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Abstract

Reduction of vehicle weight is an important field of study for the automotive industry, as this would
decrease fuel consumption and result in both economic and environmental benefits.

Compound casting is the casting of a liquid material onto a solid structure of another. By casting a
light-metal onto a stronger structure, the required strength of a component could be achieved while
reducing the overall weight. Aluminium is a well-suited metal used in the automotive industry, but
the natural oxide layer is a challenge during compound casting. Wettability of aluminium on Al,O,
is poor, and the formation of a reaction zone between the insert and cast aluminium is inhibited by
the oxide layer.

In this thesis, the aluminium alloys A356 and 6060 were joined through a compound casting process.
The effects of preheating temperatures and zincate treatment on the inserts were studied separately in
three experiments. Experiment 1 tested if bonding could be achieved with zinc coated inserts. Exper-
iment 2 studied the effect of preheating either the insert or mould on the formation of gaps between
the insert and cast aluminium. Experiment 3 tested whether high preheating temperatures for the
insert and mould could result in bonding. Both pipes and rods used as inserts. The interface structure
of all the compound casting samples were characterised by study in a scanning electron microscope.
Stress simulations for the compound cast parts were performed with the software StaMiSim.

In the first experiment, mould filling and solidification was simulated in SutCast to decide preheating
temperatures prior to casting. A zinc layer was applied to the inserts by different coating procedures
to get different thicknesses. The quality of the zinc layer was not high enough to prevent reoxidation
of the aluminium surface. Zinc was detected as a diffusion layer in 6060 by EDS analysis, and bonding
was not achieved. The application process of the zinc layer should be further improved before the
effect of the thickness can be studied.

For the second experiment, preheating was done for either the insert or mould. One was kept at
room temperature, while the other was preheated to 600°C. The intended temperature difference
was reduced due to heat transfer as the insert was placed inside the mould. Similar areas of possible
melting of the insert surface and cracks along the interface was observed in both series.

The third experiment was performed at high preheating temperatures, with rods or pipes as inserts.
Despite no surface treatment of the inserts, successful bonding was achieved on the inside of the
pipes. Along the rods and outside of the pipes, cracks formed along the interface or through eutectic
silicon in the cast aluminium. This resulted in weak compound cast parts, despite bonding between
A356 and 6060 being achieved.



Sammendrag

For bilindustrien er det viktig a studere ulike metoder for a redusere kjoretoyvekt, da dette reduserer
bensinforbruk, noe som vil ha bade skonomiske og miljemessige fordeler.

Hybridstepning er a stope et flytende materiale pa en fast overflate. Ved a stope et lettvektig metall
pa en sterkere komponent, kan kravene til styrke bli overholdt, samtidig som den samlede vekten blir
redusert. Aluminium er et velegnet metall for bildeler, men det naturlige oksidlaget pa overfaten er en
utfordring ved hybridsteping. Overflatefukting av aluminium pa Al,O, er darlig, og diffunderingen
hindres av oksidlaget.

I denne studien ble aluminiumlegeringen A356 forsgkt faststept pa en innsats av 6060 ved hy-
bridsteping. I tre separate eksperimenter ble effekten av sinkbehandling pa innsatsene samt for-
varming av innsatsene og formen studert. Eksperiment 1 testet om sinkbehandling ville fore til
sammenfeyning. Eksperiment 2 undersekte effekten av forvarming av enten innsatsen eller formen
pa sprekkdannelsen mellom innsatsen og stepelegeringen. Eksperiment 3 studerte om hgy forvarm-
ing av innsats of form kunne resultere i sammenfgyninig. Innsatser formet som bade staver og rer
ble brukt. Alle prevene ble studert gjennom et skanningelektronmikroskop, og simulering av spen-
ningsfelt i prevene ble utfert med programvaren StaMiSim.

I det forste eksperiment ble fylling av stepeform og sterkning simulert i SutCast for stopning for a
fastsette formvarmingstemperaturene. Ulike metoder for pafering av sinklaget ble brukt for a fa ulike
tykkelser. Sinklaget hadde ikke god nok kvalitet til a forhindre reokidering av aluminiumsoverflaten.
Sinken ble funnet som et diffusjonslag i 6060 ved EDS-analyse, og sammenfayning ble ikke oppnadd.
Paferingsmetoden ma forbedres for a kunne studere effekten av tykkelsen til sinklaget.

I det andre eksperimentet ble det variert om innsatsen eller stopeformen ble forvarmet. Den ene ble
holdt pa romtemperatur mens den andre ble forvarmet til 600°C. Den planlagte temperaturforskjellen
ble redusert pga. varmeoverfering da innsatsen ble plassert i formen. Omrader med mulig smelting
av innsatsoverflaten og sprekker langs grensesjiktet ble observert i begge seriene.

Det tredje eksperimentet ble utfort med heye forvarmingstemperaturer og med staver eller rer som
innsatser. Selv uten overflatebehandling ble suksessfull binding oppnadd pa innsiden av rerene.
Langs stavene og utsiden av rgrene ble det dannet sprekker langs grensesjiktene eller gjennom den
eutektisk silisiumen i A356. Dette resulterte i en svak hybridstept del, til tross for at binding mellom
A356 og 6060 ble oppnadd.

II
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1 Introduction

The issue of global warming is increasing, with the transportation sector being a large contributor
[1]. An effective way to decrease emission from this sector, is by decreasing vehicle weight. This
will reduce the amount of fuel consumed, thus also the emission into the environment. The benefit
of weight reduction is also evident for electric cars, as a decrease in weight will increase the driving
range [2]].

Steel is known to have high strength and durability, and is therefore commonly used in the automot-
ive industry. As steel has high density, replacing it with different lighter materials is of great interest.
This has lead to an increased use of light materials, such as aluminium and magnesium [3].

Aluminium alloys can achieve a combination of strength and ductility that is suitable for use in
the automotive industry. In addition, they have the advantage of being light-weight. There are
still certain components with strength requirements exceeding that of aluminium alloys, making
it difficult to fully replace steel. To reduce the overall weight of a component, while maintaining
required strength, compound casting can be used. Compound casting is casting of liquid metal onto
a solid structure. Thus a light-weight metal can be cast onto a stronger extrusion profile.

In order to obtain a strong and durable compound cast part, there must be continuous metallurgical
bonding between the two materials [4]. This is achieved by the formation of a reaction zone due to
diffused alloying elements. A significant challenge when joining aluminium with another material
is the natural oxide layer, which forms spontaneously on the aluminium surface when in contact
with oxygen. Al,O; has a much higher melting temperature compared to industrial casting tem-
peratures, and is thus thermodynamically stable during casting. The oxide layer is present on both
liquid and solid aluminium, acting as a barrier that prevents formation of a diffusion zone between
the alloys.

There have been extensive studies on how to achieve metallurgical bonding despite the oxide layer.
A promising method is to remove the aluminium oxide layer on the inserts, while applying a reactive
zinc coating [3]]. Bonding in aluminium-aluminium compound castings have been achieved by high
pressure die casting and zincate treatment of the insert [4]. There are still challenges related to the
oxide layer, and the technology must be developed further before compound casting can be used
industrially.

In this project, three experiments have been conducted, where bonding between two aluminium
alloys has been studied. A356 was cast onto 6060 inserts, using various surface treatments and
preheating temperatures.

A preliminary project was done as part of the course TMT4500 Materials Technology, Specialization
Project. Then, a flux coating was applied to inserts to remove the oxide layer and achieve bonding.
As results showed that the flux coating did not improve bonding between the alloys, another coating
was tested in this thesis. Inserts were coated with zinc in the first experiment.

In the preliminary project, a gap was observed between the insert and cast alloy. This was likely
caused by shrinkage during solidification, and was thus to be further studied in the second and
third experiment in this thesis. In the second experiment, either the insert or mould was preheated
while the other was kept at room temperature. Different inserts were used when casting at high



temperatures during the third experiment. Both the mould and insert were preheated, and kept at
an elevated temperature for a fixed time after pouring.

Cast samples were studied in a scanning electron microscope to determine if proper bonding was
achieved. The area along the A356-6060 interface was imaged and analysed by energy dispersive
x-ray spectroscopy.

The simulation tool SutCast was used prior to casting to determine the process parameters. Another
simulation software, StaMiSim, was used for stress analysis.



2 Theory

2.1 Compound Casting

The principle of a casting process is that a liquid metal is poured into a mould cavity to obtain
the mould shape during solidification. Compound casting is similar, except that a solid component
is placed into the mould prior to pouring [3]. Compound casting, also known as hybrid casting, is
therefore the joining of dissimilar metals by casting one metal onto a solid structure of another.

Through the compound casting process, complex structures can easily be produced without addi-
tional joining steps. This makes compound casting better suited for mass production compared to
other joining methods, as an extra production step would be both time-consuming and expensive.
An additional advantage of compound casting, is that both the solid structure and the cast metal will
contribute to the overall properties of the component [3|]. Multi-material components can thus be
designed to have a combination of properties suited for the conditions in which the component will
be used. Weight reduction of cast parts due to compound casting of light-weight metals are espe-
cially interesting for the automotive industry. This technique is already being used for production
of certain parts of the chassis, but further study is needed [3]]. Different casting methods have been
used when studying compound casting, such as gravity-, squeeze-, investment- and high pressure
die casting. Compound casting of aluminium with various metals have been studied, mainly steel
and copper, but also the joining of wrought and cast aluminium alloys.

2.2 Metallurgical Bonding and Intermetallic Phases

In order to achieve a strong bond between two different metals in a compound casting, formation of
a metallurgical bond through a reaction zone is necessary. This zone is a volume along the interface,
where the alloying elements of one metal have diffused into the matrix of the other [4]. The driv-
ing force in diffusion is the concentration gradient, making atoms move from a region with higher
concentration of the specific element to lower concentration regions. The equation for steady-state
diffusion in one direction is

dcC

—_D—~
d dx

1)
where J is the diffusion flux in atoms/m? - s, D is the diffusion coefficient in m?/s and % is the
concentration gradient in atoms/m*. The diffusion coefficient varies with different matrix- and
diffusing elements, and increases with increasing temperature [5].

The diffusion coefficient is higher in liquids than solids. During compound casting, liquid metal will
react with the surface of the solid insert. A reaction zone between the two alloys, which may contain
intermetallic phases, is formed by the diffused atoms. Such phases can be brittle and cause cracks at
the interface. It is therefore important to know what intermetallic phases might form when joining
two metals. This depends on alloy composition and temperature [6]. When joining two aluminium
alloys, some possible intermetallic phases are Mg,Si, Al,CuMg, Zn,Mg, Al;FeSi and AlgFeMg,Si, [4]
[7]. Such phases can also be found in the alloys, and few intermetallic phases are generally formed
in the reaction zone between two aluminium alloys.



2.3 Wettability

During casting, the liquid and solid materials should maintain contact to allow a diffusion layer to
form evenly. The concept of how well a liquid spreads and covers a solid surface is called wetting

[5].

A common way of testing wettability is a sessile drop method, where a liquid drop is placed onto
a surface and the contact angle between the droplet and surface is measured [8]. This angle, 0, is
called the wetting angle, and is shown in Figure [1] Wettability increases with decreasing wetting
angle, where an angle below 90° indicates good wetting.

Droplet

Droplet
B <90° B >90°

Surface Surface

Figure 1: lllustration of the wetting angle, 6, based on a figure in [5]. The left side shows good wetting, while
the right side shows poor wetting.

