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Abstract: This study investigates the effect of controlled precipitation hardening on the mechanical
behavior of Al6061—{ly ash metal matrix composites fabricated using stir casting and subjected to
Té6 heat treatment. The specimens underwent solution treatment at 510°C for 1 and 2 hours,
followed by oil quenching and artificial aging at 120°C, 140°C, and 160°C for 2 hours. Tensile,
Rockwell hardness, impact, and fatigue tests were used to assess the mechanical characteristics, in
accordance with ASTM standards, and were supported by microstructural and SEM studies. The
findings indicate that T6 treatment greatly improves strength and fatigue tolerance compared with
the untreated state. The highest tensile strength and impact energy were achieved under the T6-A2
condition (510 °C for 2 h + aging at 120 °C for 2 h), whereas the longest fatigue life was obtained
under the T6-B1 condition (510 °C for 1 h + aging at 140 °C for 2 h). This shows a good balance
between strength and toughness, which is related to the formation of fine Mg2Si precipitates and
enhanced interfacial bonding. Aging at 120°C resulted in the highest hardness at 510°C (2 hours).
Over-aging reduced ductility and impact resistance because of precipitate coarsening. For durable
aluminum—fly ash composites, these results show a distinct link between processing,
microstructure, and material characteristics.
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1. Introduction

The demand for engineering materials offering high performance, economic feasibility, and
environmental sustainability has increased significantly across various industrial sectors [1], [2]. In
response to these challenges, researchers continue to develop advanced materials that not only
exhibit superior mechanical properties but also promote resource efficiency and waste utilization.
Among these materials, metal matrix composites (MMCs) have gained considerable technological
and commercial importance due to their ability to combine lightweight characteristics with
enhanced mechanical performance [3], [4], [5], [6].

Aluminum alloys and aluminum-based Metal Matrix Composites (MMCs) are widely used in
engineering applications due to their low density, high specific strength, good corrosion resistance,
and excellent formability. These materials are widely used in aerospace and aircraft structures,
automotive components, military equipment, electronic housings, and biomedical devices, where
weight reduction and mechanical reliability are critical. The addition of ceramic reinforcements
further expands their potential application in tribological and load-bearing components such as

brake rotors, pistons, cylinder liners, and wear-resistant parts [1], [3].
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Various ceramic reinforcements, including SiC, Al,O3, B4C, TiC, graphite, and fly ash have been
introduced into aluminium matrices to enhance mechanical and tribological properties. While
reinforcements such as SiC and Al O3 significantly improve hardness and wear resistance, they may
reduce ductility and increase production cost. In contrast, fly ash, an industrial waste by-product
of coal combustion, offers advantages in terms of low density, cost-effectiveness, and
environmental sustainability [6], [7], [8], [9]. However, challenges remain regarding uniform
particle distribution and interfacial bonding between fly ash particles and the aluminium matrix,
which directly affect load transfer efficiency and fatigue performance [10], [11], [12].

Among various fabrication techniques, stir casting is considered one of the most economical and
scalable methods for producing aluminium matrix composites, particularly for structural
applications [4], [13]. Nevertheless, achieving homogeneous reinforcement dispersion and strong
matrix—particle interfacial bonding requires careful control of process parameters, alloy chemistry,
and surface modification techniques. Previous studies have shown that magnesium addition and
electroless coating treatments can improve wettability and enhance interfacial adhesion between fly
ash particles and molten aluminium [14].

Despite the extensive research that has been conducted on aluminium matrix composites and
precipitation-hardened Al-Mg-Si alloys [1], [2], [3], [4], [5], [15], [16], only a small number of
studies have methodically combined the electroless surface treatment of fly ash with controlled T6
heat treatment to establish a reproducible link between processing, microstructure, and mechanical
characteristics. Previous studies have mostly focused on either heat treatment optimization [13],
[15], [16], or reinforcement effects [7], [8], [2], [10], [17], but they have not systematically
examined the combined influence of electroless fly ash treatment and controlled T6 processing on

tensile, impact, and fatigue performance.

