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Abstract

Aluminum matrix composites (AMCs) reinforced with industrial by-products have attracted attention as lightweight,
sustainable materials, yet most research has focused on fly ash. The higher density of bottom ash compared to fly ash
makes bottom ash suitable for use as reinforcement in AMC. This study investigates the combined effect of BA
reinforcement (0, 3, and 6 wt%) and T6 heat treatment (aging at 175, 200, and 225 °C) on the microstructure, mechanical
performance, thermal expansion, and dimensional stability of AA6061 composites. Mechanical testing, thermomechanical
analysis (TMA), and coordinate measuring machine (CMM) evaluations were conducted to establish correlations between
microstructure and macroscopic reliability. The results show that aging plays a decisive role in strengthening and
stabilizing the alloy. The unreinforced AA6061 achieved peak hardness (69.43 BHN) and tensile strength (274.60 MPa)
at 200 °C, but exhibited the largest distortion due to high thermal expansion. BA addition significantly reduced the mean
coefficient of thermal expansion, with the 3 wt% BA composite aged at 200 °C demonstrating the most balanced behavior:
stable CTE response, minimal distortion (0.1-0.4 mm?), and improved mechanical reliability. In contrast, 6 wt% BA
composites, despite their lowest mean CTE (=25 ppm/K), suffered from local instabilities due to particle agglomeration
and porosity, leading to reduced toughness and higher geometric irregularities. Overall, this work highlights the novelty of
employing BA as a sustainable reinforcement distinct from fly ash, showing that moderate BA addition coupled with
optimized heat treatment can enhance dimensional stability and mechanical performance. The findings provide new
insights into the design of cost-effective, environmentally friendly AMCs for structural applications.
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1. Introduction

Metal Matrix Composites (MMCs) have become increasingly important in civil and structural engineering
applications due to their high strength-to-weight ratio, durability, and adaptability under demanding service conditions.
These materials combine the toughness of metals with the hardness of ceramic reinforcements, resulting in superior
performance in environments where mechanical reliability and reduced weight are essential. In infrastructure and
construction, MMCs are being explored as substitutes for conventional alloys to reduce self-weight in load-bearing
components, improve wear resistance in moving parts, and enhance thermal stability in high-temperature environments
[1]. Such advancements are in line with the broader engineering goals of developing lightweight, sustainable, and long-
lasting materials for modern construction systems.

Among various MMCs, Aluminum Matrix Composites (AMCs) have attracted significant attention owing to their
low density, corrosion resistance, and promising mechanical behavior. Reinforcements such as Al,O3, SiC, and fly ash
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are often incorporated to improve strength, stiffness, and wear resistance [2—4]. Industrial-scale applications of AMCs
demonstrate their potential not only in automotive and aerospace industries but also in civil engineering components
such as brake drums, drive systems, and other load-transferring elements where dimensional stability and durability are
critical [5]. Furthermore, the development of AMCs contributes to sustainable construction practices by reducing energy
consumption through weight minimization and by utilizing industrial by-products as reinforcement materials.

A particularly relevant reinforcement in this context is coal bottom ash, an abundant industrial waste material
produced in thermal power plants. In 2019, the United States generated approximately 30 million tons of coal fly ash
and 9 million tons of bottom ash from coal-fueled power plants [6]. Bottom ash contains high levels of silica and
alumina, making it suitable for use as a ceramic-like reinforcement in AMCs [7]. The higher density of bottom ash
compared to fly ash makes bottom ash suitable for use as reinforcement in AMC. Unlike traditional ceramic particles,
bottom ash offers the dual advantage of enhancing mechanical properties while contributing to waste management and
circular economy strategies. The use of coal bottom ash as a reinforcement in AMC can improve mechanical properties
such as strength, hardness, and wear resistance [8, 9]. Its reuse in composite fabrication not only reduces environmental
burdens associated with ash disposal but also introduces cost-effective pathways for developing sustainable engineering
materials [10].

Despite the promise of AMCs reinforced with industrial by-products, challenges remain in controlling their
microstructure and dimensional stability under varying thermal conditions. The final performance of AMCs is
determined not only by the type and distribution of reinforcement but also by subsequent post-processing, particularly
heat treatment. Previous studies have shown that processes such as solution treatment, quenching, and artificial aging
can substantially improve the strength and hardness of aluminum-based composites by purifying precipitates and
improving interfacial bonding [11-14]. However, these treatments can also introduce residual stresses and distortion.
Internal stresses generated during quenching or thermal exposure can cause irreversible dimensional changes in SiC/Al
composites [15, 16]. This trade-off between mechanical enhancement and dimensional stability underscores the critical
role of optimizing heat treatment for AMCs, particularly in structural and load-bearing applications where strength and
geometric stability are critical.

Extensive studies have been conducted on the heat treatment of aluminum alloys and their dimensional stability in
AMCs, with most research focusing on the properties of AMCs with various conventional reinforcements. The complex
interactions between bottom ash fraction, heat treatment conditions, and dimensional behavior are not yet fully
understood. Addressing these issues is crucial to ensure the mechanical performance and dimensional reliability of
AMCs when applied in civil engineering systems and structures. Therefore, this study focuses on the effect of bottom
ash addition and T6 heat treatment on the microstructural evolution, mechanical properties, and dimensional stability of
AA6061-based composites. Particular emphasis is placed on testing the coefficient of thermal expansion (CTE), as
dimensional stability under high temperature exposure is crucial for structural reliability. The next section describes the
methodology and experimental procedures used, followed by a presentation of the main results and a discussion of them
in the context of previous research. The article concludes with key conclusions and their implications for the
development of sustainable and reliable aluminum composites using industrial waste-based reinforcements for civil
engineering structural applications.

