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Secondary raw materials, recycled Polypropylene (PP) and metal powders retrieved after use in the Powder Bed
Fusion-Laser Beam process, are used to realize composite foams for microwave absorptance through chemical
foaming. Morphological characterization allowed us to estimate foams’ relative density, cell size, distribution,
and circularity. The results highlighted that metal powders contributed to air cell nucleation during the process,
thus influencing the final foam morphology. Then, numerical analyses were conducted on modeled PP foams to
calculate Scattering (S) parameters and Shielding Effectiveness (SE), varying air cell areas, shapes, metal particle
distribution, and evaluating their impacts on EM response. Based on simulation results, the S-parameters of all
samples were then measured in the X-band. The calculated SE contributions, SEg and SEa, showed that foams
with virgin and reused metal powders behave very similarly. Finally, four samples foamed from extruded pellets
were characterized morphologically and electromagnetically. The outcomes showed extruded-based foams had a
slightly decreased relative density, increased air cell numbers with lower circularity, and better uniformity in the
air cell distributions. Confronting SE contributions in the X-band, SE, improved by about 10%-20% compared to
the mixed samples.

1. Introduction

Foams are cellular structures that have shown relevant suitability for
electromagnetic interference (EMI) applications [1]. Indeed, their
random porosity allows the electromagnetic (EM) waves to be almost
fully entrapped within the structure, thus providing shielding effec-
tiveness (SE) dominated by absorption and multiple internal reflections.
At the same time, these structures can minimize secondary back
reflection [2] and attain reduced EM pollution. To enable such a func-
tion, foams must be developed with specific materials simultaneously
exhibiting electroconductivity and specific permittivity, i.e., a polymer
matrix filled with electroconductive fillers. Recently, conductive poly-
mer composites have been thoroughly investigated and proposed to
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develop absorption-dominated microwave shields [1-6]. In particular,
the literature highlights a variety of composites that involve the use of
diverse polymer matrices and electroconductive fillers. In this regard,
thermoplastics, such as polylactic acid (PLA) [7-12], polypropylene
(PP) [13-18], and polyethylene terephthalate (PET) [19], have been
investigated. However, particular attention has been devoted to
choosing the proper electroconductive material to enhance EMI shield-
ing effectiveness (SE). Among them, carbon fibers (CF) [11,13], graphite
carbon fibers (GCFs) [9,14], carbon nanotubes (CNTs) [10,19], gra-
phene nanoplatelets (GNPs) [12], stainless steel fibers (SSFs) [15], and
metal particles/powders (MPs) and oxides [16-18] were mainly
evaluated.

Ameli et al. [15] evidenced that well-dispersed metal fibers in the PP
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matrix provided a large aspect ratio, reduced density of the composite,
and reduction of the percolation threshold, leading to significant
enhancement of the specific EMI SE (75 dB-g-1 .cm). Agrawal et al. [16]
focused on epoxy-PP composites filled with variable AIN particles pre-
pared by the compression molding technique, unveiling that, with a
maximum of AIN particle filler content (25 vol%), the PP-AIN composite
significantly enhanced the thermal and dielectric characteristics
compared to pure PP. Similarly, Zhou et al. [17] examined random PP
copolymer (PP-R) samples with AIN nanoparticles fabricated through
compression molding. The chemical and structural analyses were meant
to characterize nanoparticle dispersion, DC conductivity, dielectric
characteristics of the composite between 1 Hz-1 MHz, electrical break-
down, space charge distribution, thermal conductivity, and thermal
stability to evaluate EMI shielding capability. Like the previous study in
[16], the outcomes of the work in [17] highlighted that the thermal
conductivity and stability increased with the filler content. Conversely,
electrical properties worsen compared to pure PP, while the permittivity
(er = 2.3-2.45) and dielectric loss (<0.003) do not change significantly
from 1 Hz to 1 MHz with variable filler contents. The dielectric char-
acteristics at the GHz of a commercial low-loss PP with micro-ceramics
and TiO; nanocrystals were investigated by Wilczynski et al. [18]. The
numerical findings reported that the permittivity values underwent
different variations by introducing ceramics or TiOs nanocrystals; in
particular, adding ceramic nanoparticles to PP yields a higher permit-
tivity increase (4.2) than TiO5 (3.4). Conversely, grain shape, clustering,
and dimensions of particles have a less significant impact on such a
characteristic, while the particle aspect ratio affects the effective prop-
agation constant and characteristic impedance. Although the metal
fiber/powder inclusion in a thermoplastic can improve the composite’s
thermal and EMI characteristics, it is reasonable to expect that such
fillers have a relevant drawback: costs. From this viewpoint, recycled/
reused metal powders can be a solution. Therefore, to develop conduc-
tive polymer composite-based foams meant for microwave absorbers,
the present article envisages deploying initial results concerning foams
based on recycled PP supplied from industrial waste and filled with
discarded metal powders retrieved from the metal additive
manufacturing (MAM) processes.

Indeed, it is well acknowledged that MAM technologies generate a
non-negligible amount of residuals that usually become waste. To cope
with this issue, according to some Life Cycle Assessment (LCA) studies,
wasted powders from the Powder Bed Fusion (PBF) technologies can be
reused in the same processes, leading to cost reduction by about 40 %
[20]. Practically, though, due to rigorous quality criteria imposed by
some industrial applications, re-processing reused metal powders is
essentially hindered or heavily subjected to the strict evaluation of the
changes in the powders’ characteristics after every process cycle [21].
During each building cycle, the powder is subjected to high tempera-
tures and partial oxidation, causing changes in particle morphology,
chemical composition, and flow characteristics. Therefore, after a
certain number of manufacturing cycles, the powders were partially or
completely substituted. Reusing materials discarded from MAM repre-
sents an opportunity to reduce material waste and its environmental
impact. Therefore, assessing the suitability of exhausted metal powders
from MAM as electroconductive fillers for producing EMI shielding
foams will open a virtuous road and, at the same time, add a novel
contribution to the current literature. In this work, virgin and reused
metal powders (AISI316L and 17-4PH stainless steels, WC/Co/Cr-alloy,
Ni-based superalloys) recovered by the Powder Bed Fusion-Laser Beam
(PBF-LB) process [22] were considered as metal fillers in the recycled PP
matrix. The foam samples realized for the present study encompassed
two compositions: one was obtained by mixing the PP pellets, the metal
powder, and the blowing agent in a solid state; the second procedure
envisaged mixing extruded pellets made of PP/metal powder with the
blowing agent. These two procedures were scheduled to evaluate if
different metal powder dispersions may influence the foaming process,
foam morphology, and final EMI SE performances. After the chemical
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foaming process, the samples were characterized by their morphology
and EMI characteristics. In this regard, some numerical analyses are also
proposed to support the discussion linking morphological data and EMI
performance. A final investigation commented on foams’ morphology
and SE comparison between foams realized from mixed materials and
those produced from extruded pellets.

