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Abstract: The study investigated the enhancement of hardness in
Al-Si alloy through a combination of pressing and heat treatment
using coconut shell charcoal media. Utilizing a novel approach, the
alloy specimens were subjected to heat treatment at 450°C followed
by a brief pressing process and an artificial aging treatment. The
results revealed a significant increase in surface hardness from
76.32 VHN to 133 VHN, attributed to the formation of aluminum
carbide (Al«Cs) and aluminum oxide (Al:Os) on the alloy surface.
This suggested that the combined treatment process effectively
improves the mechanical properties of the Al-Si alloy, making it
suitable for applications requiring enhanced wear resistance and
durability.
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1. Introduction

The enhancement of material properties through various treatment processes is a critical
aspect of materials engineering. Aluminum-silicon (Al-Si) alloys, known for their excellent
castability, corrosion resistance, and mechanical properties, are widely used in automotive,
aerospace, and other engineering applications [1-3]. To further improve these properties,
particularly hardness, researchers have explored numerous heat treatment techniques [4].
Among these, combining heat treatment with pressing and using alternative media such as
coconut shell charcoal has garnered significant attention. This study focuses on the impact of
pressing addition to the heat treatment process at a temperature of 400°C using coconut shell
charcoal media on the hardness of Al-Si alloy.

Heat treatment is a well-established method to enhance the mechanical properties of
alloys. It involves heating and cooling cycles that alter the microstructure of the material,
thereby improving its hardness, strength, and ductility [5-8]. In the case of Al-Si alloys, heat
treatment processes such as solution heat treatment, quenching, and aging are commonly
employed [9-11]. However, the integration of pressing into the heat treatment process is a
relatively novel approach that aims to further refine the microstructure and enhance the
mechanical properties.

The use of coconut shell charcoal as a treatment medium is particularly interesting due
to its unique properties. Coconut shell charcoal is known for its high carbon content and
porosity, which can influence the thermal and chemical interactions during the heat treatment
process [12-15]. When used in conjunction with pressing, it is hypothesized that the coconut
shell charcoal can facilitate better diffusion of alloying elements and impurities, leading to a
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more uniform and refined microstructure. This study aims to investigate these effects in detail,
focusing on the resultant hardness of the Al-Si alloy.

Pressing during the heat treatment process applies mechanical stress to the material,
potentially enhancing the densification and reducing porosity [16-19]. This mechanical action,
combined with the thermal effects of heat treatment, can significantly alter the microstructure,
potentially leading to improved hardness [20]. The exact mechanisms through which pressing
and coconut shell charcoal media influence the hardness of Al-Si alloys remain an area of active
research [21-23]. This study seeks to elucidate these mechanisms through a series of controlled
experiments and detailed microstructural analyses.

Understanding the combined effects of pressing and heat treatment with coconut shell
charcoal media on Al-Si alloys is not only academically intriguing but also holds significant
practical implications. Enhanced hardness can lead to better wear resistance and longer service
life of components made from these alloys, making them more suitable for demanding
applications [24-27]. Additionally, utilizing coconut shell charcoal, a renewable and
environmentally friendly material, aligns with the growing emphasis on sustainable
manufacturing practices [28-30].

Hardness is one of the important properties of materials used as components of
structures that are under compressive stress [31-35]. This research is structured to provide a
comprehensive analysis of how pressing and coconut shell charcoal media influence the
hardness of Al-Si alloys treated at 400°C. By combining experimental data with theoretical
insights, the study aims to offer a deeper understanding of the material behaviors and potential
improvements in alloy performance. The findings are expected to contribute to the development
of more efficient and sustainable heat treatment processes for Al-Si alloys and potentially other
similar materials.

2. Materials and Methods
2.1 Materials

The primary material used in this study is an Al-Si alloy, chosen for its common use in
the automotive and aerospace industries due to its excellent mechanical properties and
castability. The specific composition of the alloy was verified using spectroscopic analysis
(Table 1). Coconut shell charcoal was selected as the medium for heat treatment, sourced from
a local supplier. The charcoal was ground into a fine powder to increase its surface area,
ensuring a uniform and consistent interaction with the Al-Si alloy during the heat treatment
process.

