studio). The obtained results were shown in Fig. 12. The
simulated results also indicate that the S3 composites has the highest
absorption property with minimum thickness, viz.; ~ 99% absorption
can be achieved for 1.5 mm with a wide band width whilst S1 and S2
shows maximum absorption ~ 90% (Fig. 12(a) and (b)).

The type of interaction Ni-FAC has with the microwave need to be
examined in order to understand the possible reasons behind higher
bandwidth on S3 sample. When an electromagnetic field propagates
within a dielectric material, the electric field induces conduction and

Fig. 10. Thickness dependent Reflection loss (RL in dB) of (a-b) S1, (c-d) S2 and (e-f) S3 composites in the frequency range 8.2–18 GHz.

Fig. 11. The microwave absorption efficiency (RE) of S1, S2 and S3 composites
in the frequency range 8.2–18 GHz.
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displacement currents. The conduction due to free electrons results in
I2R loss and any increased conductivity would result in significant in
I2R loss. Interaction of bound charges with EM waves results in dis-
placement current. This interaction can be attributed to various polar-
ization effects such as electronic polarization, atomic polarization, re-
laxation polarization, orientation polarization and space charge
polarization. However, it is possible that all these types of polarization
need not be active in the entire electromagnetic spectrum under study.
This means that in different bandwidths, combination of all or a few of
the above polarization effects could be active. This is expected due to
increased phase lag between the oscillating electric field and reor-
ientation of the polarization to the initial state. Due to the increased
phase lag, electronic polarization and atomic polarization may not be
exhibited by dielectric materials in the microwave frequency range.
Further, as there are no polar molecules present in the PVB-FAC system,
orientation polarization is also not feasible. It is reported that the di-
electric loss tangent due to space charge polarization/interfacial po-
larization varies significantly as a function of the conductivity and di-
electric properties of the material in microwave frequency range
[38–43]. The charge accumulation in Ni film separated by insulating
PVB matrix is proportional to the film thickness. Higher permittivity of
S3 would increase the capacitance of the composite and result in in-
crease of space charge polarization. Therefore, it appears that the space
charge polarization/interfacial polarization is the main dielectric loss

mechanism contributing to the significant microwave absorption ob-
served in S3 sample.

Improvement in dielectric loss compared to pristine composites
observed in all the three functionalized specimens were similar as seen
in Fig. 13(a) whereas magnetic loss tangent of sample S3 was noticeably
higher than other samples (Fig. 13(b)). Hence, there is a need to con-
sider other loss mechanisms which are relevant to the present study so
as to ascertain the reasons behind higher loss in sample S3. When the
oscillating microwave is incident on the Ni-FAC filled polymer com-
posite, the charges would get accumulated in the interface of polymer-
nickel coated layer. Due to higher operating frequency, the inadequate
relaxation time or phase lag would result in dielectric loss. In addition,
the presence of free charge carriers in nickel coating would also lead to
conduction loss. The increased coating thickness would increase the
interfacial area besides yielding more free electrons which was sche-
matically depicted in Fig. 14. Both the factors will contribute to the
increase of conduction and dielectric losses. These losses lead to higher
electromagnetic (EM) attenuation. According to the transmission line
theory,

Table 3
Microwave absorption characteristics of recently reported hollow microsphere systems.

No Material (Hollow microsphere system) Frequency (GHz) Minimum RL (dB) Thickness (mm) RE (dB GHz/mm) Ref

1 Paraffin/Fe2O3- glass microsphere 2–18 −20 2.6 – 13
2 Phenolic cement/ CoFe2O4-glass microsphere 2–18 −8.3 1.5 – 12
3 Epoxy/barium ferrite coated FAC 2–18 −15 3 – 15
4 Paraffin/CuS microsphere 2–18 −31.5 1.8 – 37
5 Paraffin/hierarchical CuS 2–18 −17.5 1.3 11.39 38
6 Paraffin/Ni@void@SnO2 2–18 −35.5 1.9 34.18 35
7 PVB/CoOx-FAC 12–18 −27 2.5 25.35 36
8 PVB/NiO-FAC 12–18 −47.5 2.5 53.7 36
9 PVB/Ni-FAC 8.2–18 −45.5 1.5 70 This work

8.2–18 −69 2 35.5

Fig. 12. Power absorbed (PA%) by (a) S1, (b) S2 and (c) S3 composites in the 8.2–18 GHz.
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The calculated EM attenuation constant (α) values were shown in
the Fig. 13(c). As observed in Fig. 13(c), for S3 composites α value was
predominant (100–227) and resulted in high EM attenuation than
others. To better understand the microwave absorption property of the
Ni-FAC composites, the impedance match, Zim/Z0, of the S0, S1, S2 and

S3 composites (1 mm) were calculated. As shown in the Fig. 13(d), the
impedance match value was remarkably better for S3 composite (im-
pedance matching band closes to 1) as compared to the others. Thus, it

Fig. 13. (a) Dielectric loss tangent, (b) magnetic loss tangent and (c) EM attenuation constant and (d) Impedance match (1 mm thickness) of S0, S1, S2 and S3
composites in the frequency range 8.2–18 GHz.