2. Materials, preparation of conductive polymer composite

The polymer used in this study is a secondary raw material, the
recycled PP resin provided by Recuperi Pugliesi Srl. This material is
retrieved by transforming various industrial wastes, such as agricultural
sheeting, plastic foil, and packaging, into extruded pellets after washing
them with a biological purifier. The recycled PP follows the standard
UNI 10667-3: 2011 and has a purity of 98 %, density of 0.94 kg/dm?,
Vicat softening temperature of 90 °C, and pellet size of 13 mm. Referring
to metal powders, stainless steels (AISI316L and 17-4PH), WC/Cr/Co
alloy, and Ni-based superalloys are recovered from PBF-LB resources
(virgin) and discards (reused). The AISI 316L and 17-4PH powders are
supplied by Mimete Metal Powders, whereas WC/Cr/Co-alloy and the
(Ni)-based superalloy powders were provided by MBN Nanomaterialia
S.p.a. and LPW Technology, respectively. In their virgin state, all powder
types exhibit a spherical shape induced by the gas atomization process,
which is essential for ensuring optimal flowability and packing density
during the PBF-LB process. The particle size distribution for these
powders ranges between 15 pm and 45 um. However, increased reuse
cycles induced particle chemical and shape modifications [20-27]. In
[28], Zhuo et al. demonstrated by SEM observation that the repeated
reuse of Ti6Al4V powders resulted in decreased satellite particle for-
mation and increased particle deformation with diminished sphericity
after 12 cycles. Furthermore, the surface of the particles becomes
rougher, and some agglomerated and fractured particles are present. Li
et al. [29] evidenced that powder reuse had various effects on Particle
Size Distribution — PSD depending on the materials. For example, the
PSD of 17-4PH after 10-20 building cycles notably widened [30], while
a slightly wider size distribution was observed for AISI316L after thirty
cycles [31]. The authors in [32] observed that AISI316L particle
morphology alterations due to repeated PBF-LB processing could
significantly affect the flowability and packing density of the powders,
thus causing problems, especially during the recoating stage. Similarly,
Li et al. [33] pointed out that NiTi powder alloys experienced a slight
shift in distribution towards an extensive particle size range and
increased oxygen content.

Fig. 1 shows the SEM images of virgin and re-used powders: the
AISI316L powder virgin and reused 20 and 50 cycles (Fig. la-b-c,
respectively) and the Ni-based superalloy powder virgin and reused 2
cycles (Fig. 1d-e). As is inferable from Fig. 1, reused powders exhibit
some deformed or elongated particles, along with satellite particle for-
mation. In this regard, it can also be observed that some particles feature
lower minimum dimensions (minimum diameter equal to 7.6 pm) than
those measured in the virgin state. The SEM images of metal powders
also showed the presence of oxidation spots and layers partly covering
the metal particles, although their thicknesses are very thin, around
nanometers, after several reuse cycles, as confirmed by the literature
[34].

EDS compositional analyses were also performed, and the element %
wt content average and standard deviation are reported in

Table 1. The AISI 316L types show different content of Fe, Cr, Ni, Mn,
Mo, Si, and O, while Ni-based superalloy metal powders present Ni, Cr,
Co, Ti, Al, Mo, W, and O. In particular, the compositional analyses ev-
idence that the powders, especially the reused ones, featured reduced wt
% of oxygen content, indicating a restrained oxidation process. It must
be highlighted that for AISI 316 L powder, having 20 cycles of reuse,
some of the different analyzed quantities exhibited significant vari-
ability in the Cr (1.03 £ 0.11), Ni (19.85 + 0.33), and Mo (3.66 + 0.17)
contents, which, as shown in the subsequent Sections, affected the
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Fig. 1. SEM images of (a) — (b) — (c) AISI316L stainless steel powder virgin and reused 20 and 50 cycles, respectively, (d) — (e) Ni-based superalloy powder virgin and

reused 2 cycles.

Table 1
EDS of AISI 316L virgin, reused for 20 and 50 cycles, EDS of Ni-based superalloy
powder, virgin, and reused for 2 cycles.

% wt AISI316L AISI316L_20 AISI316L_50 Ni Ni_2
content virgin virgin
(o] 1.09+0.29 0.65+0.3 1.38 + 0.30 0.38 + 0.10 +
0.29 0.16
Si 0.57 £ 0.11  0.99 + 0.11 0.52 + 0.11 - -
Cr 18.91 + 18.57 +0.26  18.77+0.31  15.75 15.46
0.26 +0.22 +0.21
Mn 1.40 £ 0.20 1.66 + 0.2 2.25 + 0.25 - -
Fe 63.08 + 64.24 +0.43  65.14+0.49 — -
0.43
Ni 13.34 + 12.63+0.32 10.83+0.37 56.49 58.83
0.33 +0.38 +0.35
Mo 1.59+0.16 1.26 +0.16 1.09 £+ 0.16 2.82 + 2.36 +
0.15 0.15
Al - - - 4.4 + 3.98 +
0.14 0.14
Ti - - - 7.14 + 6.19 +
0.15 0.15
Co - - - 10.13 10.49
+0.24 + 0.24
w — — — 292 + 2.58 +
0.16 0.15

foaming process.

2.1. Chemical foaming process

To produce thermoplastic polymer-based foams, physical foaming
involving CO; in supercritical conditions (sc-foaming) [6,7,19], injec-
tion molding [9,13,15], chemical foaming [11], CNC milling [12],
compression molding [16,17] can be employed to attain specific foam
density, cell size and shape ensuring targeted SE. This work exploited
chemical foaming to produce electroconductive foams based on recycled
PP and metal powders. To this aim, ten precursors were prepared by
preserving the mass proportion of materials. In the first (sample 0), PP
pellets were mixed with the foaming agent (CBA) in the proportion of 1
% of the total PP weight (wt%); then, in other samples, 10 % wt of metal
powder was added to the PP/CBA solid mix. The mixed samples’ number
and composition are shown in Table 2, emphasizing the number of

Table 2
Composition of foams realized with PP and metal powders.
Samplen.  Polymer CBA Metal powder Reusing cycles
1 wt% 10 wt%

0 / /
1 virgin
2 AISI316L Stainless steel 20
3 - 50
4 Recycled PP ADC 17-4 PH Stainless steel virgin
5 - 10
6 ‘WC/Co/Cr virgin
7 alloy 10
8 Ni-based virgin
9 superalloy 2

cycles of metal powder reuse.

To further investigate the foaming process and performance of the
composites, four additional precursors were prepared mixing PP and
metal particles using a mini extruder with a screw with length and
diameter equal to 230 mm or 16 mm, respectively. Considering the
screw’s short length, the polymer matrix (recycled PP) and the metal
fillers (SEM analyses on extruded pellets used to prepare samples 2ex
and 4ex are shown in Fig. 2: the images unveil the presence of isolated
and very small metal particles (MPs) distributed within the polymer
matrix is particularly evident.

Table 3) were fed simultaneously in the throat of the extruder,
respecting the desired proportion (10 wt% of fillers). Due to the mod-
erate quantity of material available, small portions of the components (1
g + 0.01 g in total) were prepared and fed into the extruder in a series to
improve the dispersion of the fillers. The material feeding frequency was
set according to the resident time of the extrusion (20 s) calculated from
preliminary experiments using recycled PP. Finally, to attain the ho-
mogeneity of the mixing, the extruded material was pelletized and re-
extruded with the same process parameters: screw speed 20 RPM and
feeder, compression, and metering zone temperatures equal to 160°C,
180°C, and 190°C respectively. The obtained composites were then
mixed with CBA (1 wt%). SEM analyses on extruded pellets used to
prepare samples 2ex and 4ex are shown in Fig. 2: the images unveil the
presence of isolated and very small metal particles (MPs) distributed
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Fig. 2. SEM images of (a) external surface and (b) section for the extruded pellets made of PP + AISI 316 L reused for 50 cycles used for sample 2ex preparation; SEM
images of (c) external surface and (b) section for the extruded pellets made of PP + Ni-based superalloy reused for 2 cycles used for sample 4ex preparation.

Table 3
Foam composition based on extruded PP with AISI 316L and PP with Ni-based
superalloy.

Sample n. Polymer CBA Metal powder Reusing cycles
1 wt% 10 wt%
lex AISI316L 20
2ex Stainless steel 50
Recycled PP ADC e
3ex Ni-based virgin
4ex superalloy 2

within the polymer matrix is particularly evident.

