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Abstract

Heat-treated A356 aluminum alloy has attracted sustained attention because of its low
density, good castability and corrosion resistance. These properties make it valuable for
automotive, structural and aerospace applications, while its final performance depends
strongly on microstructural control. This review examines the microstructural evolution of
A356 Al alloy from as-cast conditions through post-casting using various heat treatments.
The emphasis is on the morphology and distribution of the primary «-Al matrix, eutectic
Si phase and secondary intermetallic constituents such as MgySi. It discusses how invest-
ment casting and other ingot metallurgy routes influence dendritic arm spacing, porosity
formation and eutectic silicon morphology. This review answers the question “which heat
treatment leads to better microstructural features and betterment of the mechanical proper-
ties?”. The review also highlights the role of T5 and T6 artificial aging, hot isostatic pressing
and their combined effects on pore elimination, densification, hardness, ductility, tensile
strength and fatigue resistance. In addition, the usefulness of EBSD for texture and grain
structure analysis is considered as a route to deeper understanding of grain texture and
orientation. Overall, the review shows that the performance of A356 alloy is governed by
the interplay between casting-induced defects and heat-treatment-driven microstructural
refinement; it also identifies processing routes that offer the best balance between strength,
ductility and improved service life of components made from A356 Al alloy.

Keywords: A356 aluminum alloy; heat treatment; microstructural evolution; mechanical
properties

1. Introduction
1.1. Production Routes and Grades of Al Alloys

Aluminum (Al) alloys are extensively used materials in various industries, viz., engi-
neering, construction, automotive and aerospace industries due to the remarkable proper-
ties they have. Pure Al possesses excellent and attractive properties, such as light weight,
good corrosion resistance and high thermal conductivity. Although this metal has these
attractive properties, it still needs the addition of other elements, such as silicon (5i), mag-
nesium (Mg), titanium (Ti) and strontium (Sr), to produce an alloy that can be applied in
the aforementioned industries. Each of these alloying elements has its own function when
added into pure Al as outlined in Table 1. The main aim of adding these elements is to
increase ductility, strength, hardness, corrosion resistance, and grain refinement and to
decrease the wear rate [1].
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Table 1. Alloying elements and their effects on A356 Al alloy.

Alloying Elements Effects on the A356 Al Alloy
Silicon (5i) Enhances castability by improving the fluidity of the melt and lowering shrinkage [1,2].
. Promotes age hardening by forming magnesium silicide during T6 heat treatment. In turn,
Magnesium (Mg) tensile strength and yield strength increase [2-4].
Manganese (Mn) Reduces the formation of brittle phases, such as B phase [5].
Forms brittle B phase, which reduces ductility of the alloy. Therefore, it should be added in
Iron (Fe) .
lower quantities [3].
Copper (Cu) Increases strength by precipitation hardening [4].

Titanium (Ti)

Forms finer grains through grain refinement [5].

Strontium (Sr)

Forms fibers in the Al matrix, enhancing ductility and fatigue life [4].

Zinc (Zn)

Enhances tensile strength and hardness when added in lower amounts <0.05 wt% [6].

These alloying elements are introduced into pure aluminum via various state-of-the-
art technologies, viz., hot extrusion, rolling, forging, powder metallurgy (PM) and ingot
metallurgy. Ingot metallurgy employs processes such as die casting, gravity casting and
investment casting. These technologies are then used to produce various grades and series
(series 1 to 8) of aluminum alloys [7]. From these series produced, series 3 (A356) is heavily
utilized in both the aerospace and automotive industries, but these still need to be processed
post-casting. The main aim of processing post-casting is to refine the grains and achieve
grains that are uniform throughout the material [8].

According to Hall-Petch, as grain sizes in a material decrease, the material’s yield
strength increases, therefore improving the yield strength of the material. Higher yield
strength is one of the desirable properties in the aerospace and automotive industries [9].
During the post-casting process, dynamic nucleation occurs, which controls solidification
to produce numerous nuclei. Inoculation adds grain refiners into the metal melt and
enhances heterogeneous nucleation and thermal analysis evaluates the cleanliness of the
melt, reducing the scrap rates in the metal and heat treatment [10].

