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Abstract: The present work focuses on the effect of multistage solution heat treatment (MSHT) and
artificial aging on two-stage stir-cast LM4 + TiB2 (1, 2, and 3 wt.%) composites on the mechanical
properties as compared to as-cast and single-stage solution heat-treated (SSHT) composites. Two
novel tests, viz. the confirmation hardness test and the chemical analysis test, were performed to
ensure the soundness of the casting and uniform distribution of TiB2 within the matrix. Samples
subjected to MSHT + aging at 100–200 ◦C displayed the highest hardness and UTS values compared
to as-cast and SSHT + aging at 100–200 ◦C samples. Compared to as-cast alloy, peak-aged samples
of 1–3 wt.% (MSHT + aging at 100 ◦C), hardness values improved from 107–150%, and UTS values
improved from 47–68%. The presence of metastable phases (θ′-Al2Cu and θ”-Al3Cu) and of hard
TiB2 particles are the reason for the improvement in the properties. Peak aged LM4 + 3 wt.% TiB2

composite displayed the highest hardness of 175 VHN and UTS of 251 MPa. Fracture analysis of
the LM4 alloy showed dimple rupture, and its composites revealed quasi-cleavage fracture. Based
on the overall results, the inclusion of TiB2, MSHT, and artificial aging treatment on the LM4 alloy
significantly influenced the composites’ mechanical properties.

Keywords: multistage solution heat treatment (MSHT); aging treatment; hardness; ultimate tensile
strength (UTS); single-stage solution heat treatment (SSHT)