Table 1. Al-Si Alloy Composition

Al Si Cu Ni Mg Fe Mn Zn Ti Cr \Y Zr

2.20 3.08 .296 276 .156 .663 113 111 .041 .026 .012 .082
Source: Authors

2.2 Sample Preparation

The Al-Si alloy was machined into standardized test specimens, each measuring 10 mm
x 10 mm x 50 mm, to facilitate uniform testing conditions. The specimens were polished using
a series of abrasive papers and finished with a polishing cloth to achieve a mirror-like surface,
removing any surface oxides or contaminants. This preparation ensured that the effects of the
heat treatment could be accurately assessed without interference from surface impurities. The
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specimens were then divided into two groups: the untreated Al-Alloy and the material that
underwent the combined pressing and heat treatment process with coconut shell charcoal media.

2.3 Heat Treatment Process

The heat treatment was performed in a muffle furnace capable of maintaining precise
temperature control. For the experimental group, the specimens were embedded in coconut shell
charcoal powder within the furnace. The specimens were heated to 450°C at a controlled
heating rate of 10°C per minute. This initial heating phase is crucial as it allows the material to
reach the necessary temperature for the subsequent processes. After the 75-minute heating
period, the specimen is carefully removed from the oven. The next step involves a pressing
process, which is brief but significant, lasting only 45 seconds. During this time, a pressing load
of 20 kg is applied to the specimen to alter the microstructure or relieve internal stresses in the
material. Following the pressing process, the specimen undergoes an artificial aging process at
200°C for 20 minutes. This aging process involves the precipitation of certain phases to enhance
mechanical properties. After the aging period, the specimen is cooled gradually inside the oven
to avoid thermal shocks or undesirable residual stresses that could compromise the material’s
integrity. This sequence of heating, pressing, aging, and controlled cooling is meticulously
designed to achieve the desired physical and mechanical properties in the specimen. The heat
treatment process is illustrated in Figure 1.

75 minutes
450 4 Pressing load 20 kg

20 minutes
200 Froifrimrmmm e Ao -

Temperature (°C)

Furnace cooling

30
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Figure 1. Schematic of the heat treatment and pressing process using Coconut Shell Charcoal
media.

2.4 Density Testing

The density test was carried out on the untreated Al-Alloy and the material that
underwent the combined pressing and heat treatment process with coconut shell charcoal media.
The process involved preparing the test sample, accurately measuring its mass with a digital
scale, and determining its volume using a measuring cup. The density was then calculated by
dividing the mass by the volume. This straightforward yet precise method ensures reliable
density values, aiding in material characterization and quality assurance for industrial and
research applications.

2.5 Hardness Testing

The hardness of each specimen was measured using a Vickers hardness tester.
Indentations were made at multiple locations on each specimen to obtain a comprehensive
hardness profile, with an applied load of 10 kg and a dwell time of 15 seconds for each
indentation. The average hardness values were calculated to ensure statistical reliability.
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Additionally, microhardness testing was conducted on cross-sectional samples using a micro-
Vickers hardness tester to evaluate the hardness variation within the material. This provided
insights into the depth of hardness penetration and the uniformity of the treatment effects.

2.6 Microstructural Analysis

To correlate the hardness results with the microstructural changes, a detailed
microstructural analysis was performed. Specimens from both the untreated and heat-treated
Al-Si alloy were sectioned, mounted, and polished for microscopic examination. Optical
microscopy was used to observe the general microstructure of untreated Al-Si alloy. Scanning
electron microscopy (SEM) was used to analyze the surface layer, the boundary between the
surface layer and substrate, and the substrate after the heat treatment and pressing process using
Coconut Shell Charcoal media. Energy-dispersive X-ray spectroscopy (EDS) was used in
conjunction with SEM to identify elemental compositions and detect any carbon infiltration
from the coconut shell charcoal. The microstructural data were compared with the hardness
measurements to conclude the effectiveness of the combined pressing and heat treatment
process in enhancing the hardness of the Al-Si alloy.