Heat treatment is a process employed in physical metallurgy to modify the structure of
materials, with the aim of achieving the desired microstructure and mechanical properties.
Heat treatment processes can be categorized into solution heat treatment and artificial aging,
while cooling the samples after heat treatment can be classified into quenching, annealing
and normalizing. More often, aluminum (Al) alloys produced via casting routes exhibit
inferior mechanical and microstructural properties due to segregation and coarsening of
dendritic structures and entrapment of dissolved gases [11]. For the alloy to be applied in
the aerospace and automotive industry, the alloy will need to be heat-treated to improve
the microstructural and mechanical properties.

1.2. Phase Diagram and Structures of A356 Al Alloy

Aluminum alloys occur in vast grades and series; each of these alloys is alloyed with
various alloying elements in different quantities, listed in Table 1. Alloying elements can be
added through powder metallurgy. Among these elements, Si is the most used element,
especially in the ingot metallurgy (IM) production routes, and it appears in quantities of
~6.5 wt% to ~7 wt% [1,2,12]. The addition of Si is essential, as it enhances castability by
improving the fluidity of the melt and lowering shrinkage. The addition of this element has
to be carefully controlled, as higher addition of Si compromises other mechanical properties
such as ductility. The binary phase diagram of Si and Al can be used to depict different
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phases that will form in response to different Si quantities added to the Al alloy. Figure 1
below depicts the Al-Si binary phase diagram with the Si range in A356.
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Figure 1. Al-Si binary phase diagram showing A356 [13].

1.3. Phases, Morphology and Associated Properties of A356 Al Alloys

A356 Al alloys can be produced via wrought, ingot metallurgy routes and recently
additive manufacturing has been drawing interest from Al production houses. This present
review explores the ingot metallurgy and additive manufacturing (laser powder bed
fusion) production routes. A typical A356 Al alloy that has been cast into near-net shape
in its microstructure generally has two phases present: dendritic alpha aluminum (x-Al)
phase and eutectic Si phase [14]. Dendritic phases are tree-like structures formed during
the solidification of the alloys; these tree-like structures form the basis of dendritic arm
spacings. To date, three kinds of dendritic arm spacings are: primary, secondary and tertiary
dendritic arm spacings. Secondary dendritic arm spacing (SDAS) is the most explored
and used by academics and industries. While dendrites form a tree-like structure, eutectic
phases form needle-like particles and sometimes acicular structures in the as-cast condition.
Due to rapid cooling rates in investment casting methods, the dendrites that are forming in
the A356 Al alloy are finer, with smaller dendritic arm spacing; within the dendrites are
networks of lamellar eutectic silicon phases that form after the dendrites have formed [15].

Dendrites are phases visible in the microstructure of a material. They form when
a liquid metal is undercooled below its freezing point. Small spherical solids form in
the undercooled melt, acting as a nucleating site for the growth of a nucleus. As the
nucleus grows, it loses stability, leading to the development of a tree-like morphology
called dendrites. Dendrites have a stem from which secondary arms extend, and lastly, they
have tertiary arms, which extend from secondary arms, and overall, the morphology of
dendrites will be a complex tree-like structure. Formation of dendrites has three proscesses:
nucleation, growth and solidification of the dendrites. Figure 2a below shows a dendritic
micrograph of the A356 Al alloy, represented by 1, the x-Al phase, as well as eutectic
silicon phase represented by 2. Figure 2b shows an eutectic silicon phase at a higher
magnification. The eutectic Si phase constitutes ~12-15 vol.% and forms during the final
stages of solidification at approximately 577 °C, coexisting with the a-Al matrix. In the
unmodified as-cast condition, the eutectic Si typically exhibits a coarse, acicular morphology.
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This kind of morphology acts as a stress raiser and impairs ductility as well as fatigue
resistance due to its sharp edges. A study by Zhang et al. [16] and Abdelaziz et al. [17]
discovered that chemical modification with strontium (~0.01-0.05 wt.%) transforms the
acicular structures into a finer spheroidized form. Additions of Sr reduce particle size
from 4.5 um in the unmodified condition to 1.3 um in the Sr-modified condition [18]. The
above-mentioned studies clearly show that unwanted and undesirable properties can be
transformed into more desirable properties (making the unwanted more attractive and
desirable) with the addition of the correct dopant in the right quantities.
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Figure 2. Microstructure of as-cast A356 Al alloy at (a) lower maginification and (b) at higher
magnification showing different phases [19]: microsrtucutre 1—alpha aluminum dendrites, 2—
eutectic silicon phases.

