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ABSTRACT

In this study, we apply the electromagnetic (EM) melt processing of thermoplastics on an
innovative EM field-driven powder bed fusion additive manufacturing (AM) concept for high-
performance functional parts: Selective Microwave Melting/Sintering (SMM/SMS). This
technique leverages the EM susceptibility of carbon nanotube-coated polymer micro-pellets to
achieve rapid, localized heating and powder fusion. Thus, selective microwave melting (SMM)
was used to fabricate multilayer specimens made of recycled polyphenylene sulfide (rPPS) and
carbon nanotubes (CNTs). The resulting SMM specimens exhibited very good interlayer
integrity, localized fusion at pellet boundaries, and tolerable residual porosity, indicating
effective fusion and acceptable consolidation. CNT-rich interphases were retained after
irradiation, generating anisotropic electrically active network pathways and enabling
conductivity enhancement at low filler content. At only 1.0 wt% CNT, the specimens exhibited
electrical conductivity approximately three orders of magnitude higher than neat rPPS.
Dynamic mechanical analysis showed improved viscoelastic response relative to neat rPPS,
while tensile testing confirmed that the SMM-processed specimens retained practical
mechanical integrity despite localized voids. These results demonstrate that SMM can
effectively consolidate EM susceptible thermoplastic powder beds while preserving their
segregated conductive networks. This may become a scalable route for producing
multifunctional thermoplastic parts with low filler loadings, tunable anisotropy, and structured
materials and parts. Overall, the findings suggest that EM field-based AM can help overcome
key limitations of conventional thermoplastic processing by enabling scalable, energy-efficient
fabrication of nanostructured composites and expanding AM to a broader range of resins,

including high-performance thermoplastics with customized functional properties.



INTRODUCTION

Additive manufacturing (AM), commonly known as 3D printing, has become a cornerstone
of the third industrial revolution by enabling layer-by-layer fabrication of complex structures
with reduced material waste, shorter lead times, and unprecedented design freedom [1]. Since
its introduction, AM has evolved from prototyping technology into an increasingly popular
platform considered for end-use manufacturing in aerospace, biomedical, automotive,
electronics, energy, and defense applications [2,3]. Despite this progress, the broad industrial
adoption of AM remains constrained by several persistent limitations, including restricted
material options, high processing cost, limited build speed, scalability challenges, anisotropy,
and inconsistent part quality [4]. These limitations are especially pronounced when the target
application demands a combination of structural performance, thermal resistance, and
multifunctionality [5]. As a result, there is a continuing need for new and advanced material
options and for developing innovative processing techniques and AM technologies that can
extend the performance envelope of AM beyond its current boundaries.

In many AM technologies, polymeric feedstocks dominate because they are lightweight,
inexpensive, readily processable, and compatible with a wide range of AM platforms. However,
conventional polymer-based AM parts often lack the mechanical strength, thermal stability,
chemical resistance, and functional properties required for demanding service conditions [6].
Even when metals or ceramics are used, AM parts may still suffer from surface roughness,
residual porosity, dimensional inaccuracies, and limited mechanical reliability [7]. These
shortcomings have motivated extensive research into potential composite feedstocks, hybrid
processing and AM methods, and post-processing approaches designed to improve part
performance [7]. Among these strategies, the use of nanocomposite resins, which involves
advanced nanomaterials compounded into the polymer matrix, has emerged as particularly

promising because it offers a means to simultaneously improve stiffness, strength, flow
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behavior, interlayer adhesion, thermal stability, electrical conductivity, and other transport
properties [8,9]. In this context, the 3D printing with multifunctional nanocomposites is
especially attractive because it addresses not only the structural limitations of conventional AM
polymers but also opens the way to parts made of advanced, robust, and functional materials.

Within this broader context, field-assisted processing has emerged as a potentially
transformative route for next-generation AM. In this work, we highlight the use of
electromagnetic fields to induce sintering or melting on electrically conductive thermoplastics,
a method based on what we call “electromagnetic melt processing” [10,11]. Unlike
conventional thermal processing approaches, which often rely on large thermal gradients to heat
the entire build environment or on surface scanning with a low-power (10-100 W) laser or
electron beam, the application of electromagnetic (EM) waves enables strong localized
volumetric heating and selective energy deposition in the regions that are intrinsically
susceptible to EM field absorption [10,12]. This is particularly attractive for susceptor materials
that efficiently convert EM energy into heat, enabling rapid thermal activation without the need
for bulk heating [13].

