Characterization of Primary and Secondary Al Alloys
Injected through Vacuum Assisted HPDC and Influence
of T6é Heat Treatment on Mechanical Properties

Gongcalo Crisdstomo Soares

Master Dissertation
FEUP Supervisor: Prof. Rui Jorge de Lemos Neto
INEGI Supervisor: Eng. Rui Daniel Caetano Madureira
INEGI Co-Supervisor: Eng. Rui Miguel Bras Soares

[MPORTO

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

Master in Mechanical Engineering

2022-09-26






Para a minha familia



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

Resumo

A industria automdvel procura alternativas aos componentes estruturais em aco para
minimizar o peso dos veiculos. Uma das alternativas € a utilizacdo de componentes estruturais
em ligas de aluminio obtidos por fundicéo injetada. Devido as elevadas velocidades de injecéo,
o metal liquido mistura-se com o ar presente no interior da cavidade moldante e juntamente
com as pressOes elevadas utilizadas durante a fase de compactagdo formam-se porosidades
gasosas colapsadas no interior das pecas. Estas porosidades séo prejudiciais para a ductilidade
e resisténcia mecanica. Alem disto, caso estas pecas sejam tratadas termicamente para melhorar
as propriedades mecanicas, quando sujeitas a um tratamento convencional de solubilizacdo
ocorre blistering nas pecas. Para evitar/diminuir a formacéo de porosidades gasosas durante a
injecdo é realizado vacuo durante o enchimento. Assim, o objetivo deste trabalho foi estudar as
diferencas que existem em termos de defeitos e propriedades mecanicas em ligas primarias de
aluminio (AISi1l0MnMg e AlMg4Fe2) e ligas secundarias (AlSi12(Fe) e AlSil0Mg(Fe)) na
injecdo com e sem vacuo, assim como a influéncia do tratamento térmico T6 nas propriedades
mecanicas e microestrutura.

Inicialmente, foi analisada a composicdo quimica das ligas em estudo para se confirmar
se estas apresentavam valores dentro daqueles que estdo normalizados. Maquinaram-se
provetes das pecas que serviram para a medicao de densidade através do método de Arquimedes
e também para a caraterizacdo mecénica das pecas. Foram analisadas pecas através da
tomografia computorizada para se perceber a distribui¢do de defeitos ao longo destas e com a
ajuda de um software foi possivel determinar a porosidade, nimero e volume de defeitos nas
pecas, de forma a avaliar se o vacuo durante a injecdo levou ou ndo a uma reducdo das
porosidades. Através da analise realizada na tomografia computorizada, foi escolhida uma
seccao da peca onde se verifica a existéncia de porosidade, para esta ser analisada com recurso
a metalografia e se comparar os resultados obtidos por ambas as técnicas. Foram realizadas
medi¢Oes de dureza nas pecas, antes e apos tratamento térmico, sendo depois comparados com
os valores normalizados. Realizou-se um tratamento térmico T6 (solubilizacdo durante 2 horas
a 490°C seguido de um envelhecimento artificial durante 2 horas a 170°C) para se estudar a
alteracéo das propriedades mecénicas e microestrutura das ligas em estudo, assim como avaliar
a formacao de blistering nas pecas cuja injecao foi realizada com assisténcia de vacuo.

Sem tratamento térmico, as pecas que foram injetadas com vacuo apresentaram uma
menor percentagem de defeitos, sendo que a reducdo esperada para o nivel de vacuo utilizado,
200 mbar, ronda os 60%. Apds o tratamento térmico, houve um aumento exponencial na
quantidade de defeitos e uma diminuicdo da média do volume dos defeitos nas pecas injetadas
com assisténcia de vacuo devido ao aumento do nimero de porosidades gasosas. A excecdo de
uma peca, as pegas injetadas com assisténcia de vacuo apresentaram menos blistering. Na
analise das mesmas sec¢es através da TAC e da metalografia os resultados foram semelhantes.
Sem tratamento térmico, ndo existiram diferencas relevantes nas propriedades mecénicas das
pecas injetadas com vacuo e sem vacuo e os valores obtidos foram na sua maioria inferiores
aos valores normalizados. A ductilidade das ligas primarias foi superior a das ligas secundarias
por ndo existirem tantas agulhas da fase B-AlsFeSi. Apos o tratamento térmico, a ductilidade
das ligas AlISi1l0Mg(Fe) e Silafont-36 aumentou entre os 21% e 119% devido & globulizacéo
do silicio. A tensdo de cedéncia e a tensdo de rotura diminuiram na liga AlSi1l0Mg(Fe) devido
ao amaciamento, porém houve um aumento destas propriedades na liga Silafont-36 devido a
precipitacdo de intermetalicos incoerentes Mg-Si na matriz de aluminio. Assim, foi possivel
verificar que a utilizacdo de vacuo ndo trouxe melhorias relevantes na diminuicdo de
porosidades e na melhoria das propriedades mecanicas. A monitorizagdo do processo de injecao
foi deficiente, 0 que ndo garantiu os parametros de inje¢do 6timos, e a utilizagdo de provetes de
seccao retangular maquinados de pegas empenadas levou a variabilidade da area de seccéo, o
que influenciou os resultados da caraterizagdo mecanica.
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Abstract

The automotive industry is looking for alternatives to structural steel components to
minimize vehicle weight. One of the alternatives is the use of structural aluminum alloy
components obtained by HPDC. Due to the high injection speeds, the liquid metal mixes with
the air present inside the molding cavity and together with the high pressures used during the
compaction phase, collapsed gas porosities are formed inside the parts. These porosities are
detrimental to ductility and mechanical strength. In addition, if these parts are heat treated to
improve mechanical properties, when subjected to a conventional solution treatment blistering
occurs in the parts. To prevent/reduce the formation of gas porosities during injection, vacuum
is performed during filling. Thus, the objective of this work was to study the differences that
existed in terms of defects and mechanical properties in primary alloys (AlISi10MnMg and
AlMg4Fe2) and secondary alloys (AISil2(Fe) and AISil0Mg(Fe)) when injection was
performed with and without vacuum and the influence of T6 heat treatment on mechanical
properties and microstructure.

Initially, the chemical composition of the alloys under study was analyzed to confirm if
they presented values within those that were standardized. Specimens were machined from the
parts to be used for density measurement using the Archimedes method and also for the
mechanical characterization of the parts. These were analyzed through computed tomography
to understand the distribution of defects along them and with the help of myVGL software it
was possible to determine porosity, number and volume of defects in the parts to understand
whether or not the vacuum during injection led to a reduction of porosity. Using the CT scan
analysis, a section of the part was chosen to be analyzed using metallography to try to
understand if the results obtained were similar to those obtained in the CT scan. Hardness
measurements were made on the parts to compare with the standard values and values after heat
treatment. A T6 heat treatment (solution heat treatment for 2 hours at 490°C followed by
artificial aging for 2 hours at 170°C) was performed to study if exists any change in the
mechanical properties and microstructure of the alloys under study and to see if there was less
blistering in the parts whose injection was performed with vacuum assistance. After the heat
treatment, further analyses were performed in computed tomography and metallography.

Without heat treatment, the parts that were vacuum injected showed a lower percentage
of defects, with the expected reduction for the vacuum level used, 200 mbar, being around 60%.
After the heat treatment, there was an exponential increase in the amount of defects and a
decrease in the average defect volume in the vacuum-assisted injected parts due to the increase
in the number of gas porosities. With the exception of one part, the vacuum-assisted injected
parts showed less blistering. When analyzing the same sections using CT and metallography
the results were similar. Without heat treatment, there were no relevant differences in the
mechanical properties of the vacuum and non-vacuum assisted injected parts and the values
obtained were most of them lower than the standard values. The ductility of the primary alloys
was higher than that of the secondary alloys because there were not as many needles of the -
AlsFeSi phase. After heat treatment, the ductility of AISilOMg(Fe) and Silafont-36 alloys
increased between 21% and 119% due to the spheroidization of silicon. The yield strength and
ultimate tensile strength decreased in the AISi10Mg(Fe) alloy due to softening, but there was
an increase in these properties in the Silafont-36 alloy due to the precipitation of incoherent
Mg-Si intermetallics in the aluminum matrix. Thus, it was possible to verify that the use of
vacuum did not bring relevant improvements in reducing porosities and improving mechanical
properties. The monitoring of the injection process was poor, which did not guarantee the
optimal injection parameters, and the use of rectangular specimens machined from warped parts
led to variability of the cross-section area, which influenced the mechanical characterization
results.
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Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

1 Introduction

A brief presentation of INEGI is made. The project is introduced and the objectives of
this work are presented. Finally, the outline of this dissertation is presented.

1.1 Company introduction

The dissertation was developed at INEGI, Institute of Science and Innovation in
Mechanical and Industrial Engineering, in the Advanced Manufacturing Processes Unit, UTAF.

INEGI is a public utility, private, non-profit institution founded in 1986. It carries out
research and technological-based innovation and consulting work with the aim of contributing
to the development of industry and the economy. With the development of these projects, it
intends to ensure the personal and professional development of its collaborators, as well as to
enrich higher education.

It is an institution that has in its base a set of specialized units per scientific and
technological area that act mainly in five areas: energy and environment; new materials and
structural solutions; advanced production technologies; product and systems development;
biomechanics.

The growth, the conversion of knowledge into value and the maintenance of the
institutional identity as a partner of companies are pillars that are part of INEGI's vision for the
future.

1.2 Project presentation

This project was developed through a partnership between INEGI and SONAFI. The
second one is a company that produces aluminum alloy components for internal combustion
engines by high-pressure die casting for the automotive sector. However, with the increase in
electric mobility, the manufacture of components for cars with internal combustion engines will
have a decreasing trend. In addition, more and more automotive companies are seeking to
improve the energy efficiency of vehicles by reducing vehicle weight, and therefore aluminum
is replacing steel in the production of structural components. Thus, SONAFI is increasingly
sought to manufacture components with higher technical requirements, mainly mechanical
strength and ductility. However, the injection process and the aluminum alloys that are currently
used by SONAFI do not meet the desired mechanical properties demanded by the customers.

Due to the high speeds used during the injection process there is a mixture of air with the
liquid metal, which combined with the high compression pressures used, results in the
appearance of collapsed gas porosities in the parts. This type of defect affects the mechanical
properties obtained such as yield strength, ultimate tensile strength, and elongation. In addition,
it turns out impossible to improve these properties. As conventional solution heat treatments
are used, - with stages of 4 to 6 hours at temperatures of approximately 540°C — the result can
be what literature refers to as blistering. This phenomenon occurs due to the increase in
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temperature that leads to a decrease in the yield strength of the material and an increase in the
internal pressure of the gas porosities which causes deformation or the opening of the pores
near the part’s surface. Due to these gas porosities, it is impossible to obtain parts with ductility
and toughness properties suitable for structural components.

To meet the customers’ requirements, a study of alternative alloys (when comparing to
SONAFI’s alloys, AlSi10Mg(Fe) and AISi12(Fe)) will be performed. Secondary alloys are the
most common. These alloys have a low cost and due to the presence of iron, which acts as a
release agent, helps to extend the life of the molds. However, due to the high iron content, the
ductility obtained for components in this type of alloys does not meet the requirements needed
for these parts to be used in structural components. To obtain better mechanical properties,
especially ductility and toughness, primary Al-Si-Mg alloys characterized by low iron content
(0.2 wt.%) and primary Al-Mg alloys, which despite their lower castability, generally do not
need to be heat treated, will be studied. To complement the study of these alloys, heat treatments
that can guarantee the improvement of mechanical properties will be studied with the purpose
of applying the produced parts in structural components.

To analyze the feasibility of using the new alloys and heat treatments for structural parts,
specimens taken from parts obtained by vacuum and conventional high-pressure die casting
will be studied. These include two secondary alloys used in SONAFI, AlSil0Mg(Fe) and
AlSi12(Fe), a primary alloy AlSi1l0MnMg (Silafont-36) and a new generation alloy AIMg4Fe2
(Castaduct-42). Mechanical characterization and microstructural analysis of the specimens
before and after the heat treatment will be carried out in order to study the influence of the
parameters of the heat treatment process on the microstructure and mechanical properties of the
components.

1.3 Objectives

The aim of this project is to study the application of heat treatments and/or introduction
of primary and new generation alloys in parts obtained by vacuum and conventional high-
pressure die casting. In the end, it is intended to provide SONAFI the ability to produce
components with high technical demands that allow meeting the requirements imposed by
current customers, but also allow entry into other markets, such as the production of structural
components in aluminum alloys.

1.4 Outline

This document is divided into five chapters:

e Chapter 1 — A presentation of the company and the project that will be developed
in this dissertation is made. The objectives of this work are presented.

e Chapter 2 — This chapter presents the literature review of aluminum alloys used
in casting and structural components, the differences between high-pressure die
casting and vacuum high-pressure die casting processes, and the main
considerations to have during the high-pressure die casting process.

e Chapter 3 — This chapter presents the experimental procedures and the equipment
used for the different analyses and tests performed.

e Chapter 4 — In this chapter the results obtained are presented and analyzed.

e Chapter 5 — The main conclusions of this work and future work are presented.
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2 Literature review

In this chapter the literature review of the concepts that will be used throughout this work
is done. The families of alloys most common in die casting, the main requirements that an alloy
should have to be used in structural components and the aluminum alloys that are currently used
in structural components are presented and, at the end, the distinction between HPDC, VADC
and HVDC and the main precautions to be taken during the high-pressure die casting process
are made.

2.1 The importance of aluminum alloys in the mobility of the future

With the emergence of new energy efficiency policies with more and more restrictions
on pollution levels and waste of resources and also with the prediction that the technological
development of the automotive industry in the future will focus on the following pillars:
improved efficiency of internal combustion engines, electrification/energy storage and
structures, powertrains and power electronics with as little weight as possible, this type of
industry seeks solutions that meet those requirements [1]. One of the main solutions is the use
of aluminum alloys, whose consumption has been growing year by year in this industry (Figure
1) [1-4].
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Figure 1: Amount of aluminum used in cars: a) average weight of aluminum used in each European car and b)
aluminum content in each USA vehicle. Adapted from [2, 3].

The increase of the aluminum alloys consumption over the years can be justified by the
excellent properties: low density, good corrosion resistance, relatively easy to recycle, good
thermal conductivity, high strength stiffness to weight ratio and good formability and castability
[1, 5, 6].

The industry seeks to develop lightweight designs, while using these types of alloys. This
allows to reduce the material amount per part, as well as optimizing the construction,
accordingly to the material strength [1]. Thus, the implementation of this type of design in the
automotive industry aims to reduce the weight of vehicles, with the consequent optimization of
fuel consumption and reduction of emissions of pollutants, as well as improved performance
[1, 4, 5]. For vehicles with internal combustion engines, a 100 kg reduction in vehicle weight
corresponds to a fuel reduction of between 0.3 and 0.5 1/100 km, and therefore a reduction of 8
to 11 g of CO2/km [1].

The development of lightweight design for electric vehicles is of even greater or equal
importance to that of vehicles with internal combustion engines. This is because more and more
automotive manufacturers are presenting fully electrified models, with at least more than 100
new models expected by 2024, causing sales of electric passenger vehicles to increase 30 to
35% by 2030 [7]. Lightweighting will continue to be a focus of the automotive industry,
because as electric vehicles are approximately 125% heavier than their equivalents with internal
combustion engines, weight reduction is/will be a serious concern, in order to increase the range
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of the vehicle on a full charge. In the case of electric vehicles, a weight reduction of roughly
10% corresponds to an increase in autonomy of nearly 13.7%. In addition to the importance
that weight reduction has in increasing the range of the vehicle, it also has an impact on the cost
of electric vehicles. With this, there is an opportunity to reduce the battery size and drivetrain
components while still maintaining the range [1].

The lightweight design is important for the development of the circular economy in the
industry. The circular economy is an opportunity for a more productive use of materials by
recirculating them through reuse and recycling, thus reducing waste in production and
increasing the lifetime of products. The use of aluminum is advantageous because more than
90% of its content in a car is recycled, making it a perfect material according to the circular
economy philosophy. On the other hand, producing primary aluminum requires a large amount
of energy, which affects the potential energy savings during its service in the vehicle [1].

2.2 Aluminum and its alloys

2.21 Aluminum

Aluminum is the most abundant metal on the planet. Unlike iron or copper, it does not
exist as a metal in nature due to its chemical activity and its affinity for oxygen [8].

In 1886, scientists Paul Heroult and Charles Martin Hall discovered an economically
feasible way to extract aluminum from aluminum oxide via the Hall-Heroult electrolytic
process. In this process, metallic aluminum is extracted from alumina by melting a mixture of
alumina and cryolite followed by electrolytic reduction. In 1888, the Bayer process was
patented, which consists of obtaining alumina from bauxite. In this process, caustic soda is
added to the bauxite at high pressure and temperature, followed by filtration and calcination to
obtain the alumina [9].

Currently, the following steps are performed to obtain primary aluminum:

e Extraction of bauxite, which contains alumina in its composition;
e Performing the Bayer process to obtain alumina from bauxite;
¢ Finally, aluminum production through the Hall-Heroult process.

Aluminum is one of the most used metals because of its good properties, such as
durability, styling, and recyclability, which make it an ideal material for many applications [10].
Considering its low density (2.7 g/cm?3) - approximately one-third that of steel - it is widely used
in applications that require weight to be kept as low as possible. Its formability is highlighted,
as it is a metal that can be worked in virtually all processes used today. Its low melting point is
an advantage for casting, but it has poor casting characteristics [10]. When used in its pure state,
it has a low mechanical strength, but after cold working its strength can double [11]. Mechanical
strength and other mechanical properties can be improved with the addition of certain alloying
elements, such as silicon, copper, manganese, magnesium, chromium, zinc, iron, etc [11]. It has
high corrosion resistance due to the thin, invisible layer of aluminum oxide (Al.O3) that forms
when the metal in its liquid state is exposed to the atmosphere. The electrical conductivity of
pure aluminum (minimum 99%) is high, approximately 60% of IACS, and has a resistivity of
2.65x10°8 ohm.m. These two properties combined with its low density mean that an aluminum
conductor can conduct the same amount of current as a copper conductor, which is roughly
twice as heavy, making it a much more expensive component [12]. With a reflectivity of over
80%, high corrosion resistance and low density, it is a much sought-after material for building
roofing materials [12]. Table 1 shows the physical, mechanical, and thermal properties of pure
aluminum.
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Table 1: Properties of pure aluminum [13].

Melting Point (°C) 660
Thermal Conductivity (W/(m.K)) 236
Coefficient of Linear Expansion 935

(x10%/°C) '
Electrical Resistivity (Q.m) 2.65*10°8
Density (g/cm®) 2.7
Modulus of Elasticity (GPa) 68
Poisson Ratio 0.34

2.2.2  Aluminum alloys

2.2.2.1 Classification

As previously stated, pure aluminum due to its low mechanical strength is used in
applications where mechanical strength is not an important factor [8]. However, engineering
tries to find solutions for weight reduction in various components and structures and several
alloying elements were added to pure aluminum that led to improved mechanical properties,
castability and machinability.

With more and more aluminum alloys being created and commercialized, the Aluminum
Association (AA) created a designation system to distinguish and classify the aluminum alloys
that exist nowadays. This system was adopted in 1954 and was approved by the American
National Standards Institute (ANSI) in 1957.

Aluminum alloys can be divided into two major classes depending on how they are
processed: wrought aluminum alloys and cast aluminum alloys. The wrought alloys are used in
plastic forming processes and the cast alloys are suitable for casting. As these two classes of
aluminum alloys are used for different applications, their chemical composition is also quite
different, ductility being important for wrought alloys and fluidity important in cast alloys to
improve their castability [8].

The wrought alloys are identified by a four-digit number (XXXX). The first digit is
related to the main alloying element. The second digit, if it is non-zero, means that there has
been a modification of the base alloy. The third and fourth digits form an arbitrary number that
identifies the alloy in the series in which it is included [8]. The series that exist for wrought
alloys are shown in Table 2.

Table 2: Classification for wrought aluminum alloys according to AA [8].

Alloy Series Major Alloying Element
IXXX 99.00% minimum aluminum
2XXX Copper
3XXX Manganese
4XXX Silicon
5XXX Magnesium
B6XXX Magnesium and silicon
TXXX Zinc
8XXX Other element
OXXX Unused series

Within the category of wrought alloys there is a division: heat treatable alloys and non-
heat treatable alloys. The non-heat treatable alloys are those whose strength is due to the
alloying elements used, such as manganese, iron, silicon, and magnesium that still have
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increased strength due to strain hardening. The alloys that belong to this group are: 1xxx, 3xxx,
4xxx and the 5xxx. Heat treatable alloys increase their strength through a solution heat
treatment followed by artificial or natural aging to occur precipitation hardening. The alloys
included in this group are: 2xxx, some of the 4xxx, 6xxx and 7xxx series [8].

Cast alloys are identified by a three-digit number and a decimal number (XXX.X). The
first digit represents the main alloying element. The second and third digits identify the alloy
in the series. The decimal number identifies whether the alloy composition is for final casting
(.0) or for ingot (.1 or .2). A capital letter before the number indicates a modification of the base
alloy [8]. The series that exist for cast alloys are shown in Table 3.

Table 3: Classification for cast aluminum alloys according to AA [8].

Alloy Series Major Alloying Element
1XX.X 99.00% minimum aluminum
2XX.X Copper
3XX.X Silicon plus copper and/or magnesium
4XX.X Silicon
5XX.X Magnesium
BXX.X Unused series
TXX.X Zinc
8XX.X Tin
9XX.X Other element

2.2.2.2 Metallurgical states

For the complete characterization of an aluminum alloy, its metallurgical condition must
be designated. The metallurgical condition follows the alloy designation, the two being
separated by a hyphen. Metallurgical conditions are represented by letters. The most common
are:

F (as fabricated): applied to products that are obtained by forming processes,
where there is no special control over thermal or strain hardening conditions.
There is no limit to the mechanical properties of wrought products;

e O (annealed): in the case of wrought products, annealing is done to obtain the
lowest mechanical strength, while in the case of cast products, it is done to
improve ductility and dimensional stability;

e H (strain-hardened): used only in wrought products. These are the products that
have their strength increased through cold plastic deformation, which may or may
not be heat treated to produce partial softening;

e W (solution heat treated): applied to alloys that age naturally at room temperature
after solution heat treatment;

e T (thermally treated to produce stable conditions other than F, O or H): applied to

products that are heat-treated, which may or may not be hardened through further

plastic deformation to obtain a stable state. This metallurgical condition has a

subdivision of 10 states (humbered from 1 to 10) that represent the heat treatment

to which the alloy has been subjected [8]. Table 4 shows the substates of this
metallurgical condition.
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Table 4: Subdivisions of metallurgical condition T according to AA [8].

Cooling from a high forming temperature,
T1 followed by natural aging to a substantially
stable condition

Cooling from high forming temperature,
T2 followed by cold working and natural aging
to a substantially stable condition

Solution heat treatment followed by cold
T3 working and natural aging to a substantially
stable condition

Solution heat treatment followed by natural

T4 aging to a substantially stable condition
Cooling from a high forming temperature,
T5 e ;
followed by artificial aging
T6 Solution heat treatment followed by artificial
aging
T7 Solution heat treatment followed by over
ageing or stabilization
Solution heat treatment followed by cold
T8 ) e .
working and artificial aging
Solution heat treatment followed by artificial
T9 : ;
aging and cold working
T10 Cooling from high forming temperature,

followed by cold working and artificial aging

2.2.3 Major families of aluminum alloys

In this chapter the most common aluminum alloys for casting will be discussed:

Al-Cu (2xx);
Al-Si-Cu (3xx);
Al-Si (4xx);
Al-Si-Mg (3xx);
Al-Mg (5xx);
Al-Zn-Mg (7xx);
Al-Sn (8xx).

2.2.3.1 Al-Cu alloys family

Al-Cu alloys are widely used in casting and forging where strength and toughness are
required. They exhibit high strength and toughness both at room temperature and at higher
temperatures.

The first Al-Cu alloys contained copper percentages of about 10% and thus had high
strength and hardness without requiring heat treatment.

Alloys containing between 4-5% copper can have different percentages of magnesium.
By performing heat treatments they are the commercial casting alloys that have the greatest
ability to achieve high strength. Combined with a low level of impurities, excellent ductility
can also be obtained. The combination of good strength and ductility gives excellent toughness.
The use of silver, by aging, accelerates the response of the alloy and reduces the risk of stress
corrosion.
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This type of alloys are very difficult to cast without hot cracking and interdendritic
shrinkage, so grain refinement and selective chilling must be performed.

Copper makes aluminum alloys more susceptible to corrosion and stress corrosion. On
the other hand, copper improves mechanical properties at elevated temperatures, usually with
the addition of nickel [14].

2.2.3.2 Al-Si-Cu alloys family

Al-Si-Cu alloys (typically AlSi9Cu3) represent a large proportion of the aluminum alloys
used for casting. Copper is responsible for increased strength and machinability, while silicon
improves castability and reduces hot cracking. Alloys with high concentrations of hypoeutectic
silicon are advisable for more complex castings and for the die casting process. Alloys
containing a copper concentration of less than 5.6% are heat treatable. The response to heat
treatment can be improved with the addition of magnesium.

Hypereutectic Al-Si alloys with 12-30% Si also contain copper. The wear resistance is
ensured by the primary silicon phase and the copper helps to increase the strength for high
temperatures and for matrix hardening. They are used for pistons in association with nickel,
magnesium or cobalt [14].

2.2.3.3 Al-Si alloys family

Al-Si binary alloys exhibit excellent fluidity, castability, corrosion resistance, low
density, and low coefficient of thermal expansion. However, they exhibit low strength, poor
machinability, and ductility is highly dependent on low impurity concentration and
microstructure.

The strength, ductility and castability of the hypoeutectic and eutectic alloys of this family
can be improved by modification of the Al-Si eutectic. The use of antimony is recommended
to achieve a lamellar eutectic. In addition, higher cooling rates promote a finer unmodified
microstructure of the eutectic. As for hypereutectic Al-Si alloys, proeutectic silicon phase
tuning through the addition of phosphorus is essential in casting and alloy performance [14].

2.2.3.4 Al-Si-Mg alloys family

Adding small amounts of magnesium to Al-Si alloys improves castability and mechanical
properties after heat treatment. In addition, the excellent corrosion resistance and low
coefficient of thermal expansion are maintained. Although these alloys do not present strength
values as Al-Cu and Al-Si-Cu alloys, the values obtained are considered quite acceptable. The
addition of beryllium changes the morphology of the iron-containing intermetallic, improving
the strength and ductility of this type of alloys. The modification of the eutectic with sodium or
strontium is important to improve strength, elongation and casting process [14].

