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Abstract: This study investigates the fabrication and characterization of aluminium matrix
composites reinforced with rice husk ash (RHA), using scrap aluminium as the base material and
evaporative pattern casting as the manufacturing method. The work evaluates the effects of three
key independent variables: pouring temperature, aluminium (Al)-RHA composition ratios, and
styrofoam pattern thickness on the resulting composite properties. The dependent variables
examined include surface roughness, Brinell hardness, and dimensional shrinkage-expansion.
Experimental results show that increasing the pouring temperature and adjusting the composition
ratio significantly influence the mechanical and physical properties of the composites. The highest
hardness (45.6 HB) and fluidity (252.65 mm) were achieved at a 60:40 composition ratio and a
pouring temperature of 750 °C, albeit at the cost of increased porosity. Additionally, the styrofoam
pattern thickness was found to affect the dimensional stability and surface roughness of the
composites, with thicker patterns resulting in higher surface roughness. This study highlights the
potential of utilizing rice husk ash as a reinforcing material in aluminium matrix composites,
offering a sustainable approach to improving material properties. The findings suggest that an
optimal balance of composition ratio, pouring temperature, and pattern thickness is crucial to
achieving desirable mechanical and physical characteristics, with implications for advanced
manufacturing processes in the materials industry.

Keywords: evaporative casting; AI-RHA composite; pouring temperature; pattern thickness,
physical-mechanical properties

1. Introduction

The global demand for lightweight, high-performance, and environmentally friendly engineering
materials continues to grow as the automotive, agricultural, aerospace, and modern transportation
industries develop. One of the most promising solutions is the use of metal matrix composites
(MMCs) [1]. Metal matrix composites (MMCs), particularly those based on aluminum, offer
excellent mechanical properties, corrosion resistance, and an outstanding strength-to-weight ratio
[2], [3]. Aluminum has long been the preferred choice due to its ease of processing and versatile
functional characteristics. However, to further enhance this material's performance, reinforcement
additives are required. An important approach involves using agro-industrial waste, particularly
rice husk ash (RHA). RHA is a promising reinforcement material because it contains high silica
content, is economical, widely available, and environmentally friendly, making it an attractive

candidate for strengthening aluminium-based composites [3], [4], [5].
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It has been demonstrated that incorporating rice husk ash (RHA) at concentrations between 5% and
20% significantly enhances the mechanical properties of aluminum alloys [5]. The importance of
effective mixing techniques to ensure a uniform distribution of RHA within the aluminum matrix
has also been emphasized [6], as homogeneous dispersion is crucial for achieving improved
composite performance. Increased RHA content has been associated with enhanced wear
resistance, indicating that RHA-reinforced composites outperform conventional aluminum
matrices [5]. However, it has also been cautioned that exceeding the optimal RHA content may
increase porosity, which can adversely affect the material’s mechanical integrity. Similarly,
improvements in the wear behavior of aluminum metal matrix composites following RHA addition
have been reported [7], highlighting the need to optimize both reinforcement composition and
processing parameters to achieve balanced, reliable composite properties.

Most of these studies employed conventional casting techniques, which may limit the applicability
of their findings to more sustainable practices involving scrap aluminium. This is particularly
relevant because scrap aluminium offers an eco-friendly and cost-effective alternative that supports
sustainable manufacturing practices [8]. The application of circular economy principles is
increasingly significant in this context. The use of scrap aluminium as the base material, combined
with agricultural waste reinforcement such as RHA, not only reduces reliance on primary materials
but also provides a sustainable solution in manufacturing processes [9], [10]. This approach not
only reduces production costs but also minimizes the ecological impact associated with mining and
refining primary aluminium. Furthermore, the use of agricultural waste aligns with the principles
of waste minimization and resource efficiency, which are highly important in the contemporary
paradigm of sustainable manufacturing [11]. To effectively produce RHA-reinforced aluminium
composites, innovative manufacturing technologies are essential. One such method is evaporative
pattern casting (EPC), which enables the production of complex geometries without extensive
post-processing. In this technique, polystyrene patterns evaporate upon contact with molten metal,
forming precise mold cavities [1], [4], [12]. Reinforcing scrap aluminium with rice husk ash (RHA)
using EPC offers promising opportunities to enhance mechanical properties and optimize

performance characteristics.

