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ABSTRACT: Lightweight polypropylene/stainless-steel fiber
(PP−SSF) composites with 15−35% density reduction were
fabricated using foam injection molding. The electrical
percolation threshold, through-plane electrical conductivity,
and electromagnetic interference (EMI) shielding effectiveness
(SE) of the PP−SSF composite foams were characterized and
compared against the solid counterparts. With 3 wt % CO2
dissolved in PP as a temporary plasticizer and lubricant, the
fiber breakage was significantly decreased during injection
molding, and well-dispersed fibers with unprecedentedly large
aspect ratios of over 100 were achieved. The percolation
threshold was dramatically decreased from 0.85 to 0.21 vol %, accounting for 75% reduction, which is highly superior, compared
to 28% reduction of the previous PP−carbon fiber composite foam.1 Unlike the case of carbon fiber,1 SSFs were much longer
than the cell size, and the percolation threshold reduction of PP−SSF composite foams was thus primarily governed by the
decreased fiber breakage instead of fiber orientation. The specific EMI SE was also significantly enhanced. A maximum specific
EMI SE of 75 dB·g−1·cm3 was achieved in PP−1.1 vol % SSF composite foams, which was much higher than that of the solid
counterpart. Also, the relationships between the microstructure and properties were discussed. The mechanism of EMI shielding
enhancement was also studied.
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1. INTRODUCTION

With the rapidly increasing usage of electronic and micro-
electronic devices, the unintentional generation, propagation,
and reception of electromagnetic energy are becoming one of
the major concerns. Such devices radiate and are affected by
electromagnetic interference (EMI). Proper EMI protection is
thus an essential requirement to ensure their continued
functionality and integrity, to control their EMI emission
level as required by the standards imposed by governmental
agencies,2 and to minimize their radiative damage to the human
body.3 Metal-based shields and conductive coatings are the
most widely used EMI protectors.4 However, metallic shields
have some drawbacks such as high density, corrosion, and
expensive processing. Metallic coatings also require an extra
step of processing and experience delamination issues.4

Conductive polymer composites (CPCs) are becoming
promising candidates to be employed as EMI shields because
they offer light weight, low cost, high processing ability, and
high resistance to corrosion, and various CPCs containing
conductive microsized5−10 or nanosized11−16 fillers have been
developed for EMI shielding applications. However, CPCs are
not yet very successful in replacing the metal-based shields
because of the high filler loading that is required to achieve a
sufficient level of shielding. This adversely affects the
processability, weight, and economic feasibility of the product.

Particularly, the weight reduction of CPCs is desirable in
numerous applications such as the aerospace and automotive
industries.
Furthermore, CPCs are usually processed using injection

molding as one of the cost-effective manufacturing methods.
However, the nature of the injection-molding process
introduces further challenges because it results in (a) a
significant reduction of the filler aspect ratio due to fiber
breakage,1,17,18 (b) anisotropic electrical conductivity due to the
in-plane and/or longitudinal orientation of fibers,1,19 and (c)
higher percolation thresholds.18

Foaming may provide a sustainable route to address some of
the CPC shortcomings by decreasing the density, easing the
processing, and improving the performance.17−24 First, the
blowing agent dissolved in the matrix decreases the composite
viscosity by the plasticizing effect of gas (i.e., increased
molecular mobility) and eases the processing.17,20 Second, the
presence of gas will effectively decrease fiber breakage and yield
a larger aspect ratio,1,17 and thus a lower percolation threshold.
Foaming can also effectively disturb the in-plane orientation of
the fiber, decrease the size of the skin layer that has highly
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oriented fibers, and thus enhance the through-plane con-
ductivity.19,20,23 Moreover, the dissolved gas can also prevent
fiber aggregation and improve the dispersion23,24 and
distribution19,20 of the fibers, which is helpful in lowering the
electrical percolation threshold.25,26 It has also been shown that
a conductive filler acts as heterogeneous cell nucleating agent,
which can increase the cell nucleating power of composites.27

