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In the name of Allah, the entirely merciful, the especially merciful.

“Bring me blocks of iron, when he had filled up the space between the two steep
mountain-sides, He said, "Blow (with your bellows)" Then, when he had made it (red)
as fire, he said: "Bring me molten Lead, that | may pour over it. So, Gog and Magog

were unable to pass over it, nor were they able (to effect) in it any penetration”.

Surat Al-Kahf: 95

Holy Quran



Abstract

Fabrication of aluminium/steel bimetallic components has been extremely useful in
automobile and aerospace industries for the development of lightweight structural and
functional applications. This research investigates the possibility of using overcasting
of liquid aluminium to solid steel to bond aluminium to steel. Specifically, the bonding
of steel to aluminium-tin based alloy can enable the use of steel as a reinforcement in
soft aluminium-tin bearings to improve their life expectancy. This project is concerned
with the understanding of the effect of overcasting processing conditions (eg. cooling
rate and melt holding time) and alloy composition on resultant bond microstructure,

kinetics of interaction layer and mechanical properties of aluminium/steel joint.

Two cooling rates of 0.63 K/s and 5 K/s were used during overcasting process with
sand and steel moulds, respectively. Steel substrates coated with Zn, Ni and Ni-Zn
layers of thickness ranging from 2 um to 12 pm were used for this study. A range of
aluminium alloy compositions were studied. They include pure Al, binary Al- (1-12.2
wt%) Si, Al-20wt%Sn-7wt%Si and Al-Si-Mg alloys.

The microstructure of overcast sample was characterised using a combination of
scanning electron microscopy (SEM), X-ray Diffraction (XRD) and Transmission
Electron Microscopy (TEM). The bond strength of overcast sample was determined

using tensile testing method.

This research studied the effect of zinc coating in a very systematic way on the Al/steel
joints. Different cooling rates and holding times used to study the behaviour of
microstructure and strength of joints between overcast aluminium and steel substrates
with and without coatings of zinc, gallium-zinc, nickel and nickel-zinc. Interaction
between pure aluminium and steel in different processing conditions were studied. No
interaction was found between pure aluminium and zinc coated steel overcast at a
high cooling rate of 5 K/s (750/500 °C). However, an interaction was detected in
samples prepared at a lower cooling rate of 0.63 K/s (750/500 °C). to provide a
metallurgical bond between Al and steel. After this experiment, all samples were made
inside sand mould in the same cooling rate of 0.63 K/s (750/500 °C). Intermetallic
compound (IMC) interaction layer was found between aluminium and steel with finger-

like features of the IMC were directed towards steel. AlisFes phase was detected within



the IMC next to the aluminium and AlsFe2 phase was detected within IMC layer
adjacent to steel. The kinetics of formation of AlsFe2 IMC was demonstrated to be
controlled by a mass diffusion process. It is confirmed that growth of IMC layer followed
a parabolic law. TEM studies confirmed the presence of AlisFes with the IMC next to
aluminium and AlsFe2 within IMC next to steel. From all bond strength tests, the
fractures were found to propagate alongside the IMC and perpendicular to the

direction of the force.

Interaction of pure aluminium/gallium-zinc coated steel was similar to the pure

aluminium/zinc coated steel and no difference in the joint microstructure was detected.

Interaction between pure aluminium and uncoated steel joint occurred after holding
at750 °C for 1 minute. The joint microstructure consisted of isolated islands of IMC
discontinuous layer located between the aluminium and steel regions. These islands

didn’t touch each other during their growth.

Interaction between pure aluminium and nickel coated steel, resulted in the formation
of AlisFes and AlsFe2 IMC layers between aluminium and steel. However, the kinetics
of formation of the IMC layer was slower than the interaction of pure aluminium with
zinc coated steel. The reason can be lower melting temperature of zinc coating
compared with nickel coating, 420 °C vs. 1455 °C. As the low melting point coating of
zinc melts faster in overcasting process, interaction layer forms quickly in the bond

between aluminium and zinc coated steel.

Interaction between pure aluminium/NiZn coated steel gave very similar interaction
between pure aluminium and zinc coated steel, however the kinetics of interaction was
slower in NiZn coated steel because the nickel coating reduced the kinetics of
interaction between steel and aluminium. Similar IMC layers were formed on NiZn

coated steel that were found previously in zinc coated steel.

Measurement of bonding strength revealed that generally the bond strength increased
by increasing holding time from 0 to 10 minutes. However, uncoated steel showed
very small or zero bond strength in bimetallic joints with different aluminium alloys. All
of the measured bond strengths are related to the formation of IMC layers. Under
processing conditions with no IMC, no bond was formed. However, increasing holding

time gave rise to increased IMC thickness and stronger bond strength. For example,



at high cooling rate of 5 K/s, IMC did not have enough time to form in pure
aluminium/Zn coated steel joint, so no bond formed in the joint. Generally, it was found
that different coatings on the steel substrate can change the kinetics of interaction
between aluminium and steel, even though IMC phases remained unchanged for all

the coatings used in this study.

Two types of cracks were detected in the bimetallic joints. The first type was found
between AlisFes phase and aluminium. The second type was found alongside the
AlsFe2 phase. The first type of crack was formed because of the difference in diffusion
rates of elements between the IMC and the aluminium, while the second type of crack
was formed because of the difference in thermal expansion coefficients.

