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Improving Quality in Mega-Casted Products
Identification of contributors to geometrical variation
Paul Adam

David Hermez

Department of Industrial and Material Science
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Abstract

When using a process to produce various parts, geometrical variation describes the
di Lerences in deviations among those parts. These deviations arise due to di [erent
factors, and minimizing them contributes to improved consistency in production,
increased overall product quality, and reduced costs in terms of extra rework. This
master’s thesis aimed at expanding the knowledge about high-pressure die-casting
(HPDC) and identifying contributors to geometrical variations. The scope of the
study is limited to larger defects a [edting the geometrical accuracy and excludes sur-
face defects, porosities, and machining. The method used for reaching the goal was
by conducting qualitative and quantitative approaches. A total of 11 professionals
in the area of HPDC were interviewed. Production tests related to the quenching
phase were also conducted in the foundry. The main finding from the study was that
design is the root cause of geometrical variations, as the varying thicknesses induce
residual stresses which in turn influences the accuracy of the final shape. One of the
findings successfully reduced geometrical variation in megacastings but led to other
problems such as sticking to the trim-press. In addition, a DoE was suggested for
future studies. The DoE provides a systematic way of working and helps in finding
the optimal combination of influential and easily changeable parameters.

Keywords: HPDC, Megacasting, Geometrical variation, Distortions.
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Introduction

This chapter introduces the topic of mega-casting, provides a comprehensive view
of the concept, and the reason behind manufacturing companies' shift toward mega-
casting. It also describes the high-pressure die-casting (HPDC) process chain, the
goals of the research, and its limitations.

1.1 Background

The world is evolving rapidly, new innovative products are manufactured every day
to reduce the environmental footprint, and one of these products is the electric ve-
hicle (EV). However, with new products, new challenges arise and it's well known
that electric batteries increase the weight of the vehicle. Therefore weight reduction
becomes a new challenge in the new upcoming EVs to enhance energy e ciency [2]
and increase range to travel longer distances [3].

The Swedish car manufacturer, Volvo Cars, is investing in a new revolutionary way
of HPDC to manufacture parts for their upcoming EVs. The process includes large-
scale casting which will minimize the resources needed to assemble large oors,
an essential part of Body in White (BIW) products. The concept is called mega-
casting. Mega-casting simpli es the assembly process by reducing welding processes,
shortening the assembly line, and decreasing the likelihood of assembly errors. This
new concept aims to replace many small parts with a single larger part [4]. It will
lead to at least35% CO2 emission reduction andb0% of the aluminium used will

be a secondary alloy. Volvo also expects design optimization of mega-casted parts
to enable al5% weight reduction compared to steel alternatives. Several automak-
ers, including Mercedes-Benz, are investing in large injection molding machines.
Moreover, Chinese startups like NIO and Xpeng have also placed orders for these
machines [3].

Limited experience with mega-casting poses new challenges. One of the main chal-
lenges with large-scale parts is the tendency of geometrical variation. Geometrical
variation refers to the deviation of a product's shape and size from its nominal de-
sign [5].

A research projectGeometrical Robustness of Mega Casted Aluminium Paj{&ROM-
CAP), is conducted by Chalmers University of Technology in collaboration with
Volvo Cars and other actors to expand the knowledge about mega-castings. This



1. Introduction

master thesis is part of the GROMCAP project within the work package that covers
the identi cation of sources of geometrical deviation and variation.

1.2 Geometrical Variations

The development of modern technology has led to an increase in accuracy in manu-
factured parts, however, geometrical variations are not eliminated [6]. Geometrical
variation refers to the di erences in deviations among various parts produced using
the same process [2]. In fact, these geometrical variations are process-related. In
addition, the deviation is present in all stages of product realization [6]. These de-
viations can impact the product's shape, size, and characteristics [7]. When these
deviations are large enough the product might not function, causing a huge loss
for the manufacturer and in the best scenario extra rework. During the use phase
of a product, physical phenomena such as thermal expansion, add up the geomet-
rical variation causing a loss of product quality [6]. Twisting, bending, warping,
and shrinkage are examples of geometrical deviation. In this thesis, these terms are
commonly referred to as distortion and deformation.

