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A B S T R A C T

Polyphenylene sulfide (PPS) is widely used in structural and functional composites because of its thermal sta
bility, chemical resistance, and mechanical strength. As circular manufacturing becomes increasingly important, 
extending the service life of recycled PPS (rPPS) is essential. However, conventional high-temperature reproc
essing accelerates thermo-oxidative degradation, reducing recycled composite performance. This study proposes 
a rapid and potentially energy-saving upcycling strategy for rPPS using electromagnetic (EM) melt-processing to 
form segregated carbon nanotube (CNT) networks and produce EM-responsive nanocomposites. The aim was to 
determine whether CNT-assisted EM heating could reduce polymer degradation while improving multifunctional 
properties at ultralow filler loadings. rPPS micropellets were coated with CNTs by ball milling to create 
conductive shells, then compacted into green bodies (GBs) and selectively melted by rapid EM irradiation. 
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Structural, electrical, mechanical, rheological, and electromagnetic interference (EMI) shielding properties were 
evaluated. Electrical percolation occurred at an ultralow CNT loading of 0.08 wt%, with conductivity reaching 
(1.24 ± 0.74) × 10-5 S⋅m− 1 at 0.1 wt%. At this concentration, tensile strength and modulus increased by 72% and 
99%, respectively. At ~ 0.7 mm thickness, X-band EMI shielding effectiveness reached 6 dB for GBs and 3 dB 
after EM processing. This shows that EM melt-processing upcycles rPPS into high-performance multifunctional 
nanocomposites with minimum thermal degradation.

Introduction

The growing demand in the aerospace, space, automotive, and en
ergy industries is driving the use of high-temperature polymers that 
combine lightweight and functional properties with robust mechanical 
strength under extreme conditions [1,2]. High-performance (HP) ther
moplastics, e.g., polyphenylene sulfide (PPS), polyetheretherketone 
(PEEK), poly(aryl ether ketone) (PAEK), and polyetherimide (PEI), have 
emerged as preferred candidates for advanced polymer engineering 
applications due to their exceptional properties and performance [1]. 
PPS is at the forefront of engineering and high-temperature applications 
and is a promising candidate among HP polymeric materials. Chemically 
speaking, PPS is a semi-crystalline thermoplastic polymer consisting of 
alternating sulfur atoms and aromatic rings, a molecular structure that 
imparts several desirable properties [3]. These include exceptional 
chemical and thermal stability [4], inherent flame resistance [5], high 
heat deflection temperature, and excellent dimensional stability [6]. 
PPS further distinguishes itself by offering high mechanical perfor
mance, favorable electrical insulation, and an intermediate cost relative 
to other HP thermoplastics [7].

Notably, although pristine PPS is electrically insulating, it can 
exhibit semiconducting behavior through oxidation or doping, posi
tioning it as a potential precursor for semi-flexible conducting polymers 
[8]. To further expand its functional range, conductive nanofillers, such 
as carbon nanotubes (CNTs), graphene, and their derivatives, have been 
incorporated to enhance its electrical, mechanical, and thermal prop
erties [9]. CNTs, in particular, are ideal one-dimensional conductive 
nanofillers owing to their high axial electrical conductivity (104-105 S/ 
cm), thermal conductivity (3000–6600 W/m⋅K), carrier mobility 
(1000–4000 cm2/V⋅s), and exceptional Young’s modulus (0.27–1.25 
TPa) combined with thermal stability up to 700 ◦C in air [9–11]. 
Moreover, strong π-π interactions between the CNT sidewalls and the 
aromatic rings of PPS promote effective interfacial adhesion, thereby 
improving stress transfer and load-bearing capability [12].

While CNTs offer exceptional electrical, thermal, and mechanical 
properties that make them ideal reinforcements in PPS matrices, their 
practical utilization is hindered by several processing challenges. The 
high temperatures (300–350 ◦C) and shear stresses required during 
conventional melt-mixing and injection molding often induce oxidation 
and degradation of the PPS matrix [13]. Furthermore, achieving uni
form CNT dispersion remains a major challenge, as van der Waals forces 
drive agglomeration and limit electrical percolation efficiency [14]. 
Consequently, CNT/PPS thermoplastic nanocomposites (TPNCs) pro
cessed via traditional routes typically demand relatively high levels of 
filler loading (≥4 wt%) to achieve measurable electrical conductivity, 
which adversely affects mechanical integrity and processability [15]. To 
overcome these limitations, innovative processing strategies capable of 
achieving structuring in the nanocomposites are needed to simulta
neously attain segregated, but interconnected conductive architectural 
networks, which will lead to superior functionality at reduced nano
particle content [16,17].

Recently, electromagnetic (EM) or microwave-assisted melt-pro
cessing of thermoplastics has emerged as a sustainable alternative for 
polymer welding, bonding, sintering, and even melt processing [17–21]. 
By applying volumetric heating via microwave or radio wave radiation, 
these techniques achieve rapid and selective surface and/or bulk 
melting, reducing overall processing times and energy consumption by 

up to 70–90% compared to conventional heating methods [22–24]. 
However, the high crystallinity (>45%) and dielectric constant of PPS 
(3.3–3.9) make it inherently microwave-transparent, restricting dipole 
rotation, yielding negligible microwave heating [18,25]. Although PPS 
is intrinsically a low dielectric constant polymer, its slight but finite 
dielectric loss at high frequencies combined with the conduction loss 
provided by carbon fillers can still contribute, to some extent, to an 
efficient heat induction in carbon/PPS composites, where synergistic 
conductive and dielectric losses generate localized ‘hot spots’ within the 
material [26]. This is important when it comes to segregated nano
composites, where CNTs get strategically positioned, forming an inter
connected network, which enables selective heating of the CNT network 
and of the polymer-CNT interphase zone. This leads to interfacial and 
bulk polymer melting as well as enhanced polymer-CNT adhesion 
without exposing the entire matrix to prolonged high temperatures 
[17,27,28]. As a result, EM melt-processing provides a unique pathway 
to engineer segregated, interconnected conductive networks in PPS- 
based nanocomposites while suppressing thermo-oxidative degradation.

