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ABSTRACT
This study investigated the wear behavior and surface characteristics of polylactide (PLA)-based composite filaments engi-
neered for affinity with Fused Deposition Modeling (FDM) processes. Recycled Electronic Waste-derived Printed Circuit Board 
(EW-PCB) material is employed as a filler at 1 and 3 wt. % by weight. To augment the ductility of the filaments, flexi PLA F2110 is 
incorporated as a plasticizer. Surface characterization of the samples is assessed by employing wettability measurement, Surface 
Roughness (SR) analysis, and Surface Hardness (SH) testing. The results exposed that EW-PCB particles enhanced the SH of 
the composite filament by approximately 5%–10% compared to the neat filament, while concurrently reducing the surface finish 
quality by up to 20%. Wettability is assessed using water contact angle measurements, revealing a 10% enhancement in surface 
wettability upon the incorporation of 3 wt. % EW-PCB filler particles. Tribological testing is conducted in accordance with ASTM 
G99 standards to evaluate the Specific Wear Rate, Frictional Force, and Coefficient of Friction under diverse normal loads and 
sliding velocities. Response Surface Methodology (RSM) is utilized to model the effects of plasticizer content and filler concentra-
tion on wear behavior. Although plasticizer addition and EW-PCB inclusion improve wear performance under mild conditions, 
they are insufficient to diminish wear under high-load and velocity regimes. Microscopy is employed to conduct post-test mor-
phological evaluations of worn surfaces in order to assess wear mechanisms.

1   |   Introduction

In recent decades, technological advancements and the launch-
ing of updated gadgets have increased the disposal rate of EW, 
or Waste Electric and Electronic Equipment (WEEE), in land-
fills to cause pollution [1]. Based on the data gathered from 2010 
to 2021, it was shown that the annual disposal quantity of WEEE 
has proliferated from 3.8 million tons (mt) (2010) to 5.6 mt (2021). 
The key contributors to WEEE disposal are countries in Asia and 
Europe, as well as a few developed nations [2]. The Information 
and Communications Technology (ICT) gadgets are principally 

generating the carbon emissions and noticeably contributing to 
creating greenhouse gas (GHG) emissions. Emissions from WEEE 
or EW surpassed emissions from industries such as mining, man-
ufacturing, and transportation. Furthermore, it was found that the 
generation rate of emissions by GHG has increased up to 53% be-
tween 2014 and 2020 [3]. Kiddee et al. [4, 5] claimed that 53.6 mt of 
EW were generated globally, with every individual contributing an 
average of 7.3 kg in 2021. In 2014, the quantity of generated e-waste 
was approximately 45 mt, and it is anticipated to rise to 74.3 mt by 
2030. Robinson [6] developed an Equation (i) to enumerate the an-
nual generation of EW, denoted as (E), by taking into account the 
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mass of the product (M), the number of products in working order 
(N), and the expected product life span (L).

Globally, China stands as the biggest producer of EW, with India 
being the second-largest producer [7].

In 2022, the trade value of raw materials in EW was nearly fifty-
five billion dollars, and it is forecasted to surge to 240 billion dol-
lars by 2032 [8]. Unpredictably, the global recycling percentage of 
e-waste is only 15% of its total quantity [9]. The circular economy 
of the plastics from the EW is not akin to the plastics accumulated 
from other sources. It is challenging to recycle the plastics gath-
ered from EW because they contain thermoset plastic material 
[10]. The PCB is a crucial part of EW and contains valuable met-
als like aluminum (Al), gold (Au), silver (Ag), copper (Cu), zinc 
(Zn), and more [11]. Waste management is a fairly new notion in 
nations that are evolving. There is widespread agreement that ad-
dressing the disposal of diverse plastic wastes in workshops is crit-
ical. Establishing recycling goals for certain types of plastic trash 
is an important step toward improving the nation's plastic waste 
disposal system [12]. The circular economy of e-waste, or WEEE, 
is incredibly limited due to the high inherent sophistication pro-
cesses required for collecting and recycling [13].