1.3 Purpose and Goal

The goal of this thesis work is to establish a deeper knowledge of the HPDC pro-
cess geometry e ects and establish a way of working for further studies within the
research project.

The purpose is to identify the contributors to geometrical variation to improve the
quality of mega-casted products. Distortion and shrinkage are common geometrical
challenges in casting and addressing their causes in mega-casting becomes essential.

1.3.1 Project Scope

The project scope involves researching key aspects of the HPDC process. Since the
concept of mega-casting is new, the research will be based on HPDC products in

general. small, medium, and large-sized products. The project scope consists of the
following:

" Literature study to understand and map high pressure die casting (HPDC)
process.

Literature study to understand and map contributors to geometrical variation

in high pressure die casting.

Perform workshop and interviews with experts within casting and casting sim-
ulation.

Create cause and e ect diagram for contributors to geometrical variation in
high pressure die casting for mega casted parts.

Perform correlation study of measurement data and process data.
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Create a proposal of ranking of variation sources that are of importance on
how a mega-casted part will deviate on part level.

1.4 Research Questions
Key questions that the thesis work will answer, are the following:

What are the contributors to geometrical variation in mega-casted products/-
parts?
What are the most crucial contributors?

1.5 Limitations

This project has a limited time frame and therefore the scope of the project also re-
quires clear limitations. The areas excluded due to limitations could be investigated
in future work. The limitations of the project are:

Limited Resources : The mega-casting is under development and not many

studies have been published, which makes the exploration of this area con ned.
Human Factor : The mistakes made by the operator will be excluded. As-

suming that all parameter settings in the machine are correct.

Post-Casting Processes : Machining, painting and joining will be excluded.
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Theory

This chapter is a summary of the literature review that gives the reader an under-
standing of the concepts necessary to fully understand the process of HPDC.

2.1 Important Terminologies

In this section, the terminologies needed for understanding the thesis will be ex-
plained, covering both the machine level and part level. Figure 2.1 shows the basic
terminology of the HPDC machine that will be used in this project.

" Fixed Die : The stationary half of the die that remains xed during the
casting process and the extraction of the nal part.

" Moving/Mobile Die : The movable half of the die that opens to be able to
extract the nal solidi ed part.

" Mold Cavity : The hollow space between the xed and moving die. It's the

space that forms the casting when the molten metal is injected.

Ejection Pins : The extraction components that push the nal solidi ed cast-

ing out of the die when the moving die opens.

Shot Sleeve : A tube where the molten metal is poured in from the furnace.

It guides the metal into the mold cavity.

Plunger : A cylindrical part that injects the molten metal into the mold cavity.

Figure 2.1: Simple sketch of a HPDC machine.



2. Theory

In the process of HPDC, several elements that are not intended and wanted in
the nal part need to be included in the casting design. These are additional and
necessary elements of the casting to ensure the overall quality of the nal part.
For example, the gating system (runner and ingate) is a crucial part of the casting
because it facilitates the ow into the mold cavity. Over ows are extra parts that
capture air and gases and the biscuit is the leftover metal that solidi es in the shot
sleeve. See gure 2.2

Figure 2.2: Representation of a casting and intended part in blue.

2.2 Overview of the High-Pressure Die Casting
Process

High-pressure die casting is a manufacturing process used in multiple industrial
elds. This type of manufacturing corresponds to approximately 5% of the world's
production of lightweight parts [8]. Since the process of HPDC consists of several op-
erations, it is considered a complex process. See gure 2.3 for a better understanding
of the HPDC process steps.
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Figure 2.3: The Process chain of HPDC [8].

