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Abstract
The transition toward sustainable automotive manufacturing has intensified interest
in using recycled materials without compromising mechanical performance. This
thesis investigates the feasibility of applying secondary aluminum alloys in high-
pressure die casting (HPDC), specifically within the megacasting process for large
structural components. Four alloy batches were analyzed: one primary aluminum
used as the reference (A4), one secondary aluminum with similar chemical composi-
tion (B1), and two secondary aluminum variants with different levels of Fe, Cu, Zn,
and V (B2–B3). Mechanical performance was evaluated through tensile, three-point
bending, and hardness testing, while microstructural analysis, including optical mi-
croscopy, metallography, SEM, and X-ray was used to identify shrinkage, porosity,
and intermetallic phases.

The results show that recycled aluminum with up to 90% secondary content (B1) can
achieve comparable mechanical properties to primary aluminum (A4) when chemical
composition remains unchanged. Batches with higher Fe content (B2, B3) exhibited
increased yield strength due to solid solution and precipitation strengthening but
showed reduced ductility and bending toughness, particularly in regions with greater
shrinkage. Comparing the results with historical trials can separate the impact of
cast processing and raw material. Microstructural analysis confirmed that casting
position influences defect formation and performance. In HPDC, areas farther from
the ingate (e.g. F3) generally experience longer flow paths and therefore tend to
form more shrinkage and intermetallic phases. Building on this context, this work
demonstrates that, with optimized chemistry and process parameters, secondary
aluminum alloys can achieve mechanical performance compared with primary alloys,
thereby offering a sustainable megacasting solution for the automotive industry.

High-pressure die casting (HPDC); Secondary aluminum; Megacasting; Mechanical
performance; Microstructure; Sustainability; Automotive manufacturing
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1
Introduction

1.1 Background

The automotive industry is undergoing a transformative shift towards sustainable
manufacturing practices. It is mainly driven by the need to reduce greenhouse gas
emissions and carbon footprint and finally achieve carbon neutrality. Though based
on the report from ACEA [1], the CO2 emissions per car produced dropped 7.4%
from 2005 to 2022 in the EU, that is still not enough. Around the world, govern-
ments and regulatory bodies have been implementing policies and regulations aimed
at reducing emissions in the automotive industry. In the United States, the Biden
administration announced new emissions standards for heavy-duty vehicles [2] de-
signed to substantially decrease greenhouse gas emissions. Similarly, the European
Union also took ambitious steps to reduce emissions in the automotive sector. Au-
tomakers need to reduce 55% CO2 emission for new cars and 50% for new vans from
2030 to 2034 compared to 2021 levels [3]. As a global manufacturer, Volvo Cars is
compelled to innovate in materials and processes to align with these targets.

Large-scale high-pressure die casting (HPDC) methods, such as gigacasting, which
pioneered by Tesla, represent a major shift in production strategy, improving both
efficiency and cost-effectiveness Tesla reported [4] a 40% cost reduction for the rear
underbody of the Model Y by utilizing gigacasting, which replaced around 400 com-
ponents with a single casting module. This approach also removed hundreds of
robots from the assembly shop, then decreased production costs further. Following
this trend, many automotive OEMs and suppliers are adopting similar technologies
to integrate components, minimize welding and assembly operations, and signifi-
cantly reduce cycle hours and production cost [5]. The cost reductions claimed by
different companies were quite different, and it is hard to compare since they have
different approach. However, there is no doubt that megacasting can save the cost
significantly.

Megacasting also cuts energy requirements and lowers the overall carbon footprint.
The process allows for the integration and replacement of around 100 components
into a single part, significantly decreasing emissions from welding and logistics. In
addition to efficiency gains, this method aligns with broader corporate sustainability
and environmental responsibility goals.
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1. Introduction

Aluminum, especially as a lightweight structural material, plays a key role in en-
abling these benefits. It offers substantial weight reduction, improving fuel efficiency
and reducing emissions during vehicle operation. However, producing primary alu-
minum is highly energy-intensive. Using recycled aluminum provides a more sus-
tainable alternative, although it introduces technical challenges such as impurity
control and consistency in alloy performance. Volvo reports that its megacasting
project is helping the company achieve its sustainability goals of carbon neutrality
by 2040, because it reduces the environmental footprint across production, allows
for a high recycling content, and is made from a single alloy. The weight reduction,
especially, since it replaced steel stampings, also helps to reduce the car’s energy
consumption during its use phase [6].

Despite these advantages, the increasing use of recycled aluminum also presents ma-
terial sourcing challenges. The availability of clean, high-quality scrap suitable for
structural applications remains limited, which may constrain large-scale adoption.
At the same time, the scrap pool is expanding to include a broader range of trace
elements such as iron (Fe), copper (Cu), and zinc (Zn), increasing the choices of raw
materials. As a result, further research is needed to evaluate how these composi-
tional variations affect mechanical behavior, defect formation, and casting integrity,
particularly in demanding applications like megacasting.

1.2 Purpose
This thesis aims to investigate the mechanical performance and microstructural
characteristics of secondary aluminum alloys used in megacasting applications. Me-
chanical performance is evaluated through tensile testing, three-point bending, and
hardness testing. The focus is on understanding how varying levels of secondary
aluminum content, particularly the presence of elements such as Fe, Cu, Zn, and V,
influence mechanical behavior. The performance of these alloys is then compared
to that of primary aluminum to assess any significant differences. Additionally, mi-
crostructural analysis, especially regarding intermetallic phases and shrinkages, is
carried out to explore correlations between material performance and casting-related
defects, with the goal of identifying whether such trends are primarily influenced by
alloy composition or processing conditions.

The findings from this research aim to support broader implementation of secondary
aluminum alloys in megacasting, contributing to sustainability objectives in the
automotive industry.

1.3 Limitations
The thesis aims to finish in 20 weeks, therefore the scope of the project also requires
clear limitations.

1. The material tests we can take are based on the resource from Volvo
Cars and Chalmers.

2



1. Introduction

The material tests will mainly be done at Volvo Cars considering the data
security. External resource may be considered if some necessary tests cannot
be done at the local company.

2. The objectives are to increase the content of recycled aluminum in
the megacasting, and to investigate how different element compo-
sition effect the mechanical performance and microstructure of the
alloy.
Focusing the research and material testing on the combination of materials
and the composition of different elements that are used in the megacasting.
Increasing the use of secondary aluminum alloys means lower energy con-
sumptions of producing raw material and lower carbon footprint. And looser
requirements of the chemical composition means more choices in raw material
selections.

3
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2
Theory

This chapter summarizes the key theoretical concepts and literature necessary to
understand the megacasting process and the use of secondary aluminum alloys.

2.1 Al-Si alloy

2.1.1 Al–Si phase diagram and microstructural formation
The Al–Si alloy system is a typical binary eutectic system, characterized by a eutectic
point at approximately 12.6 wt.% Si and a temperature of 577 °C [7]. According
to this phase diagram, alloys containing less than 12.6 wt.% silicon are classified as
hypoeutectic alloys, wherein primary α-Al dendrites solidify first, followed by the
formation of eutectic Al-Si. Conversely, hypereutectic alloys (>12.6 wt.% Si) first
precipitate primary silicon particles before eutectic formation.

The Al–Si7 alloy investigated in this study is a hypoeutectic alloy, thus its mi-
crostructure typically comprises primary α-Al dendrites embedded in a eutectic
mixture of α-Al and eutectic upon solidification.

2.1.2 Microstructural characteristics in Al-Si7 alloy
During megacasting, the rapid solidification typical of HPDC leads to significant
microstructural refinement. The Al–Si7 alloy primarily consists of α-Al dendrites
and eutectic, along with intermetallic phases and casting-related defects such as
porosity and oxides.

The primary α-Al dendrites appear as bright, branched structures under microscopy.
Their refinement enhances mechanical properties, particularly tensile strength and
ductility. In unmodified conditions, eutectic typically forms coarse, needle-like or
plate-like structures. However, chemical modification can transform these into finer,
more rounded morphologies, significantly improving ductility and toughness.

Common intermetallic phases include α-Al(FeMn)Si and Chinese-script π-AlFeMgSi.
The α-Al(FeMn)Si phase usually appears in a blocky morphology, in contrast to the
needle-like β-AlFeSi phase, which is known to severely impair ductility and fracture
resistance [8]. The addition of Mn promotes the transformation of the harmful β

5



2. Theory

Figure 2.1: The Al-Si phase diagram

phase into the more benign α phase, while Cr can further stabilize it and improve
thermal resistance. However, even the α-Al(FeMn)Si phase can negatively impact
the balance between strength and ductility in Al–Si alloys [9].

Figure 2.2: The morphology of α-Al dendrites, eutectic Si, and intermetallic

Casting defects such as oxides, gas porosity and shrinkage significantly degrade me-
chanical performance. Porosity usually forms due to gas precipitation or inadequate
feeding during solidification, reducing tensile strength and elongation. Shrinkage
porosity, caused by insufficient liquid metal compensation during cooling, similarly
reduces mechanical reliability and fatigue resistance [10].

Morphologically, α-Al dendrites appear as coarse, tree-like structures and serve as

6



2. Theory

Figure 2.3: The morphology of a shrinkage pore

the backbone of the alloy’s microstructure. Their size and morphology are influenced
by cooling rate, alloy composition, and the presence of grain refiners, with slower
cooling resulting in larger, less refined dendrites. Pre-solidification α-Al dendrites
may also form during the Al-Si7 alloy casting process, potentially originating in the
shot sleeve before full mold injection. These dendrites precipitate when the melt
temperature falls below the liquidus line of the Al–Si phase diagram but remains
above the eutectic point. They are still classified as primary α-Al dendrites, although
they form earlier and outside the mold cavity.