Therefore, the generation of a cellular structure into conductive
composites by physical foaming can contribute to the reduction
of density, increase of processability, and enhancement of the
performance. It is noted that foam injection molding creates
some through-plane density and cellular morphology gradients.
However, the effects of such gradients on the electrical
conductivity and EMI SE will be marginal in the case that
the fiber length is significantly greater than the cell size because
the fiber orientation will not be significantly affected by cell
growth.
Recently, some researchers have tried to develop CPC foams

for EMI shielding applications.1,13,28−40 Thomassin et al.31 used
melt-blending and coprecipitation techniques to prepare
polycaprolactone (PCL)/multiwalled carbon nannotubes
(MWCNT) composite foams with densities as low as 0.22 g·
cm−3 and EMI shielding effectiveness (SE) of as high as 80 dB
at MWCNT loading of 0.1−0.54 vol % and a shield thickness of
20 mm. Ling et al.28 reported microcellular poly(ether imide)
(PEI)/10 wt % graphene nanocomposite foams, prepared by a
phase-separation process, that exhibit a density of ∼0.3 g·cm−3

and a specific EMI SE of 44.1 dB·g−1·cm3. Yan et al.35 also used
a salt-leaching process to prepare polystyrene (PS)/30 wt %
graphene foams and achieved a SE of 29 dB, corresponding to a
specific SE of 64.4 dB·g−1·cm3. Recently, Chen et al.36,37 used a
nickel template to deposit graphene sheets by chemical vapor
deposition. After the graphene layer was coated with poly-
(dimethylsiloxane) (PDMS) and the nickel template was
etched, highly flexible foams of low density (0.06 g·cm−3)
were obtained and presented a high specific EMI SE of 500 dB·
g−1·cm3.36

However, most of these efforts have been focused on batch-
scale systems that cannot be easily scaled up, and very little
attention has been paid to the foam injection-molding process
of CPCs for EMI shielding applications. One major advantage
of foam injection molding is that it can be easily adapted to
manufacture EMI shields as substitutes for metal-coated
thermoplastic frames and cabinets because they are currently
manufactured by injection molding. In our earlier works, the
effects of foaming (using nitrogen, cell size ≈ 100 μm) and
injection-molding parameters on the microstructure, the
electrical properties, and the EMI SE of injection-molded
polypropylene (PP)−carbon fiber (∼100 μm length and stiff)
composites were investigated.1,20 It was shown that generation
of a cellular structure reduced the density of the injection-
molded samples by 25%, lowered the volume fraction of the
percolation threshold from 8.5 to 7 vol %, enhanced the
through-plane conductivity, increased the dielectric permittiv-
ity, and resulted in an increase of the specific EMI SE up to
65%.1,20

In this work, stainless-steel fiber (SSF) was selected as a
conductive filler to assess the effects of foaming in the injection-
molding process when the fiber is flexible and its length is
significantly larger than that of the cell size by an order of
magnitude. Previous works dealt with the same size scale1,20 or
much smaller scale fibers41 compared to the cell size. Unlike the
previous cases,1,20,41 in the current structural configuration, the

change of the fiber orientation via cell growth is minimal, and
thus the other mechanisms associated with physical foaming,
particularly fiber breakage, were thoroughly investigated.
Also, carbon dioxide (CO2) was selected as a physical

blowing to have a much greater amount of dissolved gas in the
polymer (3 wt %), as opposed to the case of nitrogen (0.3 wt
%1]). This is possible because of the higher solubility of CO2,
compared to that of nitrogen.42,43 The higher gas content will
contribute to a further decrease in the viscosity and thereby less
fiber breakage and less fiber orientation. PP−SSF composites
containing various fiber contents (0−1.5 vol %) were then
made using injection molding to obtain solid and foam
composites, having 0−35% void fraction. The effects of the
introduction of a plasticizing gas and the void fraction on the
electrical percolation threshold, the through-plane conductivity,
and the EMI SE were characterized. The microstructure and
fiber breakage were also investigated, and the mechanisms,
through which foaming contributed to the enhancement of the
electrical properties and the EMI SE, were also identified.

