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ABSTRACT: Syntactic foams, which can be synthesized by mechanical mixing of hollow microspheres with a matrix material,
are a special class of lightweight composite materials. Developing of high-performance syntactic foams remains challenges. In this
work, a facile and environmentally friendly surface modification method employing polydopamine (PDA) as a surface treatment
agent for hollow carbon microspheres (HCMs) was used, aiming to extend the application of syntactic foams to seldom touched
areas. The PDA coating was used as a strategy for interfacial interaction enhancement and also as a platform for further metal
coating meant for electromagnetic interference (EMI) shielding. The stronger interfacial interaction between microspheres and
polymer matrix provided effective interfacial stress transfer, as a result of the syntactic foams with high strength to weight ratio.
Furthermore, the PDA coating on HCMs served as a versatile platform for the growth of noble metals on the surface of PDA-
HCMs. Silver nanoparticles was grown by PDA medium. The silver coated HCMs (Ag-PDA-HCMs) impacted the complex
permittivity of the syntactic foams leading to high EMI shielding effectiveness (SE). The specific EMI SE reached up to 46.3 dB·
cm3/g, demonstrated the Ag-PDA-HCMs/epoxy syntactic foam as a promising candidate for lightweight high-performance EMI
shielding material.
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1. INTRODUCTION

Since first developed in the early 1960s, syntactic foams were
found useful in many areas, such as in aerospace and marine
industries.1,2 They are known to possess high stiffness and
excellent compressive strength with low density. Compared
with most of other foams, syntactic foam is able to retain the
density before and after the curing process.3 Such property is an
advantage during manufacturing process for practical applica-
tions.
Syntactic foams can be prepared by mechanical mixing of

hollow microspheres (filler) with a matrix material (binder).
Different densities and thus microstructures of syntactic foams
can be produced by changing the amount of hollow
microspheres. The mechanical properties are important
parameters for the performance of syntactic foams. To enable

their applications, several methods were reported to increase
the mechanical properties of syntactic foams. The use of fibrous
reinforcements is one of the methods of improving the
mechanical properties. The effects of fiber reinforcement in
syntactic foams on flexural and compressive properties have
already been studied.4−9 Karthikeyan et al.4 added 3 wt % of 6
mm glass fibers to the syntactic foam containing hollow glass
microspheres, improved the flexural strength by 30%. Our
earlier report also demonstrated the role of carbon nanofibers
(CNFs) on the mechanical properties of syntactic foams.9 The
flexural strength of the foam increased ∼48.9% with the
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addition of only 1.5 vol % CNFs through effective load transfer
from the matrix to CNFs. However, agglomeration and
clustering of CNFs at higher concentration hindered the
syntactic foam from its optimal performance. The introduction
of high volume fractions of nanofillers in syntactic foams
resulting in the decrease in the mechanical properties was also
observed by other groups.8,10

Although the addition of fibers improved the mechanical
properties of syntactic foams, it dramatically increased the
density of the resulting foam; eventually destroy the main
advantage of syntactic foams. Therefore, it is essential to
develop a novel method which is able to improve the
mechanical properties of syntactic foams while maintain the
low density. It is well accepted that the interface between filler
and binder plays an important role in determining the
mechanical properties of composite materials.11−13 Similarly,
it is expected that an enhancement in the interaction at the
hollow microsphere−matrix interface would improve the
mechanical properties of syntactic foams without sacrificing
their main advantage. In our previous work,14 we presented a
new approach to modify the surface of hollow carbon
microspheres (HCMs) in the presence of a coupling agent,
glutaric dialdehyde. The treated HCMs were then incorporated
into phenolic resin to form the syntactic foam. Results showed
excellent improvement in the mechanical properties as a result
of effective interfacial adhesion between the HCMs and the
phenolic resin. However, the nature of the harsh reaction
conditions might cause defects on the surface of the HCMs and
the chemicals used for the treatment were environmentally not
benign. Moreover, coupling agents are often material-specific
and thus lack of efficacy across a broad range of polymer
matrices. To overcome the above problems, a more generic and
facile functionalization strategy, which is able to generate strong
interfacial interactions between the hollow microspheres and a
wide variety of polymer matrices, is needed.
Besides mechanical properties, incorporation of functionality