In this family of alloys, the formation of different Fe-containing intermetallic phases is
common. The appearance of the most harmful phase (B-AlsFeSi phase) is more common in
secondary alloys (for example in the AISi10Mg(Fe) alloy), because the recycled aluminum of
these alloys contains several impurities, iron being one of the main ones. In the primary alloys,
the iron content is reduced and manganese is added to help combat die soldering which is also
beneficial for the transformation of the B-AlsFeSi phase into the a-Alis(Fe,Mn)s3Si, phase
which, because it is not needle-like, does not act as much as a stress concentrator, thus
improving the ductility of the alloys. Another way to suppress the B-AlsFeSi phase is to use
high cooling speeds (typical of the high-pressure die casting process) that allow the formation
of the a-AlgFe,Si phase. The a-AlgFe2Si and a-Alis(Fe,Mn)sSiz phases are less detrimental to
mechanical properties because they form as chinese-script or compact globular particles [15].

8
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A summary table of the Fe-containing intermetallic phases and the effect they have on
the ductility of the alloy is shown in Figure 2.

Fe-rich Crystal Morphology Ductility
Intermetallic Structure Loss
B-AlsFeSi Monoclinic Severe

(Platelets)

o-AlgFe,Si Hexagonal Less severe

(Chinese script)

o-Al;s(Fe,Mn)sSio Cubic
(Chinese script)

Less severe

Figure 2: Fe-containing intermetallic phases and their influence on the ductility of Al-Mg-Si alloys [4].

In the automotive industry, one of the most common choices is to use primary Al-Si-Mg
alloys heat-treated to achieve the required mechanical properties. The T6 heat treatment is
performed to achieve maximum strength, while the T4 or T7 heat treatments are performed
when high elongation and ductility values are desired [16].

2.2.3.5 Al-Mg alloys family

Al-Mg alloys are essentially single-phase binary alloys with moderate values for strength
and toughness. Due to their resistance to corrosion, these alloys can be exposed to marine
environments and also due to this feature, are widely used in the food industry. In addition to
good corrosion resistance they have excellent weldability, good machinability and their surface
finish is very attractive after casting, machining, polishing or anodizing.

The injection of this type of alloys requires greater care and control when compared to
Al-Si alloys.

During the melting state, magnesium is very reactive without a protective atmosphere,
which can lead to the formation of aluminum and magnesium oxides, contaminating the bath.
These slags are detrimental to the final quality of the part.

For this type of alloys, the use of heat treatments is performed to stabilize the value of
some properties and not to improve them [14].

2.2.3.6 Al-Zn-Mg alloys family

Most Al-Zn-Mg alloys age naturally, reaching their maximum strength, after being left
for 20 to 30 days at room temperature. However, artificial aging can also be used to accelerate
the hardening process.

Since in most cases it is not necessary to perform either solution heat treatment or
tempering, the cost of heat treatment, residual stresses and distortions in the parts are avoided.
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Solution heat treatment may be necessary when cooling rates are high, which causes micro
segregation of magnesium-zinc phases that reduce the final hardness value.

Al-Zn-Mg alloys are not suitable for casting because they are prone to hot cracking and
high shrinkage during solidification [14].

2.2.3.7 Al-Sn alloys family

Tin is one of the most widely used alloying elements for bearing applications. Aluminum
alloys with 5-7% tin are used in bearings and bushings where low friction, compressive, fatigue
and corrosion resistance are required. The addition of copper, nickel and magnesium contributes
to increased hardness and strength, while the addition of silicon improves castability, reduces
hot shortness and increases compressive strength [14].

2.2.4 Alloying elements

The alloying elements play a very important role. They influence the mechanical
properties of alloys, but also influence the characteristics that determine the good production of
components made with a particular alloy. This chapter will describe the function and
importance that the main alloying elements have in aluminum alloys, although these can change
depending on the amount of elements present in the alloy and the interaction that a given
element has with other alloying elements.

2.24.1 Copper

Copper increases strength and hardness in both cast and heat-treated alloy conditions.
Alloys containing 4-5.5% copper respond better to heat treatments and their castability has a
relative improvement. On the other hand, it generally reduces corrosion resistance, reduces hot
cracking resistance, and increases interdendritic shrinkage [14, 17, 18].

2.2.4.2 Iron

High iron values impair ductility and increase the tendency for porosity formation. On
the other hand, iron improves hot cracking resistance and acts as a release agent extending the
life of dies [17, 18]. The critical iron value (in wt%) can be calculated using the following
equation [19]:

Fe. it = 0.075 * (wt% Si) — 0.05 1)
The most common iron bath penetration mechanisms are:

e aluminum in the liquid state reacts with the iron present in the unprotected steel
tools and/or furnace equipment;

e the addition of contaminated alloying elements or scrap containing high
percentages of iron to the bath [19].

Since the solubility of iron is very low in pure aluminum and its alloys in the solid state,
it combines with other elements to form different types of intermetallic phases. When silicon is
not present, the AlsFe and AlsFe phases are formed, but when it is present, the most common
phases are a-AlgFe-Si and B-AlsFeSi. When Si and Mg are present, the phase n-AlsFeMgsSis
can be formed, whereas if Si and Mn are present, the phase formed will be a-Alis(Fe,Mn)3zSi..
When Mn is present, the latter phase tends to form instead of the a-AlgFe>Si phase. Together
with manganese, chromium and other elements, iron forms sludging phases [14, 18, 19].

The a-phases (Figure 3) resemble the shape of a chinese script, but the a-Alis(Fe,Mn)3Si2
phase may have the shape of a compact block, and sometimes the shape of polyhedral crystals.
The 7 phase (Figure 3) may appear in the form of a chinese script, or it may appear attached to
10
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the B phase through a peritectic reaction, thus forming a distinct platelet morphology. The
different morphologies of these intermetallic phases have different impacts on the castability
and mechanical properties of the alloys. The morphology most detrimental to ductility is that
of the B-AlsFeSi phase (Figure 3), because due to its needle-like shape, micro-cracks tend to
initiate in these particles [19].

Figure 3: Typical morphologies of Fe-containing intermetallic phases: a) B-AlsFeSi needles; b) script
morphology a-AlgFe,Si phase; ¢) n-AlgFeMgsSis phase growing from B phase; d) script morphology =-
AlgFeMgsSis phase [19].

The a and B phases for solution temperatures up to approximately 540°C do not undergo
any phase transformation changes [19].

2.2.4.3 Magnesium

Magnesium is the element that serves as the basis for increased strength and hardness in
heat-treated Al-Si alloys [17, 18]. High-strength Al-Si alloys have percentages of magnesium
between 0.070 and 0.40%. The phase that causes the hardening of Al-Si alloys is Mg2Si which
has a solubility limit of 0.70% Mg, above this value no further hardening occurs [14].

Al-Mg binary alloys are used in applications that require a bright surface finish, good
corrosion resistance and a good combination of strength and ductility. These alloys have a Mg
concentration between 4 and 10%, and above 7% Mg these alloys can be heat treated [14, 17].

2.2.4.4 Manganese

In the case of casting alloys, it has been proven that a high-volume fraction of MnAls in
alloys with more than 0.5% Mn can be a positive influence on the internal soundness. By being
able to consider iron and manganese isomorphic elements, can favor the appearance of an
intermetallic compound with a morphology like a Chinese script (a- Al(Fe,Mn)Si phase) that
is not detrimental for the mechanical properties or the machinability of the alloy [10, 14, 17,
18]. Higher manganese values help minimize die soldering [18, 20, 21]. The main issue with
Mn additions is the sludge formation at lower temperatures. The Equation (2) is used to
determine the sludge factor (SF) [21]:

SF = (1 *wt%Fe) + (2 * wt%Mn) + (3 * wt%Cr) (@)

11
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If SF>1.4 there is sludge formation in the holding furnace at 620°C and if SF is bigger than 2.0
it leads to sludge formation at 660°C [21].

2.2.45 Nickel

Nickel is usually used with copper to improve the properties of the alloy at higher
temperatures [17]. In addition, it reduces the thermal expansion coefficient [14].

2.2.4.6 Phosphorus

In hypereutectic Al-Si alloys, phosphorus is used as a primary silicon refiner [17]. In
hypoeutectic Al-Si alloys, phosphorus coarsens the eutectic structure and impairs the
effectiveness of the most common eutectics modifiers, sodium and strontium [14].

2.2.4.7 Silicon

The main function of silicon in aluminum alloys is to improve the most important
properties for casting. Silicon contributes to improved fluidity, hot cracking resistance,
reducing solidification shrinkage and improving feeding characteristics. There are
hypoeutectic, eutectic and hypereutectic aluminum alloys with silicon, Figure 4 [10, 14, 17,
18].

760 L 1 " 1 L 1

Liquid

700

Eutectic Point
12.6 wt.% Si

a-Al+Liguid
577°C

600 Si+Liquid

Temperature (°C )

550 4 1.65 wt. % Si

Al+3i Eutectic

Hyporeutectic (<12.65i) !Hypereutectic (>12.6Si)
500 T T T T 1 I
0 5 10 15 20

Silicon (wt.%)

I
]
]
]

Figure 4: Al-Si phase equilibrium diagram [22].

It is recommended to use 8 to 12% silicon in Al-Si alloys used in die casting based on the
relationship that exists between the cooling rate and fluidity and the effect of the percentage of
eutectic in the feed as solidification progresses [14]. For percentages above 12.5% of Si, there
is an increasing in the strength and hardness, but, on the other hand, the ductility and
machinability decrease [10].

As stated earlier, the combination of silicon and magnesium forms the hardening phase,
Mg2Si, which enhances strength and facilitates the response to heat treatment. On the other
hand, it combines with iron and other elements to form complex insoluble phases [14]. Without
magnesium and copper, Al-Si alloys are not adequate for heat treatment [10].

2.2.4.8 Chromium
For certain alloys, the addition of chromium improves corrosion resistance and increases
sensitivity to tempering [14].

In Al-Si alloys it modifies the morphology of the AlFeSi intermetallic phases and may
form sludge containing iron, manganese, and chromium [14, 17].
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2.2.49 Sodium

Sodium modifies the Al-Si eutectic [17]. The interaction of sodium with phosphorus
causes its efficiency in eutectic modification to be reduced and also causes the effectiveness of
phosphorus in refining the primary silicon phase to decrease. In contrast to other Al-Si eutectic
modifiers, sodium shows high efficiency under all solidification conditions. Al-Mg alloys with
less than 0.005% sodium lose their ductility and become brittle [14].

2.2.4.10 Strontium

At very low concentrations of strontium, it modifies the size and shape of the eutectic
silicon particles, improving the ductility of the alloy [10, 17, 18, 20]. High strontium
concentrations cause porosity and impair degassing efficiency [14, 21]. Finally, it improves
resistance to die soldering [18, 21].

2.2.4.11 Zinc

Although zinc by itself brings no benefit to aluminum alloy casting, when used with
copper and/or magnesium it results in compositions that are attractive for heat treatment or
natural aging [14, 17].

2.2.4.12 Titanium

Titanium is widely used to refine the primary aluminum solid solution grains in the
aluminum alloys microstructure [14, 17, 18, 21].

2.2.5 Alloys under study

2251 AlSi12(Fe)

It is a binary alloy of the Al-Si family. As can be seen from the equilibrium diagram in
Figure 4, its composition is very close to the eutectic composition, which guarantees excellent
castability to this alloy. However, it is typical that this family of alloys contains eutectic silicon
in acicular shape. This impairs the mechanical properties, and that being a secondary alloy it
contains percentages of iron in its composition that lead to the appearance of the needle shaped
B-AlFeSi phase, which affects the ductility of the alloys. These detrimental effects can be
mitigated with the addition of small amounts of strontium or sodium that make the eutectic
silicon thinner with a structure close to globular and with the addition of manganese that
transforms the B-AlFeSi phase into the a-Al(Fe,Mn)Si phase which is less detrimental to the
mechanical properties [23, 24].

The mechanical properties and chemical composition of the AlSi12(Fe) alloy, based on
NP EN 1706 2000 standard, are shown in Table 5.

Table 5: Mechanical properties and chemical composition in the ingot (weight in %) of AISi12(Fe) [25].

Mechanical Properties
Yield strength (MPa) Ultimate Eﬁ/’l‘;g; strength Elongation (%)
>130 >240 >1
Chemical composition
Si Fe Cu Mn Zn Ti Al
10.5-13.5 <1 <0.1 <0.55 <0.15 <0.15 Bal.
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2.25.2 AISi10Mg(Fe)

It is a secondary alloy of the Al-Si-Mg family widely used in high-pressure die casting
for the production of components with complex geometry and thin walls. Its main properties
are good chemical and hot cracking resistance and excellent fluidity [26]. The mechanical
properties and chemical composition of this alloy, based on NP EN 1706 2000 standard, are
shown in Table 6.

Table 6: Mechanical properties and chemical composition in the ingot (weight in %) of AISil0Mg(Fe) [25].

Mechanical Properties
Yield strength (MPa) Ultimate (t|$/|n Fs)!)e strength Elongation (%)
>140 >240 >1
Chemical composition
Si Fe Cu Mn Mg Ni Zn Ti Sn Pb Al
9-11 | <1 | <0.1 | <055 %25 <0.15 | <0.15 | <0.2 | <0.05 | <0.15 | Bal.

Because it has an iron content of approximately 1%, there is a tendency to form the
needle-like B-AlFeSi phase (as was the case for the AlSi12(Fe) alloy) which is detrimental to
the mechanical properties.

2.2.5.3 Silafont-36 (AISi1OMnMg)

Rheinfelden's Silafont series features alloys with excellent fluidity and with the addition
of sodium or strontium it is possible to improve mechanical properties. It is used for the
production of complex components where tight requirements must be met.

The alloy of this series that will be studied in this work is Silafont-36 (AISiL0MnMg).
This alloy belongs to the group of primary aluminum alloys and exhibits excellent castability,
has high corrosion resistance, high fatigue resistance, excellent weldability and machinability,
and can be heat treated to achieve higher elongation and ductility values [20].

With this alloy it is possible to improve some of the processing properties over the
secondary AISi10Mg(Fe) alloy, considered a standard alloy for the high-pressure die casting
process. With Silafont-36, the improvement of mechanical properties after heat treatment is
superior and the joining potential is also superior, which is an important feature in the
automotive industry. Table 7 compares some of the processing properties for AISi1l0MnMg and
AlSi10Mg(Fe) alloys.

Table 7: Processing properties of Silafont-36 and AlSi10Mg(Fe) [20].

AlSil0MnMg AlSi10Mg(Fe)
Improvement of properties
aftsr heat treatmentp i Very good Good
Hot crack tendency Low Low
Sticking tendency Low Low
Joining potential High Medium
Mold working time > 80% > 80%
Linear shrinkage 0.4-0.6% 0.4-0.6%

The chemical composition and mechanical properties of Silafont-36 are shown in the
following table:
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Table 8: Mechanical properties and chemical composition in the ingot (weight in %) of AISiZl0MnMg [20].

Mechanical Properties
Yield strength (MPa) Ultimate (tm;!)e strength Elongation (%)
120-150 250-290 5-11
Chemical composition
Si Fe Cu Mn Mg Zn Ti Sr P
9.5- 0.04- | 0.010-
115 <0.15 <0.03 | 0.5-0.8 | 0.1-05 | <0.07 0.15 0.025 0.001

The magnesium quantity that is present in this alloy has a relatively large variation range
when compared to the other alloying elements, because this value is adjusted according to the
type of application. The variation of the magnesium percentage affects the ductility and strength
values. Rheinfelden has defined five ranges for the amount of magnesium depending on the
type of application:

e For components that will be exposed to crash and flanging technology, the
magnesium should range between 0.13 and 0.19%;

e For rigid components and accident safety related components exposed to fatigue
loads, the magnesium should range between 0.18 and 0.28%;

e For components requiring high resistance against impact stress, the magnesium
should range between 0.24 and 0.35%;

e For heat treated components with air quenching after solution heat treatment, the
magnesium should range between 0.28 and 0.35%;

e For components where maximum strength is most important after injection or
after O, T4 or T6, the magnesium should vary between 0.35 and 0.45% [20].

Thus, for components in the as-cast condition an increase in the magnesium percentage
causes an increase in yield strength and ultimate tensile strength, but on the other hand causes
a decrease in elongation. Magnesium values higher than 0.5% do not increase the yield strength
value, because this excess of magnesium does not influence the hardening of the solid
aluminum solution.

Small percentages of strontium are used to modify the aluminum-silicon eutectic. It
makes the eutectic thinner (Figure 5) which leads to an increase in elongation from 5 to 10% in
the as-cast condition and helps in the spheroidization of the silicon during heat treatments.
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Figure 5: a) AlSi10MnMg with strontium; b) AISi10MnMg without strontium. Adapted from [20].

Due to the low iron percentage, it is possible to decrease the amount of the AlFeSi phases
that are detrimental to the ductility and strength of the parts. These needle-like phases are
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typically where cracking starts when components are subjected to deformation or dynamic
loading. In contrast, iron is an essential element to facilitate the demolding of the parts after
injection.

As in this alloy it was tried to keep the percentage of iron as low as possible, it was
necessary to find a solution to avoid die soldering. To do this, the percentage of manganese was
increased, which has the same function as iron when it comes to die soldering. However, unlike
iron, manganese is not so detrimental to the ductility of the parts, because the precipitates that
occur during solidification are globulitic and not acicular. In the tests performed in F and T6
conditions, the yield and ultimate tensile strength are practically constant for a manganese value
above 0.4%, but for manganese values below this value, the yield and ultimate tensile strength
decrease due to the adhesion of the parts to the mold, which causes surface cracks and
consequently deteriorates the mechanical properties. Regarding the elongation, typical values
are also low when there is no manganese due to the tendency for die soldering. The elongation
is maximum for manganese values between 0.4 and 0.5% for components in the F condition
and between 0.2 and 0.25% for components after T6 treatment. This value decreases when a
higher percentage (than those mentioned above) of manganese is present. For the same
percentage of manganese, the elongation is higher after T6 treatment, because during solution
heat treatment, the manganese intermetallic phases assume a globulitic form, which improves
ductility [20].

2.25.4 Castaduct-42 (AIMg4Fe2)

Castaduct-42 (AlIMg4Fe2) belongs to the AlIMgFe family of alloys and is characterized
by having high elongation in the as-cast condition, as well as a yield strength value similar to
Silafont-36, but this one need to undergo a two-stage T7 heat treatment. Due to its high ductility,
it is used for the production of large and thin-walled structural components. However, these
alloys have low fluidity, which makes it difficult to fill thin parts.

Because it is a natural-harded alloy it does not need to be heat treated, as there are no
structural hardening elements. This leads to lower production costs and prevents possible
warping of the components produced.

The chemical composition and mechanical properties of Castaduct-42 is shown in the
following table:

Table 9: Mechanical properties and chemical composition in the ingot (weight in %) of AIMg4Fe2 [27].

Mechanical Properties
Yield strength (MPa) Ultimate (tﬁ/r:;!; strength Elongation (%)
120-150 240-280 10-22
Chemical composition
Si Fe Cu Mn Mg Zn Ti
<0.2 1.5-1.7 <0.2 <0.15 4.0-4.6 <0.3 <0.2

It is the only alloy under study where silicon is not an alloying element, and so in this
case, even though there is a high percentage of magnesium there will be no structural hardening
caused by the Mg2Si phase.

The amount of magnesium determines the mechanical strength that will be obtained.
Higher percentages lead to increased yield strength, but, on the other hand, reduce elongation.
Magnesium is always dissolved in the alpha aluminum phase.

Due to the high percentage of magnesium there tends to be an increase in dross formation
when the bath is being held in the furnace for a long time at a relatively high temperature.
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Oxidation inhibitors need to be added to the bath to make the oxide skin denser, reducing the
oxidation of magnesium on the surface of the bath.

The percentage of iron must be kept between the values shown in Table 9, otherwise large
and plate-like Fe-containing phases will form which will reduce ductility. Unlike other
structural alloys, which contain lower percentages of iron to avoid the formation of these
phases, Castaduct-42, has higher values of iron in its chemical composition, allowing adhesion
to the mold to be lower. This allows an increase in a mold operating life and improves the flow
of liquid metal inside the mold to obtain parts with thinner walls [27].

The silicon percentage should be less than 0.2% to avoid the formation of AlFeSi needles
that lead to reduced elongation. In addition to silicon, the manganese values should also be
strictly controlled to avoid coarse and unfavorable solid solution phase precipitations [27].

Calcium and sodium are detrimental to the hot cracking tendency and the elongation at
break, so the melting fluxes used should be specific to AlIMg alloys.

A stress-strain curve for this alloy is shown in Figure 6. In the plastic deformation zone,
a typical behavior of this alloy is evidenced with the appearance of small peaks. These peaks
correspond to strain aging. This Portevin-Chatellier effect is due to an interaction between
dissolved atoms and microstructural displacements that cause stress drops over a short period
of time in the stress-strain curve [27].
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Figure 6: Stress-strain curve of Castaduct-42 with emphasis on the area where the Portevin-Chatellier effect is
visible. Adapted from [27].

2.2.6  Aluminum alloys for structural applications

Structural die casting components usually have complex geometries, large dimensions
and thin wall thicknesses (2-3 mm), so the alloys used must have good castability. These types
of components are used in car body structure (shock towers, A or B pillars, cross members,
engine cradles or inner door panels), but are also used in marine applications, motorcycle or
recreational vehicle structures [21].

Structural die casting components must meet the following requirements:

e According to Casarotto et al. [16], the chassis components need to have a yield
strength above 120 MPa and an elongation above 10%;

Preferably, they should not require heat treatment;

Must have good weldability and rivetability;

Have high fatigue strength and high energy absorption capacity;

Have high corrosion resistance [21].
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Aluminum alloys for structural applications need to have high strength, toughness and
ductility. This type of alloys is increasingly sought after by the automotive industry to replace
the use of sheet steel in components such as shock tower, A or B pillars, subframes and large
castings used in electric vehicles. With the exception of Castaduct-42 all structural aluminum
alloys (Table 10) have low iron contents in their chemical composition to prevent the formation
of phases that are adverse to ductility. However, the low iron content causes the appearance of
the die soldering phenomenon that can be mitigated with the use of small amounts of manganese

[4].

Table 10: Chemical composition of structural die cast aluminum alloys adapted from [4, 20, 27, 28].

Chemical composition (in %wt)

Alloy Mg Si Fe Mn Ti Cu Sr
Castasil 0.006-
37 <0.06 8.5-10.5 <0.15 0.35-0.6 <0.15 <0.05 0.025
Ma%séma' 5060 | 1.8-26 | <02 | 05-08 | <02 <0.03 ;
Magfl;rsna" 6.0-64 | 2126 | <015 | 05-08 | <0.05 | <0.05 ;
0.27- 0.45- 0.01-
Aural 2 0.33 9.5-11.5 | 0.15-0.2 0.55 <0.08 <0.03 0.16
0.45- 0.01-
Aural 3 0.4-06 | 9.5-115 | 0.15-0.2 0.55 <0.08 <0.03 0.16
Aural 4 0.4-0.5 4.0-45 | 0.15-0.2 | 0.45-0.8 <0.08 <0.03 %%%A;
Aural 5 0.1-0.6 6.5-9.5 | 0.15-0.2 | 0.3-0.6 <0.08 <0.03 0.03
Mercalloy 0.25- 0.05-
A368 0.1-0.3 8.5-9.5 <0.25 0.35 <0.2 <0.25 0.07
Mercalloy 0.25- 0.05-
A367 0.3-0.5 8.5-9.5 <0.25 0.35 <0.2 <0.25 0.07
Mercalloy 10.5- 0.25- 0.05-
A362 0.5-0.7 115 <0.4 0.35 <0.2 <0.2 0.07
Alcoa
EZCast 0.15-0.8 | 6.0-9.0 <0.2 0.1-0.8 <0.2 - <0.025
370
Alcoa
EZCast-
NHT 3.0 n/a n/a n/a n/a n/a n/a
Al152
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Table 11: Tensile properties of structural die cast aluminum alloys adapted from [4, 20, 27, 28].

Tensile properties
Alloy . Elongation
Condition YS (MPa) UTS (MPa) (%)

. TS5 155245 275340 4-9
Silafont 36 T6 210-280 290-340 7-12
Castasil 37 F 120-150 230-300 10-14

Magsimal 59 F 160-220 310-340 11-22
Magsimal-plus F 200-220 340-360 9-12
TS5 230-250 350-380 8-12
Aural 2 F 140 310 ~8.6
T5 189-230 303-339 89
Aural 3 F 130-160 250-310 48
T5 190-240 300-340 465
F 103 219 17
Aural 4 T5 112 221 16
T6 170-235 260-300 9-17
Aural 5 F 125-145 245265 9-12
T5 120-160 190-260 6-12
F 125-140 260-275 10-12
Mercalloy A368 T6 185200 280-295 14-16
F 112-131 260-275 6-9
Mercalloy A367 T5 170-205 295310 58
T6 225250 295-320 75-105
F 125-140 260-275 9-11
Mercalloy A362 T6 230-250 295315 14-16
F 105-140 250-280 75-13
A'COZEC)anSt T5 150-220 245-310 55-10
T6 135-250 195-300 7-16
Alcoa EZCast- 14-17
NLIT ALe F 142-150 267-283

Most of the alloys in Table 10 and Table 11 belong to the Al-Si family due to the excellent
castability that these alloys have, while others belong to the Al-Mg family, which are alloys
that do not require heat treatment, but are more aggressive to the molds and their castability is
not so good [4].

For the Al-Si alloys in F condition it is possible to have a minimum elongation of 5%, but
with low strength. Magnesium is added to these alloys to form precipitates after the T5 or T6
heat treatments that increase the strength of the alloy [4].

In Al-Mg alloys, since it is not necessary to perform heat treatments, there is a reduction
in costs and warping of components is prevented. Alloys such as Castaduct-42 and Alcoa
EZCast-NHT A152 have been a focus of the automotive industry for the production of injected
structural components [4].

Recently new aluminum alloys have been developed for structural applications such as
TensAl (AlISi3Mg0.5Cr0.15) [29], A345 (AISi5Mg0.5Cr0.25) [30] and A379
(AISi7Mg0.5Cr0.2) [31], which can be used in the processes of counter pressure casting,
squeeze casting and high-pressure die casting, respectively. The three alloys have silicon,
magnesium and chromium as their main alloying elements, and the difference between them
lies in the variation in the chemical composition of silicon and chromium. Usually, chromium
is not added to Al-Si alloys, because together with iron and manganese there is the formation
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of undesirable coarse sludge particles. However, after some studies it has been proven that
chromium can have beneficial effects on Al-Si alloys: it can replace iron or manganese as a
release agent; chromium can act as a neutralizing element for the B-AlsFeSi phase that is
detrimental to ductility; during the solution heat treatment Cr-bearing dispersoids are formed
that cause an increase hardness [4, 30].