2. EXPERIMENTAL SECTION
2.1. Materials. The commercially available high-crystallinity

injection-molding grade of homopolymer polypropylene (PP)
F350HC2, with a specific gravity of 0.9 g·cm−3 and a melt flow
index of 35 dg·min−1 (230 °C/2.16 kg), supplied by Braskem America
Inc. (Houston, TX), was used as the base resin. Stainless-steel fiber
(SSF), a grade of Beki-Shield GR75-C12-E supplied by Bekaert Corp.
(Marietta, GA), was selected as the conductive filler. It was provided in
the form of fiber bundles coated with ethylene acrylic acid zinc
ionomer and sized with a thermoplastic polyester to yield 75 wt % of
SSFs in the bundles. This grade was specifically designed to be used
with polyolefins such as PP and in a processing temperature range of
120−290 °C. The SSFs had a length of 5 mm, an average diameter of
8 μm, and a specific gravity of ∼8 g·cm−3. Commercial carbon dioxide
(CO2), supplied by Linde Gas, Canada, was used as the physical
blowing agent for foaming.

2.2. Experimental Setup. A 50-ton Arburg Allrounder 270/320 C
injection-molding machine (Lossburg, Germany) with a 30-mm-
diameter screw and equipped with MuCell technology (Trexel, Inc.,
Woburn, MA) was used to fabricate solid and foam PP−SSF
composites. The PP pellets and SSF bundles were directly fed into
the injection barrel, and mixing occurred during processing. The SSF
fibers were observed to be well distributed owing to the specific
coating on the fibers and the dissolved gas. The mold contained a
rectangular cavity with a fan gate of 1.5 mm gap after the sprue. The
cavity dimensions were 132 mm × 108 mm × 3.2 mm. More details
can be found in previous works.44,45 The nominal void fraction in the
foam samples was controlled using partial filling of the cavity.46,47 The
optimum processing parameters were selected based on their effects
on the microstructure and electrical properties20 and are listed in
Table 1.

2.3. Microstructure. The microstructures were cryofractured,
sputter-coated, and then examined using scanning electron microscopy
(SEM; JEOL JSM-6060). The densities of the solid (ρs) and foam (ρf)
composites were measured using the water-displacement method
(ASTM D792-00). The void fraction was calculated as (1 − ρf/ρs). To
measure the fiber length, SSFs were first extracted from the polymer
matrix by burning the composites at 400 °C for 1 h in a furnace. SSFs
were then spread over a double-sided foam adhesive. The digital
images of SSFs were then captured using optical microscopy, and
image processing was carried out using ImageJ software, National
Institutes of Health.

2.4. Electrical Conductivity. Disk-shaped samples of 20 mm
diameter and 3.2 mm thickness were cut from the middle location of
the injection-molded parts using a die cutter under compression
molding. An Alpha-A high-performance conductivity analyzer by
Novocontrol Technologies GmbH & Co. KG was used to measure the
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through-plane electrical conductivity at a frequency range of 1 ×
10−1−3 × 105 Hz. For comparison purposes, the direct-current
conductivity, σdc, was taken at a frequency of 1 × 10−1 Hz. At least four
sample replications were carried out for each case, and the average
values were reported. In all cases, a voltage of 1.0 V was applied.
2.5. EMI Shielding. EMI SE was measured in the X-band

frequency range (8.0−12.4 GHz) using the setup schematically shown
in Figure 1. The setup consists of an HPE8361A programmable

network analyzer (PNA), two standard WR-90 coaxial launchers to
guide the electromagnetic wave, and a copper sample holder between
the launchers. The sample was cut from the injection-molded parts
and sized to 25 mm × 12.5 mm to fit in the opening of the sample
holder, which had slightly bigger dimensions than the opening of the
waveguide launchers (22.5 mm × 10 mm). The sample holder was
then mounted between the launchers. The incident electromagnetic
wave had a power of 0 dB·m, which corresponds to 1 mW. After
calibration of the setup, the wave transmittance and reflectance were
directly measured by the PNA and used to calculate the total EMI SE
and its reflection and absorption components.1