Wetting is improved at elevated temperatures. Surface tension and viscosity both decrease with
increasing temperature, resulting in a lower wetting angle [9].

2.4 Material Properties

Material selection is important when designing a component, as material properties can vary greatly.
Aluminium alloys have a wide range of applications and are important metals within the automotive
industry, where a combination of strength, formability and machineability is essential.

Aluminium alloys are categorised in two ways, based on whether the alloy is cast or wrought, and
whether it is heat-treatable or not [6]]. Cast alloys have good flowability of the melt and low temper-
ature of solidification. The strength is due to alloying elements, and cast alloys are therefore often
highly alloyed. Strengthening mechanisms for wrought alloys are deformation hardening and solid
solution hardening. Wrought alloys should thus be ductile and are generally low alloyed. Both cast
and wrought aluminium alloys could be heat-treatable. Heat-treatable alloys experience precipit-
ation hardening. The alloy is heated to above solidus then quenched, resulting in supersaturated
alloying elements being frozen in the aluminium matrix. As the alloy is held at an elevated tem-
perature, hardening particles are precipitated. Non-heat-treatable alloys do not receive a strength
contribution from this procedure. A requisite for precipitation hardening is that the solubility of the
alloying element decreases significantly with decreasing temperatures.

The aluminium alloys used in this project are A356 and 6060, as cast metal and inserts respect-
ively.



2.4.1 A356 Alloy

The A356 alloy is a heat-treatable cast alloy. Its good castability is mainly due to the small solidi-
fication temperature range. This small range improves feeding to potential pores by reducing the
dendrite arm spacing. A longer dendrite arm length would trap the liquid during solidification, res-
ulting in cavities.

During solidification, the shrinkage of aluminium is 6% [[6]. This must be compensated for during
casting, especially when designing the mould. By controlling the solidification direction and avoiding
turbulence in the melt, cavities can be avoided. Generally, the cavities formed due to shrinkage are
elongated and branched, while gas pores are spherical [10]. Pores are mainly due to the high H,
content in the melt. The linear thermal expansion coefficient for A356 is 21 pm/m-K [11]].

Alloying elements also improve properties for compound casting. The composition of A356 is listed

in Table [1] [11]).
Table 1: Alloying element composition in A356 [|11].

Element | Si Fe.  Cu  Mn Mg Zn Ti  Other
wt% | 6575 <06 <025 <035 02-045 <035 <025 <0.15

Silicon is the main alloying element in A356, and is present both as particles and in solid solution.
The viscosity of aluminium-silicon alloy melt is low, which improves flowability of the melt and thus
form-filling during casting. Another important property of silicon, is that it expands during solidi-
fication, as opposed to aluminium and other alloying elements. Shrinkage can lead to cavities, which
increase the risk of cracks forming and growing until fracture. The expansion of silicon compensates
for this, and will therefore reduce the formation of cavities. Advantages due to silicon are most ef-
ficient close to the eutectic composition. As can be seen in Figure |2] this is 12.6 wt% Si. However,
due to their combination of strength and ductility, hypoeutectic alloys are often used [6]]. Silicon
and magnesium present in the alloy reduces the melting temperature of the alloy, resulting in more
time for bonding to be achieved [12]]. The presence of magnesium can decrease surface tension in
the aluminium melt, and magnesium can react with Al,O, [12]. Both factors improve wetting,.

Aluminium-silicon binary alloys are not heat-treatable without additional alloying elements. In the
A356 alloy, age hardening is possible by formation of precipitates such as § — Al,Cu, 5’ — Mg,Si and
p" — AlMgSi [6].



Atomic Percent Silicon

[ 10 20 0 4 50 60 70 80 20 190
P77 SN AN R S S . e s o/ O . S~

1414%

1300 4

1100

200 -

Temperature %

700

L 126
w0 {L(An (s

300 Jrrrrres S S S ——— U
0 10 20 an 40 50 60 70 80 a0 10

Al Weight Percent Silicon Si

Figure 2: Al-Si binary phase diagram [[13]].

2.4.2 6060 Alloy

6060 aluminium alloy is a heat-treatable wrought alloy. The alloy has medium strength and very
good corrosion resistance. Its alloying elements are shown in Table |2 [[14].

Table 2: Composition of alloying elements in aluminium alloy 6060 [|14].

Element‘ Si Fe Cu Mn Mg Cr Zn Ti Other
wt% ‘0.3—0.6 0.1-03 <01 <01 03506 <005 <015 <01 <£0.15

6060 contains the same alloying elements as A356, but less of all except magnesium. This alloy also
contains a trace level of chromium.

Magnesium contributes positively to heat-treatment of the 6060 alloy, as age hardening is improved
by formation of MgSi precipitates. Both manganese and chromium act as grain refiners when added
to an Al-Si-Mg-alloy, while the addition of copper increases strength [6].

The amount of silicon is relatively low, but the properties mentioned for A356 still apply. The linear
thermal expansion coefficient for 6060 is 23 pm/m-K [14]. This is higher compared to A356, and the
6060 alloy will thus shrink more during cooling.

2.4.3 The Oxide Layer

A natural oxide layer of Al,O, forms spontaneously on the aluminium surface when in contact with
oxygen. This layer has a melting temperature of 2054 °C [15]], which is more than three times as
high as standard industrial casting temperatures of aluminium alloys. This oxide layer is thermody-
namically stable during the casting process. Wetting of aluminium on Al,Os, though improving with



increasing temperature, is poor at casting temperatures [16]. An oxide layer will prevent diffusion
of elements into the alloy, thus also preventing formation of a metallurgical bond. Removal of the
oxide layer is especially important when joining two aluminium alloys, as oxide layers are present
on both the solid insert and liquid front.

Oxide removal can be done through different methods. Sandblasing is a process in which sand
particles are propelled onto a surface by compressed air [[17]. The oxide layer is thus cleaned and
roughened before further treatment, improving wettability [12]. Silica sand is often used, due to its
relatively uniform grain size [[18]. Pickling is when the oxide is removed through a chemical reaction.
The solution applied to the surface is normally acidic [[19].

2.5 Coating

Various coatings have been used to handle the oxide layer, either for removal or replacement.

Flux coatings are used to remove the oxide layer during the casting process [20]. The applied flux
melts when sufficiently heated by the liquid cast metal. Reaction between the flux and aluminium
oxide begins once the flux starts melting, dissolving the oxide layer. Removal of the oxide layer is
thus dependant on successful melting of the flux. Residual flux and Al,O; at the interface would
inhibit bonding. Some flux coatings have been documented to form stable phases by reacting with
magnesium in an aluminium alloy [20]. Such reactions with other substances consume the flux, and
less is then available to dissolve the aluminium oxide.

Metallic coatings are studied as a way to replace the oxide layer with a protective metal layer, thus
preventing reoxidation of the aluminium surface. Various metals have been tested as coatings for
aluminium, including nickel, copper, gallium and zinc [21] [22].

2.5.1 Zincate treatment

Compared to other metals, zinc has a low melting temperature of 420 °C and high solubility in alu-
minium at elevated temperatures, making it a well-suited coating material for aluminium inserts
[23]. Wetting on the insert surface is also improved, as aluminium has better wettability on zinc
than on aluminium oxide [24]. The zinc layer will melt during casting, and either become a part of
the reaction zone or dissolve into the aluminium. The most common zincate treatment is to apply
the coating by the so-called zincate process, which is often followed by galvanising [25]].

The zincate process consists of two parallel chemical reactions. One to remove the oxide layer and
one to deposit zinc onto the aluminium surface [4]. The Al,O; is removed by etching, while zinc is
deposited through a redox reaction. During the redox reaction, aluminium is oxidised and dissolved,
while zinc anions are reduced to form a metallic layer. The zincate process results in a thin zinc layer,
typically < 1 ym, which prevents reoxidation. In an experiment by Papis et al., it was found that
such a layer was too thin, as it dissolved into the melt during casting [4]]. The zinc layer thickness
was thus increased by galvanisation to 5 - 10 um. A thicker zinc layer can improve bonding, but may
result in increased formation of brittle intermetallic phases [23].

Many studies have been done to improve the zincate treatment method, and aluminium-aluminium
compound castings have been successfully manufactured. High pressure die casting was used by



Riibner at al. in 2011, with a combination of the zincate process and galvanisation [26]]. The zinc
layer reportedly reacted during casting, and the zinc distribution varied over the transition zone.
Thus a variation in microstructure was also observed. The reaction zone thickness increased with
increasing thickness of the initial zinc layer. A similar zincate treatment was used by Liu et al. for a
squeeze casting experiment [27]]. The thickness of the zinc layer was varied, from 300-500 nm to 5 um
and 10 pm. Metallic bonding was achieved for samples with 5 um and 10 pm thick zinc coating. The
tensile strength did not vary much between these samples. Zinc coated samples achieved bonding
at a preheating temperature of 250°C, pouring at 700°C and 30 MPa applied pressure. It was found
that increasing applied pressure could improve tensile strength and hardness, due to reduction of
defects, microstructure refinement and decreased amounts of eutectic silicon.

2.6 Scanning Electron Microscopy

A scanning electron microscope (SEM) is an important tool, as high resolution images can be taken
and the microscope is compatible with equipment suitable for studying microstructure. Resolution
in an optical microscope is restricted by the wavelength of the incident light beam, and the max-
imum maghnification is around 1000x. Because the wavelength of the electron beam is so small, the
resolution in SEM is instead restricted by electron optical aberrations. The resolution of a scanning
electron microscope is approximately 1 nm [28]].

In an SEM, a beam of primary electrons is emitted from the electron gun and focused by a series
of lenses before hitting the sample surface. Here, electrons interact with the material by elastic and
inelastic scattering. Depending on how the primary electrons interact with the material, different
types of electrons are emitted and detected by their respective detectors.

Primary electrons travel relatively far into the sample, before being elastically scattered and emitted
as backscattered electrons. These are used for Z- and channeling contrast. Z-contrast, known as
atomic number contrast, results in an image where phases with different mean atomic numbers can
be distinguished. A higher atomic number implies that the atom is larger, and thus more likely to
be hit by a primary electron and produce a backscattered electron. Phases with higher mean atomic
number will then emit more backscattered electrons, which causes the detected signal to increase
and the phases to appear brighter in the image. As grains have different crystal orientations, some
will backscatter more electrons and the increased intensity will result in a brighter grain in the image.
This is called channeling contrast or grain contrast [28].

Secondary electrons are ionization products, generated by either primary electrons entering the
sample or backscattered electrons leaving. The energy of secondary electrons is lower compared to
backscattered electrons, and they are used when imaging topography of a sample surface [28].

2.6.1 Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is used in SEM to determine the elements present in a
sample area. An x-ray is generated when an electron is de-excited to fill a vacancy created by an
inelastically scattered lower-shell electron, as shown in Figure 3| [28]].
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Figure 3: Formation of characteristic x-ray, based on a figure in [28].

The energy of this x-ray is characteristic for both the element and the two shells in which the electron
de-excited. Based on the signal count of detected x-rays, a spectrum is created. Energy peaks in the
spectrum show the elements detected in the sample area, whereas the relative size of a peak shows
the relative amount of the corresponding element.

2.7 Simulation

Simulation is a useful tool to analyse the casting process, with benefits such as repeatability and
reduction in project cost and time. By simulating an experiment prior to casting, design and process
parameters can be optimised, thus avoiding expensive and time-consuming changes during the ex-
periment. Temperature data for the mould, insert and cast material becomes available, and can be
useful both when designing an experiment and for comparison.