Currently, secondary cast alloys are mostly used for non-structural applications, because
they are recycled alloys with large amounts of impurities, the main one being iron, which leads
to the appearance of the brittle intermetallic B-AlsFeSi phase that is determinant for the decrease
of ductility. On the other hand, since they are recycled alloys, there are great saving of energy
in their production and because they have high amounts of iron (about 1.3%), there is a
reduction of die soldering and an improvement in hot cracking resistance. Luo et al. [4] separate
the die cast Al alloys into four generations according to the percentage of iron:

e First generation alloys contain at least 0.7 wt% iron and secondary alloys can also
be included here. These alloys have a low tendency for die soldering, but due to
brittle Fe-containing intermetallic phases ductility has very low values, and
therefore components in these alloys are not used in structural applications;

e Second generation alloys use manganese as an iron substitute. Manganese
prevents die soldering and in Al-Si alloys modifies the B-AlsFeSi phase. The
maximum secondary aluminum limit used for these alloys must be well below
10% due to Fe and Zn impurities. These alloys are used in the automotive and
aerospace industries for the production of structural components;

e Third generation alloys use strontium (500 to 700 ppm) to prevent die soldering.
It is possible to add a certain amount of iron, and therefore there is the possibility
of using 100% secondary aluminum in the production of this type of alloys;

e According to the research carried out by Cinkilic et al. (Figure 7) there is the
possibility of creating a fourth generation of alloys formed by recycled alloys. If
the Fe/Mn ratio and the cooling rate are controlled it is possible to avoid the
formation of the B-AlsFeSi phase, and therefore it will be possible to use these
alloys in structural applications with reduced costs and improved sustainability.
In the case of the high-pressure die casting process, due to the high cooling rates,
an Fe/Mn ratio of approximately 1.6 is required to obtain the metastable o-
AlgFe2Si and the stable a-Alis(Fe,Mn)sSiz phases. Higher cooling rates require
lower manganese content to avoid the formation of B-AlsFeSi phases [4, 15].
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Figure 7: Graph showing the formation of different Fe-containing intermetallic phases in Al-Si-Mg casting
alloys with high Fe content, depending on the variation of cooling speed and Fe/Mn ratio [15].

The future of new aluminum alloys for structural applications should involve the
development of technologies that can remove impurities present in secondary alloys to bring
them close to the properties of the primary alloys. The focus should be on developing alloys
that do not require heat treatment to improve their strength, but at the same time have good
castability to produce large and thin-walled components, especially for electric vehicles. For
the case of alloys that have their strength improved through precipitation hardening, studies are
being carried out to improve the results obtained by treatment T5, in order to prevent warping
and residual stresses in the components typically caused by treatment T6 [4].

2.3 High-pressure die casting

2.3.1 Conventional high-pressure die casting

The HPDC process is considered the most economical and the best process for the
production of large series of parts with the advantage of ensuring excellent dimensional
tolerance, excellent surface finish (roughness of 1.3 um), parts with the thinnest wall
thicknesses that can be produced and parts with a competitive production cost when high
production volumes are required [10, 32]. Due to its high degree of automation, it is a process
that guarantees high production rates [10, 32]. About 50% of aluminum casting alloys are used
in this process, and most of the components produced are used in the automotive industry [33].

The HPDC process requires alloys with superior castability and that have low tendency
to hot cracking. Al-Si family alloys are the most used. Of these, the AISi9Cu3 alloy and its
variants comprise about 85% of total HPDC production. These compositions combine attractive
cost with good strength, hardness, corrosion resistance, excellent fluidity, and resistance to hot
cracking [14].

In this process a metal mold is used, usually machined from high quality hot working tool
steels. The simplest molds consist of only two matching dies, while more complex molds
contain sliding features for making holes and undercut areas. Inside the mold there are
machined channels where water or oil circulates for cooling the part [14, 34].

There are two types of machines for HPDC: hot chamber machines (Figure 8) and cold
chamber machines (Figure 9) [14, 35, 36]. In hot chamber machines, the shot chamber and
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plunger are in contact with the liquid metal. This type of machine is used for the production of
components made of magnesium and zinc alloys, which are alloys with a lower melting point,
and that do not chemically attack the steel of the injection machine components. This type of
machine has the advantage of having higher production rates. The injection of aluminum alloy
parts is performed in cold chamber machines, where in each cycle the shot chamber is filled,
thus not having a long contact between the aluminum in its liquid state and the injection
machine components [14, 36].

‘ GAS/OIL ACCUMULATION

MOLTEN ZINC

GOOSENECK

Figure 8: Schematic drawing of a hot chamber die casting machine [37].

Injection machines are characterized by their clamping forces. This defines the capability
of the injection molding machine to contain the pressure generated during the injection cycle.
The larger the flat area of the part to be injected and higher the injection pressure, the clamping
force should be higher. Injection machines have clamping forces that typically range from 50
to 5000 tons [14, 35].

Figure 9 shows a schematic representation of a horizontal cold chamber die casting
machine. The machine consists of a hollow shot sleeve (a hollow cylinder where the molten
metal is deposited) with a pouring slot and a hydraulically actuated plunger. The shot sleeve is
connected to an opening in the cover die half. The ejector plate and the cover die are mounted
on a sturdy four-bar frame to withstand the high injection pressures. The ejector plate closes
and opens against the cover die, which is activated by a hydraulic cylinder and locked in
position by a toggle mechanism [10].

Platen  Tie Toggle

\
, Gas/oil accumulator F::i:d \ bars clamp
N ,_1’ h 4
it — -
’Paston Plunger fe ’ o]
/ \ [
\
] lomnme]
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Figure 9: Schematic demonstration of the components of a horizontal cold chamber die casting machine [36].

In Figure 10 it is possible to see part of the sequence of the HPDC process. The two half
dies are sprayed with a lubricant, by robot or manual application, then the mold is closed. The
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cores are positioned mechanically or hydraulically. The plunger is lubricated with boron nitride
to prevent friction with the sleeve. The plunger is fully retracted, and an automated pouring unit
or robot pours a preset amount of liquid metal from the furnace holder into the pouring slot of
the shot sleeve. The liquid metal is injected into the mold cavity [10, 36, 38].

After solidification, the moving part of the mold opens, and the ejectors are triggered. A
robot grabs the part and takes it to cool in the air or in a forced air tunnel or in a cooling tank
with water. Next, the part is placed in a trimming press and the gating system is cut. At the end,
the part goes to the finishing section [10, 36].
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Figure 10: Sequence of the high-pressure die casting process [36].

Through the process description it is possible to list the main constituents of a die casting

machine cell:

Holding furnace;

Injection machine;

Mold cleaning and cooling system;
Parts handling/extraction system;
Cooling tank with water or forced convection tunnel;
Trimming press [10].

In HPDC, the filling process of the molding cavity is based on three phases, Figure 11

[36].

Parameters: Pressure —; Distance -

Velocity — .

Plunger

1. Phase

2. Phase 3. Phase

Position
(mm)

Figure 11: Phases of high-pressure die casting. Adapted from [39].
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In the first phase the plunger, which is hydraulically activated, advances at very low speed
inside the shot sleeve. The plunger advance in the first phase can be divided into two phases
with different speeds: pour hole close speed and the speed used to fill the shot sleeve. The
plunger advances at approximately 0.25 m/s from the moment the ladle mechanism finishes the
pour. This movement must be performed as smoothly as possible to prevent the metal from
splashing out of the shot sleeve. This first plunger speed ends when the pour hole is closed. The
second part of the plunger movement (approximately 0.4 m/s) must be performed at constant
acceleration (Figure 12) with adequate ventilation, once too slow or too fast velocities promote
trapped gas (Figure 13). At this stage the metal advances to just before the workpiece gates
[36].

Cc leration at reduced gas tripping

Figure 12: Reduction of trapped gas due to constant  Figure 13: Trapped gas during the 1% phase. Adapted
acceleration [36]. from [36].

In the second phase, the piston advances at high speeds (approximately 10 m/s), but due
to the small cross-section of the gates, speeds of 60 m/s can be reached in the gates, which is
much higher than the speed of transition from laminar to turbulent in aluminum alloys. This
high filling speed ensures that the entire mold cavity is filled correctly, and very thin walls are
obtained [32, 36]. Since the speeds are high, the injection process itself produces a non-coherent
liquid metal flow, which causes at first a very thin layer of metal (called the skin) to fill the
cavity, and at the end, the remaining volume of the cavity is filled with the molten alloy and
gas (Figure 14) [35]. The filling takes about 20-100 ms [36].
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Figure 14: Schematic of the liquid metal flow during the filling phase [35].

The third and final phase is the compaction stage. In this phase, the plunger moves at very
low speed, but pressures up to 1000 or 2000 bar can be reached. This high pressure serves to
compensate for volumetric flaws (microporosity) that appear due to shrinkage of the alloy and
to close or collapse gas porosities that are due to turbulent filling of the mold cavity. However,
this phase is only most effective near the gates, and can be detrimental when performing heat
treatments, as collapsed porosities appear with high gas pressures [36].

There are two major problems in aluminum alloy injection: problems related to heat
treatments and die soldering [33]. Two characteristics of conventional HPDC are the high
cooling rates and the high turbulence that the alloy is subjected to when injected into the mold
due to the high injection speeds used. This causes the appearance of collapsed porosities, which
are nothing more than gas porosities where the gas is at high pressure. This is due to the
turbulent regime created by the injection speed used during the 2" phase and the high
compaction pressures used in the 3 phase. These internal porosities contain gases such as air,
hydrogen, and vapors that are formed by the decomposition of the organic lubricants in the
mold wall that are trapped inside the liquid metal. These porosities combined with others due
to part contraction during cooling, greatly affect the mechanical properties of the injected parts.
Although, it is normal to accept a certain level of porosity in the injected parts, when they need
to be heat treated, and therefore exposed to high temperatures, porosities are no longer accepted.
During long exposure to high temperatures, the yield strength of the material decreases and the
pressure inside the pore increases, causing surface blistering in the components (Figure 15) and
dimensional instability due to deformations. Besides ruining the surface finish of the parts, it is
impossible to obtain parts with ductility and toughness properties equal to those required for
structural components and the ability of the parts to be watertight [14, 33, 36].
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Figure 15: Blistering formation. a) Schematic drawing of the surface blistering formation; b) Schematic diagram
of the evolution of the alloy yield strength and pressure inside the pore with the variation of the heat treatment
temperature. Adapted from [40].

Al-Si-Cu and Al-Si-Mg family alloys are among the most commonly used in die casting
and can be hardened through aging. However, up to a certain time this type of alloys were not
subjected to the solution heat treatment followed by aging, because during solution they would
have to stage at approximately 520°C for several hours. However, after some studies, it was
concluded that the solute elements (copper, magnesium, and in some cases even silicon)
dissolve in the a-aluminum grains in the early part of the solution heat treatment. Thus, reducing
the temperatures and times of the solution heat treatment makes it possible to harden alloys of
the families initially addressed through artificial aging without the occurrence of blistering or
swelling [33].

Due to the high affinity between aluminum and iron in the liquid state, there is the
possibility of the part sticking to the steel mold during cooling. Rapid interatomic diffusion is
possible on contact of aluminum and iron causing the formation of intermetallic compounds on
the mold surface. Die soldering can be detrimental when automatically ejecting the part from
the mold, leading to production delays, and can damage the mold cavity surface, which leads
to repair costs and production line downtime [33]. Adhesion is influenced by several factors:

e Chemical composition of the aluminum alloy. Iron is beneficial for unmolding
parts, but affects the mechanical behavior of the injected part. Manganese and
small amounts of titanium also contribute to the decrease of the die soldering
effect, while nickel is detrimental. Magnesium and silicon have no significant
effects;

e Chemical composition of the mold. The most commonly used steel for
manufacturing injection molds is H13. Steels with higher alloying elements can
better resist the chemical attack of aluminum in the liquid state, but their cost is
higher, so they are not usually used;

e Injection temperature. This should be as low as possible, and it has been found
that a temperature of 670°C before the molten metal enters the shot sleeve is
critical to minimize the adhesion of aluminum alloy parts to steel molds;

e Coating the molds. Coatings act as diffusion barriers in the iron-aluminum
reaction by slowing the welding of aluminum to the mold surface. Boron-based
ceramic coatings have proven to be quite effective. Boron nitride applied through
physical vapor deposition (PVD) if it is compatible with the steel substrate of the
molds acts as a diffusion barrier. Alternatively, the surface of the mold can be
aluminized by dipping the mold into molten aluminum at 760-800°C. After
removal, the mold should be held at 300°C for 12-24 hours to form a controlled
layer of iron aluminide. At the end, the surface should be polished [33].

Thus, some of the advantages of this process are:
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e HPDC is a very fast process which brings some economic and dimensional
advantages. The parts produced have excellent dimensional accuracy and an
excellent surface finish, which minimizes the finishing processes required, thus
reducing the cost. In addition, due to the high injection speed, parts are produced
with reduced thicknesses, which reduces their weight and, consequently, their
economic value. To increase the production speed and make maximum use of the
machine's capabilities, depending on the size and geometry of the component,
multi-cavity molds are used. The fast injection and high cooling rates help in the
refinement of the microstructure and thus lead to maximum strength values. In
addition, by optimizing the cooling channels, it is possible to improve the
properties of the parts at specific points [10, 18, 34, 36];

e The high level of automation present in an injection cell ensures process
repeatability and consistency of the final product with less human intervention. In
addition, one operator can supervise two or three machines at the same time,
reducing labor costs [10, 18];

e The HPDC process is competitive for high production volumes, around 200,000
parts per year. The high investment cost due to high machine and tooling values
can be amortized over the course of large series production [10, 18].

But like all processes, it also has limitations:

e The initial investment required for HPDC is quite high due to the high costs of
tooling, molds and hydraulic injection machines [18, 34];

e For the production of structural parts, the conventional injection process cannot
be used, because the high injection speeds that are used during the process cause
gas porosities to appear inside the parts that are detrimental to their mechanical
and dynamic behavior. These porosities somewhat restrict the application of these
components, for example at the structural level, because the temperatures reached
during the heat treatments cause an increase in the pores that can lead to surface
blisters. Components produced by sand casting and low-pressure permanent mold
casting have less porosity, therefore better ductility and toughness, and more
complex shapes can be produced. In addition, if there is a need to increase the
hardness of the parts produced, they can already be heat treated [18, 32-34];

e When there is an increase in the size or thickness of the component being
produced, there is also an increased likelihood that the properties will not be
uniform throughout it [34];

e Neither sand cores can be used due to the high injection speeds, nor metal cores
where they are not allowed to be removed directly. Thus, this type of process has
some limitations on the design flexibility of internal passages or hollow shapes.
This limitation in the simplest cases can be solved by drilling interior channels in
the part or by redesigning the part so that a part can be attached to it through a
bolted connection to ensure the passage of interior channels [10];

e The tendency for die soldering to occur, which leads to damage to the mold
surface and poor surface quality of the part, can be minimized when the alloy has
at least 0.6% iron in its constitution. However, high percentages of iron reduce the
ductility, toughness and fatigue resistance of the alloy. For some components this
loss of properties may be acceptable, but for structural components this situation
is not acceptable [10, 18].

2.3.2 Vacuum high-pressure die casting

To prevent the appearance of gas porosities inside the parts, vacuum die casting systems
have been created. By applying vacuum inside the die cavity, conceptually, there is no mixing
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of the liquid metal and air, and therefore, theoretically, the gas porosities issue should be
minimized. Vacuum die casting uses a vacuum pump and an accumulator to remove air and
gases from the die cavity and the metal gating system before and during injection of the molten
metal. The die is connected to the vacuum pump and accumulator through a combination of
flexible and hard tubes. The vacuum is performed below the atmospheric pressure value [41].

Vacuum die casting (VDC) can be divided into vacuum-assisted die casting (VADC) and
high-vacuum die casting (HVDC) [4, 41]. In addition, there is usually a distinction between two
types of vacuum systems: valveless vacuum blocks and valve systems (Figure 16) [10, 42].

Valve systems Yaweiess
Y systems/Chill blocks
Mechanical valve Hydraulic/pneumatic
(metal actuated valve (sensor Triangular Other geometries
valve) actuated valve)

3D CASTvac

Figure 16: Types of vacuum systems. Adapted from [42].

Valve based systems allow for maximum efficiency and shut off the vacuum before the
liquid metal reaches the sensor system. Their maintenance can be quite complex due to metal
solidification inside the actuators. This problem is more associated with mechanically actuated
valves, because in sensor actuated valves, the command to close the valve is given by the
plunger position [42].

Valveless based systems use chill blocks (equipment with no moving parts) to stop the
liquid metal from flowing and shut off the vacuum when the metal solidifies. They are similar
to mechanical valves in the way that they use the metal flow as a trigger to shut off the vacuum.
Chill blocks are classified by taking into account the geometry of the chill profile: triangular,
trapezoidal, and 3D CASTvac. This last geometry by increasing the surface area for cooling
becomes four times more efficient than the most usual geometries (triangular and trapezoidal).
Chill blocks are less efficient than valve systems, and in addition the vacuum level, when the
metal solidifies, is measured in the tank and not in the die cavity, which causes measurement
errors (Figure 17) [42].

Manometer is
directly coupled to
the vacuum

tank

Manometer
Chill-vent

Pressure measured
is always ideal

Figure 17: Wrong reading of the vacuum pressure on chill blocks [43].

28



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

Table 12 summarizes the main advantages and limitations of mechanical valves,

hydraulic/pneumatic valves, and chill blocks.

Table 12: Advantages and limitations of mechanical valves, hydraulic/pneumatic valves, and chill blocks [10,

Mechanical valve

18, 36, 42].
Advantages Limitations
Easy to maintain; High cost;
No need for an expensive | Less vacuum generated than
controller; in hydraulic/pneumatic

Biscuit size variation is not
problematic;

Vacuum performed through
entire shot.

valves due to smaller cross-
sectional area;

Maintenance must be carried
out after 5000 injection
cycles.

Hydraulic/pneumatic valve

Has no problems starting up,
because it is not actuated by
metal;

Easy maintenance because
there is no metal in the valve;
More vacuum possible due to
larger cross-sectional area.

Very high cost;

Does not take into account
the variation in biscuit size;
Requires a better control
system.

Chill block

No extra  maintenance
required. Can be performed
when the mold is maintained;
Lower cost;

Vacuum can be performed
until the die cavity is

Vacuum level measurement
is not accurate;

Evacuation efficiency is
lower than with valve
systems.

completely filled.

Vacuum assisted die casting (VADC) (Figure 18) uses the same injection machine as
HPDC with a slight modification. A vacuum valve is installed in the die to evacuate the gases
inside the die cavity and is capable of generating vacuum pressures between 60 and 300 mbar.
This valve is opened after the die and shot sleeve hole are closed. This variant of vacuum die
casting, depending on how it is implemented, only allows the vacuum to be partial (40 to 80%),
but even so it brings improvements relative to HPDC. It is then possible to produce larger parts
with more complex geometries and thinner walls with less gas trapped inside. However, the
consistency of this process is not yet sufficient to guarantee that all parts that undergo solution
heat treatment do not exhibit blistering [4, 41].

Vacuum valve

Vacuum system valve opens,
evacuating air from die
cavity and shot sleeve

prior to fill by plunger

€~ Plunger

Shot sleve

Figure 18: A typical vacuum high-pressure die casting system [41].
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Hu et al. [44] injected components in the AlSi12(Fe) alloy through VADC with different
vacuum levels (275 mbar, 112mbar and 72 mbar). He found that increasing the vacuum level
led to a reduction in the average porosity and that for higher vacuum levels there is no major
change in the number of porosities, but there is a reduction in their volume. Yield strength
increased with increasing vacuum level and so did the repeatability of ultimate tensile strength
and elongation, Table 13. Szalva et al. [39] injected AISi9Cu3 alloy specimens with different
vacuum levels (170 mbar, 90 mbar and 70 mbar). He found that the vacuum effectiveness is
most pronounced for levels between 80 and 100 mbar. At a vacuum pressure of 70 mbar there
was a 57% reduction in porosities relative to conventionally injected parts (Table 13 and Figure
19).

Table 13: Results of porosity, YS, UTS and elongation as a function of vacuum level of the references [39, 44].

Pressure Porosity YS (MPa) | UTS (MPa) | Elongation (%) Reference
(mbar) (%) Avg. | SD | Avg. | SD | Avag. SD
275 0.152 98.3 | 9.3 |218.0| 37.8 2.5 1.07
112 0.102 1015] 9.1 |230.6]| 26.1 2.8 1.27 [44]
72 0.046 104.1| 9.9 |229.5| 25.3 2.5 0.99
Atmospheric 1.10 152.9 - 253.7| - 1.31 -
170 0.71 154.0 - 258.4 - 1.43 - [39]
90 0.67 161.7| - 2763 - 1.63 -
70 0.47 1672 - |2916]| - 2.04 -

Figure 19: SEM micrograph. a) Porosity in the conventional casting; b) Porosity in the 70 mbar vacuum-assisted
die casting. Adapted from [39].

High-vacuum die casting (HVDC) uses technologies capable of generating vacuum
pressures of less than 60 mbar inside the die cavity and allowing tight control of the vacuum
profile during die filling. From HPDC to HVDC, changes must be made to the thermal
management of the shot sleeve and mold, overflows must be redesigned, and as little lubrication
as possible must be used. With HVDC there is an improvement in mechanical properties over
parts produced by VADC and there is already greater repeatability in obtaining treated parts
without blistering [4, 36, 41]. Shock towers, A- and B-pillar components, door structures, and
suspension links (Figure 20) are examples of parts that are produced using HVDC [10].
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Figure 20: a) Schematic representation of structural components in a car; b) Schematic representation of a shock
tower. Adapted from [10].

Dong et al. [45] was able to achieve a vacuum pressure of 19 mbar. He confirmed that
HVDC increased the repeatability of the tensile properties (Table 14) of the Al-Si-Mg-Mn alloy
under study. There was improvement in UTS and ductility by 5.6% and 43%, respectively, in
the as-cast state when compared to the values obtained in HPDC. After the T6 treatment there
was also an increase in ductility by about 21%.

Table 14: Results of YS, UTS and elongation as a function of the HPDC process [45].

YS (MPa) UTS (MPa) Elongation (%)

State | Process g SD Avg. SD Avg. SD
As-cast HPDC 167.7 2.4 300.9 10.0 8.1 2.1
HVDC 169.5 1.6 317.6 1.4 11.6 0.7

T6 HPDC 297.1 4.3 355.3 3.7 9.7 1.5
HVDC | 300.2 3.4 359.0 3.1 11.7 0.3

In Table 15 a comparison is made between HPDC, VADC and HVDC.
Table 15: Process characteristics of HPDC, VADC and HVDC. Adapted from [4, 10, 36].

Conventional high- . . .
Proce§s _ ressure die castin yacuu_m-assnsted ngh_-vacuum die
characteristics b (HPDC) 9| die casting (VADC) casting (HVDC)
Vacuum pressure 1000 60 - 500 <60
(mbar)
Advanced systems No No Yes
for vacuum control
Die sealing No Yes Yes
Probablllt)_/ of gas High Low Very low
porosity
Possibility to
perform solution No Yes Yes
heat treatment
Weldability Poor Fair Good
Mechanical Acceptable strength, | Acceptable strength, | High strength, high
properties low ductility acceptable ductility ductility
Minimum wall 4 3 9
thickness (mm)
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2.3.3 Heat treatments for Al-Si-Mg alloy components obtained by high-pressure die casting

One of the most widely used heat treatments for components produced by high-pressure
die casting is the T6 heat treatment (Figure 21). This heat treatment promotes precipitation
hardening. After performing this treatment, the parts have the best strength with good
elongation values. The main steps of this heat treatment are:

e Solution heat treatment;
e Rapid cooling (quenching);
e Atrtificial aging.

Solution heat i
treatment g
T, > B
3 <— Quench = al(A) + L B (Mg2Si)+ L
' g
]
o
£
&= Precipitation
heat treatment -
T - a (Al)+ B(Mg2Si)
2 Cdl
Composition (wt% B)
s
T
! Time CB
Figure 21: T6 heat treatment steps. Adapted from Figure 22: Schematic of the phase diagram for
[46]. precipitation-hardenable Mg,Si aluminum showing the

temperatures of the different stages of the T6 heat
treatment [46].

During solution heat treatment, heating is carried out to near the eutectic temperature
(temperature To of Figure 22). Heating to temperatures above the eutectic temperature can lead
to partial melting of the alloy, resulting in a loss of mechanical properties. Temperatures below
the eutectic temperature or very short stage times may not allow sufficient dissolution of
alloying elements in the aluminum matrix and the desired level of homogeneity is not achieved,
resulting in lower hardening. The effects of solution heat treatment are:

e the dissolution of magnesium and silicon from the Mg2Si phase in the primary
aluminum phase up to the maximum solubility limit;

e the homogenization of the microstructure;

o the spheroidization of the eutectic silicon without a decrease in the number of
particles [36].

Thus, the dissolution of the alloying elements allows the creation of the optimal
conditions for artificial aging and the spheroidization of the silicon particles promotes an
improvement in the ductility of the alloy.

The spheroidization of silicon particles during solution heat treatment starts with the
fragmentation of the eutectic silicon particles, and finally the spheroidization of these particles
takes place. If the solution heat treatment is too prolonged in time, there is coarsening of the
silicon particles (Figure 23) [36].
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Figure 23: Morphological evolution of eutectic silicon particles [47].

After solution heat treatment, rapid cooling should be performed to prevent precipitation
and formation of the Mg.Si phase. After cooling, there is a supersaturated solid solution. The
time between the end of solution heat treatment and the entry of the parts into the quench
medium (e.g. water or oil) should be as short as possible. The best relationship between
mechanical strength and ductility is obtained with high cooling speeds. However, the cooling
speed should be optimized to achieve a perfect balance between the mechanical properties
obtained and the prevention of warping, distortions, and residual stresses in the parts [36, 48].

