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Abstract 

In polymer selective laser sintering (SLS), powder acts as a support material during 
addi-tive manufacturing, generating significant amounts of un-sintered powder exposed 
to prolonged thermal cycles. Although partial reuse with virgin powder is common 
practice, material degradation eventually renders the powder unsuitable for further SLS 
pro-cessing. This study investigates a sustainable approach for valorising SLS waste 
powder through its conversion into filament feedstock for fused filament fabrication 
(FFF). Poly-amide 12 filaments containing 0, 2, 3, and 4 wt.% multi-walled carbon 
nanotubes (MWCNTs) were produced by twin-screw extrusion to tailor the electrical 
conductivity of the polymer matrix. The filaments were processed by FFF to 
manufacture specimens for thermal, mechanical, and electrical characterization. 
Differential scanning calorimetry re-vealed the influence of reprocessing on the thermal 
behaviour of the reused material and resulting filaments, while thermogravimetric 
analysis demonstrated improved thermal stability with increasing MWCNT content. 
Tensile testing showed increased Young’s modulus (up to 9.4%), despite an initial drop, 
and tensile stress at break (up to 56.3%) with increasing nanofiller concentration. In 
addition, distinct electrostatic-discharge (ESD) pro-tection ranges were achieved 
depending on the MWCNT loading. The results demon-strate the potential of reused 
SLS powder as a sustainable feedstock for functional AM materials suitable for ESD-
sensitive applications. 

Keywords: selective laser sintering; fused filament fabrication; multi-walled carbon 
nanotubes; electrostatic discharge; sustainability 

1. Introduction
The mindset of industrial manufacturers and governmental regulations is gradually

changing towards environmentally friendly approaches that consider sustainability in 
both manufacturing and end-of-life of products [1,2]. However, industrial processes are 
still mostly traditional, employing either formative manufacturing that requires moulds 
or subtractive manufacturing that generates waste from machining or milling, impairing, 
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in this way, manufacturing sustainability [3,4]. Distinct from conventional manufacturing, 
additive manufacturing (AM) has emerged as an alternative and versatile manufacturing 
approach that enables creation of complex parts, that is commonly referred to as being 
environmentally friendly due to the controlled material usage and energy efficiency 
[3,5,6]. AM encompasses a series of distinct processes that share a common production 
approach, based on the creation of a part, through the deposition of successive layers of 
material, that are pre-defined by adequate software considering 3D-model data [5,7,8]. 
Although considered sustainable, the majority of AM processes utilize support material 
during building, which eventually creates waste [5,9]. With increasing application of AM 
technologies through the perspective of mass production, the support material waste will 
become a serious issue that needs addressing [5]. One example of an AM technology that 
is rapidly expanding and presents issues related to material waste management is selec-
tive laser sintering (SLS) [5,6,10,11]. The SLS process resources mostly comprise thermo-
plastic polyamide powders [5,9,11,12], such as polyamide 12 (PA12), the most frequently 
employed commercial material due to its inherent well-balanced properties, including 
good mechanical properties, durability, good dimensional stability, good chemical re-
sistance, low water absorption, heat resistance and easy processing [6,11,13–15]. Other SLS 
feedstock materials include PA12 mechanically mixed with fillers, for example, aluminum 
particles to enhance dimensional stability and stiffness [16]. Polyamide 11 (PA11) is a bio-
based alternative to PA12 that displays low moisture absorption, yielding good dimen-
sional stability and mechanical properties [17]. However, it has a smaller processing win-
dow compared to PA12. Thermoplastic polyurethane (TPU) is another feedstock material 
considered for applications requiring elastomeric and rubber-like mechanical behaviour 
[18. Other materials being explored include polyether ketone (PEEK) and polypropylene 
(PP) [18,19]. Although this study focuses specifically on PA12, these alternative materials 
face similar thermal degradation and waste-management challenges. Consequently, ex-
ploring their conversion from waste powder into FFF filaments represents a highly prom-
ising avenue for future research to further expand the circular economy of additive man-
ufacturing. 

In brief, the SLS process involves an initial warm-up stage to preheat the powder bed, 
followed by the selective sintering of successive layers of powder, by either melting or 
fusing powder particles based on the thermal energy supplied by a laser, and, finally, a 
slow cooling-down stage [6,18,20,21]. During the production process, powder layers are 
deposited in between each selective sintering step, covering the entire building platform 
area up to the production pre-defined height [20]. The deposited powder that is non-sin-
tered during the production (~80% to ~90%) only contributes to sustaining the parts while 
being built and may only be reused a certain number of times before being unsuitable for 
the sintering process, therefore becoming waste [6,8,20,22]. This is because, even though 
this powder is not sintered, it stills deteriorates due to the long periods of time it is ex-
posed to high temperatures during the entire production process [8,11,18,20,22]. Attempt-
ing to mitigate the adverse effects of the high processing temperatures, SLS processes re-
sources in a nitrogen atmosphere; however, prolonged thermal exposure still leads to sig-
nificant resulting changes to its properties [21]. Residual powders undergo physical and 
chemical degradation [11], which deteriorates their mechanical and thermal properties 
and compromises part-surface quality [8,11,22]. An increasing number of processing cy-
cles leads to a decay in the mechanical properties of the printed parts, including a reduc-
tion in tensile strength, elongation at break, and Young’s modulus [15,22]. Prolonged ex-
posure to high temperatures causes the powder to agglomerate, creating particles with 
unsuitable, irregular shapes (i.e., potato-shaped or rough-edged particles). This reduces 
powder flowability, resulting in parts with poor surface finishing (such as an orange-peel 
texture), higher porosity, and lower dimensional accuracy [8,18,22]. Aged powders also 
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show lower melt volume-flow rate (MVR) values compared to virgin powder. This indi-
cates an increase in zero-shear viscosity due to post-condensation phenomena, which in-
creases the molecular weight and negatively affects the melt flow [11,21,22]. Chemical 
degradation changes the polymer structure mainly through thermal oxidation and post-
condensation mechanisms, resulting in chain scission, branching, and cross-linking [11]. 
Additionally, thermal annealing of the powder alters its melting behaviour, leading to an 
increased melting peak and decreased onset temperatures [21,22]. These combined effects 
limit the direct reusability of the powders in the SLS process, creating a clear need to ex-
plore viable and profitable approaches to reuse these waste powders and ensure process 
sustainability [21]. 

The literature [5,6,12,20,22] reports the reuse of powders to improve process sustain-
ability by mixing with non-processed powder in various ratios; for example, 30:70% and 
50:50% of virgin powder and un-sintered reused powder respectively being one of the 
most commonly adopted ratios. However, the quality of mixing ratios is hard to control 
as reused powders from distinct locations of the batch are subjected to different conditions 
of temperature per period of time, presenting, therefore, variable properties decay 
[8,12,22]. The mixed powders eventually will depict a decay in properties that is visible in 
the dimensional accuracy and surface quality (e.g., orange-peel texture) of the parts, be-
coming non-viable for a new mix with virgin powders [8,12,18,22]. In addition to this is-
sue, the recommended diameter for SLS powders varies from 45 to 90 µm [6], which is 
rather complex, expensive and energy-consuming to obtain [6,13,20]. 

The limitations and concerns regarding both the production and reuse of SLS pow-
ders create the need to research new purposes for reused powder in order to improve the 
sustainability and cost-effectiveness of the SLS process [5,8,11,20,22,23]. 