Selective microwave sintering (SMS) or microwave-assisted sintering (MAS) is an
emerging powder bed fusion additive manufacturing concept that has found some application
with ceramic and metal powders, but that remains at the research stage for thermoplastics
[14,15]. Current studies focus on microwave heating behavior, process control, and the
feasibility of selective powder-layer sintering or fusion [16,17]. The powder bed fusion family
of AM processes has largely demonstrated the value of layer-wise fabrication from a spread
powder bed [18]. However, most established powder bed systems rely on focused beam-based
energy delivery, which can produce steep thermal gradients, and that depends strongly on the
optical or absorptive properties of the irradiated surface [19]. In contrast, microwaves heat

susceptible powder bed systems volumetrically, thereby reducing thermal gradients and



potentially enabling more efficient interparticle bonding, as well as interparticle and interlayer
fusion. Nevertheless, microwave-based AM methods also remain highly material-dependent
because EM coupling efficiency is influenced by particle size, packing density, bed architecture,
and primarily by the intrinsic electrical and dielectric properties of the bed [20,21]. Another
constraint is full control of the uniformity of deposition of microwave energy, especially on
large parts. Interestingly, waveguides may help guide the EM energy deposition, and
microwave lasers (i.e., MASER) may potentially be used to focus the EM beam on the powder
bed to minimize such effects. This would yield the benefits of the volumetric effect of the EM
field as well as those of laser-based AM technology, such as in selective laser sintering (SLS)
[22,23].

A central point in the EM melt processing of thermoplastics is that most polymers are nearly
transparent to microwave radiation (i.e., non-susceptible) and therefore absorb insufficient
energy to heat effectively on their own when irradiated [24]. In contrast, carbon nanomaterials
such as CNTs and graphene are effective susceptors, responsive to EM fields due to their
electronic transport properties, morphologies, and their ability to form interconnected networks
[25,26]. Under microwave irradiation, such networks can interact well with EM waves, leading
to rapid and highly intense heating through a combination of dielectric loss, conductive loss,
and interfacial polarization effects [27,28]. The resulting temperature rise can be extremely fast
and localized, often occurring in regions where networks of nanoparticles form clusters of
electrical dimensions large enough to interact with the waves [10]. Thus, when strategically
arranged within or around polymer particles, these susceptible nanofillers can form conductive
pathways that improve electrical transport throughout, reinforce the polymer skeleton, and
enhance heat transfer [29]. Depending on loading level, dispersion and segregation state, and
network architecture, graphitic carbon nanomaterials can form electrically percolated structures

that dramatically alter how energy is absorbed and distributed within the composite material



[30]. This behavior creates a mechanism by which microwave energy can be converted into
heat precisely where it is needed, triggering polymer softening, sintering, or even melting at
interfacial and bulk regions [10]. In this sense, such network architectures can serve as
controllably arranged susceptors that translate the EM input into thermal energy, thereby
enabling the selective “activation” of the surrounding polymer regions next to the networks.
Our team has studied this and reported it with different thermoplastics and carbon nanomaterials
in previous works [10,31,32].

As previously mentioned, this selective heating mechanism based on EM susceptibility may
be especially useful because it can promote higher local interparticle fusion and even interlayer
bonding through interfacial remelting, reducing post-processing steps (e.g., annealing,
smoothing) [31]. If properly controlled, such spatially localized heating can reduce thermal
degradation, warpage, and energy consumption while still enabling sufficient thermal activation
for fusion. EM melt processing is also particularly attractive for high-performance (HP)
thermoplastics that have narrow processing windows or high melting temperatures, such as
polyphenylene sulfide (PPS), polyether ether ketone (PEEK), and polyimide (PI) [33]. These
HP materials offer excellent thermal and chemical resistance, but they are difficult to process
using conventional AM methods because they require higher thermal input and tighter control
over fusion conditions [34]. By localizing heating to microwave-responsive nanocarbon
networks, it is in principle possible to rapidly sinter or even fully melt-fuse the HP polymer
micro-pellets while preserving the overall integrity of the part [10]. This makes EM melt
processing of thermoplastics an appealing route for expanding the range of polymer options that
can be additively manufactured into structurally meaningful components and parts.

The present work thus applies the EM melt processing of EM-susceptible HP thermoplastics
to enable potentially new AM technologies, such as Selective Microwave Sintering (SMS) or

Selective Microwave Melting (SMM) powder bed fusion of thermoplastics. The central



hypothesis of this investigation is that strategically engineered CNT networks on the surface of
HP thermoplastic micro-pellets can efficiently absorb microwave energy, generate rapid
localized heating, and promote selective interfacial melting or sintering to produce parts made
of functional HP nanocomposites. By leveraging the basic mechanisms of EM melt processing,
the proposed approach seeks to expand the portfolio of materials options for AM to HP
thermoplastics. Therefore, in this study, we use polyphenylene sulfide (PPS), a high-
temperature resin, to produce additively manufactured 3-layer SMM specimens of simple but
consistent geometry and dimensions. The microstructure, transport, and mechanical properties
of the specimens are characterized. More broadly, this study proposes a foundational premise
for future EM field-enabled additive manufacturing routes that integrate structural performance,
thermal robustness, and functionality in a new materials platform for advanced HP applications

(e.g., aerospace, space, military, energy, electronics, etc.).

EXPERIMENTAL
Materials

Recycled polyphenylene sulfide (rPPS) micro-pellets, obtained as post-industrial waste
from Fortron® 0320-PPS supplied by Celanese Corporation (Irving, TX, USA), were used as
the polymer matrix. This material exhibited a density of 1.35 g-cm™, a melting point of 283 °C,
and a glass transition temperature (7,) of approximately 90 °C, as determined by differential
scanning calorimetry (DSC). Prior to processing, the rPPS micropellets were dried at 120 °C
under vacuum for 12 hours to eliminate residual moisture and to minimize thermo-oxidative
and hydrolytic degradation during melt processing.