In artificial aging, the parts should be heated up to a temperature of T (Figure 22), so that
there is enough diffusion to promote the nucleation of solute-rich metastable precipitates. After
finishing the stage at T, the parts are cooled down at room temperature. The hardening results
from a dense and uniform distribution of Mg-Si intermetallics that act as an obstacle to
dislocation movement. This allows the mechanical strength and hardness of the parts to be
improved. The mechanical strength and hardness obtained at the end depends on the aging
temperature and stage time [36].

The precipitation of Al-Si-Mg alloys during aging takes place in the following sequence:

Supersaturated solid solution (o matrix) — GP zones — B’’ phase — [’ phase — P phase
(Mg2Si)

At the beginning of aging process decomposition of the supersaturated solid solution
occurs. Separated Mg and Si clusters are initially formed, and after the diffusion of these atoms,
spherical GP (Guinier—Preston) zones appear, which are composed of coherent precipitates.
These zones are easily deformed by dislocations leading to localized distortions in the solid
solution network. With continued diffusion of the solute into the agglomerates, the GP zones
become elongated and give rise to B’° phase precipitates, composed of MgsSie with
approximately 20% aluminum and a Mg/Si ratio very close to 1. Due to the coarser size of this
phase, they act as an obstacle to dislocation deformation, contributing to an increase in
mechanical strength. If the stage time is prolonged, the B’’ phases transform into ’ phases
(phase semi-coherent with the matrix) with the composition Mg2Al. The final phase to form is
the B phase (phase incoherent with the matrix), composed of MgzSi. As the B”’—p —f
transformation takes place there is a drop in hardness and mechanical strength (Figure 24)
which corresponds to the over aging of the parts (condition T7) [36, 46, 49].
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Figure 24: Yield strength evolution with increasing aging time [46].

It is common that during the formation of B-precipitates there is also the formation of
silicon precipitates, and the increase in these precipitates is proportional to the increase in aging
time. The formation of the silicon precipitates exists because not all of the silicon dissolved in
the aluminum matrix is used in the formation of the Mg2Si phase [50].

The formation of GP zones is inversely proportional to the temperature used for aging. If
high temperatures are used, the precipitates grow faster, and therefore the peak of hardness is
reached faster. However, since the precipitate density is lower, the maximum hardness obtained
for higher aging temperatures is lower than that obtained for lower temperatures [26].

In addition to the T6 heat treatment, there are other heat treatments that are commonly
used on die casted components. A T7 treatment can be performed if the components are
subjected to high temperatures during service. Higher ductility values are achieved in this heat
treatment (when compared with T6), but the strength is not as high. The T5 treatment is used
to minimize costs and ensure moderate strength. As this heat treatment does not perform
solution heat treatment followed by quenching, warping of the treated components is prevented
[36, 41].

2.3.4 Pouring and dosing of molten metal

The most traditional method of transporting the liquid metal into the mold is to use open-
top ladles, which can be manual or mechanized to transport larger quantities of material. One
of the main problems with using an open-top ladle is that the slag that accumulates on the
surface of the liquid metal will be poured into the holding furnace or the mold. So, in order to
avoid this situation, in Figure 25, different types of ladles are shown that using a teapot spout
or a bottom stopper rod and nozzle that can reduce the transfer of slag [41].

- ——

,Steel shell , Refractory lining -D1 i e StOpPPEF 10D~

e ——— Pouring nozzle ———

{a) {b) (c} (d)
Figure 25: Four different pouring ladles. a) open lip-pour ladle; b) teapot ladle; c) and d) bottom-pour ladles [41].
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As an alternative to the use of ladles or ladle furnaces that fill the shot sleeve by gravity
pouring, dosing furnaces are used.

A dosing furnace not only operates as a holding furnace, but also has the advantage of
directly transferring the liquid metal into the shot sleeve in precise quantities. To be able to
transfer the liquid metal from the furnace to the shot sleeve through the dosing channel, it is
necessary to use compressed dry air. The use of dry air is essential because the solubility of
hydrogen in liquid aluminum is very high. The compressed dry air is introduced into the
pressure-sealed furnace and forces the metal inside to rise through the riser tube. With an
increasing pressure, the liquid metal fills the entire riser tubing until it reaches the dosing
channel that is connected to the shot sleeve. The metal flow stops when the pressure is turned
off [41].

At each filling of the dosing furnace, a loss of quality in the liquid metal is observed, so
the filling according to that depicted in Figure 26 ensures that the drop in quality is less. Keeping
the filling funnel always full, ensures that oxides are formed on the surface bath and do not
contaminate the melt inside the furnace. These oxides can be skimmed off at the end of the
filling operation [41].

Figure 26: Refilling a dosing furnace [41].

Holding the liquid aluminum for longer periods in the dosing furnace ensures better bath
properties because it allows more time for the deposition of inclusions on the surface or bottom
of the bath that will then not affect the metal that is used to fill the mold. One way to improve
the quality of the bath even more is to use porous plugs that are placed at the bottom of the
furnace (Figure 27). These porous plugs can produce extremely small gas bubbles along the
entire surface of the plug. Introducing argon or another inert gas through these plugs, allows
the level of hydrogen inside the furnace to be better controlled and kept as low as possible [41,
51].

35



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

Figure 27: Porous plugs on the bottom of a dosing furnace [51].

The main advantages in using this type of furnace are:

e By controlling the flow and pressure of the injected air it is possible to control the
speed of the liquid metal, thus preventing it from entering the turbulent regime
and avoiding the air entrapment;

e As the liquid aluminum is in a controlled atmosphere, the solubility of hydrogen
in the aluminum is prevented;

e The filling of the furnace with the metal that comes from the ladles is done by a
funnel that is below the surface of the bath, so it does not come in contact with the
slag that is on the surface of the bath;

e High repeatability in dosing accuracy;

e Makes the process faster [41].

It is extremely important to adopt the best solutions regarding the pouring and dosing of
molten metal, because if the metal quality is not maintained in these initial steps, the mechanical
requirements of the components cannot be guaranteed even when the injection process and heat
treatment are excellent.

Due to the turbulence of the liquid metal flow, oxide films are formed on the bath surface,
which do not allow the different ceramic film layers formed to bond (Figure 28). This lack of
bonding between the ceramic films creates a fissure in the liquid, which is called a bifilm [32].

Air i
Impingement C\. ‘/Folimg
\\\. \\:\\\‘ | \\
~ \& \\\
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Liquid Metal

Figure 28: Production of bifilms as cracks in the liquid metal [32].

Apart from the problem of oxide films being dragged and causing cracks in the liquid
metal, the dragging of air bubbles can also be problematic. As the bubbles move inside the
liquid metal, a kind of oxide tail (similar to a long bifilm) is formed all the way back to the
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initial point of bubble formation (Figure 29). Thus, bubbles, in addition to being gas porosity
points, can also form macroscopic crack-like defects [32].

Figure 29: Bubbles and their oxide tails [32].

In the case of the high-pressure die casting process, once the mold filling takes place in
milliseconds it does not allow the bifilms to grow, resulting in an extremely thin film. The
reduced thickness may allow adhesion between two films due to “atomic rearrangements during
their transformation from pure alumina to spinel as the magnesium in the alloy diffuses into the
bifilm” [32]. The high pressure used during the 3™ stage of HPDC process also contributes to
the closeness between two biofilms [32].

The entrainment defects that cause the appearance of the bifilms are independent of the
environment where the injection is made whether in air, inert atmosphere or vacuum. In a
vacuum atmosphere there is always some oxygen and/or nitrogen that allows the creation of
oxide or nitride films on the surface of the liquid metal. Vacuum injection does not eliminate
bifilms, but makes them even thinner and thus more difficult to detect in vacuum casts [32].

2.3.5 Molten-metal treatments: fluxing and degassing

The reactivity of metals combined with the high temperature of the melting bath causes
the dissolution of gases and the appearance of inclusions in the molten metal [36, 41].

It is almost impossible to prevent slag formation during the melting of aluminum alloys.
Usually, this slag has large amounts of Al>Os, because the free energy of formation of this oxide
is very low. Al>Os forms on the outer surface of the bath if it is exposed to the atmosphere. It
floats and agglomerates on the top of the bath and can be removed by skimming. The design of
the gating system should be carefully dimensioned to minimize the formation of Al>Os during
mold filling [36, 41].

The distribution and size of the oxides present in aluminum alloy castings influence the
degradation of the mechanical properties. Rapid cooling during solidification is beneficial for
decreasing the size of the oxide inclusions and for improving the distribution of these
inclusions. Thus, the degradation of mechanical properties is not as pronounced [41].

There is a possibility that other alloying elements present in aluminum alloys react with
oxygen and form complex oxides with Al.O3 as one of the components. In the case of alloys
containing magnesium, magnesium oxide (MgO) is formed which then joins with Al>Os3
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forming MgAIl204. To avoid as much as possible the formation of this type of oxides, pouring
and gating system design should be done carefully [41].

Other types of inclusions can appear as a result of grain refinement operations due to
uncontrolled addition of elements. Excessive additions of, for example, titanium, vanadium,
and boron can lead to the formation of diborides, which are undesirable inclusions. Commercial
aluminum has its chemical composition worked out to exploit age hardening but is susceptible
to the formation of undesirable intermetallic particles during cooling. The control of the bath
chemical composition is especially important in cases where scrap is recycled, as this is
introduced into the bath and increases the levels of impurities that decreases the properties of
the components [36, 41].

For cleaning the inclusions present in the bath, fluxing is performed. Chemically active
solids, inert gases or chemically active gases are used. The choice of the type of fluxing depends
on the chemical composition of the bath and refractories. The functions of these additives are:

e Remove inclusions, impurities and dissolved gases from the bath;
e Prevent the formation of excess solid phase inclusions;
e Cleaning the oxides that are on the walls of the furnace [36, 41].

The use of fluxes can be done both during the melting of the metal and during the
transportation of the molten metal in the transfer ladles [41].

In the casting of aluminum and its alloys, the use of fluxes is important to control the
amount of impurities and to remove oxides. The types of fluxes that are commonly used are:

e Cover fluxes: create a protective barrier against oxidation and moisture on the
surface of the bath that is in contact with the surrounding atmosphere;

e Drossing fluxes: moisten the bath to cause coalescence of the aluminum;

e Melt-cleaning fluxes: are used to remove the oxides formed during the melting of
the aluminum;

e Wall-cleaning fluxes: are used to remove the aluminum oxide buildup that exists
on melting furnace walls [36, 41].

Within non-ferrous materials, aluminum is the one that is most susceptible to hydrogen-
induced defects. One reason for this is that aluminum and its alloys when reacting with water
vapor (Equation (3)) easily absorb hydrogen [41].

241D + 3H,0(v) > Al,05(s) + 3H,(in AD ©)

Another reason that explains the greater susceptibility of aluminum and its alloys to
hydrogen-induced defects, is the fact that the partition coefficient (k) (Equation (4)) is relatively
small [41]. This means that the solubility of hydrogen in liquid aluminum is much higher than
the solubility of hydrogen in solid aluminum. In addition, the diffusion rate of hydrogen in solid
aluminum is much lower than that in liquid aluminum [41].

_5s (4)
-3

The solubility of hydrogen in pure aluminum (Figure 30) directly indicates the possibility
of porosity formation and how it evolves during solidification after casting [41].

k
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Figure 30: Solubility of hydrogen in pure aluminum in liquid and solid state [41].

Alloying elements influence the solubility of hydrogen in aluminum alloys. Although
there are not as many studies of the variation of hydrogen solubility in aluminum alloys as there
are for pure aluminum, it is known that silicon, copper, zinc, and iron decrease the solubility of
hydrogen in liquid aluminum and that lithium, magnesium and titanium increase the solubility,
as shown in Figure 31a). In aluminum in the solid state, silicon, magnesium, copper, lithium
and zinc increase the solubility of hydrogen (Figure 31b)) [41].
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Figure 31: a) Hydrogen solubility in pure aluminum and binary alloys in the liquid state; b) Hydrogen solubility
in pure aluminum and binary alloys in the solid state. Adapted from [41].

The most common method for removing hydrogen from aluminum is degassing. Due to
the high solubility of hydrogen in liquid aluminum, the degassing operation is extremely
important to prevent degradation of the mechanical properties (tensile strength, elongation,
fatigue strength, and fracture toughness) of the casting parts [36, 41].

A defined practical value for which porosities caused by hydrogen will, in principle, not
be a problem is to reach after the degassing process a level of 0.15 mL H2/100 g Al [36, 41].

The main sources of hydrogen are, for example, fuel-fired furnaces that contain hydrogen
due to the decomposition of fossil fuel, the presence of water vapor in the atmosphere, ingots,
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additives and fluxes, and tools (such as plungers and ladles) that have not been properly cleaned
and come into contact with liquid aluminum [24, 36, 41].

The first simple way to minimize hydrogen absorption is to decrease the melting and
holding times and the temperature, as shown in Figure 30. However, since the bath is normally
exposed to an atmosphere with moisture there is always hydrogen reabsorption.

The basic principle of degassing is that any gas except hydrogen is insoluble in aluminum,
and therefore they can be used to collect hydrogen and inclusions by removing them by flotation
(Figure 32) [24, 36, 41].
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Figure 32: Schematic of gas flotation in molten aluminum [36].

The most effective method for degassing is to use a rotor. The rotor is a rotating graphite
shaft with a graphite impeller. The rotating motion allows the creation of small bubbles that rise
more slowly in the bath and disperse more, which improves the degassing efficiency (Figure
33). Argon or nitrogen is injected inside the rotor at low pressure (207 kPa). These gases, since
they are insoluble in aluminum, will spread throughout the bath and rise to the surface.
Hydrogen atoms will diffuse into these gas bubbles forming a hydrogen molecule. When this
bubble reaches the surface of the melt, the hydrogen is released. After degassing there is always
slag formation on the surface of the bath, which must be skimmed off so as not to impair the
quality of the castings [24, 36, 41].
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Figure 33: Degassing efficiency as a function of bubble size [41].

In terms of purge gas, despite the higher price of argon, it is preferable to nitrogen. Argon,
being more inert and heavier than nitrogen, creates a protective layer on the bath surface during
degassing that prevents hydrogen reabsorption and oxidation [36, 41]. Itis also possible for the
purge gas to be a reactive gas or a mixture of gases, however, the use of reactive gases has
declined in recent years due to environmental concerns. In addition, when strontium is used to
modify eutectic silicon, only inert gases can be used [24].
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2.3.6 GigaPress

As the demand for new cars is growing year by year, automotive manufacturers have been
forced to find new solutions that can satisfy the customers’ orders. In addition to customer
satisfaction, it is important for automotive companies to minimize production costs and
maximize profits. To fulfill these three points, IDRA has developed in partnership with Tesla,
the OL 6100 CS which is one of the die casting machines with the highest clamping force on
the market and can produce large and lightweight structural parts at high production rates. This
new machine belongs to the so-called GigaPress family, reducing manufacture times, which
makes it possible to fulfill the three points mentioned above.

The IDRA OL 6100 CS (Figure 34), or commonly known as GigaPress, has as main
specifications: a clamping force of about 6000 tons, an injection force of about 3000 kN, allows
the use of molds with a maximum height of 2400 mm, a shot weight to vary between 80.7 and
116.2 kg and is a large machine with 19.8 m length and 6 m height [52].

Figure 34: IDRA OL 6100 CS [52].

For the Model 3 and Model Y, Tesla decided to replace the front and rear area of the
chassis (Figure 35), each composed of about 70 stamped, cast and extruded parts and then
welded together, with two structural parts obtained through high-pressure die casting. These
structural parts (Figure 35) support suspension, engine, and body elements [53, 54].

Figure 35: a) Rear underbody with 70 pieces of metal; b) Rear underbody with the new casting. Adapted from
[55].

By reducing the number of parts to produce and assemble, Elon Musk said it will be
possible to reduce the size of the body shop by 30% [54, 56].
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Tesla intends the Model 3 and Model Y chassis to consist of only three injected parts: the
front underbody, the battery pack support area, and the rear underbody (Figure 36) [57]. In the
future they intend to produce the complete chassis in a single injection molding cycle. For this
the new GigaPress from IDRA will be used with closing forces of up to 9225 tons (model OL
9000 CS). The Model 2 (unofficial name), which is intended to be the cheapest model marketed
by Tesla, could be the first car with its entire chassis produced in an aluminum alloy injected
in a single component [4, 57, 58].
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Figure 36: Model Y chassis. Adapted from [58].
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3 Experimental procedure

In this chapter the component to be analyzed will be presented as well as the main
injection parameters adopted. The experimental procedures and the respective equipment used
will also be object of study.

3.1 Component under review

Regarding this study, it was decided to analyze a power electronics casing (Figure 37)
produced by SONAFI through high-pressure die casting in four different alloys: AlSi12(Fe),
AlSi10Mg(Fe), AlSi1l0MnMg and AlMg4Fe2. For each of the alloys, there were two different
batches of parts: a batch of vacuum-assisted injected parts and a batch of conventionally
injected parts.

The parts were cast on a 400 ton Colosio machine. The main injection parameters are
shown in Table 16. The instrumentation design to monitor the most important variables of the
process is presented in Appendix A. Due to the lack of investment it was not possible to
implement the designed instrumentation, and therefore there was a greater difficulty in
analyzing the variables of the injection process. The mold temperature was measured with a
thermal imaging camera Appendix A. For all alloys the temperature varied between the values
shown in Table 16.

Figure 37: Power electronics casing. a) top view of the part; b) bottom view of the part.

Table 16: Main injection parameters.

AlSi12(Fe) | AlSitoMg(Fe) | AlSiloMnMg | AlMg4Fe2
Average velocity in
gates during the 2d 30 - 35(*)
phase (m/s)
Pouring temperature 670 670 670 700
(°C) (AT=100°C) (AT=100°C) | (AT=100°C) | (AT=80°C)
Die temperature (°C) 145 - 220
Vacuum pressure 200
(mbar)

AT= Trouring — Tsolidus; *: These speeds were obtained in the ProCAST software
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Figure 38 shows the average velocity at the gates as a function of filling time for the
AlMg4Fe2 alloy during its vacuum-assisted injection simulated numerically in ProCAST
software. These values are within the standardized range (18 - 41m/s) by NADCA.

40

1stphase !\wi 3¢ phase
30

40

#  1stphase 2n phase

w
=

~
o

Velacity (m/s)
3
Velocity (m/s)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08
Time (s)

a) b) Time (s)

3 phase

Figure 38: a) Average velocity in the left gate; b) Average velocity in the right gate.

Figure 39 shows an injected part attached to the gating system, vacuum channel and

overflows.

Figure 39: Die-casted part with its gating and venting system.

3.2 Procedure performed

3.2.1 Production of the specimens

Specimens for tensile testing follow the guidelines of ASTM B557M-15 [59]. The

specimen dimension is shown in Figure 40.
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G — Gage length 25.0+0.1
L W — Width 6.0+0.1
~—B _‘I i A i I‘_ B—= T—Thickness thickness of material
T T N R — Radius of fillet 6
— e W — — — ¢
- ?. 1 |_| L—Overall length 100
R "lT}— A — Length of reduced section 32
G
B — Length of grip section 30
C — Width of grip section 10

Figure 40: Specimen dimensions (mm) according to ASTM B557M-15. Adapted from [59].

These specimens will be used to determine the mechanical properties of the alloys under
study and for density measurement, as a representative factor of the porosity present in the
injected parts.

The specimens were obtained by machining the injected parts. Figure 41 shows the
positioning of the specimens in the part and the support (Figure 42) used to fix the parts during
machining.

S

8l

Figure 41: a) CAD model of the specimen positioning - bottom view of the part; b) Positioning the specimens
after machining - top view of the part.
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Figure 42: Support used for machining the parts. a) side view; b) top view.

Due to the warping of some parts during mold ejection (Figure 43), it was not possible to
obtain a flat surface, which means that it would not be possible to obtain tensile specimens with
constant thickness.

Figure 43: Example of a warped part.

In order to obtain the flattest possible parts, it was necessary to straighten them as well as
possible. For the straightening, a hydraulic press was used and the assembly in this operation is
shown in Figure 44. This assembly consists of three small 1.5 mm thickness plates, two of them
were placed at the ends of the part and the third is placed in the area where the part has a belly
due to warping. On the top surface of the part, besides the 1.5 mm plate, another plate (blue
colored) and a bar were used to ensure a better load distribution.

. R S A.——;'..-ﬂ*'_‘

Figure 44: Assembly used to straighten the parts.

In order to have a good statistical sample, it was decided to take specimens of four injected
parts with and without vacuum of each alloy, i.e., for each alloy there are twelve specimens
whose parts were injected with vacuum assistance and twelve specimens whose parts were
injected conventionally.
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3.2.2 Density Measurement

A Foseco model BC 1500C balance (Figure 45) was used to determine the density of the
specimens using the Archimedes method. Only one measurement was made for each specimen.
For each alloy and injection type combination, 12 tensile test specimens were analyzed. With
this system, the maximum length of the sample cannot be bigger than the diameter of the
container with water.

Figure 45: Foseco BC 1500C.

3.2.3 Tensile tests

For the tensile tests only nine of the twelve machined specimens were used, i.e., there
were three specimens left that could be used if any of the tests were invalid.

To choose which nine specimens would be used, the thickness (Figure 46 a)) and the
width (Figure 46 b)) of the cross section were measured in three different points in each of the
twelve specimens. Then, the cross-sectional area of each specimen was calculated and the three
specimens whose cross-sectional area was farthest from the average were removed.

Figure 46: a) Curved-face digital micrometer; b) Flat-face digital micrometer.
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The tensile tests were performed at room temperature on an Instron 5900R machine with
a 5 kN load cell and at a strain rate of 0.5 mm/min. Digital Image Correlation (DIC) was used
to measure the specimens’ deformation throughout the test, instead of the usual strain gauges.

DIC is an optical technique that allows strains’ and displacements’ measurement without
contact. This is done by tracking blocks of pixels that allow a data processing system to measure
surface displacement and develop strain maps and deformation vector fields. In order to be able
to analyze the deformation, digital photographs at different deformation stages of a given
component are compared. The scattering of the pixel blocks needs to be random and unique
with a certain level of contrast to ensure that this technique works properly [60, 61]. There are
already DIC systems that can analyze from micro-scale to the macro-scale, thus allowing this
technique to be used on large structures [62].

To be able to use this analysis technique, it was necessary to sand one of the faces of the
specimens with water sandpaper, so that they could be painted. First, a layer of white paint was
applied (Figure 47 a)), and then they were painted with black paint so that only black dots were
formed (Figure 47 b)) to be able to track the blocks of pixels throughout the test. The acquisition
of image data starts at the same time as the tensile test. For the data acquisition, it is necessary
a machine to perform the tensile tests, a camera and a spotlight pointed at the gage section of
the specimen (Figure 48). At the end of the test, two reports are obtained, one from the tensile
testing machine and another from the DIC program (VIC-2D), which need to be combined to
obtain the stress-strain curve.
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Figure 47: a) specimen painted with a white layer; Figure 48: a) spotlight; b) data acquisition camera; c)
b) specimen with black dots on the white layer. Instron 5900R machine.
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3.2.4 Chemical composition of alloys

The chemical composition analysis of the parts was performed on an Ametek
SPECTROMAXX (Figure 49) using arc/spark optical emission spectrometry (OES).

Figure 49: Ametek SPECTROMAXX used in chemical composition analysis.

The analysis was performed on the ear of the part (Figure 50) and six parts of each alloy
were used, three of them injected with vacuum assistance and the other three conventionally
injected. It should be noted that the use of vacuum has no influence on the chemical composition
of the parts. Then, the obtained values were compared with the standard compositions of the
alloys.

Figure 50: a) Ear location on the part; b) Ear after chemical composition analysis.

3.2.5 Microstructure

Microstructure and defect analysis was carried out using an Olympus PMG 3 optical
microscope with a Leica DP12 digital camera.
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The smaller samples were hot-mounted onto cylindrical blocks of phenolic resin using a
Struers ProntoPress-2. These cylindrical blocks were then placed in sample holders to facilitate
the polishing process on a semi-automatic polishing machine.

The samples were polished with silicon carbide sandpaper with grit sizes of 180, 320,
600, 1000 and 2400 grit. Polishing was finished with aluminum cloths impregnated with 3 um
and 1 um diamond spray.

For the samples that were used to study porosities, images were taken on the microscope
at 23x magnification and then processed and analyzed in ImageJ software.

Due to the typical microstructural refinement of the injected alloys, there was some
difficulty to identify typical structures in the images observed in the optical microscope. Thus,
for a better characterization of the microstructure, scanning electron microscopy (SEM) was
used in conjugation with energy dispersive spectroscopy (EDS).

An Olympus SZH stereo microscope was used to analyze the fracture zone of the
specimens.

The hardness measurements were performed in an EMCO M4U-075 hardness tester
(Figure 51). Taking into account the hardness values that were expected, a Brinell test (HB5)
was performed with a spherical tip indentor in tungsten carbide with a diameter of 2.5 mm,
which corresponds to a force of 31.25 kgf. For each sample, three tests were performed and
then the final hardness was taken as the average of the tests.

3.26 TAC

In order to have a general perception of the defect level (gas porosity and shrinkage
porosity) a computed tomography system was used (non-destructive test). The computed
tomography was performed by NM3D Ibérica on a Nikon XT H 225 ST 2X, and then the
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general defect analysis was performed at INEGI by using the myVGL software. In order to
analyze the porosity on a specific section of the part, it was performed at NM3D Ibérica a 2D
porosity analysis using a porosity analysis module programmed according to Volkswagen's
VW50093 standard.

The above mentioned analyses were performed on parts of all alloys under study before
heat treatment and after T6 heat treatment for parts of AISi10MnMg and AISi10Mg(Fe) alloys.

3.2.7 Heat treatment

The T6 heat treatment (solution heat treatment followed by artificial aging) was
performed in a M. J. Amaral forced convection furnace (Figure 52) with a chamber of
dimensions 600x600%700 mm3. The interior of the furnace has a double stainless-steel wall, so
that there is no direct radiation to the components to be treated.

Figure 52: M.J. Amaral forced convection furnace with a chamber of dimensions 600x600x700 mm3,

In this furnace, the air circulates and heats from top to bottom, i.e., the lower zone of the
furnace will be at a higher temperature than the upper zone of the furnace. The furnace has three
thermocouples to understand the temperature distribution along its height. One is placed in the
upper zone, one in an intermediate zone and the other in the lower zone. Besides reading the
values of these thermocouples, three parts instrumented with a thermocouple were placed in
three different locations of the furnace, (Figure 53 and Figure 54). Thus, it was possible to
compare the temperatures of the parts with the furnace temperatures.
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Figure 53: Thermocouple placed on test part.