The advantages of EPC compared with traditional casting methods are significant, including
improved shape precision, lower energy consumption, and reduced surface defects, provided that
process parameters are carefully controlled. However, the application of EPC in aluminium
composites, particularly scrap aluminium reinforced with RHA, has not been extensively studied.
Most research has focused on techniques such as stir casting and powder metallurgy using pure
aluminium as the matrix [13], [14]. The development of scrap aluminium-based composites
reinforced with RHA is a highly interesting topic that involves technological, economic, and
environmental considerations. By continuing to explore new fabrication techniques such as EPC,
extensive research can contribute to optimizing the mechanical properties and manufacturing
efficiency of these innovative materials, ensuring their feasibility for advanced engineering
applications [15]. Therefore, comprehensive research is needed to investigate key process
parameters in EPC, including pouring temperature, pattern thickness, and RHA reinforcement
ratio. Such studies should explicitly address their effects on the final composite properties, including
density, surface roughness, hardness, porosity, and fluidity length, as these variables strongly
influence the performance of the developed materials [4], [14].

The combination of aluminium with RHA produces composites with improved surface
characteristics. Uniform distribution of RHA particles within the aluminium matrix helps achieve
desirable surface properties [16], [17]. RHA-reinforced composites can reach hardness levels as high
as 75.94 HV, which is significantly superior to pure aluminium [18], [17], [19]. This increase in
hardness is mainly due to the high silica content of RHA, which contributes to reinforcement
mechanisms within the aluminium matrix [18]. When properly integrated into aluminium, RHA
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can also produce balanced porosity that optimizes both weight and strength [14]. The presence of
RHA improves the flow characteristics of molten aluminium, which are particularly beneficial
during the casting process. Improved fluidity can result in higher-quality castings, reduced defects,

and enhanced overall performance of the final product [16], [17], [19].

Rice husk ash serves as an effective reinforcement material in scrap aluminium composites produced
via evaporative pattern casting, resulting in measurable improvements in surface roughness,
hardness, porosity control, and fluidity length. These advantages highlight its effectiveness as a low-
cost, environmentally friendly alternative reinforcement. Most previous studies on AI-RHA metal
matrix composites have primarily used primary aluminium and conventional fabrication methods,
such as stir casting or powder metallurgy. In contrast, this study is distinguished by focusing on
scrap aluminium reinforced with RHA produced via evaporative pattern casting (EPC), in which
the polystyrene pattern evaporates during filling, making the final quality highly sensitive to pouring
temperature, pattern thickness, and the RHA fraction. Therefore, the novelty of this study lies in
the systematic quantification of the combined effects of pouring temperature, pattern thickness,
and RHA ratio on surface roughness, hardness, porosity, and fluidity length.

2. Material and methods
2.1 Material

In this study, scrap aluminium was obtained from discarded low-voltage (0.6/1 kV) aerial
bundled cables (ABC) used in industrial power distribution systems. The chemical composition
of scrap aluminium from electrical cables, as tested using Energy Dispersive X-ray Spectroscopy
(EDX), is presented in Table 1 and Figure 1, while the physical form of the scrap aluminium is

shown in Figure 2.

Table 1. EDX analysis of scrap aluminum from electrical cables
Element Weigth (%) Atomic (%)
OK 14.6 22.7
Al K 82.9 76.3
Fe K 2.5 1.1
AlK
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Figure 1. EDX analysis graph of scrap aluminium from electrical cables

Scrap aluminium in storage was found in various forms, including rods, coils, and cut pieces. For

melting, the scrap aluminium was cut into 20 cm lengths, as illustrated in Figure 2.
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Figure 2.  Scrap aluminium from electrical cables: (a) electrical cable before cutting and (b)

aluminium cable cut into 20 cm pieces

The reinforcement material was rice husk ash (RHA), produced through controlled combustion of
rice husks in two stages. Stage 1: Combustion in open air at approximately 400 °C for +3.5 hours.
The combustion temperature was measured using a Benetech GM 1850 infrared thermocouple with
a temperature range of 2001850 °C. This process produced ash that was mostly black with some
white portions. The darker ash contained organic matter and carbon residues [1]. The ash was then
ground to a fine powder and sieved through a 200-mesh sieve. Stage 2: Combustion in a furnace at
900 °C for 2 hours using a B-ONE BFNC-2012 furnace with a temperature range of 300-1200 °C.
This process produced lighter (white) ash due to the complete combustion of carbon and organic
matter. Combustion at this higher temperature produced ash with a higher silica content. The
chemical composition of RHA is presented in Table 2 and Figure 3, while the physical form and ash
color are shown in Figure 4.