1. Introduction

Modern engine components must tolerate higher temperatures and strains than in the
past due to increasingly rigorous pollution standards, resulting in a shrinking of engine size
and reductions in fuel usage and emissions, necessitating the use of lighter automobiles [1].
Al–Si alloys are preferred in the automotive sector because they can overcome the above-
mentioned challenges. Collecting information regarding Al-Si alloys and their composites
is necessary, as well as establishing a relationship between microstructures and mechanical
characteristics [2]. Among Al–Si alloys, LM4 (hypoeutectic alloy) has gained prominence
in recent years due to its superior characteristics over A356 and other Al–Si alloys [3,4]. Si,
Cu, and Mg are noted to be the most important alloying elements in hypoeutectic Al–Si
alloys as they can provide sound strengthening effects [5]. T6 heat treatment is proven to
be the most effective heat treatment approach for improving the mechanical properties
(mainly strength) of LM4 alloy [6,7]. There will be a refinement in grains of eutectic silicon
crystals as the solutionizing temperature increases, which increases the hardness and tensile
strength values [8]. During aging, Al3Cu and Al2Cu precipitates are the main cause of the
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strengthening of the A319 alloy [9]. The impact of precipitation hardening heat treatment
on the hardness of LM4 alloy is clearly explained in our recent work, wherein LM4 samples
subjected to MSHT + aging at 100 ◦C displayed the highest hardness values when compared
to as-cast, SSHT + aging at 100 and 200 ◦C, and MSHT + aging at 200 ◦C samples [10]. The
tensile strength of Al-Si alloys mainly depends on the porosity level and heat treatment. The
ß-Al5FeSi intermetallic is expected to significantly reduce the ductility and fracture strength
of the alloy, which relies on the morphology of crystals present in the matrix influencing
the reduction; α-iron Chinese script is more resistant to stress than ß intermetallic [11].
Cracks typically propagate through the Al2Cu fracture along with shattered Si particles
rather than through matrix decohesion [12]. Li et al. [2] studied the damage mechanics of
the A319 alloy under tensile loading. The results concluded that crack initiation and propa-
gation always occur through the hard inclusions (Si, Al2Cu, and Fe intermetallics) in the
stress-affected regions [13]. Samuel et al. [14] stated that coarse acicular and needle-shaped
Si particles are the main reason for crack initiation. Han et al. [15] stated that in A319 alloys,
the tensile properties mainly depend on eutectic silicon, SHT (to obtain a full dissolution
of strengthening elements), and the combined effects of dissolution of the Al2Cu phase
and Si particle characteristics. Rincon et al. [16] studied the tensile behavior of the A319
alloy in both heat-treated (T7) and as-cast conditions at different working temperatures.
The results concluded that there was a 156% improvement in the alloy’s tensile strength
after heat treatment. Furthermore, above 200 ◦C, the work hardening properties attained
by the heat treatment started to drop. Samuel et al. [11] studied the fracture behavior of
A319 under T5 and T6 conditions. Based on the findings, they concluded that regardless
of dendritic arm spacing, crack initiation always happens through the fragmentation of
Si and ß platelets and propagation via ß platelets. Zhu et al. [17] investigated the tensile
behavior of Al–Si alloys under T6 conditions. They stated that T6-treated alloy displayed
better UTS, YS, and EL when compared to a non-heat-treated alloy. This improvement is
due to precipitation hardening of Mg2Si and spheroidization of eutectic Si. TiB2-reinforced
aluminum matrix composites outperform other reinforced AMCs in terms of tribological
and mechanical properties [18]. Karbalaei et al. [19] fabricated Al-Si composites with TiB2
(nano- and micro-sized) particles and analyzed the effect of TiB2 on the tensile behavior
of the composites. They concluded that the addition of TiB2 improved the tensile values
to 1.5 vol% and a further increase in addition to TiB2 caused agglomeration mainly in the
case of nano-sized TiB2; also, the main reason for the fracture in the prepared composite
was found to be silicon cracking and debonding of TiB2 with the Al matrix. TiB2 rein-
forcement powders with high tensile strength, a high melting point, and greater chemical
stability at high temperatures are just a few of the benefits of using it as an aluminum
matrix reinforcement material [20]. Vandersluis et al. [21] performed SHT at 500 ◦C/
0.5–48 h on the A319 alloy, and from the results, they concluded that when heated above
500 ◦C, dissolution of Al2Cu and modification of eutectic Si were observed, which enhanced
the mechanical properties of A319. Akhil et al. [22] performed precipitation hardening
treatment (SHT–500 ◦C, aging–170◦/1–16 h) on the Al–5Si–3Cu alloy, and from the results,
they concluded that, after precipitation hardening treatment, eutectic Si underwent neck-
ing and the average particle size reduced, while the highest hardness of 110 BHN was
achieved when aged at 170 ◦C/7 h. Han et al. [15] performed single-step, two-step, and
triple-step SHT (the SHT temperature used was 450, 490, 500, and 520 ◦C) followed by
aging at 155 ◦C/5 h on the A319 alloy. From the results, its was concluded that, when
subjected to single-step SHT and aging, Cu dissolution and modification of eutectic Si
were not observed; similarly, for triple-step SHT and aging, incipient melting of Cu oc-
curred, which caused a drop in the mechanical properties of A319. When subjected to
two-step SHT and aging, dissolution of Al2Cu and spheroidization of Si were observed,
which caused improvement of the mechanical properties of A319. Sokolowski et al. [23]
also confirmed that A319 samples when subjected to multistage SHT followed by aging
displayed better mechanical properties when compared to single-stage SHT and aging.
Mohamed et al. [24] suggested that when performing multistage SHT, the SHT temperature
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should not exceed 520 ◦C, because when subjected to 530 ◦C, a drop in the mechanical
properties were observed. Based on a thorough review of the literature, it was noted that
there has been little research on multistage solution heat treatment (MSHT) to enhance
the mechanical properties (hardness, tensile strength) of TiB2-reinforced composites as
compared to as-cast and single-stage solution heat-treated (SSHT) composites. Investi-
gating changes in solution treatment for eutectic phase grain refinement and controlled
precipitation of aluminum-rich intermetallics to strengthen the matrix is worthwhile. The
influence of MSHT on LM4 + TiB2 composites was investigated in comparison to SSHT
with age hardening treatment. As a part of this novel work, the present study mainly
deals with two new experimental methods, i.e., to confirm the percentage of reinforcement
presence in the matrix during the stir-casting process and to prove the uniform distribution
of reinforcement in the matrix other than optical micrograph or SEM analysis.

2. Materials and Methods Used in this Study
2.1. Methodology

The detailed methodology used in the present study is explained in this section.
LM4 + TiB2 composites were prepared using a two-stage stir-casting method, and age
hardening treatment was carried out to check the peak hardness of cast composite samples
and compare the hardness between heat-treated and as-cast samples of both the alloy and
its composites.