A finer dendritic structure, typically achieved through rapid solidification processes
like HPDC, contributes to higher tensile strength, better ductility, and improved fa-
tigue resistance. In contrast, coarse and uneven dendrites can cause localized stress
concentrations, promoting crack initiation and reducing mechanical integrity under
tensile and bending loads. A refined dendritic network also enhances interdendritic
feeding, reducing the occurrence of shrinkage and porosity. Therefore, optimizing
the morphology of primary α-Al dendrites is essential for achieving a desirable bal-
ance between strength, ductility, and defect resistance in Al–Si alloys.

The cooling rate during solidification plays a key role in shaping the final microstruc-
ture of Al-Si7 alloys. Slow cooling rates tend to produce coarse α-Al dendrites, large
eutectic plates, and coarse intermetallic compounds, which result in lower strength,
reduced elongation, and diminished toughness. In contrast, rapid cooling—typical
of HPDC and megacasting—leads to refined dendrites, finer eutectic, and smaller in-
termetallic phases. This microstructural refinement improves mechanical properties
by minimizing stress concentration zones, delaying crack initiation, and enhancing
both tensile and bending strength as well as overall toughness.

7



2. Theory

2.1.3 Effect of microstructural features on mechanical test-
ing

A fine primary α-Al dendritic structure contributes significantly to enhanced me-
chanical properties, including ultimate tensile strength (UTS), yield strength (YS),
and elongation. Unmodified eutectic tends to act as a stress concentrator, promoting
early crack initiation and propagation, which reduces overall tensile performance.
However, when modified with elements such as strontium (Sr), the eutectic becomes
finer and more spheroidal, enabling more uniform stress distribution within the ma-
trix and thereby improving tensile strength and ductility.

The presence of α-Al(FeMn)Si intermetallics generally has a negative effect on tensile
properties, although the formation of π-AlFeMgSi phases can partially mitigate this
by reducing embrittlement. Additionally, porosity and shrinkage defects significantly
impair tensile performance. Gas porosity reduces the effective cross-sectional area,
directly lowering UTS, YS, and elongation. Shrinkage cavities act as severe stress
risers, leading to premature fracture and reduced mechanical performance.

In terms of bending behavior, fine α-Al dendrites and modified eutectic enhance
ductility and toughness, improving overall bend performance. Conversely, coarse
eutectic increases brittleness, leading to early fracture under bending loads. Porosity
and shrinkage also compromise bending properties: gas porosity reduces structural
continuity and causes localized stress concentration, while shrinkage cavities weaken
the structure and lower resistance to repeated bending stress.

The β-AlFeSi phase is particularly harmful to mechanical performance. It typically
forms as long, needle-like structures that act as severe stress concentrators, making
the alloy vulnerable to crack initiation under load. These brittle, elongated inter-
metallics can significantly reduce both tensile strength and ductility by facilitating
early fracture. Compared to the more compact and less harmful α-Al(FeMn)Si and
π-AlFeMgSi phases, the β phase contributes more aggressively to embrittlement and
is often associated with poor fracture toughness.

To minimize these effects, techniques such as vacuum-assisted casting, melt de-
gassing, and optimized mold design—including improved gating systems, risers, and
cooling channels—should be employed. These approaches improve interdendritic
feeding and reduce defect formation, leading to enhanced hardness and overall me-
chanical performance of the casting.

2.2 Role of alloying elements in aluminum alloys
Aluminum alloys play a vital role in various industries due to their low density,
high strength-to-weight ratio, and excellent corrosion resistance. However, pure
aluminum is relatively soft and lacks the mechanical strength required for structural
applications. To enhance its performance, alloying elements are added to improve
strength, ductility, wear resistance, and thermal stability, making aluminum suitable
for demanding environments. Common alloying elements include magnesium, sili-

8



2. Theory

con, copper, zinc, manganese, and vanadium, each of which modifies the microstruc-
ture and influences the alloy’s mechanical behavior and environmental performance
[11].

2.2.1 Silicon
Silicon (Si) is a key alloying element in HPDC aluminum alloys. It reduces shrink-
age, improves castability, and enhances yield strength and ultimate tensile strength
(UTS) [12]. Silicon forms an Al–Si eutectic network that contributes to higher
strength, hardness, and wear resistance. Alloys containing 7–12 wt.% Si are com-
mon, as this range promotes the formation of fine eutectic structures, leading to
improved mechanical properties. However, excessive silicon content can increase
brittleness. The morphology of eutectic, particularly its size and shape—is a crit-
ical factor in determining mechanical performance. Fine, well-distributed eutectic
enhances ductility, while coarse, plate-like structures act as stress concentrators and
reduce ductility.

2.2.2 Magnesium
Magnesium (Mg) is a primary strengthening element in cast aluminum alloys, work-
ing Magnesium is a primary strengthening element in cast aluminum alloys and often
works synergistically with copper. Higher Mg content enhances precipitation hard-
ening, but it also promotes the formation of the π-AlFeMgSi intermetallic phase, an
Fe-rich compound that can reduce ductility and embrittle the alloy [13]. To mitigate
this, solution treatment is used to decompose the π phase, allowing more Mg and
Si to dissolve into the aluminum matrix, which in turn enhances the aging response
and mechanical properties [14].

Furui et al. reported that although magnesium has limited effect on peak isothermal
hardness, increasing Mg content from 0.5% to 0.8% in Al–Si alloys significantly
shortens the time required to reach peak hardness [15].

Magnesium also plays a critical role during the paint baking process used in auto-
motive production, where it contributes to increased hardness and strength through
natural or artificial aging.

2.2.3 Zinc
Zinc (Zn) is typically a minor alloying element in aluminum casting alloys, but it
plays a significant role in high-strength applications, especially in aerospace and
structural components. In the Al–Zn–Mg–Cu alloy system, Zn contributes to ex-
ceptional strength through precipitation hardening, making it one of the strongest
aluminum alloy families. However, these alloys are also prone to stress corrosion
cracking, which necessitates careful heat treatment and alloy design adjustments to
improve long-term durability and resistance to environmental degradation [16].
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2.2.4 Copper
Copper (Cu) is a key strengthening element in aluminum alloys, primarily through
precipitation hardening. In Al–7Si–Mg alloys, adding 3–5% Cu has been shown to
significantly improve tensile strength and fatigue resistance [17]–[20]. This makes
Cu-containing aluminum alloys particularly well suited for aerospace and automotive
applications where high mechanical performance is required [21], [22].

However, while Cu enhances strength, it also reduces corrosion resistance and duc-
tility. Intermetallic phase as AlCu2 can act as stress concentrators and promote
brittle fracture. Regarding good corrosion resistance capability, additional protec-
tive measures, such as surface coatings or alloying with corrosion-resistant elements,
are often necessary to ensure long-term durability in harsh environments [23].

2.2.5 Iron
Iron (Fe) is generally considered an impurity in aluminum alloys, but when properly
controlled, it can contribute to increased strength and wear resistance. However,
excessive iron leads to the formation of brittle intermetallic compounds, such as
β-AlFeSi, which severely degrade ductility, toughness, and machinability.

Despite these drawbacks, iron has a positive effect on anti-soldering behavior in high-
pressure die casting, making it beneficial in specific applications. To mitigate its
harmful effects, controlling Fe content during alloy formulation is essential, ensuring
a balance between mechanical performance and castability [24].

2.2.6 Manganese
Manganese (Mn) improves strain hardening and overall strength without compro-
mising ductility or corrosion resistance. It is particularly beneficial in non-heat-
treatable alloys, where it maintains mechanical performance through solid solution
and dispersion strengthening [25]. Mn also contributes to grain refinement, enhanc-
ing toughness and reducing the tendency for hot cracking during welding.

Additionally, manganese improves workability, enabling aluminum alloys to be formed
into complex shapes while retaining structural integrity [11]. It also reduces the
harmful effects of excess iron by forming Fe–Mn intermetallic compounds, often re-
ferred to as “sludge particles”, which are less detrimental to ductility and mechanical
stability than iron-rich β-phases.

2.2.7 Vanadium
Vanadium (V) is a less commonly used but valuable alloying element in aluminum
alloys. It promotes grain refinement, leading to improved strength, toughness, and
wear resistance. By reducing grain size, vanadium enhances fatigue performance
and helps resist crack propagation under cyclic loading.

Vanadium also improves thermal stability, making it particularly suitable for high-
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temperature applications such as aerospace structures and automotive engine com-
ponents. However, due to its higher cost and specialized function, vanadium is not
as widely used as other more common alloying elements.

2.2.8 Strontium
Strontium (Sr) is widely used as a modifier for eutectic in aluminum casting alloys.
When added in small amounts, Sr transforms coarse, plate-like eutectic into fine,
fibrous morphologies, which significantly enhances ductility, toughness, and fatigue
resistance. With 50 to 250 ppm of Sr, eutectic grains nucleate more uniformly within
the intergranular regions, resulting in a well-modified microstructure with improved
mechanical behavior [26].

This refined morphology helps distribute stress more evenly, delaying crack initiation
and propagation. As a result, aluminum alloys modified with strontium demonstrate
superior impact toughness and mechanical reliability, particularly under dynamic or
crash-load conditions.

2.3 Aluminum alloys usage in automotive indus-
try

Numerous studies, especially from Research & Consulting [27], have shown that the
use of aluminum in vehicles has steadily increased over the past decades, reaching
over 180 kg per vehicle in Europe. Different types of aluminum alloys are used in
various automotive components, depending on their required strength, formability,
and other material properties.