The dendrites in a material grow in different directions; they grow in the direction
of the crystal structure in a material. Since the material of focus in this review paper is
aluminum and it has a face-centered cubic structure (FCC) with the family of directions
<100>, the stem and dendrite arms will grow along this direction [20]. A change in this
orientation of dendrite growth is witnessed when supersaturation is increased.

Table 2 below summarizes all the major morphologies (x-Al and eutectic Si) present
in the A356 Al alloy. These morphologies are represented in Figure 2 and the effects they
have on the microstructure and the mechanical properties of the alloy.

Table 2. Effects of microstructural phases on the mechanical properties and microstructure of A356.

Phases Microstructural Formation Microstructural Effect Effect on Properties
Refinement leads to
Primary dendrite matrix . . improved ductility,
. Finer «-Al matrix improves
forms, refinement . . toughness, strength and
x-Al uniformity and slows

coincides with smaller down dislocation motion fatigue resistance due to
SDAS [17-22]. ) more homogeneous
load-bearing matrix

Eutectic Si

Acicular particles form in Modified Si particles

an unmodified state. In Spheroidized Si particles improve ductility,
modified state, more reduce stress increasing elongation, wear
fibrous and spheroidized concentrations. rate, as well as tensile
particles form [17-22]. strength are improved.
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1.4. Applications of the A356 Al Alloy

Aluminum alloys are produced from the Al element, which is easily recyclable and
does not lose quality after recycling [21]. A356 Al alloy is a well-known cast Al alloy,
drawing attention with its attractive properties, such as high strength-to-weight ratio,
excellent corrosion resistance, high temperature stability and good ductility, which drew
attention in the automotive, aerospace and marine industries and sectors [22]. A356 has
good castability properties, allowing the alloy to be cast into intricate and near-net shapes,
mainly through investment casting methods. This alloy and the aforementioned production
route offer a good surface finish of the final produced part [23].

1.4.1. Automotive Industry

A356 aluminum and Al-Si-Mg casting alloys are extensively used in automotive
cylinder heads due to their excellent castability, high strength-to-weight ratio and thermal
properties [24]. Comparative studies on cast aluminum alloys, including A356-T6 and A356
0.5Cu-T6, demonstrate that after thermal exposure simulating engine conditions, A356
retains its robust mechanical response with the evolving microstructures. The change in
the microstructures is influenced by precipitate coarsening, which inversely affects thermal
conductivity [25]. These properties make A356 Al suitable for high-performance internal
combustion engine cylinder heads, where isothermal and thermo-mechanical fatigue tests
at 120 to 280 °C reveal its good deformation and fatigue resistance behavior under elevated
thermal loads, supporting light weighting for fuel efficiency.

The A356 Al alloy is a widely used alloy in the automotive industry. It is used mainly
for its lightweight properties and good thermal stability. Currently, the majority of vehicles,
such as half-ton pickup trucks and sport utility vehicles (SUVs), use cast Al blocks for their
engines [23]. These blocks were found to be more economical and to reduce the weight
added to the overall power train of the vehicles. Cast iron blocks were previously used
and still are used in some modern vehicles. The disadvantage of these blocks is that they
are more prone to corrosion and heavier, which compromises fuel efficiency, adding more
weight and strain to the power and drive train of the vehicles. For this material to be
applied in automotive and structural applications, it needs to be coated to improve its
corrosion resistance, which in turn increases the production and manufacturing costs [23].
There is still a high demand for Al alloys in the automotive market.

1.4.2. Aerospace

The same advantageous properties: lightweight nature, high strength, and corrosion
resistance extend the application of A356 hypoeutectic alloys into the aerospace industry.
This alloy comprises ~60 to ~80% of an aircraft’s weight to enhance fuel efficiency and
loading capacity. Specific areas of application are structural components (fuselage and
wings) [26]. To meet the rigorous strength, ductility and toughness demands of high-
performance aerospace usage, A356 alloys are further processed using various post-casting
treatments, such as artificial aging heat treatment, and in some cases, HIP treatment is
also carried out in the melt prior to casting. Such treatments ensure precise control over
precipitate evolution, significantly enhancing hardness and impact strength and reducing
pores [9].

2. Review Methodology

Online assessment of searching for existing literature on the A356 Al alloy was carried
out. This review is produced from conference proceedings and journal articles. The
following keywords were used: (“A356 Aluminum alloy” OR “Al-Si-Mg alloy systems”)
AND (“Post-casting treatment of A356 Al alloy” OR “Different heat treatment on A356 Al
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alloy”) AND (“ Pore elimination techniques in A356 Al alloy”). Only articles published in
English were considered, with a preference for articles between the years 2020 and 2026; due
to the limited literature footprint, articles published earlier than 2020 were also considered.