Confirmation tests were conducted on as-cast composite samples to validate the
uniform distribution of TiB2 in the LM4 matrix. Microstructural analysis was performed
through the Scanning Electron Microscope (SEM)-EVO MA18. The methodology followed
in the present work is displayed in Figure 1.

Figure 1. Flow chart of the methodology followed in the present study.

2.2. Matrix and Reinforcement Material

Table 1 shows the chemical composition of the LM4 alloy obtained from BUREAU
VERITAS (INDIA) PRIVATE LIMITED, Bangalore, and the test method used was ASTM
E-1251–2011. Table 2 shows the properties of the LM4 alloy and TiB2 reinforcement,
respectively. TiB2 powder having an average particle size of 6.765 µm was acquired. The
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SEM image and EDAX report of the TiB2 powder are shown in Figure 2 to confirm the
presence of Ti and B.

Table 1. Composition (wt.%) of LM4 alloy.

Material Si Cu Mg Sn Ni Fe Ti Mn Al

wt.%
(Actual) 5.925 2.476 0.176 0.045 0.03 0.641 0.045 0.121 Bal.

wt.%
(Standard) 4–6 2–4 0–0.20 0–0.1 0–0.3 0–0.8 0–0.2 0.2–0.6 Bal.

Table 2. Properties of LM4 alloy and TiB2 reinforcement [4,19].

Properties LM4 TiB2

Density (g/cm3) 2.75 4.52
Hardness (VHN) 68–83 960

Melting point (◦C) 660 2790

Figure 2. SEM and EDAX of TiB2 reinforcement powder.

2.3. Composite Preparation

The preparation of the LM4 + TiB2 composites (1, 2, and 3 wt.%) is given in the flow
chart (Figure 3), along with the stir-casting process and cast composites’ bar and pencil
mold samples in Figure 4. After successfully preparing the composites, cast samples were
analyzed using SEM to validate the uniform distribution of TiB2 in the LM4 matrix. Two
new confirmation test methods (confirmation hardness test and chemical analysis test)
were also carried out to check the soundness of casting and the uniform distribution of
the reinforcement.
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Figure 3. Flow chart for the fabrication of LM4 + TiB2 composites.

Figure 4. Experimental setup of stir-casting method used in the present work.

2.4. Hardness and Tensile Test

Hardness tests were performed using a Micro Vickers Hardness Tester, Model-MMT
X 7A, a load of 200 gmf, and a 15 s dwell time. Before hardness testing, all samples were
polished (mirror finish) using automated disc polishing equipment to eliminate impurities
and oxides produced during heat treatment.

Figure 5 shows a tensile specimen produced in accordance with the ASTM-E8M stan-
dard. Tensile tests were performed using an Electronic Tensometer, Model-PC-2000/605/06.
The load cell value was maintained at 20 kN with break test mode, and the speed was
maintained at 1 mm/min. The tensile test was carried out for both peak-aged and as-cast
samples of LM4 alloy and its composites.

2.5. Age Hardening/Precipitation Hardening Treatment

MSHT, SSHT, and aging at 100 and 200 ◦C were conducted on as-cast samples. The
detailed procedure of the heat treatment is shown in the schematic diagram (Figure 6).
As per the literature [23], eutectic Si modification and copper phase dissolution were not
observed when SSHT was performed on the A319 alloy, but when subjected to MSHT, it
showed better behavior (improved properties). Hardness, tensile test, and fracture analysis
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were performed on heat-treated and as-cast samples. XRD analysis was carried out on the
age-hardened samples using Rigaku-Miniflex600.

Figure 5. Tensile sample before and after machining as per the standards.

Figure 6. Process chart of precipitation hardening treatment.
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3. Results and Discussion
3.1. Microstructure Studies

To achieve better mechanical properties from the cast composites, the distribution of
reinforcements in the matrix material should be uniform, and reinforcement agglomeration
should be avoided. As per the literature [25], it was confirmed from optical microscope
(OM) images that reinforcement was distributed uniformly in the matrix material and
that particle agglomeration was not seen (1–3 wt.%), whereas in LM4 + TiB2 (5 wt.%),
composite agglomeration was observed [26]. Hence, it is not explored here for further
analysis. Figure 7 depicts the SEM and EDAX analysis of LM4 + 3 wt.% TiB2 supporting
the reinforcing powder’s presence and homogeneous distribution in the matrix alloy.