2. Materials and Methods

Aluminum Matrix Composites (AMCs) in this study were fabricated using AA6061 aluminum alloy as the matrix
and bottom ash particles as the reinforcement. Prior to incorporation, the bottom ash underwent an electroless plating
process to enhance interfacial bonding and improve wettability during stir casting. The reinforcement particles were
prepared in a 300-mesh size, while magnesium powder, with a purity of 99.98% and particle size of 0.06—0.3 mm, was
added as a wetting agent. The detailed compositions of the AMC constituents are presented in Tables 1 and 2, and three
composite variations are listed in Table 3. A composition without additions (0%wt) was used as a control to compare
the effects of bottom ash additions. 3%wt and 6%wt were used as medium-high composition parameters to explore the
limits of property improvement because previous research ranges of 2-4% and 6%wt still provided improvements in
mechanical properties and wear resistance [17, 18].

Table 1. Chemical composition of AA6061 (%owt)

Al Mg Si Fe Cu Kr Zn Ti Mn
9585-9856 0.8-12 040-08 0.0-0.7 0.15-040 004-035 00-025 0.0-025 0.0-0.15

Table 2. Chemical composition of coal bottom ash (%wt) [19]

S|02 A|203 Fe,0O3 CaO K,O T|02 MgO P,03 Na,O SO, BaO
42.7 23 17 9.8 096 1.64 1.54 1.04 029 122 0.19
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Table 3.Composition of composites

Composite Composition
(Yowt)
AAB061 (gram) Bottom Ash (gram) Mg (gram)
0% BA 2500 0 0
3% BA 2400 75 25
6% BA 2325 150 25

Fabrication was performed using the stir casting method, a widely applied liquid-phase technique for producing
metal matrix composites. The AA6061 alloy was first melted in a melting furnace and then transferred to a holding
furnace, where it was maintained at a temperature of 700-720 °C. The molten alloy was stirred using a four-blade
impeller coated to resist corrosion, positioned at 30% of the crucible depth with a blade angle of 45°, and rotated at
approximately 500 rpm to form a strong vortex as seen in Figure 1. Once the vortex stabilized, the pre-treated bottom
ash particles were gradually added to the molten alloy. Stirring continued for 10 minutes to ensure uniform particle
dispersion. To reduce hydrogen gas porosity and improve casting quality, Gas Bubble Filtration (GBF) was carried out
using argon gas for approximately five minutes during stirring. The molten composite was then poured into preheated
(500 °C) coated metal molds, with the pouring temperature maintained between 700-720 °C [20].
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Figure 1. Stir casting process (a) schematic [21], (b) actual process

Following solidification, specimens were subjected to a T6 heat treatment to enhance their mechanical properties.
The process was conducted using a Marvel Thermolyne Furnace (Model 30400) and involved three stages. First, a
solution treatment was carried out at 540 °C for 6 h, followed by immediate water quenching. Subsequently, artificial
aging was performed at temperatures of 175 °C, 200 °C, and 225 °C for 8 h [22], with final cooling in air. The complete
heat treatment parameters are presented in Table 4.

Table 4. Heat treatment T6 with different artificial aging temperature

Heat Treatment T6
No.

Solution treatment Artificial aging

1 Heating 540°C for 6 hours, followed by rapid quenching in water ~ Temperature of 175°C, holding time 8 hours
2 Heating 540°C for 6 hours, followed by rapid quenching in water ~ Temperature of 200°C, holding time 8 hours

3 Heating 540°C for 6 hours, followed by rapid quenching in water ~ Temperature of 225°C, holding time 8 hours

Mechanical properties were evaluated through hardness, tensile, and impact testing. Hardness tests were conducted
in accordance with ASTM E10 using a Shimadzu Type-HB No. 8091 Brinell hardness tester with a 2.5 mm steel ball
indenter, a load of 62.5 kgf, and a dwell time of 30 seconds. Three indentations were made at different points on each
specimen as illustrated in Figure 2. Tensile tests followed ASTM E8 using a Universal Testing Machine at a crosshead
speed of 10 mm/min. Figure 3 shows the geometry and dimension of tensile test specimen. Impact tests were carried out
using the Charpy method according to ASTM E23 with a Shimadzu Type-CH No. 88919 machine, using specimens
measuring 10 x 55 mm with a 45° notch as seen in Figure 4.
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Figure 3. The tensile test specimen (unit in mm)
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Figure 4. The impact test specimen (unit in mm)

Microstructural characterization was performed using optical microscopy and scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy (SEM-EDX) to observe grain structure, particle dispersion, and
the matrix—reinforcement interface. Figure 5 shows the SEM-EDX specimen geometry. Metallographic preparation
involved grinding, polishing, and etching with Keller’s reagent (2 mL HF, 3 mL HCI, 5 mL HNOs , and 190 mL distilled
water) in accordance with ASTM E407. SEM-EDX observations were also carried out on fracture surfaces obtained
from mechanical testing to analyze morphology and failure mechanisms.
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Figure 5. The SEM-EDX specimen geometry (unit in mm): (a) top view, (b) front view, (c) side view, (d) isometric
Dimensional stability was evaluated through thermal expansion testing and coordinate measurement. Thermal

expansion tests followed ASTM E831 using a Thermomechanical Analyzer (TMA). Specimens (Figure 6) were placed
in contact with the detection rod, and changes in length (AL) during heating were recorded by a Linear Variable
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Differential Transformer (LVDT) to determine dimensional change with temperature (AT). Coordinate measurements
were conducted using a Mitutoyo Bright 707 Coordinate Measuring Machine (CMM), which determines the three-
dimensional positions of surface points with high accuracy. Specimen geometry and points of measurement of the CMM
test are shown in Figure 7 while the process of measurement using CMM is displayed in Figure 8. The outline of this
research is shown in Figure 9.
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Figure 6. The thermal expansion test specimen (unit in mm): (a) top view, (b) front view, (c) side view, (d) isometric
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Figure 7. The CMM test specimen (unit in mm): (a) top view, (b) front view, (c) side view, (d) isometric
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Figure 8. Process of CMM test (a) probe and specimen position, (b) monitor display
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Figure 9. Research Methodology Flowchart