3. Processing Techniques of A356 Al Alloy
3.1. Investment Casting of A356 Al Alloy

Investment casting is one of the Al alloy production routes, and it dates to the 1940s.
It is a metal forming process that produces intricate and precise metal components by
first making a polymer pattern coated with a refractory material. The coating solidifies,
forming a durable mold. The molten metal is then poured into the cavity, melting the
polymer inside the cavity, allowing the molten metal to fill all the empty spaces inside
the cavity, and solidifying, inheriting the shape of the mold. Metal is poured in such
a way that it accommodates the shrinkage, cooling and pouring rates of the metal as it
solidifies, limiting the misrun of the molten metal. The final produced part is a near-
shape component. Although these components are near-shape and have a low density
(lightweight) they still need further treatment to modify their microstructure with the aim
of improving the mechanical properties. For aerospace and automotive industries, which
are the largest consumers of these alloys, high strength, ductility, good heat dissipation
and lightweight are of high importance and are desired properties [27]. These properties
can be achieved through various heat treatment processes, viz., solution heat treatment,
precipitation hardening (T5/T6) and HIP.

3.2. Solution Heat Treatment

Solution heat treatment of the A356 Al alloy induces profound microstructural trans-
formations, primarily through the dissolution of secondary phases and modification of
eutectic silicon morphology within the matrix [28]. Leo and Colley conducted a study in
2011, where they evaluated the effect of solutionizing time at 540 °C on the microstructure.
The samples were solution heat-treated for 10, 100, 1000 and 10,000 min. From these four
treatments, the 10 min treatment had the greatest evolution in the microstructure and
properties. Figure 3 below shows a significant decrease in yield strength from the sample in
cast condition to solution heat-treated condition in the first 10 min. Between 10 and 100 min,
the change continued, but after 100 min, the change was much more insignificant. In a
similar study carried out over 1, 4, 6 and 8 h, the elongation % improved to ~11.5% in the
first hour and had an insignificant change after the first hour [28]. The authors discovered
that spheroidization of the eutectic Si phase occurred in the first hour, while the 4th, 6th
and 8th hour treatments increased the size of the «-Al matrix. A similar study by Nnakwo
et al. and Jang et al. reported that in controlled regimes at 525 to 540 °C for 5 h [29], acicular
silicon particles are spheroidized via solution heat treatment. Spheroidization promotes a
more uniform distribution of internal stress and improves properties such as ductility [30].
Folowoing Figure 3 is Figure 4 which depicts microstructural evolution of the alloy with
respect to changing holding times.

Figure 5 shows TEM images of A356 Al showing the Mg,Si precipitates; in the as-
cast condition, the precipitate was more spherical, and as holding time was increased,
the precipitates became more disk-like shaped. Extended high-temperature solutionizing
further enhances silicon morphology refinement and elevates the quality index in direct
chill (DC) cast variants by optimizing the phase distribution [28]. Rheological die casting
combined with solution treatment yields even finer microstructures, minimizing defects
and facilitating precipitation-ready solid solutions [32].
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Figure 3. Effect of solution treatment on the yield strength of A356 Al alloy [31].
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Figure 4. Microstructural evolution of solution heat-treated A356 under different times: (a) as-cast,
(b) 2 min, (c) 30 min and (d) 240 min [31].
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Figure 5. TEM images in (a) as-cast condition, and (b,c) in heat-treated condition [30].

These microstructural changes during solution heat treatment profoundly influence
the mechanical and corrosion properties of the A356 alloy [30]. Spheroidized eutectic Si par-
ticles and supersaturated solid solutions enable precipitation hardening upon subsequent
treatment. Figure 4 shows the effects of heat treatment on the evolution of precipitates
(MgyS5i); the precipitates impede dislocation motion and influence the increase in Vick-
ers hardness, as this is a hard phase compared to the x-Al and eutectic Si phases. The
study reported an increase from ~59 HV in the as-cast condition to ~92 HV after solu-
tion treatment at 525 °C for 4 h and extended aging at 190 °C for 6 h. Solution heat
treatment brings about impressive mechanical properties; they deplete Mg from the x-Al
matrix, elevating corrosion susceptibility in NaCl environments. Corrosion susceptibility
decreases corrosion potential (from —664 mV to —780 mV) and increases current density
up to 1.89 pA/ cm? [30]. The decrease in the corrosion potential means that this metal
would be active and the surface of the alloy acts as an anode, making it more prone to
corrosion. Increasing current density means the alloy is now corroding at a higher rate
than in the as-cast condition. While solution heat treatment merged with artificial aging
improves mechanical properties, corrosion properties are compromised, and therefore, a
balance between formation of precipitates (Mg;Si) and reservation of Mg in the matrix
should also be taken into consideration for A356 to maintain its corrosion properties for
marine applications.