Aluminum is the third most abundant element in the world, making up 8.23%,
following oxygen at 46.10% and silicon at 28.20%. Since the automotive industry
has begun to design vehicles that use less fuel and energy to reduce carbon footprint,
aluminum alloys are one of the ideal materials that meet the demand for weight
reduction with their characteristic properties such as high strength, good formability,
excellent corrosion resistance and good potential in recycling [28].

Aluminum alloys are broadly categorized into wrought and casting alloys. Each
group is designated by a four-digit code, indicating the main alloying elements and
purity level. For wrought aluminum alloys, the first digit indicates the main alloying
element or alloy group, while subsequent digits identify specific alloy compositions.
For casting aluminum alloys, the designation similarly indicates the primary alloying
elements and alloy composition, with a decimal point distinguishing cast forms.
Examples of alloy designations and their interpretations are presented in Table 2.1.

Wrought aluminum alloys are produced through mechanical processes such as rolling,
extrusion, or forging, which refine the grain structure and lead to enhanced mechan-
ical properties and higher ductility. In contrast, cast aluminum alloys are made by
pouring molten metal into molds, a process that is more cost-effective for complex
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Alloy Type Designation Series Primary Alloying Element
Wrought Alloys 1xxx ≥99% Pure Aluminum

2xxx Copper (Cu)
3xxx Manganese (Mn)
4xxx Silicon (Si)
5xxx Magnesium (Mg)
6xxx Magnesium (Mg) and Silicon (Si)
7xxx Zinc (Zn)
8xxx Other elements (e.g., Li, Sn)

Casting Alloys 1xx.x ≥99% Pure Aluminum
2xx.x Copper (Cu)
3xx.x Silicon (Si) with Cu and/or Mg
4xx.x Silicon (Si) without Cu
5xx.x Magnesium (Mg)
7xx.x Zinc (Zn)

Table 2.1: Aluminum alloy designation system [29]

geometries but often results in higher porosity and lower ductility than wrought
alloys [13].

One of the key distinctions between these two groups lies in their mechanical perfor-
mance. Wrought alloys typically exhibit superior tensile strength and ductility due
to grain refinement through plastic deformation. Cast alloys, while generally having
lower mechanical strength, offer excellent corrosion and wear resistance. Wrought
alloys can be strengthened through work hardening and heat treatment, whereas
cast alloys are usually strengthened via alloying additions, such as silicon, copper,
and magnesium [30].

The choice between wrought and cast alloys depends on the application. Wrought
alloys are preferred for high-strength structural components, such as aircraft frames
and performance-critical parts. Cast alloys are more suitable for engine blocks,
transmission housings, and other components requiring complex shapes and good
dimensional stability.

Consumers and manufacturers alike recognize the importance of vehicle lightweight-
ing to reduce CO2 emissions, but without sacrificing internal volume or payload.
This makes body panel weight reduction particularly effective, prompting rapid de-
velopment of aluminum sheets for external body components [31].

More automakers are shifting toward aluminum alloys to meet efficiency and envi-
ronmental goals. While aluminum remains more expensive than traditional steel, it
supports compliance with increasingly strict fuel economy and emissions regulations
while maintaining structural performance and safety. Ongoing research continues to
improve aluminum alloy formulations, making them even more suitable for modern
automotive design. By 2030, the total aluminum usage per vehicle—including cast,
extruded, and sheet products—is projected to reach approximately 256 kg per car
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[32].

2.4 Key properties of a body structure part in
automotive applications

The rear floor is a critical structural component located in the lower chassis area of
a vehicle. It plays a vital role in supporting loads, protecting internal components,
and distributing crash energy during collisions to ensure passenger safety. Therefore,
manufacturing this part by a new method, such as megacasting, needs to focus on
the following key properties to ensure vehicle safety.

Figure 2.4: Early prototype design of a rear floor casting

2.4.1 Tensile yield strength, ultimate tensile strength & Young’s
modulus

Yield strength (YS) refers to the stress level at which a material begins to deform
plastically, marking the point beyond which permanent deformation occurs. In the
context of a vehicle’s rear floor, this property is essential, as the component must
support both static loads—such as the weight of passengers and cargo—and dy-
namic forces from road irregularities, vibrations, and driving maneuvers. A high
yield strength ensures that the structure maintains alignment and functionality un-
der these conditions, thereby preventing permanent distortion over the vehicle’s
operational lifespan.

Ultimate tensile strength (UTS), on the other hand, represents the maximum stress a
material can withstand before fracturing. While yield strength governs performance
under typical service conditions, UTS is critical during extreme events, such as
collisions. In such scenarios, the rear floor must absorb and redistribute sudden
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impact forces without fracturing. A high UTS enhances the crashworthiness of the
vehicle and contributes directly to occupant protection by resisting catastrophic
failure.

Young’s modulus (E) describes the material’s elastic stiffness, defining the ratio of
stress to elastic strain in the linear region of the stress–strain curve. A high Young’s
modulus ensures minimal elastic deformation under load, helping the rear floor to
maintain precise geometric stability and resist vibration or deflection that could
impair fit or ride comfort.

Together, YS, UTS and Young’s modulus provide a comprehensive picture of a ma-
terial’s load-bearing capacity. YS ensures long-term durability under daily use, UTS
ensures safety and resilience under extraordinary conditions, and Young’s modulus
ensures that the component remains stiff and stable under elastic loads. These
three properties are therefore fundamental to the design of structurally reliable and
crash-resistant rear floor components in modern automotive applications.

Figure 2.5: Stress-strain curve

2.4.2 Bend ductility
Bend ductility describes a material’s ability to undergo plastic deformation during
bending without cracking or fracturing. For the rear floor of a vehicle, this property
is especially important due to the complex shapes and curvatures often required in
its design. During manufacturing, the component must endure bending, shaping
operations, and post-processing adjustments after high-pressure die castin , without
developing surface cracks or internal defects. Insufficient bend ductility can lead to
manufacturing defects or early-life failures, reducing overall structural integrity.

Beyond production, bend ductility plays a critical role in in-service performance.
The rear floor is continuously subjected to torsional loads, uneven force distributions,
and road-induced stresses—particularly under off-road or high-load conditions [33].
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A material with high bend ductility can absorb and redistribute these loads without
fracturing, helping maintain the vehicle’s structural stability and passenger safety.

As such, bend ductility is a key parameter in achieving both manufacturability
and operational durability, ensuring that the rear floor performs reliably across the
vehicle’s lifecycle.

Figure 2.6: Distribution of bending moment

2.4.3 Hardness
Hardness measures a material’s ability to resist deformation, indentation, or abra-
sion. For the rear floor, which is positioned on the underside of the vehicle, this
property is particularly important due to frequent exposure to road debris, gravel,
and other mechanical impacts. A higher hardness ensures that the surface remains
intact under repeated contact, reducing the likelihood of dents, scratches, or surface
fatigue that could compromise performance or appearance.

Hardness also contributes to durability by improving resistance to wear and localized
damage, extending the service life of the component. For example, structual HPDC
alloys with Brinell hardness values ranging from 80 to 120 HB are commonly used in
automotive structural applications, offering a balance between wear resistance and
ease of manufacturing [34].

By preserving surface integrity, a high level of hardness reduces the need for frequent
maintenance or replacement, ultimately enhancing the vehicle’s reliability and cost-
effectiveness over time.

2.4.4 Fatigue resistance
Fatigue resistance refers to a material’s ability to withstand repeated cyclic loading
without developing cracks or failing over time. This property is especially critical for
the body structure of a vehicle, which is continuously exposed to dynamic forces such
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as road vibrations, engine oscillations, and shifting loads from passengers or cargo.
These forces create millions of stress cycles throughout the vehicle’s operational life,
making fatigue resistance essential for long-term reliability.

Fatigue failures often initiate at stress concentrators, such as inner corners, edges,
or welded joints, where localized stresses exceed the material’s fatigue limit. In
rear floor applications, adequate fatigue resistance helps prevent crack formation
and propagation, preserving the integrity of the component under both normal and
extreme driving conditions.

High fatigue resistance also supports lightweighting strategies, allowing for thinner
structural sections without sacrificing performance. By ensuring that these thinner
parts still meet durability requirements, fatigue-resistant materials contribute to
more efficient and sustainable vehicle designs.

2.4.5 Corrosion resistance

Corrosion resistance describes a material’s ability to withstand chemical or electro-
chemical reactions caused by environmental exposure, such as moisture, salts, and
pollutants. This property is essential for the rear floor, which is part of the vehi-
cle’s underbody and frequently exposed to road salt, rainwater, mud, and debris.
Without adequate corrosion resistance, materials can deteriorate over time, leading
to reduced structural integrity, safety risks, and increased maintenance costs.

Aluminum alloys commonly used in automotive applications form a protective alu-
minum oxide layer on their surface, which naturally resists corrosion. In addition,
OEMs often apply protective coatings or paint layers to further shield the material
from aggressive environments. However, impurities, casting defects, or mechani-
cal damage can disrupt this passivation layer, making the material susceptible to
localized corrosion such as pitting.

Modern aluminum alloys are engineered with low impurity levels and optimized
alloying elements to enhance corrosion performance [35]. Ensuring high corrosion
resistance not only extends the component’s service life but also contributes to the
overall sustainability and long-term reliability of the vehicle, particularly in regions
with harsh weather or heavy road salt usage.