3. Results and Discussion
3.1. Density and Porosity

The evaluation of density and porosity provides essential insight into the structural integrity, homogeneity, and defect
characteristics of aluminum matrix composites reinforced with bottom ash (AMC-BA). As shown in Figure 10, the
density of the composites decreased progressively with increasing BA content. The theoretical density of AA6061 alloy
is 2.698 g/cm?, while the measured density of the unreinforced matrix (0 wt% BA) was slightly lower, at 2.607 g/cmg.
With the addition of 3 wt% and 6 wt% BA, the density further decreased to 2.596 g/cm? and 2.574 g/cms, respectively.
This reduction can be attributed to two main factors. First, bottom ash possesses a lower intrinsic density (~2.53 g/cm3),
which naturally reduces the overall density of the composite when incorporated as a reinforcement. Second, the porous
and heterogeneous nature of BA particles increases the likelihood of entrapped voids during mixing and solidification,
especially when particle wetting by the molten matrix is incomplete. This phenomenon has also been reported in
aluminum—fly ash composites, where reinforcement with low-density and porous particulates consistently leads to a
reduction in composite density [23, 24].
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Figure 10. Density of AMC reinforced by bottom ash (BA)
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The porosity observation results presented in Figure 11 further support this interpretation. The specimen
reinforced with 6 wt% BA exhibited the highest porosity, reaching 3.7%, suggesting that excessive addition of BA
promotes the formation of micro-voids and interfacial defects. Such defects are often associated with particle
clustering, increased interfacial area, and inadequate matrix—particle bonding. Conversely, the composite containing
3 wt% BA demonstrated a lower porosity level (3.12%) [25], indicating more effective dispersion and improved
particle—-matrix interactions at this reinforcement level. A similar trend has been observed in studies on aluminum—
fly ash composites, where moderate reinforcement contents resulted in relatively uniform microstructures and
minimized porosity, while higher loadings caused agglomeration and defect formation [26-28]. Since porosity
directly influences the strength and reliability of metal matrix composites, controlling its formation is critical to
achieving desirable mechanical performance [29, 30].
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3%wt-BA 6%wt-BA

Figure 11. Porosity of AMC reinforced by bottom ash (BA)

Taken together, these findings highlight the importance of optimizing BA content in AMC systems. The addition of
3 wt% BA appears to provide the best balance, offering effective reinforcement without inducing excessive porosity that
would compromise structural performance. At this concentration, the composite maintains satisfactory density while
exhibiting reduced porosity compared to both the unreinforced matrix and the higher BA loading. This suggests that 3
wt% BA is an optimal threshold, enabling improved performance alongside the added benefits of cost reduction and
sustainability by utilizing industrial waste. However, reinforcement contents beyond this level may diminish the
advantages due to increased porosity and weak interfacial bonding, which ultimately reduce the mechanical stability of
the composite.

These results are consistent with broader research on the use of industrial by-products such as fly ash and bottom
ash in aluminum composites. Previous studies have emphasized that incorporating small amounts of these
reinforcements can enhance properties while promoting sustainable materials development, but excessive contents often
lead to porosity, poor wettability, and clustering [26, 29, 30]. Thus, the present findings reinforce the critical need for
process optimization to maximize the potential of bottom ash as a cost-effective and eco-friendly reinforcement in
aluminum matrix composites.

3.2. Metallography Observation

The SEM-EDS analysis of bottom ash (BA) particles (Figure 12 and Table 5) revealed dominant elements such
as O, Si, Al, Ca, C, and S, indicating the presence of oxides including SiO, , Al, O; , CaO, and SO; . These
compounds are consistent with the ceramic-rich composition of BA, which is generally regarded as inert, hard, and
resistant to abrasion [19]. Among them, Al, O; and SiO, are particularly noteworthy since both are commonly
employed reinforcements in aluminum matrix composites (AMCs), and their addition has been shown to enhance
hardness, wear resistance, and load-bearing capacity [31, 32]. This chemical profile suggests that BA has the potential
to act as a cost-effective reinforcement, similar to fly ash, which has been widely investigated as a ceramic-rich
byproduct for AMC development [23, 24].
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Figure 12. SEM of bottom ash (BA)

Table 5. EDS of bottom ash

Element Element Element  Atomic Conc. Weight Conc.

Point Number symbol Name (%) (%)
6 o Carbon 33.579 23.4
Point A 8 O Oxygen 45.132 41.9
14 Si Silicon 21.29 34.7
6 C Carbon 31.64 218
Point B 8 o Oxygen 46.083 423
14 Si Silicon 22.277 35.9
6 Cc Carbon 19.267 12.4
8 (6] Oxygen 58.199 49.9
13 Al Aluminum 3.044 4.4

Point C
14 Si Silicon 11.493 17.3
16 S Sulfur 2.735 4.7
20 Ca Calcium 5.261 113

The microstructural evolution of the composites was strongly influenced by both heat treatment and reinforcement
content (Figure 13). In the unreinforced alloy (0 wt%-T0), the structure was dominated by coarse and non-uniform a-
Al grains, reflecting the as-cast condition with minimal precipitation. Application of T6 heat treatment led to a significant
refinement of grains, particularly at an aging temperature of 175 °C, where a more uniform distribution of fine
precipitates was observed. At 200 °C, secondary precipitates were more distinctly distributed along grain boundaries,
enhancing microstructural uniformity.

