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ABSTRACT  
Background: The increasing demand for electronic devices due to technological advancements has led to a rise 
in electronic waste, particularly printed circuit boards (PCBs). This study aims to utilize PCB waste, which 
contains non-metal particles such as silicon (Si) and silicon carbide (SiC), to enhance the thermal conductivity 
of cooling media. Methods: The research process began with the crushing of PCBs, followed by leaching with 
1M HCl for 24 hours. Subsequently, pyrolysis was conducted using argon at 500°C for 30 minutes. The resulting 
PCB particles were then subjected to dry milling in a planetary ball mill with varying ball-to-powder ratios of 
1:10, 1:30, and 1:50 for durations of 10 and 20 hours, using steel balls. The milled particles were characterized 
using X-ray fluorescence (XRF), X-ray diffraction (XRD), and particle size analysis (PSA). Findings: XRF analysis 
revealed that SiO2 was the predominant compound. XRD results indicated significant SiC phase growth in the 
1:50 parameter with a 20-hour milling time. PSA results showed the smallest particle size of 627.6 d.nm with a 
polydispersity index of 0.047 in the 1:10 variable with a 20-hour milling time. Conclusion: The study 
successfully demonstrates the potential of utilizing PCB waste to produce SiC micro-particles, which can 
enhance the thermal conductivity of cooling media. This approach not only provides a method for recycling 
electronic waste but also contributes to the development of more efficient cooling systems. Novelty/Originality 
of this article: This research introduces an innovative approach to recycling electronic waste by converting PCB 
waste into valuable SiC micro-particles, offering a novel method for improving cooling media in industrial 
applications. 
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1. Introduction  
 

In the current era, where digital advancements permeate various fields, the demand 
for Electrical And Electronic Equipment (EEE) has drastically increased due to rapid 
technological progress (Khaliq et al., 2014). In Indonesia, electronic waste is projected to 
reach 3,200 kilotons by 2040. This equates to each person contributing approximately 10 
kilograms of electronic waste annually. Given these statistics, Waste Electrical and 
Electronic Equipment (WEEE), or electronic waste (e-waste), has become a concern not 
only for the government but also for the public due to the hazardous materials it contains 
(Cui & Zhang, 2008). One of the largest contributors to electronic waste is Printed Circuit 
Boards (PCBs), which are integral components of electronic devices like mobile phones and 
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laptops. PCBs serve as conduits for electrical flow, typically using copper as a conductor, 
and connect components within electronic circuits. By leveraging this, PCB waste, a 
significant source of e-waste, can be repurposed as a source of particles in fluids, enhancing 
the thermal conductivity of quenching media and reducing electronic waste in Indonesia. 

However, utilizing PCBs as a fluid additive for quenching media remains challenging 
and underexplored, particularly in transforming PCBs into nano-sized particles suitable for 
fluid mixtures via dry milling. Therefore, this research focuses on optimizing the dry milling 
parameters of PCBs for fluid applications. The study examines variables such as Ball Powder 
Ratio (BPR), time, and speed in a planetary ball mill using the dry milling method. By 
experimenting with these parameters, the research aims to identify the optimal BPR, time, 
and speed to achieve the desired particle size, shape, and SiC compound formation with 
good thermal conductivity properties. 

The scope of this research is confined to the synthesis of silicon carbide compounds 
from PCB materials through dry milling using a planetary ball mill. The milling time 
variations are set at 10 and 20 hours, with BPR variations of 1:10, 1:30, and 1:50, and a 
milling speed of 500rpm. Characterization of PCB particles includes Scanning Electron 
Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS), X-Ray Fluorescence (XRF), 
Particle Size Analysis (PSA), and X-Ray Diffraction (XRD). The objectives of this study are to 
analyze the mechanochemical effects of PCB particles on the enhancement of silicon oxide 
phases and silicon carbide formation, to assess the impact of the steel ball-to-PCB particle 
ratio in dry milling on particle size and phase formation, and to evaluate the influence of 
milling time on particle size and phase development. 