Building on these advances, the sustainable use of recycled PPS 
(rPPS) has become increasingly important as PPS waste generated by 
high-value manufacturing processes, including injection molding, 
machining, composite fabrication, and disposed electronics, becomes 
more widely available [6,29]. Unlike commodity plastics, PPS scrap 
primarily originates from post-industrial sources, yielding relatively 
clean but structurally degraded feedstocks that are often downcycled or 
discarded despite their intrinsic value [30]. Conventional thermal 
reprocessing of PPS requires prolonged exposure to high temperatures 
(≥300 ◦C), which accelerates thermo-oxidative degradation, reduces 
molecular weight, and compromises mechanical and functional perfor
mance [6]. As a result, existing recycling approaches are largely unable 
to preserve the performance required for advanced engineering appli
cations, highlighting a critical need for upcycling strategies that both 
mitigate degradation and enable functional enhancement. Although EM 
melt-processing has demonstrated potential for selective heating and 
improved polymer-nanofiller interactions [19,31], its application to 
recycling and even upcycling highly crystalline polymers such as PPS 
remains insufficiently explored. In particular, the challenge lies in 
achieving controlled interfacial activation and conductive network for
mation without inducing bulk thermal damage to the recycled matrix.

Therefore, in this study, we introduce electromagnetic melt- 
processing as an innovative strategy for the upcycling of recycled PPS 
(rPPS). This approach utilizes localized microwave heating to trigger 
interfacial and bulk polymer melting, enhanced adhesion between the 
polymer and nanofillers, and facilitate the formation of segregated 
conductive networks confined to micropellet interfaces. By harnessing 
EM-induced hotspot generation and interfacial activation, the method 
allows for precise network structuring while minimizing bulk polymer 
degradation, ultimately improving the functional and mechanical per
formance of rPPS-based nanocomposites.

Experimental

Materials

Recycled polyphenylene sulfide (rPPS) micropellets, obtained as 
post-industrial waste from Fortron® 0320-PPS supplied by Celanese 
Corporation (Irving, TX, USA), were used as the polymer matrix. The 
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material exhibited a density of 1.35 g⋅cm− 3, a melting point of 283 ◦C, 
and a glass transition temperature (Tg) of approximately 90 ⁰C, as 
determined by differential scanning calorimetry (DSC). Prior to pro
cessing, the rPPS micropellets were dried at 120 ⁰C under vacuum for 12 
h to remove residual moisture and minimize thermo-oxidative and hy
drolytic degradation during melt processing.

Commercial NC7000 multi-walled CNTs, by Nanocyl S.A., Belgium, 
were employed as the conductive nanofiller. NC7000 possesses a purity 
of > 90 %, a nominal average outer diameter of ~ 9.5 nm, an average 
length of 1.5 μm, and a specific surface area of approximately 240 
m2⋅g− 1. The CNTs were used as received without further modification or 
purification (i.e., pristine).

Ball milling powder Formulation and green bodies Preparation

The rPPS micropellets and CNT nanopowder were mixed using a dry- 
powder soft ball milling process, following a protocol previously re
ported [17,32] using a high-energy planetary ball mill (MSE PRO 4 L, 
MSE Supplies, USA) at 200 rpm and 60 min to obtain uniformly CNT- 
coated rPPS micropellets at selected filler loadings of 0.1–1.5 wt% and 
minimizing CNT damage.

Then, the mixtures (here called “green” mixtures) were mechanically 
compacted at 16 tons for 2 min at room temperature using a hydraulic 
laboratory press (Carver Model 4389 MHC) and a 40-mm diameter 
Pellet Pressing Die Set (MSE Supplies) to produce consolidated green 
bodies (GBs) weighing approximately 0.7 g and a thickness of 0.6–0.8 
mm. No external heating was applied during compaction, preserving the 
as-coated segregated CNT configuration prior to processing. Here, “GB” 
refers to the mechanically compacted CNT/rPPS mixture before EM 
melt-processing.

EM melt-processing of nanocomposites

The EM melt-processing of the formulated GBs was carried out in a 
customized laboratory microwave oven with a True-to-Power® 
magnetron (Microwave Research & Applications BP-095 UMISS, 2.45 
GHz) at 500–900 W for less than 180 s, depending on the GBs' electro
magnetic susceptibility, as described previously [17,32]. For the highly 
crystalline rPPS matrix, effective EM coupling and full polymer melting 
occurred at loadings ≥ 0.1 wt% CNTs, leading to dense, well-fused 
“monolithic” nanocomposites. The resulting CNT/rPPS TPNCs were 
successfully produced at 0.1, 0.3, 0.5, 1.0, and 1.5 wt% and subse
quently characterized in terms of morphological, microscopical, elec
trical, rheological, and electromagnetic properties.

Testing and characterization

Mechanical tensile testing

Tensile testing was carried out for all prepared nanocomposite con
centrations. TPNC dogbone specimens were cut out from the processed 
specimens using a standard die cutter for tensile testing. For this, the ISO 
37 standard guidelines were followed, as it includes one of the smallest 
dogbone standard geometries. Thus, dogbone specimens approximately 
300 μm thick were prepared using an ISO 37 Type 4-certified cutting die 
(Qualitest). Mechanical testing was conducted using a universal testing 
machine (Instron 5982, Instron, USA) equipped with a 5 kN load cell 
(Instron 2580 series). Tests were performed at a constant crosshead 
speed of 1 mm.min− 1 (A relatively low crosshead speed was selected to 
ensure stable quasi-static loading and accurate strain tracking for the 
thin dogbone specimens, while minimizing grip slippage and premature 
failure during testing), and data acquisition was handled using Bluehill 
Universal software (Instron). Axial strain was measured using a non- 
contact video extensometer (Instron Model 2663–902) with a spatial 
resolution of 5 μm, ensuring accurate strain measurement throughout 
the test. All experiments were carried out under ambient laboratory 

conditions (~25 ◦C and ~ 50 % relative humidity). For each composite 
formulation, 8–10 specimens were tested to ensure reproducibility. The 
modulus, ultimate tensile strength, and elongation-at-break were 
extracted from the resulting stress–strain curves.

Scanning electron Microscopy (SEM)

The morphological and microstructural features of the CNTs, rPPS 
micropellets, powder formulations, GBs, and EM-processed TPNCs were 
characterized using a JEOL JSM-7200 FLV field-emission scanning 
electron microscope (FE-SEM) operated at an accelerating voltage of 3 
kV and 15 kV under secondary electron imaging mode. All samples were 
vacuum-dried prior to analysis to remove residual moisture. Cryo- 
fractured surfaces of the nanocomposites were mounted on aluminum 
stubs and sputter-coated with a thin Au/Pd (60/40) alloy film for 60 s 
using a Denton Desk V TSC coater to minimize charging. For selected 
analyses, higher accelerating voltages (10–15 kV) were used to resolve 
filler dispersion and interfacial features.

