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ABSTRACT The massive increase in telecommunications infrastructure and devices has recently
exacerbated the necessity of developing advanced electromagnetic interference (EMI) shielding solutions.
Porous structures based on conductive polymer composites (CPCs) are currently promoted as feasible options
for this task. In this scenario, the chemical foaming process shows suitability for easily fabricating CPC
foams with closed cells and variable porosity. Nonetheless, the process and the products have not yet been
fully explored in the literature for EMI shielding purposes. Hence, this work proposes the fabrication of
foams made of polylactic acid with 10wf% carbon fiber (CF-PLA) via chemical foaming. After the process
assessment, the morphological and dielectric characterizations of the samples were discussed in the function
of the process parameters. The results show that chemical blowing agent (CBA) weight fraction % and
temperature were key in obtaining target structural and dielectric requirements enabling EMI shielding.
Numerical analyses on CF-PLA foams, modeled according to morphological outcomes, were performed
via the integral finite difference time domain (IFDTD) method. The obtained Scattering Parameters and
shielding effectiveness (SE), between 0.5 and 12 GHz, highlighted that when foam relative density and air
pore density are simultaneously high, the shielding is mainly accomplished through absorption (SEx =
20dB) while reflection is minimized (SEr = 2dB). Scattering Parameters and SE were also measured in the
X-band showing good agreement with the numerical findings; indeed, CF-PLA foams with higher relative
density and air cell density exhibited a reduction of SEr (3dB) and a SE5 with maxima up to 30dB.

INDEX TERMS Chemical foaming process, EMI-shielding, carbon fiber polylactic acid, foam, morphology,
relative permittivity, electromagnetic field absorption, shielding effectiveness.

I. INTRODUCTION

Society’s lifestyle currently relies on faster telecommuni-
cations (TLC), which includes the 5G standard [1], [2]
and digital support for the Internet of Things (IoT). Such
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a massive increase in infrastructure and devices leads
to coping with electromagnetic interference (EMI) issues
and EM pollution. EMI can be tackled through shielding,
usually enabled by metal-based structures [3]. However,
metal shields have the drawback of contributing to the EM
pollution induced by secondary reflected waves. For these
reasons, the research community has been exploring new
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EMI shielding solutions, focusing especially on structures
capable of enhancing wave absorption rather than reflection
and providing, at the same time, ease of processability.
In this regard, porous/cellular structures [3], [4], [5] have
been proposed as suitable candidates, as they offer the
opportunity to tune the porosity appropriately by implement-
ing reticular and periodic arrangements of air pores/cells
(electromagnetic band gap-like) or a random distribution, i.e.,
foams.

Conductive polymer composites (CPCs) have recently
been examined to realize such reticular and random porous
structures. CPCs are obtained by combining thermoplastic
matrixes with a specific percentage of nanofillers (carbon
fibers or nanoparticles, Carbon NanoTubes- CNT, graphene
sheets, reduced Graphene Oxide-rGO, MXene, nanoparticles
of Ag, Cu, Ni, etc.) or ferroelectric materials. There-
fore, when CPCs are exploited to fabricate porous/cellular
structures, the EM wave absorption mechanism can be
enhanced through the interaction of EM radiation with
the electroconductive lossy material. Additionally, the air
pores/cells allow for the EM field entrapment attained by the
internal multiple scattering, thus further improving the EMI
Shielding Effectiveness (SE) [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17].

Polylactic acid (PLA) filled with conductive carbon
fibers or nanoparticles displays outstanding versatility and
processability when designing and manufacturing microwave
absorbers. Numerous studies, mainly focused on periodically
arranged porous geometries or multilayers, have been
reported in the recent literature [18], [19], [20], [21],
[22], [23]. Bregman et al. [18] realized periodic porous
structures with different aspect ratios made of PLA with
graphene nanoplatelet (xGNP) and fabricated via CNC
milling. Varying the nanoplatelet filling percentage and
radius of the air pores, results showed that reflection
loss increased by as much as 13 dB, thus leading to
SE optimization. Differently, Shi et al. [19] developed a
multifunctional filament of PLA with graphene nanosheets
(GNs) (9.08 vol%), then used to fabricate structures with
controlled variable porosity, characterized by a SE of 34.9 dB
in the X-band. In this case, the authors used the fused
filament fabrication (FFF) technology, which allowed them
to implement variable deposition patterns and consequently
tailor the structure permittivity. With the same 3D printing
technology, Lv et al. [20] observed that, for fabricating
a controllable porous structure, two process parameters,
i.e., infill and the deposition pattern (triangle, square, and
honeycomb), can be adjusted appropriately to favor the EM
waves capturing and improving final SE values. Laur et al.
in [21] reported a case study where a 3D printed periodic
porous structure, composed of a multiscale honeycomb
configuration glued on a metallic plate, reached a superior
adsorption level (22.9 dB) over a wide frequency range (2-
18 GHz). Similarly, 3D printed sandwiched structures, such
as a PLA substrate/ PLA honeycomb/PLA substrate [22] and
a PLA substrate/polyvinylidene fluoride (PVFD) with CNT/
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PLA substrate [23], were studied for EMI shielding purposes
at 2.4 GHz, X, and Ku bands, respectively.