in syntactic foams could inspire applications in areas seldom
explored before. Electromagnetic interference (EMI) shielding
effectiveness (SE) is one of the important functional properties
for advanced applications. Note that the weight of materials is
one of the major concerns for practical EMI shielding
applications; thus, lightweight syntactic foams emerge as an
attractive candidate in the field of realistic EMI shielding
applications. To date, the studies on the EMI SE of syntactic
foams are scarce in the literature and lack of detailed
mechanisms. Traditionally, metals are considered to be the
materials for EMI shielding applications; however, high density
and ease of corrosion restrict their widespread use. Carbon-
based materials are often used as conducting fillers in polymer
composites, such as carbon nanotube (CNT)15−19 and
CNF,20,21 but they often suffer from oxidation at high
temperature. Compared to metals, the electrical resistivity of
carbon-based materials is much higher. Therefore, a greater
amount of carbon-based materials is needed to achieve similar
EMI shielding effect as metals. This could cause difficulty in
fabrication and increase the production cost. The above
problems could be solved by applying a thin metal layer on
the surface of carbon-based materials. Preparation of metal-
coated core−shell composite particles was proposed in order to
decrease the amount of metal and the density of metal
powder.22,23 Hence, it can be hypothesized that in the system of
syntactic foams, the desired EMI SE coupled with low density
could be achieved by the incorporation of metal-coated hollow

spheres. Recently, Zheng et al. have reported silver coated
hollow glass microspheres and their microwave shielding
properties.24 Although a satisfactory shielding capability was
achieved, the coating approach was tedious and not environ-
mentally friendly and the density, as the main parameter for
syntactic foams, was not addressed. Therefore, to develop a
facile new approach for metal coating on the surface of hollow
spheres is essential.
Recently, mussels have been attracting much attention in the

research community because of their amazing adhesion ability
to various kinds of surfaces.25 It was confirmed that 3,4-
dihydroxy-phenylalanine (precursor of dopamine) was found at
high concentrations at the adhesive interfaces between the
mussels and the substrates, and is thus responsible for the
strong adhesion. Lee et al.26,27 reported that polydopamine
(PDA) layer could be formed on a wide range of materials
including polymers, ceramics, noble metals, and semiconduc-
tors by self-polymerization of dopamine in an aqueous solution.
Yang et al.28,29 studied the composites which were incorporated
with PDA-coated clay and graphene, respectively. It was found
that the interfacial PDA layers did not only facilitate the
dispersion of the filler, but also strengthen the stress transfer
from the polymer matrix to the filler, leading to greatly
improved mechanical properties. Moreover, dopamine could be
used as a good reducing agent and PDA coating could serve as a
versatile platform for metallic coatings. Inspired by these works,
we hypothesized that PDA-coated hollow spheres may afford
great opportunity to develop high-performance syntactic foams.
In this article, we prepared PDA-coated HCMs (PDA-HCMs)
and silver coated HCMs (Ag-PDA-HCMs) via a facile surface
functionalization step in mild reaction conditions. The PDA-
HCMs was incorporated into an epoxy resin to form syntactic
foams. Silver was coated on the surface of HCMs with the aim
to enhance its functionality, precisely in EMI shielding.

2. EXPERIMENTAL SECTION
Raw Materials. Hollow phenolic microspheres (BJO-0930) with

size ranging from 10 to 50 μm were purchased from Asia Pacific
Microspheres. HCMs were produced by heating the raw hollow
phenolic microspheres to 900 °C at a heating rate of 5 °C/min and
dewelt for 3 h under constant argon purge.30 Epoxy epicote 1006 resin
and its amine hardener (5:3 by weight) were used as the polymer
matrix. Dopamine hydrochloride (99%) and tris(hydroxymethyl)-
aminomethane hydrochlorid were purchased from Regent Chemicals
Pte Ltd. Polyvinylpyrrolidone (PVP), glucose, silver nitrate, and
ammonia were purchased from Sigma-Aldrich. All the chemicals were
used as received.