Due to limitations in experimental resources, testing time, and sample availabil-
ity, this thesis focuses on evaluating the materials’ yield strength, ultimate tensile
strength (UTS), bend ductility, and hardness. The assessment of fatigue and corro-
sion resistance will be conducted separately by other research colleagues, and their
results will be used to complement the findings of this study.
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2.5 Challenges in using recycled aluminum for struc-
tural castings

From both a cost-efficiency and sustainability perspective, aluminum is one of the
most economical and strategically valuable materials in automotive manufacturing.
With increasing pressure on the industry to achieve carbon neutrality and environ-
mental responsibility, manufacturers are transitioning toward lightweight materials
such as aluminum to reduce emissions and energy consumption. Traditionally, body
structures have been produced using steel, valued for its mechanical strength and
low cost. However, cast aluminum has gained prominence in recent years due to its
excellent machinability, formability, and corrosion resistance [36]. With a density
roughly one-third that of steel, aluminum can offer substantial weight reduction,
contributing directly to improved fuel economy and reduced CO2 emissions [37].

Despite these advantages, the primary production of aluminum—particularly through
bauxite mining and electrolysis—is extremely energy-intensive. The process begins
with extracting alumina from bauxite using the Bayer process, after which it is
refined into primary aluminum through electrolytic reduction. This transformation
consumes a considerable amount of electricity, with a rough ratio of 2 tons of alumina
required to produce 1 ton of aluminum [38].

Figure 2.7: Illustration of the aluminum life cycle

Modaresi and Müller developed a dynamic model to assess aluminum flows in au-
tomobiles worldwide, estimating that up to 56% of the mass of cast alloys could be
composed of scrap (assuming 70% of cast alloys are secondary, and these contain
up to 95% recycled content) [39]. This finding highlights the immense potential for
energy and emissions savings, as producing secondary aluminum requires only about
5% of the energy needed for primary production [40].

Unlike many materials, aluminum can be recycled indefinitely without degrading
its core properties, making it uniquely valuable in the circular economy. In the
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automotive sector, scrap aluminum retains high market value. According to the
International Aluminium Institute [41], producing 1 ton of primary aluminum re-
quires around 14 MWh of electricity, generating up to 12 tons of CO2 emissions,
and compared with steel, it can emit over 1.2 tons during production.

Although recycling aluminum requires only a small fraction of the energy needed
for primary production, it often introduces elevated levels of impurities and residual
alloying elements, which can compromise mechanical properties. Scrap aluminum
frequently contains trace amounts of iron (Fe), silicon (Si), copper (Cu), zinc (Zn),
and other elements from previous applications. These contaminants can lead to
increased porosity, reduced ductility, and lower overall performance in structural
components [42].

To address this, several strategies have been explored in the industry. One approach
is to dilute secondary aluminum with primary aluminum, thereby lowering impurity
levels. While this method can be effective in meeting compositional requirements, it
limits the potential to maximize recycled content. Another strategy involves down-
cycling, where recycled alloys with higher contamination are used in less demanding
applications. However, this often results in economic inefficiencies and reduces the
long-term value of recycled material [43].

A more technically robust solution lies in advanced refining and filtration techniques.
As highlighted by Padamata, the aluminum recovery process typically includes both
physical separation and chemical refining [44]. Physical separation methods—such
as magnetic separation, air classification, eddy current sorting, sink-float separation,
and color sorting—are used to remove unwanted inclusions based on material prop-
erties. These are then followed by refining processes, including the Hoopes process,
flux treatments, and gas fluxing, which serve to remove dissolved impurities and im-
prove alloy purity. Among these options, filtration and refining are considered the
most critical for enabling high-performance applications using secondary aluminum.

Aluminum scrap availability is increasing globally, driven by rising consumption
across industries such as transportation, construction, and packaging. One of alu-
minum’s unique advantages is that it can be recycled indefinitely without degrading
its inherent properties, making it a cornerstone material in the circular economy.
According to the International Aluminium Institute (IAI), more than 75% of all
aluminum ever produced is still in use today, underscoring its long-term value and
sustainability potential [41].

The automotive industry is a major contributor to scrap aluminum generation. End-
of-life vehicles (ELVs) serve as a rich source of recyclable material, while production
scrap—generated during stamping, trimming, and machining—offers a consistent
stream of high-quality, clean aluminum. This supply is expected to grow further
with the increased adoption of lightweight vehicle designs and electric vehicles (EVs),
both of which require greater aluminum content per unit compared to traditional
internal combustion engine vehicles.
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Market forecasts suggest that the demand for secondary aluminum will outpace that
of primary aluminum in the coming decades. According to Spherical Insights, the
recycled aluminum market is expected to grow at a compound annual growth rate
(CAGR) of 8.16% between 2021 and 2030, rising from USD 5.6 billion to USD 25.12
billion [45]. Europe and North America, supported by well-established recycling
infrastructures, are projected to lead this transition, while emerging economies are
rapidly investing in scrap collection and processing technologies to follow suit.

In summary, the outlook for aluminum scrap availability is highly promising, of-
fering tremendous potential to reduce energy consumption and carbon emissions in
aluminum production. However, the key to unlocking this potential lies in main-
taining alloy quality through better scrap management, advanced refining methods,
and thoughtful alloy design. These elements are essential for expanding the use of
recycled aluminum in demanding applications such as megacasting for automotive
structures.

2.6 High-pressure die casting

High-pressure die casting (HPDC) is a mature and widely adopted metal forming
technology. It was developed over a century ago and was originally used primarily
for zinc [46]. Today, HPDC is well suited for high-volume production and is em-
ployed in various industries, with approximately 50% of global light metal castings
produced using this method [47]. Until the late 1990s, HPDC was typically used
for simple castings with secondary alloys and was not regarded as a sophisticated
manufacturing technique. However, as the automotive industry evolved and new
vehicle models demanded more complex parts, engineers advanced HPDC into a
higher-quality process that enabled heat treatment, welding, and improved ductility
and strength.

A simultaneous trend in casting is the push for larger components with reduced
weight, which requires lower wall thickness and more complex geometry. The com-
plexity of a part is determined by its weight, size, geometry, and ability to resist
deformation [46]. As a result, HPDC is now capable of producing complex automo-
tive components that meet modern structural requirements.

Megacasting is an evolution of HPDC that enables the casting of large aluminum
components, such as entire vehicle underbodies. It follows the same HPDC principles
but at an unprecedented scale, requiring massive die-casting machines—often with
more than 6,000 tons of clamping force—and advanced control over material flow
and thermal behavior.

When aluminum is used as the raw material, cold-chamber die casting machines
are typically employed. In this setup, the metal injection system only comes into
contact with molten aluminum for a short period. A furnace maintains the molten
metal at a stable temperature before transferring it to the shot sleeve for each cycle.
The HPDC process involves multiple steps, including die lubrication and cooling,

19



2. Theory

mold closing and opening, and metal injection.

The main steps of the HPDC production process are shown in Figure 2.8.

Figure 2.8: The general process of HPDC

2.6.1 Mold and die preparation
The HPDC process begins with the design and fabrication of large-scale molds and
dies. These components must be engineered with high precision and durability
to withstand extreme temperatures and pressures. The dies are typically made
from high-grade tool steel and are coated with specialized materials to extend their
service life and withstand the repeated high-pressure injection of molten aluminum.
Integrated cooling channels are designed into the dies to regulate temperature and
promote uniform solidification.

2.6.2 Molten aluminum preparation and injection
Once the mold is properly prepared, molten aluminum is injected into the cavity.
The molten aluminum must be kept at the optimal temperature, typically around
660–720 °C, to maintain fluidity while minimizing oxidation. Before injection, the
molten metal is treated using degassing and filtration techniques to eliminate impu-
rities and enhance the final casting quality [48].

The injection process in HPDC typically consists of three phases. In the initial
phase, the plunger moves slowly through the shot sleeve to avoid air entrapment.
During this stage, cavity pressure remains low. In the second phase, the plunger
velocity gradually increases, and the refined molten aluminum is injected rapidly into
the mold cavity at high speed and pressure, with metal velocities reaching 30–60
m/s [49], [50]. This ensures the mold cavity is completely filled within a short time,
forming detailed features while minimizing porosity. The cavity pressure begins to
rise as filling progresses. In the final phase, injection pressure can reach 200–400
bar, which is crucial to ensure complete filling and enhance structural integrity of
large-scale components. This step is especially important for reducing shrinkage
porosity and improving the mechanical properties of the casting. Given the large
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size of megacast parts, precise control of thermal gradients and solidification rates
is essential to prevent warping and internal defects [48].

Figure 2.9: Three phases of the shot curve in HPDC

2.6.3 Solidification, cooling and ejection
After injection, the molten aluminum begins to solidify within the mold. The cooling
process must be precisely controlled to minimize thermal stresses and reduce the for-
mation of shrinkage defects. Vacuum-assisted casting is often employed to decrease
gas porosity and improve the mechanical performance of the casting. Additionally,
multi-zone cooling systems integrated into the die help maintain uniform tempera-
ture distribution, resulting in more consistent mechanical properties throughout the
component.

Immediately after the part is ejected from the mold, water quenching is applied to
accelerate solidification. This rapid cooling creates a finer microstructure and helps
suppress the formation of coarse intermetallic phases, thereby enhancing mechanical
strength—particularly in heat-treatable alloys. However, quenching must be care-
fully timed and controlled to avoid distortion and residual stresses caused by uneven
temperature gradients.

Once solidification is complete, the casting is ejected from the mold. Most molds
are equipped with ejector pins that automatically release the casting, ensuring a
smooth and efficient transition to subsequent processing steps [51].

2.6.4 Trimming, deburring, and surface machining
After casting, excess material—including flash and feeder residues—must be re-
moved through trimming and deburring. These processes involve robotic cutting,
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laser trimming, and CNC milling, which ensure the component meets precise dimen-
sional and surface finish requirements. Machining is also required to create critical
features such as mounting points, threaded holes, and fine tolerances that cannot
be achieved during casting alone.