When using randomly distributed porous structures, i.e.,
foams [24], [25] for EMI shielding applications, closed
or partially open cells with small sizes and high density
are recommended. In these cases, technologies based on
foaming, such as batch foaming, foam extrusion, foam
injection molding, and bead foaming [15], [26], [27], [28],
[29], [30], [31] have been investigated. Physical foaming
involving CO, in supercritical conditions [27], [28], and
injection molding [29], [30] have been considered to attain
cell type and density targets. In particular, supercritical CO;-
based foaming was used to fabricate expanded PLA (EPLA)
foam with a CNT content of 2.68 wt.%. The EPLA was
characterized by a high expansion ratio and cell density,
excellent tensile and compressive strengths, an electrical
conductivity of 0.12 S/m, and a SE of 99% in the X-
band [28]. Wang et al. realized various PLA-based foams
for EMI shielding by experimenting with different methods.
In [29], PLA/graphite nanocomposite foams, with improved
mechanical and dielectric characteristics, were fabricated
through continuous foam injection molding, whereas batch
foaming combined with solvent casting and steam-chest
molding was utilized to obtain PLA/MWCNT foams [30].
Differently, Frackowiak et al. [31] reported a study on
microporous structures for EMI shielding in the frequency
range 100 kHz-1MHz, made of PLA with carbon fibers
and carbon black, and realized by chemical foaming. The
results showed that the foaming process improved the foams’
permittivity and, consequently, the SE. However, the authors
also observed that lower carbon fiber or carbon black filler
percentage contents would have been preferred to accomplish
higher SE.

Except for this latest study, the literature lacks a deeper
investigation of the chemical foaming for fabricating random
porous structures characterized by closed cells which can
be used as EMI shields in the microwave range. Hence,
the present article first proposes a detailed assessment
of the chemical foaming process for realizing carbon-
fiber-PLA (CF-PLA) foam samples. To assess the process,
a design of experiment on two levels was implemented
by varying the process parameters, i.e., the weight fraction
of the blowing agent, foaming time, and temperature.
The morphology and dielectric characteristics of the pro-
duced 8 samples were examined in the function of the
process parameters. Subsequently, the Scattering param-
eters and SE are first predicted by numerical analyses,
performed by the integral finite difference time domain
(IFDTD) method, and then measured in the X-band by
using a WR90 waveguide connected to a Vector Network
Analyzer (VNA).

The paper is organized as follows: Section II describes
the chemical foaming process and samples’ characterization.
Section III reports numerical results obtained via the [IFDTD
method applied to the foam modeled on morphological
outcomes. Results concerning the scattering parameters Sy
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and S»; and SE measurements in the X-band are detailed
in Section IV and compared to numerical findings. Finally,
conclusions are summarized in Section V.

Il. CHEMICAL FOAMING PROCESS OF CF-PLA FOAMS
The chemical foaming process activates the exothermal
expansion of a polymer matrix through the use of a chemical
blowing agent (CBA); the CBA must be capable of reaching
its decomposition temperature within the same range as the
melting temperature of the polymeric blend.

Initially, the polymer pellet is mixed with the CBA; then,
the mixture is placed in a silicon mold opened to the
top and located in a pre-heated electric furnace (Memmert
Excellent 400), where the increasing temperature starts the
process.

The chemical foaming comprises three phases: cell
nucleation, growth, and stabilization. During cell nucleation,
the polymer/gas biphasic structure is formed due to the
CBA decomposition, which produces a gas (CO;) into the
molten polymer and enables cell growth. In this heating
phase, the main criticality is the liquid state of the foam,
which is typically thermodynamically unstable and affected
significantly by temperature fluctuations. Hence, careful
control of heating conditions is essential to obtaining
high-quality foams, thus reducing the risk of coalescence
among cells and the consequent increase in the cell’s
diameter and decrease in cell number. When the foam
has fully formed and filled the mold, fast cooling by
air quenching (or water) must be applied to stabilize the
structure (cell stabilization) and prevent the foam’s cells from
collapsing.