HCMs Surface Treatment. The surface of HCMs was ultrasoni-
cally cleaned in acetone for 30 min prior treatment. Cleaned HCMs (1
g) were added into 500 mL 10 mM Tris buffer solution (pH 8.5),
followed by adding 2.5 g of dopamine hydrochloride. The suspension
was mechanically stirred for 6 h at room ambient. The PDA-HCMs
were then filtered and washed with deionized (DI) water, followed by
freeze-drying. Ag-PDA-HCMs were prepared following the method
reported in the previous publications.31,32 Different concentration of
silver nitrate (1, 3, 5, and 10 g/L) was dissolved in 250 mL of DI water
followed by dropwise addition of ammonia until the solution became
transparent. PDA-HCMs (0.5 g) and 0.5 wt % of PVP were added into
the solution and stirred for 15 min. PVP was added as a stabilizing and
dispersing agent. The reducing agent glucose (the ratio of glucose to
silver nitrate is 2:1) was then added to initiate the reaction. After that,
the reaction proceeded under moderate magnetic stirring for 30 min.
The Ag-PDA-HCMs were separated by filtration, rinsed by DI water,
and dried in a vacuum oven.

Preparation of Syntactic Foams. 30 vol % of pristine HCMs,
PDA-HCMs, and Ag-PDA-HCMs were added to the epoxy resin, with
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slow stirring to minimize gas bubbles in the resin. The microspheres
were added in multiple steps to the resin to avoid agglomeration. The
well mixed mixture was poured into an aluminum mold precoated with
a silicone release agent. The syntactic foam was then left to cure at
room temperature under a constant pressure for 24 h, followed by
postcuring at 80 °C for 16 h.
Characterization. Fourier transform infrared (FITR) spectra were

recorded using a PerkinElmer Instruments Spectrum GX. The thermal
stability of different specimens was investigated by a TA Instrument
high resolution thermogravimetric analyzer (TGA) Q500 over a
temperature range from 25 to 800 °C under nitrogen (60 mL/min) at
a heating rate of 10 °C/min. The surface morphologies of specimens
were examined by a Jeol JSM 6360 scanning electron microscope
(SEM). High magnification surface morphologies were obtained by
using a Jeol FESEM 7600F. X-ray diffraction (XRD) patterns were
acquired by a Shimadzu X-ray diffractometer (Cu Kα). The flexural
tests were performed using an Instron Tester (Model 5567) according
to ASTM Standard D790-07. The compression tests were carried out
using an Instron Tester (Model 8516) according to ASTM Standard
C365/C365M-05. The EMI SE was measured in the frequency range
8−12 GHz using a PNA-L Network Analyzer (N5230A) measurement
system. The samples were fabricated to rectangle plates of 25.4 × 12.7
× 1.5 mm3 to fit the waveguide sample holder. Sample densities in this
work were measured using Quantachrome Ultra Foam Gas
Pycnometer (Model: 1200e).

3. RESULTS AND DISCUSSION
Dopamine Self-Polymerization on HCMs Surface. The

schematic representation for the preparation of PDA-HCMs is
illustrated in Scheme 1. A possible mechanism of dopamine in
situ polymerization has already been reported by Xu et al.33 and
Jiang et al.34 The successful coating of PDA on the surface of
HCMs was verified by TGA and SEM as shown in Figure 1.
The pristine HCMs showed a weight loss of 5.8% upon heating
to 800 °C, indicating the superior thermal stability of the
pristine HCMs. The pure PDA showed drastic thermal
decomposition around 320 °C and the weight loss was found
to be ∼54.6%, whereas the PDA-HCMs showed ∼15.8%
weight loss within the same temperature frame. Approximately
∼20.3 wt % of the dopamine loading was found on the HCMs
based on the TGA data. The inset SEM images in Figure 1
provided visual confirmation of the PDA coating on HCMs