Table 2. EDX analysis of RHA heated at 900 °C for 2 hours
Element Weigth (%) Atomic (%)
OK 63.3 75.6
MgK 0.4 0.3
SiK 35.0 23.7
KK 1.0 0.5
R A, & “
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Figure 3. EDX analysis graph of RHA heated at 900 °C for 2 hours
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Figure 4. Rice husk and RHA: (a) raw rice husk, (b) RHA after combustion at 400 °C, and (c)
RHA after heating at 900 °C for 2 hours

The styrofoam patterns were obtained from discarded electronic packaging and used as the primary
pattern material for specimen fabrication. The waste styrofoam was cut according to the design and
assembled with adhesive to form a complete pattern. Variations in pattern thickness were set at 1,
2,3,4,5,6,and 10 mm, with a width of 10 mm and a length of 400 mm. The visual appearance
of the patterns is shown in Figure 5.

(@) (b)
Figure 5.  Styrofoam patterns: (a) raw Styrofoam and (b) shaped pattern

A mold frame was constructed from plywood to hold and stabilize the styrofoam pattern during the
casting process (Figure 6).

Figure 6. Mold frame

The moulding sand used was local silica sand (Palangka sand). The silica sand was sieved to obtain
fractions passing through a 60-mesh sieve. This fine-grained sand was selected due to its
permeability and stability, ensuring accurate reproduction of pattern details during casting. The
chemical composition of silica sand is shown in Table 3 and Figure 7.

Table 3. EDX analysis of silica sand

Element Weigth (%) Atomic (%)
OK 61.6 73.8
SiK 38.4 26.2

95


https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

© The Author(s)

Published by Universitas Ne
This is an open-access article under the: https://creativecommons.org/licenses/by/4.0/

geri Padang.

1=

Teknomekanik, Vol. 9, No. 1, pp. 91-109, February 2026
e-ISSN: 2621-8720 p-ISSN: 2621-9980

BEE
5.7EE
5045

sz ©QF

Diat: Ebisimidail
Figure 7. EDX analysis graph of silica sand
The silica sand particles were fine, uniform, and evenly distributed, with a bright white and glossy

appearance. They were hard in nature and chemically inert, showing no reactivity with most
substances. The morphology and color of the silica sand are shown in Figure 8.

Figure 8.  Silica sand (Palangka sand)
2.2 Production of AI-RHA composites

The fabrication of AI-RHA composites was carried out using the evaporative pattern casting
method. At the initial stage, styrofoam patterns with various thicknesses were prepared and
embedded in dry silica sand within the mold frame. The AI-RHA mixture was formulated in three
weight ratios: 70:30, 65:35, and 60:40 between aluminium (Al) and rice husk ash (RHA). Although
several AIFRHA MMC studies fabricated by conventional routes report deteriorated properties
above ~20 wt.% reinforcement due to porosity and agglomeration, the present work intentionally
investigated a higher RHA window (30—40 wt.%) to characterize the upper-loading regime under
evaporative pattern casting. This range was selected to quantify process-specific trade-offs among
hardness improvement, gas-related porosity, and melt flow (fluidity) behavior in scrap Al-based
EPC systems.

Scrap aluminium was melted in a crucible furnace until liquefied, after which RHA was gradually
added into the melt. During mixing, the molten metal was continuously stirred at 150 rpm for two
minutes to ensure a homogeneous distribution of RHA particles within the aluminium matrix.
Subsequently, the molten Al-RHA mixture was poured into the mold containing the styrofoam
pattern. This pouring process produced castings as the molten metal filled the mold cavity while
vaporizing the styrofoam (Figure 9).

The castings were allowed to solidify in the mold for 30 minutes before being removed, cleaned,
and cut into test specimens. Several properties were analyzed, including surface roughness, Brinell
hardness (HB), porosity, and fluidity length. Surface roughness was measured using a profilometer,
hardness was tested using a Brinell Hardness Tester, porosity was evaluated through the wet—dry

96



https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

© The Author(s)

Published by Universitas Ne
This is an open-access article under the: https://creativecommons.org/licenses/by/4.0/

geri Padang.