The current research fills this gap by connecting the length of solution treatment and the
temperature of artificial aging with the precipitation process (" — B' — ), the interfacial bonding
strength, and the fracture mechanisms in A16061—fly ash composites produced using stir casting. In
environmentally friendly aluminium matrix composites, this integrated strategy establishes a

replicable framework for optimizing the interaction between strength, toughness, and fatigue.

2. Material and methods
2.1 Material

Commercial Al6061 alloy ingots (ASTM B221 grade) were selected as the matrix material because
of their well-known precipitation hardening behaviour within the AI-Mg—Si system. The composite
was designed with 89 wt.% Al6061, 10 wt.% fly ash particles, and 1 wt.% magnesium. Magnesium
was intentionally included as a wetting agent to improve interfacial bonding and enhance load
transfer efficiency between the aluminium matrix and the ceramic reinforcement. Fly ash obtained
from a coal-fired power plant was processed through a 200-mesh sieve (~75 pm) to ensure a
uniform particle size distribution.

2.2 Composite preparation

The composite material was synthesized using a controlled stir casting method [1], [4]. The Al6061
alloy was heated to 700 £ 10°C in a resistance furnace until fully molten. Once the alloy was fully
liquefied, magnesium was added and mechanically stirred for 5 minutes, followed by a gradual
incorporation of coated fly ash particles while continuously stirring to ensure even distribution. The
molten composite was then poured into a preheated steel mold at 300°C to reduce thermal
gradients and prevent porosity. Solidification took place under ambient conditions.
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To enhance mechanical properties through precipitation strengthening, T6 heat treatment was
performed. The procedure involved solution treatment at 510 °C for 1 hour and 2 hours, rapid
quenching in oil at ambient temperature (~25 °C) to prevent early precipitation, and artificial aging
at 120 °C, 140 °C, and 160 °C for 2 hours. The chosen aging temperatures aimed to address under-
aged, peak-aged, and over-aged states, reflecting the precipitation sequence " — ' — 8 in Al-
Mg-Si based alloys [16], [18][19]. Oil at room temperature (about 25°C) was used for fast
quenching, with an estimated cooling rate of 40-60°C/s, which was sufficient to maintain a
supersaturated solid solution and prevent premature B-phase precipitation before artificial aging

(18], [19], [20].

T6 Heat Treatment
Process

Mechanical Clgrlel Casting into Solution

stirring (400 — addition of preheated treatment (510°C,
500 RPM) mold 1-2 hours)

Melting
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particle

) . Qil quenching
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Figure 1. Representation of the experimental process

The heat treatment conditions were coded as follows: T6-A1: 510°C (1 hour) + aging 120°C (2
hours); T6-A2: 510°C (2 hours) + aging 120°C (2 hours); T6-B1: 510°C (1 hour) + aging 140°C
(2 hours); T6-B2: 510°C (2 hours) + aging 140°C (2 hours); T6-C1: 510°C (1 hour) + aging
160°C (2 hours) and T6-C2: 510°C (2 hours) + aging 160°C (2 hours). Figure 1 presents a
graphical workflow that outlines the complete process, including material preparation, composite
manufacturing, T6 heat treatment, mechanical testing, and microstructural analysis.

2.3 Mechanical testing and microstructural characterization

Tensile testing of fly ash-reinforced Al6061 composites was conducted usinga TARNO GROCKY,
a universal testing machine with a maximum capacity of 1000 kN. Tensile test specimens were
tested in accordance with the ASTM E8/E8M standards, with five samples tested for each T6 heat-
treatment variation. Fatigue testing was conducted to determine the fatigue failure of the test
specimen in accordance with ASTM E466. The impact test specimens used are in accordance with
the ASTM E23 standard. Rockwell hardness testing uses a diamond cone to indent specimens under
preload. After equilibrium is reached, the indenter depth through the specimen is recorded and
used as the reference position. With the minor load still active, an additional (large) load is imposed
on the indenter test specimen. Impact testing used the Charpy method with specimens in
accordance with the ASTM E23 standard, which had a square cross-sectional area (10 x 10 mm)
and a V-45° notch with a base radius of 0.25 mm and a depth of 2 mm. For each material condition,
three cast samples were produced. The recorded numbers represent the average of findings from

mechanical testing, conducted on five samples under each condition.