Commercial NC7000 multi-walled carbon nanotubes (CNTs), by Nanocyl S.A., Belgium,
were employed as the susceptor nanomodifiers. NC7000 possesses a purity of > 90 %, a nominal

average outer diameter of ~8 nm, a length of 10-30 um, and a specific surface area of
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approximately 240 m?.g!'. The CNTs were used as received without further modification or
purification (i.e., pristine).
Powder Bed Formulation via Ball Milling

The CNTs and polymer micro-pellets were mixed via ball milling to achieve homogeneous
dispersion and a uniform CNT coating on the micro-pellets, yielding an EM-susceptible powder
bed. The mixing process was carried out using a vertical high-energy planetary ball mill (Model
MSE PRO 4L, MSE Supplies) under dry conditions at a rotation speed of 200 rpm. Stainless
steel balls of different diameters (twenty 5-mm, ten 10-mm, and two 20-mm) were used in each
500-mL stainless steel milling jar, which contained 20 g of the polymer-CNT mixed formulation
at 1.0 wt% CNTs. A mixing time of 60 min was utilized to achieve thorough mechanical
exfoliation of agglomerated CNTs, uniform coverage, and adhesion of CNTs to the polymer
micro-pellet surfaces. As displayed in Figure 1, this procedure produced a thin layer of
exfoliated and well-distributed but interconnected CNTs on the surface of the rPPS micro-

pellets, which imparts electromagnetic susceptibility to the resultant "green" mixtures.



Figure 1. SEM micrographs showing the morphology of rPPS powder particles coated with 1 wt% CNTs at
different magnifications: (a, b) low-magnification views of the powder particles, (c, d) higher-magnification
images highlighting CNT coverage on the particle's surface.

Manufacturing of the SMM specimens
As depicted in Figure 2, using the EM-susceptible 1 wt% CNT/tPPS powder bed, we

conducted proof-of-concept experiments for the selective microwave melting (SMM) powder
bed fusion AM technique using a custom-fabricated glass mold. A total of five “rectangular”
SMM specimens of ~60 mm in length, ~12 mm wide, and about 1.2 mm thick were prepared
for this study. For each specimen, the first powder layer was uniformly spread into the mold
(Figure 2, step 1). Then, it was subject to microwave irradiation using a custom-built laboratory
microwave oven (Microwave Research & Applications, Inc. Model BP-095 UMISS). This oven
delivers constant (non-cyclic) 2.45 GHz power. Irradiation was applied at 500 W for 30-60
seconds per layer (Figure 2, step 2), initiating localized heating, polymer melting, and fusion
of the powder bed into a “monolithic” continuous SMM nanocomposite layer. Subsequent
layers of the formulated powder were sequentially spread and leveled on top of the previously

processed layer (Figure 2c, step 3), followed by repeated microwave exposure under identical
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conditions. This layer-by-layer deposition and in-situ EM melt processing cycle was repeated
until the desired part geometry was achieved (Figure 2, step 4). As depicted in Figure 2, most
specimens required 3 layers to fill the cavity of the mold. Moreover, this method enabled the
preparation of other types of simple geometries, as demonstrated by specimens of “T”” and “L”

shapes, which were also made to explore the shape versatility of the method (Figure 2, step 4).
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Figure 2. Schematic illustration of the SMM powder bed fusion AM process and photographic sequence of the
fabrication of the three-layer SMM specimens: (1) powder bed preparation, (2) microwave irradiation of the first
layer, (3) layer-wise build-up, and (4) removal of the SMM specimens from the mold, and specimens of different

geometries.
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Characterization
(1) Scanning Electron Microscopy (SEM)

The morphological and microstructural SEM analysis of the rPPS micro-pellets, CNTs,
mixed powder bed, and SMM specimens was performed using a Thermo Fisher Quattro S Field-
emission Environmental SEM at 15 kV in secondary electron mode. Prior to inspection, the
materials and cryo-fractured specimens (for cross-section examination) were vacuum-dried to
remove moisture and coated with a 5 nm gold layer using a LUXOR Au sputter coater.

(2) Volume Electrical Conductivity Measurements

The volume electrical conductivity, o, of the SMM specimens was measured using a
Keithley 6517B High-Resistance Electrometer with a custom-made guarded resistance test
fixture, in compliance with ASTM D257. The fully shielded and grounded fixture enabled
applied voltages ranging from 10 V to 500 V and provided current detection in the picoampere
(pA) range. Measurements were performed using the alternating polarity method in the
KickStart software to minimize charge-accumulation effects and reduce thermal-noise artifacts
during testing. For each SMM specimen, in-plane and through-thickness conductivity
measurements were taken; five measurements were conducted for each configuration, for which
three consecutive readings were recorded and averaged to improve statistical reliability. The
relative humidity during testing remained near 50% RH. The conductivity was calculated using

Equation 1:

l
o= — (1)

where [ is the specimen “length” between the electrodes, R is measured resistance, and A is
the electrode contact area.