The PP/CBA/metal powder solid precursor was placed into an open
silicon mold and into a pre-heated electric furnace (Memmert Excellent
400) to initiate chemical foaming. For this study, the samples underwent
a temperature of T = 190°C (foaming temperature) for t = 105 min
(foaming time). These process parameters were set based on previous
tests. The chemical foaming process encompasses three phases: cell
formation, growth, and stabilization. Due to the temperature rising, the
polymer melts, and the CBA decomposes, producing a gas, which in-
duces the polymer/gas mixture growth and the cell formation. In order
to promote cell growth, the chemical CBA decomposition temperature
must fall within the same range as the polymer blend’s melting tem-
perature. For this reason, Azodicarbamide — ADC by Acros Organics
(purity of 97 %) is chosen as a CBA exothermic agent without any
additional modifier or accelerator. ADC decomposes around 200-220°C
[35] and generates gas, mainly nitrogen, and small amounts of carbon
dioxide, carbon monoxide, and ammonia. The cell growth is the most

critical phase of the process, and, as such, temperature fluctuations must
be controlled to preserve the thermodynamically unstable liquid state of
the foam and avoid coalescence. This phenomenon may induce an in-
crease in the cell’s diameter, a decrease in cell number, and a change in
the relative density, which may affect the final EMI shielding perfor-
mance [5,6,11]. Finally, the foams were cooled by applying air to sta-
bilize the structure and prevent the foam’s cells from collapsing.

3. Morphological characterization: Results and discussion

The foams’ morphology was first measured with a digital caliper to
assess the total volume after expansion; then, all samples were sawed cut
longitudinally (Fig. 3) with a diamond blade to evaluate the shape and
dimensions of air cells. The cross-sections of one-half of the foams were
acquired with a 3D optical profilometer (Sensofar S Neox) (Fig. 4) and
then processed visually via image analysis software (ImageJ) to

Fig. 3. Cross-section of some obtained samples: a) n. 1 (AISI316L virgin), and
b) n. 5 (17-4-PH reused 10).
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Fig. 4. Optical images of samples’ cross-section (sample numbers in Table 2).
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Fig. 5. Cell area distribution: the portion of the cross-sections is colored depending on the air cell dimension: dots on a black background identify small pores; cyan
indicates surfaces displaying medium cells, and yellow and red superimpose the larger and giant pores. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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extrapolate the cell number and areas.

Among morphological parameters [28], the most relevant is the
relative density, defined as the ratio of foam density and material den-
sity. The structure’s weight, homogeneity, and isotropy can be estimated
by cell density, cell area distribution, and circularity. In particular, cell
density is defined as the ratio of the counted cell number in a frame of
the acquired area; this operation allows for uniformity of the results,
independent of the actual cross-section sizes. The measured cell areas
are then aggregated by calculating their median value, representing the
midpoint value of the frequency distribution of observed areas, and
dividing the number of observations by two, such that there is an equal
probability of pores falling above or below it. Finally, the circularity
parameter C is expressed as C = 4nA/P2, where A and P are the cells’
area and perimeter, respectively; if C = 1, perfect spherical cells can be
observed; conversely, C < 1 indicates an ellipsoidal shape. For all
samples, the results for the described parameters are summarized in

A visual technique is exploited to highlight the different cell di-
mensions and distributions in each sample (Fig. 5). In particular, dots in
the black background within the cross-section represent the surface
portion, including smaller cells; the cyan zones indicate the areas with
medium cells, while yellow and red zones correspond to large and giant
air cells, respectively. The area dimension ranges and respective colors
are specified at the bottom of Fig. 5. Each figure also reports the per-
centage of air cells for each area dimension range over the entire cross-
section area. The upper caption of each subfigure describes the sample
number, composition, and the total number of air cells counted in the
cross-section.

Sample 0 is the reference recycled PP foam without metal powders:
as inferable from the images and the data, pure PP foam shows a ho-
mogenous distribution of air cells, mostly small (black dotted zones in
Fig. 5) and medium (cyan), which appear mainly elongated along the
longitudinal axis. Samples 1, 2, and 3, i.e., PP foams with AISI316L
powders, feature a different morphology depending on the quality of the
metal particles. For instance, including virgin AISI316L powder in the
PP (sample 1) induced the formation of more cells (147 in the cross-
section), larger cell density, and circularity than the other two sam-
ples, n.2 and 3 (Table 4). However, when the AISI316L reused for 20
cycles was mixed in the PP (sample 2), the foaming process did not yield
similar results, leading to reduced cell number (93), smaller cell areas
(more medium cells), and increased relative density (Table 4). None-
theless, when the foam involving AISI 316L 50 is examined (sample 3), it
can be found that the cell number increases (120), although less than
sample 1, leading to lower relative density. Additionally, this sample
shows the formation of two giant cells (red zone, Fig. 5), mainly located
in the upper half of the cross-section and surrounded by medium pores
(cyan zones in Fig. 5). Comparing results for AISI316L powders suggests
that virgin and reused powders affect cell formation differently. The
peculiar case of sample 2 might also be due to the variability of elements
stressed in the EDS analyses, especially the decreased content of Cr and
increased Ni and Mo, which compose the powder. In the case of PP

Table 4
Morphological characterization: relative density, cell density, cell area distri-
bution median, and circularity parameter.

Sample Relative Cell density Cell area distribution Circularity
density (cells/cm?) median (mm?) parameter

0 0.40 16.35 0.51 0.146

1 0.38 27.33 0.53 0.390

2 0.45 10.76 0.60 0.329

3 0.40 8.11 0.36 0.219

4 0.38 14.17 0.40 0.180

5 0.38 17.18 0.61 0.201

6 0.37 14.66 0.57 0.342

7 0.41 13.46 0.58 0.345

8 0.35 13.14 0.51 0.273

9 0.39 16.94 0.37 0.179
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foams mixed with 17-4PH (samples 4 and 5), the morphology does not
display a significant difference considering virgin or reused powders,
except for the total number of air cells, which increases when reused 17-
4PH is mixed with PP. Additionally, both foams show large and giant
merged cells surrounded by smaller and medium ones, which, also in
these cases, can be localized in the upper half of the inspected surfaces.
These characteristics are also found in samples 6, 7, 8, and 9, i.e., PP
foams mixed with WC/Co/Cr and Ni-superalloy-based powders, inde-
pendently of their reuse cycles.