Material characterization involves several techniques to assess the properties and structure of
composites. Microstructural analysis and Scanning Electron Microscopy (SEM) were conducted by
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using SEM instrument from FEI Brand, Inspect-S50, 2012, Hillsboro, Oregon, US. The obtained
data were used to visually and qualitatively analyze the surface topology of composite materials. By
using specific magnifications, these methods allow observation of the shape of the composite
reinforcement and identification of voids or pores present in the material, upon fatigue fracture.

3. Results and discussion
3.1 Microstructural analysis

The microstructure of the fly ash-reinforced Al6061 composite after T6 heat treatment is shown in
Figure 2. The material's tensile strength, fatigue behavior, and fracture properties are significantly
influenced by the detected microstructural changes. In Figures 2(a)-(b) (T6-A1 and T6-A2), the fly
ash particles are evenly distributed within the aluminium matrix, along with small precipitates
generated during the T6 aging process. According to tensile test results [1], [13], the increase in
tensile strength may be attributed to the presence of small Mg,Si precipitates, which hinder
dislocation motion and improve load transfer between the matrix and the reinforcement, thus
strengthening the matrix.

@ ' (b)

Figure 2. Microstructure of fly ash-reinforced Al6061 heat-treated samples (a) T6-A1, (b) T6-
A2, (¢) T6-B1, (d) T6-B2, (¢) T6-AC1, and (f) T6-C2

The precipitates are slightly coarser, and there is some particle alignment, as shown in Figures 2(c)
and 2(d) (T6-B1 and T6-B2). These characteristics can result in local stress concentrations that
promote crack initiation under cyclic loading, which is consistent with the low fatigue life observed
in the S-N curves, even if strengthening still occurs. Meanwhile, Figures 2(e)—(f) (T6-C1 and T6-
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C2) illustrate more variable particle dispersion and local aggregation, which can accelerate crack
formation and reduce load transfer efficiency.

These microstructural conditions support SEM fracture observations, where samples with a more
uniform microstructure exhibit ductile fracture characterized by dimples, while samples with
particle clusters exhibit particle pullout and mixed fracture features. This suggests that fatigue
cracks first form at particle clusters or the particle-matrix interface before propagating throughout
the aluminium matrix [5], [10]. These conditions cause local stress concentrations and accelerate
crack initiation and propagation, thereby reducing tensile strength, impact energy, and fatigue life,
as has also been reported for aluminium—fly ash composites and other Al-Mg—Si-based AMCs [3],
[21]. On the other hand, a ductile fracture mechanism is observed under ideal T6 conditions,
characterized by dimples of varying sizes, indicating considerable plastic deformation prior to
failure. The explanation for this phenomenon is the fine and uniform precipitation of Mg>Si during
solution treatment and aging, as well as the enhanced interfacial bonding quality of the fly ash
particles with the Al6061 matrix. According to prior studies, the best Mg3Si precipitation enhances
dislocation mobility inhibition, load transfer efficiency, and resistance to crack propagation, which
in turn improves the tensile strength, hardness, impact toughness, and fatigue performance of Al—
Mg-Si alloys and their composites [9], [22].

3.2 Tensile strength

Figure 3 illustrates that the tensile test findings, which show that the T6 heat treatment has a
considerable strengthening effect over the untreated alloy (N-T6). The N-T6 condition exhibits
ductile deformation behavior with strain hardening, with a yield strength of approximately 100
MPa, a tensile strength of approximately 268 MPa, and an elongation of approximately 10%. The
T6 treatment results in a significant trade-off between strength and ductility, as seen by the increase
in yield strength to 135—155 MPa, tensile strength to 270-305 MPa, and elongation decrease to 3—
4.5%.

