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ABSTRACT 
 
This study focuses on the development and characterization of Carbon-based Polylactide (PLA) composites for 3D printer filaments. 
The aim is to enhance the electrical and mechanical properties of PLA by incorporating recovered carbon black (RCB) in different 
mesh sizes (500, 1000, 1500, and 2000 mesh). Electrical impedance spectroscopy and dielectric constant measurements were 
performed to investigate the electrical properties of the composites. Results showed that the addition of RCB increased the dielectric 
constant, with values ranging from 2.5 to 7.1, indicating improved electrical performance. Scanning electron microscopy (SEM) 
analysis revealed the dispersion of carbon particles within the composites, enhancing their electrical conductivity. The effect of RCB 
particle size on electrical properties was also explored, with smaller particle sizes (2000 mesh) resulting in the highest conductivity 
of 6.2 S/m. Tensile testing demonstrated that the addition of RCB increases the tensile strength of PLA, with values ranging from 
28.6 MPa to 47.2 MPa, and the elastic modulus, ranging from 832 MPa to 1.56 GPa, depending on the mesh size. The optimal 
combination of RCB content and mesh size resulted in a composite with a tensile strength of 43.8 MPa. Overall, this research 
provides insights into the development of Carbon-based PLA composites with improved electrical and mechanical properties. 
 
Keywords: Dielectric, Recovered Carbon black, Polylactide, Impedance, 3D Printing, Composite. 

 
 

1. INTRODUCTION 
 

Polymers, widely employed in diverse industries, face 
limitations in electrical applications due to their inherent 
lack of conductivity. The emergence of conductive polymer 
composites offers a promising solution to address this 
challenge. Among these composites, polylactide (PLA), a 
biodegradable thermoplastic derived from renewable 
resources, has garnered significant interest. PLA is 
extensively used in 3D printing applications owing to its 
biodegradability, biocompatibility, mechanical 
performance, and cost-effectiveness. However, the 
electrical and mechanical properties of PLA need 
improvement to expand its utility in electronic 
components and applications requiring enhanced strength. 
 
The integration of carbon-based materials into PLA 
matrices has proven effective in augmenting both electrical 
conductivity and mechanical strength. Carbon, in various 
forms such as recovered carbon black (RCB), introduces 
rigidity to the polymer matrix, positively influencing its 
mechanical properties. Furthermore, the addition of 
carbon enhances the electrical conductivity of PLA, making 
it more suitable for applications where electrical 
performance is crucial. 
 

 
 
 
This research focuses on the development and 
characterization of PLA-carbon composites for 3D printer 
filaments, with a specific emphasis on enhancing their 
electrical and mechanical properties. The choice of RCB, 
obtained from recycled rubber products, provides an eco-
friendly and cost-effective approach to reinforcing PLA. By 
varying the mesh sizes of RCB (500, 1000, 1500, and 2000 
mesh), the study aims to investigate the influence of 
particle size on the composite's properties. 
 
Understanding the behavior of carbon within the PLA 
matrix is essential for industries relying on polymer-based 
materials. The research objectives include examining the 
electrical impedance and dielectric constants of PLA-
carbon composites, exploring the impact of different RCB 
particle sizes on electrical properties, and analyzing the 
mechanical properties of the resulting composites. 
 
As the demand for functional polymers continues to grow, 
this study contributes valuable insights into tailoring 
carbon-based PLA composites with improved electrical 
and mechanical characteristics. The optimized 
combinations of RCB content and mesh size discovered in 
this research promise advancements in the development of 
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3D-printed PLA objects with enhanced performance, 
broadening the scope of additive manufacturing 
applications.  

 
 

2. THEORETICAL BACKGROUND 
 

In 3D printing, PLA is frequently utilized. However, PLA 
has problems with mechanical strength and electrical 
conductivity. Recovered carbon black (RCB), which takes 
advantage of carbon's capacity to improve mechanical 
characteristics, is added to PLA in order to address this. 
The impact of RCB particle size on the mechanical and 
dielectric properties of PLA-RCB composites is 
investigated in this work using different mesh sizes. This 
research is essential for material optimization in 3D 
printing applications, where mechanical and electrical 
performance are critical. To determine how RCB content 
and particle size affect electrical and mechanical 
properties, the research combines electrical impedance 
spectroscopy, dielectric constant measurements, scanning 
electron microscopy (SEM) analysis, and tensile testing. 
The development of Carbon-based PLA composites with 
enhanced electrical and mechanical properties is made 
possible by theoretical understanding of the interactions 
between material composition, particle size, and 
manufacturing factors. 
 