Kirkendal effect led to the formation of pores within the AlsFe2 layer in the samples
prepared after holding the aluminium melt at 750 °C for 30 minutes and more. They
formed feasibly because the rate of diffusion of one element was higher than the other
element. Addition of silicon to aluminium reduced the kinetics of formation of IMC layer
by reducing the atomic diffusion rate. Therefore, lowering of atomic diffusion and
reaction kinetics can be the reasons of reduction in thickness of IMC layers after

addition of silicon in the aluminium melt.

Thickness of the interaction layer in Al-20Sn-7Si/nickel coated and zinc coated steel
joints was increased by increasing holding time. The interaction layer thickness in Al-
20Sn-7Si/zinc coated steel sample was higher than those in the Al-20Sn-7Si/nickel
coated steel. Bond strength of Al-20Sn-7Si/zinc coated steel after holding for 5
minutes in 750 °C was measured to be 30 MPa, the maximum bond strength of the

bimetal joints.

Kinetics of interaction layers was compared in all of the processing conditions using
parabolic law. The Al/Zn coated steel joint had the highest rate of formation of IMC,
and Al-7Si/Ni coated steel joint had the lowest rate of formation of IMC. Thanks to the
high activation energy of pure aluminium and low melting temperature of zinc coat, the
Al/Zn coated steel joint accelerated the interaction between aluminium and steel while
the low activation of Al-7Si and high melting temperature of the nickel coat reduced
the kinetics of interaction in the Al-7Si/Ni coated steel joint.



Finally, it was concluded that careful control of processing conditions and material
composition is required to achieve improvement in the strength of the bimetal joint
without excessive degradation of the strengths of the primary materials.

Keywords: overcasting, aluminium, joining, microstructure, mechanical properties
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Chapter 1 Introduction

1.1 Background and motivations

The project follows on from a Technology Strategy Board (now Innovate UK) funded
collaborative R&D programme to develop high-tin aluminium (Hi-TINAL) bearing
alloys, with the potential to replace lead-bronze in aeroengine fuel pump and

whitemetals in turbomachinery and oil & gas applications [1].

Enforced by recent implementation of the REACH (Registration, Evaluation,
Authorisation and Restriction of Chemicals) legislation, the bearing industries are
replacing hazardous Pb (lead) containing bearing materials by environment friendly
bearing alloys. Moreover, the market needs for higher performance capability requires
an alternative to Sn based whitemetals in industrial bearings. For example, large
aeroengine fuel pump bearings based on Pb-bronzes are manufactured through a
multi-material, multi-stage route, and it is expected that high-Sn Al alloy bearings
machined from cast billets will significantly reduce manufacturing costs and increase

service intervals, as well as remove Pb and the use of other hazardous chemicals [1].

The newly developed alloys were shown to have bearing properties that were superior
to both Pb-bronze and whitemetals [2]. However, the high-tin aluminium alloys
suffered from cavitation erosion when subject to severe cavitation (likely in the case
of fuel pumps for large aeroengines) [2]. This cavitation occurs in a localised region of
the bearings [1]. Hence, the application of local reinforcement of steel to this high-tin
aluminium alloy bearings can offer a potential solution to mitigate the cavitation issue
without compromising the bearing performance and its overall weight. It is also typical
for large bearings for turbomachinery in oil and gas sectors to be supported by a steel
backing. The present project therefore focuses on the application of casting technique
to fabricate aluminium (eg. pure aluminium, binary Al-Si and commercial high-tin

aluminium alloy and 6060 alloy) onto and around steel (referred as overcasting).

A schematic diagram of a bearing component is presented at Figure 1-1, showing
(A) the bearing and (B) the location where turbulence of fuel causes cavitation

erosion. A local reinforcing steel in area of the dashed area may prohibit cavitation



erosion and strengthen the bearing. Reinforcing locally with a different material
requires bonding between these two sides.

Figure 1-1-Schematic diagram of bearing of an aeroengine fuel pump. (A) demonstrates the bearing
and (B) demonstrates the position that is vulnerable to corrosion erosion [3].

The first question is in the selection of material. The selected reinforcing plate steel
should bond properly to the aluminium-tin bearing alloy and be compatible in terms of
thermal expansion coefficient. The second question concerns with the possibility of
making a metallurgical bond between the bearing alloy and the steel reinforcing. The
functionality of the bearing depends on its integrity, so it is impossible to use a loose
reinforcing plate (steel) in the bearing and it is necessary to make a metallurgical bond
between the Aluminium-Tin bearing and the steel reinforcing [1]. So far, many studies
have been focussed on the development of aluminium-tin based bearing alloys [1, 4]
and techniques to bond aluminium to steel, aluminium to aluminium or other materials
such as iron [5, 6], steel, stainless steel [7], low carbon steel [8, 9] and other materials
using brazing and resistance welding. Despite all these, no research found about

aluminium-tin alloys bonding to other metals.

Overcasting can offer a novel joining technique but the bonding parameters have not
been optimised for the fabrication of aluminium and steel bimetallic components.
Casting is the root of the production of most of the metallic materials, by bonding during

casting instead of a separate bonding process, it is possible to remove bonding step

2



by mixing it with the casting process. The advantage of this method is not only the low
price of production but also the fast speed production by removing one step of the

production line.