To improve precision and consistency, automated robotic arms equipped with milling
tools are commonly used, reducing the need for manual labor and increasing pro-
duction efficiency [48]. This step is essential to meet the stringent specifications of
structural automotive components and to prepare the casting for any subsequent
surface treatment or assembly.

2.6.5 Heat treatment and strengthening
Heat treatment is a critical step in the HPDC process, as it enhances the me-
chanical properties of aluminum alloys by improving strength, ductility, and fatigue
resistance. Without proper heat treatment, components may lack the structural
integrity required for demanding applications such as automotive body frames.

Here are several ways of heat treatment introduced in Figure 2.10, each of them can
achieve specific mechanical properties.

Figure 2.10: Different ways of heat treatment

The most common method for aluminum components is T6 treatment and T7 for
body parts. The aluminum casting is first heated at a very high temperature, typi-
cally 480-540 °C for about 6 hours by solution annealing. Solution heating can fully
dissolve alloying elements into the aluminum matrix to form a supersaturated solid
solution, and it is critical for distortion of large and thin castings. Then the casting
need to be rapidly quenched in a water or other liquid at a temperature to lock
the solution annealed structure. The quenching process often causes distortion and
stresses in parts. This is because of the extreme temperature differentials between
the heated casting and the quench cooling solution.
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The casting is finally hot aged in a furnace, where it is heated to around 180 °C for
about 6 hours. For T6, natural cooling follows this stage, resulting in a harder alu-
minum with improved resistance to deformation under high loads [52]. In contrast,
the T7 treatment uses extended aging and slower cooling, a process known as over-
aging, which produces a more dimensionally stable material with lower strength. In
some cases, a straightening process is required after quenching to restore dimensional
accuracy.

Another approach is T5, which is also an artificial heat treatment aging process.
It usually carried out at temperatures between 150-200 °C. The slower thermal
exposure, usually around 12 hours, stabilizes the microstructure and relieves residual
stress. While T5-treated components do not achieve the same strength as those
treated with T6, they exhibit less distortion and are often easier to machine [53].

Due to cost, cycle time and sustainablity reasons the megacasting parts are prefer-
ably not heat treated. The body paint process in automotive manufacturing involves
a series of heating steps that can indirectly act similar to a T5 heat treatment for
aluminum components. After casting, the aluminum parts typically go through
cleaning and pre-treatment before entering the paint shop. The key steps include
the electrodeposition coating baking, primer baking, middle and top coating baking.
Each of these steps involves heating the car body to high temperatures. For instance,
the body is typically held at 170-180 °C for around half an hour. Then primer baking
often follows at 160-180 °C for around half an hour, and finally, top coating baking
is done at 140-160 °C for another half an hour. These successive thermal cycles
help artificially age the aluminum alloy, leading to precipitation hardening without
a separate artificial aging process. This process simulates the T5 heat treatment,
enhancing the mechanical properties of the aluminum components without requiring
a standalone heat treatment line.

2.6.6 Inspection and quality control

Due to the high complexity and structural importance of megacasting components,
rigorous inspection is required to ensure quality and performance. X-ray scanning
is commonly used to detect internal defects, such as porosity, cracks, or inclusions,
which may compromise structural integrity. Dimensional accuracy is verified using
laser scanning and digital twin simulations, comparing the physical casting with the
CAD model to identify deviations.

For surface quality control, visual inspection is typically employed, often supported
by high-resolution imaging systems for defect detection.

In addition to non-destructive testing, manufacturers also perform mechanical test-
ing such as tensile and fatigue tests to ensure that the parts meet crashworthiness
and durability standards. Components that fail to meet specifications of visual in-
spection and NDT are either scrapped for recycling or sent for rework machining to
salvage usable sections.
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2.7 The snake tool - R&D test component
The snake tool is a specialized die-casting mold designed to evaluate the castability
of aluminum alloys and the impact of process modifications, particularly in high-
pressure die casting (HPDC). Featuring narrow, intricate channels and complex
geometries including flat and beam structures, the snake tool challenges the flow
behavior of molten metal, helping engineers assess whether it can completely fill the
mold without developing defects such as cold shuts, porosity, or incomplete sections.

Serving as a scaled-down surrogate for megacasting dies, the snake tool offers signifi-
cant advantages in material and time savings during early-stage experimentation. Its
compact form makes it ideal for testing recycled alloys, especially when investigating
how variations in chemical composition and impurity content affect castability and
final part quality.

The tool includes features such as a squeeze pin, jet cooling system for all precast
holes, a vacuum-prepared full-length shot sleeve, and plunger tips. The die casting
machine (DCM) typically operates in the 1000–2000 ton range, with a target cycle
time of 80 seconds. This setup enables the evaluation of how different process
parameters and alloy selections correlate with performance, such as defect formation,
structural integrity, and flow uniformity.

Using the snake tool, it becomes possible to optimize parameters like alloy compo-
sition, mold temperature, injection speed, and gating system design. By observing
how the molten metal behaves within the complex geometry, engineers can identify
flow deficiencies and defect-prone regions, providing crucial insights before moving
to full-scale production.

This approach minimizes material waste, reduces trial-and-error iterations in full-
scale casting, and supports early-stage validation of structural integrity. It is par-
ticularly effective when working with recycled aluminum alloys, where variability in
composition and inclusion content may lead to unpredictable casting behavior.

However, testing on the snake tool captures the combined influence of both cast-
ing conditions and raw material characteristics. As a result, distinguishing be-
tween defects caused by process parameters and those stemming from alloy compo-
sition becomes essential. Accurate interpretation of these combined effects is critical
for identifying the root causes of performance variation and for developing robust,
recyclable-friendly casting strategies.
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Figure 2.11: The design of snake tool

2.8 Cast trail

2.8.1 Process parameter
The casting trials were carried out using a high-pressure die casting (HPDC) machine
with a clamping force between 1000 and 2000 tons closely mirroring the pressures
and speeds used in full-scale industrial settings. The process was fine-tuned to run
on an 80 second cycle, striking a balance between efficient production and ensuring
proper cooling and part quality.

Sl.no parameter value
1 Die casting machine 1000-2000 ton clamping force
2 Cycle time 80 seconds
3 Melt temperature 680°C ± 5°C
4 Holding furnace temperature 690°C

Table 2.2: Process parameter
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2.8.2 Alloy composition table

Sl.no Batch Parts
1 Standard (Primary) A4 6
2 High recycle content (Internally recycled) B1 3
3 High recycle content Fe 0.3% B2 2
4 High recycle content Fe 0.5% + V 0.2% B3 1

Total 12 snakes

Table 2.3: Alloy Table

2.8.3 Challenges during the trails
Despite the controlled setup, multiple challenges were encountered.

Porosity and Entrapment Defects: During the initial casting runs, the pres-
ence of centerline porosity and surface blisters was observed in several components.
These defects were primarily attributed to inadequate vacuum draw and the entrap-
ment of air within the narrow channels of the SnakeTool. The trapped air formed
voids during solidification, resulting in both internal porosity and external surface
irregularities.

Die Temperature Instability: Another significant issue encountered during the
initial stages of the casting trials was the inconsistency in die temperature, par-
ticularly during the early shots of each cycle. This thermal imbalance resulted in
incomplete mold filling, as well as uneven surface finishes on the cast components.
Such non-uniform temperature distribution across the die negatively affected the
fluidity of the molten metal and the solidification pattern, increasing the risk of cold
shuts and surface defects.

Process vs Material Effects: One of the more intricate challenges encountered
during the casting trials was figuring out whether certain defects were due to process
settings or the alloy composition itself. For example, shrinkage porosity could be
traced back to either low intensification pressure or the presence of certain elements
in the alloy, like high levels of iron or silicon.
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3.1 Material selection and sample preparation
The goal of this study is to analyze the fundamental differences among primary
and secondary aluminum alloys, and aluminum alloys with different chemistry com-
position produced via High-Pressure Die Casting (HPDC), with a focus on their
mechanical properties and structural performance. The materials investigated in-
clude standard primary aluminum (A4), used as a baseline reference, internally
recycled aluminum alloys with the same composition (B1), and materials that have
been compositionally modified with elevated levels of iron (Fe), copper (Cu), and
zinc (Zn), specifically Fe 0.3% (B2), and Fe 0.5% combined with V 0.2% (B3).

Sl.no Batch Parts
1 A4 6
2 B1 3
3 B2 2
4 B3 1

Total 12 snakes

Table 3.1: Alloy Table

The samples are produced using the High-Pressure Die Casting (HPDC) process
with the snake tool, which allows for strict control of critical process parameters to
ensure consistent casting quality. Injection speed and pressure are precisely adjusted
to achieve uniform mold filling and minimize porosity, while the melt temperature
is maintained at a stable level to support optimal microstructural development.

After casting, the parts undergo a series of post-processing operations. The first
step is quenching, during which the samples are rapidly cooled to preserve the mi-
crostructure and enhance mechanical properties. This is followed by trimming,
where excess material is removed. The parts are then cut into specific dimensions
according to the requirements of subsequent mechanical tests. At this stage, the
samples are prepared for the paint body cycle, a controlled thermal treatment de-
signed to modify surface properties as an artificially age hardening and simulate
industrial paint-curing conditions.
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Following the thermal treatment, each sample is systematically labeled and sec-
tioned in accordance with VDA and ISO standards, indicating whether it is in-
tended for tensile or three-point bending tests. The samples are then machined to
precise dimensions and tolerances to meet testing requirements. Surface prepara-
tion—including grinding and polishing—is performed to eliminate surface imperfec-
tions and enable accurate microstructural analysis. Consistent labeling and doc-
umentation are maintained to ensure a well-organized dataset and efficient data
tracking throughout the study.