In the present study, the selected polymer matrix is the CF-
PLA by Proto-pasta [32], characterized by a content of 10%
of milled carbon fiber having a maximum particle size of
0.15 mm; its melting temperature is approximately 155°C, its
density is 1.3 g/cm?, and its volume flow-rate is 2-4 mm?/s.
The chosen CBA exothermic agent is the AzoDiCarbonamide
- ADC by Acros Organics (with purity of 97%).

TABLE 1. Experimental factors and levels.

Factor Low level High level
ADC fraction (%) 1 2
Temperature (°C) 190 210
Time (min) 90 120

Table 1 reports the process parameters (ADC fraction,
foaming temperature, and foaming time) selected for the
experimental plan. Based on previous experimentation,
screening tests, and literature, the recommended ADC
fraction is 1-2 wt%. For the experiments, a two-level full-
factorial design, comprising two levels of temperatures at
standard atmosphere, 190°C and 210°C, foaming time,
90 and 120 min, and ADC fraction, 1% and 2%, are
considered, ending in a total of 8 samples realized in arandom
sequence.
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FIGURE 1. (a) Foamed sample of CF-PLA and (b-c) longitudinal sections
of the foam.

A. CF- PLA-BASED FOAMS’ MORPHOLOGICAL
CHARACTERIZATION

Fig. 1 shows one of the foamed samples made of CF-PLA
with the magnification of the longitudinal section obtained
after cutting the sample with a diamond saw (Buehler
Isomet).

The foam quality and characterization were first assessed
by evaluating their volume after expansion, relative density,
and foam morphology. The volume after the expansion
was determined by measuring sample dimensions with a
digital caliper, whereas the relative density was obtained by
calculating the ratio of foam density and base material density
(CF-PLA matrix). Table 2 reports the measured volume
generated by expansion, the relative density, and the thickness
of the non-foamed layer, where present. Actually, it can be
observed that this layer is found for samples from 4 to 8§,
which have been processed at higher foam temperature and/or
with higher ADC weight fraction %.

TABLE 2. Volume after expansion and relative density in function of the
process parameters.

Non-foamed
Sample fraction layer thickness
(%) (mm)

1 190 90 18.249 0.340 0

190 120 18.301 0.338 0

190 90 17.911 0.344 0

190 120 15.732 0.394 4332
210 90 19.267 0.319 4.450
210 120 19.613 0313 4.661
210 90 18.342 0.335 4.231
210 120 18.352 0.335 3.469

ADC weight Foaming Foaming time | Volume Relative

temperature (°C) (min) (em?) Density

|| |u & |w|o|—
19 10 = = 1o fro | —

Foaming with excessive ADC quantity is neither desirable
nor economical and can yield a nonuniform structure. In this
viewpoint, Matuana et al. [33] reported that increasing the
agent content in the extrusion foaming of PLA initially
enhances foams’ air fraction and cell density. However, when
the content is further increased (until 2%), a volume decrease
is observed after reaching a maximum value, as in the present
case. Indeed, higher blowing agent content may promote mas-
sive cell growth and a consequent breakage of the thin walls
separating cells, which originates cell coalescence. Moreover,
during solidification, due to gravity, the molten material can
drain through the cell membranes, thus giving place to a non-
foamed polymer layer at the bottom. Notwithstanding, such
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FIGURE 2. Visual acquisition of foamed sample via Image) software.

effects result in foams featuring a relevant material density
gradient.

Visual analysis and post-processing were carried out on the
samples’ 2D cross-sections to evaluate the foam morphology
and obtain cell density (i.e., the number of cells for the surface
unit), cell dimensions, and cell circularity. For this study, the
images were acquired by a 3D optical profilometer (Sensofar
S Neox), and the image post-processing was performed via
Imagel software, which retrieved the cell number per area and
the cell dimension.

Differently, the cell circularity was calculated via the
“circularity parameter” C, expressed as [34]:

C =4nA/P? (1)

where A and P are the cell’ area and perimeter, respectively;
clearly, when C = 1, air cells are perfectly circular.

TABLE 3. Results for cell density, the median of the cell area distribution,
and circularity parameter (process parameters of samples 1-8 are the
same as referred in table 2).