(3) Dielectric characterization



The through-thickness dielectric properties of the SMM specimens were measured using an
LCR meter (HIOKI IM3523) over the frequency range of 100 Hz to 200 kHz at room
temperature. The measurements were performed using the parallel-plate capacitor method, in
which each specimen was sandwiched between two flat electrodes to form a capacitor. Care
was taken to ensure intimate contact between the sample surfaces and the electrodes using
copper sticky foil so that air gaps were minimized during measurement. The analyzer provided
the capacitance, C, and phase angle, 6, as a function of frequency.

The real part of the relative permittivity, €' /gy, was then calculated from the measured

capacitance using equation 4,

g'feg = — 4)

AEO
where C is the measured capacitance, d is the sample thickness, A is the electrode area,
and &, is the permittivity of free space. The imaginary part of the relative permittivity, &'’ /&g,

was calculated from the impedance phase angle, 8, response using equation 5:

e /g0 = ~(¢'/%0) () (5)
(4) Mechanical Tensile Testing

Tensile testing was performed on the SMM specimens. The tests were conducted using a
universal testing machine (Instron 68TM-10 series, Instron, USA) equipped with a 10 kN load
cell. Testing was performed at a constant crosshead speed of 1 mm.min™!, an initial gauge length
of 30 mm, and data were acquired and collected using Blue Hill Universal software (Instron).
All experiments were conducted under ambient laboratory conditions of approximately 25 °C
and 50% relative humidity. The elastic modulus, ultimate tensile strength, and strain-at-break

were determined from the resulting stress-strain curves.

(5) Dynamic mechanical analysis
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Dynamic mechanical analysis (DMA) was performed to evaluate the viscoelastic response
of the SMM specimens. The measurements were carried out using a Discovery DMA 850
Dynamic Mechanical Analyzer, using a temperature ramp from room temperature to 300 °C at
a heating rate of 10 °C min™!. Storage modulus (E”), loss modulus (E”), and damping factor (tan
d) were recorded as a function of temperature. The specimens were tested under constant
oscillatory loading within the linear viscoelastic regime (i.e., 0.05% strain) at a frequency of
6.28 Hz, using a tension-mode geometry fixture. All measurements were performed on the neat
rPPS and the SMM specimens to enable direct comparison of their thermo-mechanical behavior.
The glass transition (7,) temperature was determined from the temperature dependence of the
DMA response, using the tan d peak of the storage modulus drop in accordance with ASTM

E1640 and ISO 6721.

RESULTS AND DISCUSSION
Morphological Evolution of the Irradiated Powder Bed

Figure 3 summarizes the progressive morphological evolution of the formulated micro-
pellets in the powder bed during the microwave-irradiation cycle. Figure 3 displays a schematic
representation of the microstructural and morphological progress of the micro-pellets in the
powder bed next to their corresponding SEM micrograph at four different stages of the cycle.
The sequence clearly shows that the EM melt process proceeds through distinct stages,
beginning with the “green” micro-pellets in the packed bed (Stage 1), followed by neck
formation, inter-particle sintering (Stage 2), “neck” growth, particle coalescence and bonding
(Stage 3), and ending up in the development of a more fused and continuous segregated
nanocomposite structure (Stage 4). This progression is consistent with a thermally activated
fusion mechanism in which microwave energy is converted locally into heat from the EM-
susceptible CNT network, producing interfacial softening, sintering, and finally fusion across

the whole bed area that is being irradiated [10].



In Stage 1, the powder bed consists of discrete CNT-coated polymer micro-pellets of
irregular shapes (i.e., due to the cryogenic micronization recycling process) but with clearly
defined boundaries and of a similar size of around 100 pm. The schematic shows more uniform
micro-pellets for the sake of clarity. This state is characteristic of the initial irradiation stage,
where the thermal input is still insufficient to activate the interparticle bonding processes
required for neck formation and particle coalescence [35].

Stage 2 represents the onset of EM coupling, heating, and “neck” formation between pellets.
At this stage, localized energy absorption at the CNT network produces softening at the micro-
pellets’ surface, allowing adjacent particles to make stronger contact and form interparticle
necks into a sintered structure. Both the schematic and SEM indicate that the pellets begin to
lose their sharp individuality, while small bonding bridges appear at the contact points. This is
a critical transition in the fusion process, because neck growth marks the onset of thermally
driven inter-pellet bonding and of material transport between adjacent particles [36]. The
formation of these necks implies that microwave-induced lossy processes are sufficient to
transfer energy farther away from the CNT network interfacial regions, initiating inter-pellet
sintering without yet causing complete collapse of particle identity.

As irradiation continues, Stage 3 shows pronounced particle coalescence, fusion, and
melting. The boundaries between neighboring pellets become less distinct, and the material
begins to behave as a continuous connected structure rather than a collection of separate entities.
SEM reveals a much smoother and more fused morphology, indicating that the interparticle
necks have grown substantially and that surface tension-driven flow has promoted
consolidation. At this point, the system transitions from a sintered to a more integrated structure,
which is essential for achieving mechanical continuity and improved adhesion. The
disappearance of most particle boundaries suggests that the thermal field is now sufficient to

drive widespread interfacial melting and coalescence. Moreover, the viscoelastic deformation
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of the original micro-pellets also distorts the original “green” CNT network, and as a
consequence, as discussed in the transport properties section, the electrical conductivity of the
green bed gets significantly reduced, leading to a reduction in EM susceptibility in the resulting
fused layer. This is beneficial for the SMM process, as subsequent layers spread on top of the
previous ones will be more EM-susceptible than the one underneath, yielding enough layer
selectivity during the irradiation process.