350 -
300 I =
250 -
200 -
150

100
50
0 -

T6-Al T6-B1 T6-Cl T6-A2 T6-B2 Te6-C2 N-T

Strength (MPa)

M| Yield Strength Tensile Strength T6 heat Treatments

Figure 3. The yield and tensile strength of Al6061 composite with fly ash reinforcement heat-
treated T6

T6-A2 (UTS 305 MPa; YS 155 MPa) produced the best results, with a 13—14% increase in tensile
strength and a more than 50% increase in yield strength as compared to N-T6. This hardening aligns
with the precipitation hardening mechanism described for aluminium-based systems [1], [2], [3],
[4], [5], in which little, evenly dispersed precipitates effectively prevent dislocation motion. The
excellent response of T6-A2 suggests that its aging characteristics are approaching ideal conditions,
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as indicated by perfect precipitate size and coherence. Due to precipitation hardening caused by
excessive aging, which lowers the efficiency of dislocation-particle interactions [7], [8], [2], [10],
[11], [12], [13], T6-C2 (UTS 270 MPa; YS 135 MPa), on the other hand, has a lower strength.
The stress-strain curves further corroborate this perspective. The N-T6-treated sample exhibited
significant deformation up to approximately 10% strain, indicating that the strengthening is
primarily due to precipitation-driven dislocation anchoring rather than strain hardening, whereas
the T6-treated specimen fractured at approximately 4% strain with little plastic flow. The
maximum tensile strength (UTS) of 305 MPa, which was attained, is at the higher end of the
reported range for similar T6 treatment systems [16], [23], [24], [25], demonstrating the
effectiveness of microstructural optimization during the applied aging duration. In the T6 route,
the yield strength may be increased by more than 50% through appropriate changes in aging
parameters, as shown in this quantitative study, while the tensile strength remains above 300 MPa.
This results in an almost ideal reinforcement environment in a short processing time that has not
been investigated before.

300

C]
f

250

Stress (MPa)

100 ——T6-A1

T6-B1
T6-C1
T6-A2
——T6-B2
T6-C2
N-T6 ©

50
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Figure 4. Engineering stress-strain curve (Interpolated) of Al6061 composite with fly ash
reinforcement heat-treated T6

Figure 4 shows that the T6 treatment clearly exhibits a strengthening effect through a controlled
decrease in ductility accompanied by a significant increase in yield strength and maximum tensile
strength (UTS), compared to the N-T6 condition. With little resistance to dislocation motion, the
untreated samples exhibit predominantly plastic deformation and a low yield strength value (103
MPa) but an exceptionally high strain capacity (& ~ 10.8%). On the other hand, all T6-treated
samples exhibit significantly larger yield strength (137-156 MPa) and UTS (272-307 MPa),
indicating effective precipitation strengthening. The A2 condition produces a maximum UTS (307
MPa) with a relatively high uniform strain and fracture (€, ® 4.34%, & = 4.42%), indicating an
ideal balance between strain hardening and ductility. In contrast, B2 exhibits the highest yield
strength (156 MPa) but reduced fracture strength (70 MPa), resulting in higher initial resistance to
dislocation but earlier strain localization after constriction.

The significant decrease in ductility between the N-T6 and T6 conditions indicates the production
of small, cohesive " precipitates that efficiently impede dislocation movement, leading to a higher
work hardening rate but lower plastic strain capacity. Further variations between the A, B, and C
series indicate a progression along the precipitation sequence " — ' — {3, where the peak aging
state (A2/B2) maximizes strength, while small decreases in strength or fractured stress (e.g., C2)
indicate premature aging and precipitation hardening. It is well established that precipitation
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strengthening in aluminium matrix composites and Al—Mg—Si alloys suggests that the mechanical
behavior is governed by precipitation-controlled dislocation anchoring and strain hardening

behavior [13], [19], [26].
3.3 Hardness Rockwell

Figure 5 shows the hardness test results for aluminium alloy composites reinforced with fly ash and
magnesium, both without treatment (N-T6) and following T6 heat treatment. The shown value
represents the average across all variations in heat treatment duration. The hardness measurement
for the untreated composite is 70.3 HRB. This value is lower than the hardness of the composite
that underwent heat treatment. This value is lower than the hardness of the heat-treated composite.
The variation in hardness is associated with changes in the matrix microstructure and the interfacial
bonding between the aluminium matrix and fly ash reinforcement after heat treatment. SEM
fractography revealed that the non-heat-treated composite exhibited irregular fracture features and
localized porosity. In contrast, the heat-treated composite showed a more uniform fracture surface

with improved matrix—reinforcement bonding.