In the manufacturing industry, the milling process plays a crucial role due to its 
flexibility in production. The productivity, quality, and cost of the final product are directly 
or indirectly dependent on the tool life during machining processes (Sayyad et al., 2021). 
The production of nanocrystalline substances and materials has become a widely expanding 
field in materials science over the past decade, owing to the potential to radically modify 
the properties of solids in their nanocrystalline state (Gusev & Kurlov, 2008). Ball milling is 
one of the techniques used to break down a material into a powder, achieving very fine 
particles (in the nanoparticle size range) and mixing with other materials (Trisnayanti, 
2020). 

Planetary ball milling is capable of grinding materials down to the nanometer scale. Its 
characteristics can be observed through its mechanical properties, including the fineness of 
the product and the reliability of the equipment (Wardhana, 2013). The working principle 
of planetary ball milling involves placing powdered material into a cylinder made of steel 
balls, with several balls inside, which rotate continuously. Within the cylinder, the balls 
collide with each other. As a result of these collisions, the powder introduced into the 
cylinder is impacted by the balls, causing the particles to break apart. This process continues 
until the desired particle size is achieved. 
 

 
Fig. 1. (a) Planetary ball mill machine (b) Schematic of a planetary ball mill 
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Dry milling is a traditional comminution technique aimed primarily at reducing 
particle size (Jing et al., 2015). Smaller particle sizes increase the surface area, thereby 
enhancing the solubility of materials that are otherwise poorly soluble in water. Dry milling 
offers advantages such as low operating temperatures and gentle processing conditions, 
making it a viable option for improving the solubility of particles intended for fluid 
incorporation. Micro and nanoparticles have been successfully applied across various 
manufacturing industries. Mechanical milling is a common technique for producing micro 
and nanoparticles. Therefore, optimizing milling efficiency and quality by determining 
optimal milling parameters is crucial. 

Milling time significantly affects the size and properties of the resulting nanoparticles. 
Milling is a mechanical process involving the crushing, grinding, or mixing of materials at 
the nanometer scale using grinding machines or steel balls. Milling speed can significantly 
influence the size, composition, and properties of the nanoparticles produced. The ball 
powder ratio (BPR) refers to the ratio of grinding balls to powder in the particle synthesis 
process. The impact of BPR on nanoparticles can vary depending on the system and process 
parameters used. Printed Circuit Boards (PCBs) are electronic component boards that form 
electronic circuits or serve as platforms connecting electronic components without using 
wires. 

Recently, silicon oxide has been considered a promising substitute for elemental silicon 
due to its abundant reserves, low cost, and ease of synthesis. Additionally, silicon oxide 
exhibits smaller volume changes during cycling compared to elemental silicon. The atomic 
structure of SiO has been controversial since its discovery. Philipp proposed a random 
bonding model, describing SiO as a homogeneous single-phase material with a continuous 
Si-(OxSi4-x) network consisting of randomly distributed Si-Si and Si-O bonds. Brady and 
Temkin proposed a random mixture model, depicting SiO as a mixture of nanosized 
amorphous Si and SiO2. 

Nanoscience is defined as the study of phenomena and manipulation of materials at the 
molecular and macromolecular scale, which exhibit significantly different properties from 
larger-scale materials (Hubau et al., 2019). "Nano" refers to a scale of 10^-9. The definition 
of nanoparticles depends on the material, field, and application (Hosokawa et al., 2008). 
Nanoparticles have attracted researchers due to their distinct physical and chemical 
properties compared to bulk materials, such as magnetic strength, electronic strength, 
mechanical strength, thermal stability, optical stability, and catalytic stability (Hartmann, 
2019). 

Microparticles are defined as solid particles with a spherical shape and sizes ranging 
from 1 to 100 μm. Commercially available microparticles come in various materials, 
including ceramics, glass, polymers, and metals. Microparticles have a much higher surface-
to-volume ratio compared to macro-scale particles, leading to significantly different 
behaviors. They are predominantly used in the medical field. Microparticles typically 
appear in three forms in research: discs, rods, and spheres (Bhaskar et al., 2010). 