3. Results and Discussions
3.1 Microstructural Analysis

The microstructure of the Al-Si alloy reveals the presence of the a-Al and -Si phases
(Figure 2). In the micrograph, the alpha phase appeared as a continuous matrix composed of
aluminum. The B-Si phase was dispersed within this matrix, manifesting as dark needle-like
particles. These silicon particles were embedded within the aluminum matrix, providing the
alloy with improved wear resistance and strength. The distribution and morphology of these
phases significantly influence the mechanical properties and overall performance of the alloy
[36,37].
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Figure 2. The microstructure of the Al-Si alloy.

After the heat treatment process with Coconut Shell Charcoal media combined with
pressing. Metallographic observations were carried out using SEM-EDS. Metallography test
results using SEM-EDS at the surface layer are shown in Figure 3. Figure 3a shows the location
of the spectrum at the surface layer. EDS analysis of a carburized Al-Si alloy (Figure 3b)
provides insight into the elemental composition and possible compounds present in the alloy's
surface layer. The reported EDS results indicated significant concentrations of carbon (51.3%),
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oxygen (34.6%), aluminum (12.4%), and silicon (1.7%). These results suggested the formation
of specific compounds and the microstructural changes due to the carburizing process.

(a)

Element |Element |Element Atomic | Weight

Number | Symbol | Name Conc. Conc.

6 C Carbon 61.422 51.300

8 O Oxygen 31.096 34.600
- 13 Al Aluminum 6.611 12.400

14 Si Silicon 0.870 1.700

o~ | |
(b)
Figure 3. Metallography test results using SEM-EDS at surface layer (a) spectrum, (b) EDS
Line analysis

The high carbon content (51.3%) strongly indicates the formation of aluminum carbide
(Al4Cs) as a primary compound [38]. Aluminum carbide was formed when carbon diffused into
the aluminum matrix during carburizing and this compound was characterized by its high
hardness and brittleness. The presence of aluminum (12.4%) supported this formation, as
aluminum carbide required a substantial amount of aluminum from the base alloy to combine
with the introduced carbon.

The presence of oxygen (34.6%) was significant and suggested the formation of
aluminum oxide (Al2Oz) [39]. Aluminum oxide forms a protective layer on the surface, which
can enhance the corrosion resistance of the alloy but may interfere with the diffusion of carbon
during carburizing, leading to a complex microstructure with both carbides and oxides present.

The silicon content (1.7%) was relatively low compared to the other elements. However,
this small amount of silicon can still form silicon carbide (SiC) if conditions allow for silicon
to react with carbon [40,41]. Silicon carbide is another hard compound, though its formation is
less likely given the much lower concentration of silicon compared to aluminum and carbon.
Additionally, silicon may also be present as part of the original Al-Si alloy matrix, where it
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enhances the mechanical properties of aluminum without reacting to form significant amounts
of new compounds during carburizing.

Figure 4 shows metallography test results using SEM-EDS at the boundary between the
surface layer and the substrate. The location of the spectrum is shown in Figure 4a. Analyzing
the EDS result at the boundary between the compound layer and the substrate of a carburized
Al-Si alloy reveals critical insights into the elemental distribution and the potential compounds
formed at this interface (Figure 4b). The EDS results show the presence of carbon (46.4%),
oxygen (36.5%), aluminum (15.7%), and silicon (1.4%). These concentrations suggested
specific microstructural changes and the formation of compounds that influence the properties
of this transitional zone.
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? 6 c Carbon 57.011 46.400
) @) 8 0 Oxygen 33.663] 36,500
13 Al Aluminum 8.590 15.700
100 14 Si Silicon 0.735 1.400
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Figure 4. Metallography test results using SEM-EDS at the boundary between the surface
layer and the substrate (a) spectrum, (b) EDS Line analysis

The substantial carbon content (46.4%) at the boundary indicated that the diffusion of
carbon into the substrate is still significant but slightly lower than in the outer compound layer.
This suggests the presence of aluminum carbide (Al4C3) extending from the surface into the
substrate. The formation of aluminum carbide at this boundary continues to enhance the surface
hardness and wear resistance of the alloy, although the concentration gradient indicated a
transition zone where the carbide phase became less pronounced as it moved deeper into the
substrate [42].
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The high oxygen content (36.5%) remains notable at this boundary, implying that
aluminum oxide (Al203) was still present as a thin layer or dispersed particles within the
aluminum matrix. This oxide layer can contribute to the corrosion resistance and overall
stability of the carburized layer. The presence of aluminum oxide at the boundary indicates that
the oxidation process affected both the outer compound layer and the transitional zone, creating
a protective barrier that could influence the diffusion dynamics of carbon and other elements.