Aims and Objectives

The main aim of this research project is to develop a low-cost processing method to
bond aluminium-tin casting alloy to steel insert with sufficient strength and
metallurgical integrity. This is achieved by studying the microstructural development
of overcast samples and their bond strength, as a function of processing conditions
(eg. cooling rate, melt holding time), melt composition (eg. pure aluminium, Al-Si
binary alloy, commercial high-tin aluminium based bearing alloy and Al6060) and
coatings (eg. Zn, Ni, NizZn) of steel insert. The microstructure and property of the
overcast samples are studied using a combination of optical microscopy (OM),
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
energy dispersive spectroscopy (EDS), X-Ray diffractometry (XRD) and tensile test to
establish the optimum overcasting conditions to control the formation of interaction

layer with a good metallurgical bond between aluminium casting and steel insert,

1.2 Layout of thesis

The research project is concerned with the study of the bonding of aluminium alloys
onto mild steel prepared by overcasting method. The current thesis is divided into six
chapters.

Chapter 1 is an introduction to the thesis.

Chapter 2 presents the background and the current state of the research in the field.
It includes the fabrication, microstructure and properties of dissimilar joints of
aluminium and steel including the characteristics of aluminium casting alloys and steel
insert. Overcasting process is described in details as it is the main method employed

in the current research to fabricate dissimilar joint between aluminium and steel.



In chapter 3, the characteristics of the raw materials, the production process of
aluminium and steel dissimilar joints and the techniques of characterisation are

introduced.

In chapter 4, the effects of different cooling rates (eg. from 0.63 K/s to 5 K/s), coatings
on steel insert (eg. Zn-, Ni-, Ni/Zn) and holding times on formation kinetics of the
intermetallic phase within the interaction layer and strength of the bond between
aluminium casting and steel insert were introduced. The overcast samples were
examined using a combination of OM, SEM and TEM. Bond strengths were measured
and fracture surfaces were examined. Finally, imperfections in the bond were

presented.

In chapter 5, the effect of casting alloy composition (eg. Al- (1-12.2 wt%) Si, Al-
20wt%Sn-7wt%Si and Al6060 on the interaction between the molten alloy with zinc or

nickel coated steel inserts and its resultant bond strength is described.

In chapter 6 the experimental results are discussed in terms of the role of processing
conditions and alloy composition on: (1) the kinetics of formation of the intermetallic
phase within the interaction layer between aluminium cast and steel insert; (2) the

bond strength; and (3) imperfections in the joint.

In chapter 7, the findings of the project are summarised and the suggestions for future

work are presented.



Chapter 2 Literature review

2.1 Introduction

This chapter contains a detailed review of the past and current literature on research
topics related to this PhD study presented in this thesis. The physical properties of
materials such as aluminium and steel used in this research are first summarised, and
this is followed by a review of the principles of bonding processes and specific joining
techniques that are currently using in industries for dissimilar bonding of aluminium to
steel. These joining techniques based on the base metal physical state can be divided
into solid-solid processes such as diffusion bonding, solid-liquid processes such as
overcasting or semi liquid- semi liquid processes such as bonding by semi continuous
casting. Both advantages and limitations of these processes will be discussed and
compared with a particular emphasis on overcasting as a bonding process that was
used in this research. A review on the microstructural development in the interface
between aluminium and steel in these dissimilar joints prepared by conventional
bonding methods and contribution of microstructural development to mechanical bond
strength was described. The role of different interlayers in bonding aluminium to steel
was studied and effects of the presence of different solute elements in aluminium
alloys on the dissimilar joint and evolution of interaction layer were discussed
regarding phases found in Al-Fe binary system. The thermodynamic consideration of
the phases present in the interaction layer between Al and steel using phase diagram
will be presented. This includes the effects of solute elements of aluminium alloy and
coating of steel (interlayer) on the growth kinetics of the interaction layer and the
formation of different intermetallic phases. Finally, defects and failure of

aluminium/steel joints are reviewed.

2.2 Importance of bonding aluminium to steel

The need for lighter and higher performance products has many industrial sectors
such as automotive and aerospace to continuously seek innovative approaches using
knowledge from various discipline fields including engineering design, material
science, and manufacturing in a combined way to reduce the mass of a whole product

structure.



Industrial studies and scientific research revealed that generally innovative hybrid
products can only be used if the properties of materials are adapted to the
requirements and the function of each component [10]. The increasing demand for
joints of dissimilar materials has led to development of new joining techniques or

improvement of exciting joining processes [10].

Aluminium is famous as lightweight metal and is used in light weight structures by
transportation industries to increase energy efficiency and reduced emission of
greenhouse gases [11]. However, the monolithic material cannot always meet the
complex requirements of lightweight applications in different industries, for example in
some cases tensile strength of the component should be higher or wear properties
should be higher than the wear properties of aluminium. So, hybrid design and
manufacturing such as aluminium/steel can meet the requirements to enhance the
properties of final products [12]. However, joining these materials is always a
challenge for engineers. There are a certain number of joining processes of successful
bonding of aluminium to other materials such as steel, stainless steel, titanium and

etc.