surface. As shown by the SEM images, the surface of the
pristine HCMs was spherical and smooth, while the surface of
PDA-HCMs appeared to be much rougher, resulted from the
regular grains composed of PDA particles deposited on the
surface of pristine HCMs. Figure 2 shows the FTIR spectra of
PDA, pristine HCMs and PDA-HCMs. It was found that the
same identical bands of PDA appeared at PDA-HCMs, further
confirmed the presence of PDA on the surface of the HCMs,
indicating the successful coating.

Mechanical Properties of PDA-HCMs/Epoxy Syntactic
Foams. Figure 3a shows the flexural test stress−strain curves of
neat epoxy, the syntactic foam containing 30 vol % of pristine
HCMs and PDA-HCMs, respectively. It is clearly shown that
when the pristine HCMs were replaced by the PDA-HCMs, the
strength of syntactic foams improved dramatically as compared
to their counterparts. Moreover, the syntactic foam containing
PDA-HCMs exhibited higher Young’s modulus and ductility.
The increase in mechanical properties was attributed to the
presence of PDA, which generated and promoted stronger

Scheme 1. Schematic Illustration of the Procedure for Preparation of PDA-HCMs and Ag-PDA-HCMs

Figure 1. TGA curves of pristine HCMs, PDA, and PDA-HCMs in
nitrogen atmosphere. Inset SEM images: the pristine HCMs (left) and
PDA-HCMs (right).
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interfacial adhesion between the HCMs and the matrix.
Compared with our previous work14 involving multiple steps
of HCMs modification, this facile one-step process was proven
to be more efficient and feasible. Figure 3a shows the flexural

strength of the syntactic foam containing PDA-HCMs
increased by ∼37.3% and is comparable to the neat epoxy.
This result clearly suggests that PDA coating is an effective
approach to enhance the interfacial adhesion strength between
fillers and matrix of syntactic foams. The inset bar diagram in
Figure 3a compares the specific flexural strength of the
specimens, which clearly shows the substantially improved
specific flexural strength of the syntactic foam containing PDA-
HCMs. The high specific flexural strength was attributed to the
increase in interfacial bonding between HCMs and the matrix
and simultaneous decrease in density. Figure 3b shows the
compression stress−strain curves of neat epoxy, the pristine
HCMs, and the PDA-HCMs filled syntactic foams. Similar
trend of compression curve has also been reported by other
research groups.1,3,35 For each individual curve, there exist three
different regions for the process. Region 1 shows a linear
increasing trend in compressive strength, which corresponds to
the elastic region of the foam. This region ends when the
syntactic foam reaches its compressive yield strength. At the
end of the region 1, a slight decrease in strength is observed and
yielding occurs, which is the characteristic of region 2. This
region corresponds to the implosion of the hollow spheres.
When a large number of hollow spheres gets crushed and
compacted, further increase in the load results in foam
densification and is visible as region 3 of the compression
stress−strain curve. One must note that there are three main
factors affecting the compressive yield strength of syntactic
foams.14 (1) The introduction of air space from the inside of
the hollow spheres. The air space takes up large volume of the
matrix, which in turn reduces the compressive yield strength.
(2) The interfacial bonding strength between the matrix and
the outer surfaces of the hollow spheres. The compressive yield
strength improves as long as adequate bonding is maintained.
(3) The influence of wall thickness-to-radius ratio, t/r, of
hollow spheres. The hollow spheres with larger t/r take up
more load under compression. In this work, focus was placed
on the second factor. As shown in Figure 3b, the compressive
yield strength increased when the pristine HCMs were replaced
by the PDA-HCMs. When the PDA-HCMs were introduced,
the interfacial strength between the epoxy resin matrix and
outer surfaces of HCMs increased. These bonded interfaces
need to be overcome before the crushing of the HCMs and the
occurrence of severe damage, hence improved the compressive
yield strength and made it comparable to that of the neat epoxy.
The inset bar diagram in Figure 3b shows the specific
compressive strength of the specimens. It is observed that the
specific compressive strength of the syntactic foam containing
the pristine HCMs was comparable to that of the neat epoxy,
whereas the specific compressive strength of the syntactic foam
comprised of PDA-HCMs was substantially improved by
∼28.7% and the value reached to 84.4 MPa·cm3/g. The high
specific compression properties were also attributed to the
increase in interfacial bonding between HCMs and the matrix
and simultaneous decrease in density. The specific flexure and
compression properties demonstrated here allow the compar-
ison of performance of the syntactic foam containing PDA-
HCMs to other potential composites and foam materials. The
enhancement of the mechanical properties due to the presence
of PDA in the system of syntactic foams can serve as a model
study. Therefore, we believe that the above results would be
very useful for guiding future design of composite materials
especially for applications where weight is a critical aspect.