Electrical conductivity

The through-thickness volume electrical conductivity (σ) of rPPS, 
GBs, and TPNCs was measured using a Keithley 6517B electrometer 
paired with a custom-fabricated guarded resistance test fixture (Fig. S1) 
that complies with ASTM D257. Disc-shaped specimens with flat parallel 
surfaces were used for the electrical conductivity measurements. During 
testing, each specimen was placed between the guarded electrodes, with 
the electrodes contacting the opposite flat faces of the disc. Therefore, 
the measured resistance corresponded to through-thickness, or out-of- 
plane, conduction across the specimen thickness. The fully shielded 
and grounded test fixture allowed voltages from 0.05 V to 1000 V and 
achieved a current resolution in the picoampere range. The KickStart 
software was used to apply the alternating polarity method to prevent 
charge-accumulation artifacts and thermal noise during measurements.

Five GB replicates and five TPNC replicates (specimens) were tested 
at each CNT loading. For each specimen, three consecutive readings 
were taken and averaged to ensure statistical reliability of the mea
surement. Environmental relative humidity (RH) was monitored and 
remained near 50% RH during testing. The conductivity was calculated 
using Equation (1): 

σ =
l

RA
(1) 

where l is the specimen thickness, R the measured resistance, and A the 
electrode contact area.

Electromagnetic Interference Shielding Effectiveness (EMI SE).
The EMI SE of the GBs and TPNCs was assessed using an Agilent 

N5242A vector network analyzer (VNA) equipped with an X-band 
(8.2–12.4 GHz) WR-90 waveguide setup. Prior to measurement, the 
system was calibrated using the TRL (Through-Reflect-Line) two-port 
method to eliminate systematic errors associated with reflections and 
transmissions. Each sample (~0.6–0.8 mm thick) was cut precisely to 
match the waveguide aperture and mounted between the flanges of the 
test fixture. The VNA recorded scattering parameters (S11 and S21) for 
both the load specimen and the reference specimen [17]. The obtained 
S-parameters were used to compute the EMI SE according to Equation 
(2): 

EMI SE = − 10log
Pload

Pref
= − 10log

Pload

P0
+10log

Pref

P0

= − 10log
(
|S21|

2
load

)
+ 10log

(
|S21|

2
ref

)
(2) 

Where P0 denotes the incident power measured coming from the 
transmission line, while Pload and Pref represent the transmitted power 
through the load and reference specimens, respectively. The measured 
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scattering parameters (S11 and S21) were then used in Equations (3–5) to 
calculate the reflected (R), transmitted (T), and absorbed (A) power 
fractions, enabling the determination of both the reflective (EMI SER) 
and absorptive (EMI SEA) components of the total EMI SE. 

R = |S11|
2 (3) 

T = |S21|
2 (4) 

A = 1 − |S11|
2
− |S21|

2 (5) 

Rheological characterization

The time-dependent and dynamic shear viscosity data of the rPPS, 
GBs, and TPNCs were evaluated using a TA Instruments DHR-2 rota
tional rheometer equipped with a parallel-plate geometry (25 mm 
diameter). Prior to testing, all the materials were cut into 25 mm circular 
discs to ensure uniform contact between plates. A sample thickness of 
0.6–0.8 mm was maintained for all tests. Excess material from between 
the plates during loading was carefully trimmed with a blade to avoid 
edge effects, and a gap of 0.5 to 0.7 mm was utilized for all tests. Three 
replicates were tested per CNT loading.

a) Transient shear testing

Transient shear measurements were performed at 320 ◦C, a tem
perature well above the melting point of rPPS to ensure complete 
melting. The specimens were carefully centered on the lower plate of the 

fixture and trimmed after closing the gap to 0.5–0.7 mm to avoid edge 
effects. Before each test, the sample was equilibrated at 320 ◦C for 2 min 
under a small normal force to eliminate thermal gradients and relax any 
residual stresses induced during loading. Start-up of steady shear ex
periments was then carried out at constant shear rates of 0.3, 0.5, and 
1.0 s− 1, applied sequentially on the same specimen from the lowest to 
the highest rate without intermediate unloading; each step was main
tained for 300 s to capture the full transient stress–growth and viscosity 
response associated with CNT network distortion, breakage, and partial 
regeneration.

b) Oscillatory Time-Sweep testing

Dynamic shear rheological measurements were also performed at 
320 ◦C in the linear viscoelastic region (LVR) of the materials. The LVR 
was predefined through strain-sweep tests (0.01–10 %) at a frequency of 
1 Hz. Time-sweep experiments were then performed at 1 % strain and 1 
Hz frequency for 40 min to monitor the evolution of the storage modulus 
(Gʹ) and loss modulus (Gʹ́ ) with time. These measurements enabled 
identification of gel-like transitions, CNT network formation, and 
crystallization-assisted elasticity in the rPPS matrix.

RESULTS AND DISCUSSION

Microstructure

As displayed in Fig. 1, the morphology of the rPPS micropellets, 
before and after dry mixing with CNTs, was characterized by SEM. 

Fig. 1. Schematic representation of the network structuring mechanism (network formation) that takes place in the TPNCs via EM melt-processing. Inserted SEM 
micrographs of (a) rPPS micropellets, (b) pristine NC7000 CNTs, (c) CNT-coated rPPS micropellets, (d) cross-section of the GB, and (e) microstructure of the resulting 
segregated networks in the TPNCs upon irradiation.
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Fig. 1a shows the rPPS micropellets before mixing. The micropellets 
display irregular shapes with relatively smooth surfaces, reflecting the 
typical features of mechanically recycled semiductile polymeric mate
rial. Fig. 1b shows the morphology of the pristine NC7000 CNTs, which 
exhibit a highly entangled, web-like nanotube network. Fig. 1c displays 
the surface of the rPPS micropellets after mixing, which becomes uni
formly covered by CNTs, yielding fully CNT-coated rPPS micropellets. 
Such a level of coating is a key prerequisite for forming an inter
connected CNT network that, once in the GBs and TPNCs, will lead to 
segregated conductive architectures, as reported in our earlier work 
[17,32]. It can be observed that the CNTs adhere strongly to the polymer 
surface, forming continuous CNT percolated pathways between adjacent 
micropellets in the GBs, as seen in Fig. 1c and 1d.

Upon mechanical compaction, the CNT-coated rPPS micropellets 
undergo densification, bringing the CNT-coated surfaces into close 
contact in the GB (Fig. 1d). The resulting inter-pellet junctions facilitate 
the establishment of an interconnected CNT network throughout the 
compacted GB. The interphase region between the rPPS micropellets, 
which contains the CNT-rich zones in Fig. 1d, highlights the presence of 
tightly packed CNT bundles bridging the rPPS micropellets’ boundaries. 
This morphological evidence indicates that the preformed segregated 
topology is preserved after compaction, ensuring efficient percolation 
and electron transport across the whole GB.