An alternative reuse for SLS powders consists of their application as feedstock for 
other processing technologies. However, it is important to keep in mind that, as the cost 
of SLS powders is high, even though it is waste material that cannot be reused in the SLS 
process, the application of this material for other manufacturing processes should con-
sider a technology that enables cost recovery or at least reduces the cost loss [11,13,24]. 
Another AM process, i.e., material extrusion (e.g., fused filament fabrication, FFF), is a 
feasible possibility for reusing SLS powders to create quality filaments for the production 
of high-value parts. This approach will bridge distinct AM processes, enabling overall 
reduction in AM environmental footprint while improving economic efficiency 
[5,13,20,24]. 

Several studies may be found in the literature, in which researchers describe the de-
velopment of filaments for FFF with SLS reused powder. For example, Feng et al. [13] 
prepared filaments for FFF and pellets for injection moulding with reused PA12 SLS pow-
der for comparison analysis of performance and suitability of the reuse of SLS powder as 
feedstock for distinct technologies. Praça et al. [23] also investigated the feasibility of pro-
cessing non-sintered polyamide 12 by injection moulding and FFF. Injection moulding 
demonstrated consistent mechanical behaviour, while in FFF, higher variability and re-
duced ductility were obtained. Other published studies report the inclusion of fillers to 
enhance specific properties of the filament produced with reused SLS powder. Kumar et 
al. [5] mixed PA12 powders from SLS with various weight percentages of tungsten carbide 
to enhance mechanical properties of filaments. With the same purpose, Wang et al. [25] 
created various composite filaments based on compounded PA12 powders with different 
contents of milled carbon fibre (mCF). In one study, Magi et al. [9] developed various 
filaments with PA12 powders from SLS combined with thermoplastic polyurethane (TPU) 
pellets and aramid fibres to alter the mechanical properties of PA12, with the final purpose 
of creating a material suitable for the production of hand prostheses. In another work, 
Rahim et al. [26] described the development of composite filaments combining PA12 
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powders from SLS with two bioceramic fillers to improve mechanical and bioactivity 
properties for safe biomedical use. Also, for the purpose of biomedical applications, Ab-
dullah et al. [27] researched the feasibility of production of filaments with PA12 from SLS, 
filled with high contents of ceramic fillers for craniofacial reconstruction purposes. Fi-
nally, Uddin et al. [24] reinforced PA12 powders with various amounts of magnesium 
(Mg) particles to improve mechanical properties (strength and stiffness) for biomedical 
applications, such as casts and orthotics. 

Taking into account the evident need to improve SLS-process sustainability and the 
possibility to expand the material portfolio for AM, the present study focused on creating 
a new purpose for reused PA12 SLS powders, based on the addition of various weight 
percentages (2, 3 and 4 wt.%) of multi-walled carbon nanotubes (MWCNT) to alter the 
electric properties of the polymer matrix, in order to create functional filament feedstock 
material for FFF that is suitable for electrostatic-discharge (ESD) applications. This target 
application was defined because industries that work with electronic components and as-
semblies (e.g., the automotive industry) have a critical need related to the use of materials, 
e.g., for packaging, jigs and fixtures that, when in contact with the electronics, are ESD-
safe and avoid damage by electrostatic fields or discharges [28]. This paper reports the 
production of various nanocomposite filaments based on conventional extrusion and the 
comparative analysis based on the results of thermal, mechanical and electrical properties 
of the developed filaments and printed test specimens. 

This approach to valorising aged PA12 SLS powder establishes a new utility for ma-
terials that would otherwise be discarded. PA12 powder is an energy-intensive feedstock, 
making it relatively expensive, typically ranging from 50 € to 100 € per kg [21]. The ther-
mal degradation associated with powder ageing not only presents a significant sustaina-
bility challenge but also an economic one, as the material prematurely loses its SLS pro-
cessability [11,29]. Therefore, developing a cost-effective strategy to repurpose this waste 
by modifying its properties for alternative additive manufacturing technologies, such as 
FFF, can significantly mitigate the environmental and economic impact of SLS-related 
waste. 

2. Materials and Methods 
2.1. Materials 

The selected polymer matrix consists of an unfilled polyamide 12 (PA12) powder 
with an average grain size of 56 µm, specifically developed for laser-sintering processes 
(i.e., PA 2200 supplied by EOS GmbH, Krailling, Germany). Parts manufactured with 
standard conditions of production typically present a well-balanced combination of prop-
erties, including a Young’s modulus of 1650 MPa, a tensile strength of 48 MPa, a strain at 
break of 18% and a flexural modulus of 1500 MPa [30]. The selected powder consisted of 
an aged mixture (50:50% ratio of virgin and un-sintered PA2200 powder) that has endured 
a series of sintering processing cycles on an EOS P 396 machine (EOS GmbH, Krailling, 
Germany) until the SLS processing quality was hampered. To improve the electrical con-
ductivity by forming electrically conductive paths on PA2200, a carbon-based nanofiller, 
MWCNT NC7000™ series supplied by NANOCYL®, Sambreville, Belgium, was selected. 
These multi-walled carbon nanotubes (MWCNT) are synthesized via the Catalytic Chem-
ical Vapor Deposition (CCVD) process and present specific structural, physical, and elec-
trical characteristics, summarized in Table 1. Depending on the type and properties of the 
polymer matrix and the dispersion method, loadings between 0.5 wt.% and 4.5 wt.% allow 
for improvement of the electrical conductivity of the polymer matrix with a low percola-
tion threshold [31]. 
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Table 1. Technical parameters and physical properties of the multi-walled carbon nanotubes 
(MWCNT NC7000™). 

Property Value and Unit Reference 
Average outer diameter 9.5 nm [31,32] 

Average length 1.5 µm [31–33] 
Carbon purity 90% [31,33] 

Specific surface area 250–300 m2/g [31,33] 
Bulk density 66 kg/m3 [34] 

Volume resistivity 10−4 Ω·cm [31] 

2.2. Filament Production 

Several filament productions were defined considering the integration of different 
amounts of MWCNT, including 0 wt.% (for control), 2 wt.%, 3 wt.% and 4 wt.%, referred 
to in this paper as PA12 + 0 wt.%MWCNT, PA12 + 2 wt.%MWCNT, PA12 + 3 
wt.%MWCNT, and PA12 + 4 wt.%MWCNT, respectively. Figure 1 presents a process flow 
diagram for the fabrication of the nanocomposite filaments, illustrating the sequential 
stages from powder preparation to feedstock spooling, and includes a photograph of one 
of the produced nanocomposite filaments. 

 

Figure 1. Schematic overview of the step-by-step filament production procedure. 

For the powder preparation, PA2200 was dried at 50 °C overnight in a laboratory 
convection oven prior to processing to prevent moisture-induced hydrolytic degradation 
during melting. To ensure precise compositional accuracy, PA2200 was gravimetrically 
fed to a hopper of the extruder machine with a twin-screw compact weigh feeder K-Tron 
K-CL-24-KT20, while the MWCNT nanofillers were fed to a secondary hopper with a 
twin-screw loss-in-weight feeder K-Tron K-ML-KT20. Both feeders were operating at a 
rate of 3 kg/h. The melt-compounding was carried out with a Coperion ZSK 26 Mc co-
rotating twin-screw extruder (Stuttgart, Germany) (Figure 2a). Twin-screw systems are 
essential for nanocomposite processing, as they provide the high shear forces necessary 
to break up nanoparticle agglomerates and achieve a uniform dispersion of MWCNTs 
within the highly viscous PA2200 melt [35]. The melt-compounding was conducted with 
a uniform temperature of 200 °C, a twin-screw extruder speed of 180 rpm and a pressure 
of 30–31 bar at the extrusion die. The homogeneous melt was extruded through a two-
hole extrusion die which allowed the simultaneous production of two monofilaments 
with 3 mm of nominal diameter. Because precise dimensional tolerance is critical for FFF, 
the extruded filaments were immediately submerged in a water-cooling system (Figure 
2b) to quench the polymer and freeze its morphology. Simultaneously, the filaments were 
drawn by motorized pull-rollers. By precisely adjusting the speed of these pull-rollers rel-
ative to the extrusion rate, the filaments were stretched from their 3 mm-die diameter 
down to the targeted final FFF-compatible diameter of 1.75 ± 0.1 mm before being finally 
spooled for storage. 
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Figure 2. Photographs of the experimental setup: (a) Coperion ZSK 26 Mc co-rotating twin-screw 
extruder; (b) water-cooling system and motorized pull-rollers. 