SutCast is a software that visualises mould filling and solidification by calculating a set of math-
ematical formulas using the finite difference method [29]]. This method simplifies the governing
differential equations and boundary conditions by replacing the derivatives with approximate val-
ues. These values are expressed as the difference between nodal displacements. Solving the discrete
representations results in an approximate solution to the differential equations [30].

The simulation software StaMiSim is developed by the Institute for Energy Technology (IFE), and
also uses the finite element method. Calculations of solid fraction, stresses in a sample and air gap
formation during solidification can be solved with this software [31].
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3 Experimental

3.1 Insert Preparation

Inserts of 6060 extrusion profiles were cut to a length of approximately 100 mm in a Struers Labotom-
5 with a 10S25 blade. Both rods and pipes had an outer diameter of 10 mm, with the pipes having a
wall thickness of 1 mm.

All non-coated inserts were ground with 1200 grit prior to casting.

3.1.1 Zinc Coating

Zinc coating was applied to a total of twelve pipes through three different procedures. First, all pipes
were degreased in an electrolytic solution containing 13 g/L Riddine 1803. The pipes were dipped
for 60 s at 65°C, before then being cleaned in spring water followed by distilled water.

The same solution was used for all three different coating procedures. 150 g/L NaOH and 20 g/L ZnO
were mixed with water to a total of 4500 mL. The temperature of the solution was held within the
range of 30-35 °C during dipping.

The first parallel was dipped in zincate solution for 30 s, with no current applied. The coated pipes
were then dipped in a beaker with spring water before being cleaned with distilled water and air
dried.

An alternating current was applied during both the second and third parallel. A zinc coated steel
plate was the initial anode, and the aluminium pipe was the initial cathode. Alternating the current
results in the pipe alternating between being the cathode and anode. This can be seen in Figure
which shows the current during one cycle. A voltmeter connected to the power source measured a
voltage of 6.9 mV during the surface treatment.
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Figure 4: Current and time for one cycle of the zincate treatment for parallel 2 and 3.

After dipping, the pipes were immersed in a beaker with spring water before being cleaned with
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distilled water and air dried. In the second parallel, dipping time was 8 s, which equals 400 cycles.
The third parallel had a dipping time of 15 s, corresponding to 750 cycles.

3.2 Compound Casting

Figure 5| shows the graphite mould used for gravity casting, with placements of the inserts and
thermocouples drawn in. Placement of all thermocouples are also described in Table[3]

130 mm

130 mm

(a) Mould illustrating insert placement and measurements.

TC3 TC4
oo

(b) Mould with illustrated thermocouple placements.

Figure 5: Graphite mould used for gravity casting.
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Table 3: Placements of thermocouples during casting.

Thermocouple | Distance from top [mm]  Placement
TC1 80 Mould wall
TC2 80 Cavity/A356
TC3 65 Mould wall
TC4 65 Cavity/A356
TC5 50 Inside Pipe

The mould, as well as the ceramic pouring ladle, was coated with boron nitride to improve the flow
of the melt. The melt was poured at approximately 700°C for all castings. A Nabertherm resistance
furnace was used for preheating the mould and inserts.

Three different casting experiments were conducted. In the first experiment, the three series of zinc
coated inserts were used. Both the mould and inserts were preheated to 250°C prior to casting. The
mould maintained in the open furnace until the part had solidified.

The second experiment was conducted in two series. In the first series, a pipe insert was preheated
to 600°C, while the mould was kept at room temperature. Casting was done outside the furnace
after placing the hot insert into the mould. For the second series, pipe inserts were kept at room
temperature while the mould was preheated to 600°C. The insert was placed in the mould before
casting outside the furnace.

Two series were cast for the third experiment. Both series were done by preheating the insert and
mould to 600°C. After pouring, the temperature was held at approximately 600°C by closing the
furnace for 5 min. The mould was then removed from the furnace, for the part to completely solidify.
Different inserts were used for the two series. Pipes were used for the first series, while rods were
used for the second.

For all experiments, three samples were cast for each series, resulting in 21 samples.
3.3 SEM Sample Preparation

All cast parts were cut with a 10525 blade on a Struers Labotom-5. As shown in Figure[6] the samples
were cut to a thickness of approximately 15 mm. The upper side of the sample was to be stud-
ied.

13



Figure 6: Cutting pattern of cast samples.

After cutting, the samples were ground using 320 grit paper on a Struers RotoPol-31 with RotoForce-
4. Automated polishing was then performed with the Struers Tegramin-30, on polishing discs with
9 um, 3 um and 0.04 pm grains. After grinding and between each polishing step, the samples were
cleaned in a Struers Lavamin by ultrasound and water.

Unused inserts with different zinc treatments were prepared for SEM study of the zinc layer. The
pipes were cut to approximately 20 mm in length in a Struers Labotom-5 with a 10S25 blade. The
short pipes were then cast in EpoFix resin before being ground, polished and washed according to
the previously described procedure.

All samples were studied in a Zeiss Supra 55VP field emission scanning electron microscope. An
accelerating voltage of 10 keV and 10 mm working distance was used. Images of the sample surface
were taken with both secondary- and backscattered imaging, and the elements present were detected
through EDS.

3.4 Simulations

Simulations were run in SutCast before casting to find suitable process parameters for Experiment 1.
A simple model of the cast part was provided, and the mesh edited in SutCast to describe the insert
and mould. The input data used for the simulation can be found in Appendix A.

Solidification temperatures, solid fractions, stresses and air gaps in the compound cast parts were
simulated with StaMiSim at IFE.
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4 Results

4.1 Zinc Coated Inserts

The first experiment was conducted in three series, where zinc coated insert were used. Table
shows the coating parameters for each series, and the respective samples.

Table 4: Coating parameters for the series in Experiment 1.

Series | Dipping Time [s] Current Cycles Samples
1-1 30 - 1,2,3
1-2 8 400 4,5,6
1-3 15 750 7,8,9

The preheating and pouring temperatures were identical for all castings in this experiment, 250°C
and 700°C respectively.

4.2 Simulation in SutCast

The preheating temperature used in this experiment was decided after simulation of the casting
process in SutCast. The following figures show the simulation results, where the insert was heated
to above the melting temperature of zinc, 420°C.

6625
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Figure 7: SutCast simulation results showing mould filling as the melt reaches the insert. The temperature at
the insert surface increases immediately.

Figure [9] shows that when the filling was complete, the temperature of the melt would theoretically

be below solidus for A356. Form filling would thus not have been completed, which was experienced
during casting.
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Figure 8: SutCast simulation results showing mould filling up to the studied surface. The pipe has now heated
to above the melting temperature of zinc on the side opposite to the inlet.

Figure 9: SutCast simulation results showing completed mould filling. The temperature exceeded the melting
temperatures for zinc in most parts of the pipe.

4.2.1 Zinc Layer Thickness
In order to determine the appearance of the zinc coating on the pipes, one pipe from each coating
treatment was examined prior to casting.

During the surface treatment of Series 1-1, it was observed that barely any reaction occurred until
the pipe had been in the solution for 10-15 s, at which point bubbles became visible.

The zinc layer surface at the outer side of a pipe from Series 1-1 was micrographed and analysed
with EDS mapping, and the result is shown in Figure
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(a) Zinc coated surface of pipe from Series 1-1. (b) EDS mapping results.

Figure 10: Zinc layer on outer surface of pipe from Series 1-1. Mapping results show mostly carbon and oxygen
was detected.

Only small amounts of zinc were detected, as well as aluminium and other alloying elements. The
EDS mapping mostly detected carbon and oxygen. The zinc layers was not observed when studying
the pipe directly from above, and the thickness could thus not be accurately measured.

4.2.2 Series 1-1: Zinc Treatment for 30 s without Applied Current
Sample 1 was not studied, as the insert loosened during sample preparation, suggesting no bond-
ing.

Figure [11| shows the surface of Sample 3, with a gap visible between the insert and cast aluminium.
Multiple pores, due to gas and turbulence in the melt, are also visible.

Figure 11: Surface of Sample 3, with a visible gap between the insert and cast aluminium.
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The gap seen in Figure[11]is visible around the entire insert when studied with SEM. The thickness of
the gap varied from 20 pm to 100 um, but was approximately 40 pm on average. Such a gap between
the insert and cast aluminium can be seen in Figure
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Figure 12: Micrograph showing the gap between the insert and cast aluminium in Sample 2.

Some areas along the insert suggested that there had been bonding before the gap formed. Examples
of this were found on both samples in the series, and are shown from Sample 3 in Figure [13and[14]
A line scan was performed along the arrow in Figure
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(a) Cracks along the interface. The arrow indicates where a line scan was performed.
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(b) Line scan showing alloying elements detected in the aluminium.

Figure 13: Micrograph showing cracks between the A356 and 6060 in Sample 3.

Aluminium was detected along the entire line scan. As can be seen in Figure a gap between
the insert and cast aluminium, though narrow in some places, was continuous through the area.
Another crack formed parallel to the continuous gap, most likely in the 6060 alloy, as low amounts
of silicon was detected in the area between the two cracks. Bright contrast in this area suggests
zinc is present, which is supported by the line scan. Oxygen and some carbon were detected over
cracked areas. The widest crack studied by the line scan also contained increased amounts of silicon
and magnesium.

An area of possible local bonding is shown in Figure[14] The overall gap is wider here than in Figure
and the area that might have bonded is larger.
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Figure 14: Micrograph of Sample 3. The local bond is further down into the gap compared to the surface areas,
and visually separated by thin black contrast.

The local bond was studied in an optical microscope, and determined to be located approximately 6
pm down into the gap. What appears to be dark contrast cracks in Figure[14]is the surface edge.

The bright contrast at the surface indicates the presence of zinc, and is confirmed by a line scan in

Appendix B. The zinc is present in both 6060 and A356. High amounts of silicon on the local bond
suggest this is A356.

4.2.3 Series 1-2: Zinc Treatment for 8 s with Applied Current

A gap between the insert and cast aluminium can be seen in Figure[15] as well as pores formed during
casting.
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Figure 15: Surface of Sample 4, with a visible gap between the insert and cast aluminium.

In this series, the gap width varied, with the widest part in general measuring approximately 40
pum. Such a wide gap can be seen on one side of the insert in Figure [15| The other side appears to
show bonding, but with study in SEM it was observed that the gap was continuous along the insert
interface. No bonding was observed in any sample for this series, but local areas suggested that there
had been bonding prior to solidification. Figure[16]shows one such area in Sample 5.
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(a) Locally bonded area in Sample 5. The arrow indicates where a line scan was performed.
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(b) Line scan showing alloying elements detected in the aluminium.

Figure 16: Micrograph showing residual bonding in the gap between 6060 and A356.

The remainder of local bonding seen in Figure was found in the area in Figure[15|where the gap
is visible. As the gap likely formed due to shrinkage, only cracks along the interface of this area
formed, indicating some bonding was achieved. A line scan across the area showed higher amounts
of zinc in 6060 compared to the locally bonded area, suggesting no diffusion of zinc into the cast
aluminium. Oxygen was detected at the cracks. The interface between A356 and 6060 is found in the
line scan to be where the silicon content drops and the amount of detected zinc increases.