M6 threaded rods and M6 nuts were used to position the parts inside the basket, Figure
54 a). Thus, there was no part-to-part contact, and the correct heating of the parts was ensured.

e

Part with the 1

Figure 54: a) Parts placed in the basket; b) Parts before heat treatment.

In addition, 5 vacuum-assisted and 5 conventionally injected parts were heat treated for
each of the alloys under study. The AISi12(Fe) and AIMg4Fe2 alloys were treated only to verify
the appearance or not of blistering on the parts, since these alloys do not react to the heat
treatment performed.

The parameters of the T6 treatment performed were defined based on the Rheinfelden
catalog [20]. Thus, ideally, the solution heat treatment should be carried out at 490°C for 2
hours, followed by water quenching (water temperature between 10 to 60°C). After the
temperature of the parts is uniform, they should undergo a 2-hour stage at 170°C, corresponding
to the artificial aging. Finally, the parts are air cooled. The Rheinfelden ideal T6 heat treatment
can be seen in Figure 55.
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Figure 55: Theoretical T6 heat treatment.

The actual temperature curve can be seen in Figure 56. This curve was obtained from the
values recorded by the thermocouples present in the furnace. The temperature curve of the
upper thermocouple can be ignored because it is placed in an area of no interest for the
temperature control of the parts. Note that the furnace temperature is controlled by the
temperature of the thermocouple placed in the bottom zone.

The area highlighted in red in Figure 56 represents approximately the elapsed time
between the quenching of the parts and the start of the artificial aging treatment. This time was

approximately 1.6 hours, which is well below the maximum time (12 hours) recommended by
Rheinfelden [20].
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Figure 56: Temperature evolution in the furnace thermocouples during the T6 heat treatment.

To better understand the stage times and temperatures reached in the different stages of
the heat treatment, the temperature evolution of the thermocouple placed in the lower zone of
the furnace during the solution heat treatment is presented in Figure 57.
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Figure 57: Temperature evolution at the bottom thermocouple during solution heat treatment.

Through Figure 57, it can be concluded that at least the temperature recorded inside the
furnace, during the two hours of stage, was very close to the desired 490°C. When comparing
the temperatures recorded by the furnace thermocouple with the temperatures recorded by the
thermocouples that were placed in the test parts (Figure 58) it can be seen that the maximum
difference between the read values is only 4°C. Between the parts that are placed on different
floors inside the basket, the maximum thermal gradient is 5°C, which can be considered a
practically negligible value considering the temperature range that is being used and the values
of thermal gradients obtained in previous works developed at INEGI.

Figure 58: Temperature of thermocouples placed on the test parts during the solution heat treatment.

Figure 59 shows the temperature evolution of the thermocouple placed in the lower zone
of the furnace during the artificial aging treatment.
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Figure 59: Temperature evolution at the bottom thermocouple during artificial aging heat treatment.

During artificial aging, the preset temperature of 170°C was increased throughout the
aging time until 180°C, which was reached near the end of the cycle. This difficulty of the
furnace in maintaining the temperature of 170°C can be justified by the fact that the calibration
of the furnace was made for temperatures close to 500°C, so that in this temperature range the
maximum thermal gradient is 5°C. The parts placed in the middle and top of the basket were at
the same temperature of the furnace (180°C), while the thermocouple placed in the lower part
of the basket was at 178°C, Figure 60.

Figure 60: Temperature of thermocouples placed on the test parts during the artificial aging heat treatment.

55



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

4 Analysis and discussion of the results

In this chapter the results obtained will be presented and their analysis and discussion will
be carried out. It is intended to compare the mechanical properties of the primary alloys
(AISI1ZOMnMg and AlMg4Fe2) with those of the secondary alloys (AlISi12(Fe) and
AlSi10Mg(Fe)) and to evaluate if the injection performed with vacuum assistance improves the
mechanical properties of the components, especially ductility. This mechanical property is one
of the most important properties in structural safety components in vehicles, because it has
direct implication in the ability of a given component to absorb the greatest amount of energy
during an accident. The results of the heat-treated parts (T6 heat treatment) will also be
analyzed, to verify if the vacuum injected parts show less blistering than the conventionally
injected parts, and, if the heat treatment improves the strength and ductility of these parts.

4.1 Analysis of the chemical composition of alloys

The chemical composition analysis was carried out on all the alloys in order to understand
the possible modifications in the chemical composition of the alloys under study, from ingots
melting to the obtaining of the injected parts. Modifications in the chemical composition could
influence the injection conditions and affect negatively the mechanical properties.

For each of the alloys, a table will be presented where the average values obtained for the
main chemical elements are compared with the standard values for the ingots of the alloy in
consideration. In Appendices B to E the full reports of the analyses performed are presented.
Presumably, there will be slight differences between the obtained values and the standard values
because the standard chemical composition is obtained in the ingot while the experimental value
was obtained in the parts. These differences can happen once the alloy has already been melted
and may have been contaminated with other chemical elements or some of the initial chemical
elements may have had their composition altered, for example, because there was their loss
during the melting.

41.1 AISi12(Fe)

Table 17 shows the chemical composition of AlSi12(Fe) alloy:
Table 17: Chemical composition of AlSi12(Fe) alloy (weight in %).

Si Fe Cu Mn Zn Ti Al
a 12.1 0.81 0.25 0.40 0.10 0.03 86.22
b 10.5-13.5 <1 <0.10 <0.55 <0.15 <0.15 Bal.

a- values of the samples; b- NP EN 1706 2000 standard values [25]

All the values obtained from the chemical composition are in accordance with the
standard, except for the copper value that is slightly above (0.25% vs. maximum 0.1%). Despite
being slightly above than expected, the alloy under study is still considered AlSi12(Fe), because
both AISi12Cul(Fe) and AISi12(Cu) alloys already have Cu and Fe limit values that do not fit
as well as those of AlSi12(Fe) alloy.
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4.1.2

AISi10Mg(Fe)

Table 18 shows the chemical composition of AlSi10Mg(Fe) alloy:
Table 18: Chemical composition of AISi10Mg(Fe) alloy (weight in %).

Si Fe Cu Mn Mg Ni Zn Ti Sn Pb Al
a| 10.6 0.88 0.14 0.09 0.2 0.01 0.05 | 0.04 | 0.001 | 0.01 |87.97
b| 9-11 <1 <0.10 | <0.55 %% <0.15 | <0.15 | <0.20 | <0.050 | <0.15 | Bal.

a- values of the samples; b- NP EN 1706 2000 standard values [25]

Again, the only value that is slightly above the standard value is the copper value, and in
this case the difference is very small (0.14% vs. maximum of 0.1%).

413 AlSil0MnMg

Table 19 shows the chemical composition of AISi10MnMg alloy:

Table 19: Chemical composition of AlISil0MnMg alloy (weight in %).

Si Fe Cu Mn Mg Zn Ti Sr P Al
al 111 0.13 | 0.001 0.6 0.25 | 0.001 0.04 0.010 | 0.001 | 87.82
0.10- 0.010-
b|95-11.5 | <0.15 | <0.030 | 0.5-0.8 0.50 <0.070 | 0.04-0.15 0.025 <0.001 | Bal.

a- values of the samples; b- standard values [20]

All the chemical composition values of the samples are within the standard ranges.
However, the copper and zinc values are below what would be expected. Since the percentages
of zinc and copper are very low, the zinc compounds with copper and/or magnesium that are
attractive for heat treatment may not be formed. The iron percentage being slightly lower than
the maximum standard value is optimal to prevent the formation of the harmful AlFeSi phases
for ductility. Since an average content of 0.25% Mg was obtained in the parts analyzed they
should show better ductility values than mechanical strength [20]. On the other hand, with a
manganese percentage around 0.61% it is expected that the elongation values will be slightly
lower than expected [20].

4.1.4 AlMg4Fe2

Table 20 shows the chemical composition of AIMg4Fe2 alloy:
Table 20: Chemical composition of AIMg4Fe2 alloy (weight in %).

Si Fe Cu Mn Mg Zn Ti Al
a 0.10 15 0.01 0.01 4.9 0.01 0.01 93.38
b <0.20 15-1.7 <0.20 <0.15 4.0-4.6 <0.30 <0.20 Bal.

a- values of the samples; b- standard values [27]

The only value outside the standard value range is the magnesium percentage. This slight
increase (4.9% vs. maximum 4.6%) may slightly impair the elongation values since higher
percentages of Mg reduce elongation, but on the other hand causes an increase in mechanical
strength. The silicon and manganese content being low is important to prevent the formation of
phases that are detrimental to the mechanical properties.
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4.2 Density analysis

To understand if the vacuum injected parts had less porosity than the conventionally
injected parts, the density of the specimens that would be used to determine the mechanical
properties was determined. In theory, the conventionally injected parts would have larger
quantities of entrapped gases, and therefore their density would be lower than the density of the
parts injected with vacuum assistance.

Table 21 shows the average density of each alloy injected with vacuum and without
vacuum after measuring the twelve specimens as well as the standard density of each alloy.

Table 21: Density of vacuum and non-vacuum injected alloys and their theoretical density.

Density (kg/dm3)
Alloy With vacuum Without vacuum Standard
AlSil12(Fe) 2.6850+0.0040 2.6806+0.0259 2.65-2.71 [25]
AISi10Mg(Fe) 2.6874+0.0033 2.6859+0.0041 2.66-2.71 [25]
AISi10MnMg 2.6671+0.0211 2.6661+0.0211 2.64 [20]
AlMg4Fe2 2.6411+0.0173 2.6559+0.0113 2.69 [27]

AlSi12(Fe) and AlSi10Mg(Fe) alloys are the only ones that present the closest results to
the expected ones, i.e., the density is higher in the parts that were injected with vacuum and the
value obtained for the density is within the standard range of values.

Also, in Silafont-36 (AISi10MnMg), the vacuum injected parts’ density is slightly higher
than the conventionally injected parts’ density, which is in agreement with what is expected.
However, the experimentally measured density is slightly higher than the standard density
value.

In contrast to AISi10MnMg the Castaduct-42 (AlMg4Fe2) alloy has a lower experimental
density than the standard density. However, it was the only alloy where the parts injected with
vacuum had a lower density than the conventionally injected parts. This result, which was not
expected, can be justified by the fact that three of the twelve specimens that were machined
from parts injected with vacuum had voids/shrinkages (Figure 61) visible to the naked eye that
caused slight drops in the density values measured.

Figure 61: Specimens with defects visible to the naked eye.

This first attempt to understand if the vacuum injected parts would have a lower quantity
of gas porosities was not very conclusive. In alloys where the density of the vacuum injected
parts was higher than the density of the conventionally injected parts, the difference between
densities ranges from 0.04% to 0.16%, which as will be seen later is an almost negligible
difference. Thus, through this experimental method it was not possible to conclude that the use
of vacuum during injection led to a decrease in the quantity of trapped gas.
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It should be noted that the small size of the specimens may be the origin of the small
variations that exist in the density values. For a more sensitive measurement, the density should
be checked on the part, but due to the equipment limitations (Chapter 3.2.2) this was not
possible.

4.3 Hardness tests

Initially, hardness was measured on samples (Figure 62) taken from parts in the as-cast
condition. This initial measurement was performed to verify if the values obtained
experimentally were in agreement with the standard values.

Figure 62: Sample used for hardness measurement.

Table 22 shows the results of the measurements made, the average of these results and
the theoretical hardness value for each of the alloys in the as-cast condition.

Table 22: Hardness values obtained for all alloys in as-cast condition.

Hardness (HB)
Alloy Sample | Measure 1 | Measure 2 | Measure 3 | Average | Standard
AlSi12(Fe) ; S;S 2;:2 22:: 83£1.25 M[ige%]6 ’
AlSi10Mg(Fe) [— o 85 sy | 884162 Nl[i;'s]7 ’
AlISi10MnMg ; gg:g ;i:g ;Zﬁg 77+2.50 7[52-3]5
AMGE2 | iy ma | ees | R4 By

For all alloys in the as-cast condition, the experimentally obtained hardness are very close
to the values that were expected. Only in the secondary alloys (AlSi12(Fe) and AlSi10Mg(Fe))
as there is no range of values for standard hardness, but only a minimum value, however the
hardness value experimentally obtained is higher when compared to the standard one.
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After performing the T6 heat treatment, hardness was measured again on the parts of
AlSi10Mg(Fe) and AISi10MnMg alloys, Table 23.

Table 23: Hardness values obtained for AISi1l0Mg(Fe) and AISil0MnMyg alloys after T6 treatment.

Hardness (HB)
Alloy Sample | Measure 1 | Measure 2 | Measure 3 | Average | Standard
. 1 56.0 56.4 57.0
AISi10Mg(Fe) , 674 65.4 643 61+5.16 -
. 1 82.0 86.2 85.0 90-110
+
AlSILOMnMg 75 85.5 85.2 g73 | ootL78 | o)

After the T6 heat treatment it is expected an hardness increase in AlSilOMg(Fe) and
AISi10MnMg alloys due to the precipitation of Mg-Si intermetallics in the aluminum matrix.
When comparing the hardness values from Tables 22 and 23, it is seen that the increase in
hardness only occurred for the AISi10MnMg alloy.

In the case of AlISi1l0MnMg alloy an average hardness value of 85 HB was obtained, thus
being slightly below the expected minimum, 90 HB. This difference is almost negligible and
can be justified by the fact that the artificial aging treatment was performed only for two hours,
when it could have been done for three hours. That is, the peak of hardness could occur after
the two hours of aging for a temperature of 170°C.

In the AISi10Mg(Fe) alloy, there was a hardness decrease of approximately 31% between
the as-cast condition and after the T6 treatment. This hardness decrease could be explained by
the softening of the material caused by coarsening of the silicon during solution heat treatment.
In addition, Bruno [49] studied the optimization of the T6 heat treatment for the AlSi10Mg(Fe)
alloy and performed hardness measurements in the as-cast condition, after the solution
treatment and during the artificial aging treatment. The hardness obtained in the as-cast
condition was 84 HB, very similar to the value that was obtained (88 HB). After the two solution
heat treatments performed (460°C for 15 minutes and 450°C for 15 minutes) there was a
decrease in hardness to values close to 63 HB. After solution treatment at 450°C for 15 minutes,
artificial aging at 180°C for 8 hours was performed. After 2 hours of the beginning of the
artificial aging, the average hardness was approximately 69 HB. In the present work after
artificially aging for 2 hours at 170°C a hardness of 61 HB was obtained. It is known that higher
temperatures during aging lead to an earlier peak of hardness, and therefore can be explained
the difference of 8 HB that is obtained between the values obtained by Bruno and those obtained
in this work. In the work developed by Bruno, it is considered that the peak of hardness is
reached at 5 hours and 30 minutes, and therefore if the aging treatment that was carried out at
170°C was prolonged in time, the hardness obtained would probably be higher than the one
obtained in the as-cast condition.

4.4 Defect analysis by 3D X-ray computed tomography and metallography

4.4.1 3D X-ray computed tomography

Before performing the heat treatment in the injected parts, some of them were analyzed
by 3D X-ray computed tomography: two AlSi12(Fe) alloy parts, one injected using vacuum
and the other injected conventionally; six AISi10Mg(Fe) alloy parts, three injected using
vacuum and the other three injected conventionally; six AlSil0MnMg alloy parts, three injected
using vacuum and the other three injected conventionally; two AlMg4Fe2 alloy parts, one
injected using vacuum and the other injected conventionally.

This initial analysis allows to understand the distribution of defects along the part, if there
is any pattern, if the injection with vacuum reduces the appearance of gas porosities and if the
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location of defects meets the numerically simulated results. Since in the HPDC process there
are two types of porosities, gas porosities and shrinkages, it was necessary to find a way to
distinguish them [63]. Thus, the distinction was made by taking into account the sphericity of
the defects. Kang et al. [63] used this distinction and defined that defects with sphericity above
0.4 would be gas porosities and sphericity values below 0.4 would be shrinkages. This will be
the distinction criterion used in this work.

In the analysis performed on the myVGL software for all parts, the values of the defect
quantity, defects volume (mm?), defect volume ratio (%), sphericity, defect diameter (mm) and
average defect volume (mm?3) were obtained. In the case of AISi10Mg(Fe) and AISi10MnMg
alloys, as more than one part was analyzed, it was possible to calculate the defect volume ratio
average and the standard deviation. Table 24 shows the results obtained for the parts in the as-

cast condition.

Table 24: Results of porosity measurement in as-cast parts by 3D X-ray computed tomography.

Defects A(;/:fgi%e Defect
Alloy Vacuum | Part No. | Quantities | volume volume
(mmd) volume - tio (%)
(mm?)

. Yes 1 78 17.33 0.222 0.010
AlSi12(Fe) No 1 217 52.29 0.241 0.030
1 79 19.19 0.242 0.013
Yes 2 2062 85.28 0.042 0.061
. 3 253 5453 0.216 0.039
AlSi10Mg(Fe) 1 11525 199.55 0.018 0.143
No 2 15528 366.48 0.025 0.262

3 15921 259.89 0.017 0.186

1 357 76.01 0213 0.055

Yes 2 264 57.08 0.220 0.042

. 3 279 62.86 0.226 0.046
AlSi10MnMg 1 3792 98.03 0.027 0.071
No 2 6782 161.49 0.025 0.116

3 7138 233.01 0.034 0.169

Yes 1 196 88.75 0.453 0.070

AlMgaFe2 No 1 1115 399.34 0.358 0.290

In the case of the AlSi12(Fe) alloy, the use of vacuum during injection caused defects to
be reduced by 64%. In Figure 63, it is possible to see the difference in defects between the two

parts.
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Figure 63: Results of CT analysis of AlISi12(Fe) alloy as-cast parts. a) part injected without vacuum; b) part

injected with vacuum.

In both figures, the highest percentage of defects is found in areas where the volume is
higher, with the conventionally injected part showing a greater quantity of defects, most of them
being gas porosities (Figure 64).

08 0.9
0.8 0.8
0.7 0.7 e
0.6 o 0.6 %" .
z “fo . z AL .
2 0.5 82° o 2 0.5 .
£04 B £04 .
o o
v A vy
03 0.3
0.2 0.2
01 0.1
0 Q
0 2 4 6 8 10 0 2 4 6 10
a) Diameter (mm) b) Diameter (mm)
& Shrinkage porosity = Gas porosity * Gas porosity

Figure 64: Sphericity and diameter of the porosities present in the AISi12(Fe) alloy parts. a) HPDC; b) VADC.

As expected, according to Figure 65, shrinkage porosity will tend to appear in the areas

with higher mass concentration. There is some similarity between the results shown in Figure
63 and those shown in Figure 65, in terms of shrinkage porosities.
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Figure 65: Numerically simulated shrinkage porosity in ProCAST software for AlSi12(Fe) alloy.

For the conventionally injected AlSi10Mg(Fe) alloy parts, the average defect volume
ratio value was 0.20% with a standard deviation of 0.06. On the other hand, the parts that were
not conventionally injected had an average defect volume ratio value of 0.04% and a standard
deviation of 0.02. Once again, the use of vacuum during injection made it possible to reduce
the percentage of defects by 81%. Since the standard deviation values are very low for both
injection with vacuum and without vacuum, it can be concluded that there is some repeatability
during the process, at least in these six parts analyzed. Figure 66 shows the CT results.
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Figure 66: Results of CT analysis of AISi10Mg(Fe) alloy as-cast parts. a), b), ¢) parts injected without vacuum;
d), e), ) parts injected with vacuum.

The main difference between vacuum injected parts (d), €) and f)) and conventional
injected parts (a), b) and c)) is the large quantity of small porosities (blue points) distributed
mainly in the fin region and in the central area of the part. By analyzing the graphs in Figure
67, it can be concluded that the larger number of defects in the conventionally injected parts is
due to an increase in the amount of gas porosity. The graphs for the remaining parts can be seen
in Appendix F.
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Figure 67: Sphericity and diameter of the porosities present in the AISi10Mg(Fe) alloy parts. a) Part of Figure 66
c) (HPDC); b) Part of Figure 66 e) (VADC).

After analyzing the results obtained in the numerical simulation (Figure 68) and taking
into account that the defects with the largest diameter are shrinkage porosities (Figure 67), it

64



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

can be concluded that probably the defects with the largest volume in Figure 66 are shrinkage

porosities.
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Figure 68: Numerically simulated shrinkage porosity in ProCAST software for AISi10Mg(Fe) alloy.

The parts conventionally injected in Silafont-36 alloy (AlSi1l0MnMg) showed an average
defect volume ratio of 0.12% and a standard deviation of 0.05. In contrast, in the vacuum
injected parts there was an improvement, as the average defect volume ratio decreases to 0.05%
and the standard deviation obtained was 0.01. There was a reduction of defects by about 60%,
so once again the use of vacuum was beneficial for the high-pressure die casting process. As
with the AISi10Mg(Fe) alloy, the standard deviations that were obtained were low, which may
indicate a certain level of repeatability during the injection process. Figure 69 shows the CT

results.
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Figure 69: Results of CT analysis of AlSil0MnMg alloy as-cast parts. a), b), ¢) parts injected without vacuum;
d), e), f) parts injected with vacuum.

Observing Figure 69, the main difference between the conventionally injected parts (a),
b), and c)) and the vacuum injected parts (d), e), and f)) is that the last ones do not have so many
small defects in the region of the fins, defects that correspond to gas porosities due to their
greater sphericity and smaller volume (Figure 70). The graphs for the remaining parts can be
seen in Appendix G.
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Figure 70: Sphericity and diameter of the porosities present in the AISi1L0MnMg alloy parts. a) Part of Figure 69
a) (HPDC); b) Part of Figure 69 f) (VADC).

After comparing the results of Figure 69 and Figure 70 with the simulation result for
shrinkage porosity (Figure 71), it is concluded that the larger defects are likely to correspond
to shrinkage porosities.
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Figure 71: Numerically simulated shrinkage porosity in ProCAST software for AISi10MnMg alloy.

Finally, as in the other alloys, the use of vacuum for AIMg4Fe2 alloy led to a decrease of
defects by about 78%. After the analysis of Figure 72 and Figure 73, it can be concluded that
with the use of vacuum assisted injection there is a decrease in the quantity of defects of smaller
volume that correspond to gas porosities. It is not possible to analyze the process’ repeatability,
because not enough parts were analyzed.
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Figure 72: Results of CT analysis of AIMg4Fe2 alloy as-cast parts. a) part injected without vacuum; b) part
injected with vacuum.
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Figure 73: Sphericity and diameter of the porosities present in the AIMg4Fe?2 alloy parts. a) HPDC; b) VADC.

The formation of shrinkage porosities was only predicted in two regions in the simulation
(Figure 74), but by evaluating the results of Figure 72, it is possible that shrinkage porosities
exist in other areas of the part, particularly in areas of higher volume, such as the pins.
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Figure 74: Numerically simulated shrinkage porosity in ProCAST software for AIMg4Fe2 alloy.

For all alloys, vacuum assisted injection led to a decrease in the percentage and quantity
of defects. The silafont-36 alloy was the only one where the injection conditions were more
controlled and the injection parameters were more optimized, and therefore the reduction in the
percentage of defects that was obtained, approximately 60%, is what should be considered as
expected for a vacuum pressure of 200 mbar. The conventionally injected parts present a larger
quantity of gas and shrinkage porosities, and there is a large number of shrinkage porosities
with a sphericity very close to 0.4, which may be a combination of gas and shrinkage porosities.
Furthermore, after the analysis of the sphericity versus diameter graphs, it is possible to
conclude that the smaller diameter of the defect, the larger its sphericity.

After the T6 heat treatment, the AISi10Mg(Fe) and AlSi1l0MnMg alloy parts were again
analyzed by 3D X-ray computed tomography to understand the influence that the solution heat
treatment had on the gas porosities. Table 25 shows the results obtained for the analyzed parts.
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Table 25: Results of porosity measurement in heat-treated parts by 3D X-ray computed tomography.

Defects A(;/:frei%e Defect
Alloy Vacuum | Part No. | Quantities | volume volume
(mm?d) VOIUTE ratio (%)
(mm°)
1 24192 1233.33 0.052 0.869
Yes 2 26734 2305.23 0.087 1.618
. 3 22999 1877.71 0.082 1.329
AlSi10Mg(Fe) 1 25056 | 163146 | 0.063 1.147
No 2 43690 3779.00 0.087 2.646
3 27619 1835.98 0.067 1.298
1 26598 1701.99 0.064 1.215
Yes 2 26138 1575.40 0.061 1.127
. 3 18338 1302.17 0.071 0.935
AlSi10MnMg 1 12450 | 507.47 | 0.041 0.361
No 2 17230 856.98 0.050 0.613
3 18112 1250.51 0.069 0.897

Figure 75 shows the CT results for AISi10Mg(Fe) alloy parts after being heat treated.

Figure 75: Results of CT analysis of AISi10Mg(Fe) alloy heat treated parts. a), b), c) parts injected without

vacuum; d), e), f) parts injected with vacuum.

Figure 76 shows the CT results for AISi1l0MnMg alloy parts after being heat treated.
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Figure 76: Results of CT analysis of AISi10MnMg alloy heat treated parts. a), b), ¢) parts injected without
vacuum; d), e), f) parts injected with vacuum.

Analyzing the results of Table 24 and Table 25, it can be observed that after the heat
treatment, the vacuum-assisted injected parts have a higher increase in defects quantity
compared to the conventionally injected parts. This higher increase can be explained by the fact
that the analysis only detects defects with volume >0.01 mm?® and in the as-cast condition
vacuum-assisted injected parts there are defects with volume <0.01 mm? that after the solution
heat treatment increase their volume and are detected in the analysis performed after the heat
treatment. Furthermore, in the vacuum-assisted injected parts after the T6 heat treatment there
is a high increase in defects with reduced volume, since the average defect volume has a
reduction of about 56% in the case of AISi10Mg(Fe) alloy and 70% in the case of AlSiL0MnMg
alloy.

For vacuum-assisted injected AISil0Mg(Fe) alloy parts, the defect volume ratio was
reduced by 25% when compared to that obtained for conventional injected parts (the graphs of
sphericity as a function of diameter for AISi1l0Mg(Fe) alloy parts are in Appendix H). On the
other hand, for the AlSi1lOMnMg alloy, the average defect volume ratio of the vacuum-assisted
injected parts showed an increase of 75% compared to the defect volume ratio of the
conventionally injected parts. After analyzing the graphs in Figure 77, it is possible to verify
that especially for the vacuum-assist injected parts no. 1 (Figure 77d)) and no. 2 (Figure 77e)),
the number of defects with larger diameter is higher than for the conventionally injected parts
no. 1(Figure 77a)) and no. 2 (Figure 77b)). As the defect volume ratio calculation uses the
defect volume and the part volume (this being constant for all parts analyzed), an increase in
the number of defects with larger diameter leads to an increase in the defect volume, which in
turn implies an increase in the defect volume ratio value.
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Figure 77: Sphericity and diameter of the porosities present in the AISi10MnMg alloy heat treated parts. a), b), c)
HPDC; d), e), f) VADC.