2.3 Bonding processes

Based on the needs and applications, there are different types of classification of
bonding processes. One type of the classification is based on the base metal state. In
majority of bonding processes, both the base metals are in solid state in the outset of
the joining operation. This includes Tungsten Inert Gas welding, laser beam welding
and electron beam welding processes. In some specific bonding processes, such as
Semi Continuous Casting, the two sides of the bond are in liquid state [13]. However,
in overcasting, one base metal is in the solid-state while the other base metal is in the
liquid state [13]. Figure 2-1 shows the classification of the bonding processes based on

the base metal state.



Solid-Solid

e.g. Tungsten Inert Gas

Bonding processes Solid-Liquid
based on the base metal state e.g. overcasting

.

Semi liquid-Semi liquid

e.g. semi continues casting

Figure 2-1-Classification of bonding processes based on the base metal state.

In most of the commercial bonding processes both base metals are in solid state. Here

two examples of electron beam welding and weld-brazing are presented.

Electron Beam welding is using electron beam in a vacuumed chamber for welding a
broad range of materials including dissimilar materials. High energy density and
accurately controllable beam size and location are the main advantages of the process
[14]. For example, Dinda used Electron Beam Welding to weld DP600-steel to Al 5754-
alloy by different beam oscillations and found 1 mm diameter of beam oscillations
being optimum. Non-optimum oscillations deteriorated quality of the joint by higher

porosities and increased size of intermetallic phases [15].

Brazing is using a filler material to join different materials while the filler metal has a
lower melting point than the base metals. In brazing, the base metals should be hot
enough, so that filler metal melts, flows and wets the surface of the joint [16]. Filliard
studied the effects of different process parameters on bonding AA6016-T4 aluminium
and DX56D+Z140M steel sheets by using weld-brazing, a mix of brazing and laser
welding. They noticed that power of the laser can change the cooling rate and thermal

cycle to change the properties of the joint [17].



Several methods have been reported as the bonding processes to join dissimilar
materials. Different bonding processes such as TIG [18], Laser Beading Welding [19],
Explosive Welding [20, 21], Electron Beam Welding [22], [23], Resistance Welding [24,
25], MIG [26] are used to join aluminium and steel. In some cases, the need for
specialised applications led to using hybrid welding processes [27-29] such as laser-
MIG [30]. Although there are successful applications of the above-mentioned bonding
processes, there are two main restrictions in using them: the high cost of
manufacturing and limitations in bonding more complicated geometries of joints.
Thanks to low manufacturing cost and the ability to bond complicated geometries,
overcasting [31], compound casting [32-34] bimetallic casting [35], insert casting [36]
or hybrid casting [37] as a key enabling technology can be a reliable process needed
for hybrid structures comprised of light metals such as aluminium and magnesium. A
schematic diagram of a setup that Liu et al. used for overcasting is illustrated in Figure
2-2. In this assembly, a thermocouple measures the melt temperature while argon gas
flow covers the atmosphere of the chamber. In overcasting, known also as hybrid
casting and compound-casting, a region of fusion reaction can be formed between two
dissimilar metals and a continuous metallic transition region bonds one base metal to
another [38].

Figure 2-2- The schematic diagram of a setup for overcasting. (1) Liquid aluminium (2) steel (3)

furnace (4) thermocouple (5) argon gas inlet (6) water tank (7) table (8) unite to move the crucible [6].



Bonding of aluminium alloys in industry is performing by different processes such as
welding, soldering and brazing. Study of all of these bonding processes may help to
achieve a better understanding of the problems involved in overcasting of aluminium.
Among all of the bonding processes, it seems that brazing and welding have more
similarities with overcasting than the other bonding processes. So, study the brazing
and welding are more suitable to overcasting than the other bonding processes.

Generally, not all aluminium alloys can be brazed. For example, certain casting alloys
containing high amounts of alloying ingredients and high-strength wrought aluminium
alloys are not possible to braze. These alloying ingredients often prevent adequate
wetting by filler metal due to their unique oxide film combination. These alloys also

melt in temperatures below those of commercially available filler metals. [39]
In the selection of brazing filler metals, the following factors should be considered:

- Metallurgical compatibility with the base metals being joined

- Heating method and heating rate

- Service requirements of the brazed assemblies

- Brazing temperature required, e.g. heat treating the part during the brazing cycle
- Joint design considerations such as fit up, size of brazed components, length of
joint

- Form of the filler metal

- Aesthetic requirements

- Safety considerations

Same factors should be considered when bonding using the compound casting

process [39].

2.4 Controlling parameters for overcasting

No research studied or introduced effects of different controlling parameters of
overcasting process. This literature review tries to understand influential parameters
that possibly effect on bond properties in overcasting by referring to controlling
parameters of overcasting process, controlling parameters of similar bonding
processes such as brazing and welding used and introduced to apply on overcasting

process.



There are generally three main parameters that can be applied to liquid metal, base
metal and atmosphere that are possible to control the overcasting process. Figure 2-3
shows a chart that is demonstrating the overcasting parameters. Like any fusion
bonding process [40], bonding temperature is the main factor controlling the bond
properties. Low-temperature input stops the bond formation and high temperature can
end up with an excessive amount of heat input or intermetallic phase that is brittle and
finally will drop the bond strength. The heat input in the overcasting process is
controlled by the casting temperature, heat transfer in the liquid metal and the primary
temperature of the solid metal. The fluid dynamic of the molten metal may affect the
formation of the bond. Also, the composition of liquid metal can affect bond properties.
Researchers have shown the effects of silicon and copper on the interaction between

solid steel and liquid aluminium [40-43].