A major concern in the reuse of WEEE is detaching the PCB 
from the other associated materials. Indeed, EW-PCBs consist 
of variable quantities of materials like Cu, Zn, Au, and Ag that 
are merged together [14]. Detaching the PCB materials from the 
WEEE is imperative to accomplish reuse procedures. Because 
PCBs contain many hazardous parts, they may contaminate the 
soil [15]. The contaminant particles detected from PCBs are arse-
nic, cadmium, lead, mercury, and many more hazardous materials 
[15]. Currently, in undeveloped nations, the methods for detaching 
the metals from EW involve ancient techniques like chipping and 
burning on the open surface without proper safety measures. This 
practice leads to pollution of the environment and affects human 
health [16]. Many approaches and research are advancing to di-
minish the formation of GHGs generated by ICT equipment [17].

Thus, a sleek procedure is mandatory for recycling the PCB of ICT 
equipment. Recent studies have utilized additive manufacturing 
techniques to recycle the used and failed parts of polymer mate-
rials as an eco-friendly approach [18]. Because this process can 
make an optimized model of complex design parts with a minimal 
quantity of materials [19]. Few researchers have demonstrated the 
possibility of integrating the plastic wastes with virgin materials 
for 3D printing and highlighted it as a sustainable method. Similar 
to commercial filament, the parts developed from recycled plastics 
showed the best results by selecting the suitable process parame-
ters of FDM processes [20]. The materials sorted from WEEE for 
recycling were properly valorized by being transformed into a fila-
ment for FDM processes. The life cycle assessment (LCA) investi-
gation recommended that the plastics be extracted from WEEE as 
a source material rather than virgin polymers. It led to a reduction 
of CO2 emissions by up to 30% [21]. Spirio et al. [22] utilized the 
FDM technique to reuse the polypropylene (PP) gathered from the 
WEEE. The sorted PP from WEEE was ground into small parti-
cles and blended with virgin material to modify it into a filament 

for FDM processes. Likewise, the main outcome of this research 
is to recycle the amassed PCB derived from EW. The objective is 
achieved through integrating with PLA material aligned with the 
net zero concept. The main emphasis of net zero is to motivate the 
usage of renewable sources for diminishing GHG [23].

This study concentrates on reusing the PCB of EW or WEEE in 
3D printing as an approach for diminishing the formation of GHG. 
Hence, PCBs from ICT equipment were ground as fine particles 
(150 μm) and recycled with virgin PLA as a filament for 3D print-
ing [24]. Virgin PLA is a pure material manufactured without in-
volving recycled polymeric elements. Obviously, PLA is a brittle 
material, and plasticizers have to be involved to enhance the duc-
tility [25, 26]. Flexi PLA F2110 is opted as a plasticizer to elevate its 
properties for 3D printing [26]. The traditional blending method 
was followed for incorporating the fillers with virgin PLA. In the 
traditional method, ball milling is employed for combining vir-
gin PLA pellets, EW filler particles (1 and 3 wt. %), and flexi PLA 
F2110 to extrude as a filament. Mechanical characterization tests 
(tensile, flexural, compression, and impact tests) were conducted 
to assess the impact of integrating EW-PCB as a filler and Flexi 
PLA F2110 as a plasticizer. The results demonstrated that this 
combination improved both impact and compression strength, as 
well as enhanced surface hardness [27, 28]. In this current study, 
a detailed study about the influence of filler and plasticizer on sur-
face characteristics is investigated. The study focuses on evaluat-
ing the wettability behavior and sliding resistance of the fabricated 
composite filaments to identify their appropriateness for poten-
tial application-specific functionalities. The surface properties of 
the developed composites are investigated by performing water 
droplet tests and surface hardness and roughness tests [29, 30]. 
Furthermore, sliding resistance was assessed through wear testing 
using a pin-on-disc tribometer. As per the ASTM G99 standard, 
the cylindrical samples are printed with a diameter of 10 mm and a 
height of 30 mm and were prepared to examine the wear behavior 
of the composite filaments under dry sliding conditions [31]. The 
study primarily focuses on evaluating the influence of plasticizer 
additives and filler particulates on the tribological response and 
surface characteristics of the material.