Figure[17|shows a relatively wide gap with two similarly bonded areas in Sample 4.
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Figure 17: Micrograph showing locally bonded areas in the gap of Sample 4.

No bond remained after cooling, as cracks formed along the insert and cast aluminium sides of the
local bonds. Areas like this were found in all samples in the series. A bright contrast, indicating zinc,
can be seen along the whole insert edge. This can be seen more clearly in Figure 18] which shows a
cracked area along the interface in Sample 6.
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(a) Cracked area along the interface, with an arrow indicating where a line scan was performed.
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(b) Line scan showing alloying elements detected in the aluminium.

Figure 18: Micrograph showing cracks in the area between A356 and 6060 in Sample 6.

The figure shows an area where the insert surface most likely melted, but no bonding was achieved.

Increased amounts of zinc in 6060 can be seen as bright contrast in Figure This is useful to
distinguish the two alloys in the cracked area. The white phase at the A356 edge is shown to contain
high amounts of silicon and magnesium. Spikes in the oxygen content is seen at the cracks.

4.2.4 Series 1-3: Zinc Treatment for 15 s with Applied Current

The insert of Sample 9 also loosened during sample preparation, and was thus not studied fur-
ther.
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Figure (19 shows the studied surface of Sample 7. A gap is visible between the insert and cast alu-
minium, though not as large as in the previous series.

Figure 19: Surface of Sample 7, with visible gaps between the insert and cast aluminium.

In Figure |19, bonding appears to have formed across from the visible gap. By closer examination
in the SEM, cracks were found throughout the interface suggesting poor bonding. This is shown in

Figure
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Figure 20: Micrograph of Sample 7, showing cracks along the interface.

The bright contrast along the insert interface shows how the zinc diffused into the 6060 aluminium
during preheating. The thickness of the zinc diffusion layer is 10-15 um. Increased amounts of zinc
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were not detected in the cast aluminium. Cracks are mainly in the A356, especially in and along the
eutectic silicon phase. Some cracks also cut through the zinc-rich part of the insert.

Figure [21] also shows an area where the aluminium has cracked along the insert interface. A line
scan was performed over the transition zone between the bulk 6060 and A356.
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(a) Cracks along the interface. The arrow indicates where a line scan was performed.
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(b) Line scan showing alloying elements detected in the aluminium.

Figure 21: Micrograph showing cracks between the 6060 and A356 in Sample 8.

The composition variation over the line scan can also be seen as varying contrast in the micrograph.
A zinc diffusion layer can be seen along the 6060 interface, but areas in the transition zone are also
shown to contain zinc. The increase in oxygen across the line scan corresponds to cracks in Figure
[21h, where an oxide layer is expected to be present. Increased amounts of zinc and silicon alternate
in the layers over the line scan. Bright areas, containing higher amounts of zinc, is believed to be
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6060. Areas with higher amounts of silicon are dark, and are believed to be A356. The oxide layer
would have kept the two alloys separate during casting. It is also possible for zinc to have dissolved
into the cast aluminium, and the transition layer only consisting of A356.

4.3 Preheated Mould or Insert

In this experiment, casting was conducted using different preheating of the mould and pipe inserts.
One was kept at room temperature, while the other was preheated to 600°C. The difference between
the two series is summarised in Table [5l

Table 5: Series description for Experiment 2.

Series | Preheating  Samples
2-1 Insert 10, 11,12
2-2 Mould 13, 14, 15

4.3.1 Series 2-1: Preheated Insert

The surface of Sample 11 is shown in Figure[22] There is a relatively thin, but still visible gap between
the insert and cast aluminium.

Figure 22: Surface of Sample 11, with visible gaps between the insert and cast aluminium.

A line scan was performed over an area with multiple cracks in the interface. Both the cracked area
and line scan are shown in Figure
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(a) Cracks along eutectic silicon at the interface. The arrow indicates where a line scan was performed.
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(b) Line scan showing detected elements. The y-axis is logarithmic.

Figure 23: Micrograph of Sample 11, showing cracks along eutectic silicon at the interface and in the cast
aluminium.

A crack follows the interface, as part of the continuous gap along the entire insert. In this area,
the narrow crack is in the eutectic silicon in A356. Some also branch into the cast aluminium. An
increase in silicon over a crack can be seen in the line scan. The amount of silicon also indicates
where the interface between 6060 and A356 is. Peaks in the magnesium content across the line scan
corresponds to cracks as well.

In the area shown in Figure[23] the surface of the hot insert appears to have melted during casting, due
to cracks forming along the eutectic silicon as opposed to at a well defined interface. This suggests
some local bonding was achieved before cracks formed during cooling.
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This does not appear to have happened in an area shown in Figure [24] where a continuous crack can
be seen along the insert in Sample 12.

L
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Figure 24: Micrograph of the interface in Sample 12.

Though the crack along the interface is only approximately 0.3 um, no signs of bonding between the
insert and cast aluminium are shown in Figure

The bright particles in the 6060 aluminium was determined by EDS spot analysis to be a ternary
AlFeSi phase. Results from the EDS spot analysis can be found in Appendix B, and indicate the
visible precipitates in 6060 are Al:FeSi. The analysed particle was found in Sample 11, and is assumed
representative for all inserts.

Figure[25|shows a local area where A356 remained in contact with the insert after solidification.
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Figure 25: Local area of residual A356 over the gap in Sample 12.

The amount of silicon along a line scan, shown in Appendix B, suggests that the locally boned area
consists of A356. Eutectic silicon and and AlFeSi particles can be seen in the A356 and 6060 respect-
ively.

4.3.2 Series 2-2: Preheated Mould

Samples in this series were cast after preheating the mould. The flowability of the melt improved
noticeably compared to Series 2-1. Figure 26| shows the surface of Sample 14. The visible gap is wider
compared to Sample 11, but also shorter.
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Figure 26: Surface of Sample 14. An area of local bonding can be seen in the gap.
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A small area of local bonding can be seen in the wide gap, and a micrograph of this local area is
shown in Figure
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Figure 27: Micrograph of possible local bonding over the gap in Sample 14.

As in Figure 25| the local bonding area in Figure [27|is between gaps with width of approximately
60 pm. A line scan across the locally bonded area was performed, and can be found in Appendix
B. Increased amounts of detected silicon indicate the local area is A356, and the cracks are mainly
along the eutectic silicon. Oxygen was detected in the cracks along the insert, which could suggest
that there is an oxide layer remaining on the surface.

An area where the gap is only approximately 3 pm is shown in Figure
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Figure 28: Micrograph showing cracks in both 6060 and A356 along the interface in Sample 13.

Here, the gap not only follows the insert interface, but cracks branch out into the A356. As seen in
other areas, cracks in the A356 follow the eutectic silicon. Cracks formed along the interface, most
likely as a result of shrinkage, though some melting of the insert is possible. Some bonding was
likely achieved before crack propagation.

Another area in Sample 13 with possible melting of the insert, is shown in Figure [29]
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(a) Some cracks along an area where the insert likely melted. The arrow indicates where a line scan was
performed.
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(b) Line scan showing detected elements. The y-axis is logarithmic.

Figure 29: Micrograph of Sample 13, where a line scan was performed across the interface.

No distinct gap is visible along the interface, though there is some cracking in the eutectic silicon.
A line scan was performed over the area, indicated by the arrow in Figure [29] The silicon content is
higher in A356 compared to 6060, and peaks at the eutectic phase. The drop in detected silicon over
an area with increased oxygen indicate where the interface between A356 and 6060 is. The amount
of magnesium is relatively constant over the studied area, with one peak at a crack.

Along the interface in Sample 15, the area shown in Figure [30] was found.
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Figure 30: Cracked area along the interface in Sample 15.

The insert interface shows several small cracks in this area, suggesting melting of the insert before
cracking as the metal pulled away during solidification. Similarly, cracks can be seen in the A356,
both at the interface and approximately 15 pm into the cast part. A line scan across the interface can
be found in Appendix B. The magnesium content is slightly higher in 6060 than A356 according to
the line scan. Increased amounts of oxygen are present in the cracks.

4.4 High Preheating Temperature

This experiment was conducted with preheating of both insert and mould to 600°C, followed by five
minutes holding time in the furnace. Different 6060 insert shapes were used, as described in Table
6]

Table 6: Series description for Experiment 3.

Series | Insert  Samples
3-1 Pipe 16,17, 18
3-2 Rod 19,20,21

4.4.1 Series 3-1: Pipe Inserts

Pipes were used in this series, and for all three samples the A356 melted through the pipe at the inlet.
The pipe in Sample 17 was separated during casting, where the upper half was displaced by the melt
flow. Large cracks along the inner side of the pipe can be seen in Figure[31] Such cracks did not form
in Sample 17 and 18.
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Figure 31: Surface of Sample 16. Cracks formed along the inside of the pipe, and an area where bonding was
achieved is indicated.

An optical image, Figure [32] was taken of the area were large cracks formed in the A356.

Figure 32: Optical image of the gaps and bonded areas along the pipe insert in Sample 16.

Bonding was achieved along the inside of the pipe for all samples, except along the crack shown in
Figure Cavities inside the pipe likely formed during solidification, as the A356 shrank. A local
area of bonding can also be seen in the optical image, where the crack cuts through the A356 instead
of along the insert.

Opposite to this, on the outer side of the pipe, a relatively long area has achieved bonding. The gap
on both sides of this area either branches into the A356 or stops. This was the largest area of bonding
observed in all samples, at almost 3 mm.
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Along the outside of the pipe, a gap is visible everywhere except the large area shown in Figure
and a local area shown in Figure (33| The arrow shows where a line scan was performed.

20 um EHT =10.00 kv  Signal A =QBSD Date :25 May 2019 @ NTNU
—

WD =10.0 mm Mag= 500X Innovation and Craativity

(a) Locally bonded area along the outer side of the pipe. The arrow indicates where a line scan was performed.
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(b) Line scan showing detected elements. The y-axis is logarithmic.

Figure 33: Micrograph of Sample 16, showing local bonding on the outer side of the pipe.

This local area has a 100 pm thick area with no gap, where bonding was successful. During casting,
the insert surface most likely melted and bonding was achieved, before cracks formed in the eutectic
silicon during cooling.

As shown by the gradual decrease in the line scan, silicon diffused approximately 20 um into the
6060. The amount of magnesium detected over the bond was continuous, with a slight decrease at
the eutectic silicon. In addition, some oxygen was detected over the bond.
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Cracks were continuous along the outer interface of the pipe in Sample 17 and 18. These were
generally narrow, approximately 6 pm at the widest, and mainly followed the insert. As seen in

Figure [34] cracks also formed in the A356. This suggests bonding prior to fracture in the eutectic
silicon.

s

; ek
20 um EHT=1000kv  Signal A=QBSD Date :25 May 2019 E NTNU
WD =103 mm Mag= 250X Innovation and Creativity

Figure 34: Micrograph of Sample 17, showing a narrow gap through eutectic silicon in the cast aluminium.

The gap divides the eutectic silicon, possibly due to silicon expanding while aluminium shrinks dur-
ing solidification. This would lead to stresses in the area, resulting in fracture. Aluminium melt with
higher amounts of alloying elements, i.e eutectic silicon, is the last to solidify. Thus, stronger bonding
might have formed before the eutectic silicon solidified.

Bonding was achieved on the inside of all pipes in this series, and an example of such an area can be
seen in Figure [35] The only exception was cracks in Sample 16, as was shown in Figure
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Figure 35: Micrograph of bonded area inside the pipe, taken from Sample 17. Between the insert and cast
aluminium is a precipitation free zone.