As is noticeable, the main discrepancy in all samples can be found in
the air cell area and distribution. Generally, including virgin powders
(samples 1, 4, 6, and 8) promotes medium air cell growth (cyan zone)
and produces less dense foams. In contrast, reused powders allow cell
size heterogeneity, favoring smaller and medium pores (dots in black
background) associated with forming one or two giant cells (Table 4).
Concerning spatial distribution, the formation of the giant (red zone)
and large (yellow zone) pores occurs more prominently in foams pro-
duced using reused powders. In this regard, neglecting samples 0 and 2,
all remaining foams show the presence of one or two central giant
bubbles (red zones) and a few larger cells (yellow zones). These peculiar
features could be attributed to PP’s properties and the effect of metal
powders during the foaming process. In fact, despite its excellent
chemical, physical, and mechanical properties, such as high thermal and
corrosion resistance, specific strength, hardness, and high fatigue
strength, PP has a weak melt strength, making it difficult to be foamed
compared to other plastics. In particular, if the melt strength is too weak,
the cell walls separating the bubbles are not strong enough to bear the
extensional force, which causes the bubbles to agglomerate and break
[36]. Additionally, it must be considered that the set foaming temper-
ature (190°C) suitable for ADC decomposition, is slightly higher than the
melting point of the PP (about 160°C). This temperature value, associ-
ated with PP’s low viscosity, can lead to the formation of larger cells
and, often, cell coalescence [37]. Researchers have proposed certain
techniques to overcome these disadvantages, encompassing organic and
inorganic fillers, fibers, and nanoparticles [38]. Besides, in the present
study, adding metallic powders contributes to nucleation along with the
products deriving from the decomposition of the CBA, thus boosting gas
bubble formation. Therefore, the number of nuclei and the nucleation
rate are also determined by the distribution of the metal particles within
the polymer melt and by the polymer melt surface tension. As a result,
the foaming system originates from a heterogeneous nucleation process,
where the energy barrier of the bubbles is much smaller than that of a
homogeneous system, and leads to larger cell dimensions. It must be
underlined that the polymer’s thermal conductivity is morphology-
dependent: this characteristic is boosted by a crystalline domain and
oppositely reduced by the amorphous one. Due to its low crystal density
[39], PP is mainly amorphous and has low thermal conductivity (0.12
W/mK), which could be detrimental to the foaming process. Nonethe-
less, the metallic fillers increase the composite’s thermal conductivity
[40], and consequently, the heat transfer in the sample thanks to their
high coefficients (for example, stainless steel has 17 W/mK) [41]; in this
regard, also filler size, shape, orientation, and arrangements can
contribute to improving this characteristic [42]. Hence, the foaming
process differs depending on the metal particle type (virgin or reused)
and characteristics. Regarding electrical conductivity, improving the
material’s conductivity can simultaneously improve the SE in absorption
and reflection, promoting the material’s EMI shielding performance
[43]. For example, the electrical conductivities at 20°C of some of the
used fillers are (S/m) 1.45x106 for stainless steel [44]. These values
should theoretically ensure better absorption for the composite foams
due to increased losses.
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4. Scattering parameters (S-parameters) and shielding
effectiveness (SE) of the mixed conductive composite foams

4.1. Numerical analysis: Estimating S-parameters and SE performance in
PP foams with variable air cell areas and shape

A coaxial probe 85070C connected to a Vector Network Analyzer
(VNA — Agilent Technologies, N9917A) was first used to characterize
the pure PP bulk and foam’s relative complex permittivity € = g,-j;, in
the frequency range between 0-2.5 GHz. To account for the morpho-
logical anisotropy, the PP foam’s relative permittivity was measured in
two directions, i.e., the foam growth and the transversal one. Both PP
bulk and foam displayed almost constant average permittivity values
throughout the frequency range: the bulk PP has &, = ~2 and ¢; = 0.008,
while pure PP foam shows very close values in both directions, & =
1.2-1.3 and ¢; ~ 0, indicating an approximately isotropic and lossless
foam. Reasonably, the average real permittivity of the foam is lowered
compared to the bulk PP due to increased air fraction, which benefits the
impedance matching and the consequent reduction of secondary re-
flections. The bulk permittivity of the PP foam was then used to perform
numerical analyses via CST Microwave Studio. To this aim, a foam
model sizing 2x2x1.6 cm® and encompassing a bulk structure with
random spatially distributed ellipsoidal pores was implemented; real
and imaginary permittivity were obtained by measurements interpola-
tion over an extended frequency range, 0.5-14 GHz, which allowed for a
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broader evaluation of S-parameters and SE response. The total air cell
number was equal to 300, while air cell areas ranged between 0.07 mm?
and 6.34 mm?, as indicated by the morphological characterization. The
air cells were built in a developed MATLAB routine that considers cell
size ranges retrieved from morphology analyses; the routine allows the
introduction of shape deformation, i.e., axial factor in all planes,
enabling the spherical air cells to be stretched properly along x, y, and z
directions. The simulations considered an EM plane wave at normal
incidence and an E-field output monitor located perpendicularly to the
propagation direction in near-field conditions. The analyses were con-
ducted to estimate S-parameters, which were then used to calculate SE
contributions, i.e., absorption involving multiple internal reflection
contributions (SEa) and reflection (SEg), according to the following
formulas (1-2-3) [11]:

SE = SEg + SEa ¢h)

SEg = 10log 1 r= S11?| 2
R 07 _Rl 11

SE, = 10log; #‘ T = [S5?] 3

Fig. 6a-c-e shows the S-parameter trends calculated by increasing the
maximum equivalent value of the air cell radius and decreasing its
ellipsoidal ratio. For simplicity in the discussion, we refer to the xy plane
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Fig. 6. (a) - (c)- (e) Scattering Parameters and (b) — (d) — (f) SEr and SE4 of PP foams, calculated by varying air cell sizes and ellipsoidal ratio (ax/ay). The simulated

foams have 300 randomly distributed air cells.
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axial factor (ax/ay). When the EM plane wave impinges on a finite
dielectric structure, resonant modes called Fabry-Perot (FP) originate
within the structure; these resonances are identified by pronounced dips
in the S;; trend and lighter peaks in the Sy;. The frequencies at which
these modes occur depend on the structure’s effective permittivity
(involving the bulk permittivity, air fraction included in the bulk, and
finite dimensions of the structure). As visible from Fig. 6a-c-e, when the
maximum equivalent air cell radius is increased, the air fraction intro-
duced in the polymer induces a decrease in the structure’s effective
permittivity, which leads to FP modes shifting towards higher fre-
quencies. At the same time, air cells enable multiple internal scattering
since the EM field is reflected and transmitted back and forth within the
foam due to the refractive index contrast at the polymer/air cell inner
interfaces. When the refractive index contrast is high enough, part of the
EM field remains entrapped in the air cells, giving rise to Mie resonances
[11,45]. Such modes are typically characterized by lower intensity and
smaller width than FP modes (Fig. 6a-c-e), and, due to their nature, they
occur when the air cell size is much smaller than the impinging EM
wavelength. In the proposed numerical investigation, the areas of the
ideal spherical air cells have equivalent radii ranging between 0.17 mm
and 3.5 mm, corresponding to wavelength values 1/20, being A = A0/
sqrt(ep), A0 the minimum free-space wavelength, ¢ and p the permit-
tivity and permeability of the structure, respectively. Considering such
characteristics, Mie resonances can be appreciated at higher fre-
quencies, especially after 6 GHz, as evidenced in the S1; and S»; plots of
Fig. 6a-c-e f. Regarding SE contributions, it can be noticed from Fig. 6 b-
d-f that the SEg trends follow FP modes behavior, and, independently of
the air cell sizes or shape, the maxima do not surpass 0.5 dB; these low
values of SEg indicate good impedance matching and almost complete
EM field penetration in the structure. Differently, SE, trends exhibit high
sensitivity to cell size and shape, as EM absorptance is mainly due to Mie
resonances, which are responsible for entrapment of the EM field within
the foam. In this regard, when the area of air pores grows, several peaks
appear reasonably at lower frequencies. Moreover, it can be noticed that
the ellipsoidal ratio (ax/ay) impacts the resonance intensity and slightly
affects the frequency. It can be underlined that the ellipsoidal cell shape
and orientation cannot be controlled during the random distribution
construction. Therefore, since the EM plane wave excitation is set at the
normal incidence, this random air cell orientation might lead to
underestimating the SE4 compared to the real foam’s SE performance.
Likewise, the PP foam model with MPs was built using a MATLAB-
developed routine that allows the introduction of air cells and metal
particles, and enables their dimension variation, shape deformation
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along x, y, and z directions, i.e., axial factors (fixed at 0.625). The cell
size ranges were set based on the morphology observed in the experi-
ments, taking into account the analyzed cell nucleation of the different
metal particles. The whole structure is 20 mm x 20 mm x 16 mm, which
is intended to equal half of the average sample size. Also in this case, the
simulations were performed considering a plane wave incident EM field,
which allows estimating a broader frequency range (8-14 GHz). The
simulations evaluated the S-parameters for different metal particle/
cluster distributions, i.e., randomly distributed in the foam and more
gathered in the center, keeping their number/volume identical in each
simulation (approximately 10 % of the volume). SEg and SE, were then
calculated using S-parameters. For synthesis, the SE plots and E-field
distributions at specific frequencies of foams encompassing PP with
Steel and PP with Nickel metal particles are reported in Fig. 7, where the
type of resonances concerning specific scattering phenomenon (air cells
internal reflections and metal particle scattering) are also highlighted. In
particular, it can be observed that when multiple internal reflections
(MIRs) occur due to Mie resonances, SEr is minimized, and SE, is
maximized. Conversely, SEg and SE, are simultaneously enhanced when
the metal particles induce reflection/scattering within the structure. It
can be noticed that internal reflection caused by metal particles is
generally and reasonably more intense than multiple internal reflections
caused by polymer/air discontinuity due to air cells. Moreover,
depending on the clusters and air cell sizes, these scattering phenomena
can happen simultaneously at some frequencies, ending in total SE (SEg
+ SEA) enhancement compared to PP foam without metal particles.
Finally, the simulations show that distributing the same quantity of
metal particles differently within the porous structure impacts its EM
reflection and absorptance capability. In particular, localized metal
particles perform better than distributed ones, especially for Steel. This
behavior is due to the mirror-like effect, which enhances the scattering
phenomena more than distributed metal particles.