I
I I I I I
0
T6-A

Te6-Cl1 T6-B2 N-T6

—_ —_
e N
o o

[ee]
]

N
(e}

Rockwell Hanrdness (HRB)
o N
S >

T6 treatment process
m 1 hour 2 hours [}

Figure 5. Rockwell Hardness versus heat treatment T6 and without heat treatment T6

For composites subjected to T6 heat treatment and artificial aging at 120°C, 140°C, and 160°C for
durations of 1 and 2 hours, the hardness value increased by approximately 31.0% compared with
the untreated composite, rising from 70.3 HRB to 92.10 HRB. The hardness characteristic relies
on the bonding strength of aluminium and ceramic materials [2], [7], [10], along with the aspect
ratio that enhances adhesion at the interface between the fibre and the matrix. Consequently, this
treatment has the potential to significantly improve the mechanical characteristics of the composite.

Meanwhile, in composites with T6 heat treatment with artificial aging at temperatures of 120°C,
140°C and 160°C for 1 hour and 2 hours, it was found that the hardness decreased by 4% and 9%,
namely from 95.5 HRB to 91.7 HRB, and from 96.6 HRB to 88.2 HRB. The highest hardness was
observed in the composite that received T6 treatment at an artificial aging temperature of 120°C
for 2 hours. Increasing the hardness of aluminium alloys with fly ash and magnesium reinforcements
during heat treatment affects the microstructural morphology of the aluminium alloy, where the
morphology of the fly ash crystals changes from smooth to rough.
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Prior research on aluminium—fly ash and aluminium—ceramic composites [10], [14] confirms the
observed improvement in hardness and tensile strength following T6 heat treatment. In the
previous work [13], similar trends were observed, showing that precipitation hardening in T6-
treated aluminium matrix composites dramatically increases yield and ultimate tensile strength by
producing finely dispersed strengthening precipitates, while improved interfacial bonding between
the matrix and ceramic reinforcement enhances more effective load transfer [4], [12], [19]. The
hardening effect can be explained by a combination of precipitation hardening and particle-induced
dislocation pinning, which together increase resistance to plastic deformation and delay crack
initiation under tensile loading [19], [26]. However, the decrease in ductility seen in this research
is also in line with earlier findings for particulate-reinforced metal matrix composites, where the
presence of hard particles and a greater precipitate density limit matrix plasticity and encourage

carlier micro void nucleation at the particle—matrix interface, resulting in a reduction in elongation
to failure [2], [5], [10].

3.4 Impact energy
Figure 6 shows the impact energy values derived at 30 °C and 100 °C demonstrate a clear

dependence on the precipitation state formed during T6 therapy and a significant correlation with
the tensile behavior.

60
50
~ 40 I
-
> I I
8 30 I
: I
S 20 ]
10
0
Te6-Al Té6-B1 Te-C1 Te-A2 Te6-B2 T6-C2
m30C 100 C Té6 treatment process

Figure 6. Impact energy of Al6061 composite with fly ash reinforcement heat-treated T6

The maximum impact energy is observed in A2 (~43 ]) and C1/B2 (~41 ]) at room temperature,
whereas C2 has the lowest value (~18 ]), indicating a significant drop in energy absorption capacity
upon overaging. The specimens with superior tensile qualities (A2 and B2), which are distinguished
by high yield strength and UTS, also retain high impact energy, indicating that peak-aged
microstructures attain a favorable strength—toughness synergy rather than a straightforward trade-
off. This behavior is consistent with the prevalence of tiny, coherent B" precipitates, which
successfully pin dislocations while maintaining enough ductility for the nucleation and development
of stable micro voids. Conversely, the lower tensile strength and impact energy of C2 imply
precipitate coarsening and transformation along the " — [' — B sequence, where loss of
coherency and increased interparticle spacing reduce resistance to both plastic deformation and
crack propagation. With only moderate strengthening, the comparatively stable response of C1 at
100 °C further suggests enhanced thermal stability connected with semi-coherent ' precipitates.