Figure 78 compares the number and type of defects for the same part in the cast condition
and in the heat-treated condition. It is confirmed that after the heat treatment, the number and
diameter of the gas porosities increases. However, there is also an increase in the number of
shrinkages porosities. This may occur due to the expansion of the gas porosities that start to
join (coalescence phenomenon) and their shape starts to become distorted thus leading to a

decrease in sphericity.
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Figure 78: Comparison of porosity in the part in the cast state and after being heat-treated. a) Part No. 2 vacuum
injected in AISi10Mg(Fe) alloy; b) Part No. 3 conventionally injected in AISil0Mg(Fe) alloy; c) Part No. 3
vacuum injected in AlSil0MnMg alloy; d) Part No. 1 conventionally injected in AlSil0MnMg alloy.
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In order to compare the defects visible in CT and metallography analyses, it was necessary
to define the section of the part to be analyzed. After observing the results obtained in CT for
the parts in the as-cast condition, it was concluded that the fin marked in Figure 79a) had for
most of the parts the highest defects’ concentration. As it is not possible to scan the whole fin
section with the optical microscope that was used, an analysis section of smaller area was
defined in order to facilitate the analysis, Figure 79b).

e

Figure 79: a) Fin chosen for the analysis; b) Analyzed sections: section A-A and section B-B.

Table 26 shows the results of the analysis of section A-A (Figure 79b)) for the parts in
the as-cast condition. These parts are the same ones that were analyzed at the beginning of
chapter 4.4 (full scan).

Table 26: Results of porosity measurement on a section of the as-cast parts by 3D X-ray computed tomography.

Analyzed Porosity Average
Alloy Vacuum Part No. porosity
area (mm2) (%) (%)
. Yes 1 66.20 0.00 -
AlSi12(Fe) No 1 65.77 0.23 i
1 65.90 0.00
Yes 2 65.58 0.16 0.15
. 3 65.54 0.30
AlSi10Mg(Fe) 1 71.88 0.97
No 2 69.79 2.30 1.85
3 66.41 2.27
1 65.86 2.35
Yes 2 65.48 0.74 1.27
] 3 65.24 0.72
AlSi10MnMg 1 65.50 0.54
No 2 65.37 1.55 1.58
3 65.77 2.65
Yes 1 65.49 0.00 -
AlMgaFe No 1 65.31 3.30 i

As expected, the parts whose injection was performed with vacuum assistance have a
lower percentage of defects than the conventionally injected parts. Only the AISil0MnMg alloy
part number 1 injected with vacuum has a higher porosity when compared to the other vacuum
injected parts, Figure 80.
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Figure 80: Porosity in the analyzed section of vacuum injected part number 1 in AISi1l0MnMg alloy.

Figure 81 shows the sections for which no porosity was found.

T —
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Figure 81: a) Porosity in the analyzed section of vacuum injected part number 1 in AlSi12(Fe) alloy; b) Porosity
in the analyzed section of vacuum injected part number 1 in AISi10Mg(Fe) alloy; c) Porosity in the analyzed
section of vacuum injected part number 1 in AIMg4Fe2 alloy.

After the T6 heat treatment, the same sections of the same parts of the AISi10Mg(Fe) and
AlSi10MnMg alloys were analyzed. The results obtained are presented in Table 27.
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Table 27: Results of porosity measurement on a section of the heat-treated parts by 3D X-ray computed

tomography.
. Average
Alloy Vacuum Part No. Analyzed Porosity porosity
area (mm2) (%) (%)
1 65.46 1.28
Yes 2 65.58 9.09 5.09
. 3 65.48 4.90
AlSi10Mg(Fe) 1 65.68 1.60
No 2 65.73 2.65 4.61
3 65.38 9.57
1 65.64 19.69
Yes 2 65.41 6.24 9.64
. 3 65.37 3.00
AISI10MnMg 1 65.76 1.17
No 2 65.37 6.52 4.06
3 65.55 4.49

After the solution heat treatment, it is expected that there is an increase in porosity due to
the gas porosities’ expansion. Taking into account the results obtained for the sections of the
parts without heat treatment, it was expected that the ones from the vacuum injected parts would
present a lower average value of porosity than the conventionally injected parts, but this was
not observed (Table 27).

As in the full parts analysis, the increase in porosity after heat treatment is much higher
in the sections of the vacuum injected parts than in the sections of the conventionally injected
parts. Figure 82 shows the sections of the vacuum injected parts number 1 of both alloys. When
comparing the section (Figure 82a)) of the AISi10MnMg alloy with that in Figure 80, it can be
seen that the pores in darker gray in Figure 80, expanded during the solution heat treatment and
coalesced, thus occupying a larger area.
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Figure 82: a) Porosity in the analyzed section of vacuum injected part number 1 in AISi10MnMg alloy after heat
treatment; b) Porosity in the analyzed section of vacuum injected part number 1 in AISi10Mg(Fe) alloy after heat
treatment.

4.4.2 Metallography

Regarding the parts without heat treatment, in order to analyze the porosity in section A-
A, the entire fin was cut (Figure 83a)) and then only the section previously defined was
analyzed. However, due to the size of the fins it was not easy to polish them. In some fins, the
section that should be analyzed contained several scratches (Figure 83b)) that influenced the
results obtained in the ImageJ software.

Figure 83: a) Fin cut and polished; b) Section A-A with surface scratches.

In order to have standardized analysis performed with ImageJ software, the following
parameters were set as constants:

Image type: 32-bit;

Image threshold: 90;

Scale: 196 pixels/mm;
Particles size (mm?2): 0.00-oo;
Particles circularity: 0.40-1.00.
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Considering that the gas porosity was previously defined as a particle with sphericity
>0.4, it was also defined that only particles with circularity above 0.4 were detected.

The results obtained for the percentage of defects, amount of gas porosities and average
area of the gas porosities are presented in Table 28.

Table 28: Results of porosity measurement on a section of the as-cast parts by metallography.

Average
Alloy Vacuum SaI(In ple An;rlgéed Porosity | No. Of. gas argE:SOf
0. (%) porosities "
(mm?) porosities
(mm?2)
1 54.98 0.119 107 5.68E-04
Yes 2 70.81 1.081 2012 | 2.00E-04
. 3 64.35 0.178 676 1.50E-04
AlSi12(Fe) 1 75.21 0.167 304 | 3.53E-04
No 2 65.22 0.651 935 2.65E-04
3 35.59 0.074 135 1.54E-04
1 35.39 0.201 335 2.03E-04
Yes 2 45.02 0.180 165 2.41E-04
. 3 56.60 0.129 91 4.02E-04
AlSi10Mg(Fe) 1 63.08 2.770 2326 | 2.03E-04
No 2 54.09 0.776 516 2.70E-04
3 58.36 2.834 5557 | 1.40E-04
1 4641 8.109 369 2.00E-03
Yes 2 70.86 0.837 30909 | 1.35E-04
. 3 79.35 2557 3137 | 3.90E-04
AlSI10MnMg 1 50.92 1.780 1065 | 3.81E-04
No 2 41.47 0.555 391 | 4.11E-04
3 47.88 1171 1160 | 3.48E-04
1 16.23 0.035 18 2 53E-04
Yes 2 74.05 0.230 408 1.94E-04
3 69.58 5.121 3741 | 1.60E-04
AlMgaFe2 1 6157 0.936 931 4.44E-04
No 2 65.47 1.780 2882 | 1.77E-04
3 65.07 0.401 673 2.37E-04

Analyzing Table 28, it can be seen that the values of the analyzed area in the optical
microscope have a much greater dispersion when compared to the ones that are obtained in the
analysis performed at the myVGL software. The scratches on the samples and the difficulty in
scanning the entire section with the optical microscope can justify the greater dispersion of the
values.

The average value of porosity was only higher in conventional injection in the case of
AISi10Mg(Fe) alloy. This was a result that was not expected considering the results that were
obtained by computed tomography. This percentage of defects is determined taking into
account the threshold value. Since this value was fixed for all the analyses, in certain analyzed
images there may have been some contamination or scratches of the samples that were
considered as defect, thus increasing the value of the percentage of defects.

There is also some variation in the number of gas porosities which again may be related
to identification of small scratches or contamination as gas porosities.
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Regarding the average value of the area of the gas porosities, the verified values were
considerably low in every samples, which was expected because the high compaction pressures
used in the third injection phase have the function of collapsing the voids present inside the
parts. It is expected that the value of the average area of the gas porosities will increase after
the heat treatment.

The analyzed parts after heat treatment were not the same as those analyzed without heat
treatment, as such a direct comparison cannot be made as it was done in the computed
tomography case. The results obtained after heat treatment are presented in Table 29.

Table 29: Results of porosity measurement on a section of the heat-treated parts by metallography.

Average

Analyzed . area of

Alloy Vacuum Sample area Porosity | No. of_g_as gas

No. (%) porosities .
(mm?) porosities

(mm?)
) Yes 1 70.40 3.435 548 3.00E-03
AlSi12(Fe) No 1 67.92 1591 222 4.00E-03
) Yes 1 53.72 16.965 1210 | 4.00E-03
AlSi10Mg(Fe) No 1 62.55 5.209 895 3.00E-03
. Yes 1 66.40 8.794 618 5.00E-03
AlSi10MnMg No 1 67.77 7.877 1167 | 3.00E-03
Yes 1 67.59 2115 1471 | 7.59E-04
AlMg4Fe2 No 1 68.74 14.207 2857 | 1.00E-03

In the heat treated samples, the values of the analyzed area are no longer as scattered as
in the as-cast samples and already have values closer to those that were obtained in the myVGL
software, because the entire fin was not cut, but only the pin where the B-B section crosses
(Figure 79Db)).

As mentioned earlier, the average area value of the gas porosities increases after the
solution heat treatment, because the strength of aluminum alloys decreases when they are kept
at high temperature and the pressure of the gas porosity eventually exceeds the strength of the
alloy, leading to an expansion of the porosity.

On average, there was an increase in porosity (%) after the heat treatment. This fact can
be explained by the increase in the average area value of the gas porosities that occupy a larger
area in the analyzed section and increase the porosity percentage.

4.4.3 Computed tomography VS metallography

To understand if there was any similarity between the porosity values obtained in
computed tomography and metallography, the sections of part number 1 of AlISi1l0MnMg alloy
injected with vacuum assistance and part number 3 of AISilOMg(Fe) alloy injected
conventionally after heat treatment were analyzed.

Figure 84 shows the analyses performed on the sections with ImageJ and myVGL
software.
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Tol (max) [%]

Figure 84: Analysis of porosities. a) Analysis performed in ImageJ on section of part no. 1 injected with vacuum
assistance (AISi10MnMg); b) Analysis performed in myVGL on section of part no. 1 injected with vacuum
assistance (AISi10MnMg); c) Analysis performed in ImageJ on section of part no. 3 conventionally injected

(AISi10Mg(Fe)); d) Analysis performed in myVGL on section of part no. 3 conventionally injected
(AISi10Mg(Fe)).

Table 30 shows the values of the analyzed area and porosity (%).
Table 30: Porosity analysis in ImageJ and myVGL software.

Alloy Software Anal(ﬁﬁ]dz)area Porosity (%)

. ImageJ 61.05 20.60
AlSil0MnMg myVGL 65.64 19.69

. ImageJ 61.27 7.36
AlSi10Mg(Fe) mngGL 65.38 9.57
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Considering the results in Figure 84 it can be seen that most likely the analysis plane used
in metallography and CT is not the same, because the distribution of porosities is different in
both alloys. However, the porosity values (Table 30) obtained using metallography and CT are
very similar. CT is a nondestructive testing to detect internal defects and it is easier to analyze
different planes along the part, but the cost is much higher than metallography.

4.5 Blistering

After the heat treatment, besides having analyzed the internal porosities using CT and
metallography, the visual inspection of the blistering was performed.

In order to facilitate the analysis, only the images of the parts with the lowest and highest
defect volume ratio for each alloy will be presented, based on the values shown in Table 25.
The images of the remaining parts are in Appendices | to J.

After analyzing the Figures 85-88, it is concluded that the parts that have a higher defect
volume ratio (Figure 86 and Figure 87) present a larger number of blisters and with larger size
when compared to the parts of the same alloy with a lower defect volume ratio value. Knowing
that the part in Figure 86 has the highest defect volume ratio and the part in Figure 88 has the
lowest defect volume ratio, there may be a relationship between the defect volume ratio and the
number and size of blisters, i.e., the higher the defect volume ratio, the larger the number of
blisters formed. Furthermore, with the exception of the part in Figure 86, there is a tendency
for the bottom of the parts to have smaller blisters than the ones on the top of the part.
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AN . T

AISi10Mg(Fe) alloy

Figure 86: Blistering on conventionally injected part no.2.
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Figure 88: Blistering on conventionally injected ﬁért no.l.

Although the AISi12(Fe) and AIMg4Fe2 alloys did not respond to the heat treatment
performed, parts of these alloys were also heat treated to understand if the quantity of blistering
was lower in the vacuum injected parts. Figures 89-92 show the images of the parts (after heat
treatment) that were used for the porosity measurement using computed tomography.
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AlSi12(Fe)

d

Figure 90: Blistering on conventionally injected part no.1.
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Figure 92: Blistering on conventionally injected part no.1.

Both the vacuum-assisted and the conventionally injected parts had blistering. However,
analyzing all the parts presented, the use of vacuum seems to have contributed to a decrease in
blistering, with the exception of the part in Figure 87. The fact that blisters appear both in
vacuum-assisted and conventionally injected parts can be justified by the fact that there was a
problem in vacuum efficiency during injection. If the vacuum generation has occurred before
the plunger closes the pouring slot of the shot sleeve or if there are gaps between the plunger
and the shot sleeve, entrapment of a larger amount of air can occur. This air can no longer be
removed from the liquid metal and will be detrimental to the appearance of blistering.

The number of blisters can be reduced by optimizing the solution heat treatment.
Minimizing the temperature and/or the time of solution heat treatment may lead to a reduction
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in the number of blisters but may also lead to a minimization of the mechanical properties value
relative to what is expected.

4.6 Tensile tests

Tensile tests were performed on specimens taken from as-cast state parts in order to
perform the mechanical characterization of the parts under study. The yield strength, ultimate
tensile strength and elongation values obtained will be compared with the standard values. The
mechanical properties of machined specimens of conventionally injected parts and vacuum-
assisted injected parts will be compared, in order to assess whether the use of vacuum during
injection improves the mechanical properties.

Figure 93 shows the stress-strain plot for the AlSi12(Fe) alloy specimens injected with
vacuum assistance.
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Figure 93: Stress-strain plot of AlSi12(Fe) alloy specimens - Vacuum-assisted injection.

Figure 94 shows the stress-strain plot for the AISi12(Fe) alloy specimens conventional
injected.
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Figure 94: Stress-strain plot of AlSi12(Fe) alloy specimens - Conventional injected.

The average value of the yield strength was higher in the specimens where the injection
was performed with vacuum assistance, but the variability of the values obtained was higher.
On the other hand, the mean value of the ultimate tensile strength and the elongation was higher
in the specimens where the injection was performed without vacuum assistance, however the
standard deviation of the elongation values was slightly higher. When comparing the average
values of yield strength, ultimate tensile strength and elongation obtained with the values
indicated in the standard, the ultimate tensile strength is below the theoretical value (min. 240
MPa) and the yield strength for the specimens where the injection was performed without
vacuum assistance is also slightly below the theoretical value (128 MPa vs. min. 130 MPa).

Figure 95 shows the stress-strain plot for the AlISi10Mg(Fe) alloy specimens injected with
vacuum assistance.
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Figure 95: Stress-strain plot of AlSi10Mg(Fe) alloy specimens - Vacuum-assisted injection.
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Figure 96 shows the stress-strain plot for the AISi10Mg(Fe) alloy specimens conventional
injected.
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Figure 96: Stress-strain plot of AlSi10Mg(Fe) alloy specimens - Conventional injected.

In this alloy, the average value of the three mechanical properties under study (yield
strength, ultimate tensile strength and elongation) was higher in specimens where the injection
was conventionally performed and the variability of the results obtained was lower. When
comparing the average values of yield strength, ultimate tensile strength and elongation
obtained with the standard ones, only the ultimate tensile strength is below the theoretical value
(min. 240 MPa).

Figure 97 shows the stress-strain plot for the AISiLOMnMg alloy specimens injected with
vacuum assistance.
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Figure 97: Stress-strain plot of AISiL0MnMg alloy specimens - Vacuum-assisted injection.
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Figure 98 shows the stress-strain plot for the AISi10MnMg alloy specimens conventional
injected.
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Figure 98: Stress-strain plot of AISi1L0MnMg alloy specimens - Conventional injected.

The average value of YS and UTS was higher for the specimens taken from the vacuum-
assisted injected parts and for these two properties, the variability of the results obtained was
lower. For the elongation, the average value was higher for the specimens where the injection
was performed conventionally, but the variability of the results obtained was lower for the
injection with vacuum assistance. Only the yield strength values are within the standard value
range. Regarding the elongation values obtained, these are about half of the minimum standard
value.

Figure 99 shows the stress-strain plot for the AIMg4Fe2 alloy specimens injected with
vacuum assistance.
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Figure 99: Stress-strain plot of AIMg4Fe2 alloy specimens - Vacuum-assisted injection.
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Figure 100 shows the stress-strain plot for the AlIMg4Fe2 alloy specimens conventional
injected.
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Figure 100: Stress-strain plot of AIMg4Fe2 alloy specimens - Conventional injected.

For the AlMg4Fe2 alloy, the average values of the three mechanical properties under
study were higher when the injection was performed conventionally and the variability of the
results obtained was lower, except for the elongation, where it was lower when the injection
was performed with vacuum assistance. When comparing the average values of yield strength,
ultimate tensile strength and elongation obtained with the standard ones, only the yield strength
is within the standard values, the remaining properties are well below the standard values. For
the average elongation values obtained there was a decrease of about 60-70% from the
minimum standard value.

After the tensile tests, the fracture zone of the specimens was analyzed in a stereo
microscope. Figure 101 shows the fracture zones of the specimens with the best and worst
elongation values for each alloy.
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Specimen 9 AlSi12(Fe)

Specimen 2 AlSi10Mg(Fe)

Specimen 2 AIMg4Fe2

Specimen 11 AlMg4Fe2

Figure 101: Analysis of defects in the fracture zone of the specimens in the as-cast condition.

The specimens on the left side of Figure 101 have more defects in the fracture zone, which
explains the lower elongation values obtained.

In order to better understand the influence of vacuum on the mechanical properties and if
there was any difference between the primary and secondary alloys, three graphs are presented
in Figure 102, where for each of the three mechanical properties under study are compared the
average values and standard deviations obtained for each of the alloys (with and without

vacuum).
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Figure 102: Values of yield strength,
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ultimate tensile strength and elongation and their standard deviations for

the alloys under study in the as-cast condition.

Analyzing the graphs of the previous figure, it can be seen that the use of vacuum during
injection only slightly improved the yield strength of AlSi12(Fe) and AlSi10MnMg alloys and
the ultimate tensile strength of AISilOMnMg alloy. It is therefore concluded that the use of
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vacuum during injection did not cause any significant improvement in the mechanical
properties, which was not the expected result after consulting the literature. This result may be
related to the injection conditions and parameters not being optimal. If only the results for
AlSi10MnMg alloy are observed, since this was the alloy where the best and most constant
injection conditions were obtained, vacuum assisted injection led to a slight improvement in
yield strength and ultimate tensile strength and elongation had no improvement, but the average
value obtained for vacuum assisted injection (2.66%) was very close to the average elongation
value for conventional injection (3.01%). Furthermore, it was the only alloy where for the three
mechanical properties under analysis, it was found that the injection performed with vacuum
assistance reduces the variability of the results obtained, which is in line with the conclusions
obtained by Hu et al. and Dong et al. [44, 45].

Comparing the results of the primary alloys (AlISi10MnMg and AlMg4Fe2) with those of
the secondary alloys (AlISi12(Fe) and AISi10Mg(Fe)), it can be seen, as expected, that the
elongation of the primary alloys is higher. The decrease in the iron percentage in the
AIlSi10MnMg alloy and the absence of high percentages of silicon in the AIMg4Fe2 alloy cause
a decrease in the appearance of the B-AlsFeSi phase, which is quite detrimental to the ductility
of the alloys. Within the primary alloys, the AIMg4Fe2 alloy, as expected, showed higher
elongation values than the AISi10MnMg alloy, but the values obtained were much lower than
expected. Again, this result can be explained by the injection conditions and parameters used
for the AIMg4Fe2 alloy. It was the first time that this alloy was injected at SONAFI, and
therefore the injection conditions and parameters used might not be the best.

After the T6 heat treatment, 24 specimens were tested (12 specimens machined from
conventionally injected parts and the rest from vacuum-assisted injected parts) of each of
AlSil0Mg(Fe) and AISi10MnMg alloys. It is intended to evaluate whether due to the heat
treatment performed there was an increase in yield strength and ultimate tensile strength or
whether the mechanical properties deteriorated due to blistering or coalescence of gas porosities
caused by the solution heat treatment.

Figure 103 shows the stress-strain plot for the AlISilOMg(Fe) alloy specimens injected
with vacuum assistance after T6 heat treatment.
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Figure 103: Stress-strain plot of AISi10Mg(Fe) alloy specimens after T6 heat treatment - Vacuum-assisted
injection.
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Figure 104 shows the stress-strain plot for the AISil0Mg(Fe) alloy specimens
conventional injected after T6 heat treatment.
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Figure 104: Stress-strain plot of AISil0Mg(Fe) alloy specimens after T6 heat treatment - Conventional injected.

Figure 105 shows the stress-strain plot for the AISi10MnMg alloy specimens injected
with vacuum assistance after T6 heat treatment.
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Figure 105: Stress-strain plot of AISi1l0MnMg alloy specimens after T6 heat treatment - Vacuum-assisted
injection.

Figure 106 shows the stress-strain plot for the AISilOMnMg alloy specimens
conventional injected after T6 heat treatment.
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Figure 106: Stress-strain plot of AISi1l0MnMg alloy specimens after T6 heat treatment - Conventional injected.

To better understand the effect of the T6 heat treatment on the AISil0Mg(Fe) and
AIlSi10MnMg alloys mechanical properties, a summary table (Table 31) with the mechanical
properties of the alloys before and after heat treatment is presented.

Table 31: Mechanical properties of AISi10Mg(Fe) and AISi10MnMyg alloys before and after heat treatment.

Alloy State YS (MPa) UTS (MPa) Elongation (%)
As-cast VADC 143 215 1.34
. As-cast HPDC 147 233 154
AlSi10Mg(Fe) T6 VADC 134 188 2.94
T6 HPDC 132 173 1.03
As-cast VADC 138 235 2.66
. As-cast HPDC 136 234 3.01
AlSI10MnMg T6 VADC 103 239 3.23
T6 HPDC 196 249 450

For the AISi10Mg(Fe) alloy there was a decrease of YS and UTS after the heat treatment.
Taking into account this result and the result obtained for hardness in Chapter 4.3, it is possible
to say that the alloy has softened after the solution heat treatment and that the time or
temperature of artificial aging have not been ideal for the structural hardening of the alloy and
consequent increase in YS and UTS. The increase in elongation by 119% in the vacuum-
assisted injected parts and by 25% in the conventionally injected parts after heat treatment can
be explained by the spheroidization of silicon during the solution heat treatment.

In the AlSi1lOMnMg alloy, there was an improvement in the mechanical properties after
the heat treatment, but they turned out to be lower than the minimum standardized value. The
YS increased by about 40% after the heat treatment due to structural hardening. The elongation
increased by 21% in the vacuum-assisted injected parts and by 50% in the conventionally
injected parts after heat treatment, an increase probably justified by silicon spheroidization. The
mechanical properties of the conventionally injected parts were higher than the vacuum-assisted
injected parts because 3 of the 4 vacuum-assisted injected parts had a higher percentage of
defects than the conventionally injected parts (Table 25). This higher quantity of defects leads
to a reduction of the specimen’s cross-sectional area and thus to a lower mechanical strength.
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4.7 Characterization of the microstructure

The microstructure of the different alloys under study was observed in the C-C section,
Figure 107.

Figure 107: Analyzed section of the part for microstructure characterization.

Initially, the microstructure of the as-casted parts was characterized to serve as a basis for
comparison with the microstructures obtained after heat treatment. In Figure 108, it can be seen
that the AISi12(Fe), AlSilOMg(Fe) and AlSi1l0MnMg alloys present the two phases typical of
AlSi alloys: the primary aluminum phase (aAl) with dendritic morphology and the eutectic
(0AL+Si).
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1 Eutectic (aAl+Si)

Eutectic (aAl+Si)

Figure 108: Microstructure of the alloy in the as-cast condition: a) AISi10Mg(Fe) magnification 500x; b)
AISi10MnMg magnification 500x; c) AlSi12(Fe) magnification 500x.

The microstructure (Figure 109) of the AIMg4Fe2 alloy has a morphology quite different
from the other alloys, as it belongs to the AIMg family.
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Al-Fe-eutectic

Figure 109: Microstructure of AIMg4Fe2in the as-cast condition. a) magnification 100x; b) magnification 1000x.

Due to the high cooling rates of the HPDC process that cause the refinement of the
different phases of the microstructure there was some difficulty in identifying typical phases
such as: the B-AlsFeSi phase and the a-Alys(Fe,Mn)sSiz phase. To facilitate this identification,
samples of the alloys under study were observed in SEM and an EDS analysis was performed
on some of the identified structures.

The images in Figure 110 were obtained through backscatter electrons, and therefore the
higher the atomic number of the element, the brighter it will be in the image. Comparing the
images in Figure 110, knowing that iron has a higher atomic number than silicon, magnesium,
aluminum and manganese and that the B-AlsFeSi phase has a morphology that resembles a
needle, it is possible to conclude that as expected because the AISilOMg(Fe) alloy (Figure
110a)) is a secondary alloy it would have a higher amount of needles (detrimental to ductility)
than the primary AlSi10MnMg alloy (Figure 110b)).
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Figure 110: The as-cast SEM microstructure. a) AISi10Mg(Fe) alloy; b) AlISil0MnMg alloy.