3.3. Aging T5 and T6 Heat Treatment

The T5 treatment is an artificial aging treatment that does not involve solutionizing
the sample. The T5 treatment strengthens the A356 Al alloy through precipitation of Mg,Si
phases at dislocations and grain boundaries, enhancing yield strength and hardness while
preserving as-cast microstructure features such as eutectic silicon morphology [33,34]. T5
treatments on cast Al-Si-Mg systems boost hardness via dispersed precipitates, mitigating
pore-induced degradation in tensile and fatigue performance [35]. Figure 6 below shows
the micrographs of A356 in the as-cast condition (Figure 6a) and T5-treated condition
(Figure 6b). The as-cast condition has prominent x-Al phases, while the T5-treated sample
shows less of the a-Al; this led to an increase in eutectic Si phases present in the material,
leading to improvement in the mechanical properties (tensile strength and hardness) of the
A356 Al alloy.
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Figure 6. (a) As-cast sample, (b) T5 heat-treated sample [36].

T6 heat treatment is a heat treatment that comprises a solution treatment at ~540 °C,
followed by quenching and artificial aging at a temperature range of ~155-180 °C. Artificial
aging dissolves secondary phases into a supersaturated matrix [37]. Silicon particles are
spheroidized, and fine Mg,5i particles are precipitated for peak strength in the A356
Al alloy [38]. Varied T6 conditions optimize the microstructure, reducing dendritic arm
spacing and refining precipitates to elevate tensile strength to ~310 MPa UTS, hardness
and elongation. These properties are improved in a manner that would be ideal for motor
vehicle components. Despite these gains, persistent casting pores and a coarse, brittle
intermetallic-like Fe-rich phase act as crack initiation sites and are weak links in the overall
microstructure, and compromise the fatigue life of the component [34]. Figure 7 below
compares micrographs of the original cast sample and Té6-treated sample; the original cast
sample has clear dendritic structures, while the T6-treated sample has coarser phases and
prominent pores.

Aziz et al. in 2024 [39] carried out a study where the effects of T5 and T6 were evaluated
on the microstructure and tensile strength. From this study, T6 was the heat treatment
that led to the greatest improvement in tensile strength, both at ambient and elevated
temperature conditions. A similar observation was made in terms of tensile behavior in the
publication by PARTMFG titled “Essential guide to A356 aluminum alloy: Properties, uses,
and benefits”, where T6 was superior to T5 in improving tensile strength. When comparing
the tensile behavior of the alloy in these two different conditions at ambient temperatures,
it had the greatest performance, as tensile behavior is temperature-dependent. At ambient
temperatures, there are more dislocations impeded compared to elevated temperatures,
where there is less blocking of dislocations.
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Figure 7. (a) As-cast sample, (b,c) T6 heat-treated sample [40].
3.4. Hot Isostatic Pressing

Hot isostatic pressing (HIP) is a method employed by metal-producing industries to
improve mechanical properties and the performance of different materials. This is carried
out through a reduction in the micro-voids present in the material and densification of the
metal by applying pressure at ~ 100 MPa and high temperatures ~ 520 °C [41]. These alloys
can be produced through ingot metallurgy routes and additive manufacturing. While
casting routes offer good surface finish and near-net shapes in final products, they also
leave micro-voids, also known as casting defects. To improve the mechanical properties
of these alloys, processes such as HIP are used to eliminate defects, such as micro-voids.
Figure 8 below shows different variants of HIP treatments used by Luca Girellie et al. and
the parameters used in each variant.