In a study conducted by H. Xie, it was reported that the shape of nanoparticles affects 
the thermal conductivity of nanofluids (Apmann et al., 2021). The research indicated 
changes in thermal conductivity due to different shapes of silicon carbide (SiC) 
nanoparticles suspended in water or ethylene glycol (Munyalo & Zhang, 2018). The size of 
nanoparticles influences the properties of nanofluids, particularly viscosity and thermal 
conductivity. In terms of viscosity, relative viscosity decreases as the size of nanoparticles 
increases (regardless of volume fraction) (Hu et al., 2020). 
 

2. Methods 
 

The equipment required for this research begins with the production of PCB 
nanoparticles, which involves using a blender to reduce the size of the PCBs, followed by 
disk milling. Before conducting planetary ball milling, the PCBs must first undergo leaching 
using a beaker glass and a magnetic stirrer. To characterize the fabricated PCB results, SEM 
equipped with EDS, XRD, and PSA machines are used. Finally, the milling process utilizes a 
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disc mill, sieves, a mill jar, steel balls, and a planetary ball mill machine. The material used 
in this research is 1 M HCl for the leaching process of the PCBs. The research flowchart is 
shown in Fig 2 below. 

 

 
Fig. 2. Research flowchart 

 
This research utilizes milling parameters for nanoparticle formation to understand 

how these parameters impact the properties of PCB carbon particles and the 
thermophysical properties of nanofluids. A speed of 500 RPM is used, with time variables 
set at 10 hours and 20 hours, and BPR variables of 10:1, 30:1, and 50:1. 

 
3. Results and Discussion 
 
3.1 Nanoparticle fabrication 
 

The non-metal nanoparticles used in this research are derived from Printed Circuit 
Boards (PCBs). Initially, the nanoparticles are crushed using a blender. They are then 
fabricated through a leaching process using 1 M HCl, with a ratio of 600 ml HCl to 100 grams 
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of PCB powder, for 24 hours. This is followed by pyrolysis using argon gas for 30 minutes at 
a temperature of 500°C. The final step involves milling with a ball-to-powder ratio of 10:1, 
30:1, and 50:1 at a speed of 500 RPM for 10 and 20 hours.  

 
3.2 X-ray fluorescene spectroscopy (XRF) analysis 
 

X-Ray Fluorescence Spectroscopy characterization is conducted before and after the 
leaching process to identify changes in elements and chemical compounds in the PCB 
material. 

 
Table 1. XRF results before leaching (left) and after leaching (right) 

Before Leaching After Leaching 
Compounds Percentage (normalization) Compound Percentage (normalization) 
MgO 19.84% MgO 6.00% 
Al2O3 9.70% Al2O3 10.60% 
C1 0.12% C1 5.27% 
CaO 21.00% CaO 20.55% 
Fe2O3 0.65% Fe2O3 0.45% 
CuO 1.57% CuO 1.88% 
BaO 0.52% BaO 0.53% 
SiO 46.60% SiO 54.72% 
Total 100.00% Total 100.00% 

 
X-Ray Fluorescence Spectroscopy characterization is conducted before and after the 

leaching process to identify changes in elements and chemical compounds in the PCB 
material after the process. Table 1 shows a comparison of X-Ray Fluorescence results before 
and after leaching. The leaching process is applied to the Printed Circuit Board powder to 
reduce unwanted metal elements, as the desired nanoparticles are non-metallic. As 
discussed in Chapter 2 and based on the XRF results in Table 1, the PCB material contains 
various compounds such as aluminum oxide, magnesium oxide, silicon oxide, chloride, 
calcium oxide, and copper oxide. According to the tests conducted, before leaching, the 
sample contained 9.7% aluminum oxide, 19.84% magnesium oxide, 46.6% silicon oxide, 
0.12% chloride, 21% calcium oxide, and 1.88% copper oxide. 