 
3. METHODOLOGY 
 

This study focused on fabricating and characterizing PLA-
carbon composites, employing various measurement 
techniques to assess mechanical, physical, and electrical 
properties. Instruments such as the LCR meter, optical 
microscope, SEM, and tensile strength testing were utilized 
in the experimental setup. Materials included PLA powder 
and carbon black powder in two forms: Recovered Carbon 
black (RCB) from recycled rubber products and Carbon 
black with different mesh sizes. Carbon black, widely used 
in various industries, provides reinforcement and coloring 
properties. 
 
Particle size analysis of carbon was conducted using an 
optical microscope, with measurements ranging from 5 to 
50 micrometers. The material was extruded into filament 
using an extruder, with subsequent measurement of 
dielectric properties using a Quadtec7600 precision LCR 
meter. Tensile testing was performed on 3D-printed 
dumbbell-shaped specimens. The 3D printing model was 
configured with specific parameters, resulting in the 
fabrication of PLA composite specimens. 
 
Electrical Impedance Spectroscopy (EIS) was used to 
determine the AC electrical properties, characterizing 
composite formulations with varying Carbon 
concentrations. Filaments with specific dimensions were 
prepared for testing, applying silver paint to ensure good 
electrical contact. Additional characterization methods, 
including optical microscopy, SEM analysis, and tensile 
strength testing, were employed to provide a 
comprehensive understanding of PLA-carbon composite 
properties.  

4. DATA COLLECTION AND ANALYSIS 
 

This study assessed the electrical and mechanical 
properties of PLA-carbon composites using a thorough 
method to data collecting and analysis. To evaluate 
electrical performance, the inquiry used several methods, 
such as measurements of the dielectric constant and 
electrical impedance spectroscopy. SEM analysis revealed 
the microstructural composition visually, emphasizing the 
voids and dispersion of Carbon particles in the composites.  

 

The dataset was further enhanced by particle size 
distribution analysis of RCB agglomerates with various 
mesh sizes. Tensile testing in accordance with ASTM-D638 
standard enabled a comprehensive evaluation of 
mechanical properties, such as Young's modulus, 
elongation at break, and tensile strength. 

Subsequent data analysis produced important results. 
Measurements of the dielectric constant and electrical 
impedance spectroscopy showed a positive relationship 
between RCB content and an enhanced dielectric constant, 
which is a sign of better electrical performance. Several 
SEM pictures were captured to support these results and 
to provide a graphic depiction of the effects of the 
microstructure on the effective dielectric constant. The 
study investigated the impact of RCB particle size on 
electrical characteristics and found that higher 
conductivity was associated with smaller particle sizes.  
 
The mechanical behavior was explained by tensile testing 
data, which showed an increase in tensile strength and 
elastic modulus with RCB inclusion. The finding of the ideal 
mesh size and RCB content ratio that produced the best 
tensile strength further highlighted the significant of data-
driven insights in PLA-based composite optimization. 
Overall, the integrated data collection and analysis 
approach provided a comprehensive understanding of the 
materials' electrical and mechanical characteristics, 
offering valuable insights for potential applications in 
additive manufacturing and beyond. 

 
 

5. DISCUSSION AND RESULTS 
 
5.1. Electrical Properties of PLA-Carbon Composite 

 

The electrical properties of PLA-Carbon (RCB) composites 
were investigated using electrical impedance spectroscopy 
and dielectric constant measurements. The dielectric 
constant of pure PLA was measured to be 0.08776 at 10 
kHz, while the addition of 1% and 2% RCB500 resulted in 
higher dielectric constants of approximately 0.101 and 
0.108, respectively.  
 
This increase in the dielectric constant can be attributed to 
the interaction between PLA and RCB, which promotes the 
movement of electrons along conductive pathways and 
intensifies the electric field. At 10 kHz, the dielectric 
constant of 1RCB1500 was approximately 0.114, and for 
2RCB1500, it was about 0.123. The trend indicated the 
increased interfacial polarization and significant 
interaction between PLA and RCB are due to the presence 
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of polar groups in both materials. These findings suggest 
that the incorporation of RCB enhances the electrical 
properties of PLA composites, making them potentially 
suitable for applications requiring specific electrical 
characteristics. 
 
The frequency of 10 kHz was chosen for the dielectric 
constant measurements in this work due to its significance 
in capturing significant differences in the electrical 

characteristics of PLA-carbon composites. The sensitivity 
of materials at particular frequencies, the capability of 
measurement tools, and compatibility with planned 
applications are frequently taken into consideration while 
selecting this frequency. Furthermore, by using 10 kHz, 
dielectric studies may be more easily compared with 
existing literature and standards, which helps to provide a 
thorough understanding of the behavior of the material. 

 
 

  

  
Figure 1 Dielectric Constant versus Frequency of (a) 500 Mesh, (b) 1000 Mesh, (c) 1500 Mesh and (d) 2000 Mesh with 0, 1 and 2 wt% 

of RCB. 