As depicted in Fig. 1e, upon EM melt-processing, distinct structural 
transformations occur. The partial deformation and coalescence of the 
rPPS micropellets lead to the formation of dense polymer domains 
separated by the CNT-enriched interfaces that form the network, but 
also to a partial distortion of the CNT network. This confirms the suc
cessful creation of a segregated but percolated microstructure, charac
terized by localized CNT networks outlining the polymer boundaries, an 
arrangement known to yield high electrical conductivity and better EMI 
SE [33]. Nevertheless, the retention of the CNT-rich interphase and 
interfacial regions after the EM irradiation step demonstrates that 
localized interfacial heating enabled melting of rPPS micropellets at 
contact points without the dull disruption of the macro-scale network 

continuity.
As highlighted in Fig. 1e, CNTs are found embedded within the rPPS 

micropellets themselves. During EM irradiation, the CNT network ab
sorbs microwave energy, generating localized hotspots that initiate rPPS 
melting and flow. This controlled interfacial and bulk melting promotes 
interpenetration and wetting of polymer chains onto CNT bundles, 
resulting in strong polymer-CNT interfacial adhesion. However, limited 
CNT diffusion into the polymer matrix is also observed, suggesting slight 
relaxation of the originally sharp interface. While such redistribution 
may slightly reduce the degree of network segregation, it contributes to 
improved mechanical interlocking and stress transfer across CNT- 
polymer interfaces, balancing electrical performance with structural 
integrity. The SEM observations in Fig. 1 provide direct morphological 
evidence for the formation and partial retention of CNT-rich interfacial 
regions before and after EM melt-processing, supporting the proposed 
interfacial consolidation mechanism.

Overall, the microstructural observations confirm that the EM melt- 
processing route effectively transforms CNT-coated rPPS micropellets 
into a densely fused “monolithic” nanocomposite structure with a well- 
segregated but percolated microarchitecture, a combination difficult to 
achieve by conventional polymer processing methods. The hierarchical 
multiscale structure thus attained, comprising CNT-rich networks sur
rounding rPPS micropellets, is central to the enhanced electrical con
ductivity and EMI SE discussed in subsequent sections.

Electrical conductivity and percolation

Fig. 2 and Table 1 display the variation in volume electrical con
ductivity (σ) with CNT loading in both GBs and EM-processed TPNCs. 
Conductivity measurements show that segregated structures by EM 
melt-processing significantly enhance conductivity with minimal 
nanoparticle addition, outperforming the typical randomly dispersed 
networks in conventionally (i.e., melt-mixing) processed nano
composites. The observed sharp upturn in conductivity as the CNT 
loading surpasses the percolation threshold (ϕc) conforms (at least in 

Fig. 2. Through-thickness volume electrical conductivity of GBs and their respective EM-processed TPNCs at corresponding CNT loadings. Error bars represent 95% 
confidence intervals. The inset displays the calculations for the percolative parameters.

M. Mohoppu et al.                                                                                                                                                                                                                              Composites Part A 210 (2026) 110041 

5 



general) to established percolation theory, described by equation (6)
[34]: 

σ = σ0(ϕ − ϕc)
t (6) 

Where σ is the electrical conductivity at a given CNT volume fraction 
(ϕ), σ0 is a fitting constant typically associated with the plateau con
ductivity of fully percolated composites, and t is the critical exponent 
describing the scaling behavior of the conductive network [17,35].

As seen in Fig. 2, the GBs achieved up to six orders of magnitude 
enhancement in conductivity from (2.76 ± 0.52) × 10-11 S⋅m⁻1 for neat 
rPPS up to (1.24 ± 0.74) × 10-5 S⋅m− 1 at only 0.1 wt% CNT, with the 
EM-processed TPNCs following closely. Despite minor reductions in 
conductivity attributed to the partial network relaxation during the EM 
melt-processing of TPNCs, the conductive thresholds remain signifi
cantly lower than those from conventional melt-mixed CNT/rPPS TPNC 
systems (2–3 wt%) [36], underscoring the potential of the proposed EM 
melt-processing for raising transport properties in HP polymers. 
Importantly, these enhancements are achieved while preserving the 
recyclability and eco-efficiency inherent to rPPS.

In percolation theory, t values of approximately 1.3 and 2.0 are 
associated with two-dimensional and three-dimensional conductive 
networks, respectively [16]. However, in CNT-based polymer nano
composites, experimentally reported t values span a broad range 
(1.3–––4.0) due to their complex, non-ideal nature of charge transport, 
including tunneling-dominated conduction [37,38], nanoparticle ag
gregation, interfacial confinement, and polymer-particle interactions 
[39]. It is therefore generally accepted that t > 2 reflects predominantly 
three-dimensional (3D) bulk conductive networks, whereas t < 2 is 
characteristic of two-dimensional (2D) or quasi-two-dimensional 
conductive networks formed within confined or interfacial domains of 
polymer nanocomposites [16,40]. Nevertheless, Park et al. state that, 
when the critical exponent t is between 1.1 and 1.3, the percolated 
network is regarded as 2D percolation, whereas when t is in the range 
1.6 to 2.0, as 3D percolation [41].

In our research, the extracted critical exponent for the GB specimen 
set is t ≈ 1.63, while the EM-processed TPNCs exhibit a lower value of t 
≈ 1.33. Both values are below 2, indicating that charge transport is 
dominated by interfacially confined CNT networks rather than isotropic 
bulk percolation. The slightly higher t for the GBs is consistent with a 
denser and more rigid segregated CNT shell localized at pellet-pellet 
boundaries, where a highly constrained, contact-rich network pro
duces a steeper conductivity increase above ϕc [39]. In contrast, the 
lower t observed for the EM–processed TPNCs suggests a more quasi–2D 
interfacial network, in which EM melt–processing partially redistributes 
CNTs and slightly relaxes the continuity of the segregated shell while 
still maintaining efficient charge transport via tunneling across short 
interparticle gaps along the CNT-coated polymer micropellets’ in
terfaces [27,37,41].