The insert surface likely melted before bonding was achieved. Figure (35 shows an approximately
80 um wide area between the A356 and 6060 with no visible phases. A line scan was performed
over a similar reaction zone, with results in Appendix B. The amounts of detected silicon decreases
from A356 to 6060 across the line. Precipitation free zones mainly form due to the liquid aluminium
solidifying too rapidly for precipitates to form.

As 6060 has higher thermal expansion compared to A356, the insert does not shrink away from the
cast aluminium on the inside of the pipe to the same degree on the outside. Bonding on the inside
of the pipe is thus expected to be achieved more easily compared to on the outside.

4.4.2 Series 3-2: Rod Inserts

Rods were used for this series, as can be seen in Figure Large pores, due to slower solidification,
are visible on the surface of Sample 20.
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Figure 36: Surface of Sample 20, with no visible gap between the insert and cast aluminium.

Though not visible in the image, a gap is present between the insert and cast aluminium. It is gener-
ally narrow, varying from approximately 1 pm to 15 pm. Mainly, the gap follows the insert surface,
but is in some areas observed to cut through the A356. This is shown in Figure [37]

20 um EHT=1000kY  Signal A=QBSD Date :26 May 2019 E NTNU
WD =10.0 mm Mag = 250 X Innovation and Creativity

Figure 37: Micrograph of the gap going through eutectic silicon in Sample 21.

The precipitation free zone in Figure 34 is not uniform, as was previously observed in the bonded
area in Series 3-1. Bonding was successful between A356 and 6060, but shrinkage caused fracture in
the eutectic silicon. This also happened along an area in Sample 19, shown in Figure
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Figure 38: Micrograph of Sample 19, showing the gap formed in the cast aluminium.

A precipitation free zone of approximately 20 pm can be seen between the two alloys, where bonding
was successful. Shrinkage caused fracture in the eutectic silicon, resulting in the approximately 10
pum wide gap.

All samples in the series had one or two local areas of bonding. One of these is shown in Figure
39

« Crack follows
. eutectic silicon
\in A356
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Figure 39: Micrograph of locally bonded area in Sample 19. The cracks follow the eutectic silicon.

The cracks on both side of the bonded area follow the eutectic silicon in A356. The precipitation free
zone is approximately 20 pm wide in this area as well.
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4.5 Simulation in StaMiSim

Results for simulations with the software StaMiSim were provided by IFE. Temperature, solid frac-
tion, principal stresses and air gaps during solidification were simulated. Visualisations of the results
are presented in Appendix D.

For Series 3-1, the simulation of solid fraction during casting revealed melting of the pipe. Figure
shows the solid fraction at 10 s and 30 s.

(a) Solid fraction at 10 s. (b) Solid fraction at 30 s.

Figure 40: Simulation results showing solid fraction in Series 3-1. The pipe melted within 10 s, and had become
solid again within 30 s.

The lowest solid fraction, at 10 s, was 0.6 - 0.7 for the pipe. Some melting was also seen for the rod
in Series 3-2, as the simulation revealed a solid fraction of 0.8 - 0.9 after 10 s.

Results for the principal stress and air gap in Series 3-2 are shown in Figure 41| and [42| respect-
ively.

mMr600_c700.vtf]

Figure 41: Simulation results for first principal stress in Sample 3-2 after 28.5 min.
The figures show a correlation between the high principal stress and where air gaps will form. The

stress was observed to increase over time, with a maximum after 28.5 min. This was thus also the
maximum for the air gap simulation.
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Figure 42: Simulation results for air gaps in Sample 3-2 after 28.5 min.

Another noteworthy observation from the solid fraction simulations was the direction of solidifica-
tion, which started at the mould walls and completed along the insert in all cases shown in Appendix
D.
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5 Discussion

In this thesis, the effect of zinc coating and various preheating temperatures of the mould and
6060 aluminium inserts on the metallic bonding of compound casting between A356 and 6060 was
studied. The experiments were chosen as continuations of the specialisation project in the course
TMT4500.

Multiple pores are visible on the sample surfaces. Turbulent flow during mould filling could entrap
air and oxides in the melt, leading to pores and cavities after solidification. Entrapment of air in
the gating was captured by the mould filling simulation in SutCast, and can be seen in Figure (7| In
addition, shrinkage of the aluminium upon cooling can increase the size of the pores. More pores
are observed in the samples with higher process temperatures. Improved flowability increases tur-
bulence and thus the amount of oxides entrapped in the melt. Altering the mould design or use of
inert gases, such as argon, in the mould or melt can reduce pores. However, pore reduction is not
crucial for the results in this thesis.

Due to solid aluminium occupying less space than the liquid, a cavity will form in the last volume
to solidify inside a cast part. Gaps between the insert and cast aluminium were observed in most
samples by visual inspection without a microscope. The formation of such gaps is also due to the
shrinkage of aluminium during solidification. A356 will solidify at the mould walls and insert first,
due to the temperature difference. It is then pulled away by the solidifying melt. This was seen
in simulations with StaMiSim. Thermal expansion in solid state also contribute to gap formation
and growth, as 6060 has a higher thermal expansion coefficient compared to A356. The insert will
expand as it is heated, but shrink more than the cast aluminium during cooling. The gap will thus
be broadened. Bonding must be strong enough to withstand the shrinkage, otherwise cracks will
form.

All images showing sample surfaces were taken from the direction of flow into the mould cavity. In
all samples where a wide gap was visible, this was located on the opposite side of the inlet. The large
cracks along the inside of the pipe in Sample 16 were located at the same side as the inlet.

The three experiments conducted as part of this thesis will be further discussed separately.

5.1 Effect of Zinc Coating

Before casting, the preheating temperature for Experiment 1 was decided after simulation of the
casting process. Process data used for simulation was approximate, due to lack of accurate heat
transfer coefficients for the mould. The results were thus also approximate, and only used as a guide
when deciding the preheating temperature.

Three series were cast with zinc coated inserts. Different parameters were used during the coating
process, to get various zinc layer thicknesses. It is believed that the zinc layer in Series 1-1 was the
thinnest and Series 1-3 thickest based on the process parameters. However, due to the poor bonding,
this could not be verified. In previous studies, it was observed that a zinc layer thickness of less than
1 pm was insufficient to achieve bonding, and a thickness of 5-10 pm is therefore commonly used [[4]].
To determine the thickness of the zinc layers in this experiment, an unused pipe from each coating
procedure was studied in SEM with EDS. When studying the edge of the pipe surface directly from
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above, no distinct zinc layer was observed. This suggests that only a thin layer, with less than 5
um thickness, had been applied. The sample was then tilted and the coated outer side of the pipe
was micrographed. This was shown for Series 1-1 in Figure [10} The coating surface is uneven, with
visible impurities. Dark contrast is believed to be holes in the coating layer. EDS mapping of the
zinc layer showed mainly carbon and oxygen, but also small amounts of aluminium, silicon, zinc
and magnesium. This suggests that the surface is not completely covered by the zinc layer, thus not
protecting the aluminium from reoxidising. Micrographs and EDS mapping showed similar results
for the pipes that were zinc treated with applied current. Successful bonding with a thin zinc layer,
< 1 pm, was reported by Koerner et al [23]. The importance of a sound bonding between the zinc
layer and oxide-free aluminium surface was emphasised, and the zincate treatment was performed
twice to improve coverage. Therefore, the coating process in these experiments should be optimised
in order to obtain a uniform zinc layer that covers the complete aluminum surface.

After casting, zinc was detected continuously in the 6060 alloy along the interface for all studied
samples in this experiment. Most likely, the zinc diffused into the 6060 during preheating, leaving
less zinc at the surface to dissolve in the A356. This would leave the aluminium surface vulnerable
to reoxidation, and thus obstruct bonding. The zinc layer being washed away by, or melting and
dissolving into, the aluminium melt during casting is also possible, but few areas with zinc detected
in the A356 were observed. EDS line scans were performed at the inner side of pipes used for casting,
one for each series. This side of the pipes had not been in contact with A356, so the zinc layer
could not have been washed away by, or dissolved into, the melt. The line scans detected zinc as an
approximately 20 um wide diffusion zone in the 6060. Such a zone was not observed for the unused
pipes. The effect of preheating on the zinc layer should be studied further, to understand if preheating
of coated inserts should be avoided. Thermal data obtained from thermocouples during casting show
the temperature inside the pipe was above the melting temperature of zinc for approximately 30
s. The graphs can be found in Appendix C. Any zinc remaining on the surface would then have
dissolved into the melt. Bonding was expected to be improved with increasing thickness of the zinc
layer. Results from this experiment show no such correlation, as no proper bonding was achieved
for any of the series. Gaps between the insert and cast aluminium were seen when looking at the
sample surfaces without a microscope. Areas of interest were found with SEM in all samples though,
and were similar regardless of coating procedure.

Areas where the cast aluminium remained in contact with the insert, indicate local bonding that
likely was broken upon solidification due to shrinkage. These locally bonded areas might have
formed as a result of variations in the zinc coating or oxide layer. It was also in these areas that
zinc was detected in the A356 alloy. This was shown in Figure|14] Remaining coating on the insert
surface in this area could have lead to local bonding. As the cast aluminium shrank during cooling,
the local bond likely would have broken, but zinc remain at the A356 surface. No intermetallic phases
containing zinc were observed in either A356 or 6060.

Figure (18| and [21| show areas with multiple cracks along the interface. However, the contrast in
the micrographs suggests that no bonding occurred in these areas. Parts of the insert appears to
have detached and settled in the A356. The temperature graph shows that the mould temperature
during casting did not reach solidus for 6060 aluminium, at 610°C. Thus melting of the insert is
unlikely.
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5.2 Preheating of Mould or Insert

To further understand the shrinkage of the cast aluminium in the mould, casting was done with a
large temperature difference between the insert and mould. One was kept at room temperature, while
the other was preheated to 600°C. Due to the mould design, reassembly of the mould was required
when placing the insert. This was done in approximately two minutes. When the hot insert was
placed in the relatively cold mould, the insert started to cool. No significant increase in the mould
temperature was detected by the thermocouples before pouring, as can be seen in the temperature
graph for Series 2-1 in Appendix B. When the hot mould was removed from the furnace and the
relatively cold insert placed inside, the temperature dropped approximately 150°C according to the
temperature graph for Series 2-2, also in Appendix B. It is assumed that the pipe was heated by the
mould before pouring. Thus the temperature difference between the insert and mould was not as
high as desired. For a greater effect, a new mould should be designed where placement of the insert
is easier.

Without preheating of the mould, the mould walls are the coldest surface and it is therefore expected
that solidification would start there. Thus, it is possible to achieve a more directional solidification
towards the insert, which would allow for contact between the insert and cast metal to remain for
a longer period of time. This could increase chances of bonding, and it was therefore expected to
observe better bonding or a thinner gap when only the insert was preheated. Solidus for the 6060
alloy is 610°C, which is just above the preheating temperature. The aforementioned factors would
improve bonding at the interface, but no preheating of the mould resulted in low overall process tem-
peratures. Flowability of A356 was reduced significantly, with form filling being worst for Series 2-1.
Lower process temperatures also increase the solidification rate, reducing bonding time. The insert
expands more when preheated to a higher temperature, and thus shrinks more when cooled.