Figure 3.1: Samples marked for cutting

3.2 Mechanical testing methods
For mechanical testing, each sample was machined to precise dimensions in accor-
dance with VDA and ISO standards. To ensure the accuracy of microstructural
evaluations, all specimens underwent grinding and polishing to eliminate surface
imperfections. In addition, each sample was systematically labeled and recorded to
ensure traceability and consistency in data collection.

3.2.1 Tensile testing
Tensile testing was performed in accordance with ISO 6892, with six samples taken
from each part—three from the front plate (F1) and three from the rear plate
(F3)—resulting in a total of 72 specimens. The sample distribution includes 36
samples from the primary composition (A4), 18 from the secondary composition
(B1), 12 from the Fe 0.3% batch (B2), and 6 from the Fe 0.5% + V 0.2% batch
(B3). Each specimen was 85 mm in length, with a 10 mm gauge width, 15 mm wide
ends, and 3 mm thickness. The test was used to determine yield strength, ultimate
tensile strength (UTS), and elongation.
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Figure 3.2: Tensile sample geometry

Sl.no Batch Parts Samples
1 A4 6 6*6=36
2 B1 3 3*6=18
3 B2 2 2*6=12
4 B3 1 1*6=6

Total 12 snakes 72 samples

Table 3.2: Tensile test samples

3.2.2 Bending testing
The three-point bending test was conducted according to VDA 238-100 standards,
with each specimen having dimensions of 60 mm × 60 mm. A total of 24 sam-
ples were tested—two from each batch, including one from F1 and one from F3.
The bending samples were labeled as B1 and B2, corresponding to their respective
positions within the casting. The testing parameters and sample information are
summarized in Table 3.3.

Parameter Value
Specimen Length 60 mm
Specimen Width 60 mm
Specimen Thickness (t) 3 ± 0.15 mm
Support Span (L) 2t (twice the thickness)
Roller Radius 15 mm
Punch Radius 0.4 mm
Punch Angle 90◦

Test Speed (Crosshead Speed) 10 ± 2 mm/min

Table 3.3: Parameters for three-point bending test
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Sl.no Batch Parts Samples
1 A4 6 6*2=12
2 B1 3 3*2=6
3 B2 2 2*2=4
4 B3 1 1*2=2

Total 12 snakes 72 samples

Table 3.4: Bend plate test sample

Figure 3.3: 3-point bending sample direction

3.2.3 Hardness testing
Brinell hardness testing was performed on a selection of 10 samples, comprising 5
from F1 and 5 from F3. Each sample received four indentations arranged in a zig-zag
pattern, resulting in a total of 40 indentations across all specimens. This approach
allowed for a representative assessment of surface hardness variation across different
casting positions.
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Figure 3.4: Hardness test zig-zag pattern

Sl.no Flat Samples
1 F1 5
2 F3 5

Total 10 samples

Table 3.5: Hardness test sample

These tests provide valuable insights into chemistry compositions and processing
parameters influence mechanical performance.

Figure 3.5: Test samples indication
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Figure 3.6: Test samples

3.3 Microstructural analysis

3.3.1 Optical microscopy
After the tensile tests were completed, a subset of samples was selected for further
optical microscopy analysis based on notable mechanical performance or distinctive
fracture characteristics. To ensure consistency and enable comparative evaluation
across all alloy batches, one specimen was selected from both F1 and F3 in each of
the four batches (A4, B1, B2, and B3).

This sampling approach provided a balanced representation of material and po-
sitional variation. Observing these specimens under the microscope enabled the
identification of surface-level differences and trends related to porosity, shrinkage,
and casting defects. These features are critical for understanding how variations in
recycled content and elemental composition affect the material’s behavior.

While optical microscopy provides only a preliminary impression of microstructural
and fracture characteristics, it offers valuable insight into the overall fracture mode
and porosity distribution. However, for more detailed and quantitative microstruc-
tural analysis, further investigation through metallography and fractography is nec-
essary.

3.3.2 Metallography
Proper metallographic preparation is critical for reliable microstructural evaluation,
with grinding and polishing being particularly important. The ideal surface condi-
tion is scratch-free, allowing for clear and accurate observation. Each sample was
mounted, ground, and polished to produce metallographic specimens, which were
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then examined under an optical microscope to assess microstructural features.

A total of eight samples were selected, one from F1 and one from F3 for each of the
four batches. This selection strategy ensured a comprehensive comparison across
both material compositions and casting positions. The samples were extracted from
the gauge section of the fractured tensile specimens, providing insight into how the
material behaved under mechanical stress.

The preparation process followed standard metallographic protocols, beginning with
mounting and progressing through sequential grinding with silicon carbide papers,
from P240 to P4000 grit. After polishing, the samples were examined under a
Leica optical microscope at magnifications ranging from 50× to 250×. The focus
was placed on identifying and characterizing features such as shrinkage cavities,
porosity, intermetallic phases, and grain size, all of which significantly influence
mechanical performance.

To assess manufacturing quality, metallographic images were compared across batches
and positions, with particular attention paid to shrinkage severity. The software
Fiji ImageJ was employed to quantify shrinkage by calculating the area fraction of
shrinkage features in each image. Fiji is an open-source image processing software
widely used for quantitative analysis of scientific images. Built on the ImageJ plat-
form developed by the NIH, it supports tasks such as image enhancement, measure-
ment, threshold segmentation, and region-based analysis. In the field of materials
science, Fiji is particularly well suited for the processing and analysis of metallo-
graphic images, enabling quantitative evaluation of parameters such as porosity,
shrinkage area ratio, particle size, and morphology.

3.3.3 SEM
To gain a more detailed understanding of the microstructure and better observe
the influence of recycled content on alloy behavior, Scanning Electron Microscopy
(SEM) was employed. This technique provides high-resolution imaging, enabling
the visualization of key features such as intermetallic particles, grain boundaries,
and other microstructural characteristics.

The SEM analysis was performed on the same eight samples previously examined
using optical microscopy, one from F1 and one from F3 in each of the four batches.
Special emphasis was placed on evaluating intermetallic phases, which are known to
negatively affect ductility and fracture resistance. Therefore, the size, morphology,
and quantity of intermetallics were the primary focus of this section.

Prior to imaging, all samples were coated with a thin layer of silver to minimize
surface charging during electron beam exposure and to enhance image clarity. The
SEM was operated in backscattered electron (BSE) mode, which enhances contrast
between different phases within the alloy. Images were captured at magnifications
ranging from 500× to 5000×, depending on the level of detail required for observing
intermetallic particle size, shape, distribution, and density.
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3.3.4 X-ray
X-ray inspection was conducted on all samples to identify internal defects, including
cracks, shrinkage porosity, and inclusions, across three batches (A4, B1, and B2)
and casting positions (F1 and F3).

This non-destructive evaluation (NDE) method allowed for internal analysis of the
samples without compromising their structure. Scans were performed using a high-
resolution industrial X-ray system, with carefully calibrated beam energy settings
to ensure sufficient penetration and optimal image clarity of internal features.

The data obtained from the X-ray analysis provided complementary validation of
the observations made during optical and SEM analysis. It also enabled a more
holistic understanding of how casting defects vary by alloy composition and mold
position, reinforcing the broader findings related to mechanical performance and
defect distribution.
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4.1 Mechanical testing

4.1.1 Tensile testing
The results for F1 and F3 are discussed separately due to the different positions of
these sections within the snake tool, which influences the mechanical properties.

F1 is positioned near the ingate, whereas F3 is located farther away, closer to the
opposite end of the casting. Due to its longer flow length, F3 experiences faster
cooling rate, but lower temperature when reaching filling. This faster cooling allows
formation of more eutectic phases in F3. The presence of larger eutectic particles
can potentially enhance the material’s ductility and strength.

Figure 4.1: Position of flats F1 and F3 in the snake tool

This research aims to compare the results between different batches and positions.
According to the Figure 4.2. A4 (primary ingots) serves as the baseline reference,
exhibiting an average yield strength of approximately 113 MPa at position F1 and
117 MPa at position F3. B1 composed of secondary aluminum with high recycled
content, displays YS values of 111 MPa (F1) and 123 MPa (F3) similar to A4.
This suggests the recycled raw material, in this case, did not significantly alter the
mechanical performance.

Meanwhile, B2 and B3 show a distinct improvement in yield strength. B2, with
increased levels of Fe (0.3%), reached 120 MPa (F1) and 122 MPa (F3). This
improvement is likely the result of solid solution strengthening, where the addition
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of elements hinders dislocation movement and thereby increases the resistance to
plastic deformation.

B3, which contains even higher Fe content (0.5%) along with 0.2% V, shows the
highest average yield strengths: 135 MPa at F1 and 146 MPa at F3. The pres-
ence of V, even in small composition, likely contributes to precipitation hardening,
promoting finer grain structures and enhanced mechanical strength.

When it comes to ultimate tensile strength (UTS) and elongation, A4 and B1 per-
form similarly. In F1, B2 and B3 have a worse performance, their UTS and elonga-
tion are noticeably lower compared to batch A4 and B1. However, in F3, B2 and
B3 perform better, showing a significant boost compared to their results in F1 and
outperforming A4 and B1 in the case of UTS.

These trends suggest that the location within the snake tool has a real impact on
the UTS and elongation of the material. The better performance of B2 and B3
in F3 could be linked to differences in process parameters and how the material
cooled or flowed during casting, affecting the internal structure and, ultimately, the
mechanical properties.

Keeping the element content same and adjusting the secondary content in the alloy
may not have a huge impact to the yield strength, UTS and elongation perfor-
mance. The B1 batch which contains higher secondary aluminum can have a similar
performance as A1 when their chemistry composition is same.