Aluminum (15.7%) is relatively more concentrated at this boundary compared to the
outer compound layer, suggesting a gradual transition from the aluminum-rich substrate to the
carbon-enriched surface. This aluminum presence is essential for the formation of aluminum
carbide and aluminum oxide, maintaining the structural integrity of the alloy while
accommodating the infused carbon and oxygen. The increased aluminum content at this
boundary may indicate a region where the microstructure begins to transition back to the
original aluminum matrix, with less carbide formation compared to the outer layer.

The silicon content (1.4%) remained low but consistent with the results from the outer
compound layer. This suggested that silicon does not significantly migrate or react during the
carburizing process remaining as part of the original Al-Si alloy microstructure. Silicon’s
presence, albeit low, could still contribute to the mechanical properties of the boundary layer,
potentially forming minor amounts of silicon carbide (SiC) or remaining as silicon particles
within the aluminum matrix.

Figure 5a shows the spectrum on the substrate. Analyzing the EDS results (Figure 5b)
at the substrate of a carburized Al-Si alloy provided insight into the elemental composition and
potential microstructural characteristics deeper within the alloy, beyond the immediate
influence of the carburizing process. The EDS results for the substrate show carbon (24.7%),
oxygen (8.2%), aluminum (67.1%), and no detectable silicon (0%). These concentrations
reflected the diffusion dynamics and interactions of elements as they moved further from the
carburized surface layer into the bulk alloy.

7K Element |Element |Element Atomic Weight
] @ Number | Symbol Name Conc. Conc.

ok | 6 C Carbon 40.668 24.700
= 8 O Oxygen 10.134 8.200
— 13 Al Aluminum 49.197 67.100

) T To T I

(b)
Figure 5. Metallography test results using SEM-EDS at the substrate (a) spectrum, (b) EDS
Line analysis.
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The presence of carbon at 24.7% within the substrate indicated that carbon diffusion
extends significantly into the alloy, albeit at a reduced concentration compared to the surface
and boundary layers. This lower carbon concentration suggested that while some aluminum
carbide (AlsCs3) might still form, its presence would be less pronounced compared to the surface
layers. The reduced carbide content at this depth results in a more gradual transition back to the
original aluminum matrix, ensuring that the substrate maintains more of its ductile properties.

The oxygen content at 8.2% suggested that some aluminum oxide (Al203) is present
within the substrate, although its concentration was much lower compared to the surface and
boundary layers. This implies that the oxidation effect diminished as they moved deeper into
the substrate, resulting in a less pronounced oxide layer. The presence of aluminum oxide at
this depth could still contribute to localized improvements in corrosion resistance and stability,
but its impact on the overall microstructure would be minimal.

Aluminum, at 67.1%, was the dominant element in the substrate, reflecting the primary
composition of the original Al-Si alloy. This high concentration indicated that the bulk of the
alloy's microstructure was primarily aluminum, with carbon and oxygen present in smaller
amounts. The aluminum-rich substrate ensured that the mechanical properties of the base alloy,
such as ductility and toughness, were largely retained, providing a supportive structure for the
harder carburized surface layers [43].

The absence of silicon (0%) in the EDS results was notable. This could be due to the
limitations of the EDS technique in detecting low concentrations of silicon or a localized
depletion of silicon in the analyzed area. In the original Al-Si alloy, silicon typically enhances
strength and reduces density [44]. The lack of detectable silicon in the substrate analysis
suggested that the carburizing process did not significantly alter the silicon distribution, and
any existing silicon might remain integrated into the aluminum matrix or present in amounts
below the detection threshold.