3. RESULTS AND DISCUSSION
3.1. Electrical Conductivity. 3.1.1. Solid and Foam

Injection-Molded Composites. Figure 2 exhibits the electrical
conductivity versus SSF content for the solid injection-molded
(SIM) and foam injection-molded (FIM) PP−SSF composites.
According to the percolation theory power law, the percolation
threshold was found to be 0.85 vol % for SIM composites. The
percolation threshold was calculated by fitting the experimental
data in double-logarithmic scale to σ = σ0 (φ − φc)

t, where σ

and σ0 are the measured conductivity and a scaling factor
related to the filler intrinsic conductivity, respectively.48 φ is the
filler volume content, φc is the filler electrical percolation
threshold, and t is a critical exponent related to the filler
dispersion and dimensionality. It is notable that the percolation
threshold of SIM composites is known to be much higher than
that of solid compression-molded samples.18,19,49,50 It is also
reported that the through-plane conductivity of SIM samples
beyond the percolation threshold is lower than that of the solid
compression-molded samples at the same SSF content.18,19,49,50

The reason for these differences stems from the difference in
the state of orientation in injection- and compression-molded
samples. Preferential orientation of the fibers in the flow
direction is much more severe in the injection-molded samples
compared to the compression-molded ones because of
significantly higher shear forces applied to fibers in injection
molding.19,20

It is also worth noting that the percolation threshold of SIM
PP−SSF composites (0.85 vol %) was significantly lower than
that of SIM PP−carbon fiber composites (∼8.5 vol %) reported
in our earlier work.1 The major reason for such a low threshold
in PP−SSF samples was the SSF’s high aspect ratio. The fiber
length measurement of SIM PP−1 vol % SSF showed that the
fiber length had a number average of 570 μm, resulting in an
aspect ratio of ∼70, whereas that of the PP−carbon fiber was
about 10.1 In addition to the decreased percolation threshold,
this range of fiber length provided the feasibility of investigating
the foaming effect on the electrical conductivity when the fiber
length is significantly greater than the cell size. This is
important because the relative fiber size with respect to the
average cell size would play a role in determining the degree of
fiber orientation caused by cell growth.
The percolation graphs of FIM composites are also presented

in Figure 2. They were analyzed in two different ways. Once,
the SSF content was considered as the initial content in the
solid precursor, taking only the polymer volume into account.
However, after foaming, the gaseous volume was also
introduced to the FIM samples. Therefore, to include the
gaseous volume (i.e., the voids), the SSF content was also
calculated with respect to the final volume of the injection-
molded sample. Hereafter, these two SSF contents are called
“initial” and “final”, respectively. This type of analysis
differentiated the effects of the foaming process and volume

Table 1. Processing Parameters Used in the Injection
Molding of Solid and Foam Composites

parameter solid foam

melt temperature (°C) 220 220
barrel pressure (MPa) 18 18
screw speed (rpm) 450 450
metering time (s) 13 13
injection flow rate (cm3·s−1) 40 40
mold temperature (°C) 30 30
pack/hold pressure (MPa) 30 N/Aa

pack/hold time (s) 3 N/A
gas injection pressure (MPa) N/A 24
CO2 content (wt %) N/A 3
void fraction (%) N/A 15, 25, 35

aN/A = not applicable.

Figure 1. Schematic of the EMI SE measurement setup.

Figure 2. Electrical conductivity of SIM and FIM PP−SSF composites
as a function of the SSF content. The foam samples have 25% void
fraction.
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exclusion on the electrical conductivity of injection-molded
samples.
The percolation threshold of the FIM samples was found to

be 0.35 vol % based on the initial content (Figure 2). This is
highly superior to 0.85 vol % in the SIM samples. Also, beyond
the percolation threshold, foaming slightly increased the
conductivity values of the injection-molded samples. Moreover,
by taking the 25% void fraction into account, the percolation
threshold further decreased from 0.35 to 0.26 vol %. In other
words, the percolation threshold of injection-molded compo-
sites decreased by more than 3 times when a void fraction of
25% was generated in their structure.
The generation of foam may enhance the electrical

conductivity of injection-molded samples via a change of the
microstructure in several ways, i.e., by changing the degree of
fiber breakage, fiber orientation, and skin layer thickness, as has
been demonstrated before.1,19,20 Figure 3 shows the repre-
sentative optical micrographs and the fiber length distribution
of both SIM and FIM PP−0.5 vol % SSF composites. Overall,
the fiber length was higher in the FIM samples compared to
that of the SIM samples. A number-average fiber length of 570
μm was obtained in SIM samples. However, the introduction of
gas (3 wt % CO2) into the polymer during processing resulted
in less fiber breakage, and a number-average fiber length of 760
μm was achieved in FIM composites. Similar results have been
observed for other fillers. Zhang and Thomson17 and Ameli et

al.1 have shown that the degree of fiber breakage is decreased
when foaming is employed in the injection molding of PP−
glass fiber17 and PP−carbon fiber composites.1 Zhang and
Thomson also measured the viscosity of PP−glass fiber using
an in-line rheometer in the injection-molding process and
found that the melt viscosity decreases in the presence of gas.17