In this study, a RSM technique is utilized for analyzing the influ-
ence of three key parameters such as applied load, applied veloc-
ity, and filler composition on the coefficient of friction, specific 
wear rate, and friction force. These control factors are consid-
ered as independent input variables, and their individual as well 
as interactive effects on the tribological responses were investi-
gated through RSM-generated surface plots [32–34]. The surface 
morphology of the evaluated specimens was characterized using 
Scanning Electron Microscopy (SEM) to investigate the materi-
al's wear mechanisms under sliding contact conditions.

2   |   Filament Extrusion and Testing Methods

2.1   |   Composite Filament Extrusion

The acquired EW-PCB underwent initial analysis to classify and 
remove hazardous constituents. Following standard safety proto-
cols, toxic components were manually separated. Then the accu-
mulated PCB from EW was shredded by employing the shredding 
machine with a size of 400–600 μm. Then the shredded particles 
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4   |   Conclusion

The influence of the plasticizer (flexi PLA F2110) and filler 
(EW-PCB) on the surface characteristics and wear behavior of 
the composite filament was thoroughly investigated, and the 
outcomes are presented. The incorporation of plasticizer signifi-
cantly condensed the inherent brittleness of virgin PLA, enhanc-
ing the ductility and overall flexibility of the polymer matrix. 
However, the addition of the plasticizer and filler particles re-
sulted in a diminution of about 20% in the density of the 3D-
printed specimens. This diminution is predominantly due to the 
formation of voids within the printed structure, emerging from 
material conflict and the thermal volatility of the plasticizer at 
elevated processing temperatures, which collectively lead to de-
ficient interfacial bonding and increased porosity. The presence 
of the metallic constituents within the filler particles leads to 
an increment in surface roughness, elevating the roughness val-
ues by up to 20% compared to the plain PLA filament without 
EW-PCB incorporation. Conversely, the incorporation of filler 
particles enhanced both surface hydrophobicity and hardness, 
resulting in enhanced resistance to wettability and applied load 
on the surface by approximately 10%–15% relative to the neat 
PLA filament. These enhancements exhibit that the fabricated 
composite filament is of potential suitability for fabricating pros-
thetic models in medical applications.

The wear behavior of the composite was comprehensively evalu-
ated under a range of applied normal loads and sliding velocities. 
The findings indicate that flexi PLA F2110 exhibits insufficient 
thermal stability under higher mechanical and thermal stress 
conditions—specifically at loading levels (20 and 30 N) and slid-
ing velocities (2 and 3 m/s). This thermal limitation impairs the 

interfacial adhesion between the polymer matrix and the filler 
particles, thereby accelerating the wear rate of the composite 
material. Furthermore, response surface methodology (RSM) 
plots are employed to methodically evaluate the influence of 
crucial process factors on the wear performance of composite 
materials. The factors to consider included filler concentration, 
applied load, and sliding velocity. The RSM analysis revealed 
that the combination of elevated filler content and enhanced 
mechanical loading, particularly at high sliding velocities, con-
siderably enhanced the wear rate of the 3D-printed samples.

In further studies, void formation within the printed samples 
can be controlled by integrating a plasticizer that has greater 
thermal stability. This modification may lead to diminishing the 
aggregate wear rate. Additionally, by involving post-processing 
methods like chemical vapor dip and immersion techniques 
using solvents like dichloromethane, acetone, and ethyl acetate 
to enhance the surface finish of the specimens, it may enhance 
wear resistance in high-load and high-velocity conditions, min-
imizing the aggregate wear rate.
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