For Series 2-2, the gap was expected to be wider compared to Series 2-1. As the melt filled the mould
cavity, solidification likely started at the insert, as this was the coldest surface. The A356 would then
shrink towards the mould walls as remaining melt solidified. Any bonding would have had to form
prior to this initial gap formation. By comparing the temperature data, it can be seen that the process
temperature was higher for Series 2-2 compared to Series 2-1. Flowability of the melt improved
greatly, and solidification should be slower due to higher temperatures. Slower solidification grants
more time for bonding and potentially melting of the insert surface. The insert would have been
heated after placement in the mould, but not necessarily enough for the surface to be melted by
the liquid aluminium during casting. This could not be verified, as temperature data for the pipes
were not recorded. However, areas along the interface appeared to have melted, as shown in Figure
and [30, suggesting the temperature exceeded 610°C in certain areas. Heating of the insert to
approximately the same temperature as in Series 2-1 results in approximately the same shrinkage
effect of solid 6060 during cooling.

The results differed less than expected between the two series. This was likely due to the mould
assembly causing a reduction in the temperature difference, both between the insert and mould and
the two series. Wide gaps were observed in both series. The gap in Series 2-1 was generally longer,
while the widest gap was observed in Series 2-2.

Successful bonding was not expected for this experiment, nor was it observed. There had been no
surface treatment of the inserts to handle the oxide layer, and the process temperatures were low.
The purpose of this experiment was not to achieve bonding, but to study the effect of preheating the
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insert and mould.

5.3 Effect of High Temperature

Different inserts were used during casting at preheating temperatures of 600°C, and the mould re-
mained in the furnace for five minutes after filling. Only rods were used in the preliminary project,
and it was suggested to also use pipes for further work. The effect of the difference in shrinkage
between A356 and 6060 should be less when using a pipe, as it has less mass compared to a rod.
Also, heat transfer should be slower through the pipe due to the relative mass.

Once the melt reached the pipes during pouring,vit melted through and filled the pipes with alu-
minium. Due to issues with the temperature logger for the thermocouples, no temperature data was
recorded until the mould was removed from the furnace, and the temperature during mould filling
was thus not obtained. However, due to the inserts melting, the temperature must have been above
the 6060 liquidus, 660°C. The surface on the inside of the pipes likely also melted, and successful
bonding was observed on the inside of all inserts in Series 3-1. With A356 on the inside of 6060
pipes, the effect of differing thermal expansion coefficients is reduced. Upon solidification the pipe
will likely contract, thus separating it from the cast aluminium surfaces. On the outside of the pipe,
the alloys will thus shrink in opposite directions. The cast aluminium inside the pipe will shrink
less than the pipe itself, which should result in less tension at the interface. Heat transfer is slower
for the melt inside the pipe, and it will solidify slowly. Less shrinkage and slower solidification are
factors likely improving bonding on the inside of the pipes.

Bonding on the inside of the pipes was achieved without surface treatment of the inserts. No dis-
tinct oxide layer was detected by the line scan over the bonded area, results of which are found in
Appendix B. Oxygen is detected uniformly across the area. The aluminium oxide layer would not
have melted, due to its high melting temperature. Though as the insert surface melted, the aluminium
oxide likely detached and was distributed in the liquid, thus oxygen remained across the bond.

Through optical- and electron microscopes, successful bonding on the inside of the pipes was ob-
served in all areas except along the large cracks shown in Figure[32] Shrinkage in the cast aluminium
trapped on the inside of the pipe would lead to cavities. Variations in the oxide layer might have
prevented bonding, thus resulting in gap formation along the interface. Eutectic silicon can be seen
on both sides of the gap in Figure[32] As the eutectic silicon is characteristic for the A356 alloy, the
observation suggests that bonding formed in this area and that the gap formed during solidification.
The bonding is this local area was thus stronger than the eutectic silicon phase through which the
crack grew.

A large area on the outside of the pipe in Sample 16 achieved bonding. This was along the side of the
insert facing the inlet, where the melt likely washed the insert surface and possibly removed some
of the oxide layer.

The interface on the outer side of the pipes in Series 3-1 showed similar results as the interface around
the rods in Series 3-2. In Series 3-1, the outer interface was mostly defined by a continuous crack.
However, in certain areas the crack propagated through the eutectic silicon in A356, suggesting that
there had been a bond between the A356 and 6060 alloy. Multiple examples of this were observed
in Series 3-2. Along these areas, bonding between the two alloys was strong, causing stress induced
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fracture in the eutectic silicon instead. The cracks at the locally bonded areas clearly follow the
eutectic silicon, and do not propagate in the aluminium grains. Propagation of cracks along the
eutectic silicon might be due to higher alloyed aluminium melt solidifying at lower temperatures.
As can be seen in the Al-Si phase diagram, Figure [2] melt at eutectic composition will be the last
to solidify during cooling. An uneven precipitation free zone can be seen between the insert and
cast aluminium, where bonding is believed to have formed. Since both A356 and 6060 are heat
treatable, heat treatment is necessary to further increase the strength of the compound casting. A
systematic study on the microstructure evolution at the interface during solution heat treatment and
age hardening treatment is suggested for future work.
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6 Conclusions

Three different compound casting experiments were conducted as part of this thesis. For the first
experiment, a zinc layer was applied to inserts by different coating procedures. The effect of the
coating thickness was to be studied. The zinc layer before casting was uneven and reoxidation of
the aluminium surface had to be expected. After casting, zinc was detected as a diffusion zone in
the 6060. Few areas were observed where zinc had been washed by the melt and dissolved into
the A356. The diffusion was likely during the preheating of the insert, and further work would be
to study the effect of preheating on the zinc layer. Especially no preheating of the coated insert
would be interesting. The results did not vary as much as expected, though the thickness of the zinc
layer varied for the different coating procedures. The quality of the coatings were not good enough
to achieve sound bonding in any of the samples. The importance of thorough oxide removal and
application of a uniform coating became evident in this experiment.

The effect of preheating the insert or mould was studied in Experiment 2. Preheating of either the
insert or mould was done, while keeping the other at room temperature. Due to the mould requiring
reassembly when placing the insert, the temperature difference between the insert and mould was
not as large as planned. Results for the two series were more similar than expected, likely due to this
reduced temperature difference. Some melting of the insert surface was observed, but no bonding
remained after shrinkage during solidification. To better study the effect of preheating, the mould
should be designed with that purpose in mind.

The final experiment was conducted at high preheating and holding temperatures. The inserts in
this experiment had not been surface treated, nevertheless, successful bonding was achieved on the
inside of the pipes. Aluminium oxide would not have melted at the casting temperatures used in this
experiment. As the insert surface melted though, the oxide layer detached and distributed into the
melt. Higher tensile stresses on the outside of the pipes caused cracks to form along the interface.
Similar areas were observed along the rods as on the outer side of the pipes. Cracks formed along
eutectic silicon in the cast aluminium, possibly due to this phase solidifying last. Bonding between
the A356 and 6060 was thus originally achieved, but shrinkage caused cracks to form, resulting in
weak compound cast parts.

Simulation software was used to describe a theoretical casting process. SutCast was used prior to
casting, to determine suitable preheating temperatures for Experiment 1. The process data used
was not accurate, and should be improved for further work. The temperature data collected by
the thermocouples could be used for calculation of a more accurate heat transfer coefficient in the
mould.

Mechanical bonding could be constructed by compound casting, but many problems arise when
attempting to achieve metallurgical bonding. The stable oxide layer, shrinkage during solidification
and consequent crack propagation must be overcome for two aluminium alloys to be successfully
joined by compound casting.
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Appendix A

This section includes process data for simulations in SutCast.

SUTCAST

SIMULATION INPUT

Project Name: Thesis_SG19
Date: 16.06.2019 22:53:14
Description: 1_Zn, Pipe/mould 250 oC

[ No [ Filling [ Solidification
I 1 | Yes ] Yes
Saving Data:
From To Step Type
0 100 2 Filling Percent(%)
0 100 1 Solidification Percent(%)
0 200 1 Solidification Time(s)
Materials:
Filling Base Material:A356
No [ Name Material Initial
Temperature
(°©)
1 hole Face Ver 200
2 lid face up 200
3 pouring | face up 200
4 castpart | A356 700
5 insert 6063 250
6 mould GraphiteDag | 250
7 gate A356 700
Inlets:
[ No [ Name [ Location (mm) | Direction [ Type |
[1 | 1nlet1 | 69.93,0.47,131.75 | z- [ FillingTime |
Filling Time=4
Options:

Filling Heat is On
Ambient Temperature:200 (°C)
Solidification Stop Type:Solidus

Interfaces:
No | First Second Heat
Object Object Transfer
Coefficient
1 castpart | mould Graphite-
A356
2 gate castpart | Full
Contact
3 gate mould Graphite-
A356
4 insert castpart | BASE
COATING
5 insert mould H13
mold-H13
mold
External Boundary Conditions:
Name Type Heat Environment | Constant
Transfer Temperature | Temperature
Coefficient | (°C) (°Q)
Left Convection | Face Ver 200 ---
Right Convection | Face Ver 200 ===
Front Symmetry | --- --- ---
Back Convection | Face Ver 200 ---
Bottom | Convection | face down | 200 ---
Top Convection | face up 180 ---

General Internal BC:
NoSlip
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Appendix B

Further details for relevant EDS analyses are included in the following pages.
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Series 1-1, Sample 2

cps/eV
Al Scan
304
254
204
. Mass C. norm. C. Atom C. Error (1 Sigma)
Element AN Series Net wtoe] [wtoe] [at.o] [wt. %]
15 G 6 Kseries 22402 8.69 9.12  18.22 1.13
o 8 Kseries 63212 7.12 7.48  11.22 0.85
104 Mg 12 Kseries 27116 1.02 1.07 1.06 0.08
Al 13 Kseries 1797219  69.22 72.66  54.63 3.12
59 7 Si 14 Kseries 36351 2.60 2,73 2.33 0.13
c .n_—nm.._ Mg ll si - Fe 26 K series 1] 0.00 0.00 0.00
0 1 T = B B B B ~ Zn 30 Lseries 98816 6.62 6.95 2.55 0.43
MAG: 1500x HV: 10kV WD: 16.9mm » keV Total 95.28 100.00 100.00
Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
107 =.
100 =
204
5
80
2 15+
60
10
= s 10
40 5 — ]
] e
204 5 e
e — = == i 4 14 s - T
0 5 15 5 10 5 15
Dista
66 S0.5um AMKi8D SHKAI2 Znli7 MgK:2 O3 CKit 66 535 pm ALKi 80 SHKAIZ Zo-li7 MgKi2 OK:3 CoKid COum ALKi9S SeKAIT Znli3 MgK:d OKid
.
Lot : - 2 PR R st oty L 74

EDS line scan results

Line scan with logarithmic scale

Line scan without aluminium




Series 1-1, Sample 3

> cps/eV
A — Scan
1004
80+
60+
40
Fe
3 a 6 £} 10

5
+ keV

Element AN Series  Net zm,mam..wm_. _..aﬁ_ﬁ%_. nﬂﬂﬂ_ Error (1 m.c_,.naahw
= 6 Kseries 2165  3.51 376 8.4 0.68
o 8 K series 12420 5.28 5.67 9.20 0.74
Mg 12 Kseries 6535 095  1.02  1.09 0.08
Al 13 Kseries 481048 7157  76.86  74.00 3.23
si 14 Kseries 15099 423 454 420 0.20
Fe 2 Kseries 554 179  1.92  0.89 0.15
Zn 30 Lseries 22096 580 623  2.48 0.39

Total 93.12 100.00 100.00

Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
o Mass-% (norm.) 12 Mass-9% (norm.) Mass-% (norm.)