As can be seen in Figure 111 (Z8 and Z4), the addition of manganese leads to the
formation of intermetallics that do not have needle morphology, and thus are not as detrimental
to the mechanical properties of the alloys.
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Figure 111: AlFeMnSi phases. a) Z8 - AlFeMnSi phase in AlSi10Mg(Fe) alloy; b) Spectrum of the EDS analysis
of Z8; ¢) Z4 - AIFeMnSi phase in AlSi10MnMg alloy; d) Spectrum of the EDS analysis of Z4.

In Figure 112 is shown an intermetallic constituent with a morphology very similar to a
chinese-script, which may correspond to the a-Alis(Fe,Mn)sSi> phase.

W " L B o e

Figure 112: Chinese-script in AISi10MnMg alloy (magnification 1500Xx).
After the T6 heat treatment due to solution heat treatment, silicon fragmentation and

spheroidization occurred in both alloys (AISi10Mg(Fe) and AlSi10MnMg). Figure 113 shows
the microstructure of AISi10MnMyg alloy after heat treatment.
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Figure 113: Silicon fragmentation and spheroidization in AISi1l0MnMg alloy. a) magnification 100x; b)
magnification 200x; ¢) magnification 1000x.

With the EDS analysis it was possible to verify that there was precipitation of Mg-Si
intermetallics in the aluminum matrix during the artificial aging heat treatment because it is
detected in the Z1 zones (aAl phase) of Figures 114c) and 115¢) when without heat treatment
it was not detected Figures 114a) and 115a).

96



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

.,m N
T

13

7

"

1
Tw

™

si

b) 1.00 200 300 4.00 5.00 6.00 7.00 800 900 keV
10.5 - N

84

63 -

KCmt

12

21

si
00 -~ T £ T T

T T T T T 1
075 150 225 300 375 450 525 600 675 750 825 94
d ) Energy - keV

Figure 114: Precipitation of Mg-Si intermetallics in the aluminum matrix in AISil0Mg(Fe) alloy. a) Z1 - aAl
phase before heat treatment; b) Spectrum of the EDS analysis of Z1 before heat treatment; c) Z1 - oAl phase
after heat treatment; d) Spectrum of the EDS analysis of Z1 after heat treatment.
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Figure 115: Precipitation of Mg-Si intermetallics in the aluminum matrix in AISi10MnMg alloy. a) Z1 - Al
phase before heat treatment; b) Spectrum of the EDS analysis of Z1 before heat treatment; c) Z1 - oAl phase
after heat treatment; d) Spectrum of the EDS analysis of Z1 after heat treatment.
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5 Conclusions and future work

In Chapter 5.1, the conclusions drawn after the accomplished work are presented. Some
suggestions for future works are also shown in Chapter 5.2.

5.1 Conclusions

The main conclusions to be drawn from this work are:

98

In the as-cast condition, VADC led to a reduction in the amount and percentage
of defects (64% reduction for AISil2(Fe) alloy parts, 81% reduction for
AIlSi10Mg(Fe) alloy parts, 60% reduction for AISi1l0MnMg alloy parts, and 78%
reduction for AIMg4Fe2 alloy parts). Considering that the injection conditions for
AlSi10MnMg alloy were the most constant and optimized, it can be concluded
that for a vacuum level of 200 mbar, the defect reduction will be around 60%.
After the heat treatment, in the vacuum injected parts there was an exponential
increase in the quantity of defects and a decrease in the average defect volume due
to the appearance of a larger number of gas porosities (small volume and
sphericity greater than 0.4). The solution heat treatment led to an increase in the
number and diameter of the gas porosities and an increase in the number of
shrinkage porosities due to the coalescence of the gas porosities. This coalescence
causes distortion of the porosities and consequent decrease in sphericity.

For the analyzed sections using metallography and computed tomography, the
porosity values were similar, however CT has the advantage of being a non-
destructive method that enables an analysis of defects throughout the part with the
ability to analyze different sections in different planes.

The highest amount of blistering occurred in parts where the defect volume ratio
was higher, which means that they may be related. The parts that were analyzed,
those that were vacuum injected showed generally less blistering. As there was
blistering in both vacuum injected and conventionally injected parts, it means that
vacuum generation during injection was not efficient. Furthermore, the parameters
used in the heat treatment were not optimized to minimize blistering.

In the as-cast condition, taking into account the mean values and standard
deviations obtained for the mechanical properties, it can be concluded that these
are similar for HPDC and VADC, which is more or less in agreement with the
results obtained by Szalva et al. [39]. By not being able to make an efficient
control of the injection process conditions and the generation of vacuum, it was
not possible to observe significant differences between injection with and without
vacuum. In addition, the cross-sectional area of the specimens was variable, as
they were machined from warped parts, and therefore it was difficult to obtain
specimens with uniform thickness. This variation in area also had an influence on
the mechanical properties obtained. As expected, the primary aluminum alloys
presented higher elongation values than the secondary aluminum alloys due to the
reduced amount of needles of the B-AlsFeSi phase.

In AISi10Mg(Fe) and AlSilOMnMg alloys after heat treatment the elongation
improved between 21% and 119% due to silicon spheroidization during solution
heat treatment. The YS and UTS decreased in AISi10Mg(Fe) alloy after T6 due
to its softening. On the other hand, in the AISi1lOMnMg alloy, there was an
increase in YS and UTS due to the precipitation of Mg-Si intermetallics in the
aluminum matrix. In the conventionally injected parts of AISi10MnMg alloy, the
mechanical properties were higher than in the vacuum injected parts because 3 of
the 4 parts tested showed a higher quantity of defects. This higher number of
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defects leads to a reduction in the cross-sectional area of the specimens which
causes a reduction in mechanical strength and ductility.

5.2 Future work

done:

In order to improve the results that were obtained in this work, the following could be

The injection parameters, as well as, vacuum cycle - should be properly monitored
so that they can be optimized;

Perform two-stage vacuum by evacuating in the die cavity and shot sleeve to
increase the vacuum level;

Tests to optimize injection conditions, especially in primary alloys;

Tighter control of the metallurgical quality of the bath to prevent oxide formation
and hydrogen absorption;

Control the quantity of lubricant/release agent applied to the mold to prevent gas
porosity caused by hydrogen;

Optimization of the heat treatment cycles. Shorter stage times and/or lower
temperatures during the solution heat treatment should lead to a reduction of
blistering. Extend the artificial aging time to achieve peak hardness;

The numbering of the specimens according to their positioning in the part, in order
to understand if there is an area of the part where the concentration of defects is
higher;

Designing a mold to inject specimens. Thus, in theory, the mechanical properties
obtained will be close to the standard mechanical properties.
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Appendix A: Instrumentation design

Table 32: Identification of variables to be monitored, locations, ranges and critical points - requirements and

specifications.

Varlab_les to be Unit of Ranges Location Critical point
monitored measurement
Plunger Injection Injection
. mm 0-500 . machine -
displacement machine
plunger
Plunger speed m/s 0-5 Inject_lon -
machine
. Injection
bar 0-1000 Hydraulic machine -
piston pressure
plunger
Pressures On the mold
bar 0-1000 Mold cavity cavity surface
Zone away from
the gates
°C 500-800 Holding furnace | Holding furnace
o Injection
Metal C 500-800 Plunger machine
temperature 2 points on the
°C 100-800 Mold cavity mold cavity
surface
Mold °C 50-500 Mold Inside the mold
temperature
mbar 1-1000 Tank Vac_:uum
machine tank
Vacuum level Connecting the
mbar 1-1000 Vacuum valve valve to the
machine piping
2 points on the
mold cavity
surface
Metal detection Binary signal On/Off Mold cavity Next to the

gatesand in a
more distant
point

Selected sensors:

e Metal front contact sensor;
e Mold cavity pressure measurement;

e Metal front temperature sensor.
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Sensor Positioning D;\f:éz'on

Sensor

Fixed Side

Temperature
Sensor and
Pressure
Sensor

Metal
Detection
Sensor

Figure 116: Sensor location schematic.

Vacuum system:

e Vacuum valve — Fondarex Supervac Medio P;
e Vacuum system — Fondarex HIGHVAC PROGRESS 2C 200 ().

Table 33: Specifications of the vacuum system to be implemented.

Tank capacity (1) 200
Tank vacuum capacity (mbar) 1
g:lar)nping force of the injection machine <600
ton

BUSCH Vacuum Pump RA Series (m3/h) 25
Vacuum channels 2
Suction section of the channels (mm?) 500
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Main
Vacuum
Channel

Overflow

Gate

Figure 118: Thermographic images of the mold surface.
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Appendix B: Analysis of the chemical composition - AlSi12(Fe)

& SPECTRO

MATERIALE AMALYSIS DISIOH
Ty T—r— Trpe s e ton Gate Grign Nemhod Hame Nt Vet [Emrr— Corecton Type Type Cotr Sats Nare
Chwch Type Chech St Gade varincamon hame T Grae vencaton Similanty T Grada Eaarch hame T Geae Search Tmiianity

I I I
Hisrs wratin Meterencls et | | | | |
I I I I I
Elements Conc.
Wi =l Fa Cu M Mg cr Ml Zn m Be
% % % % % % % % % %
Conc. conc. Conc. COnG. Cone. cone. Cone. Cone. Cone. Cone.
1 2 0z [ DA77 O [ 0,000 00720 0, 000086
z 27 o281 01EE 0,258 [ 00121 10,0085 =3 0,78 000050
3 1241 0543 [R5 [ [T [EhE 0,008 [ 0,00 0es
< 12,81 0852 0,157 0443 06714 w0117 80,0082 00720 8,0283 2.00088
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Cone. Cone. Conc. Conc. Conc. Conc. Cone. Cone. Cone. Cone.
1 = ooz = <D,00050 [ <00m0 <0000 0,100 0,077 <0,00100
z [T oot o003 <D,00050 o <1010 o,00mz <0100 0,01 <0,00100
3 [ L0004 =3 <0,00050 [ <00mAD <0,00010 <0100 00078 <0,00100
o 0,0023 06,0001 10,0005 =0, 00080 06100 <0,00010 0,00071 <0, 00700 60078 <0, 00700
v 50 v 2Zr Bg ]
% % 0 %
Conc. Conc. Cone. Conc.
1 <0,00010 st Lo0ea =]
z <0,00010 [ [ 5
3 <0000 nonan o042 =0
@ =0,00010 0,0051 0,0044 58

& SPECTROD

MATERIALE AMALYSIE DIICH
Samcts Nt hame. Trpe Weasue Date | Racalcuiation Date Origin Moo Hame Nt Vet Dt hame Correcton Type Type Cotr Sagts Nare
Tima Time
Checit Typs Chenh Slahrs asle Varifleation Name | Gride VerMcation Smiladty | Girada Saarch Kisme | Dol Beawrch Similarity
I I I
[ I I I I I I
Elementz Cone.
- 5l Fa Cu Mn Mg cr Ml n m Be
*® % % % k] % k] % ® %
Conc. Cone. Conc. Conc. Conc. Conc. Cone. Cone. Cone. Conc.
1 =] 007 msz [ [ TOns 00081 Iz = 000087
z 1241 = B 0837 e Tana 00081 ug7i3 oEm o084
3 25 0236 0133 [ [ (e 0,0078 [ 0,030 000086
a 12,37 0834 0,181 0,438 06110 00118 10,0078 00715 00288 600088
e Bl Ca cd Co Ga u Na P Pb Sn
*® % % * * % % % £ %
Conc. Cone. Conc. Cong. COnG. Cone. Cone. Cone. Cone. Conc.
1 0,004 Loones [ <D,00050 [ <00@AD <0,00010 0,100 00052 =0,00100
z 0.0 o011 LocoTt <0,00050 omm <1,0m10 <o,00m0 <0100 o,m7 <0010
3 0002 oo 1.000SE <D,00050 [ <10m0 <0000 <0100 0,007 <0,00100
= 00022 0,0090 000058 <0, 00080 [ <3,00010 <0,00010 <0, 00700 80078 <0,00700
Ve 3l v Zr By [
*® % % %
Conc. Cone. Cone. Conc.
1 <0,00010 nwsa 00045 262
z <0000 nsa 00043 20
3 =<0,00010 nms2 00042 64
o =0,00010 10,0051 0,0043 CH
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S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Sample Result hame Ty h-nn-n Dute wl [ Grigin Nethod Name iathod Version Copmrator Name Comction Type Type Corr Bl ars
™ e
Check Typs Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
Woms amostra etasencts Chents | | | | | | |
I I I I I I I
Elements Cone.
Wi sl Fa Cu Mn Mg cr Hl Zn m Be
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 e 0569 [RE] 0,458 [ 00128 0,0081 0o72e 0,00 0,00050
2 224 07T [(EE] 0452 [ 0,013 10,0080 [z (=3 0,00086
3 ] 080 R = oo 00124 0,0078 0gTia [ [
e 12,18 0,875 0,151 0,455 00118 00125 0,9080 00721 00288 0.00087
—— Bl ca cd Co Ga u MNa P Pb &n
% % % k] % % k] % e %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. conc.
1 0,002 [ 0.o0028 <0,00050 = <0000 <0,00010 <1,00100 000 <0100
2 [T n.oo0sa [ <0,00050 [ <0010 <0,00010 <1,0100 0,073 <0,0100
3 0,000 0.oo0s3 000025 <0,00050 [ <0.00010 <0,00010 =0,0100 00075 =000
- 0,0020 0,000 0.00035 <0, 00060 00088 <3,00010 <0,00010 <0, 00700 0,0078 <0, 00700
i S v Zr By ]
% % % %
conc. Conc. Conc. Conc.
1 <0,00010 0.o0s8 [eH 6,1
2 <0,00010 0.00s5 [ToE] 6,1
3 <0,000H0 noosd 03 A
e <0,00010 0.0058 00064 2

S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Sample Result hame Ty h-nn-n Dute wl [ Grigin Nethod Name iathod Version Copmrator Name Comction Type Type Corr Bl ars
™ e
Check Typs Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
Woms amostra etasencts Chents | | | | | | |
I I I I I I I
Elements Cone.
Wi sl Fa Cu Mn Mg cr Hl Zn m Be
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 ] 0743 [ 0,382 00056 0,0083 10,0034 20 [ 0,00077
2 12,08 o7l 0207 0,358 =] 0,001 0,000 =0 D@1 0,00076
3 nw [ 0203 0,355 0.0055 0,0052 10,0085 =0 [ [
e 12,24 0,738 0,208 0,350 10,0065 18,0080 00091 0,0813 00022 2.00077
—— Bl ca cd Co Ga u MNa P Pb &n
% % % k] % % k] % e %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. conc.
1 0,002 0.ooo 0.00068 <0,00050 [ <0000 <0,00010 <1,00100 00050 <0100
2 0,002 oo [ <0,00050 oo <0010 <0,00010 <1,0100 0,058 <0,0100
3 0,022 =0000H0 000045 <0,00050 [ <0.00010 <0,00010 =0,0100 ;0083 =000
- 0,0022 0.00010 0.00058 <0,00080 08102 <3,00010 <0,00010 <0, 00700 0,008 <0, 00700
i S v Zr By ]
% % % %
conc. Conc. Conc. Conc.
1 <0,00010 [ [ (=]
2 <0,00010 noaz [T £
3 <0,000H0 nonad 03 5
e <0,00010 0,004 00064 43
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S SPECTRO

MATERIALE ANALYSIS DIASICH
Sample Revult hame. Trps h-nu-n Date I [ Grigin Memhos Name Muhod Version Opmatost Name Comection Typs Type Corr Sampls hars
ma e
Chech Typn Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Chents | | | | | |
I I I I I I
Elsments Cone.
Wi =l Fa Cu M Mg cr Ml Zn m Be
*® % % * * % % % £ %
Cone. Conc. Conc. Cong. COnc. Cone. Cone. Cone. Caone. Cone.
1 HE o7z 0407 0,350 00073 [ [ [ 0,018 [
z HE 0762 041 0,343 00073 00121 [ ] 0,0 000080
3 1A oz [ 0325 o073 D13 00124 = [ ()
< 11,64 0,782 0410 0,342 00072 00120 00128 0,153 00008 00080
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Conc. Cone. Conc. Conc. Conc. Conc. Cone. Cone. Cone. Conc.
1 [ <0coow 000023 <D,00050 ooim <0000 <0000 <0100 [ LoeHT
z 0.0ms o0z [ <0,00050 opos <0,00010 <0,00010 <0010 00123 oos
3 0,008 <0000 00041 <0,00050 0005 <0, 0010 <0,00010 =010 [ nom3
a 0,0028 000017 0.00045 <0,00050 00099 <0,00010 <0,00010 <0, 00700 00128 00010
v 51 v Zr Bg A
*® % % %
Conc. Conc. Cone. Conc.
1 <0,00010 00043 oS 65
z <0,00010 [ 0003 87
3 <0000 oo 0o0a2 )
< <0,00010 0,0041 0.0043 87

S SPECTRO

MATERLALE AMALTSIE DIMESION

Sample Uit Kame

Chech Typn Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Chents | | | | |
I I I I I
Elsments Cone.
Wi =l Fa Cu M Mg cr Ml Zn m Be
*® % % * * % % % £ %
Conc. conc. Conc. COnG. Cone. cone. Cone. Cone. Cone. cone.
1 o 0513 [ 0,363 OHE 0,013 0013 LiE7 [ 000080
z 20 0208 0433 0,345 OHE [T 00134 [E 0,057 000081
3 T o508 [ 0351 [T [ (e nis4 [ [
< 12,00 [ [ 9,351 o128 00137 10,0135 0,185 o028 0.00081
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone.
1 0,002 Loo03 0.00025 <D,00050 [ <00mn <0000 <0100 (e 0.o0E
z 0,003 0.00028 Loo0zs <0,00050 oposs <00m10 <0,00010 <0100 0,031 Lo
3 0,004 [ 000048 <0,00050 0005 <00mA0 <0,00010 =010 [ [
a 08,0023 0,00027 0,00634 <0,00050 00088 <0,00010 <0,00010 <0, 00700 [LE] 0,0018
v 51 v Zr Bg A
*® % % %
Conc. Conc. Cone. Conc.
1 <0,00010 [ 00043 860
z <0,00010 [ 00043 8,1
3 <0000 oo o043 82
< <0,00010 0,0042 0,0041 8,1
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Appendix C: Analysis of the chemical composition - AlSi10Mg(Fe)

S SPECTRO

MATERIALS AMALYSIS DIGESICH
Samste Reault hase Trps Measus Dute | Rucabculaton Date Grigin [T et Verakn Dpesator hase Cormetion Type Type Corr Bampis Nams
Tirse Time
Chwech Typw Chech Sat e VarNcaton Nare T Grade veReabon Smilerty T Grin Saarch N T Gt Badrch Sty
I I I
W amelra eteencle Chns | | | | | | |
I I I I I I I
Elements Cone.
Wi sl Fa Cu Mn Mg cr Hl Zn m Be
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 S8 0767 (RS [ 0,63 0,0105 00058 0os17 [ 0,00084
2 5m 0776 [RES] 0053 0,357 00105 00053 0os02 [ 0,00081
3 580 o7et o136 00531 0,958 0,010 00054 =0 nms1 0,000
4 5,59 0788 R 0.0s:;0 0,956 0,0105 00055 =1 [ 0,002
e 868 o778 o.137 0.0932 0,188 80108 18,9065 0,0807 0.0353 000082
W Bl ca cd Co Ga u MNa P Pb an
% % % % % % % % ) %
conc. Conc. conc. Conc. Conc. Cone. Cone. Conc. Cone. Conc.
1 00042 0,00074 <0,0009 <0,00050 00080 <0,00010 0,00010 <1,00100 [ [
2 00041 000076 <0,00010 <0,00050 0,008 <0010 <0,00010 <1,0100 0,006 <0,m100
3 0053 [ <0,00050 [ <0.00010 <0,00010 <1010 0,008 <0,m100
4 0,000 nocoTs =0,00050 o.008s <0010 0,000 0,005 <0100
e 0,0080 0,00075 <0,00060 00088 <5,00010 0,00010 00108 0,0010
Ve [ v zr Bg ]
% % % %
Conc. Conc. Conc. Conc.
1 <0,000H0 nooe2 Lo =83
z <0,00010 00061 [ =80
3 <0,00010 00061 [ X

& SPECTRO

WATERIALE AMALYSIS DIGEICH
Samste heslt hamee T Wemre Uate | Mecalculstion Oetm Ogin Method ame Wetvod ek et aee Cormetion Type Type Corr Sarghs Nama
Tiesa Tiene
Chich Tyem Chech Stabsi Deasla Varfieaion Nars | Grida Vication Srilarity | Griaa Saanch Hisme. | Dsanla Saarch Smilarity
I I I
[ I I I I I I I I I ]
Elements Cone.
—— 5l Fe cu Mn Mg cr N Zn mn Ba
% % % k] % % k] % e %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. Conc.
1 WS =0 D137 005 D243 oI 0,0063 =0 [ 0,00086
z e =0 0188 0,0563 0253 00104 0.0065 =] T 000088
3 nw [ o141 [ 0248 0,0id 0,0051 0es17 =] 0,00087
- 11,00 0,883 0,141 10,0987 0,248 60102 60,0083 0,0820 06,0603 000087
M. Bl ca cd Co Ga L Ma P Pb Sn
% % % * * £ * % % %
Cone. Conc. Conc. COnG. Conc. Cone. Cone. Conc. Canc. Conc.
1 0003 [ [ =0, 00050 [ <0,00010 <0,00010 =0,0100 0,007 0,100
z 0,003 o013 1o0e2 <0,00050 oo <000010 <0,00010 <0,00100 [ <0100
3 0,003 Lo0s 10008 <0,00050 [ <0000 <0,00010 <0,00100 0,007 <0,0100
= 0.0023 00014 000058 =0, 00080 [ <3,00010 <0,00010 <0,00100 0,0000 <0, 00700
v 3 v v Bg ]
% % % %
Conc. Conc. conc. Conc.
1 <0,00010 00063 Loms ER
z <0,0000 ] Lo T A
3 <0,00010 00065 Lo 7 a4
= <0,00010 0.0063 06,0017 5
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S SPECTRO AMETEK

MATERLALE AMALTSIE DIMESION

Sarmpts Reult e, Trpe Weaiue Dute | Ricalculation Dats Grigin Moo Nares Nt Vet st hame. Comection Type Type Corr Sampls Nare
Tima Tima
Chech Typn Chech Sty Gaada Varifcation Name | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Chents | | | | | | |
I I I I I I I
Elsments Cone.
Wi =l Fa Cu M Mg cr Ml Zn m Be
*® % % * * % % % £ %
Cone. Conc. Conc. Cong. COnc. Cone. Cone. Cone. Caone. Cone.
1 nE o3 0147 D.0881 [ 00105 0,0065 (=1 [ 000083
z . [(EH 0.145 D.0958 022 00105 0,002 (=0 [ 000050
3 0,8 os3 0143 D953 0235 00103 0,0053 (=0 0o 0es
4 0,54 oas 0142 00855 0232 [ 0,0058 =0 0,me7 [
@ 11,03 0918 0144 D.0984 0,248 a.0104 8,0081 00518 80371 000088
Wil Bl ca ca Co Ga u Na P P sn
£ % % % % % % % % %
Cone. Cone. Cone. Conec. Conc. conc. Cone. cone. Conc. Conc.
1 0,000 0o 0000356 <0,00050 [ <0,00010 <0,00010 <0010 10,0078 <1010
z 0,00s [ [T <0,00050 e <0, 0010 <0,00010 =030 0,008 <1310
3 0,004 [ 000045 <0,00050 oHm <0, 0010 <0,00010 <0, @00 0,008 <1, 3100
4 noms o3 0.oo025 <0,00050 opnss 0,000 <0,00010 <0300 0,007s <1000
@ 00022 0,005 0.00033 <0,00060 g0z <0,00010 <0,00010 <0,00100 0,0080 <0,00100
e 1 v zr By [
*® % % *
Conc. Conc. Conc. Conc.
1 <0,00010 st nooie 8
z <0,00010 nowet [ &3
E] <0,00010 et [0 &7

S SPECTRO AMETEK

MATERLALE AMALTSIE DIMESION

Chech Typn Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Chents | | | | | | |
I I I I I I I
Elsments Cone.
Wi =l Fa Cu M Mg cr Ml Zn m Be
*® % % * * % % % £ %
Conc. conc. Conc. COnC Cone. cone. Cone. Cone. Cone. cone.
1 Hm 057 [ 0,083 0215 00101 10,0085 =0 (=] 000082
z 1 (= (3 0,083 07 0,005 10,0052 10,0506 0,038 000085
3 nE O30 [ o1 0205 [ 0,005¢ 00487 0,m31 0oes
< 11,00 0,847 0,143 0,0910 0x12 [ 0,0088 0,0881 00838 9,00084
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone.
1 0,000 oo =] <D,00050 [T <00mn <0000 <0100 o011z 0,000
z [ [ 000047 <0,00050 o <00m10 <0,00010 <0100 0,020 <0,00100
3 0002 [ 000033 <0,00050 O <00mA0 <0,00010 =010 0,015 =0,00100
a 00021 00011 0,00044 <0,00050 [ <0,00010 <0,00010 <0, 00700 a0 18 <0, 00700
v 51 v Zr Bg A
*® % % %
Conc. Conc. Cone. Conc.
1 <0,00010 00063 [0 &5
z <0,00010 00063 [ &3
3 <0000 [ nooe £
< <0,00010 10,0083 0,0017 5
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S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Sample Result hame Ty h-nn-n Dute wl [ Grigin Nethod Name iathod Version Copmrator Name Comction Type Type Corr Bl ars
™ e
Check Typs Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
Woms amostra etasencts Chents | | | | | | |
I I I I I I I
Elements Cone.
Wi sl Fa Cu Mn Mg cr Hl Zn m Be
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 ] [ nal [ [ 00101 10,0053 00468 [ 0,00083
2 065 0504 [ [ D176 00105 10,0061 00478 [ 0,00083
3 0,18 oAz D143 00883 D171 o010 10,0060 00473 [ [
e 0,38 0,877 0,144 0.0892 0,172 010z 0,9080 0,047 00018 0.00085
—— Bl cd Co Ga u MNa P Pb &n
% % % k] % % k] % e %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. conc.
1 0,00+ [ 00003 <0,00050 0,005+ <0000 0.00043 <0,00100 T <0100
2 0,008 n.oo0sa <0,00010 <0,00050 [ <0010 000055 <1,0100 [ <0,0100
3 [ f.oo0sa 000018 <0,00050 [ <0,00010 0.00ED <1010 (S5 =000
- 0,0028 0.00058 0,00020 <0, 00060 00087 <3,00010 0,00080 <0, 00700 00113 <0, 00700
i S v Zr By ]
% % % %
conc. Conc. Conc. Conc.
1 <0,00010 L0063 [ EX]
2 <0,00010 o062 [k R
3 <0,000H0 nooe2 LS 84
e <0,00010 0,0082 0.0018 82