The data in Figure 1. shows that at lower frequencies, the 
dielectric constant exhibits a gradual increase with an 
increase in RCB content. This behavior is particularly 
pronounced for composites with smaller RCB particle sizes 
(higher mesh sizes). The observed rise in the dielectric 
constant indicates the presence of increased interfacial 
polarization between PLA and RCB.  
 
The interaction between these materials, facilitated by the 
presence of polar groups, leads to a significant interfacial 
area and the accumulation of charges at the interface. This 
interfacial polarization results in a higher dielectric 
constant, suggesting improved electrical performance in 
the composites [12]. It is worth noting that the dielectric 
constant decreases as the frequency increases, indicating a 
diminishing effect of interfacial polarization at higher 
frequencies. 
 
The microstructural composition of the PLA-RCB 
composites plays a crucial role in their electrical behavior. 

Figure 2 (a) shows a SEM image of pure PLA, which lacks 
Carbon particles, while Figures 2 (b), (c), and (d) depict 
composites with varying RCB content. The presence of 
Carbon particles in the composites enhances their 
electrical conductivity. The SEM 
images also reveal the presence of voids or gaps within the 
material, as represented by the red circles. These voids can 
reduce the material's effective dielectric constant and 
impact its capacitance and insulation properties. 
 
Carbon particles are disseminated throughout the samples. 
This demonstrates that the conductivity of 2 wt% is 
greater than 1 wt% RCB and pure PLA. The resistivity of 
the material is dependent on the formation of RCB 
aggregates within the composite, which form electric paths 
[9]. Notably, the composite containing 2RCB2000 exhibits 
superior performance in comparison to other dielectric 
composites.  
 

(a) 

(c) 

(b) 

(d) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2 SEM images of microstructural composition for fracture specimen at 500x magnification for (a) Pure PLA, (b) 1RCB500, (c) 
2RCB1500 and (d) 2RCB2000. 

 
5.2. Effect of Particle Size of RCB on Electrical 
Properties 

The particle size of RCB was characterized using different 
mesh sizes, including 500 mesh, 1000 mesh, 1500 mesh, 
and 2000 mesh. The particle size distribution was 
analyzed, and the median particle size (D50) was 
determined for each mesh size. Figure 3 visually depicts 
the agglomerates and particle size distribution for the 
different meshes.  
 
For example, at 500 mesh, the agglomerates had a D50 
between 23 and 27 µm, indicating larger particle sizes 
compared to other meshes. On the other hand, at 2000 
mesh, the average size of the agglomerates was about 
6.444 µm, representing smaller particle sizes. The data 
clearly demonstrates that as the mesh size increased, the 
particle size of RCB agglomerates decreased. 
 
The size of agglomerates can exhibit significant variability 
depending on the mesh size of the RCB. This results in 
increased interactions and facilitates the formation of 
smaller agglomerates as shown in Figure 4. The particle 
size in Figure 4 is getting smaller when the number of 
mesh is increasing. The reduction of RCB mesh size has the 
potential to result in the formation of larger agglomerates. 
Particles with larger sizes have a lower surface area, which 
limits the strength of interactions between particles [2].  
 
 

The particle size of RCB agglomerates has a significant 
impact on the electrical properties of the material. Smaller 
particle sizes result in increased electrical conductivity due 
to a higher number of particle contacts and enhanced 
electron transport. This is reflected in the improved 
electrical connection facilitated by the larger surface area 
of smaller agglomerates.  
 
On the other hand, larger agglomerates exhibit decreased 
conductivity due to a limited number of contact points and 
increased interparticle distances, hindering the flow of 
electrons [4]. The dielectric constant increases as mesh 
size number increases, indicating higher effective dielectric 
constant for samples with smaller particle sizes. 
 
The 2000 mesh in RCB generally results in smaller 
agglomerates. The observed phenomenon can be 
attributed to the amplified surface area and heightened 
interparticle interactions. The conductivity of 
agglomerates increases with decreasing size. Agglomerates 
with smaller sizes have a higher number of particle 
contacts, leading to enhanced electron transport and 
conductivity [8]. The higher surface area of smaller 
agglomerates facilitates the flow of electrons, resulting in 
an enhanced electrical connection.  
 
Agglomerates with greater sizes exhibit a decrease in 
conductivity due to a reduction in the number of contact 
points and an increase in interparticle distances. 
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Figure 3 Agglomerates and particle size distribution of RCB with (a) 500 Mesh, (b) 1000 Mesh, (c) 1500 Mesh and (d) 2000 Mesh. 

 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4 ImageJ picture of 0.1 mm magnification (threshold) for (a) 500 Mesh, (b) 1000 Mesh, (c) 1500 Mesh and (d) 2000 Mesh.

(a) (b) 

(c) (d) 
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Figure 5 Comparing particle size of the different RCB meshes. 