In Table 1, there is an increase in the element Si and the compound SiO2. This trend is 
likely due to normalization in the XRF results after leaching, which reduces metals that 
decrease post-leaching, as SiO2 is a non-metal fraction of the PCB. This is advantageous for 
the research because the increased SiO2 suggests a higher likelihood of forming SiC during 
the subsequent planetary ball milling process. The impact between the powder and steel 
balls can lead to reactions forming SiC, which has good thermal conductivity for cooling 
media in fluids (Li et al., 2015). In this study, the reduction of unnecessary metals in the 
circuit board material aids in producing non-metal nanoparticles. The increase in silicon 
and silica compounds positively affects the thermal conductivity of nanofluids (Slack, 1964). 
Silica nanoparticles are mesoporous compounds, which enhance the surface area and 
distribution, thereby improving the thermal conductivity of nanofluids (Munyalo & Zhang, 
2018). 

In Table 2, there is a further decrease in the percentage of metal oxide compounds in 
the PCB powder, along with an increase in some metal oxide compounds, as shown in Table 
4.1. For example, Al2O3 decreases from 10.60% to 10.19%, Cl from 5.27% to 2.96%, CaO 
from 20.55% to 15.32%, and BaO from 0.53% to 0.45%. This occurs because pyrolysis 
breaks down the polymer chains in PE and PP, forming carbon. Carbon is not detectable by 
XRF due to its lack of orbitals like metals, leading to percentage normalization in XRF results. 
However, magnesium oxide shows a significant increase from 6% to 14.65%. 
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Table 2. XRF results after pyrolysis  
Compound Percentage (normalization) 
MgO 14.65% 
Al2O3 10.19% 
C1 2.96% 
CaO 15.32% 
Fe2O3 0.47% 
CuO 1.89% 
BaO 0.45% 
SiO 54.08% 
Total 100.00% 

 
This indirectly affects the balance of oxide composition in the pyrolyzed PCB, with an 

increase in Mg observed. Another possibility for the rise in MgO after pyrolysis is the 
decomposition of PP and PE into carbon, altering the density and volume fraction of the 
constituent oxides. 
 
3.3 X-ray diffraction (XRD) analysis 
 

XRD testing is conducted to determine and confirm whether the phases of the 
compounds in the PCB remain constant or change throughout the various treatment stages. 
Based on the XRF results of the pyrolyzed PCB powder, several compounds such as metal 
oxides, chlorides, and the non-metal fraction SiC are still present. Referring to Table 2, the 
three most abundant compounds in the pyrolyzed PCB powder are SiO2, CaO, and MgO. It is 
assumed that these three compounds should exhibit high peaks or multiple peaks in the 
XRD graph, as metal oxides still have a significant percentage in the sample and are easily 
detected by XRD, reflecting more clearly in the XRD results. However, the XRD results after 
pyrolysis differ from this assumption. As shown in Figure 3, the compound or element with 
the highest intensity is carbon or charcoal. This phenomenon occurs because one of the 
components of PCBs is the polymers PP and PE, which have low melting points. Pyrolysis at 
500°C breaks down these polymer chains, converting them into carbon or charcoal. 
 

 
Fig. 3. XRD graphic after pyrolysis 

 
For alkaline earth metal oxides such as BaO, CaO, and MgO, the peak intensity is also 

quite high because their percentage remains significant after pyrolysis. These oxides are 
easily detected by XRD. The remaining metal oxides, Al2O3 and Fe2O3, have lower 
percentages (Ghosh et al., 2020) and have been somewhat reduced during leaching and 
pyrolysis, resulting in lower peak intensities, although they are still detectable due to their 
metallic nature. After pyrolysis, as shown in the XRD graph in Figure 3, it is evident that the 
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formation of carbon and SiO2 is substantial, as these compounds have the two highest peaks 
and intensities compared to other compounds. Since the goal is to assess whether the 
subsequent milling process can form the SiC compound needed as a mixed particle 
candidate for quenching media, it is also important to consider the phase equilibrium 
diagram of Si-C-O2, shown in Figure 4. 