In general, the combined tensile-impact response supports the idea that peak-aged, B"-dominated
microstructures optimize both strength and energy absorption capability, while progression
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towards equilibrium B (Mg2Si) and B' phases causes a gradual mechanical breakdown, which is
consistent with previously established precipitation-hardening and fracture mechanisms in
aluminium matrix composites and Al-Mg-Si alloys as well as earlier composite studies using the T6
method [13]. In the aluminium matrix, this microstructural development encourages crack
deflection, particle pull-out, and localized plastic deformation, all of which increase toughness [5],
[13]. Over-aging, in which precipitate coarsening reduces matrix strain-hardening capacity and
interfacial strength [10], [12], is associated with the minor drop in impact energy at a longer aging
duration (2 hours). According to these findings, the impact behaviour of Al6061—fly ash composites
is determined by a balance between precipitation strengthening and ductility, with the greatest

toughness attained at intermediate aging conditions before over-aging predominates [14], [19].
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Figure 7. Impact strength of Al6061 composite with ﬂy ash reinforcement heat-treated T6

Figure 7 shows the impact strength (J/mm?), indicating that the alloy's mechanical behaviour is
significantly influenced by the precipitation state induced by the T6 treatment. The greatest impact
strength is observed in A2 and C1 (0.52-0.55 J/mm?) at 30°C, followed by B2, while C2 shows
the lowest value (0.23-0.25 J/mm?), suggesting a significant decline in crack resistance under
overaged conditions. Importantly, the peak tensile condition (A2), which has the highest yield
strength and UTS, also has the highest impact strength, demonstrating that the peak-aged
microstructure has a synergistic improvement rather than a strength—toughness trade-off. This
behaviour is compatible with a microstructure that is mostly made up of tiny, coherent "
precipitates, which, while maintaining enough ductility for the nucleation of stable micro voids and
resistance to crack growth, also maximizes dislocation pinning. This behaviour is associated with a
more uniform particle distribution, improved interfacial bonding between fly ash and the
aluminium matrix, and the formation of finely dispersed Mg,Si precipitates that promote crack
deflection and limited plastic deformation around reinforcement particles [2], [5], [10], [14].

3.5 Fatigue strength

Figure 8 presents the S—N curves of Al6061—fly ash MMCs subjected to T6 heat treatment with
variations in solution time and artificial aging temperature. Specimens aged at 120-140 °C,
particularly T6 510 °C—1 h + aging 140 °C-2 h, exhibit the highest fatigue life, retaining higher
stress levels up to ~10%*-10° cycles. This behavior is consistent with the optimal balance between
tensile strength and ductility, as previously shown by higher tensile strength (%300 MPa) and
moderate hardness values. SEM observations confirm a uniform distribution of fly ash particles,

improved interfacial bonding due to Mg addition, and the presence of fine Mg>Si precipitates, which
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effectively impede dislocation motion while still allowing limited plastic deformation. These
microstructural features delay crack initiation and slow crack propagation under cyclic loading,

explaining the superior fatigue resistance [2], [5], [10], [14].
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Figure 8.  S-N curves of the heat-treated specimens with multiple variations of T6

In contrast, specimens aged at 160 °C, especially with longer solution or aging times, show a steeper
decline in the S—N curve, indicating reduced fatigue life. Although these conditions still yield
relatively high hardness, the over-aging effect leads to coarsening of MgaSi precipitates and
increased particle—matrix debonding, as observed on SEM fracture surfaces. This microstructural
degradation reduces impact energy and ductility, promoting early crack initiation at fly ash
agglomerates and interfacial voids. The inverse relationship between hardness and fatigue life under
over-aged conditions confirms that excessive precipitation strengthening compromises toughness
and cyclic durability [7], [10], [12]. Overall, the fatigue behavior correlates strongly with tensile,
hardness, and impact results, demonstrating that T6 heat treatment at moderate aging temperatures
(120-140 °C) provides the most favorable combination of strength, toughness, and fatigue
resistance for aluminium—fly ash MMCs [1], [5], [14].