80

60

20

20
Distance / ym
1 00um AKi905% SeKAI04% Znd:06% CK:2S5% OK:id9% MgK:l1%

EDS line scan results

20

Distance / pm
1 00um AFK S0.5% SiKAI04% Znli06% CKi25% OK:id9% MgKill%

Line scan with logarithmic scale

1 00um ALKi90.5% SiKAI04% Znli06% CKi25% O-Ki49% MoKill%

Line scan without aluminium



Series 1-1, Sample 3

v _ecps/eV
— Al — Scan
1004
804
Results table ]
: Mass C. norm. C. Atom C. Error (1 Sigma)
604 Element AN  Series Net [weoe] [wtoe]  [at.%] [wt.2%]
C 6 Kseries 2622 4.80 5.25 10.94 0.88
404 o 8 Kseries 10890 5.31 5.81 9.09 0.76
Mg 12 K series 7385 1.18 1.29 1.33 0.09
ol Al 13 Kseries 425637 70.87 77.50 71.91 3.20
o Si 14 Kseries 15942 5.08 5.55 4.95 0.24
g :
GM\ e bgn W_ e ﬂ. Fe 26 K series 83 0.31 0.34 0.15 0.07
H 23 15 7 3 T 2 3 4 Al Zn 30 Lseries 13229 3.90 4.26 1.63 0.27
MAG: 500x HV: 10kV WD: 10.0mm » keV Total 91.45 100.00 100.00
Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
- Mass-% (norm.) — 102.Mass-% (norm.) . Mass-% (norm.)
T Si e N /\n/« NN == 4 [m_
Ve VAR = e VY \ \\/ N == 40
VAWAY adl / ¢ 5 -\ :
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/ A W A ,
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40 20
204 i | 10
m) ~LHC
— v e X 5 A H<>, = J Va
40 40 40
Distance / ym Distance / pm Distance / ym

1 00pm AL969% Sii20% 2Zn:02% Ci04% 0:05% Mg:0.0% 1 00um A9E9% Si20% Zn02% Ci04% O0:0.5% Mgi0.0%

Seda

EDS line scan results Line scan with logarithmic scale Line scan without aluminium



Series 1-2, Sample 4

MAG: 250x HV: 10kV WD: 9.6mm

Micrograph with line scan indicated by the arrow

x 1E3 Mass-% (norm.)

A
=3
FetAl

kA
Mgk

+ cps/eV.
1204 Al — Scan
100+
80+
60+
40+

EDS Spectrum

— ——— ———————— | —
SHA
—ox
10%4 ok
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20 40 60
Distance / pm
1 00pm AMK:4947.0% SiKA:1160% Znl:19.0% CK:JL0% O-K:B0% MgK:60%  Fe-KA:118.0%
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-

B

EDS line scan results

40 60
Distance / pm
1 00pm AMK:49470% SiKAIII6O % Zndi19.0% CKiIO% OKiBO% MgKiGOW FeKAi118.0%

I

Line scan with logarithmic scale

Element AN Series  Net _..‘_m,.‘wmmmu S_ﬂ..ﬁ”n@ Jﬂmmmm Furi wﬁﬁﬂ
c 6 Kseries 1447  2.90 319 6.92 0.62
) 8 Kseries 5210  2.65 291 475 0.44
Mg 12 Kseries 6107  0.99 109 117 0.08
Al 13 Kseries 430084 72.94  B0.06  77.47 3.29
si 14 Kseries 23986  7.89 8.66  8.05 0.35
Fe 26 K series 0 0.0 0.00  0.00

Zn 30 Lseries 12550  3.73 410 164 0.26

Total 91.10 100.00 100.00

Quantification of spectrum results

x 1E3 Mass-% (norm.)
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Distance / um
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~

1 DOpm ALK 4347.0% SHKA:1160% Zn-Li
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Line scan without aluminium
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Series 1-2, Sample 4

» cpsfeV.
80 Al —— Scan
704
604
504
40
304
204
w0 Oy
03 c mnuﬂ ry Fe n
MAG: 250x HV: 10kV WD: 9.6mm ! : S v ¢ ° 4
Micrograph with line scan indicated by the arrow EDS Spectrum
x 1E3 Mass-% (norm.) Mass-% (norm.)
—7% ————
54/ s SrkA [ SrkA
. 1 Fa-k [ Fekal
\ ok 10° — 0k
| 2 ck ) oK
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| | o
2 | |
| |
|
14 k ¥
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EDS line scan results

Distance / um

40
Distance / pm

L 0.0Um ALK 4860.0% SiKA: 84.0% ZnoCA: 1.0% Mg-K: 114.0% O-K:65.0% C-k:24.0% Fe-KA:9.0%

Line scan with logarithmic scale

R

Element AN
c 6
o 8
Mg s
Al 13
Si 14
Fe 26
Zn 30

Series

K series
K series
K series
K series
K series
K series

L series

MNet

3475
25636
9724
294945
12546
71
11319
Total

Mass C.
[wt.%]

6.45
13.74
1.86
57.91
4,43
0.31
4.03
88.72

norm. C. Atom C. Error (1 Sigma)

[wt.%]
7.27
15.48
2.10
65.28
4.99
0.35
4.54

[at.7a]
13.97
22.34

1.99
55.85
4.10
0.14
1.60

100.00 100.00

Quantification of spectrum results

1.4

x 1E3 Mass-% (norm.)

[wt.=a]
1.11
1.74
0.12
2.62
0.21
0.07
0.28

0.8

0.64

0.4+
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20

Di

40
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Line scan without aluminium
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Series 1-2, Sample 5

" epstey A — Scan
100
80
Results tablle ]
- Mass C. norm. C. Atom C. Error (1 Sigma)
60 Element AN Series Net W] [who] [at%] Twt.%]
S 6 K series 2576 0.00 0.00 0.00
40 o 8 K series 7287 3.51 3.83 6.35 0.54
Mg 12 K series 6159 0.95 1.04 1.13 0.08
20 Al 13 K series 483317 79.75 87.02 85.52 3.60
- Si 14 K series 18771 6.25 6.82 6.44 0.29
o JFe Si Fe “ . Fe 26 K seres 105 0.39 0.42 0.20 0.07
o 1 I 3 _,. 3 H ) 5 3 10 zZn 30 Lseries 2676  0.80 0.87  0.35 0.08
MAG: 500x HV: 10kV WD: 10.imm + ke Total 91.65 100.00 100.00
Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
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Distance / pm
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EDS line scan results Line scan with logarithmic scale Line scan without aluminium



Series 1-2, Sample 6

MAG: 1000x HV: 10kV WD: 9.9mm

Micrograph with line scan indicated by the arrow

— AKX
1004, &

| A —o%
4 W A 1y |

40

20
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2 01 CKio

1 0.0pm AMK:96 SiKA:2 Znlil Mg

o)\

EDS line scan results

» cpsfeV

300 N — Scan
250
200 Results table
. Mass C. norm. C. Atom C. Error (1 Sigma)
1 Element AN  Series Met [wt.%] wtoe]  [at.%] Twt.%]
c 6 Kseries 5570  3.40 3.90  8.29 0.55
100 o 8 Kseries 26052  4.13 473 7.54 0.54
Mg 12 Kseries 27113 1.41 162 170 0.10
Al 13 Kseries 1329595 72.84  83.42  78.89 3.28
El
o - i 14 Kseries 17117  1.84 241 191 0.10
N B - m Fe 26 K series 171 021 0.24 011 0.05
1 I 3 M P A P 5 5 10 zn 30 Lseries 36223  3.49 3.99 156 0.24
" kev Total 87.32 100.00 100.00
EDS Spectrum Quantification of spectrum results
10— —AK — ]
SirKA|
—2ni
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oK
2

20 40 60 20 . a0 60
Distance / pm Distance / pm
1 0.0um Al-K: 96 Si-KA:2 Zn-l:1 Mg-K:2 O-K:1 C-K:i0 1 0.0um ALK:96 Si-KA:2 Znl:il MgKi2 OK:l CK:OQ

ey )\

Line scan with logarithmic scale Line scan without aluminium



Series 1-2, Sample 6

MAG: 1000x HV: 10kV WD: 9.9mm

Micrograph with line scan indicated by the arrow

100

3@5&)
8 f 55\1 ,#

VY

40

L 0Opm M:S7T Si2 Za:l Mg:2 O:1  C:0

EDS line scan results

v cps/eV

300

250+

200+

1504

100

Fe

—— Scan

Element AN

c 6
o 8
Mg 12
Al 13
Si 14
Fe 26

EDS Spectrum

10 Zn 30

Series

K series
K series
K series
K series
K series
K series

L series

[Resuitstable

Net Mass C. norm. C. Atom C. Error (1 Sigma)

[wt.ee]  [wt.%] [at.e] [wt.%]

5204  3.26 3.66 7.85 0.53
20319 3.27 3.67 5.91 0.44
21523 1.13 1.27 1.34 0.08
1379355 75.87  85.28  81.38 3.42
17165  1.87 2.10 1.93 0.10
89 0.11 0.12 0.06 0.04
35875  3.46 3.89 1.53 0.24

Total 88.96 100.00 100.00

Quantification of spectrum results

w

25

20

1 00um AlS7 Sz Zml Mgi2 O3 o

Line scan with logarithmic scale

1 00wm AL97 Si2  Zn

1 Mg:2 i

Line scan without aluminium



Series 1-3, Sample 7

0

MAG: 1000x HV: 10kV WI

Micrograph with line scan indicated by the arrow

A

20

1 0.0um AK: 5309 SiKA:43 Zn-KA:1 MgK: 132 O-K:i28 C-K:10 FeKAIS

EDS line scan results

40
Distance / pm

60

v cps/eV.
e A — Sean
804
604
40
204
o i |si
ct Fe Mol | Fe 7]
1 2 3 a 5 [ 7 8 9 10
eV
EDS Spectrum

[Resutts table

Element AN  Series

Net Mass C. norm. C. Atom C. Error (1 Sigma)

[wt.%e]  [wt.%] [at.%] [wt.%]
c 6 K series 1251 0.00 0.00 0.00
o 8 K series 3538 1.77 1.90 3.23 0.32
Mg 12 K series 5798 0.92 0.98 1.10 0.07
Al 13 Kseries 459763 76.78 82.10 82.89 3.46
Si 14 Kseries 33662 11.03 11.80 11.44 0.48
e 26 K series 0 0.00 0.00 0.00
Zn 30 Lseries 10242 3.02 3.23 1.34 0.22

Total 93.52 100.00 100.00

Quantification of spectrum results
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Series 1-3, Sample 8

+ cps/eV

1004 Al — Scan

804

501 Resubtstable |

Element AN Series  Net 3nmm.amm S—_.‘ﬁ”_wm_. BWH%_. Error (1 wﬁﬂmw
40 Al 13 K series 451948 7578 84,16 84,08 3,42
(o] 8 K series 9973 4,71 5,23 8,81 0,68
Si 14 K series 9593 3,13 3,48 3,34 0,16
Zn 30 Lseries 18438 5,36 5,95 2,45 0,36
: " Mg 12 K series 6584 1,07 1,18 1,31 0,08
EHT =10.00kv  Signal A= QBSD Date :24 May 2019 () . . T T T . ﬂ T i C 6 K series 2033 0,00 0,00 0,00
i WD=99mm  Mag= 500X ®NTNU 3 4 = & ! N ? 1 Total 90,05 100,00 100,00
Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
—ONA