Stage 4 corresponds to the melting and fusion of the irradiated section of the bed and to the
formation of a largely “homogeneous” structure. The schematic shows that the original pellets’
boundaries are nearly absent, leaving only a continuous structure with residual pores/voids, and
in some cases, well-defined CNT-rich interphase regions and CNT remaining clusters. SEM
supports this interpretation by displaying a dense, continuous morphology with much less
visible particle individuality. However, the remaining pores indicate that full microstructural
continuity is not always achieved (depending on irradiation conditions and bed characteristics).
These pores/voids may originate from several reasons, such as incomplete collapse of inter-
pellets voids, trapped air, gas products from local polymer degradation, local viscoelastically
impeded flow, and even from polymer solidification and crystallization processes [ref].

Taken together, these four stages provide direct evidence that the bed consolidation
mechanism during irradiation is governed by a progressive thermal evolution from individual
particles to sintering, fusion, and even melting. The microstructural sequence is especially
important because it connects the macroscopic heating and layer formation process to localized
EM coupling and microscopic inter-particle mechanisms. In particular, the microstructural
evolution suggests that microwave-responsive powder bed feedstocks can convert EM energy
into localized interfacial heating, enabling inter-particle fusion at relatively early stages,

promoting structural continuity. This mechanistic understanding is necessary to demonstrate



the potential of EM melt processing of thermoplastics in innovative future AM technologies,

such as SMM and SMS, capable of dealing with HP and functional thermoplastic materials.
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Figure 3. Schematic representation and corresponding electron micrographs of the morphological evolution of
the EM-susceptible CNT/rPPS powder bed during irradiation: Stage 1, powder bed of CNT-coated micro-pellets
spread and packed; Stage 2, initial “neck” formation and sintering between adjacent pellets under
irradiation; Stage 3, neck growth, particle coalescence, and boundary fading; and Stage 4, near-complete fusion

and melting of the powder bed into a “quasi-homogeneous” microstructure with tolerable levels of residual

pores/voids content and a CNT-rich network at the interphase regions.



Microstructure and Morphology of the SMM Specimens

Figure 4 shows the SEM micrographs of the cross-section of the 3-layer SMM specimens.
As Figures 4a and 4b reveal, the specimen structure is clearly layered and exhibits excellent
interlayer bonding and integrity, as evidenced by the absence of obvious delamination across
layers 1, 2, and 3. As expected, instead of an entirely dense cross-section structure, Figure 4a
displays some micro-voids and localized defects, suggesting substantial but incomplete
consolidation. The irregular geometry of the rPPS micro-pellets may also likely contribute to
micro-void formation when the powder bed displays more limited packing efficiency, and when
residual inter-pellet gaps and interstices become more prominent [37]. Some of these micro-
voids are concentrated near the interlayer regions, suggesting that porosity is more likely to
form preferentially at the layer interfaces.

Figure 4b displays the cross-section of another specimen at larger magnification, also
showing excellent interlayer bonding. The SMM powder bed fusion approach relies on the
differential EM response between the top green layer and the previous, less EM-susceptible
“sintered” layers. This enables a good level of selective melting, which promotes such a strong
interlayer bonding [31]. This behavior is consistent with the observation that, after a layer
undergoes melting, its electromagnetic susceptibility decreases due to the restructuring,
redistribution, and partial embedding of CNTs within the polymer matrix [32]. As the
previously processed layer becomes less microwave-responsive, microwave energy 1is
increasingly absorbed by the top green layer, allowing sequential layer fusion without severe
overheating of the underlying structure. In this manner, the spatial heating distribution is
governed primarily by the intrinsic material response and the engineered nanoparticle-micro-
pellet interphase distribution rather than by solely the external EM beam. Some residual micro-

voids remained because the irradiation time and energy input were inadequate to eliminate
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porosity entirely [38]. Moreover, good interfacial softening and chain interdiffusion between
adjacent layers can be observed [31,35].

Figures 4c through 4f show a good level of morphological segregation with remaining CNT
agglomerates in the pellets' interphase regions, forming the network that yields the final
transport properties in the specimens. These CNT-rich regions are the regions serving as
electromagnetically active pathways. Overall, the microstructure demonstrates successful
interlayer bonding and vertical consolidation but also indicates that further optimization of
exposure time, powder deposition, and bed characteristics is required to reduce porosity and

improve structural uniformity.



ey !

Figure 4. SEM micrographs of the cross-section of the SMM powder bed fusion specimens at different
magnifications: (a, b) low magnification(x50), showing the overall layered structure; (c, d) intermediate
magnification; and (e, f) high magnification, revealing the fused microstructure, micro-voids, CNT agglomerates,
and CNT-rich networks at interphase regions of the segregated composite material.