In HPDC, molten metal is poured into a shot sleeve for each cycle. A piston presses
the molten metal with high pressure, resulting in high metal velocities (30 m/s - 60
m/s). When the mold is lled, the part/component will be cooled and when solidi-
ed extracted from the moving/mobile die. But before the injection of the molten
metal, the dies need to be sprayed for the dies' safety [8].

HPDC has been used for over 100 years and was mainly used for zinc; today it has
become a common way for mass production of light-weight components [9]. In the
world of automotive, this process has become more common since there are several
categories that it could be applied to, namely:

Powertrain
Interiors and electronics
Chassis and body structure

N

The most demanding application in terms of mechanical properties, highest strengths
and highest elongations, is the body structure since it needs to absorb large loads
in case of a crash [9].

Generally, the complexity of a part is determined by multiple factors, such as weight,
size, and geometry, but also its' deformation capabilities, and therefore parts of the
body-structure could be classi ed as complex [9].

Quenching, also known as cooling, is a heat treatment step after ejection. It in-
volves rapid cooling of the casting to room temperature by immersing it in di erent

6



2. Theory

media such as water, or other media. There are other ways of quenching such as
spray quenching or air quenching. According to [10], alloying elements disperse
from the solution when it is slowly cooled. In addition, they start to concentrate at
grain boundaries, small gaps, unassimilated patrticles, dislocations, and other "im-
perfections” in the aluminium lattice. In contrast, it's preferred to slow down the
dispersion and keep the elements in the solid solution until the age-hardening step,
to acquire corrosion resistance, ideal strength, and toughness [10]. In addition, af-
ter quenching, aging is done to create a ne distribution of elements and further
enhance the strength of the material [10].

Trimming is a subsequent step following the quenching of the mega-casting [2]. It
entails mechanical trimming to cut o unintended elements attached to the casting.
But it's also a step where the geometrical quality could be aected due to the
spring-back e ect [2].

2.3 The Gating Design

The design of runners, gating systems, and venting systems determine the quality
of HPDC parts. The most common designs of the runner systems are the vertical
runner system, V-shaped runner system, and horizontal runner system [11]. In ad-
dition, in a large and thin-walled casting, avoiding distortion becomes more critical,
due to the non-homogeneous heat transformation during mold lling [12]. This can
potentially create an unfavorable solidi cation pattern which in turn causes the part
to warp [11]. Furthermore, the contraction of the gating system during solidi ca-
tion can drag the other sections of the casting causing distortion and hot tearing [12].

For high-precision and compact parts, the V-shaped gating system is the most suit-
able. However, more amount of melt will be needed [11].

Figure 2.4: V-shaped gating system [11].
A FEM approach was used to simulate three di erent gating designs on a HPDC

v



2. Theory

casted component [13]. Through these simulations, the authors analyzed the in-
uence of the gating system on the quality of the castings. The di erent designs
of the gating system showed di erent amounts and types of defects e.g. defects of
simulation (A) are mainly related to porosities and entrapped gases. However, simu-
lation (B) showed deformation-related defects, due to the uneven shrinkage stresses.
Simulation (C) showed similar defects as simulation (A) but to a reduced extent,
meaning the porosity and entrapped gas defect returned. See gure 2.5.

Figure 2.5: The lling percentage and absolute velocity for the di erent simula-
tions[13].
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A YouTube video by TMIO Tesla ! provided a picture of the Tesla Giga press, see
gure 2.6 (a). As it appears in the pictures, the notable di erence between the Volvo
mega-casting (a prototype) and the Tesla rear oor is the bar marked in red (al)
and the legs for the backend of the rear (a2).

Figure 2.6: Teslas' and Volvos' mega-castings of the rear oor.

Another YouTube video by Tech Charge? shows the gating system of the same
casting in gure 2.6 (a) marked in red. The Tesla mega-casting has a fan-like gating
system and is connected to the backend of the casting, in between the legs. See
gure 2.7.

Figure 2.7: Teslas' gating design of their mega-casting.