Figure 2. FTIR spectra of dopamine, PDA, pristine HCMs, and PDA-
HCMs.

Figure 3. Stress−strain curves of (a) flexure and (b) compression for
neat epoxy, syntactic foams containing 30 vol % of pristine HCMs and
PDA-HCMs. Inset histograms represent the comparison of (a) specific
flexural strength and (b) specific compressive strength.
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In order to illustrate the interfacial adhesion mechanisms, the
fracture surfaces of the syntactic foam containing 30 vol % of
pristine HCMs and PDA-HCMs were examined by SEM and
presented in Figure 4. The foam contains three constituents:
the HCMs, the epoxy resin matrix and the interface between
HCMs and matrix. The local phenomena include the crack
passing through the HCMs, the rupture of the sphere-resin
matrix interface and the rupture of the spheres and resin
themselves. Figure 4a shows the crack initiated and propagated
in the matrix upon loading. The hollow spheres acting as the
reinforcement phase divert the crack front propagation. When
the crack reaches the interface between the hollow spheres and
the matrix, crack deflection occurs and results in the debonding
of hollow spheres. The fractured microspheres observed in
Figure 4b provided a direct evidence of the hindered crack
propagation due to the improved interfacial adhesion between
the PDA-HCMs and the matrix. When the crack grows over the
interface between the hollow spheres and matrix, extra energy is
required to break the adhesion force and to create a new
interface. If the interfacial bonding is strong, the crack passes
through the spheres causing the spheres to fracture as shown in
Figure 4b.
Silver Coating on PDA-HCMs. In order to develop the

functionality of syntactic foams, we attempted to use the PDA
coating as a medium to reduce silver ions and subsequently
grow silver nanoparticles on the surfaces of PDA-HCMs. The
schematic representation for the preparation of Ag-PDA-HCMs
through PDA medium is also illustrated in Scheme 1. The
photographs of Ag-PDA-HCMs specimens with different silver
content are shown in Figure S1 in the Supporting Information.
XRD was performed to ascertain the crystal structure of sliver
on the HCMs surface. The XRD pattern for Ag-PDA-HCMs in
Figure 5 consists of four distinct characteristic peaks at the 2θ
values of 38.2°, 44.4°, 64.5°, and 77.5° corresponding to Ag
(111), Ag (200), Ag (220), and Ag (311), respectively. No
impurity peak was observed from the XRD spectrum. These
results indicated the presence of silver on the surface of HCMs.
The morphologies of Ag-PDA-HCMs with different silver
content were presented in Figure 6. The collective SEM images
of various Ag-PDA-HCMs are shown in Figure S2 in the
Supporting Information. It can be seen that the silver
nanoparticles increased in size, compactness and continuity
with increasing concentration of AgNO3. When the concen-
tration of AgNO3 was 1 g/L, the silver nanoparticles on the
spheres surface were discontinuous and sparse (Figure 6a and
b). The amounts of silver nanoparticles increased when the

concentration of AgNO3 increased to 3 g/L. Partially
continuous silver nanoparticles were observed (Figure 6c and
d). At 5 g/L (Figure 6e and f), a continuous silver layer was
formed on the surface of spheres. Further increase in the
AgNO3 concentration to 10 g/L (Figure 6g and h), the PDA-
HCMs was completely covered with a silver shell and the
thickness further increased. The formation of such continuous
sliver layer covering the entire spheres impacted the EMI SE of
the syntactic foam, which will be studied next.