However, at higher temperatures (225 °C), overaging occurred, characterized by precipitate coarsening and reduced
dislocation hindrance, which in turn compromised mechanical strength. These observations align with prior findings
showing that AA6xxx-series alloys exhibit strong sensitivity to aging temperature and duration: fine, coherent
precipitates formed under optimal conditions (e.g., T6 treatment) enhance strength, whereas extended or higher-
temperature aging causes precipitate coarsening and significant mechanical degradation [33] on AA6061 overaging),
supported by data showing that artificial aging between 160220 °C critically governs precipitation kinetics and final
properties in AA6xxx alloys [34, 35], and corroborated by comprehensive reviews on the distinction between T6 (peak-
hardened) and T7 (over-aged) conditions in aluminum alloys.
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(k)

Figure 13. Microstructure of Al6061-BA (a). 0%wt-TO; (b). 0%wt-T175; (c). 0%wt-T200; (d). 0%-T225; (e). 3%wt-TO0; (f).
3%wt-T175; (g). 3%wt-T200; (h). 3%wt-T225; (i). 6%wt-TO; (j). 6%wt-T175; (k). 6%wt-T200; (). 6%wt-T225

When BA was introduced at 3 wt%, the microstructure displayed reinforcement particles with a dendritic
morphology and non-uniform distribution in the unaged condition. After aging at 175 °C, however, the dispersion of
BA particles improved, with reinforcement phases appearing along grain boundaries. This suggests that BA particles
contributed to a grain boundary pinning effect, which helped to stabilize grain size. At 200 °C, the microstructure became
more refined, with secondary precipitates and BA particles distributed more evenly, some aligned in the direction of
flow during casting. This condition can be considered near-optimal, as both the precipitate structure and reinforcement
distribution were favorable for strengthening. Similar behavior has been reported in stir-cast Al6061 composites
reinforced with fly ash and ceramic particles. For instance, a hybrid composite of AA6061 with Al, O; and fly ash
showed improved tensile strength (up to ~175 MPa) and uniform reinforcement dispersion after heat treatment [36].
Another study involving Al6061-T6 reinforced with fly ash and graphite produced composites free from porosity and
improved yield strength [37]. A broader review also supports that fly ash can enhance tensile, compressive, and hardness
properties by promoting refined microstructures when optimally dispersed [38].

In contrast, the addition of 6 wt% BA introduced significant heterogeneity. Without heat treatment, BA particles
tended to cluster, reflecting poor dispersion during mixing. Aging treatments partially improved the distribution of
precipitates but could not eliminate BA agglomeration, which remained prominent. At 225 °C, overaging intensified,
with coarser precipitates, larger inter-precipitate spacing, and more pronounced BA clustering. These defects are critical
because they promote localized weaknesses and higher porosity, which ultimately diminish the composite’s mechanical
reliability. Comparable trends have been observed in Al-fly cream composites: as reinforcement content increases
beyond an optimal threshold, porosity increases and particle agglomeration occurs, leading to impaired structural
integrity (AA6063—fly ash: rising porosity and agglomeration with fly ash content [29]; ADC10—fly ash: higher fly ash
content decreasing mechanical strength due to porosity [24]; AA6061 stir-cast MMCs: reinforcement beyond a limit
causes clustering and porosity [30]; high reinforcement hybrid MMCs: agglomeration induces crack initiation and
ductility loss [39].

Another significant feature identified in both BA-reinforced and unreinforced composites was the presence of
acicular Als FeSi intermetallic phases, which became more pronounced with increasing BA content. The high Si and
oxide content of BA likely accelerated the formation of Fe-rich intermetallics such as B-Als FeSi. While limited and
well-distributed intermetallics can contribute to strengthening, excessive or elongated morphologies, especially plate-
like or needle-shaped B-Als FeSi, act as stress concentrators and promote brittleness. This effect has been documented
in recycled Al alloys, where sharp B-Als FeSi needles initiated micro-cracks [40] and, more broadly, where brittle
intermetallics with unfavorable morphology triggered crack propagation along particle-matrix boundaries, undermining
mechanical reliability [41]. Taken together, these results indicate that the microstructure of AA6061-BA composites is
jointly governed by reinforcement content and heat treatment conditions. The best balance was obtained with 3 wt% BA
aged at 200 °C, where grain refinement, uniform precipitate distribution, and effective reinforcement dispersion
combined to yield a stable microstructure. By contrast, excessive BA content (6 wt%) or overaging at 225 °C both led
to structural heterogeneity, precipitate coarsening, and reinforcement agglomeration, ultimately reducing mechanical
performance. These findings align with broader literature on AMCs reinforced with fly ash and similar byproducts,
underscoring the necessity of optimizing both reinforcement fraction and thermal treatment to achieve the desired
balance between strength, ductility, and reliability.

3.3. Hardness

The Brinell hardness results (Figure 14) clearly demonstrate the strong influence of aging and reinforcement on
composite hardness. The lowest hardness (32.67 BHN) was observed in the unreinforced and unaged condition (0 wt%—
TO), whereas the highest hardness value (69.43 BHN) occurred in the unreinforced alloy aged at 225 °C (0 wt%-T225).
This significant enhancement confirms that T6 heat treatment substantially increases hardness in the pure aluminum
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matrix, largely due to the precipitation hardening of Mg, Si acting as effective dislocation barriers. Such behavior
echoes findings in AA6xxx alloys, where aging leads to peak hardness, while extended aging (overaging) results in
hardness reduction due to precipitate coarsening and loss of dislocation impediments [42].
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Specimen

Figure 14. Hardness of AA6061-BA composites

A similar trend was observed in the BA 3 wt% reinforced composite. Without aging, the hardness remained low, but
aging at progressive temperatures increased the hardness. However, the maximum hardness was still less than that of
the unreinforced T225 condition. This indicates that BA contributes to hardening through additional mechanisms,
namely load transfer and the Orowan effect when the interparticle spacing is sufficiently close. Thus, the hardness
increase stems not only from Mg, Si precipitation but also from the role of reinforcing particles. The reinforcing effect
of BA works synergistically with Mg, Si precipitation, increasing hardness, but its efficacy depends on the aging
temperature and particle distribution. These results align with previous research where ceramic reinforcement
dispersions in aluminum alloys can synergistically increase hardness with precipitation. However, with 3 wt% BA, the
peak hardness is reached at a lower aging temperature than with the pure alloy, indicating possible accelerated
precipitation around the BA interface due to local stress gradients [43-45].