Therefore, the decreased viscosity decreased the shear stresses
applied on the fibers and thus lowered the chance of fiber
breakage. The larger preserved length of SSF in the FIM
samples corresponded to an aspect ratio increase of more than
30%, compared to that in the SIM samples. It has been
repeatedly reported that the percolation threshold decreases
with an increase of the conductive filler aspect ratio.1,51

Therefore, it can be concluded that the higher retained aspect
ratio was another mechanism through which foaming enhanced
the electrical conductivity of the injection-molded samples.
Foaming also contributed to the enhancement of the

conductivity through changes in the state of fiber orientation.
Figure 4 shows the representative microstructures of SIM and
FIM PP−0.5 vol % SSF composites. In the SIM samples, the
fibers tended to orient in the machine direction, with less
tendency to orient in the thickness direction, as shown in
Figure 4a. In the core and skin regions of the FIM samples,
however, the fibers are oriented in both the machine and
thickness directions (Figure 4b,c). The skin layer thickness was
measured to be around 320 μm. This qualitatively indicates that

Figure 3. Representative optical micrographs of SSFs extracted from (a) SIM and (b) FIM composites and (c) cummulative and (d) frequency
distribution of SSFs in PP−0.5 vol % SSF.
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the severity of the preferential orientation was decreased
because of the decreased viscosity in the presence of the
dissolved gas.1,19,20 The attenuation of this preferential
orientation via the decreased viscosity by the presence of
dissolved gas promoted the electrical conductivity in the
thickness direction.1,19,20

It is notable that the foaming action in the core did not seem
to affect the fibers’ orientation much because of the smaller

scale of cells compared to the fiber length. This is very different
from the earlier cases, where the fiber size is equivalent to1,20 or
much smaller than41 the cell size, where the foaming action
affected the fiber orientation significantly. It is also believed that
the skin layer thickness of the FIM samples was reduced with
the presence of gas.20 However, because of the difficulty in
identifying the boundary of the skin layer for the unfoam SIM
samples, this comparison was not possible.

Figure 4. SEM micrographs of (a) SIM, (b) the core of FIM, and (c) the skin of FIM PP−0.5 vol % SSF composites. MD and TD denote the
machine and thickness directions, respectively.

Figure 5. Effects of the void fraction on the electrical properties of PP−SSF composites: (a) variation of the conductivity with the void fraction in the
composites containing various SSF initial contents; (b) evolution of the percolation graphs with the presence and an increase of the void fraction
(0% void fraction denotes SIM samples): (c) reduction of the percolation threshold with the void fraction.
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3.1.2. Effect of the Void Fraction. Figure 5a exhibits the
variations of the electrical conductivity with the void fraction
for PP−SSF composites containing various initial SSF contents.
Below the percolation threshold of the SIM samples (Figure 2),
i.e., at 0.50 and 0.75 vol % initial SSF contents, the generation
of 15% void fraction resulted in the formation of the percolative
network and caused the insulation−conduction transition, and
thus the electrical conductivity sharply increased by about 8−9
orders of magnitude. The electrical conductivity continued to
gradually increase by a further increase of the void fraction from
15 to 35%. For instance, in PP−0.5 vol % SSF, the through-
plane conductivity, σdc, increased from 4.3 × 10−15 to 4.0 ×
10−4 S·cm−1 upon generation of 35% void fraction. At 1.0 and
1.5 vol % initial SSF contents above the percolation threshold,
the conductivity increased very marginally with the void
fraction. Because the percolation networks had already been
formed in the solid samples at these contents, the conductivity
enhancement was expected to be slight. In these composites,
σdc increased 2−5 times after foaming.
To further investigate the effect of the void fraction on the