(a) HIP (b) HIP+T6 () HPT6
600 600 600
¥ 500 ¥ 500 I ] ¥ 500
@ 400 w 400 | & 400
£ 300 £ 300 £ 300
g 200 é 200 EEi 200
= 100 K 100 ¥ L, 100
0 0 0
0 2 4 6 10 12 14 0 2 4 6 8 10 12 14 0 2 B 6 8 10 12 14
Time [h] Time [h] Time [h]
—— Under pressure Not under pressure ——Under pressure Not under pressure —— Under pressure Not under pressure

Figure 8. Different variants of HIP: (a) HIP treatment; (b) HIP followed by T6 treatment; (c) HIP
combined with T6 [42].

A substantial body of work shows that HIP significantly reduces pore sizes, area frac-
tion and volume fraction of pores in A356 Al and Al-Si-Mg cast alloys. A study by Dinesh
reported a reduction in pore dimension from ~67 um to ~18 um, with a corresponding
decrease in volume fraction and density of the pores [43-46]. Figure 9 below shows the
presence of pores in HIP and non-HIP conditions, showing a significant reduction in pores.
Yi et al. conducted a study and observed that the density of the pores was reduced to
0.5 mm? from 1.2 mm? in HIP and non-HIP conditions of the A356 Al alloy [44]. Further
investigations report marked reductions in porosity metrics and improved consistency of
mechanical properties after HIP. However, HIP should be viewed as a porosity reduction
and pore healing process rather than a guaranteed defect elimination process. Even in
optimized conditions, a small residual population of pores can remain and, in heavily
oxidized melts, pores can be partially closed.
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Figure 9. (a) Cast sample non-HIP condition, (b) sample in HIP condition [42].

Microstructurally, HIP has a negligible effect on solidification features such as SDAS
and grain sizes in A356 Al. Multiple studies report that SDAS and grain sizes remain
essentially unchanged both in HIP and non-HIP conditions. This observation is consistent
with the mechanism of HIP, which primarily acts on existing entrapped gases, without
significantly altering the solidification structures. Consequently, any resultant yield strength
and hardness are not attributed to Hall-Petch strengthening from grain refinement, as grain
sizes are not modified by HIP treatment. Instead, the improvement in strength, hardness
and fatigue life is predominantly linked to the reduction of stress concentrators in the
alloy. The benefits of HIP are also strongly conditioned by the initial melt quality, as an
oxidized melt cannot be reliably healed by HIP. This underscores that HIP cannot fully
compensate for poor melt quality and excessive oxidation. HIP treatment should be viewed
as a complementary route that amplifies benefits of good foundry practice rather than
substituting for it.

3.5. EBSD Maps of A356 Al Alloy

Electron backscatter diffraction (EBSD) maps are a powerful characterization tool that
provide information on grain size, grain orientation, grain boundaries, crystallographic
texture and local strain. Figure 10 represents the EBSD maps and inverse pole figure
(IPF) along the x direction/build direction (BD). Figure 10a,b is the EBSD map in the
received condition and in the T6 condition, respectively. Figure 10 is populated mainly
by columnar and equiaxed grains in various preferred orientations. In both as-build and
T6 conditions, there is a presence of columnar grains along the preferred [001] orientation
in the build direction [45]. The columnar grains are paired with equiaxed grains; in the
as-build condition, columnar grains prefer the [1 11] orientation compared to T6 condition
that has equiaxed grains without any preferred orientation.

[111]
[001] [011]
™

BDo—I ND

Figure 10. EBSD IPF maps along the build direction, (a) as-build and (b) T6 conditions [45].
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Formation of equiaxed grains can be observed as a result of an enormous thermal gra-
dient and a columnar-to-equiaxed transition (CET) that occurred in front of the columnar
grains, where equiaxed grains develop from columnar grains [46,47]. From the maps, it
can also be observed that there are continuous alternating layers of columnar and equiaxed
grains, confirming a further CET. The formation of equiaxed grains forms more grain
boundaries, which increases hardness and strength grain boundaries, limiting the dislo-
cation motion, consistent with the Hall-Petch relationship. Changes in grain orientation
and texture from the as-cast to T6 condition influence the alloy’s anisotropy, meaning that
the response of mechanical properties such as strength, ductility and stiffness may vary
with the loading direction [48]. Furthermore, the evolution of grain orientation affects
dislocation activity and contributes to the overall strength—ductility response of the alloy.