Figure 4.2: Avg. yield strength results: B1 exhibits a similar yield strength to A4
highlighted in red arrow, while both B2 and B3 show a noticeable increase
highlighted in green arrow.
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Figure 4.3: Avg UTS results: A4 and B1 have similar level of UTS. In Flat 1
(F1) highlighted in red arrow, B2 and B3 perform worse in both metrics. However,
in Flat 3 (F3), B2 and B3 exhibit the opposite trend highlighted in green arrow

Figure 4.4: Avg elongation results: A4 and B1 have similar level of elongation
highlighted in red arrow. In Flat 1 (F1), B2 and B3 perform worse in both
metrics. However, in Flat 3 (F3), B2 and B3 exhibit the opposite trend highlighted
in green arrow

Then the results were break down to another level. The six samples taken from the
snake tool product are cut in different positions. T1 and T3 from F1 are vertical,
and T2 is horizontal. Same as F3, T4 and T6 are vertical, and T5 is horizontal.
Therefore, two other data comparison are conducted. The data is grouped by T1 &
T3 and T4 & T6, T2 and T5. Based on the result in Figure 4.5, vertical samples
have similar performance with the previous one. However, for horizontal samples,
the UTS and elongation results of B3-T5 are higher than B3-T2, which are different
from the previous results. Besides, the elongation at A4-T5 and B1-T5 are around
2%, which should pay more attention to.
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Avg YS, UTS and elongation results of T1 & T3 vs. T4 & T6

Avg YS, UTS and elongation results of T2 vs. T5

Figure 4.5: Avg YS, UTS and elongation results compared by horizontal and
vertical direction samples: vertical samples have similar performance with the
previous one. However, for horizontal samples, the UTS and elongation results of
B3-T5 are higher than B3-T2, which are different from the previous results.

4.1.2 Bend plate test
A graph was created using the bending angles calculated for all the samples to get
a clearer picture of how each one behaves under stress.

The graph shows the average bending angle for each batch across two positions.
From the results it is evident that batches A4 and B1 exhibit comparable bending
performance in both F1 and F3 positions, indicating similar ductility. Their rel-
atively higher bending angles suggest that they can withstand more deformation
before cracking.

In contrast, B2 and B3 show a noticeable reduction in bending angles at F1, implying
decreased ductility and a higher tendency toward brittle behaviour. However, B3
shows a significant increase in bending performance at F3, nearly matching A4 and
B1. This positional dependency suggests that process parameters such as localized
cooling rates or material flow patterns during the HPDC process affect the final
mechanical properties.

In summary, while A4 and B1 batches consistently perform similar, the performance
of all the batches are highly position sensitive. This highlights the importance
of uniform processing conditions to ensure consistent mechanical behaviour across
different positions in the cast component.

4.1.2.1 Comparison - Tensile vs. Bending

Tensile tests are for understanding how a material handles stress in localized region,
especially when looking at its resistance to permanent deformation. It apply a
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Figure 4.6: Bend plate test results: A4 and B1 show consistently higher bending
angles at F1, indicating better ductility. B3 exhibit a huge increase in bending
angle at F3, showing a position sensitive performance

nearly uniform stress across a large volume of material until failure. Statistically,
this larger stressed volume has a higher probability of getting a critical defect, for
instance, pores and cracks. That would make tensile results very sensitive to even
small flaws.

In contrast, three-point bending tests take high stress in a much smaller volume near
the load point, so the chance of hitting a huge defect is lower. Therefore, bending
offers a clearer view of a material’s overall ductility ability. In short, tensile testing
highlights the impact of volumetric defects on strength, while bending testing can
reflect better in-reality ductility under localized loading.

Based on the results of the average elongation and bending angles shows in Fig-
ure 4.7, a rough conclusion can be summarized that, A4 and B1 have similar per-
formance, B2 and B3 have a lower performance on both tests. The results of both
tests contain similar trend in every material batch.
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Avg elongation results of tensile
test

Bending test results

Figure 4.7: Tensile test results vs. Bending test results: Both results reflect A4
and B1 have similar performance, B2 and B3 perform relevantly poor.

4.1.2.2 Comparison – Flat sample vs Beam structure

To cross-check the findings, a comparison of results with another ongoing thesis [54]
that focused on the U-beam structure used in the same snake tool was done. This
gave a good reference point and made it easier to compare outcomes directly. A
total 10 beam samples were used in this study for analysis.

Looking at the fracture surfaces Figure 4.8, a clear pattern was observed. Beam
that fractured after shorter travel distances during bending tend to have smooth,
flat surfaces. Hinting this might be more brittle failure, where the material breaks
with very little plastic deformation.

However, beams that withstood higher travel distance before breaking showed much
rougher and more irregular fracture surfaces. When observed, these samples had
uneven textures and signs of plastic deformation, indicating more ductile failure.
The middle structure of both beams show more rough and ductile surface.
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Beam A: Max travel distance of bending test: 48.84mm

Beam B: Max travel distance of bending test: 22.22mm

Figure 4.8: Comparison of two fracture surface pictures of beam bending samples.
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Figure 4.9: Beam structure

The bending test results of the flat samples were compared to those of the U-beam
structure. In the flat bending test, the bending angle was measured, while in the
beam bending test, the maximum travel distance was recorded, both providing a
clear indication of each sample’s toughness.

The results from both tests followed a similar pattern, showing consistent trends
in toughness across the different materials. Samples B2 and B3 stood out for per-
forming worse in both tests, which could likely be linked to their higher Fe content.
Higher Fe levels are known to reduce ductility and make the material more prone
to brittle failure, which explains the results observed.

Flat bending results Beam bending results

Figure 4.10: Flat & Beam bending results: Both bending test results show
similar trend.

4.1.3 Hardness test
The hardness test results across the four batches shows relatively consistent values,
with no major changes between positions F1 and F3. In F1 position, hardness values
ranged from 80 HBW in A4 and B2, to 82 HBW in B1, and up to 84 HBW in B3.
Similarly, in F3, hardness values increased gradually from 74 HBW in A4 to 78
HBW in B1, 80 HBW in B2, and again 84 HBW in B3. These results suggest that
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the material maintains a stable hardness value across different batches, with B3
consistently demonstrating the highest values.

The minimal variation in hardness indicates that changes in chemical composition
and the recycled material content do not have a major effect on the alloy’s ability
to resist indentation or deformation.

However, the addition of Fe and V have small but noticeable difference. These
elements are known to strengthen materials by influencing the microstructure, so
even though the change in hardness is not huge, it is likely that Fe and V contributed
to a slight increase in hardness. This could be due to their role in forming stronger
phases within the alloy, which helps it resist wear and deformation better than it
would be without them.

Figure 4.11: Hardness test results: Similar hardness results within all batches,
secondary aluminum content and chemical composition do not affect significantly.

4.2 Fractography of tensile samples

4.2.1 Stereo microscopy
The fracture surface analysis of A4 and B1, reveals a noticeable concentration of
porosity at the centre. These defects likely formed during solidification, possibly due
to shrinkage or trapped gas both being common challenges in metal casting. Their
presence points to the need for better control during the casting process, especially
in terms of mold design and feeding systems, to help reduce internal voids and
improve the overall reliability of the components.

Inspecting fracture surfaces from positions F1 and F3, a notable degradation in
surface quality is observed in F3. F3 stands out with a higher number of defects,
and these are not just more frequent but also larger and spread across the entire
surface. This explains why F3 performs worse when it comes to ductility.
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However, even with these defects, the fracture surfaces in all samples still show
typical signs of ductile characteristics. The surfaces are rough, torn, and dimpled
signs that show the material can absorb energy and deform rather than brittle
fracture.

Figure 4.12: Example for gas porosity and shrinkage porosity

A4-F1 (6.63% Elongation) A4-F3 (2.43% Elongation)

B1-F1 (8.41% Elongation) B1-F3 (1.95% Elongation)

Figure 4.13: Microscopy pictures of A4 and B1 from F1 and F3 positions with
elongation results

4.2.2 Metallography
Based on the shrinkage area percentage evaluated by Fiji software in Table 4.1, we
can get the results of structure comparison.

In A4 and B1, the grain structures are finer and more evenly spread out compared to
B2 and B3. This finer structure gives the material better ductility and strength, as
small, evenly distributed grains help stop cracks from forming and spreading when
the material is put under stress.

F3, however, has a lot more shrinkage cavities and casting defects than F1. These
defects weaken the material by creating stress concentration for cracks to start,
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which likely explains why F3 shows lower mechanical performance, especially when
it comes to strength and ductility.

Another observation is the presence of larger aluminum grains in the F1 area. This is
most likely because some of the molten metal began to solidify too early in the shot
sleeve before being properly injected into the mold. When this early solidification
occurs, it tends to produce coarser grains, which can make the material a little more
brittle and less resistant to deformation.

Sample Name Shrinkage Area % Elongation %
A4-F1 0.205% 4.87%
A4-F3 0.830% 3.51%
B1-F1 0.148% 5.56%
B1-F3 0.640% 2.80%
B2-F1 0.811% 4.07%
B2-F3 1.902% 4.70%
B3-F1 0.594% 2.03%
B3-F3 0.729% 0.73%

Table 4.1: Shrinkage area percentage of different samples based on
metallographic image analysis
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A4 - F1 A4 - F3

A4 - F1 A4 - F3

B1 - F1 B1 - F3

B1 - F1 B1 - F3

Figure 4.14: Metallography and Fiji pictures of A4 and B1 batch from different
positions
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B2 - F1 B2 - F3

B2 - F1 B2- F3

B3 - F1 B3 - F3

B3 - F1
B3 - F3

Figure 4.15: Metallography and Fiji pictures of B2 and B3 batch from different
positions 47
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4.2.3 Comparison between snake tool and historical cast
trial

The raw material in snake tool B1 and historical cast trial A3 was from the same raw
material batch with the same chemical composition. The heat treatment status is
different, snake tool includes paint baking, and the samples from historical cast trial
are as cast. Comparing the microstructure and mechanical performance between
these two batches gives a result to check the processing effect.