In the 6 wt% BA series, the highest hardness is achieved at 175°C (61.63 BHN), while higher aging temperatures
lead to a decrease in hardness. This phenomenon indicates a tendency for accelerated overaging. Two main factors can
explain this: (i) the Mg, Si precipitates become coarse and lose their effectiveness in inhibiting dislocations, and (ii) the
agglomeration and inhomogeneous distribution of BA lead to the formation of local zones of high stress concentration.
This condition reduces the uniformity of the hardening response. This is consistent with a common observation in Al-
Mg-Si systems: peak hardness occurs at a certain aging temperature, and after that point, the hardness decreases due to
coarsening of the precipitates [42]. The role of heat treatment is crucial in tuning the hardness of composites.
Optimization of aging should be tailored to the reinforcement fraction: unaged specimens exhibit low hardness due to a
coarse microstructure, large grains, and undeveloped Mg, Si precipitates. Furthermore, the porosity inherent in the as-
cast process further compromises hardness. In the pure alloy, the apparent increase in hardness at T225 is most likely
due to precipitates hardening at grain boundaries, although this can lead to brittleness and reduced toughness—as
observed in previous tensile tests. In the 3 wt%—T225 variant, over-aging becomes evident through enlarged precipitates
and reduced dislocation inhibition, although BA still contributes to a stiffer response [46].

The 6 wt% BA composites present a more complex scenario: while aging increases hardness, structural flaws such
as reinforcement clustering and inhomogeneous distribution, most severe without aging, limit performance. Partial
diffusion or dissolution of BA particles may contribute, but uneven dispersion impairs the uniformity of mechanical
improvements. At 225 °C, overaging appears in all composites, with hardness gains via growth of hard phases, but at
the cost of significantly reduced ductility and possibly increased brittleness. In sum, composites with finer
intermetallic phases generally show higher hardness, yet a delicate balance must be maintained to prevent mechanical
degradation [47, 48].
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3.4. Tensile Strength

In the as-cast (T0) condition, the ultimate tensile strength (UTS) only reached 102.67 MPa, as shown in Figure 15.
This relatively low value reflects the presence of a coarse microstructure with large grains and the absence of significant
strengthening precipitates. However, after aging heat treatment at 175 °C, the UTS increased drastically to 256.20 MPa.
This improvement can be attributed to the formation of fine Mg, Si precipitates, which strengthen the aluminum matrix
through the precipitation hardening mechanism. Similar findings have been reported for AI-Mg-Si alloys, where peak
strength is typically achieved at aging temperatures around 170-180 °C due to the formation of B” precipitates that
effectively hinder dislocation motion without sacrificing ductility [42, 49].
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Figure 15. Tensile strength of AA6061-BA composites

The peak strengthening effect was observed at an aging temperature of 200 °C, with the highest UTS of 274.60 MPa.
At this stage, the size and distribution of precipitates are in their optimum condition (peak aging), thereby effectively
impeding dislocation motion. However, when the aging temperature was increased to 225 °C, the UTS dropped to 234.87
MPa, indicating an overaged condition. Overaging occurs when precipitates coarsen, thereby reducing their
effectiveness as dislocation barriers. This behavior is well-documented in precipitation-hardened Al-Mg-Si alloys,
where excessive aging leads to significant loss of tensile strength [44, 45].

The addition of 3 wt% BA particles in the TO condition increased the UTS to 146.09 MPa. This enhancement
indicates the particle reinforcement effect of BA, despite the microstructure still being in the as-cast state. However, the
measured elongation remained relatively low (5.47%), suggesting that although BA improved strength, it did not
significantly enhance ductility. After heat treatment at 175 °C, the UTS further increased to 259.33 MPa. This
improvement can be attributed to the combined effect of BA particle reinforcement and Mg,Si precipitation
strengthening, consistent with the synergistic strengthening mechanisms observed in particle-reinforced aluminum
composites [49, 50]. Interestingly, when aging was carried out at 200 °C, the UTS dropped to 197.53 MPa. This
reduction is likely caused by negative interactions between precipitates and BA particles, such as particle agglomeration
or interference with precipitate growth. A more drastic decline occurred at 225 °C (UTS = 97.60 MPa), indicating that
overaging, coupled with increased porosity, dominated the mechanical behavior of the composite. Moreover, the
interfaces between BA particles and the aluminum matrix may accelerate Mg and Si diffusion, leading to faster
precipitate coarsening in localized regions and causing premature overaging. In addition, residual stresses arising from
the coefficient of thermal expansion mismatch between BA and the matrix generate stress concentrations at the
interfaces, which promote microcrack initiation. These combined effects explain why the 3 wt% BA composite loses
strength at 200 °C while the unreinforced alloy shows improvement.

The addition of 6 wt% BA showed a more complex trend. In the TO condition, the UTS was 130.04 MPa. Although
more reinforcement particles were present, particle agglomeration and porosity hindered effective strengthening [47].
After heat treatment at 175 °C, the tensile performance significantly improved, with UTS reaching 265.73 MPa,
suggesting that effective precipitation occurred even in the presence of BA particles. However, the UTS decreased again
at 200 °C (180.71 MPa) and further at 225 °C (149.93 MPa). This decline is likely caused by the combined effects of
overaging, particle agglomeration, and porosity, which disrupt matrix continuity and act as crack initiation sites during
deformation [51, 52].
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Furthermore, it is noteworthy that the decrease in strength in the 3 wt% BA composite tested at 200°C, while the
unreinforced alloy showed an increase, can be explained by a more complex microstructural interaction mechanism. At
this temperature, Mg,Si precipitation in the pure alloy is still near its peak aging state, resulting in peak strength.
However, in composites, the interface between BA particles and the aluminum matrix can accelerate the diffusion of
Mg and Si atoms around the particles, causing precipitates to grow more rapidly in these zones. This results in local
overaging in the area around the BA particles. Although the overall aging temperature still supports strengthening, some
microstructure regions lose the effectiveness of fine precipitates. This phenomenon is exacerbated by residual stresses
resulting from the thermal mismatch between BA and the matrix, which triggers local stress concentrations and
accelerates crack initiation [16].