Electrical Conductivity of the SSM Specimens

Figure 5 shows that the SMM specimens exhibit anisotropic electrical conductivity. Their
conductivity reaches (3.13+0.85)x10"® S/m and (2.97+0.35)x10"!'! S/m in the in-plane direction
and the through-plane direction, respectively. The in-plane value is three orders of magnitude
higher than that of neat rPPS at (2.760 £ 0.523)x10"!! S/m; whereas the through-plane value is
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statistically not different from the rPPS resin value. Furthermore, the conductivity of the
formulated green powder measured prior to SMM processing yielded a value of (1.590 £ 0.383)
x10® S/m. These results indicate that upon irradiation, the conductivity of the powder bed
decreases by nearly 2 orders of magnitude. This mainly occurs because, during SMM
processing, the CNTs become engulfed by the viscoelastic polymer matrix, which disrupts the
conductive network pathways to some extent [10].

The anisotropy displayed by the specimens may be attributed to selective microwave
coupling with CNT-rich regions during irradiation, which generates localized heating at inter-
pellet interfaces and promotes fusion without complete bulk “homogenization”. Under these
conditions, charge transport likely occurs through direct CNT-CNT contacts at fused interfaces
and via tunneling across residual gaps, consistent with percolation-controlled transport in
nanocomposites [39]. Moreover, the limited but existing in-plane viscoelastic flow of each layer
as it is irradiated may also contribute to some anisotropy. As a result, conductive pathways are
formed primarily through discrete CNT bridges at pellet-pellet contacts, rather than through a
continuous, fully percolated CNT network [40].

Furthermore, the observed results suggest the formation of a directionally biased conductive
network, where microwave-induced localized heating retains CNT-rich pathways at interfacial
regions but incomplete vertical connectivity limits through-thickness transport (Figure 5),
resulting in a lower conductivity [32]. During the irradiation of the powder bed, conductivity is
strongly influenced by packing density, interparticle contact quality, residual porosity, and
incomplete interfacial fusion, all of which increase contact resistance and the tunneling distance,
thereby hindering long-range charge transport [41,42]. This behavior is consistent with
percolation theory, which predicts a strong dependence of conductivity on network connectivity

[43,44].



In SLS studies, Lupone et al. reported that carbon-fiber-reinforced composites exhibited
higher electrical conductivity than graphite-filled systems. At the same time, hybrid
formulations were reported to show intermediate behavior and a percolation threshold in the
range of 15-20 wt% reinforcement [45]. In contrast, in the present work, the conductivity levels
achieved at only 1 wt% CNT indicate efficient network formation at very low CNT loading
levels, highlighting the potential of our team’s method to formulate an EM-susceptible powder
bed for the fabrication of functional nanocomposite parts with reduced nanoparticle content.
Moreover, compared with other conventional powder bed fusion routes, SSM powder bed
fusion may retain a more segregated but percolated microstructure because the localized
microwave heating promotes very sharp pellet-pellet and CNT-polymer interfacial fusion as
well as higher CNT networking. We acknowledge that further optimization of powder packing,
CNT dispersion, and microwave-field uniformity will be important for improving interparticle
connectivity, reducing porosity, micro-voids, and contact resistance, and, in general, achieving

better transport and mechanical properties.
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Figure 5. Through-plane and in-plane volume electrical conductivity of the SMM specimens. Error bars

represent 95% confidence intervals.
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Dielectric Properties of the SMM Specimens

Figure 6 displays the AC dielectric response of the SMM specimens from 100 Hz to 200
kHz. The dielectric properties, electrical real relative permittivity (¢'/€,) and imaginary relative
permittivity (or dielectric loss, € /g,) exhibit a strong frequency dependence. As shown in
Figure 6, at low frequencies (100 Hz near the DC regime), the real relative permittivity
reaches (6.06£1.69)x10%, reflecting a pronounced interfacial charge accumulation at CNT-
polymer boundaries due to the conductivity mismatch between the CNT-rich phase and the
insulating polymer matrix, which leads to Maxwell-Wagner-Sillars polarization [46]. The
CNT/rPPS interface, therefore, behaves as a capacitor-like region storing charge under a low-
frequency electric field [46]. With increasing frequency, €'/g, decreases sharply to
(5.33£3.15)x10% at 10 kHz and then to (4.43+0.41)x10" at 100 kHz and (3.95+0.24)x10" at 200
kHz. This decay occurs because the interfacial charges cannot respond rapidly enough to the
alternating field, thereby suppressing space-charge polarization and increasing lossy transport
processes [47].