3.2 Density Testing

The density test results for the untreated and heat-treated Al-Si alloy revealed a minimal
change in density after the carburizing treatment (Figure 6). Specifically, the untreated Al-Si
alloy had a density of 2.598 grams/cm3, while the carburized alloy showed a slightly increased
density of 2.599 grams/cm3. This minute changed provides valuable insights into the effects of
the carburizing process on the alloy’s microstructure and composition.
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Figure 6. The effect of the heat treatment process and pressing with Coconut Shell Charcoal
media on density.
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The negligible increase in density (0.001 grams/cm?) suggested that the carburizing
process primarily affected the surface layer of the Al-Si alloy without significantly altering the
bulk properties. Carburizing involves infusing carbon into the surface of the alloy to form
compounds such as aluminum carbide (AlsCz). These carbides were denser than the base
aluminum alloy, leading to a slight increase in overall density [45]. However, the minimal
change indicated that the carburized layer was thin relative to the bulk material, and the amount
of carbon diffused into the alloy was relatively small compared to the total volume of the
sample.

The slight increase in density can also be attributed to the formation of other
compounds, such as aluminum oxide (Al203), which may form due to the presence of oxygen
during the carburizing process. Aluminum oxide was also denser than the base aluminum alloy,
contributing marginally to the overall density increase. The fact that this increase was so small
suggested that these compounds were localized to the surface and did not penetrate deeply into
the substrate.

3.3 Hardness Testing

The results of the Vickers hardness test for the untreated and carburized Al-Si alloy
show a significant increase in hardness due to the carburizing treatment (Figure 7). The
untreated Al-Si alloy had a hardness of 76.32 VHN, whereas the carburized alloy exhibited a
hardness of 133 VHN. This substantial increase in hardness provided important insights into
the effects of the carburizing process on the alloy’s surface properties.
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Figure 7. The effect of the heat treatment process and pressing with Coconut Shell Charcoal
media on hardness.

The increase from 76.32 VHN to 133 VHN demonstrated the effectiveness of
carburizing in enhancing the surface hardness of the Al-Si alloy. Carburizing involves the
diffusion of carbon into the alloy's surface, leading to the formation of hard carbides, such as
aluminum carbide (Al4Cz3). These carbides significantly enhanced the surface hardness due to
their higher hardness compared to the base aluminum alloy [46]. The significant increase in
hardness indicated that a sufficient amount of carbon had diffused into the surface, forming a
durable carbide layer.

The minor increase in density observed in the density test, coupled with the significant
increase in hardness, suggested that the carburizing treatment primarily affected the surface
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layer without substantially altering the bulk properties of the alloy. The hardness improvement
was concentrated in this thin carburized layer.

The considerable increase in hardness also implies improved performance in
applications subjected to high friction, wear, and mechanical stresses. The carburized surface
can better resist deformation, scratching, and wear, thereby extending the component's lifespan
and maintaining its integrity under demanding conditions [47]. The enhanced hardness made
the Al-Si alloy more suitable for use in automotive, aerospace, and industrial applications where
durability and resistance to surface damage are critical.

4. Conclusion

The EDS results of the carburized Al-Si alloy suggested that aluminum carbide (Al4C3)
was the primary compound formed due to the high carbon and aluminum content, while the
significant presence of oxygen indicates the formation of aluminum oxide (Al203). At the
boundary between the carburized layer and the substrate, EDS analysis revealed a complex
interplay of these compounds, with carbon and oxygen playing crucial roles. In the substrate,
there was a reduced but notable presence of carbon, moderate oxygen, and dominant aluminum,
with no detectable silicon. The density test showed a minor increase, indicating the formation
of a thin, dense surface layer that enhanced the alloy's surface characteristics, such as hardness
and wear resistance, without significantly affecting the bulk properties. Vickers hardness test
results further confirm that carburizing significantly increased the surface hardness from 76.32
VHN to 133 VHN, primarily due to the formation of hard carbide phases, achieving this
improvement while maintaining the overall integrity of the alloy's core properties.
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