The distribution of the AlsFeSi intermetallic phase also significantly affects tensile strength. A fine and short
distribution of AlsFeSi (e.g., in the 0 wt%—T200 or 3 wt%—T175 specimens) increases strength by inhibiting dislocation
motion. Conversely, coarse and sharp AlsFeSi phases (as observed in the 6 wt%—T200 or 6 wt%—T225 specimens) serve
as crack initiation sites, substantially reducing tensile strength. Tensile strength testing confirmed that the aging heat
treatment plays a decisive role in determining the mechanical performance of the composite. In the pure alloy, 200 °C
yielded the highest strength because the precipitates were at their optimum state. However, for the 3-6 wt% BA
composite, the best condition was achieved at 175 °C, because at this temperature the combination of fine precipitates,
relatively homogeneous BA particles, combined with short, evenly distributed AlsFeSi phases as seen on the fracture
surface in Figure 16 and the EDS results (Table 6), effectively inhibited dislocation motion without creating severe
stress concentrations. This observation is consistent with previous studies emphasizing the important role of controlled
precipitation and microstructural refinement in optimizing the strength-ductility balance of aluminum composites [49,
50].

Figure 16. SEM on the surface fracture of 3 wt%-T175 specimen

Table 6. EDS on the fracture of 3 wt%-T175 specimen

Point Element Number  Element symbol  Element Name  Atomic Conc. (%) Weight Conc. (%)
6 C Carbon 17.349 7.293
13 (0] Oxygen 62.758 59.241
Point A 14 Si Silicon 5.487 5.395
24 Cr Chromium 0.659 1.199
26 Fe Iron 13.747 26.873
Point B 13 Al Aluminum 100.000 100.000
8 C Oxygen 1.184 0.601
) 13 (e} Aluminum 75.170 64.264
Point C
14 Si Silicon 7.644 6.807
26 Fe Iron 16.001 28.328
6 C Carbon 10.897 4.400
13 Al Aluminum 68.048 61.700
Point D
14 Si Silicon 6.036 5.700
26 Fe Iron 15.019 28.200
. 8 o Oxygen 3.980 2.400
Point E
13 Al Aluminum 96.020 97.600
6 Cc Carbon 17.209 7.207
. 13 Al Aluminum 62.266 58.559
Point F
14 Si Silicon 5.927 5.806
26 Fe Iron 14.597 28.428
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3.5. Impact Strength

Impact testing was carried out to evaluate the ability of the material to absorb energy before experiencing sudden
fracture, expressed as specific energy absorption (J/mm?). The results of impact testing as seen in Figure 17 indicate that
the impact toughness of the composites is strongly influenced by microstructure, porosity, precipitation behavior, and
the distribution of bottom ash (BA) reinforcement particles. For the unreinforced alloy (0 wt% BA) in the as-cast (T0)
condition, the specific absorbed energy was 0.0207 J/mm?. After T6 heat treatment at an aging temperature of 175 °C,
the impact strength increased significantly to 0.0681 J/mm?. This improvement is attributed to the formation of fine,
homogeneously distributed Mg, Si precipitates, which strengthen the matrix while retaining adequate ductility. However,
with further aging at 200 °C and 225 °C, the impact strength decreased to 0.0543 J/mm? and 0.0515 J/mm?, respectively.
This decline reflects the onset of overaging, where precipitates coarsen and lose their ability to enhance toughness
effectively. Such behavior has been widely reported in Al-Mg—Si alloys, where excessive precipitation growth leads to
embrittlement and reduced impact energy absorption [4, 49].
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Figure 17. Impact Strength of AA6061-BA composites

The incorporation of 3 wt% and 6 wt% BA reinforcement resulted in a drastic reduction in impact toughness
compared to the unreinforced alloy. For the 3 wt% BA condition, the highest value was obtained in the as-cast state
(0.0217 J/mm?), while for the 6 wt% BA composite the maximum impact strength was only 0.0196 J/mm? at an aging
temperature of 200 °C. The overall low impact toughness in the reinforced composites is likely due to particle
agglomeration and increased porosity, which act as preferential sites for crack initiation under dynamic loading. Previous
studies on aluminum matrix composites reinforced with fly ash, a material with similar morphology and properties to
BA, have shown comparable trends, where reinforcement improved hardness and tensile strength but significantly
decreased impact resistance due to brittle fracture mechanisms [53, 54].

Aging treatment also played a key role in determining the fracture behavior of the composites. At 175 °C, the
formation of fine Mg,Si precipitates promoted strengthening without severely compromising toughness, leading to the
best balance of mechanical performance in the unreinforced alloy. At higher aging temperatures (200225 °C), overaged
precipitates combined with reinforcement particles contributed to brittle fracture characteristics. The combination of
hard BA particles, coarse precipitates, and porosity reduced the material’s ability to absorb energy, leading to a sharp
drop in impact strength. Furthermore, the presence of brittle AlsFeSi intermetallic phases exacerbated crack initiation
and propagation, further lowering impact toughness in BA-reinforced composites. The results confirm a classic strength—
toughness trade-off in heat-treated aluminum composites. The unreinforced alloy achieved the highest impact toughness
after aging at 175 °C due to fine precipitation strengthening, whereas the addition of BA reinforcement promoted
brittleness and reduced energy absorption capability. These findings highlight the importance of controlling both
precipitation behavior and particle distribution to optimize the mechanical response of aluminum matrix composites [49,
50].

These interpretations are further supported by fractography examination of the impact-tested specimens, as
illustrated in Figure 18. Numerous tiny dimples on the fracture surface of the unreinforced alloy aged at 175 °C are
indicative of ductile fracture and are correlated with the comparatively high absorbed energy. On the other hand,
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the 3%wt BA composite showed a heterogeneous morphology, with cleavage facets and signs of particle-matrix
interfacial debonding coexisting with areas of tiny dimples. This suggests that although there was some plastic
deformation, the BA particles served as stress concentrators, promoting the early onset of cracks. The primarily
brittle characteristics of the 6%wt percent BA specimens included wide pores where BA clusters had debonded and
flat cleavage planes, which resulted in catastrophic failure with little energy absorption. Similar brittle fractographic
features in particle-reinforced aluminum composites have been reported in studies on SiC reinforcements [55],
reinforcing the conclusion that higher reinforcement fractions and porosity strongly shift fracture behavior toward
brittleness.