A similar trend is observed in the imaginary relative permittivity, €'’ /&, in Figure 6, which
is very high (8.76+3.39)x10° at a low frequency of 100 Hz, and decreases quickly down to
(8.81£4.07)x10° at 200 kHz. This behavior suggests that energy dissipation is dominated by
interfacial polarization and conduction-related loss associated with charge hopping and leakage
across CNT junctions. The persistence of dielectric loss across the measured range indicates
that the CNT network is electrically active, while the sharp decay with frequency reflects the
limited ability of space charge to follow the alternating field [48,49]. Moreover, the dielectric
data are consistent with the conductivity results, which indicate that the CNT network is
electrically active but spatially discontinuous, giving rise to partial percolation and anisotropic
transport. In such systems, the same interfacial barriers and tunneling gaps that limit long-range

conduction also enhance low-frequency dielectric dispersion and contribute to AC loss through



hopping and leakage-current pathways [49,50]. Thus, the strong low-frequency real relative
permittivity and the persistence of dielectric loss over the measured range suggest that the SMM
powder bed fusion generates a heterogeneous microstructure (segregated) with extensive
interfacial area, where charge accumulation dominates at low frequency but increasingly

transitions to dissipative transport as frequency rises.
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Figure 6. Frequency-dependent dielectric response (¢’ /&, and €'’ /&,) of the SMM specimens.

Mechanical Properties of the SMM Specimens

The average values of Young’s modulus, tensile strength, and strain-at-break obtained from
tensile testing for the SMM specimens are shown in Figure 7. These results collectively
demonstrate that SSM powder bed fusion produces mechanically functional, robust structures
rather than loosely bonded or partially fused powder/structures. The tensile strength (Figure
7a) average value of 52.61 = 9.16 MPa further confirms that the nanocomposite material can
withstand substantial load before failure. This level of strength is about 20% higher than, but

statistically similar to, neat rPPS (44.56 + 3.77 MPa). Nevertheless, the data set displays more
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variability than that of the rPPS. This is probably due to the presence of micro-voids in the
SMM specimens. This acceptable strength level arises from the combined effects of matrix
consolidation, inter-pellet bonding and fusion, and likely, CNT-mediated reinforcement [51]. In
CNT-reinforced polymer systems, such improvements are typically governed by (i) efficient
stress transfer across the CNT-matrix interface, (ii) the formation of interconnected CNT
networks that constrain deformation, and (iii) nanoscale stress redistribution that mitigates
localized failure [52,53]. In the present system, CNTs embedded within the EM-structured
network likely act as mechanical bridges between adjacent rPPS micro-domains, facilitating
stress transfer across fused interfaces. Although inter-pellet fusion is not fully complete all
across, and some voids may weaken the structure, these interactions provide a clear basis for
the observed reinforcing effect. The relatively high tensile strength at low CNT loading
highlights the effectiveness of the EM-induced structuring approach in promoting
reinforcement without requiring high filler concentrations.

As shown in Figure7b, the elastic modulus of 1573.1 + 3.87 MPa is particularly notable
and remained within the same range as that of the neat polymer, indicating resistance to elastic
deformation and suggesting also an efficient load transfer within the consolidated structure
[54,55]. This behavior is consistent with a percolated or semi-percolated CNT network, which
enhances stiffness by restricting polymer chain mobility and reinforcing the matrix through
effective interfacial interactions [55—-57]. Once again, the SMM stiffness was not significantly
different from that of the rPPS but showed more statistical variability.

As displayed in Figure 7¢, a strain-at-break of 4.79 + 2.46% of the SMM specimens
provides valuable insight into their failure mechanisms. This value is statistically not different
from the ductility of the neat rPPS (3.09 + 0.31%). In CNT/polymer systems, strain-at-break
often decreases after CNT addition, which may be interpreted as evidence that plastic yielding

in the fractured zone is reduced relative to the neat polymer [58]. This response is characteristic



of a microstructure governed by interfacial failure between partially fused particles, rather than
a fully continuous polymer phase. Residual interfaces and micro-voids formed during the SSM
powder bed fusion process likely act as stress concentrators, restricting elongation and
promoting premature failure [59]. Nevertheless, despite these structural defects, the SMM
specimens display quite acceptable mechanical properties, comparable or even superior to the
rPPS matrix.

From a process-structure-property perspective, the mechanical response of the SMM
specimens is consistent with a localized interfacial activation mechanism [31]. In our SMM
process that irradiates the whole specimen (without a focused microwave beam or MASER),
microwave energy may lead to some hot-spots but still selectively heats CNT-rich percolated
regions, promoting bonding at inter-pellet contacts without requiring full bulk melting or
external compaction. While this enables energy-efficient pellet fusion and preservation of the
CNT architecture, it also limits densification and microstructural uniformity to some extent
compared to conventional SLS techniques that focus energy [60]. Despite this, the present
results demonstrate that our preliminary SSM technique (even without a focused beam) can
rapidly produce high-performance nanocomposite parts (i.e., with polymers of high melting
point) of simple geometries with adequate stiffness and strength. This supports the feasibility
of SMM powder bed fusion as an alternative, potential, and future AM technology. We
acknowledge that we are proposing an AM conceptualization only, and that much needs to be
done (such as further optimization of powder formulation, irradiation conditions, microwave
energy delivery, microwave beam focusing, and electromechanical automation of the energy
deposition and of the powder bed spreading system) to achieve high-performance components
of complex shapes. Nonetheless, these findings introduce SSM powder bed fusion as a potential
AM route for HP functional thermoplastic parts, useful in electronics, aerospace, space, and
military applications.
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Figure 7. Data distribution of the tensile mechanical properties of the SMM specimens: (a) tensile strength, (b)
modulus, and (c) strain-at-break.