. Cell area : .
Sample cel Qeustty distribution median Cll'.(‘.lllal'lt}‘f
(cells/cm?) 2 parameter
(mm?)
1 176.67 0.51 0.511
2 115.69 0.72 0472
3 142.32 047 0.625
4 135.63 0.23 0.403
5 98.66 0.52 0.325
6 89.17 0.45 0.331
7 154.36 0.33 0.363
8 100.68 0.36 0.368

Table 3 summarizes the morphological results. As inferred
from the data, each sample’s cell density varies dramatically.
Regarding cell area distribution, its representation via the
median [35] has been preferred instead of average and stan-
dard deviation, as it provides more immediate information
about cell dimensions. For clarity’s sake, Fig. 3 reports the
cell area distribution and median values related to samples
2 and 8, which have the same number of larger cells (30)
but very different cell dimensions (0-1.3 mm? for samples
2 and 0-0.7 mm? for sample 8). This characteristic is promptly
available by looking at the median values: sample 2 has
higher median values (0.72) than sample 8 (0.36). Finally, the
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Sample 2 - Median = 0.72

30

Cells Number

13-26
26-39
39-52
52-65
65-7.8

0
- =
3 3
2 )
~ e }

3

Cells area [mm?] (a)

104-11.7 ©
11.7-13
13-143

143-156

Sample 8 - Median = 0.36

Cells Number

21-28
28-35 ©
35-42

42-49 9o
9-5

56-6390
63-7¢0
7-727¢] =
77-8400

07-14
14-21

Cells area [mm?] ) (b)

FIGURE 3. The median of the cell area distribution for (a) sample 2 and
(b) sample 8.

inspection of the circularity parameter witnessed an elliptical
shape of the air cells.

Usually, a well-dispersed nano-filler is expected to
enhance the melt strength of the polymer because of high
particle interaction, which can result in efficient stabilization
of the cell structure during cell growth. Nonetheless, the
PLA was demonstrated to have poor melt strength, making
the production of PLA foams with superior cell morphology
quite cumbersome [36]. Nevertheless, considering the final
purpose of the structures, the superior cell morphology
might not necessarily be desirable. In fact, higher relative
density and reduced air cell dimensions are prerequisites
for allowing gradient cell distribution, which is required to
accomplish minimized EM wave reflection and increased
absorption.

From this perspective, we evaluated how process parame-
ters impact the relative density, the cell density, the cell area
distribution, and the circularity of CF-PLA foams (Fig. 4).
It can be noticed that a higher relative density (Fig. 4a)
and cell density (Fig. 4b), with reduced cell area (Fig 4c)
can be obtained by increasing ADC%, and decreasing
the temperature. Nonetheless, reaching higher circularity
(Fig. 4d) implies a reduction of ADC%, temperature,
and foaming time. Therefore, the ADC% value must be
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Relative density (a )

0.360
0.355
0.350
0.345
0.340
0.335
0.330
0.325
0.320
0.315
0.310

ADC weight fraction (%) Foaming temperature (°C) Foaming time (min)

Wlevell ®level2

Cell density [cells/mm2] ( b)
160.0
140.0
120.0
100.0
80.0

40.0
20.0

e ADC weight fraction (%) Foaming temperature (°C) Foaming time (min)
mlevell mlLevel2
Cell area distribution median [mm2] (C)
0.60
0.50
0.40
0.30
0.20
0.10
0.00
ADC weight fraction (%) Foaming temperature (°C) Foaming time (min)
mlevel1 wlevel2
Circularity parameter (d )
0.60

ADC weight fraction (%) Foaming temperature (°C)

Foaming time (min)

Hlevel1 mlevel2

FIGURE 4. (a) Relative Density, (b) Cell density, (c) median of the cell area
distribution, and (d) circularity parameter vs. process parameters, ADC
wf%, foaming temperature (°C), and time (min) for low (level 1, blue bar)
and high (level 2, orange bar) levels.

set by fixing priority targets, as it is not possible to
obtain the simultaneous maximization of all morphological
indicators.