4.2. SE performance of recycled PP foams with virgin metal powders

Following the indication provided by simulation results, the foams’
S-parameters in the X-band were measured via WR90 transitions con-
nected to the Vector Network Analyzer (VNA — Agilent Technologies,
N9917A), operating between 0-18 GHz (Fig. 8). Initially, all measure-
ments were performed by cutting half of each sample into smaller pieces
matching the WR90 sizes. Undesirably, for all samples, the results
superimposed the PP response. This lack of variation was ascribed to the
significant modification of the air-cell morphology and metal particle
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Fig. 8. (a) PP-Foam sample sandwiched between WR90 transitions connected to the VNA by SMAs, (b) Scattering parameters S;; (red curve) and Sy, (blue curve) of
neat PP; (c) SE, and SEg for direction 1(blue solid and dashed curves) and 2 (red solid and dashed curves) and) of neat PP. Sample orientations used for mea-
surements are: 0° refers to the foam growth direction (dir 1), and 90° sample orientation refers to the transversal direction (dir 2). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

loss induced by the cut. Therefore, as shown in Fig. 8a, we measured the
other half of the sample portion (about 3.6x3.6x1.6 cm®) utilizing a
resonant cavity method, in which the sample is sandwiched between the
two WR90 waveguides. For all samples, double S-parameters measure-
ments were done, considering two sample orientations (insets in Fig. 8):
the first was carried out considering the incidence of the WG mode
normal to the cross-section oriented at 0° (foam growth direction, dir 1),
and the second measurement was performed by rotating the sample of
90° (transversal direction, dir 2). This procedure accounted for air cell
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orientation and non-homogeneous metal powder distribution within the
electroconductive foams (SEM images in Section 5).

Fig. 8 b-c depicts the recycled PP foam’s S-parameters, SE,, and SEg
contributions, which were calculated from S;; and Sy; measurements
using the formulas reported in the previous section [11]. As inferred
from the plots, PP foam displays minor reflective shielding (SEg < 0.5
dB) due to the low value of ¢,. Since the PP has no dielectric losses, it is
also expected to have a small SE,. Instead, the PP foam exhibits good
absorptance capability. Indeed, the main peak falls at the FP resonance
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Fig. 9. (a) SEg and (b) SE, of PP (blue lines), PP with AISI316L (red lines) and 17-4PH (black lines) virgin powders foams; (c) SEg and (d) SEA of PP (blue lines), PP
with WC/Co/Cr (red lines) and Ni-superalloy-based (black lines) reused powders foams. The solid lines refer to direction 1 (sample orientation 0°); dashed-dotted
lines direction 2 (sample orientation 90°). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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frequency, whose position is mainly determined by the sample thick-
ness. As visible, the resonance slightly shifts depending on the mea-
surement direction due to anisotropy: 9.7 GHz for direction 1 (blue line
in Fig. 8c) and 9.9 GHz for direction 2 (red line in Fig. 8c). Also, the
predominance of medium air cells (median areas of 0.51 mm?) allows
multiple internal scattering phenomena in the X-band; however, as
noticed by the simulations, cell elongation and orientations affect MIRs’
contributions to SEA and cause the slight shift of the peak position ac-
cording to the measurement directions.

Fig. 9 depicts the SEg and SE4 of all samples realized considering the
inclusion of virgin metal powders in the PP-based composite. Fig. 9 a- ¢
show that SEgs have very low values, below 1.5 dB, demonstrating that
the EM field mainly penetrates the foams in every case. It is worth
noticing that metal particles increase the SEg (~1dB) compared to PP
foam, as observed in the simulations. However, the effect of different
foam morphology and metal powder inclusion emerges evidently in the
SEa. In all Fig. 9, SE5 maxima of the samples cannot be found at close
frequencies since the measured half-samples have different thicknesses
(Table 5). At the same time, the peak intensity is determined by the
relative densities, air cell size, number, and distribution. Additionally,
likewise sample O, in the following cases, the absorption peak can be
slightly shifted, depending on the measurement direction.

Considering the PP with AISI316L (sample 1) and 17-4PH powders
(sample 4) foams plotted in Fig. 9b, it can be observed that the ab-
sorption maxima in the two measurement orientations are found at very
close frequencies — at 10.3 GHz and 10.5 GHz for sample 1 and at 9.3
GHz, and 9.6 GHz, for sample 4 — and with same intensities (11.5 dB). As
is inferable, the SEA curves exhibit a similar trend (wideband). In this
regard, Table 5 shows that samples have different thickness (t = 1.74 cm
for sample 1 and t = 1.92 cm for sample 4), which explains the different
maxima positions; at the same time considering the relative density
(Table 5), air cell densities and median distribution areas (pr = 0.44,
27.33 cell/cmz, 0.53 mm® for sample 1 and pr = 0.37,14.17 cell/cmz,
0.40 mm? for sample 4) justify the curve widening and the slight max-
ima shift according the measurement direction. Increasing thickness
would shift the FP resonance to a lower frequency at a fixed relative
density. Conversely, decreasing thickness would lead to a higher fre-
quency shift. Moreover, sample 4 has a lower relative density and cell
density than sample 1, and these factors imply a decrease in the effective
permittivity that induces FP resonance to broaden and move slightly at
higher frequencies. Inconveniently, the low SE, intensity exhibited by
both samples suggests that multiple internal scattering and reflections
induced by metal particles give a lower contribution.