Dynamic Mechanical Analysis of the SMM Specimens

Figure 8 displays the representative viscoelastic dynamic mechanical behavior of the SMM
specimens and that of the neat rPPS. The temperature-dependent storage modulus (E’), loss
modulus (E'"), and damping factor (tan &) are displayed. As shown in Figure 8a, in the glassy
region, the SSM specimens exhibit a similar storage modulus (E') to that of the neat rPPS
(Figure 8b), indicating a similar response at room temperature [61]. As shown in Figure 8a,
the magnitude of the storage modulus in this region (of the order of ~1-2 GPa) is consistent with
the tensile modulus values from quasi-static tensile testing (1573.1 + 3.87 MPa), confirming the
effect of the CNT network across both static and dynamic loading conditions [62]. As
temperature increases, both the SMM specimens and the neat rPPS exhibit a gradual decrease
in storage modulus corresponding to the onset of segmental motion in the polymer matrix [63].
However, the SSM specimens show a sharper leathery transition, but a more gradual decay of
the rubbery plateau. The CNT network, which may yield a pseudo-crosslinking effect, may be
responsible for this behavior of the rubbery plateau, as this region is governed by entanglements
of long-chain molecules and networks, while micro-voids may be leading the sharp leathery
transition [62]. This is consistent with the tan §-derived glass transition temperature (7%), which
for the SMM specimens is 132.36 °C and 136.05 °C for neat rPPS. This modest downward shift
suggests that, although CNTs contribute to stiffness, relaxation behavior is also influenced by
microstructural heterogeneity introduced during the SSM process [64]. Residual interfaces,
incomplete fusion, and localized regions of increased free volume may promote earlier
segmental relaxation in some parts of the material [64,65]. As noted by Khan et al., strong
nanoparticle-polymer interactions can restrict chain diffusion, whereas localized free-volume-
rich regions associated with imperfect consolidation may facilitate earlier relaxation, leading to
a net reduction in 7, consistent with free-volume-based interpretations of polymer behavior
[66]. To a lesser extent, possible thermally induced degradation in the polymer network may
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also contribute to this shift. Overall, the nanocomposite response reflects a balance between
CNT-mediated stiffening and EM-induced heterogeneity and defects rather than a simple
increase in 7.

When considered alongside the tensile results, the DMA data confirm that SSM fusion
produces parts with retained stiffness, very good strength, and constrained viscoelastic
relaxation behavior. The tensile response demonstrates load-bearing capability under static
conditions, while the DMA results show that SMM specimens retain consistent
thermomechanical behavior. Compared to neat rPPS, the SSM specimens exhibit improved
elastic retention and reduced damping, supporting the conclusion that the EM-induced
structuring attained via SMM generates a physically interconnected network that not only yields

transport properties but also mechanical performance.
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Figure 8. Dynamic viscoelastic response showing the thermomechanical behavior of the storage and loss moduli,

as well as the loss tangent for (a) the SMM specimens and (b) for the neat rPPS.
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CONCLUSIONS

This study underscores the potential of electromagnetic (EM) melt processing of
thermoplastics as a basis for innovative additive manufacturing (AM) technologies that may
yield high-performance (HP) thermoplastic parts with advanced functional and mechanical
properties. In this work, we apply the EM melt processing to a powder bed fusion AM concept
that uses microwaves to manufacture simple parts layer-by-layer. We call this conceptual
manufacturing approach “selective microwave melting (SMM) or sintering (SMS)”. This
approach is not only innovative but may broaden the material scope for AM to high-
performance (HP) thermoplastics and many other engineering thermoplastics, currently
unavailable in AM. It may also open new pathways for sustainable, efficient, and versatile AM,
driving forward the next generation of AM technologies. Thus, simple SMM specimens, made
of a formulated powder bed consisting of CNT-coated recyclable polyphenylene sulfide (rPPS)
micro-pellets (at 1 wt% CNT), exhibited a tensile strength of 52.61 + 9.16 MPa, an excellent
strength compared to the matrix resin, as well as excellent retention of stiffness and ductility.
Dynamic mechanical analysis confirmed the thermomechanical properties of the SMM
specimens. Microstructural analysis revealed an excellent interlayer bonding, CNT-rich
interphases, and residual porosity and CNT aggregates, indicating an acceptable level of fusion,
defects, consolidation, and CNT networking. Thus, electrical conductivity and dielectric
measurements revealed pronounced anisotropy and a marked increase in conductivity and
dielectric loss at low CNT loading, confirming the partial retention of electrically active
networks during the SMM process. Collectively, this validates the feasibility of conceptual
microwave-based powder bed fusion AM technologies. Moreover, these electromagnetic field-
enabled AM methods present scalable, energy-efficient, and material-versatile pathways to

fabricate the next generation of functional HP thermoplastic parts. The findings in this study



establish a conceptual foundation for expanding field-directed AM technologies that will enable
a broader class of engineering and high-performance polymers and functional properties,
offering exciting new possibilities in electronics, aerospace, space, energy, military, and

sustainable manufacturing sectors.
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