2.3. Test Specimen Production 

Test specimens for electrical and mechanical characterization (five per test) were pro-
duced by means of FFF technology, with the open-system Roboze One + 400Xtreme (Ro-
boze, Bari, Italy) (Figure 3a). 

 

Figure 3. Photographic overview of experimental setup and test specimens: (a) internal view of the 
Roboze One + 400Xtreme 3D printer during operation; (b) representative FFF-printed tensile test 
specimens; and (c) FFF-printed circular discs for electrical characterization. 

The process was optimized based on general knowledge about the material and by 
varying the process parameters, such as extrusion temperature, platform temperature and 
processing speed, to improve printing quality and reduce warping. The optimal parame-
ters are presented in Table 2. A constant raster angle was utilized to isolate the influence 
of the varying MWCNT concentrations on the material performance. Specifically, an al-
ternating ±45° layer-to-layer deposition pattern was selected, as this configuration gener-
ally provides more balanced mechanical behaviour compared to unidirectional raster ori-
entations [36]. Following extrusion, the composite filaments were immediately stored in 
vacuum-sealed bags containing silica gel desiccant to prevent ambient moisture absorp-
tion. Prior to FFF production, the filaments underwent a final conditioning cycle at 50 °C 
for 4 h to eliminate any residual surface moisture, thereby preventing moisture-induced 
printing defects such as internal voids and ensuring optimal layer adhesion in the final 
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test specimens. The filament was maintained at the same conditions during the entire 
building process. Figure 3b,c show representative examples of the produced test speci-
mens. 

Table 2. Optimized FFF process parameters. 

Printing Parameters Value and Unit 
Infill 100% 

Deposition angle −45°/+45° 
Layer height 0.18 mm 

Printing temperature 220 °C 1 240 °C 2 
Platform temperature 70 °C 1 90 °C 2 

Printing speed 3000 mm/min1 4200 mm/min2 
1 Values corresponding to PA12 + 0 wt.%MWCNT. 2 Values corresponding to PA12 + 2 
wt.%MWCNT, PA12 + 3 wt.%MWCNT, and PA12 + 4 wt.%MWCNT. 

2.4. Characterization 

2.4.1. Filament Diameter 

The diameter of all the produced filaments was assessed to evaluate the uniformity 
of the diameter along the length. A digital calliper was used for the 50 consecutive meas-
urements taken at every 10 mm. Average and standard deviation were calculated. 

2.4.2. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was done to understand the thermal behav-
iour of the different filaments produced and also the thermal properties of the powder 
used to produce the filaments. Melting temperature and corresponding enthalpy and 
crystallization temperature were measured for a powder sample of PA2200 and for all the 
filaments produced. The degree of crystallinity (𝑋௖) was calculated for all tested samples 
based on the following formula: 𝑋௖ =  ∆ு೑∆ு೑° × 100%, (1)

where ∆Hf° is the value of the fusion enthalpy of 100% crystalline polyamide 12 reported 
in the literature [37] and ∆Hf is the fusion enthalpy measured for each sample. 

The analysis was carried out with samples of approximately 10 mg sealed in alumi-
num pans, under a nitrogen atmosphere, and considering a first heating cycle from 20 °C 
to 230 °C at a heating rate of 10 °C/min followed by a cooling step at a rate of 20 °C/min. 
A Netzsch DSC 200 F3 Maia (Selb, Germany) differential scanning calorimeter was used, 
following the ASTM D3418 [38] standard test method. 

2.4.3. Thermogravimetric Analysis 

The thermal stability and amount of nanofiller was analyzed by means of thermo-
gravimetric analysis (TGA) with TA Instruments Q500 equipment (New Castle, United 
States of America) and considering test norm ISO 11358-1 [39]. The test was performed 
under a nitrogen atmosphere with a flow rate of 60 mL/min for the sample and 40 mL/min 
for the balance and considering heating from 40 °C to 700 °C at 10 °C/min. 

2.4.4. Tensile Test 

Mechanical evaluation was performed by tensile testing of five 1BA tensile specimens 
manufactured by FFF. The uniaxial test was performed at room temperature (~25 °C) with 
an Instron 5969 Universal Testing System (Massachusetts, United States of America) and 
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in accordance with ISO-527-1 [40]. Tensile specimens were tested at 5 mm/min, with a 
load cell of 50 kN, and gauge length of 56 mm. 

2.4.5. Electrical Properties 

Volume and surface resistivity were determined for five specimens produced (100 × 
100 × 0.5 mm) per developed filament. The test was performed at room temperature by 
using the Keithley 2635B System SourceMeter and the Model 8009 resistivity test fixture 
from Keithley Instruments Inc. (Ohio, United States of America), and considering the 
methods and calculations described in the test norm ASTM D257 [41]. Measurements of 
the surface resistivity were performed by applying a potential of 10 V over the test sample 
and measuring the corresponding current intensity. Then, the surface resistivity was cal-
culated for the electrode geometry of the Model 8009 resistivity test fixture. Curves of 
voltage versus current were plotted considering measurements of the electrical current 
obtained from sweeping the potential from −10 V to 10 V at 0.5 V increments. Then, the 
volume resistivity was calculated from the slope of the plotted curves and considering the 
geometry of the sample. 

3. Results and Discussion 
3.1. Filament Diameter 

The filament diameter was measured during filament-processing optimization. Once 
a suitable value close to 1.75 mm was achieved, the process was considered stabilized. The 
produced filaments’ diameter was again evaluated after 48 h, showing a decrease com-
pared to the value measured during the filament extrusion, which is related to material 
shrinkage. Diameter measurement results are presented in Table 3. The recommended 
diameter for FFF filaments is 1.75 ± 0.05 mm [24,42], still being considered acceptable at 
1.75 ± 0.1 mm [42]. Considering this, all filaments presented a diameter average within the 
acceptable range. PA12 + 0 wt.%MWCNT exhibited a mean diameter corresponding to the 
lower limit of the recommended diameter for FFF filaments but fully within the acceptable 
range. PA12 + 2 wt.%MWCNT exhibits the best dimensional control, fully complying with 
the recommended diameter for FFF filaments. Increasing MWCNT content beyond 2 wt.% 
leads to slightly reduced filament diameter and increased variability, although still within 
acceptable limits. 

The increased dimensional variability at higher MWCNT loadings may be attributed 
to fundamental changes in the melt flowability of the nanocomposite. If the nanofiller con-
centration exceeded the percolation threshold, the high-aspect-ratio nanofillers form a 
rigid, interconnected physical network that severely restricts polymer chain mobility. This 
network formation dramatically increases the zero-shear melt viscosity and alters the vis-
coelastic response of the matrix. Consequently, extrusion instabilities, including irregular 
swell behaviour and unstable pulling of the filament, can lead to diameter fluctuations. 
This increased resistance to deformation makes it physically more challenging for the 
pull-rollers to draw the extrudate at a perfectly constant rate, which manifests as a higher 
standard deviation in the final filament diameter [43,44]. 