1 00pm Mg:3 A7 Sk1 Zmi 0:2 C:0 1 00um Mg:3 AL97 Skl Zmi 0:2 G0

Distance / pm

E
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EDS line scan results Line scan with logarithmic scale Line scan without aluminium
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Series 2-1, Sample 11

MAG: 1000x HV: 10kV WD: 10,1mm

Micrograph with line scan indicated by the arrow

1004

Jq

60+

40+

10 ’

20

P/

\(3/7?\//\

|

+ cpsfeV
ol A — Scan
100
& Results table
Mass C. norm. €. Atom C. Error (1 Sigma)
. Element AN  Series Met [wtoe] [wtoe] [at.%] [wt. %]
c 6 Kseries 1084  0.00 0.00 0.00
m o 8 Kseries 1244  0.60 0.66 1.11 0.15
Mg 12 Kseries 7795  1.17 1.28 1.42 0.09
-~ Al 13 Kseries 529116 86.62  94.44  94.35 3.90
-_ si 14 Kseries 7862  2.69 2.93 2.81 0.14
cr Fe Mglpsi e n Fe 26 K series 59 0.22 0.24 0.11 0.06
1 2 3 4 S, 6 7 9 10 Zn 30 Lseries 1435  0.42 0.46 0.19 0.06
Total 91.72 100.00 100.00
EDS Spectrum Quantification of spectrum results
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—si o
— c
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EDS line scan results
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Series 2-1, Sample 11

MAG: 32.0kx HV: 10kV WD: 9.8mm

Micrograph with EDS analysis points shown

MAG: 3713x HV: 10kV WD: 9.8mm

Micrograph with EDS analysis points shown

» cpsfeV.
Al — 124

504

404

309

204

Fe ﬂ "
H & 7 [ ] 10
kev

EDS Spectrum

» cpsfeV

Al — 129

2249

204

184

6] 9O wmg

149

124

107

8]

6]

4]

21 _fre si

0 S Fe

1 2 5 [ 7 ) ) 10

EDS Spectrum

Element AN
c 6
o 3
Mg 12
Al 13
Si 14
Fe 26
Zn 30

Eyieg Net _.___WM.,WJM_. :a—wﬂm\m_ bﬁw.mﬂ_wmm Error (1 ._w—_.mn:__wmw
K series 7020 6.13 6.34 14.43 0.93
K series 19699 5.09 5.26 8.99 0.68
K series 6280 0.61 0.63 0.71 0.06
K series 542631 51.64 53.44 54.11 2.34
K series 63826 10.00 10.35 10.07 0.44
K series 11277 22.54 23.33 11.41 1.05
L series 3030 0.62 0.64 0.27 0.07

Total 96.63 100.00 100.00

Quantification of spectrum results

Element AN  Series Met
o 8 K series 169556
Mg 12 K series 182953
Br 35 Lseries 312190
c 6 K series 3369
Al 13 Kseries 452638
F 9 Kseries 9734
Si 14 Kseries 16647
Fe 26 K series 1577

Total

Mass C.
[wt.%]
46.32
21.55
64.49
2.65
5.72
2.68
3.44
4.47
151.32

norm. C. Atom C. Error (1 Sigma)

[wt.%e] [at.%]

30.61 53.96
14.24 16.53
42.62 15.04
1.75 4.12
3.78 3.95
1.77 2.63
2.27 2.28
2.95 1.49

100.00 100.00

Quantification of spectrum results

[wt.%]
5.11
112
2.93
0.47
0.28
0.40
0.17
0.27



Series 2-1, Sample 12

A — Scan
100
80
Results table
. Mass C. norm. C. Atom C. Error (1 Sigma)
601 Element AN  Series Net “riten]  [whee]  [at.%] [Wt.%]
c 6 Kseries 2068 0.00 0.00 0.00
40 o} 8 Kseries 5544 2.61 2.85 4.73 0.43
Ma 12 Kseries 7580 1.13 1.23 1.34 0.09
Al 13 Kseries 511567 82.03  89.41  88.12 3.70
si 14 Kseries 16314 5.35 5.83 5.52 0.25
e il Fe 26 K series 48 0.17 0.19 0.09 0.05
3 4 2, [3 7 8 ) 10 zn 30 Lseries 1592  0.46 050 020 0.06
el

Total 91.75 100.00 100.00

Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
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EDS line scan results
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Line scan with logarithmic scale
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Series 2-2, Sample 13

' F‘ — Scan

80

Mass C. norm. C. Atom C. Error (1 Sigma)

60 Element AN  Series Net [wtoel [wtoe]  [at.%] Twt.%]

c 6 Kseries 1288  0.00 0.00 0.00
40 o 8 K series 3340 1.65 1.81 3.02 0.30
Mg 12 Kseries 6177  0.94 1.03 1.14 0.08
20 Al 13 Kseries 486744 80.24  87.76  87.07 3.62
o m s si 14 Kseries 24663  8.28 9.05 8.63 0.37

olg JFe A . , _mm__, _ Fe 26 K series 0 0.00 0.00 0.00
d 2 J & _w< © v & g 4 zn 30 Lseries 1072 0.32 0.35 0.14 0.05

Total 91.42 100.00 100.00

Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
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Distance / ym
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EDS line scan results Line scan with logarithmic scale Line scan without aluminium



Series 2-2, Sample 14

3 eV
A —&an
100
80+
Results table
: Mass C. norm. C. Atom C. Error (1 Sigma)
60 Element AN  Series Net [weoe] [wtoe]  [at.%] [wt.%]
c 6 Kseries 1732 0.00 0.00 0.00
404 o 8 Kseries 3310  1.59 1.73 2.90 0.29
Mg 12 Kseries 7313  1.09 1.19 1.31 0.08
Al 13 Kseries 511942 82,85  90.10  89.44 3.73
Si 14 Kseries 17720  5.88 6.40 6.10 0.27
fo P ) Fe 26 K series 28 0.10 0.11 0.05 0.05
3 4 5 3 7 [ 3 10 zn 30 Lseries 1488  0.43 0.47 0.19 0.06

Total 91.95 100.00 100.00

Micrograph with line scan indicated by the arrow EDS Spectrum Quantification of spectrum results
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EDS line scan results Line scan with logarithmic scale Line scan without aluminium



Series 2-2, Sample 15

Micrograph with line scan indicated by the arrow

»_cps/eV

1004

80

60

40

EDS Spectrum

Element AN Series  Net 3—“““%_ Smsﬁnwm_ bﬁmﬁwm_. Error (1 ..m.,__mnahw
E 6 Kseries 1302  0.00 000  0.00

o 8 Kseries 4114  2.02 216  3.62 0.35
Mg 12 Kseries 6720  1.02  1.09  1.21 0.08
al 13 Kseries 482808 78.30  84.33  83.82 3.55
si 14 Kseries 32820 1073 1149  10.97 0.47
Fe 26 Kseries 80 030 032 045 0.07
Zn 30 Lseries 1772 052 056  0.23 0.06

Total 93.38 100.00 100.00

Quantification of spectrum results
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Series 3-1, Sample 16
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Series 3-1, Sample 18
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Series 3-2, Sample 19
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Appendix C

Modified temperature logs obtained during casting are shown in the following pages.

Placements of thermocouples during casting.

Thermocouple | Distance from top [mm]  Placement
TC1 80 Mould wall
TC2 80 Cavity/A356
TC3 65 Mould wall
TC4 65 Cavity/A356
TC5 50 Inside Pipe
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Experiment 1
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Temperature log Zn coated Al: Pipe and mould preheated to 250°C
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Experiment 2, Series 1

Temperature log: Pipe preheated to 600°C, mould remained at room temperature
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Experiment 2, Series 2
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Temperature log: Mould preheated to 600°C, pipe inserted at room temperature.
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Experiment 3, Series 1
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Temperature log after mold removal: Pipe and mould preheated to 600°C
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Experiment 3, Series 2
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Temperature log after mold removal: Bolt and mould preheated to 600°C
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Appendix D

Results of simulation in StaMiSim are presented below.

Experiment 1

The temperatures were set to 250°C for the pipe and mould, and 700°C for the melt.

(a) Starting temperatures

) mp250_c700.t]

(b) Temperatures after 50 s

) mp250_c700.vtf]

(c) Temperatures after 5 min

Temperature simulation for Experiment 1



1
1 [mg_pipeaa060_mp250_c700.vtf]

(a) Solid fraction at the start

(b) Solid fraction after 10 s.

(c) Temperatures after 40 s.

Solid fraction simulation for Experiment 1



mg_plpeaas0s0_mp2s0_c700tf]

(a) Principal stress after 40 s

) mp250_c700.vtf]

(b) Principal stress after 18 min.

(c) Principal stress after 60 min.

First principal stress simulation for Experiment 1



mp250_c700mtf]

Air gaps formed after 5 min, simulated for Experiment 1



Experiment 2, Series 1

The temperatures were set to 600°C, 30°C and 700°C for the pipe, mould and melt respectively.

_p600_c700.3t]

(a) Temperatures after 20 s

_p600_cT00t1]

(b) Temperatures after 70 s

_p600_c700.:7)

(c) Temperatures after 5 min

Temperature simulation for Series 2-1



mg_pi

6060_m30_p600_c700.Mt7]

(a) Solid fraction after 5 s

6060_m30_p600_c700.vtf]

(b) Solid fraction after 20 s

Solid fraction simulation for Series 2-1



m30_p600_c7001f]

(a) Principal stress after 5 min

m30_p600_c700.vt]

M

(b) Principal stress after 60 min

First principal stress simulation for Series 2-1



Experiment 2, Series 2

The temperatures were set to 30°C, 600°C and 700°C for the pipe, mould and melt respectively.

)_m600_p30_c700.vtf]

(a) Principal stress after 7.5 min

) m600_p30_c700.vtf]

(b) Principal stress after 60 min

First principal stress simulation for Series 2-2



Experiment 3, Series 1

The temperatures were set to 600°C for the pipe and mould, and 700°C for the melt.

(a) Temperature after 70 s

) mp6o0_c700vt]

(b) Temperatures after 5 min

) mp600_c700.vt]

(c) Temperatures after 60 min

Temperature simulation for Series 3-1



mp600_c700:t1]

(a) Solid fraction after 10 s

)_mp600_c700.vtf]

(b) Solid fraction after 30 s

6060_mMp600_c700.vtf]

(c) Solid fraction after 3 min

Solid fraction simulation for Series 3-1



060_mp600_c700.vtf]

(b) Principal stress after 4 min

6060_mMp600_c700.vtf]

(c) Principal stress after 60 min

Principal stress simulation for Series 3-1



mp250_c700mtf]

Air gaps formed after 5 min, simulated for Series 3-1



Experiment 3, Series 2

The temperatures were set to 600°C for the rod and mould, and 700°C for the melt.

(a) Solid fraction after 20 s

{mg rodaa6050_ mr600_c700)

(b) Solid fraction after 41 s

mr600_c700.vtf]

(c) Temperatures after 3 min

Solid fraction simulation for Series 3-2



Air gaps formed after 28.5 min, simulated for Series 3-2
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