S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Sample Result hame Ty h-nn-n Dute wl [ Grigin Nethod Name iathod Version Copmrator Name Comction Type Type Corr Bl ars
™ e
Check Typs Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
Woms amostra etasencts Chents | | | | | | |
I I I I I I I
Elements Cone.
Wi sl Fa Cu Mn Mg cr Hl Zn m Be
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 =] [ 0,135 [ 0203 0,0057 10,0062 00473 0,035 0,00080
2 0.2 0250 0135 00870 0,139 0,0100 10,0061 0p477 0,048 0,00080
3 ] (= D138 00873 D135 0,0059 10,0061 o484 [ [
e 0,24 0,898 0,137 0.0872 0,199 8,0089 00081 0,0450 00047 0.00080
—— Bl ca cd Co Ga u MNa P &n
% % % k] % % k] % %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc.
1 0,002 [ 0.o00a <0,00050 oo <0000 0.00013 <0,00100 <0100
2 0,002 ooz 000033 <0,00050 [ <0010 <0,00010 <1,0100 <0,0100
3 0,000 0.oo0s3 =0.00010 <0,00050 0.0038 <0.00010 <0,00010 =0,0100 =000
- 0,0022 0,001 0,00028 <0, 00060 o801 <3,00010 000011 <0,00100 <0, 00700
i S v Zr By ]
% % % %
conc. Conc. Conc. Conc.
1 <0,00010 L0063 [ 280
2 <0,00010 10063 [ EX
3 <0,000H0 0083 [ LX)
e <0,00010 0,008 0.0018 82
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Appendix D: Analysis of the chemical composition - AlISi10MnMg

& SPECTRO AMETEK

MATERLALE AMALTSIE DIMESION

Chwch Type Chech St Gade varincamon hame T Grae vencaton Similanty T Grada Eaarch hame T Geae Search Tmiianity
I I I
Vs amvealra Meteremcla | | | | | | |
I I I I I I I
Elements Conc.
Wi =l Fa Cu M Mg cr Ml Zn m Be
% % % % % % % % % %
Conc. conc. Conc. COnG. Cone. cone. Cone. Cone. Cone. cone.
1 5 07 00013 0,596 0258 0,000 0,003¢ 0,100 0,045 [0
z Hm o1 0.00091 [ 0243 0,00055 0,003 0,100 00451 000S
3 0,54 oz 0.oc080 0584 034 [T 0,003 <0,m10 [ [
< 11,00 0,124 0,00059 0,501 0,250 0,00087 09,0033 <0,00100 0,0481 800015
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Cone. Cone. Conc. Conc. Conc. Conc. Cone. Cone. Cone. Cone.
1 00012 000035 =] <D,00050 [ <00m0 <0000 0,100 0,003 <0,00100
z [T 1,00039 [T <D,00050 00085 <1010 <0000 <0100 00037 <0,00100
3 00016 0.00037 =3 <0,00050 [ <00mAD <0,00010 <0100 0,0040 <0,00100
o 00014 0,00040 0,00046 =0, 00080 00088 <0,00010 <8,00010 <0, 00700 0.003% <0, 00700
v 50 v 2Zr Bg ]
% % 0 %
Conc. Conc. Cone. Conc.
1 00053 00046 [ &TA
z 0,0057 [ [ 80
3 [T 004 [T CX
@ 00081 10,0045 0,0028 7

& SPECTROD AMETEX

MATERLALE AHALYSIE DHESION

e e
Chchl Typa Chich Shatis Cade VariNcalon Nars | Grisde Vetalion Smiladty | Dirada Baarch hime | G Baiwich Sirmilarlly
I I I
| [ [ [ [ [ I |
[ I I I I I I I I I ]
Elementz Cone.
- 5l Fa Cu Mn Mg cr Ml n m Be
*® % % % k] % k] % ® %
Cone. Cone. Conc. Conc. Conc. Conc. Cone. Cone. Cone. Cone.
1 0,58 0124 0.00073 DE13 221 0,0013 0,0033 <0,00100 0,0430 o007
z nn 0,135 0.00053 0,638 0287 0,00054 0,0034 «0,00100 00450 opociE
3 1A 0,130 Loo0ss 0524 o252 00012 0,003 = 00413 [0
a 11,38 (] 0,00089 0,825 0347 60097 0,004 0,0018 00431 800018
v Bl ca cd Co Ga u Na P Pb sn
% % % % % % % % % %
Cone. cone. Conc. COnG. Cone. Conc. Cone. cone. Cone. Conc.
1 00013 000024 00003 <D,00050 [T <00@AD <0,00010 0,100 0,0048 =0,00100
z 00013 000032 000031 <0,00050 opos «<0,00010 «<0,00010 «0,00100 0,0038 «0,00100
3 0,007 0.00030 000035 <0,00050 00085 «<0,00010 «<0,00010 «0,00100 0,0044 «0,00100
o> 00016 000029 000033 <0,00060 00087 <0,00010 <0,00010 <0, 00100 @,0043 <0,00108
Ve 3l v Zr By [
*® % % %
Cone. Conc. Cone. Conc.
1 0.0057 00045 =3 280
z 0,000 e = &2
3 0,005 00045 Loms &5
o 06,0088 10,0045 0,0028 &8

113



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Samste Reault hase Trps Measus Dute | Rucabculaton Date Grigin [T et Verakn Dpesator hase Cormetion Type Type Corr Bampis Nams
Tirse Time
Check Typs Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
Woms amostra etasencts Chents | | | | | | |
I I I I I I I
Elements Cone.
= 0] Fe Cu Mn Mg Cr N Zn T Ay
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 nz= o1 0.00081 0,604 0358 <0, 00020 00030 [ [ <0,mein
2 0z 0125 0.00085 0,508 D5 =0,00020 0,002 0pon2 00379 =000
3 054 [ f.00080 0,503 0233 <0,00030 00023 <1,0100 n,m78 <0,moin
e 10,78 0,124 0,00082 0,505 0,244 <5,00030 0,9030 0.0012 0,080 <0,00010
—— B Ba Be Bl ca Ccd Co Ga Hg
% % % k] % % % e %
Cone. Cone. Cone. Come. 3 Cone. Cone. Conc. Conc.
1 00014 <1000 [ 00011 [ <0000 <0,00050 00054 Loz
2 00015 <100010 [ 00013 00003+ <0010 <1,20050 0,054 [
3 0,005 =0000H0 [ [ [ <0.00010 <1,00050 0,053 Looz
- 06,0015 <0,00010 0,00015 00012 0,00022 <5,00010 <0, 0015 <0, 00050 0.0084 0,0013
M. n La u MNa P Pb Sn Sr v Zr
% % % * * £ * % % %
Cone. Conc. Conc. COnG. Conc. Cone. Cone. Conc. Cone. Conc.
1 =0, 000 =100030 =0,00010 =0,00010 <0001 0,005 =0,00100 00124 0,005 [
z 0,000 <a.00030 <0.00010 =0.00010 <0001 00040 <0,00100 no133 n00ss Lo
3 =0,00020 <1.00030 =0,00010 =0,00010 <0001 0,00 =0,00100 no12s 00054 nom2
= <0,00030 <0,00030 <0,00090 <0,00010 <0,00100 80038 <0,00100 0.0128 0.0055 0,0023

S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Sample Result hame Ty h-nn-n Dute wl [ Grigin Nethod Name iathod Version Copmrator Name Comction Type Type Corr Bl ars
™ e
Check Typs Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
Woms amostra etasencts Chents | | | | | | |
I I I I I I I
Elements Cone.
Wi sl Fa Cu Mn Mg cr Hl Zn m Be
% % % * * £ * % % %
Cone. Conc. Conc. COnc. Conc. Cong. Cone. Conc. Caonc. conc.
1 ] (R .000e2 0,503 054 0,000%8 0,003 <0,00100 071 000015
2 1145 0132 [ 0,524 0253 0,001 10,0034 =0,0100 0045 0,00007
3 1141 [ 000100 0,503 071 0,00066 0.0033 <0010 00477 [
e 1 0,139 0.00059 [ 0,250 0,00088 0,0033 <0,00100 0.0458 0.00018
—— Bl ca cd Co Ga u MNa P Pb &n
% % % k] % % k] % e %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. conc.
1 00014 00002 0.o006E <0,00050 0.0087 <0000 <0,00010 <1,00100 00045 <0100
2 00018 000045 [ <0,00050 [ <0010 <0,00010 <1,0100 00042 <0,0100
3 0,002 [T 000038 <0,00050 00083 <0.00010 <0,00010 =0,0100 0,005 =000
- 06,0014 0.00040 0.00058 <0, 00060 00087 <3,00010 <0,00010 <0, 00700 0,0040 <0, 00700
i S v Zr By ]
% % % %
conc. Conc. Conc. Conc.
1 00052 0.0048 .oms &80
2 0,009 0.o0as 0.om7 874
3 00083 o047 o.om? ars
e 09,0095 0,0048 o0.0027 8
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S SPECTRO

MATERLALE AMALTSIE DIMESION

Sample Revult hame. Trps h-nu-n Date I [ Grigin Memhos Name Muhod Version Opmatost Name Comection Typs Type Corr Sampls hars
ma e
Chech Typn Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Chents | | | | | |
I I I I I I
Elsments Cone.
Wi =l Fa Cu M Mg cr Ml Zn m Be
*® % % * * % % % £ %
Cone. Conc. Conc. Cong. COnc. Cone. Cone. Cone. Caone. Cone.
1 ] [RE) nooz [ET] 0263 00007 0,003 0,100 0,078 [0
z 10 (S noott 0507 = 0,000 0,0034 0,100 00477 000S
3 e o133 noon3 0520 0,257 0,006 0,004 <0,m10 00438 [
< .22 0,130 00012 0,504 0,288 0,00087 0,004 <0,00100 0.0484 00015
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Conc. Cone. Conc. Conc. Conc. Conc. Cone. Cone. Cone. Conc.
1 000z [l 000038 <D,00050 00088 <0000 <0000 <0100 0,003 0,000
z 00013 [ 0.o00s3 <0,00050 [ <0,00010 <0,00010 <0010 0,0038 <1010
3 00018 [ (] <0,00050 [T <0, 0010 <0,00010 =010 10,0040 =0,00100
a 0.0014 0.00055 0.00039 <0,00050 00087 <0,00010 <0,00010 <0, 00700 00038 <0, 00700
v 51 v Zr Bg A
*® % % %
Conc. Conc. Cone. Conc.
1 0,004 00045 [ &7
z 0,005 [ nom? EE]
3 00085 0004 nom? E
< 00091 10,0048 0,007 7T

S SPECTRO

MATERLALE AMALTSIE DIMESION

Chech Typn Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Chents | | | | |
I I I I I
Elsments Cone.
Wi =l Fa Cu M Mg cr Ml Zn m Be
*® % % * * % % % £ %
Conc. conc. Conc. COnG. Cone. cone. Cone. Cone. Cone. cone.
1 nz 0,130 [ D518 0,259 0,00051 0,003¢ 0,100 00440 [0
z 0,5 0,128 100088 [GE] 0253 0,000 0,003 0,100 00438 000S
3 0 oz [Ty 0,506 o218 00011 0,003 <0,m10 00417 [
< 10,88 0,17 000057 0,812 0,243 0,00087 09,0033 <0,00100 0,0833 800078
- Bl ca ca Co Ga u Na P P n
*® % % % k] % k] % ® %
Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone.
1 00014 000038 0.00038 <D,00050 [ <00mn <0000 <0100 0,003 0,000
z [T 100025 [ <0,00050 o087 <00m10 <0,00010 <0100 00038 <0,00100
3 00013 L0005 ] <0,00050 [T <00mA0 <0,00010 =010 0,0050 =0,00100
a 0.0018 0,00025 0,00625 <0,00050 00087 <0,00010 <0,00010 <0, 00700 06,0042 <0, 00700
v 51 v Zr Bg A
*® % % %
Conc. Conc. Cone. Conc.
1 00053 00 oom? &7
2z 0,005 00045 oo &80
3 oo anoas ooms |82
< 00084 0,0045 0,0027 0
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Appendix E: Analysis of the chemical composition - AIMg4Fe2

S SPECTRO AMETEK

MATERLALE AMALYSIE DIuSIOH

Thack Typs Checs Suha Geade variNcason hame I Grade verfcaton Similarity T Grade Search hame I Geade Search Simlarity
I I I
e B — | | | | |
Elements Conc.
Ve 1 Fe Cu Mn Mg cr ] n i g
% % % % % % % % e %
Cone. Conc. Conc. Conc Conc. Conc. Cone. Conc. Cone. Conc.
1 0,0885 153 00076 [T 533 0,0030 0,003 00078 [TTE) <0,00010
2 0.080% 161 LoaTT [ 51l 0,002+ 0,003 01,0063 [ <0moil
3 0.0831 146 L0066 o0 507 0,002 10,0035 10,0070 0,004 <0l
e 60,0843 155 60,0073 [ 511 60028 68,8038 60,0070 00108 <0, 00010
[ B Ba Be Bl Ca cd Co Co Ga Hg
% % 0 % % % % % % %
Cone. Conc. Conc. Conc. Con. Cone. Cone: Conc. Conc. Conc.
1 0.0015 <0000H0 [ [ 000036 <0,00010 <0,001% <0, 0050 [ <0100
2 0,007 «{,00040 00047 0001s 000026 «<0,00010 «<0,0015 «0,00050 0,0z «0,00100
3 0,020 «0,00000 00046 0,004 0.00035 «<0,00010 «<0,0015 «0,00050 00120 «0,)00100
= 80,0078 <0,00010 0,0047 00021 0,00029 <0,00010 <0, 0015 <0, 00050 80124 <0, 00100
— n La u Na P P En sr v I
% % % % % % % % k) %
Conc. Conc. Conc. Conc. Conc. Conc. Cone Conc. Cone. Conc.
1 <0,00%0 <A00030 <0500 10,0001 0001w <0,0mE0 <0,00100 =0,m0i0 0,008 0,030
H <0,00030 =0.00030 =000 000034 <0001 <0000 <0,00100 =0,m010 0,006 0,000
3 <0,00030 =100030 <0,00040 000048 <0001 <0,00050 <0,00100 =0,m010 [ 0,000
e <0, 00000 <0,00030 <0000 0,00047 <0,00100 <3, 00050 <0,00100 <0,00010 0,008 <0, 00030

& SPECTRO AMETEK

WATERLALE AMALYSIE DHASIOH

- i
Chich Tyem Chech Stabsi Deasla Varfieaion Nars | Grida Vication Srilarity | Griaa Saanch Hisme. | Dsanla Saarch Smilarity
[ I [
5 N R I R | | | | |
Elaments Conc.
S sl Fa cu Mn Mg cr M Zn n g
% % % % % % *® % % %
Conc. Conc. Conc. Conc. Conc. Conc. Cone Conc. Conc. Conc.
1 0,085 151 LoaTT ooz £58 0L 0,008 = [ <0000
2 00818 160 00063 o 5,90 0,02 0,0037 0,0065 0,3 <0000
3 00832 1=0 00062 oo 4,30 0,0m2 0,0031 0,0065 0mos <0000
= 89,0850 1,87 0,008 [T 519 8,0023 8,008 00073 0,004 <0,00010
— B Ba Be Bl ca cd Ca Co Ga Ha
% % % % % % % % e %
conc. Conc. conc. Conc. Conc. Conc. Conc Conc. Conc. conc.
1 00017 =a000i LoD [ 0.00021 <0,00010 <0,001% =0,00050 [ 0,000
z 0,007 <0000 00047 00015 <0.00010 <0,00010 0,015 =0,00050 [ ooz
3 0OME =0.00040 L.o0es 0004 000013 <0,00010 0,005 =0,00050 [T 0,010
<> 80017 <3,00610 0,0047 2,001 2,00015 <0,00010 <0,0015 <0,00050 (] 00011
S In La u Na P Pb sn & v zr
% % % k] % k] k] % *® %
Conc. Cone. Conc. Conc. Conc. Cone. Cone. Conc. Cone. Cone.
1 «<0,00030 «0,00030 <0,00090 C.00044 <0000 «<0,00050 <0,00100 «0,00000 0,0054 «0,00030
2 «<0,00030 «0,00030 <0,00090 0.00028 000100 «<0,00050 «0,00100 «0,00000 0,0065 «0,00030
3 <0,00020 <0,00030 <0,00010 000044 <0001 <0,00050 <0,00100 «0,00090 T3 <0,00030
- <0,00030 <0,00030 <0,00010 000038 =0,00700 <5, 00050 <0,00100 <0,00010 [ <0,00030
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S SPECTRO

MATERIALE AMALYSIE ENASICH
[ —— Trpe Boams Bl aken D Grign Moo Nares Nt Vet st hame. Comection Type Type Corr Samphe Nares
Cck Typw Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity

I I I
Wome ancata Metencls Clents | | | | |
Elamants Cone.
e 51 Fa cu Mn [T r ] n T 7]
* % % % % % % % % %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. Conc.
1 ) 1A =3 o0 451 ] 0,002 =3 e <0,0010
z [ 151 [ [ 458 0,003 0,0031 00062 [ <0,0010
3 00345 148 0.0070 omm 452 [ 0,003 0p0s2 [T 0,010
o a.0920 147 0.0085 o010 457 o,0021 18,0030 00084 a,0123 <0,00018
W, B Ba Be Bl ca cd Ca Co Ga Hg
*® % % * * % % % £ %
Conc. Conc. Cone. Conc. Cone. Conc. Conc. Conc. Conc. Conc.
1 00017 <acoom 0004 D.0013 0.0008% <10mn <0,001= 0,050 oo <0010
z 00013 <0room 00045 0,000 0.00040 <10m0 <0,001% <0,000s0 00116 <0,00100
3 0003 <acoow [ D003 000033 <1,0m10 <0,001% 0,050 00116 noont
@ 00078 <0,00010 0,0045 0,079 0,00064 <3,00010 <0,0018 <0, 00080 a0118 00010
— n La u Na P Pb sn 1 v r
k) % % % % % % % % %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. Conc.
1 <0000 000030 =000010 0,00055 <0000 <00m=0 <0,00100 <0,m0i0 0,0070 <0,00030
z <0,0050 <0.00030 =0,00010 000070 <0000 <0 Dm0 <0,00100 =0,m010 0,073 =0,00030
3 <0,0050 00003 =0,00010 000062 <000 <1, 0mED <0,00100 =0,m0i0 0,073 =0,0030
@ <0,00030 <0,00030 <0,00010 000082 <0,00100 <3,00050 <0,00100 <0,00010 80072 <0,00000

MATERIALE AMALYSIE ENASICH
Cck Typw Chech Sty Gatacte Varificaion Nams | Griste Verfcation Similarty | Cirace Saarch Kame | itacte Seasrch Similarity
I I I
Wome ancata Metencls Clents | | | |
Elamants Cone.
e 51 Fa cu Mn [T r ] n T 7]
* % % % % % % % % %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. Conc.
1 0 158 ToarE n0E 507 =) 0,000 = =3 <0,0010
z (A 158 [ [ 458 0,001 0,003 00068 00104 <0,0010
3 (5] 151 0.007e o3 50 0,003 00038 00073 0,012 0,010
o 108 158 0078 o4 452 0,0022 8,009 0,007 8,0108 =0,00018
W, B Ba Be Bl ca cd Ca Co Ga Hg
*® % % * * % % % £ %
Conc. Conc. Cone. Conc. Cone. Conc. Conc. Conc. Conc. Conc.
1 [ <acoom 00045 0,003 0,000 <10mn <0,001= 0,050 [TES <0010
z 00013 <0room 00048 0,0025 000011 <10m0 <0,001% <0,000s0 oz <0,00100
3 0003 <acoow [ D003 000021 <1,0m10 <0,001% 0,050 o, <0,00100
@ 00018 <0,00010 0,004 0,023 0,0001T <3,00010 <0,0018 <0, 00080 80130 <0,00700
— n La u Na P Pb sn 1 v r
k) % % % % % % % % %
Conc. Conc. Conc. Conc. Conc. Cone. Conc. Conc. Conc. Conc.
1 <0000 000030 =000010 0,0007% <0000 <00m=0 <0,00100 <0,m0i0 0,0070 <0,00030
z <0000 <0.00030 =0,00010 0,00055 <0000 0,004 <0,00100 =0,m010 0,007 =0,00030
3 <0, 0000 00003 =0,00010 0,00043 <000 <1, 0mED <0,00100 =0,m0i0 0,007 =0,0030
@ <0,00080 <0,00030 <0,00010 0,00081 =0,00100 80011 <0,00100 <0,00010 80070 <0,00000
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S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Check Typs Chech Status Geadde Varficasion Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
= B — | | | | |
Elemants Cone.
Ve 1 Fe Cu Mn Mg cr ] n i g
% % % % % % % % e %
Cone. Conc. Conc. Conc Conc. Conc. Cone. Conc. Cone. Conc.
1 0,125 157 00073 T3 451 0,0021 0,0037 00072 0,0053 <0,00010
2 024 147 Lo0TS [ 472 0,002 0,003 01,0078 [y <0moil
3 0113 148 [ [ 456 0,005 0,003 00073 [ <0l
4 0,104 157 LoD LHE 458 0,00 10,0037 00072 0,000 0,010
e o118 182 0,007% 0.0912 4T 80024 05,8038 0,004 86,0097 <0, 00010
e B Ba Be Bl Ca cd Co Co Ga Hg
% % % k] % k] k] % e %
Cone. Cone. caone. Cone. Cone. Cone. Cone. Cone. Cone. Conc.
1 0,0018 «{,00040 00047 0,00z 0.00038 «<0,00010 «<0,0015 «0,00050 0,0130 ool
2 0,020 «0,00000 00046 opaz7 000021 «<0,00010 «<0,0015 «0,00050 oMz «0,)00100
3 0,0020 <0,00090 00045 00033 0,00021 <0,00010 <0,0015 <0,00050 00113 <0,00100
4 00017 <A000id Lo0e6 [ [ <0000 <0015 <0,m0s0 [ <0100
e 0,0008 <0,00070 0,006 0,0025 000038 <3,00010 <0, 0075 <0, 00050 [ 0,0010
Wi In La u Ma P Pb En Sr v Zr
£ ) 3 ] £ 3 ] ) ] %
Cone. Conc. Conc. Conc. Conc. Caone. Cone. Conc. Conc. Conc.
1 <0,00030 =100030 <0,00040 000075 <0001 <0,00050 <0,00100 =0,m010 0,005 0,000
2 <0, 00030 «0,00030 «0,00040 0,00071 <0000 0,001 <0,00100 «0,00000 0,0074 «0,00030

S SPECTRO AMETEK

MATERLALE AMALYSIE DISIOH

Chueck Typm: Chech Status Ganele Varfication Name | WGiriste Verficition Smilarity | Grisce Saanch Kame: | enete Search Smilarity
I I I
= B R — | | | |
Elemants Cone.
Ve 1 Fe Cu Mn Mg cr ] n i g
% % % % % % % % e %
Conec. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Cone. Conc.
1 (NI 148 =2 [ 256 0,002 0,038 10080 =] <0000
2 0,57 155 [ o014 506 0,003 0,003 00052 0,055 <0moil
3 [XE) 156 00074 [TRE) 478 0,002 10,0038 10,0080 00058 <0l
s ar 153 0.0078 e 45 80022 0,0040 0.0084 28,0078 <0, 00018
W, B Ba Be Bl Ca cd Ca Co Ga Hg
% % % * * £ * % % %
conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Cone.
1 0.0m3 <1000 00045 00024 000017 <0010 <0,0015 =0,00050 [ <0100
z 0,000 <0001 =] 00030 000015 <0.00010 <0,0015 =0,00050 [ <0,0100
3 0003 <1000t oSt oo [ <0.00010 <0,0015 <0,00050 [ <0100
= 00018 <0,00010 0,0061 00028 000015 <8,00010 <0,0018 <0, 00060 00138 <0, 00700
— n La u Na P P En sr v I
% % % % % % % % k) %
Conec. Conc. Conc. Conc. Conc. Conc. Conc Conc. Cone. Conc.
1 <0,00%0 <A00030 <0000 0,0005+ <0001 0,002 <0,00100 =0,m0i0 [ 0,030
H <0, 000 =0.00030 <0000 000085 <000 0,0042 <0,00100 =0,m010 [ 0,000
3 <0, 0010 =100030 =0,00010 000045 00 0,0050 <0,00100 =0,m010 [ 0,000
e <0,00030 <0,00030 <0,00010 0,00054 <0,00100 80041 <0,00100 <0,00010 0.0071 <0,00030
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Appendix F: Porosity graphs for non-heat treated AlSi10Mg(Fe) alloy
parts
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Figure 119: Sphericity and diameter of the porosities present in the part no.1.
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Figure 120: Sphericity and diameter of the porosities present in the part no.2.
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Figure 121: Sphericity and diameter of the porosities present in the part no.1.
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Figure 122: Sphericity and diameter of the porosities present in the part no.3.
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Appendix G: Porosity graphs for non-heat treated AlSi10MnMg alloy
parts
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Figure 123: Sphericity and diameter of the porosities present in the part no.2.
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Figure 124: Sphericity and diameter of the porosities present in the part no.3.
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Figure 125: Sphericity and diameter of the porosities present in the part no.1.
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Figure 126: Sphericity and diameter of the porosities present in the part no.2.
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Appendix H: Porosity graphs for heat treated AlSi10Mg(Fe) alloy

parts
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Figure 128
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: Sphericity and diameter of the porosities present in the part no.1.
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Figure 129: Sphericity and diameter of the porosities present in the part no.3.
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Figure 130: Sphericity and diameter of the porosities present in the part no.1.
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Figure 131: Sphericity and diameter of the porosities present in the part no.2.
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Figure 132: Sphericity and diameter of the porosities present in the part no.3.
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Appendix I: Blistering in heat treated AlSi10Mg(Fe) alloy parts

Figure 134: Blistering on vacuum injected part no.3.
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Figure 136: Blistering on conventionally injected part no.3.

126



Characterization of Primary and Secondary Al Alloys Injected through Vacuum Assisted HPDC and Influence of
T6 Heat Treatment on Mechanical Properties

Appendix J: Blistering in heat treated AlSi10MnMg alloy parts

Figure 138: Blistering on vacuum injected part no.3.
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Figure 140: Blistering on conventionally injected part no.3.
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