1=

Teknomekanik, Vol. 9, No. 1, pp. 91-109, February 2026
e-ISSN: 2621-8720 p-ISSN: 2621-9980

mass difference method and calculated as a percentage, while fluidity length was determined based
on the distance that molten metal was able to fill in the mold cavity before solidification occurred.

@) (b)

Figure 9. Al-RHA composites produced by evaporative pattern casting: (a) triplicate samples,
(b) sample (perspective view)

2.3 Experimental design

This study employed a factorial design, which enables a comprehensive analysis of the effects of
each variable and its interactions. Three independent variables were defined in the experiment:
pouring temperature (650 °C, 700 °C, and 750 °C), AI-RHA scrap composition ratios (70:30%,
65:35%, and 60:40%), and styrofoam pattern thickness (1, 2, 3,4, 5, 6, and 10 mm). The selected
ranges were intended to thoroughly evaluate the influence of key parameters in the evaporative
pattern casting process on the quality of the resulting composites. The dependent variables observed
included surface roughness (um), Brinell hardness (HB), porosity (%), and fluidity length (mm).
Surface roughness was used to assess the quality of the castings, while Brinell hardness indicated the
material's mechanical strength. Porosity was measured to evaluate the density and homogeneity of
the internal structure, whereas fluidity length was defined as an indicator of the molten metal's
ability to fill mold cavities. These four parameters were chosen because they represent the main

physical and mechanical characteristics that determine the performance of AI-RHA composites.
2.4 Testing and characterization

Characterization was carried out to evaluate the physical and mechanical properties of the AI-RHA
composites. Surface roughness was measured using a surface profilometer, which provided
quantitative data on the smoothness and surface quality of the casting. This parameter is important
because it affects the product's functional and aesthetic properties and determines the suitability of
the specimens for further applications. The surface roughness test was conducted in accordance
with ASTM D441 Method C, using a Krisbow KW 06-303 surface roughness tester. Brinell
hardness testing was performed in accordance with ASTM E110, using a steel ball indenter under
a specified load. The Brinell hardness (HB) values obtained indicated the material’s resistance to
plastic deformation and served as a key indicator of the composite’s mechanical performance.
Hardness tests were conducted using a MITECH MH600 hardness tester.

Porosity was determined using the mass volume method by comparing the theoretical and actual
densities of the samples. The porosity level is directly related to the strength, wear resistance, and
load-bearing capacity of the composites. Generally, higher porosity corresponds to lower
mechanical performance. The percentage value of AMMC composite porosity was determined by
pycnometric testing in accordance with ASTM B962. Fluidity length was evaluated using a standard
Qudong fluidity test mold by measuring the maximum distance that molten metal could flow before
solidification. This method has the advantage of providing uniform distribution of molten metal
flow across eight channels, as the central gating system is positioned at the middle of the mold [4].
Fluidity length was measured using a caliper from the gating point to the maximum length of the
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fully formed casting. This parameter indicates the molten metal's ability to fill the mold cavity,
which directly affects the quality of defect-free castings. All test data were systematically recorded
and analyzed to identify the effects of process variables, including pouring temperature, AI-RHA
composition, and pattern thickness on the measured properties. This analysis aimed to establish
clear relationships between evaporative pattern casting process parameters and the performance of
the resulting AI-RHA composites.

3. Results and discussion
3.1 Microstructure
Figure 10 presents the photo results of the microstructure of Aluminum (Al) composite reinforced

with Rice Husk Ash (RHA) produced through evaporative casting at a pouring temperature of 750
°C with a magnification of 365x.

Figure 10. Microstructural photographs of the AI-RHA composite, with compositions: (a) 100—
0%, (b) 70-30%, (c) 65-35%, (d) 60-40%