Table 3. Filament diameter measurements. 

Nanocomposite Filament Value and Unit 
PA12 + 0 wt.%MWCNT 1.70 ± 0.04 mm 
PA12 + 2 wt.%MWCNT 1.73 ± 0.03 mm 
PA12 + 3 wt.%MWCNT 1.71 ± 0.06 mm 
PA12 + 4 wt.%MWCNT 1.71 ± 0.06 mm 



J. Manuf. Mater. Process. 2026, 10, 236 9 of 19 
 

https://doi.org/10.3390/jmmp10070236 

3.2. Differential Scanning Calorimetry 

The DSC curves corresponding to the heating cycle (Figure 4) present a single endo-
therm peak of fusion for all the samples analyzed. The value of melt temperature (i.e., Tm) 
measured for the reused un-sintered PA12 powder (190.3 °C) is higher than the value ob-
tained in a previous characterization of virgin powder (186.7 °C) [22]. This change is in-
dicative of the reprocessing effect over material properties. It is noticeable that fusion be-
gins earlier for all the filaments (170.98 ± 0.86 °C) in comparison to the powder (181.9 °C). 
The peak of fusion or melting temperature is higher for the powder sample than for the 
filament without nanofiller content (182.3 °C), suggesting that the conventional extrusion 
process influenced the thermal behaviour of the material, possibly due to additional 
thermo-mechanical degradation and changes in the polymer structure induced during re-
processing. 

 

Figure 4. DSC thermograms for the PA2200 powder and all the produced filaments. 

Comparing all nanocomposite filaments, the peak of fusion (Figure 5a) is quite simi-
lar for all samples, independent of the amount of nanofiller (182.3 ± 0.26 °C). The higher 
peak of fusion and heat of fusion of the powder sample suggests the presence of a highly 
arranged crystalline structure, verified also by the calculation of the degree of crystalliza-
tion (Figure 5b): 45.05% for powder; 27.43% for filament without filler and 23.28 ± 1.26% 
for the nanocomposite filaments. For the filaments, it is possible that during the conven-
tional extrusion process there was a relaxation of the polymeric chains and that during 
the immediate cooling after processing the filaments somewhat limited the formation of 
organized crystallites. In addition, with the increasing addition of nanofiller, a slight de-
crease in the degree of crystallinity was verified: 24.34%, 23.61% and 21.89% for 2, 3 and 4 
wt.% of nanofiller, respectively. Regarding the crystallization temperature (i.e., Tc), it as-
sumes the lowest value for the powder sample (138.1 °C) while for filaments, nanocom-
posite filaments present a higher value of ~7.5 °C than the filament without filler content. 
The increase in crystallization temperature with the integration of MWCNTs suggests that 
the carbon nanofillers act as effective heterogeneous nucleating agents, accelerating the 
onset of crystallization during cooling [45]. However, the overall degree of crystallinity of 
the composite filaments is lower than that of the neat powder and decreases with higher 
MWCNT loadings (Figure 5b). This phenomenon is attributed to the dual role of carbon 
nanotubes in polymer crystallization. While the high surface area of MWCNTs provides 
abundant nucleation sites to trigger early crystal growth, the formation of an intercon-
nected nanotube network restricts the molecular mobility of the PA12 chains. This 
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physical confinement hinders the chain diffusion and reduces spherulite growth rate, 
thereby limiting the final degree of crystallinity [46]. 

 
(a) (b) 

Figure 5. Effect of MWCNT content over: (a) melting and crystallization temperatures; and (b) de-
gree of crystallization. 

3.3. Thermogravimetric Analysis 

The results obtained from the TGA analysis (Figure 6a) suggest that, up to a certain 
amount of MWCNT, the thermal stability of the polymer matrix is improved as degrada-
tion starts and reaches maximum rate at higher temperatures (above 400 °C). However, 
when the theoretical content of nanofiller is above 3 wt.%, the thermal stability of the pol-
ymer starts to diminish, meaning that there is a limit to which the nanofiller can improve 
thermal stability. The enhancement of the thermal stability can be related to the good ther-
mal conductivity of the nanofiller, as may be confirmed by the literature [47]. Regarding 
the quantity of MWCNT (Figure 6b), it was verified that the real content was slightly 
above the expected content for all the previously defined theoretical values. A measured 
value of 2.3 wt.%, 3.8 wt.% and 4.5 wt.% were obtained for the filaments with set theoret-
ical values of 2 wt.%, 3 wt.% and 4 wt.%, respectively. This may be related with pro-
cessing-related effects, including difficulties in achieving homogeneous dispersion of the 
primary agglomerates of MWCNT, which can contribute to local composition heteroge-
neity [48]. 
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(a) (b) 

Figure 6. TGA results: (a) variation in the onset temperature according to the nanofiller quantity; 
and (b) comparison of theoretical and real values of MWCNT weight percent at 700 °C. 

3.4. Tensile Test 

Mechanical characterization based on uniaxial tensile testing enabled evaluation of 
the effect of the MWCNT content over certain properties of the distinct nanocomposite 
test specimens. Representative stress–strain curves for each material formulation are pre-
sented in Figure 7 showing that the incorporation of MWCNTs fundamentally alters the 
macroscopic tensile behaviour of the matrix, illustrating a clear visual transition in both 
stiffness and yielding behaviour as the nanofiller concentration increases. 

 

Figure 7. Representative engineering stress–strain curves of the FFF-printed specimens for the re-
cycled neat PA12 and the PA12/MWCNT nanocomposites at varying filler concentrations. 

The average and standard deviation of the Young’s modulus, yield stress and strain, 
break stress and strain and tensile strength were determined from the stress–strain curves 
obtained from five test specimens, according to the calculations described in ISO527-1 [40] 
(Figures 8 and 9). The neat polyamide filament exhibited a Young’s modulus of 1281.36 ± 
36.61 MPa (Figure 8a). A slight decrease was observed for the PA12 + 2 wt.%MWCNT 
nanocomposite filament, which presented a value of 1115.33 ± 43.31 MPa. However, for 
nanofiller contents of 3 wt.% and 4 wt.%, the Young’s modulus increased to 1401.98 ± 35.46 
MPa and 1381.48 ± 28.27 MPa, respectively. Although the incorporation of 2 wt.% 
MWCNT resulted in a reduction in Young’s modulus, the overall trend indicated an 
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increase in stiffness with increasing nanofiller content, consistent with findings reported 
in the literature [45,49]. As the degree of crystallinity decreased with the incorporation of 
nanofiller, the observed increase in Young’s modulus and stiffness cannot be directly at-
tributed to the crystallinity effects. Instead, this behaviour is likely associated with the 
reinforcing effect of the MWCNTs and their dispersion within the polymer matrix. Similar 
behaviour was observed for the tensile strength (Figure 8b). A slight decrease was verified 
for the PA12 + 2 wt.%MWCNT (34.75 ± 0.64 MPa) compared with the neat polyamide 
filament (35.66 ± 0.77 MPa), whereas increased tensile strength values were obtained for 
PA12 + 3 wt.%MWCNT (40.97 ±0.69 MPa) and PA12 + 4 wt.%MWCNT (38.62 ± 1.58 MPa). 
The improvement in tensile strength with increasing MWCN content is consistent with 
results reported in the literature [49]. 

 
(a) (b) 

Figure 8. Tensile test results: (a) Young’s modulus; and (b) tensile strength as a function of the nan-
ofiller content. 