 

 
Fig. 4. Si-C-O2 phase equilibrium diagram and ellingham diagram 

 
In Figure 4, since the most prominent compounds detected by the XRD graph from the 

PCB powder are SiO2 and carbon, a simulation was created using the Fact Sage application 
to understand how SiC forms from SiO2 and carbon. The y-axis represents temperature, 
which in this research context is the kinetic energy generated by the steel balls during 
milling. As kinetic energy increases, the temperature rises due to the increased collisions 
between the steel balls, generating heat. This phase equilibrium diagram helps explain and 
reinforce why SiC is the primary phase sought to enhance thermal conductivity in fluids 
(Lee et al., 2011) as a candidate particle for quenching media, and how it can be formed in 
this research. After conducting XRD testing at the pyrolysis stage, further testing was 
performed on the milled samples across six different parameters. The results are shown in 
Figure 5, which displays the combined XRD graphs from the six milling parameters and the 
main compounds formed, which are essential for aiding the quenching media. 

 

Temperature (°C) 
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Fig. 5. XRD graphic after milling 

 

Based on the XRD testing results for the 10:1 milling parameter over 10 hours, the 
overall graph shows low intensity. The main compound, SiO2, has peaks, albeit with low 
height and intensity, located at 2 theta 21.131° and 26.953°. This indicates that in the 
smallest ball-to-powder ratio and time parameter, SiO2 formation is more significant 
compared to other compounds like SiC, Si, and C. SiC formation is minimal, with low peaks 
scattered at several 2 theta angles, the highest intensity being at 35.73°. Referring back to 
the graph in Figure 4, for the 1:30 ball-to-powder ratio and 10-hour parameter, SiO2 
formation remains substantial but has decreased, with peaks at 2 theta 26.686° and 20.904°. 
SiC formation is still minimal, with low peaks at 2 theta 38.41°, while carbon growth is 
starting to appear with peaks at 2 theta 26.603° and 42.466°. For the 1:50 ratio over 10 
hours, a similar trend is observed for SiO2 and SiC, but with higher and clearer peak 
intensities. The SiC peaks are more distinct and higher, aligning with the goal of achieving 
particles with good thermal conductivity. Table 3 shows the distribution of 2 theta degrees 
for SiC in each milling parameter. 

 
Table 3. Distribution of 2 theta degrees for sic results 

Parameter 2 Theta Degrees of SiC 
10 : 1 10 hours 37,989 o , 45,494 o , 60,129 o , 68,702 o  
30 : 1 10 hours 37,423 o, 45,276 o, 60,176 o, 68,783 o  
50 : 1 10 hours 37,963 o, 45,095 o, 59,705 o, 68,783 o  
10 : 1 20 hours 44,769 o, 49,321 o, 61,450 o, 68,783 o  
30 : 1 20 hours 37,53 o , 45,31 o, 51,5 o, 61, 572 o 
50 : 1 20 hours 44,769 o, 49,321 o, 61,450 o, 68,783 o 

 
The phenomenon observed after the milled PCB powder was tested with XRD is that the 

peak readability for SiC actually decreased. Ideally, increasing the ratio of steel balls to 
powder and extending the milling time should enhance the formation of SiC. This 
phenomenon can be explained using the graph in Figure 6, which illustrates the phase 
growth of each main phase in the PCB powder, such as SiC, SiO2, C, and Si, showing 
fluctuations in percentage in the semi-quantitative analysis obtained from the Highscore 
application. 
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Fig. 6. Phase growth graph results 

 
When observing Figure 6, a pattern or trend in the semi-quantitative percentage of 

each main phase can be seen. For the graphs with parameters 1:10, 1:30, and 1:50 over 10 
hours, the semi-quantitative percentage of SiO2, C, Si, and SiC shows an increase in the 
phases of Si and SiC, and a decrease in the phases of SiO2 and carbon. This data suggests the 
hypothesis that adjusting the ratio of steel balls to PCB powder will enhance the formation 
of Si and SiC phases. According to the chemical reactions, SiO2 and C, which are the primary 
raw materials or phases in PCBs, decrease in semi-quantitative percentage as they form the 
other three phases: solid Si and SiC, and gaseous CO (Hometz et al., 1994). 