Figure 10(a) shows the microstructure of pure Aluminum (Al) without RHA reinforcement. The
structure appears to have fine grains distributed homogeneously, with minimal porosity. The
homogeneity of the grains contributes to the improvement of the material’s mechanical properties,
as the grain boundaries act as barriers to dislocation movement, thereby enhancing both strength
and ductility [5], [20], [21]. Figure 10(b) presents the microstructure of a composite with an Al-
RHA (70:30)% composition. The formation of porosity and RHA deposition within the structure
is evident. The influence of RHA becomes more apparent as porosity increases and RHA
agglomerations grow larger. The addition of RHA into the Al matrix results in a more
heterogeneous distribution, where RHA particles potentially disrupt the arrangement of Al grains
and form RHA particle aggregates, causing an increase in porosity within the structure [22]. Figure
10(c) shows the microstructure of a composite with an Al-RHA (65:35)% composition. The
interaction between the Al matrix and RHA particles is more clearly visible. RHA agglomeration
becomes more pronounced, and porosity increases further compared to the previous composition.
The interaction between RHA particles and aluminium leads to a more heterogencous structure,
with more noticeable agglomeration and distribution of RHA particles within the Al matrix [22].
Figure 10(d) shows the microstructure of a composite with an AI-RHA (60:40)% composition. At
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this composition, the influence of RHA becomes more dominant. The microstructure reveals that
RHA particles are more widely distributed within the Al matrix, with increasingly noticeable RHA
agglomerations. The increased RHA content results in a significant increase in porosity and the
formation of more RHA clusters within the structure. This increase in porosity is related to the
uneven distribution of RHA particles in the Al matrix [22].

3.2 SEM analysis

Figure 11 shows SEM test results of an aluminium (Al) composite reinforced with rice husk ash
(RHA) produced by evaporative casting at a pouring temperature of 750°C at 1000x magnification.

Figure 11. SEM photographs of AI-RHA (%) composites; (a) 100-0, (b) 70-30, (c) 65-35, (d) 60-
40

SEM analysis of the fracture surfaces was conducted at a magnification of 1000X to evaluate
reinforcement dispersion, agglomeration behavior, porosity characteristics, and particle matrix
interfacial integrity. The fracture surface of aluminium without RHA addition (100:0) exhibits a
smooth, homogeneous, and continuous morphology accompanied by pronounced plastic
deformation features. This behavior is attributed to the inherent ductility of aluminium, which
allows significant plastic deformation under applied stress [5], [23]. These characteristics indicate a
ductile fracture mechanism dominated by the a-Al matrix. Moreover, no interfacial discontinuities
or porosity are observed, confirming a relatively uniform stress distribution within the matrix.

At the AI-RHA composition of 70:30, the fracture surface begins to show localized roughening and
the emergence of micro-voids, indicating the early stages of interfacial debonding between RHA
particles and the aluminium matrix. With increasing RHA content, the fracture surface becomes
progressively rougher, accompanied by a higher density of micro-voids, reflecting intensified
interfacial debonding. At higher reinforcement levels (65:35 and 60:40), pronounced RHA
agglomeration, particle pull-out features, and irregular porosity are clearly observed. These
features signify weak particle matrix interfacial bonding, where agglomerated regions act as stress
concentrators that facilitate crack initiation, increase gas entrapment, and promote enhanced

porosity formation during the evaporative Casting process.
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In particular, the presence of larger voids and more frequent agglomeration at higher RHA contents
contributes to increased brittleness and reduced ductility of the composites [5], [24]. Such porosity
adversely affects tensile strength and ductility by serving as preferential sites for stress concentration
and crack propagation [24], [25]. Furthermore, particle agglomeration is commonly associated with
poor reinforcement dispersion and inadequate interfacial adhesion, leading to regions with elevated
porosity that significantly compromise the mechanical integrity of the composite material [5], [9],

[23], [26].
3.3 Surface roughness

Figure 12 presents the surface roughness of aluminum (Al)-RHA composites at different
composition ratios (70:30%, 65:35%, 60:40%) and pouring temperatures (650 °C, 700 °C, 750
°C). Based on the data in Figure 12, an analysis was conducted to examine the effects of pouring
temperature and AI-RHA composition on composite surface roughness.

i
rE

Surface Roughness (pm)

S000 30 5.1 L]
ALRHA Composition (%)

Figure 12. Surface roughness graph of AI-RHA composites

In the aluminium-rice husk ash (RHA) composites manufactured using evaporative pattern casting,
surface roughness was observed to increase slightly with both higher pouring temperature and
greater RHA proportion. This finding is consistent with previous studies [4], which reported that
higher pouring temperatures lead to increased surface roughness. Specifically, at constant
composition, raising the temperature from 650 °C to 750 °C resulted in surface roughness values
ranging from 7.91 um to 8.6 um. The highest roughness was recorded at the 60:40 Al:RHA ratio
at the highest temperature. This behavior is likely influenced by increased turbulence during molten
metal flow at elevated temperatures, which enhances interactions between the liquid aluminium
matrix and RHA, thereby affecting the final surface finish [27]. Previous studies also indicated that
turbulence can cause inconsistent flow patterns, producing rougher surfaces due to changes at the
metal-decomposition interface [28].