In overcasting process, the solid metal may control the bond properties in different
means. The composition of the solid metal can affect the formation of the bond
between two materials[45]. For example, based on the research by Hwang et al.
increasing the carbon concentration and the cementite phase in solid steel led to a
smoother interface and decrease the thickness of the intermetallic layer formed
between aluminium and steel [46]. Also, the topography of the solid/liquid interface
can affect the formation of the interaction layer. Lan et al. noticed that increasing
surface roughness of solid cast iron can enhance the bond strength to liquid aluminium
[47]. The surface coat of solid metal is another factor that affects the formation of the
intermetallic layer and the bond properties [48]. The effect of zinc-coating in ultrasonic
spot welding of aluminium to steel studied by Haddadi et al. [49] and Jia et al. [ref]
studied the effect of zinc coat on the laser welding of aluminium to zinc coated steel
[50]. Similar to other bonding processes such as brazing [50, 12], the flux may also
enhance the bond properties in the overcasting process. Pan et al. reported a
successful application of ultrasonic waves to improve the bond between solid steel
and liquid aluminium. By using ultrasound they could break the oxide layers on top of
liquid aluminium and improve the wettability of the solid steel by molten aluminium
[36]. Ultrasonic is another method that can be used to improve the bond between solid

metal and overcast liquid metal.
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The atmosphere can affect the bond properties in two different ways: change in
pressure and using air, inert gas or vacuum. Using pressure to improve the bond
properties has a long history. Bhegat used high pressure in squeeze casting to
enhance the bond between stainless steel wire and liquid aluminium. He could
improve the tensile strength and elongation by using squeeze casting [33]. Also, Liu
studied aluminium-aluminium bimetal fabrication by using squeeze casting [52].
Change in the atmosphere by using inert gas and vacuum can also affect the bond
properties. Hattori studied brazeability of aluminium in the vacuum-nitrogen

atmosphere [53].
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Figure 2-3- The chart of overcasting process parameters.
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2.5 Overcasting of aluminium on top of steel

Because of the low manufacturing cost and high efficiency, overcasting has been used
to bond different materials, such as aluminium and steel [53, 54], stainless steel and
structural alloy steel [56], aluminium and cast iron [47], aluminium and copper [56, 57],
magnesium and aluminium [59], cast iron and steel [60]. However, the application of
using overcasting as a bonding method of aluminium to steel is very limited because
of the presence of oxide films on the surface of molten aluminium and absorbed
contaminants on the solid metal surface that leads to non-wetting of the solid metal
with molten aluminium [61]. First known recorded attempts to bond aluminium to steel
by overcasting date back to 1938 when researchers tried to patent bonding ferrous
metals to non-ferrous just by casting on top of each other [62]. Then, Choe et al. [61]
improved the bond strength between solid steel and overcast aluminium by using a
zinc coat on top of steel. Also, Dezellus [49] used a push-out test to measure the bond
strength of the steel/aluminium overcast parts and Bouayad et al. [50] studied the
growth kinetics of the interaction layer between solid iron and molten aluminium. Viala

et al. [63] used overcasting to bond aluminium into iron.

2.6 Effective materials characteristics on Al/Fe bimetallic joints

While using mild steels in compound casting process is restricted by their properties,
some of them are used to improve wearing properties [64]. Different properties of
elements including thermal expansion coefficient at 25 °C reported in Table 2-1. The
thermal expansion coefficient of stainless steel is 28% lower than that of aluminium;
16.0 vs 22.2 (10°* m/ (m K) at 25°C (Table 2-1). That means by cooling down from
500°C to 25°C there is a 3 -millimetre difference in each metre length, such that this

property should be considered in the compound casting production process [65].
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Table 2-1-Properties of different materials

Aluminium Steel Zinc
Melting point, °C 660.32 1370-1400 419.53
Boiling point, °C 2470 - 907
Density, g/cm3 Lig2.37 RT2.70 8.0 Lig6.57 RT7.14
Crystal structure FCC BCC HCP
Thermal 22.2 16.0 30.2
expansion,
(10-6 m/ (m K) 25 °C
Atomic radius, pm 143 - 134
Heat of vaporization, - - 115
kJ/mol

2.7 Intermetallic phases in the binary Al-Fe system

The interaction between the molten Al and iron is governed by the thermodynamic
condition defined by the equilibrium phase diagram. Figure 2-4 shows a binary Fe-Al
equilibrium phase diagram [66]. The system is characterised by an iron-based solid
solution near the Fe rich region of the phase diagram and six non-stoichiometric
intermetallic compounds of FesAl, FeAl, FeAl;, Fe2Als, Fe2Alz and FeAls with
increasing Al content. Detailed characteristics of the phases are described in Table
2-2. There have been several microstructural studies of the interface layer between
aluminium and iron formed as a result of molten aluminium comes in contact with solid
iron [47, 64, 65].