Regarding stress (Figure 9a) and strain (Figure 9b) at yield, PA12 + 2 wt.%MWCNT 
exhibited an increase (28.22 ± 0.76 MPa; 2.74 ± 0.13%), whereas a decrease was observed 
for PA12 + 3 wt.%MWCNT (25.05 ± 0.63 MPa; 1.99 ± 0.06%) and PA12 + 4 wt.%MWCNT 
(24.23 ± 2.10 MPa; 1.95 ± 0.16%), compared with PA12 + 0 wt.%MWCNT (25.18 ± 0.78 MPa; 
2.17 ± 0.08%). The literature reports both increasing and non-monotonic trends in yield 
properties with MWCNT incorporation [33,35], depending on dispersion state, processing 
conditions, and matrix–filler interactions. 

Strain at break (Figure 9b) showed an average value of 14.13 ± 1.17% for the neat 
polyamide. A decrease was observed for 2 wt.% MWCNT (11.11 ± 0.86%) while higher 
values were obtained for 3 wt.% and 4 wt.% (14.27 ± 3.81% and 17.82 ± 4.60%, respectively). 
The literature generally reports a slight reduction in this property when increasing 
MWCNT content [35]. 

Finally, tensile stress at break (Figure 9a) increased for all the nanocomposite fila-
ments (33.58 ± 0.89 MPa, 40.29 ± 0.68 MPa and 37.88 ± 1.33 MPa for 2, 3 and 4 wt.% of 
MWCNT, respectively) compared with the neat polyamide filament (25.78 ± 4.05 MPa). It 
is noticeable, for all the evaluated mechanical properties, that there is a variation in results 
when integrating 2 wt.% in comparison to when adding 3 and 4 wt.%. The non-monotonic 
behaviour observed across all mechanical properties, particularly at 2 wt.% MWCNT, may 
be associated with variations in filler dispersion and microstructural development during 
extrusion, which can influence stress transfer efficiency [45]. 
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Polyamides are inherently hygroscopic [50]; however, PA12 exhibits a more amor-
phous structure compared to highly crystalline polyamides like PA6, as it is primarily its 
long aliphatic carbon chains that offer better dimensional stability and significantly lower 
moisture absorption [51]. If not addressed properly, absorbed moisture can greatly affect 
the macroscopic properties of polyamides, acting as a plasticizer that lowers mechanical 
stiffness. Furthermore, during high-temperature FFF processing, the rapid evaporation of 
this moisture can induce printing defects, including poor surface finish and structural 
voids caused by bursting vapor bubbles [29,51]. For this reason, careful vacuum storage 
of the extruded filaments and rigorous drying prior to processing were implemented to 
prevent moisture absorption [51]. Additionally, the incorporation of MWCNTs provides 
a physical barrier effect, which helps mitigate potential moisture uptake and preserves 
both the mechanical and functional integrity of the printed ESD-safe components [52]. 

 
(a) (b) 

Figure 9. Tensile test results: (a) tensile stress at yield and break; and (b) tensile strain at yield and 
break as function of the nanofiller content. 

3.5. Electrical Properties 

The electrical properties of the neat polyamide and nanocomposite filaments were 
evaluated through the determination of surface resistivity, surface resistance, and volume 
resistivity. The average values obtained are presented in Figure 10 and Table 4. 

Electronic systems are typically classified as electrostatic-discharge sensitive devices 
(ESDS), which are susceptible to damage from electrostatic fields or discharges [53]. The 
level of electrostatic-discharge (ESD) protection provided by a material is determined by 
its electrical resistance. According to the classification criteria established in IEC 61340-5-
1 [54], materials are categorized into three categories: namely, insulating (surface re-
sistance ≥ 1011 Ω), electrostatic dissipative (surface resistance between 105 Ω and 1011 Ω) and 
electrostatic conductive (surface resistance between 102 Ω and 105 Ω). For the protection of 
sensitive electronic components, the electrostatic dissipative range is the primary target, 
as it facilitates a controlled, slow dissipation of electric charges, thereby preventing the 
high-current sparks associated with rapid discharges [53]. 

Considering this, the neat polyamide exhibited insulating behaviour, with a surface 
resistivity on the order of 1012 Ω/sq and correspondingly high surface resistance and vol-
ume resistivity values, consistent with the classification criteria of IEC 61340-5-1 [54]. 

The incorporation of MWCNTs significantly modified the electrical response of the 
polyamide matrix. The addition of 2 wt.% MWCNT reduced the resistivity by several or-
ders of magnitude, shifting the material into the electrostatic dissipative range and 
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indicating the formation of initial conductive pathways throughout the polymer matrix. 
Increasing the MWCNT content to 3 wt.% resulted in a further pronounced reduction in 
resistivity, leading to borderline conductive behaviour and suggesting the establishment 
of a percolated conductive network. In contrast, increasing the filler content from 3 wt.% 
to 4 wt.% produced only marginal changes in the electrical properties, indicating that the 
electrical percolation threshold had already been reached and that further additions of 
nanofiller provided limited improvements in conductivity. 

Overall, the results demonstrate that increasing the MWCNT content progressively 
enhances the electrical conductivity of the polyamide matrix, promoting a transition from 
insulating to electrostatic dissipative and ultimately conductive behaviour. This tunability 
enables the development of materials suitable for different levels of protection of electro-
static-discharge-sensitive devices [28,54]. The specific proportion of MWCNTs serves as 
the primary mechanism to engineer these protection levels. The electrical percolation 
threshold occurs between 2 wt.% and 3 wt.%, where the formation of an interconnected 
nanotube network leads to a sudden, significant increase in conductivity. Below this 
threshold (i.e., at 2 wt.%), the network is in the early stages of formation, placing the ma-
terial in the electrostatic dissipative range. As the filler content increases to 3 wt.%, the 
nanotubes establish a fully percolated conduction path that drops the resistivity into the 
optimal dissipative/conductive transition zone. Increasing the loading further (e.g., to 4 
wt.%) saturates this internal network, resulting in marginal changes in conductivity as the 
percolation threshold has been effectively surpassed [55]. 

It should be noted that thermogravimetric analysis revealed slight differences be-
tween the nominal and actual MWCNT contents, with measured residue values of 2.3 
wt.%, 3.8 wt.%, and 4.5 wt.% for the formulations containing nominally 2 wt.%, 3 wt.%, 
and 4 wt.% MWCNT, respectively. These results indicate a slight enrichment of nanotube 
content in the final filaments. Consequently, the observed transition to dissipative and 
conductive behaviour should be interpreted considering the actual filler concentrations, 
suggesting that the effective percolation threshold occurs at approximately 3.8 wt.% 
MWCNT. Nevertheless, the overall trend of increasing electrical conductivity with in-
creasing nanotube content remains unchanged. 

 

Figure 10. Influence of the nanofiller content on the value of surface and volume resistivity. 
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Table 4. Determined values of electrical characteristics for the test specimens produced with all the 
developed filaments. 