EMI SE of Ag-PDA-HCMs/Epoxy Syntactic Foams. EMI
SE of a material is defined as the ratio between incoming power
(Pi) and outgoing power (P0) of an electromagnetic (EM)
wave, SE = 10 log(Pi/P0). SE is generally expressed in decibels
(dB). The EMI SE of syntactic foam containing Ag-PDA-
HCMs with different silver content as a function of frequency is
presented in Figure 7a. Note that the densities of the specimens
are presented in Table S1 in the Supporting Information and
the weight fraction of silver can be converted and applied
accordingly afterward. It is observed that the EMI SE increased

Figure 4. SEM images of the fracture surfaces of syntactic foams containing pristine HCMs (a) and PDA-HCMs (b).

Figure 5. XRD patterns of PDA-HCMs and Ag-PDA-HCMs (5 g/L
AgNO3).
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with increasing silver content. The average SE of the syntactic
foam containing Ag-PDA-HCMs with 28.5 and 30.5 wt % of
silver over the frequency range 8−12 GHz was measured to be
49.5 and 60.2 dB, respectively. In general, 20 dB of SE is
adequate for most practical applications,36 and thus, the
syntactic foam containing Ag-PDA-HCMs with high silver
content surpassed the commercial EMI shielding specifications.
Since low density is the main advantage of syntactic foams, the
specific EMI SE of our specimens was calculated and compared
with other materials. As summarized in Figure 7b, the specific
EMI SE increased with increasing silver content and reached up
to 46.3 dB·cm3/g, which is much higher than that of CNT/

polystyrene foam (33.1 dB·cm3/g),15 carbon nanofiber/epoxy
foam (24.6 dB·cm3/g),21 and solid copper (10 dB·cm3/g).37

Recently, Chen et al.38 reported a lightweight graphene foam of
specific EMI SE of 500 dB·cm3/g, the highest specific EMI SE
until date. However, compared to syntactic foams, the
mechanical properties of the graphene foam is much inferior.
Therefore, syntactic foams containing Ag-PDA-HCMs have
their outstanding advantages used as high-performance EMI
shielding materials. The results presented here allow the use of
these materials in areas where mechanical integrity is desired,
such as aerospace and automobiles.

Figure 6. SEM images of Ag-PDA-HCMs prepared by different concentration of AgNO3. Right column shows the morphology of the surfaces at
higher magnification. (a and b) 1 g/L AgNO3; (c and d) 3 g/L AgNO3; (e and f) 5 g/L AgNO3; (g and h) 10 g/L AgNO3.
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It is worth noting that the presence of PDA on the HCMs
has no obvious effect on the EMI SE of the syntactic foam. As
discussed before,28,29 the interfacial PDA layers did facilitate the

good dispersion of the filler resulting in improved mechanical
and functional properties. In their cases, the fillers which have
high aspect ratio (graphene and clay) tend to aggregate when
being dispersed in the polymer resin. The interfacial PDA layers
could assist in reduce the agglomeration of fillers. In the system
of syntactic foams, the filler used was hollow microspheres,
which could be easily dispersed uniformly in the matrix
compared to the high aspect ratio fillers, such as CNFs, CNTs,
clays, etc. In our case, PDA layers improved the interface
interaction but shown little effect on the dispersion of the
microspheres, which could cause no significant effect on the
EMI SE properties. Hence, silver coating was conducted to
improve the EMI SE effect.
We also analyzed the EMI shielding mechanism of syntactic