Lhttps://www.youtube.com/watch?v=uhOrx4A6qf8&t=115s
2https://lwww.youtube.com/watch?v=fydlvpDZrAw&t=124s

9



2. Theory

Another car manufacturer that adopted the mega-casting technology is the Chinese
Xiaomi 3. Xiaomi calls it "Hyper Casting" and their rear oor casting is quite similar
to the Tesla casting. However, the design of the Xiaomi gating system (marked in
red) is di erent. The Chinese producer has a ngers-like gating system which is also
located at the backend of the casting, see gure 2.8.

Figure 2.8: A whole mega-casting of the Xiaomi rear oor.

Another YouTube video * revealed the mega-casting of the Chinese manufacturer
Zeekrs' rear oor. As shown in gure 2.9, the design of the gating system (marked
in red) is di erent from the Tesla and Xiaomi mega-castings. The gating is placed
in the middle of the casting as the biscuit is in the center of the oor. The melt
seems to be distributed to the cavity through a nger-like gating design. However,
unlike the above-mentioned rear oors, the Zeekr oor has no "free" front legs (red
rectangles marked). The legs are completely united with a complete oor. Another
important point to comprehend is that a massive gap will appear in the middle when
the gating is removed by the trimming process.

Figure 2.9: A whole mega-casting of the Zeekr rear oor.

3https://www.youtube.com/watch?v=wRNRg_PXZe0
“https://www.youtube.com/watch?v=C8IZMQOKLwY

10



2. Theory

2.4 Study Findings of Contributors to Geometri-
cal Variations

The following section will discuss studies that examine di erent process parameters
and residual stresses to highlight their impact on the distortion of HPDC castings.

2.4.1 Residual Stresses in HPDC

Residual stresses are internal stresses that are induced in HPDC without any ex-
ternal loads applied [14], [15]. These stresses are induced because the contraction
is constrained due to di erent cooling rates within the casting and also because the
casting is not free to move when it's locked in the mold. Another important factor
that induces these stresses is the phase transformation during the cooling process.
Furthermore, castings with larger stress gradients and complex stress distributions
tend to vary the stress measurements [14].

Residual stresses are classi ed as primary and secondary stresses and the di erence
between them is that the primary stresses do not depend on the geometry of the
part, whereas the secondary does. The primary stresses occur when the molten
metal starts to solidify and cools in the mold. Secondary stresses occur when dif-
ferent parts of the casted component have di erent temperatures. The temperature

di erence between the two parts results in one side being under tensile stress and the
other under compression, resulting in distortion in the nal shape. The distortion

is a result of plastic deformation when the tensile stresses exceed the elastic limit
and the yield strength, and enter the plastic strain phase [16].

Residual stresses are also a ected by the quenching process due to cooling di erences
between the surface area and the interior of the component. Thermal gradients will
be induced which also a ect the contraction of the casting. These gradients will dis-
appear, though their impacts on the component will be perceptible in later stages.
The uneven stress distribution is also a result of quenching and these quenching
stresses are a signi cant contributor to component instability during the following
post-processing operations e.g. machining. This often leads to geometric variation
in the components while the component is in service [17]. The combination of resid-
ual stresses and high external stresses during the use phase often results in cracks
in sensitive areas of the part [18].

2.4.2 Process Parameters

A study [16] was conducted to examine di erent process parameters in the casting
process, e.g. die temperature and cooling regime, to analyze their e ects on the
distortion of the nal casting shape. The study highlights that the di erent wall
thicknesses may be the cause of residual stresses, which in turn cause distortions.
With the presence of residual stresses, the ejection forces tend to cause distortions
during the extraction of the casting from the die. Nonetheless, smaller defects, such

11



2. Theory

as hot tears, porosities, blistering, or cold shuts, have a major e ect on the casta-
bility of the part and thus have a signi cant impact on the geometry of the nal
shape [16]. Hot spots, sink marks, di erential shrinkage, thermal residual stress,and
warpage are example of quality defects of the casting that could be minimized by
having an e cient cooling system that achieves a uniform temperature distribution
[19].