Figure 7. SEM and EDAX of LM4 + 3 wt.% TiB2 composite sample.

3.2. Confirmation Test through Chemical Analysis and Hardness Measurement

To confirm the homogenous distribution of TiB2 throughout the composite, five identi-
cal specimens were cut from each composite bar at a distance of 15, 30, 45, 60, and 75 mm
from the lower end, as shown in Figure 8, and they were subjected to a hardness test with
five trials for each specimen. The hardness results confirmed that the hardness distribu-
tion was uniform throughout the sample, which indicated the uniform distribution of the
reinforcement within the matrix. Figure 9 shows the hardness distribution graph of the
composite samples.

Figure 8. Samples for confirmation test.

The LM4 alloy and LM4 + 3 wt.% TiB2 composite samples were subjected to a chemical
confirmation test by dissolving these samples in concentrated sodium hydroxide (NaOH)
to confirm the amount of reinforcement present in the 3 wt.% composites. Before testing,
samples were heated at 100 ◦C to remove moisture, and initial weights were recorded.
Samples were kept in separate beakers and were heated on a hotplate at 50 ◦C with 20%
concentrated NaOH (about 125 mL) in them; this was heated until the acid boiled. The
aluminum alloy dissolved in the acid completely during heating followed by 10 h of
soaking. During boiling, the TiB2 reinforcement particles and other residues float on top
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of the acid’s surface. The residue formed after the complete evaporation of the aluminum
was poured into ashless Whatman filter paper, and it was folded and placed in an oven at
100 ◦C for 2 h to remove the moisture. The initial weights of two crucibles were noted, and
then, the filter paper was burnt in those crucibles by heating using a Bunsen burner at a
high temperature (700 ◦C), then the residue powder was collected.

Figure 9. Hardness distribution graph from the lower end of the cast LM4 alloy and its composites.

For 1600 g of LM4 alloy, 48 g (3 wt.%) of TiB2 was added during stir-casting. The
initial weight of the samples used in this study was 2 g each. The theoretical weight of the
reinforcement in the 2 g composite sample by calculation was 0.06 g. Experimental results
of the weights are shown in Table 3.

Table 3. Experimental data of the chemical analysis test.

Type Value

Initial weight of alloy (LM4) and composite
(LM4 + 3 wt.% TiB2) 2 g each

Initial weight of two crucibles 15.8969 g (alloy) and 15.9494 g (composite)

Final weight of two crucibles after burning
filter paper 15.9031 g (alloy) and 16.01342 g (composite)

Alloy residue weight 15.9031 − 15.8969 = 0.0062 g (alloy residue
weight is negligible)

Composite residue weight 16.01342 − 15.9494 = 0.06402 g

Weight of reinforcement in composite 0.06402 − 0.0062 = 0.05782 g

wt.% for reinforcement in composite ((0.06402 − 0.0062)/2) × 100 = 2.891%

Therefore, based on the calculations, the quantity of foreign particles present in the alloy
were extremely low (viz., 0.31%), indicating that the alloy was pure with almost no impurities
and that almost 96% of the reinforcements were present in the matrix of the cast composite.
The process of this chemical analysis test and the EDAX report of the powder collected are
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shown in Figure 10. The existence of the Ti and B elements was verified in the EDAX report of
the powder collected, confirming the efficiency of the chemical analysis test.

Figure 10. Process of chemical analysis test and EDAX report to confirm the presence of TiB2 in the
LM4 matrix.
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3.3. Aging Curve and Hardness