As expected, the electrical percolation threshold of the TPNCs is 
substantially reduced by the formation of segregated network structures. 
Thus, based on Fig. 2, at an ultralow CNT loading of approximately 0.08 

wt%, the GB specimens percolate, whereas the EM-processed TPNCs 
exhibit a somewhat higher threshold of about 0.20 wt%, corresponding 
to a 2.5-fold increase factor relative to the GBs, yet remaining well below 
the values typically reported for rPPS-based CNT nanocomposites 
[36,42].

In both GB and TPNC states, SEM (Fig. 1) reveals CNTs tightly packed 
along the rPPS pellet boundaries, forming highly interconnected charge 
transport pathways. For the GBs, the undisturbed segregated network 
supports a higher initial conductivity, while EM melt-processing slightly 
redistributes the CNTs through localized melting, merely relaxing the 
network but maintaining effective interfacial conduction routes and 
mechanical interlocking [32]. Thus, both architectures efficiently 
convert polymer micropellets and nanoparticles into segregated con
figurations that foster continuous electron conduction at ultralow CNT 
loadings.

Charge transport below and near ϕc is dominated by quantum 
tunneling and phonon-assisted hopping, owing to nanometric inter
granular CNT distances [43]. Thermal excitation further facilitates 
tunneling, while minor CNT migration into rPPS in EM-processed sam
ples enhances mechanical stability without significantly impeding 
percolation [43]. Beyond the percolation threshold, conductivity 
quickly saturates, reflecting the onset of metallic-like transport and fully 
connected CNT networks [35]. In this regime, conductivity plateaus 
indicate the establishment of robust and extended conduction pathways, 
a direct consequence of the engineered segregated microstructure.

In summary, both GBs and TPNCs use engineered segregated CNT 
networks to achieve strong conductivity gains and robust percolation at 
ultralow CNT loadings in recycled PPS. These results demonstrate that 
tailored CNT network structuring and EM melt-processing enable the 
formation of electrically conductive pathways in CNT/rPPS nano
composites at low CNT loadings, as reflected by the enhanced through- 
thickness electrical conductivity.

Electromagnetic Interference Shielding Effectiveness (EMI SE).
Fig. 3 presents the EMI SE (X-band), its components, and power 

coefficients for the GBs and EM-processed TPNCs as a function of CNT 
content. Notably, at a CNT loading of only 1.5 wt%, the GBs exhibit a 
total EMI SE of 6.27 dB at 8.2 GHz, while the EM-processed TPNCs reach 
2.97 dB. Although these absolute values are moderate compared to those 
of heavily loaded systems, they are achieved at CNT loading levels or
ders of magnitude lower and with sub-millimeter thicknesses (~0.6–0.8 
mm), underscoring the efficiency of the segregated CNT architectures. 
This also demonstrates the residual EM susceptibility of the materials.

As evident from Fig. 3b and 3c, the absorptive (EMI SEA) and 
reflective (EMI SER) shielding components increase with CNT loading in 
both GBs and TPNCs. EMI SEA becomes the dominant mechanism at 
higher concentrations, which correlates well with the observed increase 
in electrical conductivity. Specifically, in both GBs and TPNCs at 1.5 wt 
% CNT, EMI SEA contributes approximately 70–80% of the total EMI SE, 
while EMI SER remains comparatively low and increases only modestly 
with CNT concentration. For instance, in the GBs, EMI SEA increases 
from ~ 0.5 dB at 0.1 wt% to ~ 4.5 dB at 1.5 wt%, whereas EMI SER 
increases only from ~ 0.2 to ~ 1.5 dB over the same concentration 
range. A similar trend is observed for the EM-processed TPNCs, where 
EMI SEA consistently exceeds EMI SER despite the overall lower EMI SE. 
The dominance of EMI SEA is fully consistent with segregated conductive 
network architectures, in which CNTs are concentrated along pellet- 
pellet interfaces and interparticle junctions, forcing incident waves to 
repeatedly penetrate and traverse CNT-rich interfacial regions [44]. 
Within these regions, electromagnetic energy is dissipated via ohmic 
losses in the percolated CNT network, interfacial polarization at CNT/ 
rPPS boundaries, and multiple internal reflections between adjacent 
CNT-coated micropellets or microdomains [45,46]. Similar absorption- 
dominant behavior has been widely reported for segregated CNT/ 
polymer systems, such as CNT/ polylactic acid (PLA) [47], CNT/ ultra- 
high molecular weight polyethylene (UHMWPE) [48], and PPS/ gra
phene nanoplatelet (GNP) composites [49], where micro–interface 

Table 1 
Average through-thickness volume electrical conductivity of pristine rPPS, CNT/ 
rPPS GBs, and EM-processed TPNCs measured using disc-shaped specimens at 
different CNT loadings. Values represent the average conductivity for each CNT 
loading, with variability reported as 95% confidence intervals.

Formulation Green Bodies 
(S/m)

EM-processed TPNCs 
(S/m)

rPPS (2.76 ± 0.52) × 10-11 (2.76 ± 0.52) × 10-11

0.1% CNT/rPPS (1.24 ± 0.74) × 10-5 (2.64 ± 2.56) × 10-9

0.3% CNT/ rPPS (1.35 ± 1.06) × 10–3 (4.80 ± 1.98) × 10-5

0.5% CNT/ rPPS (2.98 ± 3.56) × 10–3 (2.24 ± 1.04) × 10-4

1.0% CNT/ rPPS (1.09 ± 0.60) × 10–2 (1.43 ± 1.00) × 10-3

1.5% CNT/ rPPS (1.47 ± 1.08) × 10–2 (1.29 ± 0.64) × 10-3
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confinement of conductive fillers markedly enhances wave attenuation 
efficiency at low nanoparticle loadings, in contrast to randomly 
dispersed melt–blended CNT/PPS [36], which typically demands much 
higher CNT contents to reach comparable EMI SE. In such composite 
systems, thick sections and heavy loadings (~15 wt% CNT) are often 
required to approach total EMI SE values that segregated architectures 
can attain with a fraction of the particles and thickness, highlighting the 
superior conductive particle utilization and absorption efficiency of 
segregated networks for this purpose [36,50].