Another numerical study [20] was conducted to reduce residual stresses and deforma-
tions of HPDC castings by testing several process parameters and establishing their
relationship with the stresses. To obtain accurate results, the authors simulated the
component using the commercial software AnyCasting, 3D scanned the casting, and
compared the simulation results with the 3D scans. The results showed that Iling,
cooling/solidi cation, and ejection are process steps that lead to distortion in the

nal shape due to residual stresses. These stresses are a result of uneven cooling as
well as non-uniform shrinkage [20].

The authors also claim that di erences in wall thickness could cause di erences

in the temperature gradients and lead to stress di erences, see gure 2.10 for a
clearer description. These stress di erences are the result of the thermal shrinkage
di erences between the thick and thin areas during the cooling phase. In such cases,
the thinner parts of the component are exposed to compression, while the thicker
parts are exposed to tension stress [20].

Figure 2.10: Simple owchart describing the di erences in three stages

Two di erent components - a stress lattice and a V-shaped component, see gure
2.11, were simulated in the MAGMAsoft tool, to minimize defects a ecting the
components' shape through optimizing the lling and solidi cation phases [16]. The
results showed that di erences in wall thickness are an important factor to consider
since they a ect the geometry of the part when cooled due to inhomogeneous cool-
ing. Calculations to determine global distortion were also conducted using Hooke's
law. The measurements are based on reference points before and after the cooling
phase.

12



2. Theory

Figure 2.11: a) stress lattice, b) V-shaped component [16].

The results also showed that the quenching phase in uences the geometrical accu-
racy of the stress lattice [16]. This is due to temperature di erences between di erent
parts of the stress lattice. However, the result showed that the die temperature had
more of an e ect on the V-shaped component. High die temperature combined with
shorter time in the cavity results in higher temperatures during the ejection phase,
potentially leading to plastic deformation due to lower yield strength. The authors'
main conclusion is that the global distortion of a component also depends on its
geometry and thickness [16].

Another study that investigated the distortions and residual stresses was conducted
at the University of Jonkoping in Sweden [21]. However, the experiment was based
on magnesium alloy. The component tested is an engine crankcase of a chain saw.
The process parameters studied were:

" (A) First-phase injection speed

(B) Temperature of xed half of the die
(C) Cooling time

(D) Intensi cation pressure

N
A

A

The authors investigated the best combination and the relationship between these
parameters to obtain accurate and reliable results. To achieve this, a Design of
Experiment (DoE) was conducted in the DesignExpert-software.

Di erent part thicknesses in the components could be the cause of non-uniform
cooling, and for complex geometries, it could create plastic deformations [21]. Fur-
thermore, large residual stresses with high temperatures could lead to permanent
distortion when the stresses relax/rest. Therefore, nding an optimal set of param-

eters could provide high-quality castings and reduce the geometrical variations [21].

The results after applying Analysis of Variation (ANOVA) showed that an increase

in the intensi cation pressure minimized the distortions at a certain point. The tem-
perature of the xed half of the die is also a signi cant parameter because it increases
the total distortion and makes the part distort towards it. This also means that the
temperature di erence between the two halves of the die is an important factor. In
addition, increasing the mobile die temperature reduces the residual stresses. The
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study also revealed that cooling time inside the die and rst phase injection had less
e ect on the distortions and residual stresses [21].

Another study was conducted to meet geometric tolerances in HPDC castings [22].
According to the authors, the integrity of a casted component is in uenced by a
combination of the following parameters:

Die temperature

Filling phase

Components' design complexity
Cooling rates in the mold

They also claim that the die temperature, in-gate velocity, and casting pressure
have a relation to the mechanical properties of the component. The intensi cation
pressure is also an important factor for the production of high-integrity components
as it reduces the porosities. Deformations of the casted component in combination
with the porosity defects are major drawbacks of the HPDC process. This occurs
during the cooling phase in the mold cavity due to plastic stretch, caused by natural
shrinkage in the component, since it's locked between the dies and not free to move.
This phenomenon contributes to the inducement of residual stresses and springbacks
during the quenching phase [22]. The authors also mean that the porosity problem
is a well-studied topic, while the deformations remain.