A hardness test was performed on the LM4 alloy and its composites for heat-treated
and as-cast conditions. Heat-treated samples displayed better hardness values than as-cast
samples. The hardness of the LM4 alloy and its composites improved gradually with aging.
After attaining peak aging, the hardness values gradually decreased. When aged at 100 and
200 ◦C, as the wt.% of reinforcements increased, the time to reach peak hardness reduced. The
summary of the hardness improvement is as follows: the as-cast alloy and its composites (1, 2,
and 3 wt.%) displayed a hardness of 70, 89, 95, and 103 VHN, respectively. When compared to
the LM4 alloy, samples after SSHT and MSHT showed an 80–150% and 65–120% increase in
hardness when aged at 100 and 200 ◦C. The presence of hard TiB2 particles is the main reason
for the hardness improvement in the as-cast composites. The obtained results are in line with
the published research observations [26–28]. Figures 11a–d and 12a–d display the hardness
values of the SSHT and MSHT samples aged at 100 and 200 ◦C, respectively, with respect
to the aging time. For every combination, aging at 100 ◦C resulted in greater hardness than
aging at 200 ◦C. Still, the duration to reach peak hardness was less for samples aged at 200 ◦C,
which can be related to aging kinetics [29]. The MSHT samples displayed higher hardness as
they possessed more precipitates than the SSHT samples [10]. The peak-aged samples have
higher hardness than the as-cast and other samples because of the formation of phases θ′-
Al2Cu and θ”-Al3Cu (Figure 13) as they precipitate along and within grain boundaries [30,31];
also, a minor portion of the Mg2Si phase contributed to the improvement of the hardness
in the treated composites; as a result, the LM4 + TiB2 (3 wt.%) MSHT samples aged at 100
◦C attained the maximum hardness. A comparison of the peak hardness of the LM4 alloy
and its composites is shown using a bar graph in Figure 14. On average, when compared
to as-cast samples of the alloy and composites, the SSHT + aged at 200 ◦C samples showed
a 15% improvement in hardness, the SSHT + aged at 100 ◦C showed a 25% improvement,
the MSHT + aged at 200 ◦C showed a 52% improvement, and the MSHT + aged at 100 ◦C
showed a 72.25% improvement in hardness. Compared to the LM4 (MSHT + aged at 100 ◦C)
peak hardness, LM4 + TiB2 (1, 2, and 3 wt.%) (MSHT + aged at 100 ◦C) achieved a 9, 20,
and 30% improvement. At every stage, MSHT, lower aging temperature, and larger wt.% of
reinforcement in the matrix were favorable for excellent peak hardness value (Figure 14).

3.4. Tensile Properties

Tensile tests were conducted on as-cast, and peak-aged samples of the LM4 alloy and
LM4 + TiB2 composites, and the tensile curves of the as-cast LM4 and peak-aged LM4 + 3 wt.%
TiB2 composite are shown in Figure 15a,b, while the average values of the UTS readings of
the as-cast and peak-aged samples are shown in Figure 15c. From Figure 15a,b, we can see
that, for the as-cast LM4 sample, the peak load and peak displacement were found to be
4838 N and 1.26 mm, whereas for the peak-aged LM4 + 3 wt.% TiB2 composite sample, the
peak load and peak displacement were found to be 8120 N and 2.19 mm. This increase in the
peak load of the LM4 + 3 wt.% TiB2 composite sample and the strengthening behavior of the
LM4 composites were due to the load-bearing capability of the reinforcement particles. The
presence of hard reinforcement particles caused the improvement in the load bearing capacity
of the composites. Reinforcements and dislocations caused improvement in the resistance
to crack propagation [19]. The increase in the tensile strength of the composites was mainly
because of intermetallic precipitates, which restricted the dislocation motion and reduced
plastic deformation. Higher dislocation density resulted from higher particle concentration
and lower aging temperature. Because of the applied load, the matrix had a restricted plastic
flow; these hard intermetallics caused a dislocation pileup. The interaction of dislocations with
reinforcement, intermetallic, and grain boundaries synergized the alloy strengthening [32].
From Figure 15c, it is observed that the composites displayed higher UTS values than the
alloy in the as-cast, as well as in the peak-aged conditions. Compared to the as-cast UTS value
of LM4, its composites with 1, 2, and 3 wt.% of TiB2 in the as-cast condition displayed a 25, 33,
and 45% improvement; similarly, in the peak-aged (MSHT + aging at 100 ◦C) condition, a 47,
57, and 68% improvement in UTS was observed. Similar to the hardness results, the samples
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subjected to MSHT + aging at 100 ◦C demonstrated greater UTS values, with the composite
containing 3 wt.% TiB2 having the highest.
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Figure 13. XRD of the LM4 + 3 wt.% TiB2 composite sample (MSHT and aged at 100 ◦C) to confirm
the presence of different types of precipitates.

Figure 14. Comparison of the peak hardness of the LM4 alloy and its composites under different
solutionizing and aging conditions.
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Figure 15. (a,b) Tensile curves of the as-cast LM4 and peak-aged LM4 + 3 wt.% TiB2 composite.
(c) Comparison of UTS values of the as-cast and peak-aged samples.