The AI-RHA composition also played a significant role in determining surface quality. Increasing
the RHA fraction from 30% to 40% raised the surface roughness of the composites, with the highest
Ra value recorded at the Al:RHA (60:40) composition poured at 750 °C (8.6 um). This suggests
that the addition of RHA, which is rich in SiO3, increases the surface roughness of the composites
[4]. Moreover, higher RHA content increases the number of solid particles in the melt. These
particles may disrupt uniform flow, resulting in a rougher surface finish and potentially trapping
gases from the thermal decomposition of organic matter within the RHA, further influencing
surface characteristics. Studies have shown that a higher solid fraction can lead to greater surface
roughness, as the particles hinder optimal molten metal flow and solidification, creating more
microvoids [5]. The interaction between pouring temperature and AI:RHA composition revealed
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that temperature effects were more dominant at lower RHA content (70:30). At this composition,
increasing the temperature from 650 °C to 700 °C caused a larger rise in Ra compared with the
same temperature increase at higher RHA content (60:40). This indicates that at lower RHA
content, higher pouring temperatures lead to more pronounced surface changes, whereas at higher
RHA content, temperature increases have a relatively smaller impact on surface roughness.

3.4 Brinell Hardness (HB)

Figure 13 shows the Brinell hardness values of AI-RHA composites at different alloy compositions
(70:30%, 65:35%, 60:40%) and pouring temperatures (650 °C, 700 °C, 750 °C). Based on the
data in Figure 13, an analysis was conducted to examine the effects of pouring temperature and Al-
RHA composition on composite hardness.

45

Brined Hardreses (HB)
] &

B

5

1000 T30 B35 a0
ALRHA Composition (%)

Figure 13. Brinell hardness (HB) graph of AI-RHA composites

The results indicate that Brinell hardness increases with higher pouring temperature. At a
composition of 70:30 (Al:RHA), hardness was recorded at 32 HB at 650 °C, rising to 39.3 HB at
750 °C. A similar trend was observed for the 65:35 and 60:40 compositions, with hardness
increasing from 35.1 HB (650 °C) to 45.6 HB (750 °C) at the 60:40 composition. Higher
temperatures accelerated reactions between Al and RHA particles, improving the dispersion of
RHA in the Al matrix and, in turn, enhancing composite hardness.

Brinell hardness also increased with higher RHA fractions in the AI-RHA composition. At 650 °C,
hardness rose from 32 HB at 70:30 to 35.1 HB at 65:35, reaching 41.8 HB at 60:40. The most
significant increase in hardness occurred with the combined effect of higher RHA content and higher
pouring temperature, peaking at 45.6 HB for the 60:40 Al:RHA ratio poured at 750 °C. The same
trend was also observed at 700 °C and 750 °C, where the 60:40 composition consistently showed
the highest hardness (45.6 HB at 750 °C). This indicates that at higher temperatures, the reinforcing
effect of RHA becomes more pronounced, as greater RHA content strengthens the bonding
between the metallic matrix and the ceramic reinforcement. These findings are consistent with
previous studies, which reported that increasing reinforcement content generally improves the
resistance of aluminium matrices to plastic deformation [29]. The improvement in hardness can also
be attributed to better matrix—reinforcement bonding at elevated temperatures, which enhances
wettability and adhesion between aluminium and RHA particles [5].

Ariff et al. [27] reported that composites reinforced with rice husk ash (RHA) exhibited increased
porosity and tensile strength, which was primarily attributed to improved particle distribution
within the matrix, resulting in enhanced mechanical performance. These findings are consistent
with the observations of [21], [1] who demonstrated significant improvements in key mechanical
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properties of aluminium-based composites when RHA was combined with fly ash as a reinforcing
material. Similarly, [30] reported that aluminium matrix composites containing RHA showed
enhanced tensile strength due to effective stress transfer mechanisms facilitated by the presence of
RHA. Furthermore, the incorporation of RHA was found to improve both tensile strength and
hardness, an effect associated with the fine particle size and high silica content of RHA, which
promotes stronger interfacial bonding within the aluminium matrix [31].