An additional study investigated the e ect of mold and pouring temperature on the
hardness and microstructure of a HPDC hyper-eutectic aluminium alloy (AlSi17Cu4)
[23]. The study concluded that in order to get good quality, the pouring temperature
should range between 720 and 750 degrees together with preheating the die between
126 and 130 degrees. It also concluded that extremely high or too low pouring tem-
perature impacts the allocation of the primary silicon and the mechanical properties
such as hardness and density.

2.4.3 Extra-large Thin-walled HPDC Castings

A common feature in HPDC components is thin-walled castings due to economical
as well as weight savings reasons. This common feature is a contributor to distor-
tions in castings [22]

E ective Flow Length (EFL) is an approach introduced in a study [24] that asses the
castability and the quality of extra-large thin-walled HPDC castings (Aluminium
alloy). The ow length is the maximum distance that molten metal can travel in a
die. The studied and simulated component is shown in gure 2.12. Several tests on
di erent process parameters were conducted to study their relationship and assess
the quality of the nal shape. Some of the parameters were the die temperature,
melt temperature, and cavity Il time (which corresponds to the in-gate velocity).
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Figure 2.12: Representation of the extra-large thin-walled casting [24].

The in-gate system and the over ows for the studied component were optimized in
design as well as for the heating channels, vacuum system, and spraying control.
After running a test with the die temperature at 200 C, melt temperature of 720 C
and cavity Il time of 41.1 ms (which correspond to an in-gate speed of 50 m/s),
the results showed that it is more likely that the molten metal will solidify before
reaching the over ows due to a decreased temperature, see gure 2.13. Such di er-
ences in the solidi cation phase could a ect the castability of the component since
it could a ect the mechanical properties [24].

Figure 2.13: A representation of how temperature decreases throughout di erent
stages of the lling process [24].
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Regarding the topic of extra-large thin-wall castings (in this case-study 2.8 mm
thickness), there is a combination of process parameters that a ects the uidity of
the molten metal into the mold cavity which in turn a ects the castability and the
nal quality of the casted part. The results were obtained from a similar study of a
DoE where multiple values of the parameters were tested.

The idea behind the EFL is to detect quality concerns by measuring the distance a
molten metal has traveled inside a die before it solidi es. If it is less than the EFL,
it indicates that the molten metal didn't reach the over ows, and the cast part is
defective. This is because the over ows can capture dirty melt and air entrapment
and thus are important areas to consider. Therefore, one of the authors' impor-
tant highlights is that the in-gate velocity is an essential factor for the castability
of extra-large thin-wall castings [24]. However, the study continued with another
experiment where the relative in-gate velocity was tested again, but with a higher
temperature of the molten metal to assess the castability as well as the combination
between the in-gate velocity, the temperature of the melt, and the die temperature.
The results were still almost the same, which indicates that the velocity still needs to
be high relative to the temperature of the die and the melt. To elaborate, increasing
the melt temperature and die temperature together with higher ingate velocity had
similar results.

Moreover, the authors also claimed that defects such as cracks, misruns, surface
aws, and casting integrity are considered as important to study since castability
refers to good nishing as well as the accuracy of the geometry.

The heat loss of the molten metal during the lling process could cause premature
freezing as well as incomplete castings. Because of this phenomenon, fast accel-
erated lling becomes an important factor for thin-walled castings since it could
prevent such defects. To prevent this premature freezing, superheating the molten
metal could be a solution because it improves the uidity. However, this approach
introduces other problems, such as gas-porosities [12].
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