This phenomenon occurs because SiO2 is reduced by C to form Si and SiC. With a longer 
duration of 10 hours compared to previous parameters, SiO2 continues to form Si and SiC. 
Additionally, the Si formed from SiO2 and the existing Si have more time to bond with C to 
become SiC, aided by the collisions between the steel balls and the powder (Dong et al., 
2019). This also affects the temperature and reduces the activation energy required for SiC 
formation (Zaman et al., 2010), which typically occurs at high temperatures (Wei et al., 
2023). Therefore, the mechanochemical process (dry milling) significantly aids in the 
formation of the SiC phase (Delhaes, 2002; Wang et al., 2012), which has high activation 
energy, making it more energy-efficient. Increasing the ratio of steel balls to powder can 
significantly impact Si formation (Wei et al., 2023), and extending the milling time can 
significantly influence SiC formation (Wei et al., 2023). 

The results indicate that SiC shows a positive growth trend in the particles. SiC is an 
excellent candidate for cooling media due to its superior thermal conductivity (Qin et al., 
2019; Wei et al., 2023; Zhang et al., 2014) compared to metallic liquids like sodium and non-
metallic liquids like water and oil. The thermal conductivity of SiC is 120–270 W/mK, while 
other compounds in the particles, such as Si (149 W/mK), C (146–246 W/mK), and SiO2 (12 
W/mK), have lower values. Therefore, SiC is crucial as a candidate particle for cooling 
media. 
 
3.4 Particle size analyzer (psa) analysis 

 
The milled PCB powder is subjected to Particle Size Analyzer (PSA) testing to determine 

the particle size and distribution for each sample. After testing, the sizes for each sample 
parameter tested with PSA can be seen in Table 4. The particle size before the milling 
process was 1077 d.nm, as it had only undergone grinding and disc milling. After milling 
with a planetary ball mill, there was a significant reduction in particle size across all 
parameters due to numerous collisions with the steel balls and the high rotation speed of 
up to 500 RPM, with the disc and vial rotating in opposite directions. Figure 7 shows a trend 
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where the particle size increases at a ball-to-powder ratio of 1:30 compared to 1:10 and 
1:50. 
 
Table 4. PSA testing results 

Powder condition BPR Time (hours) Z-Average (d.nm) Polydispersity index 
Before milling 0 0 1077 0.3753 
After milling 10:1 10 hours 661.9 0.4277 

30:1 10 hours 710.2 0.1801 
50:1 10 hours 661.2 0.3409 
10:1 20 hours 627.6 0.0470 
30:1 20 hours 864.4 0.3619 
50:1 20 hours 640.4 0.4433 

 
 This phenomenon can occur due to two factors. First, the PCB powder undergoing 

milling will experience extreme collisions with other particles and steel balls. The high 
speed also increases kinetic energy and automatically raises the temperature in the vial. The 
PCB powder, known to be primarily composed of SiO2, is quite ductile (Triyono et al., 2020) 
because, after milling, many particles adhere strongly to the vial sides, indicating ductility. 
If the powder were rigid, it wouldn't stick to the vial sides. As explained in Chapter 2, during 
milling, the powder undergoes several phases. First is deformation, where the particle 
shape changes. Next is the welding phase, where particles fuse, increasing the surface area. 
The particles then enter the squeezing phase, becoming flattened and changing from ductile 
to rigid. Once rigid, the final phase is fracturing, where the particles break into smaller sizes. 
 