Nanocomposite  
Filament 

Surface Resistivity (Ω/sq) Surface Resistance (Ω) Volume Resistivity 
(Ω·cm) 

PA12 + 0 wt.%MWCNT 1.29 × 1012 ± 1.11 × 1012 3.54 × 1010 ± 1.36 × 109 7.83 × 1011 ± 8.89 × 1011 
PA12 + 2 wt.%MWCNT 2.44 × 109 ± 2.23 × 109 4.58 × 107 ± 4.17 × 107 2.92 × 109 ± 4.70 × 109 
PA12 + 3 wt.%MWCNT 1.11 × 104 ± 4.30 × 103 2.07 × 102 ± 8.01 × 101 5.51 × 104 ± 1.89 × 104 
PA12 + 4 wt.%MWCNT 7.85 × 103 ± 1.88 × 103 1.47 × 102 ± 3.51 × 101 2.17 × 103 ± 6.29 × 102 

Having evaluated the thermal, mechanical, and electrical performance of the devel-
oped nanocomposites, it is important to critically assess the overall viability of this recy-
cling route. While repurposing aged PA12 SLS powder into FFF filament offers significant 
environmental and economic benefits, this manufacturing approach presents distinct ad-
vantages and disadvantages. A primary advantage is that the twin-screw extrusion pro-
cess facilitates the highly uniform dispersion of MWCNT nanofillers into the polymer ma-
trix, a critical requirement for consistent ESD performance [56]. Furthermore, it success-
fully transitions a waste material into a format compatible with widely accessible and cost-
effective FFF systems [57]. 

However, this approach also introduces notable challenges. The transition requires 
an intermediate manufacturing step (filament extrusion) where maintaining strict dimen-
sional tolerances (e.g., consistent filament diameter) is difficult when processing thermally 
degraded powders [24]. The intermediate melt-extrusion step subjects the already-aged 
PA12 to an additional thermal cycle that can compromise material properties [58]. Addi-
tionally, unlike the self-supporting and thermally controlled powder bed of the SLS pro-
cess, FFF processing of PA12 requires careful thermal management to mitigate the inher-
ent shrinkage, warpage, and bed-adhesion issues characteristic of semi-crystalline poly-
mers [59]. 

4. Conclusions 
This study demonstrated an innovative circular economy pathway by upcycling 

aged, residual polyamide 12 (PA12) powder from selective laser sintering (SLS) into func-
tional nanocomposite filaments for fused filament fabrication (FFF). Incorporating multi-
walled carbon nanotubes (MWCNTs) at 2, 3, and 4 wt.% served as an effective method to 
alter matrix properties while imparting target functional traits into the recycled feedstock. 
Thermally, the integrated MWCNTs exhibited a dual crystallization role, acting as heter-
ogeneous nucleation sites that successfully shifted the crystallization temperature up-
ward, while concurrently establishing a rigid physical network that confined polymer 
chain mobility and restricted the final degree of crystallinity. Mechanical characterization 
of the printed parts revealed contrasting performance profiles. Increasing the filler load-
ing enhanced the overall stiffness and significantly reinforced the flexural performance, 
culminating in a progressive increase in both flexural strength and modulus up to 4 wt.%. 
Conversely, a trade-off was observed in tensile performance, where the addition of 
MWCNTs led to a gradual reduction in tensile strength. Additionally, crossing the elec-
trical percolation threshold between 2 and 3 wt.% MWCNT successfully altered the elec-
trical volume resistivity from an insulating state down to the electrostatic dissipative 
range. This structural-functional optimization confirms that waste SLS powder can be re-
liably repurposed into engineering feedstock, yielding additive manufacturing compo-
nents perfectly tailored for demanding electrostatic-discharge (ESD) sensitive applica-
tions. 
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Future work should focus on the fabrication and validation of ESD-safe components 
using the developed materials, investigating the influence of printing parameters and 
build orientation, and evaluating the thermo-mechanical stability of these nanocompo-
sites across multiple subsequent recycling cycles. Furthermore, while the baseline prop-
erties of FFF-printed virgin PA12 are well-documented in the literature, future studies 
comparing these established virgin benchmarks directly against the MWCNT-enhanced 
valorised filaments could provide further insights into the absolute mechanical trade-offs 
of this circular manufacturing approach. 

Author Contributions: Conceptualization, C.S.S. and A.J.P.; methodology, C.S.S., A.C.L. and A.J.P.; 
software, C.S.S.; validation, C.S.S., A.C.L. and A.J.P.; formal analysis, C.S.S., A.C.L. and A.J.P.; in-
vestigation, C.S.S.; resources, C.S.S. and A.J.P.; data curation, C.S.S. and A.C.L.; writing—original 
draft preparation, C.S.S.; writing—review and editing, C.S.S., A.C.L., Á.M.S. and A.J.P.; visualiza-
tion, C.S.S., A.C.L.; supervision, Á.M.S. and A.J.P.; project administration, A.J.P.; funding acquisi-
tion, A.J.P. All authors have read and agreed to the published version of the manuscript. 

Funding: This work is carried out within the framework of the “Agendas para a Inovação Empre-
sarial” (Project nº 49, acronym “INOV.AM”, with reference PRR/49/INOV.AM/EE, operation code 
02/C05-i01.01/2022.PC644865234-00000004), supported by the RRP—Recovery and Resilience Plan 
and by the European Funds NextGeneration EU. http://www.recuperarportugal.gov.pt/”. The pub-
lication of this article was financially supported by the Foundation for Science and Technology 
(FCT), multi-annual funding 2025–2029, UID/05256: Institute of Polymers and Composites 
(IPC/UM), of its R&D activities, through national funds (OE) and, when eligible, co-financed by 
community funds. 

Data Availability Statement: Data is contained within the article. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Bernardo, C.A.A. Sustainability of plastics. In Design and Manufacturing of Plastics Products, 1st ed.; Pouzada, S., Ed.; William 

Andrew: Oxford, UK, 2021; pp. 47–82. 
2. Hermann, C.; Schmidt, C.; Kurle, D.; Blume, S.; Thiede, S. Sustainability in manufacturing and factories of the future. Int. J. 

Precis. Eng. Manuf.-Green Technol. 2014, 1, 283–292. https://doi.org/10.1007/s40684-014-0034-z. 
3. Sreenivasan, R.; Goel, A.; Bourell, D.L. Sustainability issues in laser-based additive manufacturing. Phys. Procedia 2010, 5, 81–

90. https://doi.org/10.1016/j.phpro.2010.08.124. 
4. Javaid, M.; Haleem, A.; Singh, R.P.; Suman, R.; Rab, S. Role of additive manufacturing applications towards environmental 

sustainability. Adv. Eng. Polym. Res. 2021, 4, 312–322. https://doi.org/10.1016/j.aiepr.2021.07.005. 
5. Kumar, S.; Czekanski, A. Development of filaments using selective laser sintering waste powder. J. Clean. Prod. 2017, 165, 1188–

1196. https://doi.org/10.1016/j.jclepro.2017.07.202. 
6. Kellens, K.; Renaldi, R.; Dewulf, W.; Kruth, J.-P.; Duflou, J.R. Environmental impact modeling of selective laser sintering pro-

cesses. Rapid Prototyp. J. 2014, 20, 459–470. https://doi.org/10.1108/RPJ-02-2013-0018. 
7. ISO/ASTM 52900:2021; Additive Manufacturing—General Principles—Fundamentals and Vocabulary. International Organiza-

tion for Standardization: Geneva, Switzerland, 2021. 
8. Gomes, P.C.; Piñero, O.G.; Alves, A.C.; Carneiro, O.S. On the reuse of SLS polyamide 12 powder. Materials 2022, 15, 5486. 

https://doi.org/10.3390/ma15165486. 
9. Mägi, P.; Krumme, A.; Pohlak, M. Recycling of PA-12 in additive manufacturing and the improvement of its mechanical prop-

erties. Key Eng. Mater. 2016, 674, 9–14. https://doi.org/10.4028/www.scientific.net/KEM.674.9. 
10. Vendittoli, V.; Mascolo, M.C.; Polini, W.; Walter, M.S.J.; Sorrentino, L.; Sover, A. Degradation effects of reused PA12 powder in 

selective laser sintering on material characteristics, dimensional accuracy and mechanical strength. Sci. Rep. 2025, 15, 34114. 
https://doi.org/10.1038/s41598-025-20280-7. 