electrical behavior, the percolation graphs of the PP−SSF
composites having various void fractions are plotted in Figure
5b. Also, the percolation threshold was calculated for each void
fraction using the percolation power law48 [σ = σ0 (φ − φc)

t]
and reported in Figure 5c. As seen, the percolation threshold,
φc, decreased with an increase in the void fraction. First, φc
sharply decreased from 0.85 to 0.28 vol % as 15% void fraction
was generated. Then, φc slowly decreased from 0.28 to 0.21 vol
% by a further increase in the void fraction to 35%. The sudden
φc decrease at a 15% void fraction must be a coupled
consequence of several factors: (a) the presence of dissolved
gas in the polymer melt and its positive effects on the reduced
viscocity, lessened fiber breakage, and attenuated preferential

orientation of the fibers, (b) increased through-plane
orientation of the fibers caused by the three-dimensional
growth of cells,1,19,20 and (c) volume exclusion by 15% gas
phase. All of these factors contributed to the reduction of the
percolation threshold when 15% foaming was generated.
However, a further decrease of φc by an increase in the void
fraction from 15% to 35% was mainly due to the increased
polymer/fiber volume exclusion by the presence of higher
gaseous volume, noting that the other aforementioned factors
were relatively similar at various void fractions.
It is intersting to note that φc = 0.21 vol % for FIM PP−SSF

composites with 35% void fraction accounts for more than a 4-
fold decrease in the percolation threshold of the injection-
molded samples. The φc = 0.21 vol % achieved here for the
microsized SSF composites is significntly lower than the
percolation threshold values reported for the solid composites
containing microsized fillers such as carbon fiber (e.g., φc = 7.5
vol %1 and φc = 1.5−4.5 vol %52), carbon black (e.g., φc = 2−6
vol %53,54), and SSF (e.g., φc ≈ 4 wt %49). In fact, φc values of
FIM PP−SSF samples are comparable or even superior to those
of the composites containing nanosized additives such as
MWCNTs. For instance, percolation thresholds of 0.44 vol
%,54 0.5 vol %,55 ∼7 wt %,56 and ∼3.5 vol %57 have been
reported for acrylonitrile butadiene styrene (ABS)−MWCNT,
poly(methyl methacrylate) (PMMA)−MWCNT, polyethy-
lene−MWCNT, and polyamide-6−MWCNT, respectively.
It is also noted that, in an our earlier work, an optimal void

fraction of 20% was found for injection-molded PP composites
containing short carbon fibers with an aspect ratio of ∼10.20
However, for the current composites containing longer SSFs
with an aspect ratio of ∼70, the conductivity was continuously
improved with an increase in the void fraction of up to 35%.
This trend suggests that a further increase of the void fraction

Figure 6. X-band frequency range of the EMI SE of (a) SIM and (b) FIM (25% void fraction) PP−SSF composites at various initial SSF contents.

Figure 7. (a) EMI SE of SIM and FIM (25% void fraction) PP−SSF composites as a function of the initial and final SSF contents. (b) Specific EMI
SE of PP−SSF composites as a function of the void fraction at various initial SSF contents.
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beyond 35% may still contribute to the further enhancement of
the conductivity and the percolation threshold of PP−SSF
composite foams. In other words, the composites’ density can
be further decreased while the electrical performance is also
enhanced. This is due to the fact that the fiber thinning via cell
growth would not adversely affect the fiber interconnection.
Because the fiber length is much greater than the cell size, cell
growth would not be able to change the relative location of the
fibers.
3.2. EMI SE. EMI SE is a measure of the material’s ability to

attenuate the electromagnetic wave intensity. For electro-
magnetic radiation, EMI SE is the logarithm of the ratio of
incident power (Pi) to transmitted power (Pt) in decibels, i.e.,
SE = 10 log(Pi/Pt). For example, SE of 20 and 40 correspond
to the blocking of 99% and 99.99% of electromagnetic incident
waves, respectively. The EMI SE of the injection-molded PP−
SSF composites was measured in the X-band frequency range
(8.2−12.4 GHz) and is presented in Figure 6. As can be seen,
both solid and foam composites exhibited relatively frequency-
independent shielding behavior at various SSF contents and the
SE increased as the SSF content increased.
The grand average values over the X-band frequency range

are reported as representative SE in Figure 7. As can be seen,
FIM samples (25% void fraction) presented higher SE values
than their corresponding SIM composites with the same initial
SSF content. At 1.5 vol % SSF, SE of the FIM samples reached
47.6 dB, while that of the SIM samples was 40.9 dB. This
corresponded to an increase in SE of about 15%. Similar effects
of foaming have been shown in carbon fiber composites.20