3.5 Scanning electron microscope (SEM) analysis 
 

SEM testing in this study aims to observe and analyze the shape and tendency of 
particles when not distributed in a fluid. Below are the SEM images from two milling 
variable results shown in figure. 

 

 
Fig. 7. SEM results 1:50 for 10 hours with magnification (1) 500x (2) 1000x (3) 5000x 

 
In Figure 8, at 1000x and 5000x magnification, many particles have transitioned to a 

spherical shape rather than cylindrical. This indicates an increased surface area, which 
positively affects thermal conductivity compared to cylindrical shapes (Wang et al., 2015). 
Spherical shapes, with their larger surface area, can absorb or conduct more heat, thus 
exhibiting better thermal conductivity (Tihanyi, 1992; Wu et al., 2015). 
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Fig. 8. SEM results 1:50 for 20 hours with magnification (1) 500x (2) 1000x (3) 5000x 

 
Next is the discussion of the EDS results for one of the milled samples. The sample area 

evaluated with SEM analysis can also be analyzed to identify specific elements using Energy 
Dispersion Spectroscopy (EDS). X-rays emitted from the sample surface carry unique 
energy signatures specific to the elements found in the sample. These X-rays are detected 
by the EDS detector to provide basic information about the sample. EDS provides data on 
the chemical composition of the sample and additional data about the properties observed 
in the SEM micrograph. This combined technique is called SEM-EDS or SEM-EDX Analysis. 
Below are the images and data from the EDS testing. 

 

 
Fig. 9. EDS results 

 

Based on the elemental results detected in the particles, they are predominantly 
composed of Si, C, O, and Fe. Across the regions and points tested by EDS, the formation of 
SiC from Si and C is highly likely, as the average percentage of Si across all test areas is 
12.475%, and C is 15.05%. Therefore, the potential SiC formation is approximately 
12.475%, corresponding to the available Si as a raw material for SiC formation. Other 
elements still have a presence, consistent with the XRF data, indicating that metals, alkali 
metals, and alkaline earth metals remain in the particles at low percentages. This data also 
confirms that SiC formation occurs during the mechanochemical process (dry milling), as 
evidenced by the EDS analysis. 
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Table 5. Elemental results from EDS 
Atomic % 

Element Region 1 Region 2 Point 1 Point 2 
S 0.2 0.0 0.0 3.2 
C 17.9 11.6 15.7 15.0 
O 54.0 55.8 43.6 55.1 
Mg 5.7 4.1 6.7 7.5 
Al 2.9 3.7 1.9 1.9 
Si 13.2 16.4 10.9 9.4 
Cl 1.2 0.7 1.0 1.5 
Ca 3.6 6.3 1.8 2.4 
Fe 0.9 1.3 14.2 0.0 
Cu 0.5 0.0 0.0 0.4 
Cr 0.0 0.0 4.0 0.0 
Ba 0.0 0.0 0.0 3.6 

 
4. Conclusions 
 

Mechanochemistry (dry milling) can influence the formation of silicon and silicon 
carbide phases, as each parameter consistently shows phase formation through increased 
semi-quantitative percentages. The ball-to-powder ratio (BPR) affects particle size in the 
mechanochemical process; a larger BPR does not necessarily result in smaller particles but 
can transform cylindrical shapes into spheres. BPR significantly impacts the formation of 
the Si phase, increasing the semi-quantitative percentage from 3% to 35%. The milling time 
also affects particle size; longer milling does not always yield the smallest particles in this 
method. The smallest particle size is 627.6 nm with a PDI of 0.047, and milling time 
influences the crystallinity of the particles. Time significantly impacts the formation of the 
SiC phase, increasing the semi-quantitative percentage from 1% to 32%. Given that the 
resulting particle size has not yet reached the optimal range close to 100 nm, several 
suggestions for future research include focusing on optimizing milling parameters to 
further reduce particle size and enhance the formation of SiC and C compounds. 
Additionally, paying closer attention to particle shape could lead to more optimal results. 
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