Finally, Fig. 9d plots the SEs for PP with WC/Co/Cr (sample 6) and
Ni-superalloy-based (sample 8) virgin powders. The curves highlight
that PP with virgin WC/Co/Cr (red solid line) has an almost flat response

Table 5
Density, thickness and relative density of the measured half samples.
Sample  Polymer/ Type Half sample Thickness t Half
MPs of MPs  Density p (cm) sample
(cm3/g) Relative
Density pr

0 PP 0.4 1.64 0.42
1 AISI 316L virgin 0.45 1.74 0.44
2 AISI 316L 20 0.46 1.47 0.45
3 AISI 316L 50 0.39 1.53 0.38
4 17-4 PH virgin 0.39 1.92 0.37
5 17-4 PH 10 0.38 1.75 0.37
6 WC/Co/Cr virgin 0.35 1.66 0.34
7 WC/Co/Cr 10 0.41 1.86 0.4

8 Ni-based virgin 0.37 1.26 0.36
9 Ni-based 2 0.4 1.53 0.39
lex AISI 316L. 20 0.39 1.65 0.37
2ex AISI 316L 50 0.32 1.68 0.33
3ex Ni-based virgin 0.37 1.80 0.36
4ex Ni-based 2 0.33 1.84 0.34
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in the 0° measurement direction (dir 1). This sample has t = 1.64 cm, pr
= 0.34, which involves the broadening of the FP peak induced by a low
effective permittivity of the half-foam. Furthermore, as inferred from
Fig. 5, the air cell distribution disclosed a significant percentage of small
and medium air cells, and the presence of a giant air cell in the sample
elongated in the foam growth direction. Therefore, when the WG90
mode impinges on the cross-section, it passes through with negligible
interaction with the first layers. Indeed, considering the area of the giant
cell, the resonance is expected at frequencies around 1.2 GHz. Further-
more, as the mode propagates in the sample, the air cells with smaller
areas enable multiple internal scattering at very high frequencies, whose
resonances can also be detected beyond the X-band. As a result, the
absorption in the X-band is reduced. Rotating the sample changes the
effective permittivity of the cross-section encountered by the WG90
mode. In this case, the effect of the giant cell is reduced, while small and
medium air cells become more engaged. This leads to better EM inter-
action with the porosity, which entails better SE,, as witnessed by a
satisfactory absorption (10.2 dB) at 10.6 GHz. Half foams with PP and
Ni-based superalloy (sample 8) have t = 1.29 cm, pr = 0.36, which
implies a large FP mode at a higher frequency. Observing the plots,
inadequate performance (below 10 dB) can be observed in the frequency
range of interest for 0° measurements, although two small peaks appear
at 9.8 GHz and 11.8 GHz. In this case, the first peak at 9.8 GHz is likely
ascribed to multiple internal reflections occurring in medium cells,
while the second is the FP resonance. In contrast, a peak displaying 10
dB at 11 GHz appears when the measurement is performed at 90°,
suggesting the combined effect of FP mode and multiple internal re-
flections. Since the samples 6 and 8 are characterized by very small
relative density or thickness, cell densities can add details on how EM
absorption is accomplished: sample 6 has 13.14 cells/cm? and privileged
the presence of medium/large cells, which can enable multiple internal
reflection in the X-band; conversely, sample 8 has higher cell density
(16.94 cells/cm?), but also significantly smaller air pores, including one
giant air cell (Fig. 5), that hints at relevant EM absorption outside the X-
band.

4.3. SE performance of mixed foams made of recycled PP with reused
metal powders from PBF-LB

Fig. 10a-c shows the SEg and SE, plots for the PP with AISI 316L
metal powder, referring to measurements performed in the transversal
direction 1 at 0° (solid lines) and direction 2 at 90° (dotted lines). As
clearly visible, these foams also present very low shielding by reflection,
ranging between 0.5-1 dB. Conversely, absorption provides more details
as their trends vary depending on the half-foam thickness and
morphology. As already noticed, PP foam with virgin AISI 316L displays
higher cell density than pure PP, improving the interaction between the
EM field and the foams and, consequently, the SE5. When the PP foam
with AISI316L reused 20 (sample 2) is investigated, the SE exhibits two
peaks measured for direction 1 (red solid line) at 9.08 GHz and 11 GHz,
featuring very low absorption (7 dB and 9.8 dB, respectively). Consid-
ering the other sample orientation (red dash-dotted line), the foam has
two SE, absorption resonances at 9.6 GHz and 11.6 GHz, characterized
by SEamax = 8.6 dB and SEpmax = 13.6 dB, respectively. The morphology
data (Table 5) for sample 2 report t = 1.47 cm, pr = 0.45; therefore, it has
a slightly higher relative density than sample 1, but significantly smaller
thickness, determining an effective permittivity decrease compared to
PP with virgin AISI316L (sample 1) that causes the FP to shift towards
higher frequency. Additionally, sample 2 is characterized by fewer cells,
mainly displaying small and medium areas, which yield improved in-
ternal EM scattering at higher frequencies, leading to better SE4. In this
regard, a higher SE, intensity has been measured in direction 2, sug-
gesting that air cell orientation and metal particle dispersion interact
more efficiently with the EM field in this direction. Conversely, PP foam
enriched with AISI316L reused over 50 times (sample 3) shows
acceptable SEamax = 10.4 dB at 10.4 GHz (black solid line) in direction 1
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and good SEamax = 13.7 dB at 11.8 GHz in direction 2. Sample 3 exhibits
at=1.53 cm, lower relative density (pr = 0.38) than samples 1 and 2, as
evidenced by larger and giant air pores in the cross-section. Hence, this
foam has a lower effective permittivity than sample 1 and higher than
sample 2, which moves the FP resonances between samples 1 and 2.
Moreover, thanks to an almost equal distribution of small and medium
air cells, multiple internal scattering is improved after 10 GHz. As a
result, the SE, is enhanced for the combined effect of FP and Mie reso-
nances and scattering by metal particles.

SEg and SE, of samples 4 and 5 (PP with virgin and reused 17-4 PH
stainless steel) are plotted in Fig. 10c-d. As clearly noticeable, sample 5
with PP and reused 17-4 PH powders shows a relevant SE, enhancement
for both directions (red solid and dashed lines in Fig. 10d) compared to
sample 4 involving virgin powder. However, the maxima are right-
shifted at around 10.1 GHz. Inspecting morphological data and
Table 5 may explain the slight diversities: samples 4 and 5 have the same
relative density (pr = 0.37), but different thickness (t = 1.92 cm, for
sample 4, t = 1.75 cm, for sample 5). As previously described, by fixing
the relative density, the reduced thickness causes the shift of PF towards
higher frequency. Comparing cell numbers per area (14.17 cell/cm? for
sample 4 and 17.18 cell/cm? for sample 5), distribution, and sizes (0.4
mm? and 0.61 mm?, respectively) provides insights on the peak in-
tensity: from Fig. 5 it can be appreciated that sample 4 mainly has small
and medium cells, while sample 5 features more air cells of medium
dimensions, which allows the EM fields to interact efficiently especially
with the porosity at higher frequencies in direction 2.

The SEg and the SE, of samples 6 and 7 — PP foams with WC/Cr/Co
powders- are shown in Fig. 11a-b. As already appreciated in the other

11

samples, SEg still ranges between 0.5 dB and 1 dB. Analyzing SE, inci-
sively illustrates various responses, especially depending on the sample
orientation. Focusing on sample 6, the measurements along 0° (blue
solid lines) show an almost flat SE, behavior characterized by an
average value of 7 dB throughout the whole range, while sufficient ab-
sorption of 10.2 dB is appreciated at 10.6 GHz for 90° measurements.
Sample 7 follows an opposite trend: indeed, higher SE; (maximum of 12
dB) is obtained around 9.7 GHz for 0° measurement (red solid line),
while the same SE contribution in the transversal direction is reduced
and flattened (10 dB) at the same frequency (red dashed-dotted line).
Sample 7 is characterized by t = 1.86 cm, slightly larger than sample 6,
so FP was expected to shift to a lower frequency. However, samples 6
and 7 have dissimilar relative densities (0.34 for sample 6 and 0.4 for
sample 7). So, the latter exhibits higher effective permittivity, which
improves the SE, intensity by shrinking the curve; finally, the larger
percentage of small air cells shown by the PP foam with reused WC/Cr/
Co powders compared to the virgin counterpart aids the EM field
entrapment, which is also boosted by metal particles scattering, further
contributing to the SE, intensity.