3.5 Porosity

Figure 14 illustrates the porosity of AI-RHA composites at different alloy compositions (70:30%,
65:35%, 60:40%) and pouring temperatures (650 °C, 700 °C, 750 °C). Based on the data in Figure
14, an analysis was conducted to evaluate the effects of pouring temperature and Al-RHA
composition on composite porosity.

—-—mni
—a— 700
=

Poroaity (%)

10020 T30 B35 E0ca0
Al RHA, Composition (%)

Figure 14. Porosity graph of AI-RHA composites

From Figure 14, it can be seen that the porosity of the composites increased with higher pouring
temperatures. At a pouring temperature of 650 °C, the composite with a 70:30 (Al:RHA)
composition exhibited a porosity of approximately 5%. However, at a higher pouring temperature
of 750 °C, porosity rose sharply to around 10% for the same composition. A similar trend was
observed for the 65:35 and 60:40 compositions, where increasing the pouring temperature from
650 °C to 750 °C resulted in greater porosity growth. The increase in porosity at higher
temperatures can be explained by the faster burning rate of the styrofoam pattern, which generates
a larger volume of gas. These gases are not fully expelled during pouring, leading to voids or pores
in the composite. In addition, higher temperatures improve the fluidity of the molten metal,
allowing it to flow more rapidly into the mold, but also raising the likelihood of void or pore
formation inside the composite. Therefore, higher pouring temperatures not only worsen surface
quality but also increase the composite's porosity. This porosity increase at higher RHA content and
clevated temperatures is caused by gas entrapment resulting from both the decomposition of the
styrofoam pattern and the organic matter in the RHA. The entrapped gases arise from the
breakdown of binders and organic constituents present in the RHA [32]. Excessive reinforcement
can also hinder the flow and solidification of molten metal, leading to microvoid formation, a
phenomenon consistently observed in aluminium-RHA composites [33].

3.6 Fluidity length
Figure 15 presents the fluidity length of AI-RHA composites at different alloy compositions

(70:30%, 65:35%, 60:40%) with pouring temperatures (650 °C, 700 °C, 750 °C) and pattern
thicknesses (1, 2, 3, 4, 5, 6, 10 mm). Based on the data in Figure 15, an analysis was conducted to
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examine the effects of pouring temperature and Al-RHA composition on the achievable fluidity

length of the composites.
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Figure 15. Fluidity length graph of AI-RHA composites; (a) pattern thickness 1 mm, (b) pattern
thickness 2 mm, (c) pattern thickness 3 mm, (d) pattern thickness 4 mm, (e) pattern
thickness 5 mm, (f) pattern thickness 6 mm, and (g) pattern thickness 10 mm
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Fluidity length increased consistently with higher pouring temperatures, particularly at lower RHA
contents. At an Al:RHA ratio of 70:30 and a pouring temperature of 750 °C, fluidity reached
251.62 mm. However, at higher RHA content (60:40), fluidity was lower, especially at lower
pouring temperatures. The increase in fluidity at elevated temperatures is attributed to the reduced
viscosity of the melt and the higher momentum of the molten metal. Conversely, the decrease in
fluidity with increasing RHA content is likely due to greater melt resistance and particle
interference during flow. The relationships among fluidity length, pattern thickness, pouring
temperature, and Al:RHA composition are crucial for understanding and optimizing molten metal
flow behavior during casting. Fluidity length is a key parameter as it determines how far molten
metal can travel within the mold before solidifying, which is influenced by factors such as pattern
thickness, pouring temperature, and alloy composition.

Pattern thickness was found to affect fluidity length significantly. Thinner patterns (1—2 mm)
exhibited shorter fluidity lengths due to increased flow resistance, leading to faster solidification
compared with thicker patterns (5-10 mm), which allowed longer flow paths and reduced
resistance [34]. Thicker patterns also reduced the effect of rapid heat loss, enabling molten metal
to travel further within the mold. Previous studies have shown that flow dynamics in casting are
closely related to thermal gradients and the resulting solidification kinetics [35].

Pouring temperature also played an important role in influencing fluidity length. Higher pouring
temperatures (e.g., 750 °C) correlated with longer fluidity lengths compared with lower
temperatures (e.g., 650 °C), due to increased thermal energy, which enhanced the kinetic energy
of molten metal particles, reduced viscosity, and facilitated easier flow [36]. The fluidity of the
molten matrix showed a consistent pattern with temperature. It increased with higher
temperatures, particularly at lower RHA contents. However, with higher RHA content (60:40),
fluidity decreased, likely due to increased melt resistance and disturbances caused by solid particles
in the molten flow [37].