foam containing Ag-PDA-HCMs. When an incident EM wave
propagates through a shielding material, the total incident
power is the sum of the reflected, absorbed and transmitted
powers, as defined by reflectance (R), absorbance (A), and
transmittance (T). The R, A, and T must sum to the value
“one”, that is, R + A + T = 1.39 The R, A, and T can be
calculated through S-parameters measurement. The schematic
proposed EMI shielding mechanisms for a slab of syntactic
foam containing Ag-PDA-HCMs is illustrated in Scheme 2. A
portion of the wave was reflected and a portion was absorbed
when an incident EM wave struck the surface of the specimen.
Figure 8a shows the measured R, A, and T for syntactic foams
containing Ag-PDA-HCMs with different silver content at a
frequency of 10 GHz. It can be seen that for the specimen with
silver below 17.8 wt %, A ≈ R, indicates that the specimens are
both reflective and absorptive to EM radiation in the X-band
frequency range. At 28.5 wt % of silver, A reduced to 0.16 and R
increased to 0.83. Thus, the contribution of reflection to the
total EMI SE is much larger than that from absorption. When
the silver content further increased to 30.5 wt %, the more
compact and thicker electrical conducting silver layer formed
on the surface increased the R to 0.97. This indicated that
reflection was the dominant shielding mechanism for the
specimen with 30.5 wt % of silver. In order to understand the
reasons for EM wave reflection and absorption by shielding
material, the intrinsic parameters of the materials, that is,
complex permittivity, εr (εr = ε′ − jε″, where ε′ is the real part

Figure 7. (a) EMI SE as a function of the frequency range from 8 to
12 GHz for syntactic foam containing pristine HCMs and Ag-PDA-
HCMs with different silver contents. (b) Comparison of the specific
EMI SE of different materials with the results in this work.

Scheme 2. Schematic Proposed EMI Shielding Mechanisms for a Slab of Syntactic Foam Containing Ag-PDA-HCMs
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and ε″ is the imaginary part) were used for analysis. According
to the theory of complex permittivity, when an incident EM
wave strikes on the surface of shielding material, the electric
field induces two types of electrical currents within the material,
that is, the conduction and displacement currents. The
conduction currents correspond to the imaginary part of
permittivity arises from free electrons and causes high electric
loss. The displacement currents which are related to real part of
permittivity come from polarization effect. Accordingly, the
enhanced polarization effect and electrical conductivity of the
shielding material lead to increase both the real and imaginary
part of complex permittivity.40 In this work, ε′ and ε″ can be
obtained by using Nicholson-Ross-Weir (NRW) technique
through S-parameters.41 Figure 8b shows the complex
permittivity of the syntactic foam containing Ag-PDA-HCMs
with different silver content at a frequency of 10 GHz. It is
noticed that both ε′ and ε″ increased with increased the silver
content, which was ascribed to the effect of enhanced
polarization and electric loss of the specimens. For the
specimens with higher silver content such as 28.5 and 30.5
wt % of silver, the high permittivity reflected the high electric
flux due to the enhanced polarization of electron clouds. Hence,
reflection is the main EMI shielding mechanism.

4. CONCLUSIONS

In summary, a facile bioinspired coating strategy was proposed
to promote strong interfacial bonding between HCMs and
epoxy resin. A systemic work was carried out to study the effect
of PDA coating on the flexural and the compressive properties
of HCMs/epoxy resin syntactic foam. The PDA coating greatly
benefited the interfacial interactions between HCMs and epoxy
and hence improved the flexural and the compressive
properties. The failure mechanisms analysis indicated that the
crack was blocked by the good interface between the spheres
and the matrix, which in turn caused the fracturing of the
spheres, hence improving the overall mechanical properties of
the foams. Meanwhile, we also demonstrated that PDA coating
can be used to serve as a versatile platform to prepare Ag-PDA-
HCMs. The resultant foam containing Ag-PDA-HCMs
exhibited high specific EMI SE (46.3 dB cm3′/g), which
strongly extend the practical applications of syntactic foams. It
is expected that the results in this work would be fruitful for
guiding future design for syntactic foams and beneficial for
special applications.
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