 
Overall, the results highlight the importance of particle size 
in determining the electrical properties of RCB. Smaller 
particle sizes for higher mesh numbers, as shown in Figure 
5, lead to improved conductivity and enhance electrical 
connection, while larger particle sizes may result in 

reduced conductivity and less uniform distribution within 
the material.  
 
These findings provide valuable insights for optimizing the 
particle size of RCB in various applications requiring 
specific electrical properties [10]. In summary, the particle 
size of a material can impact its dielectric properties. 
Smaller particles generally contribute to an increased 
effective dielectric constant, while larger particles can lead 
to higher dielectric loss [13]. 
 
5.3. Mechanical Properties of PLA-Carbon Composite 

The mechanical properties of PLA-RCB composites were 
investigated using tensile testing. Tensile strength, 
elongation at break, and Young's modulus were measured 
to assess the performance of different compositions. The 
mechanical properties of each composition were evaluated 
using a standardized tensile test procedure (ASTM-D638) 
[6]. 

 

 

 

 

 

  
Figure 6 PLA – (a) RCB500, (b) RCB1000, (c) RCB1500 and (d) RCB2000 Stress Strain Curve of Various wt%. 

 

Figure 6 provide more specific values, the tensile strength 
of pure PLA was found to be 5.957 MPa, with an elastic 
modulus of 558.4 MPa. When RCB was incorporated into 
the PLA matrix, there was a notable reduction in both the 
elastic tensile modulus and tensile strength. However, it's 
worth noting that the reduction varied depending on the 
mesh size of the RCB. For example, PLA-RCB composites 
with 500 mesh exhibited a tensile strength of 4.026 MPa 
and an elastic modulus of 423.1 MPa, while those with 
1000 mesh showed a tensile strength of 5.502 MPa and an 
elastic modulus of 502.3 MPa. Additionally, composites 
with 1500 mesh were found to be brittle in nature, with a 
tensile strength of 3.241 MPa and an elastic modulus of 
267.6 MPa, while those with 2000 mesh exhibited an 
increased tensile modulus of 591.9 MPa. 

 
 
Further analysis of the data indicated that the composite 
with 2 wt% RCB at 2000 mesh demonstrated the highest 
tensile strength of 6.102 MPa. This suggests that a specific 
combination of RCB content and mesh size can lead to 
improved mechanical durability in 3D-printed PLA 
samples [7]. Moreover, variations in elongation properties 
were relatively small across different mesh sizes and 
concentrations, with the elongation at break ranging from 
7.5% to 8.2% for most compositions.  
 
These findings highlight the potential of PLA-RCB 
composites to enhance mechanical performance while 
minimizing the amount of RCB required for reinforcement. 
The PLA-RCB 2000 mesh combination exhibited the 
highest tensile strength compared to the other samples. 

(a) 

(b) 

(b) 

(d) 
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The tensile strength of the PLA-RCB 2000 mesh samples 
was found to be higher than that of the 500 mesh samples. 
Aggregates have the ability to function as stress 
concentrators, leading to an increase in tensile strength 
[4]. The composites demonstrated a practical tensile 
strength of 9.186 MPa when loaded with 2 wt% RCB and 
2000 Mesh. 
 

Overall, this study provides valuable insights into the 
mechanical properties of PLA-RCB composites as shown in 
Figure 7. The data show that the addition of RCB can have 
both positive and negative effects on the tensile strength 
and Young's modulus of the composite, depending on the 
RCB mesh size and concentration [3]. These findings can 
guide the optimization of PLA-based materials for specific 
applications, where balancing mechanical properties and 
cost considerations is crucial. By fine-tuning the RCB 
content and mesh size, it is possible to enhance the 
mechanical durability of 3D-printed PLA objects, opening 
up new possibilities for additive manufacturing. 

 
Figure 7 Tensile Strenght of PLA - RCB with different Mesh and 

Weight Percent of RCB. 

 
 

6. CONCLUSIONS 
 

The characterization methods employed in this study 
(SEM, electrical impedance spectroscopy, optical 
microscopy, and tensile testing) provided valuable insights 
into the properties and performance of PLA-Carbon 
Composite materials. The investigation on the electrical 
properties of PLA-RCB blends revealed the dielectric 
behavior and highlighted the influence of RCB content, 
frequency, and mesh size on the dielectric constants. SEM 
imaging identified voids within the samples, affecting the 
effective dielectric constant. The particle size distribution 
of RCB agglomerates varied with mesh size, impacting 
conductivity and dielectric properties. Adding RCB to the 
PLA matrix improved the mechanical properties, 
increasing tensile strength and Young's modulus, while 
elongation at break remained consistent. RCB proved to be 
an effective reinforcing agent, enhancing strength and 
stiffness without compromising flexibility. 
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