3.6. Highlights of the Key Effects on Microstructure and Mechanical Properties

Heat treatments have proven to be one of the widely used post-casting techniques used
to improve microstructure and mechanical properties of the alloys [24]. These techniques
mainly address the size of the grains, shape of the grains, and the arrangement of the
grain boundaries in the microstructure of the alloy [49]. Overall, the microstructure will
be altered, and the effect of the heat-treatment technique will be evaluated by comparing
the before-and-after microstructures of the alloy. Effects of the heat treatment on the
mechanical properties are also evaluated in the same way by comparing the before-and-
after performance of the alloy when tested for specific mechanical properties.

The present study reviews different post-casting heat treatments and the improve-
ments they had in the underlying microstructure and mechanical properties. Table 3 below
compares the principal microstructural effects of four processing techniques. The table fur-
ther highlights that they strengthen the alloy differently and they use different mechanisms
for strengthening.

Table 3. Effects of different processing routes on the microstructure and mechanical properties of
A356 Al alloy.

Main Microstructural

Processing Routes Processing Parameters Change Governing Mechanism  Property Implication
- . oAl matrix dominates Limited diffusion Improves ductility by
Aging (T5) Artificial aging at the microstructure during aging of limiting coarse
sng 540 °C for 2 h. while eutectic Si eutect%c §1 & rain %ow th
coarsens [25,36,37]. ’ & & ’
Solution treatment at Eutectic Si dissolves
540 °C for 2 h, water ;r;tlitc;cc-.ﬁ?zrirrllatgz;fter Precipitation and Decrease in SDAS gives
Aging (T6) quenched and then recipitates %ecome hardening of Mg,Si rise to hardness and
artificially aged at precip precipitates. UTS improvement.

170 °C for 6 h.

finer after aging
[25,36,37].

Solution heat treatment

Heated to 510 °C for
1,4,6 and 8 h and then
water quenched.

Non-uniform Si
particles are
spheroidized [33-36].

Spheroidization and
fragmentation of Si
particles.

Hardness increases
while corrosion
susceptibility
decreases.

HIP

520 °C at 100 MPa for
2 h.

Pores are reduced from
~67 um to ~18 um,
while SDAS and grain
sizes remain
unchanged
[26,43—-46,49].

High pressure at high
temperature.

Improves mechanical
properties by lowering
porosity instead of
conversional grain
refinement.

https:/ /doi.org/10.3390/cryst16100612


https://doi.org/10.3390/cryst16100612

Crystals 2026, 16, 612

13 0f 18

While heat treatment plays a huge role in improving the mechanical properties of the
A356 Al alloy, the initial composition of the alloy plays a critical role as it also influences the
microstructural evolution, consequently affecting mechanical properties. The processing
parameters of these techniques also come into play. Changes in these parameters result
in different microstructures and consequently the mechanical properties of the A356 Al
alloy [50]. Therefore, a balance of processing parameters is also paramount when evaluating
the effects of the heat-treatment techniques; although the main theme of the review is the
comparison of techniques employed, processing parameters are also worth noting.

Figure 11a,b summarize the variation in mechanical properties of the A356 Al alloy
reported under different heat-treatment conditions. Overall, the figures indicate that post-
casting heat treatment enhances hardness, yield and ultimate tensile strength, with hardness
increasing from 80 HV to 125 HV [28,33,34], YTS from 112 MPa to 291 MPa, and UTS
reaching 316 MPa across the reviewed studies [45,47-50]. Elongation also shows an increase
from 3.9% to 5.6%, with solution-treated samples exhibiting the highest value [47,50-52].
These trends suggest that heat treatment plays an important role in improving the strength
and hardness of A356-based alloys, while its effect on ductility remains comparatively

limited.
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Figure 11. (a) Mechanical properties of A356 Al alloy in the as-cast and post-cast processing conditions.
(b) Elongation of A356 Al alloy in the as-cast and post-cast processing conditions.

However, direct comparison among the studies should be interpreted cautiously, as the
alloys differed in composition, processing route, and baseline microstructure. For instance,
one study reported a Si content of 10.2 wt%, whereas in other studies, compositions of
Si were in the range of 6.5-7 wt%. In addition, one dataset involved laser powder bed
fusion, while the remaining studies considered cast alloys produced by routes such as
investment and sand casting. These differences likely influenced the initial microstructural
state and the measured property response. The comparisons above were only limited
to mechanical properties and not extended to microstructural comparisons, as different
compositions and processing routes can lead to different microstructural structures. The
observed strengthening is consistent with precipitation-hardening behavior, in which
solution treatment and aging promote the formation of Mg,Si precipitates, contributing to
improved hardness and tensile strength.