A direct comparison of GBs and EM-processed TPNCs highlights the 
crucial role of mesoscale morphology in determining EMI SE perfor
mance. GBs consistently display a higher total EMI SE than their EM- 
processed samples at the same CNT loading, which is attributed to a 
surface-localized particle microstructure that concentrates CNTs along 
particle boundaries, interstitial regions, and roughened interfaces 
generated by ball milling. This topology maximizes both the number of 
conductive junctions and the effective interfacial area available for 
wave-matter interactions, closely resembling the segregated network 
systems, where interfacial CNT confinement yields ultralow percolation 
thresholds, and absorption-dominated shielding at comparatively low 
loadings [47,51]. In contrast, EM melt–processing densifies the bulk, 
improves polymer-CNT interfacial adhesion, and partially relaxes the 
sharp segregated shell by redistributing some CNTs into the interior 
rPPS domains [52]. As shown in the SEM micrographs of Fig. 1e, due to 
the high melt temperature reaching above the melting point of PPS 
during irradiation, there is a migration of CNTs into the low-viscosity 
matrix, which distorts the initially structured CNT conductive 

pathways in TPNCs. This morphological relaxation smooths interpar
ticle contacts, reduces micro-scale roughness, and diminishes the 
exposure of CNT-rich regions directly to the incident field, thereby 
lowering the density of scattering centers and internal reflection path
ways [47]. Consequently, the EMI SEA and total EMI SE components 
decrease even though the electrical conductivity remains high, a trend 
consistent with prior observations that transforming highly confined, 
segregated, or interfacial-localized networks into more homogeneous 
morphologies weakens dominant absorption by reducing opportunities 
for multiple scattering, ohmic dissipation, and dielectric polarization 
within the nanocomposite [28]. Moreover, EMI SE in conductive poly
mer composites arises from the combined contributions of the power 
coefficients: T, R, and A. Fig. 3d summarizes the evolution of the power 
coefficients as a function of CNT concentration at 8.2 GHz for both GBs 
and EM-processed TPNCs. Across all CNT loadings, T decreases mono
tonically with increasing CNT content for both material systems, indi
cating progressively enhanced attenuation of incident electromagnetic 
waves. Notably, GBs exhibit consistently lower transmission than their 
EM-processed TPNCs at equivalent CNT loadings, reflecting the more 
continuous and surface-localized CNT networks present in the GBs. 
These dense interfacial networks increase electrical conductivity and 
reduce electromagnetic penetration depth, thereby suppressing wave 
transmission even at ultralow CNT contents. On the other hand, R shows 
a gradual increase with CNT concentration in both systems, consistent 
with the rise in electrical conductivity and the resulting impedance 
mismatch at the air-composite interface. However, the magnitude of R 
remains substantially lower than that of A across the entire CNT loading 

Fig. 3. (a) Representative EMI SE as a function of frequency (X-band) for the GBs and EM-processed TPNCs at various CNT contents. EMI SE (b) absorption (EMI SEA) 
and (c) reflection (EMI SER) components for GBs and EM-processed TPNCs, respectively. (d) Comparison of T, R, and A power coefficients as functions of con
centration at 8.2 GHz.
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range. This indicates that reflection plays a secondary role in the 
shielding of these systems, even as conductivity increases. The relatively 
modest reflection contribution suggests that the TPNCs avoid excessive 
surface impedance mismatch, which is advantageous for minimizing 
secondary electromagnetic pollution [28].

Mechanical properties of TPNCs

The average values of Young’s modulus, tensile strength, and 
elongation-at-break obtained from tensile testing for the different TPNCs 
are shown in Fig. 4, along with their respective 95% confidence interval 
error bars. A summary of the average tensile data and their variability 
for the EM-processed TPNCs is also presented in Table 2. The inclusion 
of CNTs notably influences the stiffness and strength of the rPPS matrix; 
however, the effect varies with CNT loading due to competing mecha
nisms of CNT–induced load transfer and network reinforcement versus 
CNT agglomeration, stress concentration, micro-void formation, and 
constrained polymer chain mobility [53,54].

At low CNT loadings, specifically at 0.1 wt%, as shown in Fig. 4a, the 
TPNCs show the greatest and most remarkable mechanical improve
ment. Here, tensile strength increases to 80.77 ± 8.22 MPa, which is ~ 
72% significantly higher than that of rPPS at 46.78 ± 3.77 MPa. Like
wise, the modulus (Fig. 4b) reaches 3.537 ± 0.479 GPa, meaning a ~ 
99% increase over the neat rPPS (1781.5 ± 479.3 MPa). Moreover, at 
0.1 wt%, the elongation-at-break (Fig. 4c) of the TPNCs is quite pre
served, 4.14 ± 0.67%, showing no statistically significant difference 
when compared to rPPS (3.31 ± 0.31%). These gains are attributed to 
the strategic localization of CNTs along rPPS microdomain boundaries in 
the segregated network architecture, resulting in efficient stress transfer 
and chain alignment under load effects, supported by recent studies 
showing up to a 65% increase in tensile strength for uniformly dispersed 
CNT nanocomposites at similar low loadings [53,55]. These concurrent 

gains in strength and stiffness at low CNT loading suggest improved 
interfacial stress transfer, likely enabled by the segregated CNT network 
and proposed processing method [53]. In fact, the CNTs within the EM- 
structured network act as bridges between neighboring rPPS domains, 
restricting localized plastic deformation and inducing alignment of 
polymer chains during tensile loading [56]. This advanced load transfer 
is consistent with micromechanical models for nanocomposite rein
forcement, which attribute enhanced modulus and strength to homo
geneous filler distribution, increased interface area, and strong matrix- 
filler interactions [57].

At higher CNT loadings (≥ 0.3 wt%), the tensile strength, elongation- 
at-break, and modulus show a sharp decrease. This decline may be 
attributed to increased CNT agglomeration and weaker interfacial 
adhesion between CNT clusters and the rPPS matrix. In the segregated 
architecture formed by ball-milling and EM processing, CNTs are 
concentrated at inter-domain boundaries, whose excessive localization 
and accumulation can generate micro-voids and stress concentrations 

Fig. 4. Tensile mechanical properties of the TPNCs as functions of CNT concentration (wt.%). (a) tensile strength, (b) modulus, and (c) elongation-at-break. The 
dotted lines represent rPPS matrix properties, and the error bars are 95% confidence intervals.

Table 2 
Average tensile testing results for the EM-processed TPNCs and the rPPS matrix.

Formulation Modulus 
(GPa)

Tensile Strength 
(MPa)

Elongation-at-break 
(%)

rPPS 1.781 ± 0.479 46.79 ± 9.77 3.31 ± 2.02
0.1% CNT/ 

rPPS
3.537 ± 0.479 80.77 ± 8.22 4.14 ± 0.68

0.3% CNT/ 
rPPS

2.700 ± 0.633 52.82 ± 7.81 2.91 ± 0.76

0.5% CNT/ 
rPPS

2.589 ± 0.252 50.89 ± 5.59 3.19 ± 0.39

1.0% CNT/ 
rPPS

2.021 ± 0.235 44.79 ± 4.35 3.78 ± 0.36

1.5% CNT/ 
rPPS

2.712 ± 0.252 55.50 ± 7.51 3.36 ± 0.81
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due to high-temperature hot-spots, degrading the matrix and its me
chanical performance [32]. Similar mechanical softening at higher 
loadings has been reported in other CNT-filled thermoplastic systems, 
where non-uniform dispersion and filler-induced defects reduce load- 
bearing capacity [58,59].