3.6 Fracture surface observations

The tensile strength of the treated alloy (N-T6) increased significantly due to the T6 treatment, but
its ductility decreased significantly. T6-A2 had the highest maximum tensile strength (UTS) of 307
MPa, which was 13.7% higher than N-T6 (270 MPa). The treated samples T6-A1 (298 MPa,
+10.4%) and T6-B2 (290 MPa, +7.4%) also exhibited increases in strength. However, the T6
sample exhibited a decrease in elongation from 10.8% (N-T6) to 3.24-4.42%, representing an
average ductility decrease of approximately 60%, indicating a strength-ductility trade-off due to
precipitation. The SEM morphology of the fatigue fracture surface of a fly ash-reinforced Al6061
composite after T6 heat treatment is shown in Figure 9. The fracture morphology reveals the

mechanisms of crack initiation and propagation during cyclic loading.

The fracture surfaces in Figure 9 (a) and (b) (T6-Al and T6-A2) exhibit relatively small dimples
and coalescence of micro-voids, indicating a primarily ductile fracture mechanism [1], [2], [5]. The
uniform dimples indicate strong interfacial bonding between the fly ash particles and the aluminium
matrix, which prolongs crack initiation and enhances fatigue resistance. This condition is consistent
with the increased tensile strength and longer fatigue life observed in the S—N curves. Previous

investigations have reported similar ductile fracture behavior in aluminium matrix composites [1],

[11], [13].
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Figure 9. Morphology of fatigue fracture surfaces on Al6061-fly ash: (a) T6-A1, (b) T6-A2, (c)
T6-B1, (d) T6-B2, (¢) T6-C1, (f) T6-C2

The fracture surfaces in Figure 9(c) and (d) (T6-B1 and T6-B2) exhibit a combination of
characteristics, including dimples and low cleavage-like areas. These characteristics indicate a shift
from ductile to quasi-brittle fracture caused by local stress concentrations around the reinforcing
particles, which accelerate crack nucleation under cyclic loading [5], [10]. Meanwhile, Figures 9(e)
and (f) show more voids and signs of particle pullout, indicating the debonding of the interface
between the aluminium matrix and fly ash particles. The lower fatigue strength observed in the S-
N curves is explained by the fact that these defects act as crack initiation sites and promote faster
crack propagation. In ceramic particle-reinforced aluminium matrix composites, a similar fatigue
crack initiation process has been observed at the particle-matrix interface [7], [12], [27], [28], [29],
[39].

4. Conclusion

The distribution and hardening of precipitation produced by the T6 heat treatment significantly
impact the mechanical properties of Al6061—fly ash metal composites, as demonstrated in this
study. Yield strength, ultimate tensile strength, hardness, impact energy, and fatigue resistance all
significantly improved with the T6 heat treatment at 510°C followed by controlled artificial aging
compared to the untreated condition. Ideal mechanical performance was achieved when the
solution was treated for 1 hour at 510°C and then aged for 2 hours at 140°C, resulting in the best
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balance between strength and toughness. Microstructural and fractographic studies revealed that
the peak condition favored the production of small, uniformly distributed Mg2Si precipitates and
enhanced particle-matrix interfacial contact, leading to ductile fracture behavior characterized by
well-developed grooves. Conversely, the over-aging condition caused rapid hardening and a partial
loss of coherence, resulting in decreased impact energy and fatigue life due to earlier initiation of
fracturing and local strain concentration. These findings emphasize that aluminium matrix
composites with improved structural qualities can be prepared by combining sustainable fly ash
reinforcement with an ideal T6 heat treatment. For the fabrication of affordable and
environmentally friendly aluminium-based composites for structural and tribological applications,
a favorable processing—microstructure—property relationship provides a framework within which
to develop.
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