Researchers reported different morphologies of interaction between aluminium and
steel of different processes such as welding and annealing, although in most of cases
only AlsFez and AlisFes intermetallic phases formed in the bond between two metals
[96— 98]. The research by Pochec et al. showed AlisFes, AlsFez, FeAlz, and FeAl
phases form by order during isothermal sintering of Fe and Al. Pochec also noticed
that the sequence of formation of the phases is consistent with the Al-Fe phase

diagram [71].
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In the old literature, FeAls was using until Black [72] in 1955 found that the true
composition formula is AlisFea. Although only when Grin et al. [73] published a paper
about structure refinement in 1994, the AlisFes formula generally accepted in the

literature. This research is using AlisFes to refer to the intermetallic phase.

The initial studies of the interface layer had reported the formation of more than one
intermetallic phase [48], while later researchers could only confirm the formation of
FeAls in the interface layer [63]. Such early findings were later explained more by other
researchers who identified the major intermetallic phase as Fe2Als [67]. Although
subsequent investigation principally supported the new findings, the formation of other
minor phases was also reported. The last reports identified the interfacial reaction

products as Fe2Als and FeAls as the minor phase [74].
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Figure 2-4- Al-Fe binary phase diagram [63].
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Table 2-1-The atomic percent of the iron and aluminium in different Fe-Al IMC phases [14]

Al (at %) Fe (at %)
FesAl 12-28 66-80
FeAl Around 43 Around 53
FeAl Around 51 Around 47
Fe2Als 51-74 26-37
FeAls Around 79 Around 19.5

The development of a suitable interfacial bond between the solid steel and liquid
aluminium is a primary requirement for optimum performance of an aluminium/steel
bimetal joint. The nature and the properties of the interface (thickness, continuity,
chemistry, strength and adhesion) are determined by factors both intrinsic to the steel
and aluminium (chemistry, crystallography, defect content), as well as extrinsic to them
(e.g. test conditions such as time, temperature, pressure, atmosphere and other
process variables). A moderate chemical interaction between solid steel and liquid
aluminium improves wetting, assists liquid state fabrication of the joint and enhances
the strength of the interface [75]. Table 2-2 shows some of the physical and

mechanical properties of Al-Fe intermetallic phases.
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Table 2-2- Crystal structure and properties of Fe-Al intermetallics (IMCs) [11,12, 13]

i -1
Stability range Density Vickers CTEK
Crystal structure (at.%) Hardness
' (Mg mm1) (10 m/(m K))
. 16.0
Eghgflg'r']‘; BCC 0-45 7.8
(25°C)
y-Fe FCC 0-1.3 7.8
16.07
FeAl BCC (order) 23-55 5.58 470-667
(250 to 750 °C)
FesAl Do3 23-34 6.72 330-368
Fe2Als Cubic (complex) 58-65 -
14.17
FeAlz Triclinic 66-66.9 - 1058-1070
(200 to 800 °C)
FezAls Orthorhombic 70-73 4.11 1000-1158
15.2
AlisFes Monoclinic 74.5-76.5 3.9 772-1017
(27 to 627 °C)
: 22.2
Q}IIS%S FCC 99.998-100 2.69
(25°c)

It is quite beneficial to have a thorough knowledge and understanding of the reaction
products and kinetics to devise, design and control processing conditions to achieve
bimetallic products with the required characteristics [75].

Development of an optimum bond between solid steel and liquid aluminium involves
some degree of physical and/or chemical interaction between these two constituents.
However, in aluminium/steel bimetal joints in elevated temperatures usually chemical
interactions (like adsorption, solute segregation, interdiffusion, dissolution precipitation
and compound formation) between the two materials dominate effect on the evolution
of interface and chemical interactions are not so effective. The atomic percentage of
composition of every Al-Fe intermetallic phase is demonstrated in Table 2-1.
Partitioning of solutes between the different phases and thermodynamic shift in phase

equilibria in the interface as a result of chemical interactions could result in the
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formation of non-equilibrium phases during the evolution of the interface to a more
stable configuration [75]. From a purely thermodynamic stand point, interfaces in
composites are inherently unstable; as a result, morphological and structural
transformations continue well beyond primary fabrication. A judicious control of
processing conditions, aluminium and steel composition is usually required to achieve
improvement in the strength of the bimetallic interface without excessive degradation
of the strengths of the primary materials [75]. Besides chemical interactions between
the liquid aluminium and solid steel, the thermoelastic compatibility between two
materials also must be considered. A large mismatch of thermal expansion coefficient
between the dissimilar materials of a joint can give rise to large thermoelastic clamping
stresses during cooling from the fabrication temperature [75]. However, that do apply
only on more complicated surfaces such as fibre and matrix that mechanical bond can
form a joint. These stresses could give rise to interfacial cracking if the joint cannot
accommodate stresses by plastic flow. Intriguing new concepts which employ interface
modification through deposition of stress absorbing compliant layers are being
explored in bimetallic joints for high temperature applications. The primary objective
of these compliant layers is to reduce the thermal expansion coefficient mismatch that
induces stresses [75].