Figure 7a also depicts the EMI SE of FIM composites as a
function of the SSF volume percent with respect to the total
volume of the foam sample (i.e., final content). It is seen that
the final SSF content required for the foam composites to
achieve a certain level of SE is significantly lower than that in
the solid composites. For instance, to achieve a SE of ∼40 dB,
1.5 vol % SSF is required for the SIM samples while only
slightly more than 0.75 vol % SSF is sufficient if the composite
has 25% void fraction. This accounts for ∼50% less usage of

SSF when foaming was employed. Furthermore, in the FIM
samples, only 0.37 vol % was enough to reach SE = 16.5 dB,
which is in the range required for applications in computer
devices.58

In the applications where lightweight materials are required,
the density is as important as the SE value. Therefore, the
specific EMI SE, defined as the ratio of the SE to the density,
provides a more appropriate criterion to compare the EMI
shielding performance. Figure 7b depicts the specific EMI SE of
PP−SSF composites as a function of the void fraction. In all of
the SSF contents, the specific EMI SE proportionally increased
with the void fraction. A maximum specific SE of 75 dB·g−1·cm3

was achieved in the composites with 1.1 vol % final SSF content
(i.e., 1.5 vol % in the solid precursor; Figure 7b) and 35% void
fraction.
The specific EMI SE of 75 dB·g−1·cm3 is highly superior to

the performance of most of the EMI shielding materials
reported in the literature, as summarized in Table 2.
Furthermore, the volume percentage of the filler used in the
PP−SSF composite foams is lower than those reported in most
of the works (Table 2). Because the SE is a strong function of
the shield thickness and it is usually directly proportional with
the thickness, to facilitate a more direct comparison, the specific
EMI SE of various materials was divided by the thickness of the
tested shield and presented in Table 2. It is seen that a value of
24.2 dB·g−1·cm3.·mm−1 was obtained for the current work,
which is superior to those of most of the reported works. A
significantly higher value of 333 dB·g−1·cm3.·mm−1 has been
reported for PDMS−graphene made using a nickel foam
template and chemical vapor deposition.36 This foam is
particularly suitable for flexible applications, owing to its very
low density.36 Also, a slightly higher value of 25.7 dB·g−1·cm3.·
mm−1 has been reported for PS−graphene at a high loading of
30 wt % graphene.35 However, these composite foams employ
nanosized particles that are much more expensive than the SSF
fibers used in the current work. Furthermore, all of these foam
composites have been fabricated in a batch-type system, which
is not easily adaptable to the current manufacturing methods.

Table 2. EMI SE of Various Solid and Foam Materials Measured in the X-Band Frequency Range

material filler
thickness
(mm)

EMI SE
(dB)

specific EMI SE (dB·
g−1·cm3)

specific EMI SE divided by thickness (dB·g−1·
cm3·mm−1)

foam PDMS−graphene36 0.8 wt % 1.0 20 333 333
PS−graphene35 30 wt % 2.5 29 64.4 25.7
PP−SSF (this work) 1.1 vol % 3.1 48 75 24.2
PEI−graphene28 10 wt % 2.3 13 44 19.2
PEI−graphene @Fe3O4