78114

(a)
Coaxial
Probe
Direction
of foam
expansion
: X
4 Transversal
direction to foam
expansion
4 = 2
EBS ; 15 7ﬁ;
& ) A3
33 \D‘V‘M‘M*-""“* 2, —Acq 4
g ‘l ’ =~ H head
25 - E o5 —Ax 6
£ a3 saar
g 2 Acq3 ‘—; 0 e S G
£ ey | E
zl 5 :m: E—OS
2 Acq7 & 4
3ul @ $.0 ()
0 g .
0 05 1 15 2 25 3 0 05 s | 15 2 25 3
Frequency [GHz) Frequency [GHz]

FIGURE 5. (a) PLA foam with acquisition direction; (b) example of
complex permittivity acquisition by coaxial probe along the direction
transversal to foam expansion. Complex Permittivity measurements of
foam sample 1, process parameters: ADC 2 %, T = 190 °C, t = 90 min;

(c) 7 acquisitions for the real part of permittivity; (d) 7 acquisitions for the
imaginary part of permittivity.

B. MEASUREMENTS OF RELATIVE COMPLEX
PERMITTIVITY

The coaxial probe method was used to characterize the
foams’ relative complex permittivity ¢. The measurement
setup involved a Coaxial Probe 85070C connected to a Vector
Network Analyzer (VNA - Agilent Technologies, 8714ET)
operating between 0-2.5 GHz. The method provided the real
part ¢’ and the imaginary part ¢”. To evaluate the foam
anisotropy, the measurements were performed along two
directions, i.e., the foam expansion direction (Y) and the
transversal one (X) (Fig. 5a), and repeated seven times each.
Figures 5c-d report all plots of real and imaginary permittivity
measurements of sample 1 (ADC 1%, T = 190 °C, t =
90 min), which exhibit relevant repeatability.

Fig. 6 depicts the plots referring to the average complex
permittivity of sample 2 (Fig. 6a-b) and sample 8 (Fig. 6¢-
d); for the average curves, a fitting filter was applied to
the raw data to cleanse the ripples due to noise. Samples
2 and 8 are chosen once again as they display similar volume
and relative density (18.301 mm? and 0.338 for sample 2,
and 18.352 mm?® and 0.335 for sample 8) but very diverse
cell density, area, distribution, and circularity (see Table 3).
In particular, since sample 2 has air cells with larger areas,
a lower &’ than sample 8 is expected along the foaming
expansion direction, as confirmed by the plots in Fig. 6a,c.
Conversely, ¢’ is higher along the transversal one for both
samples. In these cases, higher ¢/ may be ascribed to a
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FIGURE 6. Figure 6: Average relative permittivity plots of sample 2 (ADC 1
%, T =190 °C, t = 120 min): (a) real (red) and imaginary (green) parts
along foaming expansion direction-(b) real (red) and imaginary (green)
parts along transversal direction; Average relative permittivity plots of
sample 8 (ADC 2 %, T = 210 °C, t = 120 min): (c) real (red) and imaginary
(green) parts along foaming expansion direction—(d) real (red) and
imaginary (green) parts along transversal direction.

more dense non-foamed polymer layer the probe surface
was in close contact with. For the analyzed samples, &”
shows minimal and relatively constant values (0.001-0.02)
throughout the frequency range of interest, independently of
the acquisition direction. For completeness, all average ¢” and
¢ values of all foam samples are summarized in Table 4.

TABLE 4. Average Complex permittivity of all foam samples for foaming
and transversal directions.

Samplen Averages' Averages' Averages' Averages"”
" | Foaming direction | Transversal direction | Foaming direction | Transversal direction |
1 2.003 2.496 0.075 0.509 |
2 1.859 3.720 -0.052 0.059
3 2.929 3.971 0.203 0.052
4 4.332 2.979 5.103 0.063
5 1513 2.451 0.103 0.086
6 1.824 3.559 -0.452 -0.159
7 1.757 2.681 -0.722 -0.043
8 2312 2.815 0.005 -0.022

The average values of relative complex permittivity &,
measured in the foaming direction, were also examined in the
function of process parameters, ADC%, foaming time, and
temperature (Fig. 7 and Fig. 8). As inferred from Fig. 7a-b,
¢’ generally increases as ADC% and the foaming time are
raised while the temperature must be kept as low as possible.
These observations also agree with the process settings
suggested for obtaining foams with higher relative density
and cell density. Similarly to &', also the imaginary part of
the permittivity, ¢’ (Fig. 8), tends to increase with ADC%
and foaming time, and foaming temperature is more minor.