Researchers used different bonding processes to join aluminium to steel. Song et al.
[12] studied the intermetallic layer formed in the dissimilar aluminium alloy/stainless
steel joint that was bonded by tungsten inert gas welding-brazing. An intermetallic
layer with uniform thickness of less than 10 ym detected alongside the bond. AlsFe2Si
intermetallic phase was detected in the interface with Al-12Si filler metal in welded
seam side and (Al,Si)i3Fes layer in the steel side with hardness values of 1025 and
835 HV respectively. However, the interface with filler metal of Al-6Cu had a layer of
Al13(Fe,Cu)s with the hardness of 645 HV. The average of tensile strength for Al-12Si
filler metal was measured 100-120 MPa while the fracture was propagated alongside
the (Al,Si)13Fes intermetallic phase. The average of measured strength of the joint with
Al-6Cu filler metal was 155-175 MPa that was more than half of the aluminium base
metal strength [12]. SEM micrograph of the interaction layer of Al-12 wt% Si and milled
steel produced by tungsten Inert Gas welding presented in Figure 2-5. TEM
characterisations show formation of AlsFe2Si at interaction layer | and (Al,Si)1sFes at
layer 11 [12].
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Line scanning

Al-12 wt% Si

Intermetallic layer

Figure 2-5-SEM micrograph of the interaction layer between Al-12 wt% Si and steel welded by
Tungsten Inert Gas welding process [11].

Dong et al. [76] used tungsten inert gas welding to join galvanised steel to aluminium
alloys by different filler wires of Al-5Si, Al-12Si, Al-6Cu, Al-10Si-4Cu, and Zn-15Al to
introduce different amounts of Si, Cu and Zn to the filler wires. The studies showed
that increasing Si of the filler metal increased the tensile strength of the joint and
decreased the thickness of the interaction layer between steel and aluminium alloy.
For Al-12Si filler, the thickness of the interaction layer was measured as 2 ym and the
tensile strength was measured to be 136 MPa[reference]. The experiments proved
that Al-Si-Cu filler wire could make a thinner interlayer than Al-Cu filler wire. The
fracture was propagated in weld metal of the Al-Si-Cu filler wire however it propagated
at intermetallic compound layer of the joint with Al-Cu filler wire. However, Zn-Al filler
wire gave a thicker interfacial layer of intermetallic compound in weld that leaded to a

weak joint [76].

2.8 Al-20wt%Sn-7wt%Si and Al6060 aluminium alloys
High tin aluminium alloys are famous for their good tribological and mechanical

properties as a bearing that make the alloy suitable for bearing applications in cylinder
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liners and combustion engine pistons. High tin aluminium alloys are potential alloys to
replace lead-bronze bearings that not environmentally friendly. The tin content of the
alloy spread over a continuous aluminium rich matrix while the aluminium rich matrix
tolerates the structural integrity of the alloy, the segregated particles of tin act as solid
lubricants [69, 4].

In the wrought aluminium-magnesiume-silicon family of 6000 aluminium alloys, AI6060
is famous for its ability to be forged, extruded and rolled. The ultimate tensile strength
of AlI6060 alloy is between 140 to 230 MPa. Al6060 is corrosion resistant and benefits
from good weldability plus good formability. This aluminium alloy is using in
architectural sections, truck and trailer flooring and furniture [78].

2.9 Interlayers in bimetallic joints

Differences in the properties between two surfaces of the solid metal and overcast
alloy may prohibit the bonding of dissimilar materials. In some bonding processes it is
possible to make bond only by surface preparation, while using an interlayer is a usual
method to overcome bonding difficulties. An interlayer is a layer between two surfaces
to help them make a better bond [68, 71]. An ideal interlayer should have the following

properties:

- Athermal expansion coefficient between the solid substrate and the cast metal.
- Wetting easily by the cast metal.

- Not decreasing the qualities of the final product of the process after alloying.

- The melting temperature of the interlayer should be lower than melting

temperature of the casting metal to be able to fully/semi melt by casting metal.

Difference between the CTEs of two sides of a bond is an important factor for those
bonds that their production process includes changing in temperature or their working
temperature varies in a wide range. So, considering CETs of different materials is
important. For example, the CTE of aluminium-tin bearing alloy at 25 °C (23 um/ (m-K))
is two times of steel (12 um/ (m-K)), so after casting Al-Sn around steel, a big gap
forms between two sides. Moreover, an interlayer can play an important role to
decrease that deteriorate effect; to reach this goal, the CTE of interlayer should be

between the CTE of two sides of bond [80]. The linear CTE of aluminium and steel are
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demonstrated in Table 2-2. Zinc as a most common interlayer for aluminium
alloys/steel joints is widely used in different bonding processes such as resistance
welding [81] and laser beam brazing [82]. In addition to zinc, gallium [83] and nickel
interlayers (coatings) [84] are also utilised in different joining processes, which are

discussed below:

Researchers have used zinc interlayer to bond steel and aluminium by different
methods such as Laser Beam Welding (LBW) and Tungsten Inert Gas (TIG) [77, 78,
79]. The zinc coating can successfully inhibit the vulnerable surface of steel from
oxidation and the low melting temperature (420 °C) of zinc and high solubility of zinc
in aluminium in elevated temperatures can also prevent it from aggregating around the
interface [87]. So, the zinc coat dissolves in aluminium and acts as a scarifiable layer
in temperatures higher than 600 °C. These are seemingly crucial properties to make
zinc well suited as an interlayer in the aluminium overcasting process. However, few
studies have been reported so far on microstructure and properties of bimetallic joints
formed by overcasting of molten Al over Zn coated steel [87]. Figure 2-6 shows a Al-

Zn binary equilibrium phase diagram.