(@ (b)

Figure 18. Fractography of impact test results (a). 0%wt-T175; (b). 3%wt-T175; (c). 6%wt-T175

3.6. Thermo Mechanical Analysis

The coefficient of thermal expansion (CTE) is a critical parameter for evaluating dimensional stability as temperature
changes. The coefficient of thermal expansion (CTE) obtained from thermomechanical analysis (TMA) can be expressed
as mean or instantaneous values, each offering distinct insights. The mean CTE represents the average dimensional
change over a temperature range, making it useful for predicting overall thermal stability and dimensional reliability in
engineering applications. In contrast, the instantaneous CTE reflects the rate of expansion at a specific temperature,
providing sensitivity to localized events such as phase transformations, relaxation, or glass transition that are not evident
in mean values. Thus, while mean CTE is essential for practical design considerations, instantaneous CTE is valuable
for identifying critical thermal responses, and their combined interpretation yields a more comprehensive understanding
of material behavior.

In aluminum matrix composites (AMCs), microstructure, reinforcement content, and heat treatment significantly
influence thermal expansion behavior. Figures 19 and 20 shows the mean CTE and the instantaneous CTE of AA6061—
BA composites respectively. For the unreinforced alloy (0 wt% BA), the mean CTE ranged from approximately 26.67
to 29.42 ppm/K, peaking at the highest aging temperature (T225, 29.42 ppm/K) and reaching its lowest at T200 (26.67
ppm/K), values typical for pure aluminum alloys. Interestingly, the instantaneous CTE in the as-cast (T0) condition was
negative (—6.62 ppm/K), indicating localized contraction likely due to residual internal stresses from casting, coarse
grains, high porosity, and lack of precipitates (e.g., Mg, Si). After aging at 175 °C and 200 °C, the instant CTE turned
positive (3.18 and 1.42 ppm/K, respectively), reflecting microstructural stabilization via fine precipitate formation. At
T225, despite the higher mean CTE, the low instant CTE (1.32 ppm/K) suggests overaging, where coarsened and uneven
precipitates reduce local thermal stability.
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Figure 20. The instant coefficient of thermal expansion (instant-CTE) of AA6061-BA composites

When adding 3 wt% BA, mean CTE values tended to decline compared to the unreinforced alloy (ranging 25.14—
29.41 ppm/K), showing that BA, having a much lower CTE than aluminum, effectively restrains overall thermal
expansion, consistent with findings in Al-fly ash systems [56] and aluminum composites reinforced with fly ash or SiC,
which exhibit decreased CTE [57]. In the as-cast 3 wt% BA sample, the instant CTE was 4.50 ppm/K with the highest
mean (29.41 ppm/K), indicating partial stabilization from BA. However, after aging at 175 °C, the instant CTE became
negative (—1.30 ppm/K), likely due to non-uniform BA particle distribution or agglomeration creating zones of internal
stress and localized contraction. At 200 °C, the instant CTE increased to 2.27 ppm/K and mean dropped to 27.67 ppm/K,
suggesting improved homogeneity in the microstructure. At T225, the instant CTE sharply rose to 7.44 ppm/K while
the mean decreased to 25.14 ppm/K, signaling uncontrolled local expansion resulting from coarse precipitates and poor
interaction between BA particles, confirmed by microstructural observations.

For the 6 wt% BA composite, the mean CTE dropped further to 25.05-26.67 ppm/K, the lowest among all variations,
highlighting the efficacy of BA in limiting thermal expansion due to its ceramic nature and low intrinsic CTE. However,
instant CTE values remained unstable: at T175, the instant CTE plunged to —6.49 ppm/K, pointing to sudden contraction
caused by microstructural instability (BA agglomeration, uneven precipitates). At TO and T200, the instant CTE was
more stable (1.59 and 0.63 ppm/K, respectively), though mean values stayed low (25.41 and 25.73 ppm/K), reflecting a
beginning of structural stabilization. At T225, the instant CTE rose to 2.98 ppm/K and the mean reached 26.67 ppm/K,
indicating that while overaging occurred, internal microstructural redistribution improved thermal stability relative to
lower aging temperatures.
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Increasing BA fraction reduced mean CTE, confirming BA’s effectiveness in restraining thermal expansion. This
trend is consistent with the behavior of ceramic reinforcements such as fly ash, which possess inherently low CTE values
and therefore suppress the overall expansion of the aluminum matrix [56]. Instant CTE, however, proved to be more
sensitive to microstructural conditions such as residual stresses, particle agglomeration, and precipitate distribution.
Negative instant values indicated local instability and contraction due to residual stresses or particle clustering, whereas
stable positive values reflected a homogeneous and well-distributed microstructure. The presence of rigid, low-
expanding intermetallic phases such as AlsFeSi also contributed to reducing thermal expansion. Among all conditions,
the 3 wt% BA composite aged at 200 °C exhibited the most balanced thermal response, combining reduced mean CTE
with stable instant behavior, which points to a uniform microstructure and effective precipitate formation. In contrast,
the 6 wt% BA composites achieved the lowest mean CTE values (25.05-26.67 ppm/K), but the unstable instant
responses—particularly negative values at 175 °C—revealed severe local instabilities arising from agglomeration and
uneven stress distribution.

Overall, the combined analysis of mean and instant CTE highlights that dimensional stability in AA6061-BA
composites depends not only on the intrinsic CTE mismatch between matrix and reinforcement but also critically on
microstructural uniformity, residual stress relaxation, and the evolution of precipitates during aging. The unreinforced
alloy benefited from fine Mg,Si precipitation at 175 °C, producing stable instant CTE values and improved toughness.
With reinforcement, 3 wt% BA at 200 °C provided the most stable condition, whereas 6 wt% BA, despite lowering
mean CTE further, suffered from microstructural instabilities that limited its suitability for applications requiring high
dimensional precision under thermal cycling. These findings are in strong agreement with Uju & Oguocha [57], who
reported that fly ash additions to AI-Mg alloys significantly lowered CTE due to their ceramic nature but also introduced
porosity and residual stresses from casting. A more recent study on aluminum—fly ash composites [56] further
emphasized that thermal expansion control is governed not only by reinforcement fraction but also by particle
distribution, interface bonding, and heat treatment history—factors that directly align with the present observations.