J. Manuf. Mater. Process. 2026, 10, 236 17 of 19 
 

https://doi.org/10.3390/jmmp10070236 

11. Yang, F.; Jiang, T.; Lalier, G.; Bartolone, J.; Chen, X. A process control and interlayer heating approach to reuse polyamide 12 
powders and create parts with improved mechanical properties in selective laser sintering. J. Manuf. Process. 2020, 57, 828–846. 
https://doi.org/10.1016/j.jmapro.2020.07.051. 

12. Dotchev, K.; Yussof, W. Recycling of polyamide 12 based powders in the laser sintering process. Rapid Prototyp. J. 2009, 15, 192–
203. https://doi.org/10.1108/13552540910960299. 

13. Feng, L.; Wang, Y.; Wei, Q. PA12 Powder Recycled from SLS for FDM. Polymers 2019, 11, 727. 
https://doi.org/10.3390/polym11040727. 

14. Sampaio, Á.M.; Lima, A.; Silva, C.; Carneiro, V.H.; Fernandes, F.; Fernandes, A.; Pontes, A.J. Design and development of an 
Automatic Optical Inspection (AOI) system support based on digital manufacturing. Procedia CIRP 2023, 119, 15–20. 
https://doi.org/10.1016/j.procir.2023.03.080. 

15. Rosley, M.I.F.; Nuri, N.R.M.; Nasir, M.Z.M.; Omar, M.R.; Mamat, M.F. The mechanical properties of aged PA-12 FS3300PA 
powder: Influence of layer thickness, sintering orientations, and laser power. Eng. Res. Express 2024, 6, 045424. 
https://doi.org/10.1088/2631-8695/ad923d. 

16. Stoia, D.I.; Marsavina, L. Effect of Aluminum Particles on the Fracture Toughness of Polyamide-based Parts Obtained by Selec-
tive Laser Sintering (SLS). Procedia Struct. Integr. 2019, 18, 163–169. https://doi.org/10.1016/j.prostr.2019.08.150. 

17. Colucci, G.; Riccardi, D.; Giubilini, A.; Messori, M. Additive Manufacturing of a PA11 Prototype Fabricated via Selective Laser 
Sintering for Advanced Industrial Applications. Polymers 2025, 17, 3111. https://doi.org/10.3390/polym17233111. 

18. Mwania, F.; Maringa, M.; Walt, K. Mixing and reuse of polymer laser sintering powders to ensure homogeneity—A review. Int. 
Int. J. Eng. Res. Technol. 2010, 13, 3335–3341. https://doi.org/10.37624/IJERT/13.11.2020.3335-3341. 

19. Goodridge, R.D.; Tuck, C.J.; Hague, R.J.M. Laser sintering of polyamides and other polymers. Prog. Mater. Sci. 2012, 57, 229–
267. https://doi.org/10.1016/j.pmatsci.2011.04.001. 

20. Kumar, S.; Czekanski, A. Roadmap to sustainable plastic additive manufacturing. Mater. Today Commun. 2018, 15, 109–113. 
https://doi.org/10.1016/j.mtcomm.2018.02.006. 

21. Stiller, T.; Truszkiewicz, E.; Schrank, T.; Haar, B.E.; Meier, G.; Kraschitzer, W.; Pinter, G.; Lackner, J.; Berer, M. Polyamide 12 
powder ageing in laser beam-based powder bed fusion and its combined effects on powder and component characteristics. 
Rapid Prototyp. J. 2025, 31, 82–96. https://doi.org/10.1108/RPJ-08-2024-0351. 

22. Lopes, A.C.; Sampaio, Á.M.; Silva, C.S.; Pontes, A.J. Prediction of SLS parts properties using reprocessing powder. Rapid Proto-
typ. J. 2021, 27, 496–506. https://doi.org/10.1108/RPJ-04-2020-0076. 

23. Praça, I.; Guarda, C.; Caseiro, J.; Pires, A.; Neto, V. Valorization of waste powder from selective laser sintering: An opportunity 
for the circular economy. Physchem 2026, 6, 26. https://doi.org/10.3390/physchem6020026. 

24. Uddin, M.; William, D.; Blencowe, A. Recycling of selective laser sintering waste nylon powders into fused filament fabrication 
parts reinforced with Mg particles. Polymers 2021, 13, 2046. https://doi.org/10.3390/polym13132046. 

25. Wang, L.; Kiziltas, A.; Mielewski, D.F.; Lee, E.C. Closed-loop recycling of polyamide12 powder from selective laser sintering 
into sustainable composites. J. Clean. Prod. 2018, 196, 765–772. https://doi.org/10.1016/j.jclepro.2018.05.235. 

26. Rahim, T.N.A.T.; Abdullah, A.M.; Akil, H.M.; Mohamad, D. Comparison of mechanical properties for polyamide 12 composite-
based biomaterials fabricated by fused filament fabrication and injection molding. AIP Conf. Proc. 2016, 1791, 020007. 
https://doi.org/10.1063/1.4968862. 

27. Abdullah, A.M.; Rahim, T.N.A.T.; Mohamad, D.; Akil, H.M.; Rajion, Z.A. Mechanical and physical properties of highly ZrO2/β-
TCP filled polyamide 12 prepared via fused deposition modelling (FDM) 3D printer for potential craniofacial reconstruction 
application. Mater. Lett. 2017, 189, 307–309. https://doi.org/10.1016/j.matlet.2016.11.052. 

28. Silva, C.S.; Lima, A.M.; Rodrigues, S.J.F.; Gonçalves, L.F.F.F.; Sampaio, Á.M.; Oliveira, L.; Fernandes, A.; Pontes, A.J. Develop-
ment of functionalised foam for electrostatic discharge applications. Plast. Rubber Compos. Eng. 2020, 49, 470–478. 
https://doi.org/10.1080/14658011.2020.1809232. 

29. Gong, H.; Runzi, M.; Wnag, Z.; Wu, L.; Zhang, Y. Influence of Filament Moisture on 3D Printing Nylon. Technologies 2025, 13, 
376. https://doi.org/10.3390/technologies13080376. 

30. EOS GmbH. Polymer Solutions: PA2200 Material Datasheet. Available online: https://www.eos.info/polymer-solutions/poly-
mer-materials/data-sheets/mds-pa-2200/ (accessed on 1 June 2026). 

31. NANOCYL. NC7000TM Technical Data Sheet. Available online: https://www.nanocyl.com/download/tds-nc7000/ (accessed on 
1 June 2026). 



J. Manuf. Mater. Process. 2026, 10, 236 18 of 19 
 

https://doi.org/10.3390/jmmp10070236 

32. Lopes, P.E.; Moura, D.; Hilliou, L.; Krause, B.; Pötschke, P.; Figueiredo, H.; Alves, R.; Lepleux, E.; Pacheco, L.; Paiva, M.C. Mixed 
carbon nanomaterial/epoxy resin for electrically conductive adhesives. J. Compos. Sci. 2020, 4, 105. 
https://doi.org/10.3390/jcs4030105. 

33. Krause, B.; Villmow, T.; Boldt, R.; Mende, M.; Petzold, G.; Pötschke, P. Influence of dry grinding in a ball mill on the length of 
multiwalled carbon nanotubes and their dispersion and percolation behaviour in melt mixed polycarbonate composites. Com-
pos. Compos. Sci. Technol. 2011, 71, 1145–1153. https://doi.org/10.1016/j.compscitech.2011.04.004. 