3.5. Fracture Surface Analysis of the LM4 Alloy

SEM was used to evaluate the fracture surface of the tensile test sample. Figure 16 depicts
the fractographs of the LM4 alloy (as-cast and peak-aged at 100 ◦C). Many fine equiaxial dimples
were visible on the fracture surface, and the fracture mechanism was largely dimple rupture
(Figure 16a,b). Numerous cuplike depressions were seen, which are referred to as primarily
dimple rupture in Figure 16b at greater magnification. Some micro-voids were seen near the
grain boundaries. The existence of a river pattern indicated that the mode of fracture was
entirely ductile. As a result, the as-cast LM4 alloy had lower UTS values. The fracture surface of
a peak-aged specimen (100 ◦C) is shown in Figure 16c,d. In peak-aged conditions, the density
of the dimples was higher, more equally distributed, and smaller, suggesting the production of
a greater quantity of micro-voids. The dimples on the fracture surface of the artificially aged
specimen were smaller than those on the as-cast LM4 alloy. The size of the dimple is directly
related to the strength and ductility [33]. The finer the dimple size, the greater the strength and
ductility, and vice versa. As a result, the artificially aged specimen had greater UTS values than
the untreated LM4 alloy [17].

3.6. Fracture Surface Analysis of LM4 + TiB2 Composites

Figure 17a,b depict an LM4 + 3 wt.% TiB2 as-cast composite fracture surface. Compared
to the LM4 alloy, there was a significant drop in dimple density. Fracture in a localized zone
may be caused by shear, resulting in the creation of elongated dimples. The fracture mechanism
observed in the peak-aged sample at 100 ◦C (Figure 17c,d) was a dimple rupture. Dimples
form when multiple nucleation sites are activated, forming micro-voids and their subsequent
coalescence. Nucleation sites can be inclusions, second phase particles, grain boundary dislocation
pileups, and so on. The distribution of these particles/defects considerably impacts the fracture



Crystals 2022, 12, 1114 14 of 16

type [34]. The creation of dimples of varied sizes is caused by the non-uniform distribution of
such particles/defects of varying sizes. In a few instances, there is also evidence of quasi-cleavage
fracture [35]. Quasi-cleavage is limited and shows cleavage and plastic deformation properties
(Figure 17d). In Figure 17e, the EDAX confirms the presence of Ti and B.

Figure 16. Fracture analysis of the (a,b) as-cast and (c,d) peak-aged LM4 alloy tensile sample.

Figure 17. Fracture analysis of the (a,b) as-cast and (c,d) peak-aged LM4 + 3 wt.% TiB2 tensile sample.
(e) EDAX report of the same.
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4. Conclusions

This paper aimed to determine the effect of MSHT and artificial aging on the mechani-
cal properties of the LM4 alloy and LM4+ TiB2 composites. The following conclusions were
drawn based on the results obtained:

• The two-stage stir-casting process was proven to be the most effective method for
producing composites; the hardness test confirmed the soundness of the casting, and
chemical analysis confirmed the quantity of reinforcement present in the cast samples.

• There were 27–47% and 25–45% improvements in the hardness and UTS values ob-
served in the LM4 + TiB2 (1, 2, and 3 wt.%) composites when compared to the as-cast
LM4 alloy; this improvement in the properties was in large part due to the presence of
hard TiB2 particulates.

• The MSHT samples possessed a greater number of precipitates, and because of which,
they displayed higher hardness values than the SSHT and as-cast samples. The MSHT
samples aged at 100 ◦C displayed higher hardness and UTS values when compared to
the SSHT samples aged at 100 and 200 ◦C. As shown in the XRD analysis, the Al2Cu
and Al3Cu phases were the major reason for improving the properties such as the
hardness and tensile strength.

• Compared to the as-cast alloy, the MSHT composite samples aged at 100 ◦C (peak-aged)
showed a 107–150% and 47–68% improvement in hardness and tensile values, respectively.

• The LM4 alloy’s fracture mechanism was mostly dimple rupture. The base alloy’s
peak-aged tensile fracture surface indicated a mixed mode of failure. The fracture
surface of the TiB2-reinforced composite fracture revealed quasi-cleavage fracture and
plastic deformation.
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