1. NUMERICAL ANALYSES OF STOCHASTIC AIR CELL
DISTRIBUTION MODEL MIMICKING PRODUCED

CF-PLA FOAMS

Numerical simulations were performed using the IFDTD
method via CST Microwave Studio to predict the behavior of
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FIGURE 7. Average imaginary permittivity measured along foam
expansion direction plotted by varying: a) foaming time and temperature,
and b) foaming temperature and ADC weight fraction.
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the CF-PLA foams. The numerical domain (Fig. 9) comprised
two air blocks; the incident port 1 and the output port 2
were placed at the beginning of the first air block and the
end of the second one, respectively. The excitation was
the plane wave propagating along the z direction. The air
cells were created within a CF-PLA block by applying
a random cell distribution based on the morphological
outcomes, with cell dimensions decreasing along z. Perfectly
matched layer (PML) boundaries were applied along the
propagation direction, while boundaries on the x-y plane were
set considering Ex = 0 and Hy = 0.

The CF-PLA permittivity implemented in the numerical
analyses was fitted on measurements performed on a 3D-
printed block (sizing 50 x 50x30 mm?®) fabricated via
fused deposition modeling (FDM), setting 100% infill and
honeycomb deposition pattern. The real and imaginary parts
of the complex permittivity are depicted in Fig. 10 and are
also in excellent agreement with the values reported in the
literature [37], [38], [39].

The numerical analyses were computed in the frequency
range between 0.5 and 12 GHz to investigate the Scattering
parameters, S1; and S;1, and the SE, as the foam thickness
and air pore number vary. The SE contributions have been
calculated based on the following formulas (2)-(4) [40],

P.
SE = 101ogy, (F) = 10logy,

t

1
T‘ = SEp + SE}, (2)

, P; 1
SER = 1010g10 m = lOloglo m
101 ! 3)
= 10logjo |—|-
=57
P 1—R
SE, = 10log;, (%) = 10log;g | ——
t
1-S3,
S21

where Pi and Pt are the total impinging and transmitted power,
respectively; Pav is the available power defined as Pi-Pr.
SE is the total shielding effectiveness, while SE’r and SE’ o
are the reflective and absorptance contributions to shielding
effectiveness, respectively.

Initially, a foam thickness “t” of 15 mm was considered,
with a maximum number of randomly distributed air pores
equal to Npore = 300, having decreasing dimensions along
the propagation direction. It is worth underlining that the
air pore number could not be further increased due to the
limitations imposed by the finite thickness of the structure,
discretization, and calculation burden. Therefore, the relative
density of the modeled foam is expected to be higher
than those calculated for the samples (Table 2). Indeed,
considering the volume of the modeled CF-PLA bulk material
(20 x 20x 15mm3), the relative density of the first modeled
foam corresponded to 0.75, roughly 2 times higher than
all values reported in Table 2. The Scattering parameters
depicted in Fig. 11a-b evidence Fabry Perot (FP) resonances
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typical of a finite dielectric structure at 4.11 GHz and
8.41 GHz.

Nevertheless, S1; and Sy; are simultaneously minimized
at 4.65 GHz and 8.95 GHz, where smaller and sharper
dips superimpose FP resonances. In order to investigate the
resonance types, the electric field modulus at two different
frequencies, 4.11 and 4.61 GHz, was inspected. Fig. 12a-b
shows that the E-field distribution at 4.11 GHz, outside and
inside the modeled foam, is that of an FP resonant mode.
In contrast, it can be noticed that at 4.61 GHz (Fig. 12c-d),
the E-field modulus is entrapped and enhanced within the
air pores, indicating Mie-type resonant mode [41]. Mie-type
resonance occurs when a plane wave impinges a dielectric
sphere, having a positive refractive index n and diameters
approximately equal to A/n. In such conditions, the E-field
confined within the dielectric air pore induces the coupling
between the incident wave and the circular displacement
current. Therefore, these Mie-type peaks are enrolled for the
structure’s multiple internal reflection (MIR) mechanism.

Undesirably, the SE components plotted in Fig. 11b show
that, although characterized by higher relative density, the
modeled foam displays poor shielding capability, as the
SEs and SER have comparable maxima of 2.5 dB. This
result suggests that the foam’s relative density is insuffi-
cient to accomplish satisfactory SE and in particular, SE4.
Hence, additional simulations involving more air pores
were performed. However, considering more pore numbers
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(a) F=4.11 GHz

(b) F=4.11GHz _L
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(©) F = 4.61 GHz |
H

(d) F=461GHz L

FIGURE 12. (a) E-field module at F = 4.11 GHz, evidencing reflected and
transmitted wave due to FP resonance; (b) E-field module describing FP
resonant mode inside the foam; (c) E-field module at F = 4.61 GHz,
evidencing reflected and transmitted wave due to Mie-like resonance;
(b) E-field module describing Mie-like resonant mode inside the foam.

compelled us to simulate also higher foam thicknesses: t
= 30 mm and Npore = 500, t = 60 mm, and Npore =
800. Therefore, once again, the relative densities of the
modeled foams (Table 5) resulted in higher values than the
measured ones. New Scattering parameters, S1; and Sy
(Fig. 13a-c), display an increased number of FP modes,
proportional to foam thickness increase. Nonetheless, due
to the simultaneous increase of the air pore number, shaper,
tighter, and more intense dips referring to Mie-type modes
also appear, especially at the higher edge of the frequency
range.