Fig. 14. Schematic showing the effect of space charge (interface) polarization with increase in coating thickness.

Fig. 15. Schematic showing the effect of magnetic loss to (a) without applica-
tion of field(b) with application of field.

Fig. 16. Schematic of loss mechanism due to multiple reflection.
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would aid the incident electromagnetic wave to propagate into the S3
composite (absorption structure) with less reflections as compared to
the S0, S1 and S2 composites.

Apart from the above discussion, increase in magnectic loss tangent
for sample S3 as seen in Fig. 13(b) suggests that higher coating thick-
nesses lead to higher magnetic losses. It is known that the magnetic
domain aligment in the presence of EM field asschematically shown in
Fig. 15 and consequent hysteresis that developes during realignment
would result in loss [44,45]. Also, peaks can be seen in Fig. 13(b) at
frequency 9, 11 and 17 GHz. These resonance peaks appearing at high
frequencies may be due to natural resonance and would further en-
hance the magnetic loss. The contribution due to significant losses ac-
cumulated due to dielectric loss, conduction loss and magnetic loss
have led to increased total loss for sample S3. Apart from this, another
possible contribution from propogation losses as a resultof multiple
reflections encountered by microwave is schematically shown in
Fig. 16. The loss arising from these sources along with magnetic loss as
explained above may be the reason for higher RL and larger bandwidth
with lower thickness exhibited in the case of sample S3. Finally, the
hollow regions also helping to trap the incident electromagnetic wave.

The radius of the hollow microsphere also affects the microwave
absorption property, and hence FAC size (radius) is also an important
factor here [46]. In case of electroless Ni coated FAC, FAC radius (~
25 μm) was much higher than the FAC shell thickness (~ 2 μm), and
over there nickel was coated (~ 665 nm). The cross-sectional schematic
of the core-shell Ni-FAC structure was shown in Fig. 17.

According to the effective medium theory, in the case of a core-shell
structure, the effective permittivity intrinsically depends on the factor,
r0 − ri/ri (Fig. 17) [46]. It should be noted that, in this case, in the

region r0 − ri, the effective medium consists of FAC shell and electroless
nickel. In addition, some voids might present at the FAC shell. Thus, Ni-
FAC structure is not a conventional micro-nano based core-shell
structure, where size (radius) of FAC is also contributing for better
microwave absorption through effective permittivity.

The effect of nickel coating thickness on FAC, for microwave ab-
sorption performances also can be described based on the model pro-
posed by Bychanok et al. [14]. According to that, better microwave
absorption performance of hollow microspheres is also due to the
central region (void) as it possesses a constant refractive index (RI) and
because of this spatial dispersion is predominant [14]. In this case, the
expected maximum RI (nh) value of Ni-FAC hollow microsphere is [14],

= +n f n f r r n r r r r( ) [ ( ) ( ) (4 ( )]/4h s i o i0
2 2

0
2

0
2 2

0
2 (5)

where, ns(f) is the RI of the coated region and n0 is RI of air (=1). ri and ro
corresponds to inner and outer radii respectively. Based on this, optimal
nickel coating over FAC for better microwave absorption can be ap-
proximated. Theoretically, 500–700 nm nickel coating over FAC is ad-
vantageous for better microwave absorption and ~ 650 nm coating ex-
hibits better absorption bandwidth at minimum thickness. It was observed
that, while thickness was increased, the RL value was not decreased sig-
nificantly. As a case study, for 20 min electroless Ni coating (Ni coating
thickness ~ 900 nm), the RL value was obtained to be −18 dB (for 2 mm)
and bandwidth is very narrow (Fig. S7, Supporting information). While Ni
coating thickness as increased over FAC (above optimal coating thickness),
the reflection and scattering of incident microwaves were more pre-
dominant and due to that lesser energy entered into the composite hollow
structure (Ni-FAC) resulting in lesser absorption [36].

4. Conclusions

The Ni coating over FAC by electroless method and PVB-Ni-FAC
composite was preapared by simple solution processing. It has been
demonstrated in the present study that it is possible to realise polymer
based composite materials for wide bandwidth microwave absorbtion
by varying the coating thickness of Ni layer on FAC. The possible me-
chanisms which are likely to be presentin Ni-FAC filled polymer com-
posites have been discussed in detail. Amongst the combination of
composite thicknesses and coating thicknesses, the S3 configuration
with 665 nm Ni coated FAC loaded PVB composite in general results in
higher microwave absorption. In particular, composite thickness in the
range of 1.5–2.0 mm results in RL of −40 dB and −69 dB, respectively.
In view of excellent RL and RE values exhibited in these composites
with wider bandwidth microwave absorbtion, it is suggested that this
class of Ni-FAC filled polymer composites can be a potential material
system for microwave absorbtion applications.

Fig. 17. Cross-sectional schematic of electroless nickel coated FAC structure.

Schematic 1. Flow-chart and Schematic of Ni coating on FAC through electroless method.
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Supporting information

Schematic and digital photo of composites and measurements set-
up. EDX results of various Ni coated FAC. Thickness dependent reflec-
tion loss (RL) of PVB-FAC composite.
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