29 10 wt % 2.5 17 42 16.8
fluorocarbon−MWCNT33 12 wt % 3.8 42−48 50−57 13.2−15.0
PP−carbon fiber1 10 vol % 3.1 25 34 10.9
PCL−MWCNT31 2 wt % 20 60−80 193−258 9.7−12.9
PMMA−graphene30 1.8 vol % 2.4 19 24 10.0
PS−CNT12 7 wt % N/Aa 19 33 N/A
PS−CNF34 15 wt % N/A 19 N/Aa N/A
poly(vinylidene fluoride)−graphene32 2 wt % N/A 28 N/A N/A

solid poly(ether sulfone) (PES)−nickel
filaments59

7 vol % 2.85 87 47 16.5

copper59 3.1 90 10 3.2
stainless steel59 4 89 11 2.7
PES−nickel fibers60 10 vol % 3.1 7−13 N/A N/A
PS−copper nanowire58 2.1 vol % 0.21 35 N/A N/A
PES−carbon fiber60 40 vol % 2.87 30−38 N/A N/A
PES−nickel particles61 9.4 vol % 2.82 23 N/A N/A

aN/A indicates that the value has not been reported.
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The PP−SSF composite foams of the current work were
fabricated using foam injection molding, which can be readily
adapted to the manufacturing of foam shields as substitutes for
electronic frames and housing because injection molding is
their current manufacturing method.
To further understand the effects of foaming on the EMI

shielding performance, the contributions of the absorption and
reflection mechanisms to the total SE were also determined
following the procedure described in our earlier work1 and
reported in Figure 8. As can be seen, the shielding by reflection
was similar in both SIM and FIM composites. This was
expected because the surfaces of both solid and foam
composites were similar in terms of the local filler content
because the foam samples also had a solid skin layer.1 Shielding
by reflection slowly increased with the SSF content, reaching to
a maximum of about 5 dB. Therefore, the shielding by
absorption, which is desired in most of the applications, was the
dominant attenuation mechanism, and it continuously
increased with an increase of the SSF content in both SIM
and FIM composites. Compared to the SIM samples, the
shielding by absorption was higher for the FIM samples and
continuously increased as the void fraction was increased from
0 to 35%. The enhanced SE via absorption in the foam
composites stemmed from two different mechanisms. Less fiber
breakage, a change of the fiber orientation state, and a possible
increase in the interconnectivity of the fibers via physical
foaming contributed to an increase of the electrical conductivity
(Figure 2) and dielectric permittivity1 and thus resulted in an
increased SE.1,58,62 In addition, multiple reflection, which is the
electromagnetic wave reflection at various surfaces and
interfaces inside the shield,63 was another shielding mechanism
that was affected by the cellular structure. The existence of cells
created a huge gaseous cell−composite matrix surface area
inside the shield. The incident electromagnetic waves entering
the foam samples were reflected and scattered at the cell−
matrix interfaces numerous times. This multiple reflection
combined with the adequate level of wave absorption capability
inside the composite matrix resulted in the further attenuation
of electromagnetic waves and thereby improved the EMI SE in
the foam samples.30,64 The difference between the wave
scattering and multiple reflection in the solid and foam samples
is schematically presented in Figure 8b,c. It is noted that the
shielding by multiple reflection cannot be separately measured

and its effect is hidden in the absorption and reflection
measurements.

4. SUMMARY

The microstructure, fiber breakage, electrical properties, and
EMI SE of the SIM and FIM PP−SSF composites having void
fractions as high as 35% were characterized.
Generation of physical foaming altered the microstructure of

the PP−SSF composites predominantly through the plasticizing
effect of dissolved gas in a polymer melt. The dissolved gas
significantly reduced the fiber breakage and attenuated the fiber
preferential orientation via viscosity reduction.
The microstructural changes through foaming resulted in a

reduction of the density of up to 35% and the enhancement of
the electrical and EMI SE performance. The percolation
threshold of 0.85 vol % in solid composites continuously
decreased with an increase in the void fraction and reached 0.21
vol % at 35% void fraction, accounting for more than a 4-fold
decrease. Both the absolute and specific EMI SE values were
also increased by foaming. A maximum specific EMI SE of 75
dB·g−1·cm3 was achieved in PP−1.1 vol % SSF composite
foams, which was highly superior to 38 dB·g−1·cm3 of the solid
PP−1.0 vol % SSF composites.
The results obtained in this investigation reveal that

lightweight conductive products with a low filler content and
enhanced electrical and EMI shielding properties can be
developed with the aid of foaming in the injection-molding
process for applications in the electronics, aerospace, and
automotive industries.
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