This comparison between snake tool B1 and the historical cast trial A3, even though
both used the same raw material chemistry composition, shows how much the pro-
cessing method can affect the final result. The historical cast sample had a much
higher shrinkage area (1.300%) compared to snake tool B1 (0.148%), which was eval-
uated by Fiji. This means there were more internal voids and gaps formed during
casting, which can weaken the part and make it more prone to failure under stress.

However, the grain structure of the aluminum phase in historical cast trial is much
finer and more uniform. Smaller grain sizes are usually a good sign they often lead to
stronger, tougher materials with better resistance to wear and deformation. So, even
though historical cast had more shrinkage defects, its finer microstructure improved
the mechanical properties. In contrast, the snake tool sample showed fewer defects
but had a coarser grain structure. While this might reduce internal flaws, it also
limits how strong or durable the part can be.

Snake tool microstructure
shrinkage area%: 0.148%

historical cast trials
microstructure shrinkage area%:
1.300%

Figure 4.16: Comparison of shrinkage area between snake tool and historical cast
trials microstructure

Even though the snake tool B1 and historical cast trial A3 samples had some differ-
ences in their microstructure, their overall mechanical properties like yield strength,
tensile strength, elongation, and hardness ended up being quite similar.

What really stands out is the bending performance. Despite the historical cast trial
having a much higher shrinkage area (1.300%) compared to snake tool (0.148%), it
performed better in the bending test, reaching a larger bending angle. One possible
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reason for this is that most of the deformation during bending may have taken place
away from the main zone of shrinkage defects.

Sl.no Objective Snake tool B1
(paint bake)

historical cast trial A3
(as cast)

1 Shrinkage area% 0.148% 1.300%
2 Thickness 3mm 4mm
3 Tensile,YS(MPa) 112 125
4 Tensile,UTS(MPa) 231 240
5 Tensile,Elongation% 5.6% 5.7%
6 Bending test °, 28.19° 37.37°
7 Hardness, HBW 82 72

Table 4.2: Comparison between Snake tool and historical cast trial

4.2.4 SEM
Once comparing the different material batches, B1 shows a clear increase in the
number of large intermetallic particles compared to A4, indicating the influence of
recycled material. This trend is more noticeable in B2 and B3, where not only are
there more intermetallic particles, but they are also significantly larger.

Additionally, B2 and B3 exhibit a higher concentration of distinct morphological
features, particularly blocky and script-shaped intermetallic phases. Altogether,
these changes point to a gradual shift in the alloy’s structure, caused by differences
in composition and increase in iron percentage and how the material solidifies during
casting.
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A4 - F1 A4 - F3

B1 - F1 B1 - F3

B2 - F1 B2 - F3

B3 - F1 B3 - F3

Figure 4.17: SEM pictures of all batches and different positions, red arrow
highlights: porosity, blue arrow highlights: blocky and script scaped phases
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4.2.5 X-ray
When compared with the same positions, X-ray analysis indicates that sample B2
contains a significantly higher number of cracks and internal defects compared to
B1 and A4, pointing to potential inconsistencies in composition or casting condi-
tions. When compared with different positions, the surface of F3 displays more
visible defects than F1. These findings are consistent with the results obtained from
metallographic analysis and mechanical testing, all of which highlight a recurring
trend.

A4 - F1 A4 - F3

B1 - F1 B1 - F3

B2 - F1 B2 - F3

Figure 4.18: X-ray pictures of A4, B1 and B2 batches

4.2.6 Effect of chemical composition and process parame-
ters

In this study, it is essential to distinguish the effects of chemical composition from
those caused by process parameters.
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4.2.6.1 Impact of chemical composition

To differentiate the effects of alloy chemistry from processing conditions, samples
with similar chemical compositions but different sources of aluminum were first
examined. A4, produced using primary aluminum, and B1, produced using high re-
cycled content, share nearly identical chemical compositions. Both exhibited compa-
rable levels of shrinkage and surface defects, although B1 presents a greater quantity
and size of intermetallic phases. As Fe content increased from 0.2% to 0.3% (B2),
both the shrinkage area and the number of script- and blocky-shaped intermetallics
increased. Further increasing Fe to 0.5% and introducing 0.2% V (B3) led to a
reduction in shrinkage and intermetallic size compared to B2, but still higher than
A4 and B1. These microstructural differences closely align with mechanical perfor-
mance: A4 and B1 exhibit comparable properties, while B2 and B3 demonstrate
increased yield strength but reduced UTS and ductility.

4.2.6.2 Impact of process conditions

The influence of process conditions was analyzed by comparing samples from differ-
ent positions within the snake tool, Flat 1 (F1) and Flat 3 (F3). Due to their relative
locations, F3 samples experience a longer flow length, leading to a lower melt tem-
perature and higher cooling rate upon mold filling. As a result, F3 samples showed
more large shrinkage, oxide formation, larger intermetallic phases, and more visible
surface irregularities. These microstructural differences correlate with mechanical
performance: F3 samples had higher yield strength, likely due to increased eutectic
content, but lower ductility compared to F1, which contained a higher proportion
of α-aluminum phase.

These findings support the conclusion that both alloy composition and process con-
ditions independently and jointly influence the formation of casting defects and the
mechanical response of HPDC aluminum alloys.
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5
Conclusion

1. This study demonstrates that aluminum alloys with up to 90% recycled content
(B1) can deliver mechanical performance comparable to primary aluminum
(A4), and the alloy composition keeps on the same level. Batch B2 and B3
have similar performance in every mechanical tests, however, they exhibited
higher yield strength and UTS but reduced ductility, suggesting a trade-off
influenced by the addition of Fe and V.

2. The positional differences observed between F1 and F3 emphasize how posi-
tions, local thermal and flow conditions during HPDC can significantly affect
shrinkage, defect formation, reflecting mainly on ductility. General conclusions
underline the need for targeted process optimization, particularly in complex
casting geometries like those used in megacasting.

3. Hardness measurements remained relatively stable across all batches and po-
sitions, indicating that moderate variations in alloy composition had limited
influence on resistance to indentation.

4. Metallographic analysis revealed that A4 and B1 possessed finer and more
uniform grain structures compared to B2 and B3. Samples with longer flow
length (F3) consistently showed larger shrinkage areas and casting defects than
ones with shorter flow length (F1), correlating with their reduced ductility
performance.

5. SEM observations confirmed a progressive increase in the size and quantity
of intermetallic phases from A4 to B3. In particular, B2 and B3 contained
coarse, blocky, and script-shaped intermetallics, which are associated with
lower ductility.

6. X-ray shows more internal defects in the samples with Fe 0.3% (B2) and sam-
ples with longer flow length (F3).

7. Compositional variations, particularly increased Fe and V content (B2 (Fe
0.3%, V 0.01 %) and B3 (Fe 0.5%, V 0.2%)), were associated with greater
shrinkage and intermetallic formation than samples with lower Fe and V con-
tent (A4&B1 (Fe 0.2%, V 0.01 %)). Additionally, longer flow lengths (F3) led
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5. Conclusion

to lower temperatures and faster cooling, causing more shrinkage and inter-
metallic formation than shorter flow lengths (F1).

8. The use of the snake tool proved effective in evaluating casting behavior and
mechanical performance across different positions. Its intricate geometry and
downsized mold format enabled early identification of casting-related defects
and material weaknesses, offering an efficient and material-saving approach
to assess the viability of alloys and process parameters before full-scale pro-
duction. However, process challenges during casting seems to have significant
effect on the material properties.

9. Overall, this study supports the implementation of recycled aluminum in struc-
tural megacasting components. When alloy chemistry of recycled alloys such
as B1 was the same chemical composition as primary aluminum, and keeps the
same cast processing parameters, the recycled alloys can provide a sustainable
and high-performing alternative to primary aluminum in automotive applica-
tions. When the Fe content is raised to 0.3% (B2), the yield strength remains
comparable to that of the secondary alloy with 0.2% Fe (B1). However, B2’s
UTS and elongation vary more markedly with position, it performs worse than
B1 at the shorter flow-length region (F1) but outperforms B1 at the longer
flow-length region (F3). In bending, B2 shows slightly lower ductility than
B1. The alloy containing 0.5% Fe and 0.2% V (B3) achieves the highest yield
strength of all batches. Longer flow length leads to lower temperatures and
faster cooling, causing more shrinkage and intermetallic formation.
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6
Next Steps & Recommendation

1. While the snake tool offers valuable insight, follow-up validation using full-scale
automotive parts under industrial conditions would enhance result relevance
on component level.

2. Implement a statistically robust experimental design with increased sample
numbers, randomized position sampling (F1 vs. F3), and appropriate statisti-
cal analyses to quantify and validate the position-sensitivity of defect forma-
tion and mechanical performance.

3. Future studies could apply quantitative SEM/EDS and EBSD to better charac-
terize intermetallic types, grain orientations, and crack initiation mechanisms.

4. Explore alternative gate design, plunger speed profiles, and improves vacuum
to reduce process defects like shrinkage and gas porosity, especially improving
cast quality in areas with long flow length.

5. Since this work ties into Volvo Car’s sustainability goals, integrating a life-
cycle analysis (LCA) of each alloy batch would provide a solid evaluation of
environmental benefits versus technical risks.

6. Alloys with added Fe and V (like B3) showed improved strength but reduced
ductility. Trade-offs like this can be evaluated with modified material card in
CAE simulations before implementation in real components.
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