The concept of superheat further explains this phenomenon; as pouring temperature increases, it
extends the cooling time of the molten metal before solidification, reduces resistance to premature
nucleation, and prevents flow disruption [36]. Nonetheless, excessively high temperatures can have
counterintuitive effects, especially due to the pyrolytic behavior of EPS patterns, which may
generate additional gases that increase back pressure and hinder fluid flow [38]. The interaction
between pattern thickness and temperature showed varying effects on fluidity. In thinner patterns,
pouring temperature and composition played a more critical role due to rapid solidification rates
that limited flow. In thicker patterns, temperature effects were more dominant, as sufficient heat
retention allowed better flow even at higher RHA content [36][4]. Thus, the improvement in
fluidity length is not solely a function of temperature increase or composition change, but rather

requires a careful balance tailored to the specific characteristics of the mold and the molten alloy.
3.7 Statistical test

Statistical analysis was conducted using analysis of variance (ANOVA) to evaluate the effects of
composition, pouring temperature, and their interaction on surface roughness, hardness, and
porosity. All measurements were conducted in triplicate (n = 3). Surface roughness exhibited the
lowest variability (SD = 0.47 ym; 95% CI £0.57 um), hardness showed moderate variability (SD
~4.23 HB; 95% CI £5.12 HB), while porosity presented the highest dispersion (SD ~ 4.48%; 95%
CI £5.43%), reflecting the inherent process variability of evaporative casting.

Statistical evaluation using ANOVA showed that surface roughness was not significantly affected by

either composition or pouring temperature (p > 0.05), and no interaction effect was observed.
Tukey post-hoc tests confirmed the absence of significant differences across all compositional and
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temperature levels, indicating stable, reproducible surface formation during evaporative casting. In
contrast, hardness was significantly influenced by both composition (p < 0.01) and pouring
temperature (p < 0.05), while their interaction was not significant. Post-hoc analysis revealed that
higher reinforcement compositions differed significantly from the lowest, and a significant increase
in hardness was observed at the highest pouring temperature.

For porosity, a significant effect of composition was identified (p < 0.05), whereas pouring
temperature and interaction effects were not statistically significant. Tukey analysis indicated that
porosity differences were mainly associated with compositional variation, suggesting that pore
formation was predominantly governed by reinforcement content rather than thermal conditions.
Overall, the results demonstrate that surface quality is relatively insensitive to processing variations,
while hardness and porosity are primarily controlled by composition, with hardness additionally
affected by pouring temperature.

An anomalous saturation behavior was observed in surface roughness at higher RHA content
(60:40), where further increases in pouring temperature resulted in only marginal changes. This
suggests that beyond a critical reinforcement threshold, surface morphology is predominantly
governed by particle interference rather than thermal turbulence. In contrast, hardness exhibited a
pronounced non-linear response, with a disproportionately large increase at the 60:40 composition
when poured at 750 °C, indicating a temperature-activated reinforcement mechanism in which
effective load transfer and interfacial bonding occur only above a critical superheat level.

Although porosity visibly increased at elevated temperatures, statistical analysis revealed that
temperature was not the dominant controlling factor. Instead, this anomalous behavior indicates
that gas evolution associated with RHA and pattern decomposition outweighed thermal effects,
leading to composition-controlled and stochastic pore formation. Meanwhile, fluidity length
displayed an unexpected behavior at high RHA content (60:40) and 750 °C, where relatively high
fluidity was retained despite increased particle loading. This suggests a competing mechanism in
which enhanced melt superheat partially compensates for particle-induced flow resistance,
particularly when combined with thicker pattern geometries.

4. Conclusion

The study demonstrated that higher pouring temperatures (700-750 °C) and greater RHA content
significantly influenced the properties of AI-RHA composites. Surface roughness increased with
both temperature and RHA fraction, while hardness improved markedly, reaching a maximum of
45.6 HB at 60:40 composition and 750 °C. Porosity also rose under these conditions due to greater
gas entrapment and particle interference. Fluidity length increased with higher temperatures and
thicker patterns, but decreased with higher RHA fractions.
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