Finally, the results of PP with Ni-based superalloys (samples 8 and 9)
are compared in Fig. 11c-d. The SEg in Fig. 11c exhibits slightly higher
values (1.5 dB for sample 8 and 1 dB for sample 9) at the first edge of the
frequency range, while inspecting SE4 plots in Fig. 11d uncovers insuf-
ficient efficiency. As already discussed, the foam with virgin Ni-based
superalloy powder (blue lines) showed poor absorptance capability in
the X-band, independently of the sample orientation. Conversely,
although the foam with Ni-based superalloys reused 2 (sample 9) reports
low SE, values for 0° orientation, improved shielding by absorption (a
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Fig. 11. (a) SEg and (b) SE4 of PP and virgin (blue lines) and reused (red lines) WC/Co/Cr powders foams; (c) SEr and (d) SE of PP and virgin (blue lines) and reused
Ni-based superalloy (red lines) powders foams. The solid lines refer to direction 1 (sample orientation 0°); dashed-dotted lines indicate direction 2 (sample orien-
tation 90°). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

peak of 13 dB is recorded at 11.1 GHz) is observed when the sample is
rotated by 90°. In this regard, sample 9 has t = 1.53 cm and a relative
density of 0.39; this enables the PF to shift at a lower frequency and
shrink due to an increased effective permittivity, which benefits the SE5
peak compared to sample 8. Furthermore, sample 9 has more cells and a
significantly lower median cell area distribution (0.37 mmz), which al-
lows for a more efficient multiple internal scattering than sample 8.

Table 6

Comparison of morphological parameters between extruded- and mixed-based
foams: relative density, cell density, cell area distribution median, and circu-
larity parameter.

Sample Relative Cell Cell area Circularity
n. density density distribution Parameter
(cells/ median (mm?)
cmz)
Ext/ Ext/Mixed Ext/Mixed Ext/Mixed Ext/Mixed
Mixed
lex/2 0.36/0.45 18.14/ 0.69/0.60 0.176/
10.76 0.329
2ex/3 0.32/0.40 17.61/ 0.65/0.36 0.239/
8.11 0.219
3ex/8 0.35/0.35 21.94/ 0.53/0.51 0.140/
13.14 0.273
4ex/9 0.33/0.39 18.30/ 0.92/0.37 0.197/
16.94 0.179
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5. Morphology and SE comparison between mixed-material and
extruded-material-based foams

To further investigate the foaming process and SE performance, four
additional samples, foamed starting from composite pellets obtained by
the extrusion of PP and metal particles, were produced and character-
ized (Table 6, Fig. 12). The indicators describing foam morphology re-
ported in Table 6 and the visual inspection of air cell area distribution
(Fig. 12) show that the cell density and area distribution in the extruded
samples increase compared to mixed samples. Moreover, Fig. 12 also
shows that, similarly to sample 2 (Fig. 5), sample lex preserves the
absence of giant cells and a predominance of smaller/medium cells.
Similarly, the graphic air cell distributions of sample 3 in Fig. 5 and
sample 2ex in Fig. 12 show the formation of an almost equal number of
medium and smaller pores. Concerning PP foams with Ni-based super-
alloy (3ex and 4ex), a similar scenario can be observed: in particular,
compared to their mixed counterparts, air cells with medium areas in-
crease, while the percentage of smaller ones decreases. Confronting the
graphical cell distributions of samples 3ex and 4ex (Fig. 12) with sam-
ples 8 and 9 (Fig. 5) reveals additional morphological similarities con-
cerning the dimension and position of the large air cells, mainly formed
in the foam center. The extrusion facilitates the formation of medium
cells, as their percentage in almost every extruded sample is higher than
in the corresponding mixed sample. In summary, extruded-based com-
posite foams display improved foam morphology. In this regard, it can
be assumed that a more homogeneous dispersion of metal particles
promotes more controlled and homogeneous cell growth, as underlined
in Section 3. However, to verify this, SEM analyses were performed on
the samples 3 and 2ex, PP + AISI 316L 50 mixed- and extruded-based
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Fig. 12. Cross-section, optical images, and air cell area distribution of the foam samples made from extruded pellets. The cross-sections are colored depending on the
cell areas: dots in a black background identify small pores; cyan indicates surfaces displaying medium cells, and yellow and red superimpose the larger and giant
pores. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

foams, respectively, and samples 9 and 4ex, PP + Ni-based superalloy 2,
mixed- and extruded-based foams, respectively. Some metal particles/
clusters (indicated with MPs) are visible in the following figures.
Although the examined regions are limited, the images indicate more
distributed MPs in the extruded foams than their mixed counterparts,
which display more isolated particles. As a result, extruded-based foams,
including metal powders, exhibit, on average, lower relative densities
and greater cell density and area distribution. However, the circularity
parameter follows an inverse trend compared to mixed samples: using
virgin metal particles or metal particles with reduced cycles of reuse
yields higher circularity for mixed samples. Conversely, higher

Mixed foam PP+AISI316L 50

Heg= 130X
Wo=26.98 mm

ag= 200
wo=29.57 mm

Signata= €1
EnT= 2000k

circularity is found for reused metal particles in the extruded-based
foams. See (Fig. 13).

Fig. 14 report the SEg and SEa performance of the extruded-based
foams compared to the mixed-material-based ones (samples 2, 3, 8, 9):
as visible in Fig. 14a, the SER results to be further decreased using
extruded pellets, likely due to better metal particle dispersion and less
relative densities of the foams which involve better impedance match-
ing. As noticeable from Fig. 14b, extruded-based foam with PP and
AISI316L reused 20 times (blue lines) shows higher SEA for 0° sample
orientation than the mixed counterpart: indeed, the extruded-based
foam displays a peak of 13 dB similar to the mixed foam, but at a

Heg= 130X
Wo=26.67 mm

Signata= €1
EnT= 2000k

Wag= 150
o= 2623 mm

Signara= st
EnT=20004

Fig. 13. SEM images in different zones of the composite foams at different magnification and in different areas: (a) 150X and (b) 200X magnification of the mixed-
based PP + AISI 316L 50 foam (sample 3); (c) 150X and (d) 200X magnification of the extruded-based PP + AISI 316L 50 foam (sample 2ex); (e) 150X and (f) 200X
magnification of mixed-based PP + Ni-based superalloy 2 foam (sample 9); (g) 150X and (h) 200X magnification of extruded-based PP + Ni-based superalloy 2 foam

(sample 4ex).
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Fig. 14. (a) SEg and (b) SE4 of foams obtained by extruded and mixed PP with AISI316L reused for 20 and 50 cycles.

lower frequency of 10.1 GHz. Sample lex has a higher thickness (t =
1.65 cm, Table 5) than sample 2, and so, the peak is shifted at a lower
frequency; this foam also has a significantly lower relative density (pr =
0.37, Table 5) than sample 2, which tends to decrease the effective
permittivity, broadening the resonance and decreasing the SE
maximum. Conversely, similar values of SE, are found for both samples
at 90° orientation, although at reasonably different frequencies. The
maximum intensities measured in the extruded-based sample lex are
due to the dimensions of the medium air cells, which exhibit wider areas
than those in sample 2, involving multiple internal scattering and EM
field entrapment to occur at lower frequencies. Similar behavior can be
identified for sample 2ex (black lines in Fig. 14) compared to sample 3
(green lines in Fig. 14). The extruded PP with AISI 316L 50 foam has a t
= 1.68 cm, slightly larger than the mixed counterpart, which explains
the SE, slight peak shift, a lower relative density (0.33) than sample 3,
resulting in the widening of the peak. Nonetheless, it exhibits higher
maxima than sample 3, reasonably attributed to multiple internal re-
flections and scattering occurring efficiently around the FP mode and
leading to SE, enhancement. Also, direction 2 promotes better shielding
by absorption for such foams, likely due to cell orientation and
elongation.