The non-linear mechanical response is further supported by the 
representative SEM images provided in Fig. S2, which shows the EM- 
processed TPNC morphologies at high CNT loadings. These images 
indicate that the segregated CNT-rich interfacial network is generally 
retained after EM melt-processing; however, the morphology becomes 
increasingly heterogeneous as CNT content increases. At low CNT 
loading (Fig. 1), the CNT-rich interfaces appear more uniformly 
distributed along the fused rPPS microdomain boundaries, which can 
promote interdomain stress transfer and mechanical interlocking. In 
contrast, at higher CNT loadings, the CNT-rich boundary regions 
become more crowded, increasing the likelihood of local CNT accu
mulation, partial network distortion, micro-void formation, and stress- 
concentration sites. Therefore, the tensile response is governed by a 
balance between CNT-mediated interfacial reinforcement and 
morphology-induced defects, rather than by a simple linear dependence 
on CNT loading.

Overall, these results suggest that low CNT loading, particularly <
0.3 wt%, provides the most favorable balance of stiffness, strength, and 
retained ductility in the EM-processed TPNCs. The mechanical response 
does not increase linearly with CNT content because the beneficial ef
fects of CNT-mediated interfacial reinforcement are progressively 
counterbalanced by CNT accumulation, heterogeneous redistribution, 
and stress-concentration effects at higher loadings. These findings 
highlight the importance of optimizing CNT concentration and EM- 
processing conditions to preserve the segregated conductive architec
ture while maintaining mechanical integrity.

Rheological results

a) Time-dependent response.

Fig. 5 and Fig. S3 displays the time-dependent viscosity, η+(t) =

τ(t)/γ̇, after start-up of steady shearing of the materials at 3 different 
shear rates (stress-growth test). Neat rPPS shows a mild shear-thinning 
behavior and limited melt elasticity, demonstrated by a moderate 
stress overshoot, confirming the absence of microstructural mechanisms 
for significant stress build-up. Nevertheless, the presence of CNTs 
dramatically alters this behavior in the GBs and TPNCs. As shown in 
Fig. 5a, for 0.1 wt% CNT, both GB and EM melt-processed TPNCs exhibit 
significantly increased viscosities with respect to rPPS, likely due to 
polymer chain adsorption onto CNT surfaces and the CNT network effect 
[60]. This chain adsorption increases the effective hydrodynamic vol
ume surrounding each CNT in the network and restricts local chain 

mobility, resulting in significantly higher viscous drag than in compos
ites containing microparticles [61]. As a result, even at ultralow CNT 
loadings, both GBs and EM-processed TPNCs show a remarkable in
crease in melt viscosity relative to neat rPPS. The magnitude and shear- 
rate dependence of this increment, however, strongly depend on CNT 
network connectivity and mobility, both of which are dictated by the 
processing route [61,62]. At 0.1 wt% CNTs, the EM-processed TPNCs 
show shear-thinning behavior with some late-time thickening. The same 
shear thinning behavior is less pronounced in the neat rPPS and GBs.

Although the EM-processed TPNCs begin with a higher initial vis
cosity, reflecting early-stage CNT connectivity enabled by microwave- 
induced interfacial melting, the network remains above the electrical 
percolation, but below the rheological percolation threshold. Conse
quently, CNTs are only weakly interconnected, and the network lacks 
the structural integrity required to undergo flow-induced densification 
[63]. The slight late-time thickening observed in the GBs and TPNCs 
does not constitute a true shear thickening behavior but instead reflects 
slow network stabilization, where CNTs gradually relax, align, and in
crease local connectivity without forming a dense, load-bearing micro
structure, and even some polymer crosslinking effects. This behavior is 
characteristic of weakly percolated CNT systems where the CNT loading 
is insufficient for significant stress-induced restructuring [64].

At higher CNT loading (i.e., above 0.3 wt%), the rheological re
sponses become remarkably different across the GBs and the EM melt- 
processed TPNCs. As shown in Fig. 5b, the EM-processed TPNCs 
display a distinctive stress overshoot or upturn behavior, particularly at 
γ̇ = 1.0 s− 1, in which η+(t) initially decreases, consistent with early 
network breakage, followed by a growth in viscosity as shear continues. 
This viscosity reduction is a behavior in segregated CNT systems and 
arises from the weakening of the interfacial CNT network during EM 
melt-processing. In fact, at higher CNT concentrations, the microwave 
field generates more intense, localized heating at CNT-rich boundaries, 
causing deeper rPPS penetration into CNT shells and partial redistri
bution of CNTs into the polymer domains [32]. This redistributes and 
dilutes the segregated CNT layer, reducing network continuity and 
lowering the effective CNT-CNT contact density [65]. Additionally, 
higher CNT loading promotes re-agglomeration during ball milling and 
EM-susceptibility, likely decreasing the effective aspect ratio and 
reducing the nanofiller surface available for polymer adsorption. Both 
effects, network dilution and CNT agglomeration, decrease the effective 
hydrodynamic volume of the connected CNT network and the amount of 
polymer dynamically coupled to it, thereby reducing melt resistance and 
ultimately lowering viscosity [60]. This phenomenon is indicative of 
shear–induced network reconstruction, where CNTs disrupted by the 
initial flow reapproach, align, and form new contact junctions driven by 
hydrodynamic forcing, as observed in studies of CNT/polymer melts and 
CNT assemblies subjected to shear, which report flow-induced network 
breakdown followed by post–flow reconnection and rearrangement of 