Considering the relative density variation of all modeled
foams (Table 5), it’s reasonable to suppose that the effective
relative permittivity of the foamed structures does not vary
significantly, which implies a similar impedance mismatch
for all case studies. Consequently, SER values are expected to
be as low as in the previous case, and this trend is confirmed
by Fig. 13b and Fig. 13d, which exhibit an SEgR = 2 dB
(blue lines). On the contrary, including more air pores with
decreasing diameters enhanced the plane wave’s coupling
with the electric and magnetic dipoles, and consequently
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CF-PLA foam with 800 pores.

more Mie-type resonances. Hence, the SE5 plots reported
in Fig. 13b and Fig. 13d (red lines) pass from values
ranging between 1.5-2 dB for Nyore = 300 to 8-14 dB for
Npore = 800, thus attaining better absorptance.

TABLE 5. Modeled foam thickness and pore number, total volume of the
modeled foam, air volume included in the bulk material, and relative
density.

Thickness t Total Volume Air Volume P=1-
(mm), \% Vair Vairl V
Air Pore Number (mm’®) (mm’)
15, 300 6000 1513 0.75
30, 500 12000 3407 0.72
60, 800 24000 7990 0.67

IV. SCATTERING PARAMETERS AND SE MEASUREMENTS
IN THE X-BAND

The Scattering parameters in the X band were measured for
all samples via the setup reported in Fig. 14a-b, comprising a
WROI0 waveguide connected to the Vector Network Analyzer
(VNA - Agilent Technologies, N9917A), operating between
0-18 GHz. The original CF-PLA foams were appropriately
cut (Figure 15c¢) to match the dimensions of the WR90
(22.86 mm x10.16 mm), and their sizes, weight, volume,
density, and relative density are reported in Table 6.

As inferable from Table 6, the widths and especially
the heights of all cut samples are slightly smaller than the
actual sizes of the WR90; however, considering the operating
wavelengths in the X-band, the presence of about 1 mm
thick air layer is not expected to influence the measurements.
The relative density of the samples is reasonably increased
compared to the original ones (cf. Table 2 in Section I1), as the
sample cut was made sacrificing the largest air cells, mainly
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TABLE 6. Cut samples’ sizes, weight, volume, density, and relative density.

Cut | Width | Thick Heightiera | Heights; ‘Weight Volume Density | Relative
Sample | (mm) (mm) (mm) (mm) [3) (em®) (g/em®) | Density
F1 22.4 17.35 9.5 9.65 1.97 3.721 0.529 0.427
F2 22.5 17.6 9.5 9.1 2.11 3.683 0.573 0.462
F3 22.55 15.9 8.2 8.3 1.82 2.958 0.615 0.496
F4 22.1 16.9 8.8 8.8 2.16 3.287 0.657 0.530
FS 21.22 12.4 8.7 9.5 1.53 2.394 0.639 0.515
F6 22:5 16.15 8 9.15 2.17 3.116 0.696 0.562
F7 22.58 17.2 83 7.45 2.38 3.058 0.778 0.628
F8 22.45 15.4 7.5 7.5 2.21 2.593 0.852 0.687

FIGURE 14. (a) Scattering Parameters measurement setup; (b) close-up of
the cut foam sample partially inserted in the WR90; (c) foam samples cut
for the measurements.
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FIGURE 15. Scattering parameters: (a) Sy, for sample F1 to sample F4;
(b) S; for sample F1 to sample F4; (c) S;; for sample F5 to sample F8;
(d) S; for sample F5 to sample F8.

located at the top of the whole foams. The frequency band
considered for this study also justified this choice since the
electromagnetic wave interaction would engage smaller air
cells rather than larger ones.