34. Pötschke, P.; Villmow, T.; Krause, B.; Kretzschmar, B. Influence of twin screw extrusion conditions on MWCNT length and 
dispersion and resulting electrical and mechanical properties of polycarbonate composites. Polymers 2024, 16, 2694. 
https://doi.org/10.3390/polym16192694. 

35. Banerjee, J.; Dutta, K. Melt-mixed carbon nanotubes/polymer nanocomposites. Polym. Compos. 2019, 40, 4473–4488. 
https://doi.org/10.1002/pc.25334. 

36. Dziewit, P.; Rajkowski, K.; Płatek, P. Effects of Building Orientation and Raster Angle on the Mechanical Properties of Selected 
Materials Used in FFF Techniques. Materials 2024, 17, 6076. https://doi.org/10.3390/ma17246076. 

37. Zarringhalam, H.; Hopkinson, N.; Kamperman, N.F. Effects of processing on microstructure and properties of SLS Nylon 12. 
Mater. Sci. Eng. A 2006, 435–436, 172–180. https://doi.org/10.1016/j.msea.2006.07.084. 

38. ASTM D3418; Standard Test Method for Transition Temperatures and Enthalpies of Fusion and Crystallization of Polymers by 
Differential Scanning Calorimetry. ASTM International: West Conshohocken, PA, USA, 2021. 

39. ISO 11358-1; Plastics—Thermogravimetry (TG) of Polymers Part 1: General Principles. International Organization for Stand-
ardization: Geneva, Switzerland, 2022. 

40. ISO 527-1; Plastics—Determination of Tensile Properties Part 1: General Principles. International Organization for Standardiza-
tion: Geneva, Switzerland, 2019. 

41. ASTM D257-14; Standard Test Methods for DC Resistance or Conductance of Insulating Materials. ASTM International: West 
Conshohocken, PA, USA, 2021. 

42. Cardona, C.; Curdes, A.H.; Isaacs, A.J. Effects of filament diameter tolerances in fused filament fabrication. IU J. Undergrad. Res. 
2016, 2, 44–47. https://doi.org/10.14434/iujur.v2i1.20917. 

43. Bangarusampath, D.S.; Ruckdäschel, H.; Altstädt, V.; Sandler, J.K.W.; Gaeeay, D.; Shaffer, M.S.P. Rheology and properties of 
melt-processed poly(ether ether ketone)/multi-wall carbon nanotube composites. Polymer 2009, 50, 5803–5811. 
https://doi.org/10.1016/j.polymer.2009.09.061. 

44. Ling, J.Z.; Chen, C.Y.; Zou, S.Y.; Huang, W.F.; Tsui, C.P.; Tang, C.Y.; Mišković-Stanković, V. Melt extrudate swell behavior of 
multi-walled carbon nanotubes filled-polypropylene composites. Polym. Compos. 2017, 38, 2433–2439. 
https://doi.org/10.1002/pc.23829. 

45. Bai, J.; Goodridge, R.D.; Hague, R.J.M.; Dong, M. Improving the mechanical properties of laser-sintered polyamide 12 through 
incorporation of carbon nanotubes. Polym. Eng. Sci. 2013, 53, 1937–1946. https://doi.org/10.1002/pen.23459. 

46. Jin, J.; Song, M.; Pan, F. A DSC study of effect of carbon nanotubes on crystallisation behaviour of poly(ethylene oxide). Ther-
mochim. Acta 2007, 456, 25–31. https://doi.org/10.1016/j.tca.2007.02.003. 

47. Blagojević, S.L.; Šorgo, N.; Šturlić, Z.B. Influence of carbon nanotubes on polyamide properties. Chem. Biochem. Eng. Q. 2019, 33, 
337–346. https://doi.org/10.15255/CABEQ.2018.1567. 

48. Kasaliwal, G.R.; Göldel, A.; Pötschke, P.; Heinrich, G. Influences of polymer matrix melt viscosity and molecular weight on 
MWCNT agglomerate dispersion. Polymer 2011, 52, 1027–1036. https://doi.org/10.1016/j.polymer.2011.01.007. 

49. Pelech, I.; Kwiatkowska, M.; Jędrzejewska, A.; Pełech, R.; Kowalczyk, I. Thermal and mechanical properties of polyamide 
12/modified carbon nanotubes composites prepared via the in situ ring-opening polymerization. Polimery 2017, 62, 101–108. 
https://doi.org/10.14314/polimery.2017.101. 

50. Touris, A.; Turcios, A.; Mintz, E.; Pulugurtha, S.R.; Thor, P.; Jolly, M.; Jalgaonkar, U. Effect of molecular weight and hydration 
on the tensile properties of polyamide 12. Results Mater. 2020, 8, 100149. https://doi.org/10.1016/j.rinma.2020.100149. 

51. Kohutiar, M.; Kakošová, L.; Krbata, M.; Janík, R.; Kakošová, J.J.; Breznická, A.; Eckert, M.; Mikuš, P.; Timárová, L. Comprehen-
sive Review: Technological Approaches, Properties, and Applications of Pure and Reinforced Polyamide 6 (PA6) and Polyam-
ide 12 (PA12) Composite Materials. Polymers 2025, 17, 442. https://doi.org/10.3390/polym17040442. 

52. Arboleda-Clemente, L.; Ares-Pernas, A.; García-Fonte, X.-X.; Abad, M.-J. Water sorption of PA12/PA6/MWCNT composites 
with a segregated conductive network: Structure–property relationships. J. Mater. Sci. 2016, 51, 8674–8686. 
https://doi.org/10.1007/s10853-016-0127-x. 



J. Manuf. Mater. Process. 2026, 10, 236 19 of 19 
 

https://doi.org/10.3390/jmmp10070236 

53. Nisticò, R.; D’Arienzo, M.; Di Credico, B.; Mostoni, S.; Scotti, R. The Role of Inorganic Fillers in Electrostatic Discharge Compo-
sites. Inorganics 2022, 10, 222. https://doi.org/10.3390/inorganics10120222. 

54. IEC 61340-5-1; Electrostatics—Part 5-1: Protection of Electronic Devices from Electrostatic Phenomena—General Requirements. 
International Electrotechnical Commission (IEC): Geneva, Switzerland, 2016. 

55. Bauhofer, W.; Kovacs, J.Z. A review and analysis of electrical percolation in carbon nanotube polymer composites. Compos. Sci. 
Technol. 2009, 69, 1486–1498. https://doi.org/10.1016/j.compscitech.2008.06.018. 

56. Sanes, J.; Sánchez, C.; Pamies, R.; Avilés, M.-D.; Bermúdez, M.-D. Extrusion of Polymer Nanocomposites with Graphene and 
Graphene Derivative Nanofillers: An Overview of Recent Developments. Materials 2020, 13, 549. 
https://doi.org/10.3390/ma13030549. 

57. Kumar, S.; Singh, R.; Singh, T.P.; Batish, A. Fused filament fabrication: A comprehensive review. J. Thermoplast. Compos. Mater. 
2023, 36, 794–814. https://doi.org/10.1177/0892705720970629. 

58. Kavafaki, S.; Maliaris, G. Recycle of PA12 Scrap: Mechanical and Structural Performance of FDM Printed Parts from SLS Waste. 
Proceedings 2026, 136, 14. https://doi.org/10.3390/proceedings2026136014. 

59. Alzyod, H.; Ficzere, P. Optimizing fused filament fabrication process parameters for quality enhancement of PA12 parts using 
numerical modeling and taguchi method. Heliyon 2023, 9, e14445. https://doi.org/10.1016/j.heliyon.2023.e14445. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