Fig. 5. Transient shear viscosity (η+) at 320 ◦C for the rPPS, GBs, and EM processed TPNCs at (a) 0.1 wt% CNT, and (b) 1 wt% CNTs.
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CNT bundles [66]. Specifically, it indicates shear-induced formation of 
percolated clusters spanning the system above a critical shear rate [65]. 
Microwave processing plays a key role: it melts CNT-coated rPPS pellets 
selectively at CNT-rich interfaces, allowing CNTs to remain sufficiently 
mobile and enabling reconstruction under shear while preserving long 
CNT structures that can re-entangle. Consequently, EM-processed ma
terials support both network breakage and network re-formation, a 
prerequisite for overshoot or thickening-like responses [65]. As shown 
in Fig. 5b, GBs at 1 wt% exhibit a shear thinning behavior with a higher 
stress overshoot, as their segregated CNT shells remain rigidly confined 
to rPPS particle boundaries, restricting CNT mobility, and preventing 
CNT re-agglomeration [67]. While CNTs reorganize locally under flow 
(alignment), this limited mobility prevents network reconstruction; 
viscosity thus decreases monotonically as shear disrupts the pre-existing 
loose network [61]. In contrast, Fig. 5 shows that EM-processed TPNCs 
at 1 wt% exhibit a remarkably lower viscosity than both rPPS and the 
corresponding GBs across all shear rates, indicating a very substantial 
reduction in melt resistance after electromagnetic melt-processing. This 
decrease is consistent with microwave-induced restructuring and partial 
dilution of the segregated CNT network, which weakens the load- 
bearing interfacial shell and facilitates flow [60]. At the same time, 
microwave heating of CNT-rich regions is known to generate localized 
thermal hotspots that can, under certain conditions, promote chain 
scission or oxidative degradation in thermoplastics, leading to a further 
drop in melt viscosity, via chain scission and breakdown that reduces 
molecular weight [68]. Thus, while rheology clearly evidences a soft
ened, less resistant melt after EM melt-processing, the plotted response 
alone cannot distinguish between pure microstructural modification and 
a partial reduction in matrix molecular weight, and additional molec
ular–weight or chemical analyses would be required to confirm the 
extent of degradation.

b) Dynamic response.

Dynamic oscillatory time-sweep measurements, displayed in Fig. 6, 
were performed at a representative CNT loading of 0.5 wt% to compare 
the rheological response and network evolution of pristine rPPS, the 
CNT/rPPS GB, and the EM-processed TPNC under identical testing 
conditions. It further confirms the network evolution inferred from 
steady-shear measurements. Both storage (G′) and loss (G″) moduli in
crease sharply with CNT inclusion, consistent with strong rPPS-CNT 
interfacial adsorption and the development of CNT-mediated elasticity 
[62]. The EM-processed TPNCs reach the G′-G″ crossover (“pseudo-gel 
point”) earlier than both GBs and rPPS, reflecting a rapidly forming 
physical network of CNT entanglements, CNT-CNT contacts, and 

crystallization-assisted rPPS elasticity. The observed G’/G” crossover is 
consistent with the formation of a strongly connected network within 
the CNT/rPPS melt, which could originate either from EM–processing- 
induced chemical crosslinking or from physical gelation and/or crys
tallization of the segregated TPNC microstructure [66,69]. However, 
additional targeted experiments (e.g., multi-frequency gel–point anal
ysis, thermo–reversibility studies, and complementary chemical/ther
mal characterization) are required to discriminate unambiguously 
between chemical crosslinking and purely physical network formation 
[69].

The rheological response of the TPNC melts exhibits a clear corre
spondence with the trends in bulk mechanical properties across the 
investigated CNT loadings. At low CNT content (0.1 wt%), the increases 
in complex viscosity and storage modulus indicate the formation of a 
more effectively load-bearing microstructure, consistent with the con
current enhancements in tensile strength and modulus observed for EM- 
processed TPNCs [70]. At higher CNT contents, the onset of CNT 
agglomeration and reduced mobility of the CNT network is reflected in a 
diminished rheological reinforcement, which parallels the deterioration 
or plateauing of mechanical performance [71].

Conclusion

In this study, we demonstrated a potential and effective pathway for 
upcycling recycled PPS into high-performance, multifunctional TPNCs 
using our innovative EM melt-processing approach. By combining solid- 
state ball milling with rapid, selective EM heating, we achieved 
controlled localization of multi-walled CNTs within a segregated com
posite microstructure that enabled ultralow electrical percolation 
thresholds, EM-susceptibility, and enhanced functional performance.

SEM imaging confirmed the formation of CNT-rich interfacial net
works in the GBs and their partial reconstruction after EM melting, 
resulting in hierarchical conductive architectures that retained long- 
range connectivity at extremely low filler contents. Thus, the electrical 
conductivity measurements of such GBs revealed a dramatic enhance
ment of six orders of magnitude at only 0.1 wt% CNT, highlighting the 
efficiency of the segregated network in enabling charge transport 
through both tunneling and percolative conduction. Correspondingly, 
the TPNCs exhibited absorption-dominated EMI shielding, an indirect 
measure of EM-susceptibility, achieving competitive shielding values at 
only 1.5 wt% CNT and sub-millimeter thicknesses. Mechanical testing 
further demonstrated that very low CNT loadings (0.1 wt% or 0.06 vol 
%) significantly improved tensile stiffness and strength, validating 
effective stress transfer across the CNT-rPPS interphase while empha
sizing the importance of avoiding excess filler that compromises me
chanical integrity through agglomeration and interfacial defects. This is 
significant from the upcycling perspective.

Rheological analysis provided deep insight into CNT network dy
namics under melt conditions. EM-processed TPNCs displayed distinc
tive viscoelastic behavior: early pseudo-gelation and, at higher loadings, 
late-time thickening behavior, likely arising from the mobility and 
reconstruction of partially segregated CNT networks during shear 
deformation. The correlation between rheology, mechanical perfor
mance, and electrical behavior confirms that EM melt-processing not 
only preserves CNT aspect ratio and network mobility but also enables 
dynamic reorganization of the CNT network architecture, a phenome
non rarely observed in conventionally melt-mixed nanocomposites.

Overall, this work establishes EM melt-processing as a promising and 
energy-efficient route for converting highly crystalline, difficult-to- 
process recycled PPS into advanced HP TPNCs with tunable electrical, 
electromagnetic, mechanical, and rheological properties. The strategy 
enables simultaneous improvements in processability, microstructural 
control, and multifunctionality at extremely low filler contents, offering 
a scalable platform for sustainable HP materials and advanced 
manufacturing. These findings open new avenues for integrating recy
cled PPS into lightweight structural components, electromagnetic 

Fig. 6. Time-sweep dynamic shear analysis comparing pristine rPPS, 0.5 wt% 
CNT/rPPS GB, and 0.5 wt% CNT/rPPS EM-processed TPNC at 1% strain, 1 Hz, 
and 320 ◦C.

M. Mohoppu et al.                                                                                                                                                                                                                              Composites Part A 210 (2026) 110041 

10 



compatibility enclosures, and next-generation electrical and thermal 
management systems across the automotive, aerospace, space, and en
ergy sectors.
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