Fig. 15 depicts the Sq; and S»; for all cut samples: in
particular, Sy is quite similar in all measurements, whereas
So1 exhibits significant differences. Cut samples from F1
to F4 have lower relative densities due to larger air cells,
visible in Fig. 14c. Therefore, the S (Fig.15b) settles around
—8 dB in the whole range, except for the F2 and F4 samples,
which show minima of —10 dB between 11 and 12 GHz.
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Conversely, the Sy; trends of cut foams from F5 to F8
(Fig. 15d) display minima around -20 dB down to —30 dB,
also covering broader sub-ranges. This result is reasonable
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as foams F5, F6, F7, and F8 show higher relative density,
ascribed to the presence of tinier air cells and CF-PLA non-
foamed substrates (see Fig. 14c¢).

The SEr and SE4 (Fig. 16) were then calculated from
the Scattering Parameters measurements by using the formu-
las (2)-(4). A smoothing filter was also applied to the curve
representation to increase readability. The dash-dotted lines
in Fig. 16 represent the numerical results of the modeled
foams. For cut samples from F1 to F4, we considered
two specific simulated cases for references since they have
morphological similarities, i.e., thicknesses t = 15, 30 mm
and Npore = 300, 500. For cut samples from F5 to F8,
modeled foams having thicknesses t = 30, 60 mm, and
Npore = 500, 800 were plotted; more importantly, the relative
densities of these latest modeled cases are closer to those
displayed by cut sample F8 (0.687). With such assumptions
in mind, it can be noticed from Fig. 16a-b that SEr and SEx
trends, indicated by the black and light blue-dotted lines,
follow the behavior of samples F1 and F2 (solid red and
blue-line in Fig.16a-b). In particular, SEr-measured average
values are around 2 dB, whereas SE5 average values and
maxima barely reach 4 dB and 6 dB, respectively.

As inferred from Fig. 16c¢, referring to cut samples from F5
to F8, the SER-measured average value equals 3 dB, and the
curve trends also appear in good agreement with numerical
results (light blue dash-dotted line). Notwithstanding, simu-
lated SER related to t = 60 mm and Npore = 800 is higher
than the measured SER values due to the increased effective
relative permittivity ascribed to the larger foam thickness.

Similarly, the SEs plots depicted in Fig.16d show
good agreement with numerical outcomes and remarkable
shielding effectiveness due to absorptance; in particular,
an average SE4 of 15 dB throughout the X-band and maxima
up to 30 dB are obtained. Additionally, each cut sample
can shield specific ranges, hinting at the opportunity to
accomplish wideband absorption characteristics by properly
composing panels with foam samples displaying different
relative densities and air pore densities.

V. CONCLUSION

The chemical foaming process was investigated for man-
ufacturing CF-PLA porous structures intended as EMI
shields in the X-band. The two-level full factorial design
of experiments was performed to realize 8 foamed samples.
Their morphological and electromagnetic characterization
allowed us to identify the role of the process parameters on the
final geometries and dielectric characteristics. In particular,
results showed that increasing the blowing agent weight
fraction percentage and decreasing the temperature can yield
higher foams’ relative and air cell densities. The coaxial
probe method measurements showed that CF-PLA foams
with higher relative and air cell densities generally have
higher &', and this value also differs depending on the
acquisition direction due to the relevant structure anisotropy.
On the contrary, dielectric losses were low (¢” = 0.007-0.07),
independently of the foam morphological indicators.
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Numerical analyses of foams modeled on actual morpho-
logical air cell distribution were then performed via CST
Microwave Studio to investigate Scattering parameters and
EMI SE. The results evidenced that the shielding contribution
due to absorption, SE,, and the one due to reflection SEr
are about 15 dB and 2 dB, respectively. Nonetheless, due to
the increased thickness of the models, it was also noticed
that the simulated cases featured doubled relative density
compared to the fabricated samples. Scattering parameters
(S11 and S;1) and SE were subsequently measured in the
X-band using a WR90 waveguide connected with two ports
to a VNA. In order to proceed with the measurements, the
original foam samples were appropriately cut to match the
sizes of the WRO90. Considering the frequency range of
interest, the foam size adjustment was made by sacrificing
larger air cells; consequently, the cut foam’s relative densities
displayed higher values aligned with the numerical models.
The inspection of Si; and Sy; revealed that only samples
with higher relative and air cell densities simultaneously
provide reduced reflection and transmission. Accordingly, the
calculated SEr and SEa show that shielding by reflection
was minimized (SER = 3 dB), whereas shielding by
absorption was satisfactory (average SEp = 15dB in the
whole X-band, with maxima up to 30dB). It is also
worth underlining that some samples could shield broader
sub-ranges; therefore, such foams can be used to com-
pose EMI-shielding panels featuring wideband absorption
characteristics.
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