3.7. Concluding Remarks

In summary, the processing techniques for A356 Al alloy profoundly alter the mi-
crostructure. Investment casting lays the foundation by producing near-net-shape com-
ponents. The microstructure comprises «-Al matrices interspersed with eutectic Si and
inherent casting defects like micro-voids. Solution heat treatment at 525-540 °C promotes
the spheroidization of acicular eutectic Si particles, refines their morphology and produces
a supersaturated solid solution ready for subsequent precipitation hardening. T6 aging
further dissolves secondary phases, reduces dendrite arm spacing (SDAS) and refines
Mg, Si precipitates for enhanced uniformity. T5 aging, by contrast, preserves as-cast eu-
tectic Si while promoting Mg, Si precipitation at grain boundaries, limiting grain growth.
Hot isostatic pressing (HIP) stands out as a critical intervention. It dramatically reduces
pore size from ~67 pm to ~18 um and volume fractions without interfering with SDAS and
grain sizes, as evidenced by studies from Dinesh and Yi et al. [45,46]. This densification
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eliminates pores prevalent in cast alloys, ensuring microstructural integrity. The efficacy
of HIP treatment hinges on the initial cast quality to avoid intermetallic interference. The
effects of these treatments are listed in Table 3, which compares microstructure before and
after the treatments under given conditions and parameters.

HIP’s microstructural advantages are particularly noteworthy in aerospace and auto-
motive applications, where casting defects compromise performance. HIP achieves pore
densities as low as 0.5 mm? from 1.2 mm? without invoking Hall-Petch strengthening via
grain refinement. Unlike heat treatments that actively modify phases, such as solutionizing
diffusional spheroidization or Té's precipitate refinement. HIP acts primarily through
isostatic pressure to collapse internal voids, preserving the underlying dendritic structures
of A356. This approach complements other processes; for instance, combining HIP with
T6 can mitigate porosity-induced limitations in fatigue-prone components like turbine
blades or cylinder heads. Overall, while thermal processes optimize phase distribution
and solute partitioning, HIP uniquely addresses pore elimination, elevating the baseline
microstructure for subsequent enhancements and underscoring its indispensability in
high-integrity castings.

These microstructural refinements translate directly into superior mechanical proper-
ties, although the improvements depend on the alloy composition, casting process used,
initial microstructure and heat-treatment parameters used. Solution heat treatment boosts
Vickers hardness from ~59 HV to over 92 HV via spheroidized silicon phases and Mg,Si
precipitates that impede dislocations. T6 provides much higher yield and tensile strength
and hardness when compared to T5. On the other hand, T5 provides much better elongation
when compared to T6 treatment. HIP amplifies these gains by eliminating casting pores,
yielding an increase in elongation at pressures >100 MPa, as represented in Table 3.

The influence of HIP on mechanical properties is particularly significant for rigor-
ous applications, as it moderately enhances Young’s modulus (78-83 GPa) and hardness.
Though HIP has a significant effect on mechanical properties, heat treatments are syner-
gized to balance strength—ductility trade-offs, evident in elongation jumps from 3.7% to
7% or higher when combined with T6-like processes [44—49]. Studies confirm that HIP
reduces pore-induced degradation in tensile and fatigue performance by reducing stress
concentrators and crack initiation sites in the alloy far beyond thermal routes alone. The
improvements in mechanical properties and values presented should be regarded as study-
specific rather than universal values, as different processing techniques and parameters
can completely change these values and resultant properties.

4. Conclusions

The A356 Al alloy continues to be an important cast alloy, as its properties can be
tailored through thermal processing and microstructural control. Heat treatments are partic-
ularly beneficial in refining eutectic Si particles and promoting the precipitation formation
of Mg,Si. HIP treatments are beneficial mainly in reducing pores. These mechanisms collec-
tively enhance hardness, strength and ductility. As much as these treatments are effective in
improving properties, initial alloy composition and cast quality affect the efficacy of these
treatments. However, the literature remains limited in addressing strategies that prevent
defect formation at the processing stage and optimize HIP + T6 processing parameters
for improved elongation without major loss of strength. Future research should therefore
focus on process optimization aimed at achieving improved strength-ductility synergy
in the A356 Al alloy subjected to HIP + T6 treatment while minimizing the formation of
casting defects.
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