3.7. Coordinate Measuring Machine (CMM)

The Coordinate Measuring Machine (CMM) test was employed to evaluate geometric distortion and dimensional
irregularities of the specimens after casting and subsequent heat treatments. The primary parameter assessed was the
change in surface area (mm?) along the X-axis and Y-axis for both the top and bottom regions of the specimens (Figure
21). These dimensional variations serve as indicators of thermal instability, residual stress, porosity, and reinforcement
particle distribution, all of which reflect the microstructural integrity and thermal expansion behavior of the composites
[58].
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Figure 21. Distortion based on CMM test

For the unreinforced specimens (0%wt bottom ash), Figure 19 reveals a significant increase in surface area distortion,
exceeding 1.2 mm? for both the top and bottom sections. This represents the highest distortion across all variations,
attributed to the absence of reinforcing particles, which results in low resistance to thermal expansion. Consequently,
during the heating and cooling cycles of heat treatment, the specimens underwent severe deformation. These findings
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are consistent with TMA results, which indicated that the 0%wt variation had the highest mean coefficient of thermal
expansion (29.42 ppm/K). The microstructure under these conditions, particularly after aging at 175 °C and 200 °C,
exhibited coarse grains, the absence of hard reinforcement phases, and high porosity. Such features lead to localized
thermal expansion. Interestingly, at the T225 condition, the CMM results showed a drastic reduction in distortion (< 0.4
mm?), likely due to microstructural restructuring caused by overaging, where larger precipitates stabilized the matrix
and constrained expansion [59].

The addition of 3%wt bottom ash markedly reduced distortion across all measurement points, with values ranging
between 0.1-0.4 mm? and only minor fluctuations between the X and Y axes. This indicates symmetrical deformation
and high dimensional stability. The 3%wt reinforcement provided a balance of mechanical strengthening and resistance
to thermal expansion, consistent with the TMA results that showed a reduced average thermal expansion coefficient
(25-27 ppm/K). The microstructure at this composition displayed fine Mg,Si precipitates and a homogeneous
distribution of bottom ash particles, which contributed to uniform thermal and structural responses during heat treatment.
The minimal difference between the top and bottom surfaces suggests uniform heat distribution and improved structural
reliability. These results indicate that 3%wt bottom ash represents the optimum composition for achieving superior
dimensional stability and geometric reliability in the composites.

At the highest reinforcement content (6%wt), the CMM results demonstrated slightly larger distortions
compared to 3%wt, accompanied by greater fluctuations between the X and Y axes. Although bottom ash
intrinsically has a low thermal expansion coefficient, the high fraction of reinforcement led to particle
agglomeration, as confirmed in microstructural observations. Such agglomeration created localized weak zones,
disrupted reinforcement continuity, and introduced high internal stresses. This was further supported by TMA
results, which revealed negative instantaneous values (e.g., —6.49 ppm/K at T175), indicating sudden contraction
and large fluctuations across temperatures. The CMM results showed irregular increases in surface area and
significant discrepancies between the top and bottom sections of the specimens, reflecting uneven temperature
distribution and microstructural inhomogeneity. Despite the relatively low mean thermal expansion coefficient (25
ppm/K), the instability caused by particle agglomeration and porosity compromised the macroscopic dimensional
stability. Therefore, although reinforcement theoretically increases strength, the geometric stability and dimensional
reliability at 6%wt reinforcement were less favorable [59, 60].

Overall, the CMM analysis indicates that dimensional stability is not solely determined by reducing global expansion
(average CTE), but rather by achieving microstructural homogeneity and controlling residual stresses. The unreinforced
alloy was highly unstable due to unconfined expansion, while the 6 wt% BA composite experienced microstructural
heterogeneity. The 3 wt% BA composite at 200°C emerged as the most balanced state, combining a reduced average
CTE, stable instantaneous response, and minimal CMM distortion. These results underscore the importance of
optimizing reinforcement fraction and heat treatment conditions to ensure dimensional reliability in applications
requiring tight geometric tolerances, such as aerospace and automotive components.

4. Conclusion

This study comprehensively examined the effect of T6 heat treatment at different aging temperatures and bottom ash
(BA) reinforcement on the mechanical performance and dimensional stability of AA6061 composites. The results
confirm that aging treatment is a determining factor in microstructure and mechanical properties. The unreinforced alloy
achieved the best performance at 175 °C, where ultrafine Mg,Si precipitates enhanced tensile strength and toughness
with stable thermal expansion. The addition of BA particles also reduced the mean coefficient of thermal expansion
(CTE), with 3 wt% BA showing the best-balanced performance: it produced smaller overall expansion, lowest CMM
distortion, and most stable microstructural response. In contrast, 6 wt% BA, despite yielding the lowest mean CTE,
suffered from particle agglomeration, porosity, and residual stresses that destabilized the local microstructure and
compromised toughness and dimensional reliability. These results highlight that reinforcement effectiveness depends
not only on intrinsic CTE mismatch but also critically on particle distribution, interface bonding, and precipitation
evolution during aging.

From a broader perspective, the findings demonstrate that combining controlled heat treatment with moderate BA
reinforcement is an effective strategy for improving both mechanical and thermal performance of AA6061-based
composites. This approach not only enhances strength, hardness, and dimensional stability but also leverages industrial
waste (coal bottom ash) as a sustainable reinforcement material. The dual advantage of mechanical improvement and
environmental benefit strengthens the case for BA as a cost-effective alternative to conventional reinforcements. In
practical terms, the optimized 3 wt% BA composite aged at 175-200 °C offers a promising material for structural
applications that require lightweight components with high dimensional stability under thermal cycling, such as in
automotive, aerospace, and civil infrastructure systems. Future studies could focus on long-term thermal fatigue
behavior and surface modification of BA to further improve interfacial bonding and minimize porosity, ensuring broader
applicability of these sustainable aluminum composites.
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