Regarding foams with Ni-based superalloys, SEp settles below 1 dB,
except for the X-band lower edge (Fig. 15a). SE, trends reported in
Fig. 15b unveil that extruded-based samples slightly improve the
absorbance in both directions compared to mixed foams. It must be
noticed that samples 3ex and 4ex have similar thicknesses (in Table 5,
1.84 cm and 1.86 cm, respectively). Therefore, their FP resonances are
closer and fall in the X-band; additionally, the multiple internal scat-
tering is effective considering the cell density and distributions of the

PP Ni-based superalloy foams: extruded vs mixed
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Frequency [GHZ]
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samples. Furthermore, considering the measurement direction, SEa
peaks occur at close frequencies, especially in reused Ni-superalloy-
based powder, hinting at an almost isotropic response. Despite this,
SEa peaks do not display particularly high values, as lower relative
densities (0.36 and 0.33) give these samples a wideband SE, behavior
rather than a selective one.

Generally, the results show that extruding composite pellets can
benefit the morphology, particularly the foam density, cell dimensions,
and homogeneity of cell distribution, but not the circularity compared to
mixed-based samples: indeed, remarkable ellipsoidal shapes charac-
terize virgin particle-based extruded foams. However, the highest SE, is
measured for sample 2ex, which exhibits the highest circularity value
among the extruded-based samples, particularly along 90°orientation
(black dashed lines in Fig. 14b). Still, sample 4ex, which has the second
highest C value, has a slightly lower SE, peak in direction 2 (black
dashed line in Fig. 15b) than sample 1ex (blue dashed line in Fig. 14b).

Finally, since all half samples hardly have the same densities and
thickness, Specific SE (SSE = avSE/p [dB/g/cm®]) and Absolute Specific
SE (aSSE=SSE/t [dB/ g/cmz]) were calculated and reported in Fig. 16 to
assess the actual total shielding effectiveness in the X-band. The average
SE equals the total SE (SEg + SEa) values averaged throughout the X-
band and then divided by the sample relative density p to obtain SSE;
aSSE is calculated considering SSE divided by the thickness t of each
measured half sample. As inferred from the following histograms, the
specific SSE and absolute aSSE in direction 2 are the most promising for
the final application in the X-band. Furthermore, regarding the metal
particle type and the metal particle inclusion method, extruded-based,
especially concerning AISI316L 50 and Ni 2, demonstrated improved
SSE and aSSE compared to the mixed counterparts.

PP Ni-based superalloy foams: extruded vs mixed
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Fig. 15. (a) SEg and (b) SE, of foams obtained by extruded and mixed PP with virgin and reused (2 cycles) Ni Superalloy.
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Fig. 16. (a) SSE and (b) aSSE for all measured samples.

6. Conclusions

The present study investigated the suitability of virgin and reused
metal powders from PBF-LB and recycled PP foams for realizing mi-
crowave absorbers. All foams were produced using the chemical foam-
ing process of polymeric pellets and metal powder or pellets of the
composite material obtained via extrusion, adding 1 wt% ADC and
setting the same process parameters (foaming temperature of 190°C and
foaming time of 105 min).

SEM and EDS analyses were performed on metal powders, AISI 316 L
and Ni-based superalloy types, to verify the elemental composition and
oxidation. Subsequently, SEM acquisitions were carried out on foams
that included the aforementioned powders to examine their distribution
in the porous structures. A confocal microscope examined the
morphology of the foams; the images were then post-processed with a
visual software to evaluate the main morphological parameters — rela-
tive densities, cell numbers, areas, and distributions. The composition of
the metal powder seems to be the most significant variable affecting the
formation and size of the air cells during the foaming process. Their
effect is probably ascribable to the peculiar nucleation ability, which
depends on their thermal conductivities and how close they are to the
thermal conductivity of the matrix. Overall, the virgin powder shows
mainly a lower median cell area distribution and a slightly lower relative
density than the reused powders, except for the most used powder,
AISI316L, with 50 cycles, which showed, on the contrary, the lowest
value. On average, all the fillers slightly increase the circularity of the
cells. The powders do not significantly affect the cell density, except for
AISI 316L, whose effect is also strongly dependent on the powder’s
quality (virgin and number of reuses), with an evident reduction of the
cell density as the number of reuses increases.

To study the absorbance capability of the foams and assess the proper
frequency range for the measurements, numerical analyses were per-
formed on pure PP foams and PP foams filled with steel particles, having
different distributions. The results showed that air cell areas, cell elon-
gation, and distribution/location of metal particles impact the SEp
significantly, which is influenced by the combined effects of multiple
internal reflections induced by air cells and scattering from metal par-
ticles. In contrast, SEg is very low in the full frequency range, especially
in the PP foam, which is more sensitive to the foam’s effective permit-
tivity and thickness, i.e., the relative density; conversely, SEg increases
when metal particles are introduced, due to enhanced reflection
contribution of metal particles.

The X-band measurements confirmed the SEr’s numerical results,
quite independently of foam morphology or metal powder type. At the
same time, the measurements also show a significant variability of SE,,
especially depending on the sample morphology and orientation. In this
regard, the samples with PP and virgin 17- 4PH, characterized by high
relative density and very small air cell areas, exhibited high SEA values
(peaks of around 13-14 dB) in the X-band (15-25 dB). Conversely, PP
samples with virgin AISI316L, WC/Co/Cr, and Ni-based superalloys,
which feature low relative densities and the presence of large air cells,
showed a lower SE, performance compared to pure PP foam and also
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below the satisfactory range (10-13 dB). This discrepancy can be
reasonably imputed to the impact of the thermal conductivity on the
foam morphology and metal powders’ electrical conductivity on the EM
response. The reused metal powders show slightly higher SE, peak
values than the virgin ones. The differences observed in the EM response
seem to be related to the morphology of the foam, and in the majority of
the composites, the higher the value of the density, the higher the
magnitude of the SE, peaks, and the higher the cell area distribution
median, the higher the wavelength of the peaks.

Finally, concerning the foams obtained from composite pellets, even
though a better distribution of the metal powders in the PP matrix is
visible also from SEM images, and affects the foam lightness, decreasing
the relative density, the SE, results did not significantly improve
compared to the mixed samples. However, since all half samples did not
have the same densities and thickness, the evaluation of SSE = avSE/p
[dB/g/cmS]) and Absolute Specific SE, aSSE=SSE/t [dB/g/cmZ] was
carried out. The results demonstrated that all samples exhibited
improved EMI shielding capability when oriented at 90° (direction 2);
moreover, regarding the metal particle type and method used for metal
particle inclusion in the PP matrix, extruded-based foams, especially
concerning AISI316L 50 and Ni 2, showcased improved SSE and aSSE in
the X-band compared to the mixed counterparts.

Although the obtained absorbance performance is not fully satis-
factory, the proposed investigation proved that recycled PP and reused
metal powders from PBF-LB could be suitable for producing EMI
shielding foams, and future work will be aimed at optimizing the sample
processes and morphology to attain higher SExs in a larger frequency
range, i.e., the X- and Ku-bands. In this regard, additional metal powder
characterizations will also be scheduled for detailed insights into the
thermal and electrical conductivity and their role in the process and SE
performance.
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