A study by Eustathopoulos et al. [88] showed that the formation of a continuous layer
in the joint caused by interfacial reaction, leading to the formation of intermetallic

compounds [88].
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Figure 2-6- Al-Zn phase diagram [89].
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Gallium forms a eutectic liquid phase with aluminium at 29 °C and has a high solubility
in aluminium [90]. Al alloys containing Ga are brittle, due to the rapid penetration by
Ga in the Al grain boundaries. It can also disrupt the oxide layer on the aluminium
surface [83]. Shirzadi et al. has developed a method in which a minimal quantity of
gallium, about 1 mg/cm?, was gently applied to the surfaces without disrupting the
oxide layer to braze two surfaces of aluminium [83]. The assembly was then
immediately and rapidly heated to around 500 °C to allow the gallium to diffuse and
homogenise into the aluminium after penetrating and disrupting the oxide. The heating
process lasts no longer than 1 or 2 minutes. During bonding, the sample was subjected
to a level of pressure close to the yield strength of the aluminium at the bonding
temperature (10MPa). This produced a strong joint in which the bond position was
hardly visible by optical microscope. Microstructure of the brazed joint demonstrated
in Figure 2-7 [83]. The line of the joint is hardly visible in the micrograph. Such an
application of gallium could inspire its use in other bonding processes such as

compound casting.

Figure 2-7- SEM micrograph of a brazed joint. The black arrows show the position of the brazed line.

White particles demonstrate AlsFe [83].

Nickel coating on steel used by Han to modify the intermetallic phases that form
between liquid aluminium and solid steel [91]. Han noticed that using Nickel coated

steel increased the strength and ductility of the bimetallic joint [91]. Also, Nickel coat
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bonds well to aluminium oxide and can improve weldability. Nickel coating on natural

aluminium oxide reduced surface strain [92].

2.10 Kinetics of formation of an interlayer

The formation of an intermetallic layer in the bimetallic joint resulted from the
interaction of liquid Al and solid steel; This can be considered as diffusion-controlled
reaction because the movement of iron atoms across the solid and liquid is much

higher than diffusion of iron atoms throughout intermetallic interfacial layer [93].

In formation of an interaction layer, the flux is proportional to the chemical potential
gradient when the diffusion is rate (dx/dt) limiting where x is thickness and t is time.
Since the chemical potentials on both sides of the interaction layer are assumed fixed,
k is considered independent of thickness. However, the gradients of the elements are
proportional to the thickness of interaction layer. As the diffusion constant is
independent of thickness of interaction layer, the density, composition or topology of
the interaction layer is assumed inert and rigid. So the parabolic regime, dx/dt is ke/x,
and x? is proportional to t [85, 86]. Therefore, the parabolic equation for oxide layer
inspires the implication of parabolic law for the formation of intermetallic interlayers in
Al/Fe bimetallic joints. The consistency of the experimental thickness measurements
with Equation (2-1) for solid Fe/liquid aluminium reactions has been reported in
previous studies [87, 88, 89].

x? =kt Equation (2-1)

In Equation (2-1), x is thickness of intermetallic layer, t is the time of diffusion, and k
rate constant, which can be related to temperature using Arrhenius equation (2-2):

k =kqyexp (— %) Equation (2-2)

In equation (2-2), Q activation energy in kJ mol?, Ko temperature-independent pre-
exponential (m?/s) and T temperature in Kelvin, R is gas constant. Therefore, the
formation of intermetallic interlayers in Al/Fe bimetallic joints can be described by

parabolic law.
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2.11 Imperfections in bimetallic joints

Imperfections and failure are key factors in bonding materials, however only few
relevant reports found imperfections and failure of bimetallic joints in overcasting
process. So, imperfections in similar processes of metal matrix composites and fibre
reinforced metal matrix composites studied to have a better understanding of
imperfections and failure mechanisms of overcasting process. Specifically, the thermal
cycle of components in metal matrix composites and overcast parts are very similar
and comparable. Also, as in overcasting process, one side of the bond is in solid state
while the other side of the bond in the beginning is in liquid state and solidifies
gradually, the most similar process is in solidification of metal matrix composites, so

imperfections of metal matrix composites studied.

In casting of metal matrix composite from liquid temperature, considerable thermal
stresses could develop in the steel substrate that is used for reinforcement. These
stresses arise from different thermal expansion characteristics of the matrix and
reinforcement materials. In particular, residual stresses develop in ceramic-metal
composites because the thermal expansion coefficient of the ceramic phase is lower
than that of the matrix metal; as a result; the ceramic phase is subjected to large
compressive thermal stresses during cooling. The larger the mismatch in the
coefficient of thermal expansion (CTE) between the fibre and the matrix, and the
greater the magnitude of difference in temperature, the larger is the magnitude of
residual stress that develops in the composite [75].

An important property that depends upon the thermal stresses generated during
composite fabrication, secondary processing and subsequent service is related to
composite’s resistance to thermal fatigue. Thermal cycling impairs the strength and
ductility of composites reinforced with continuous fibres, whiskers and particles. In
general, the thermal fatigue resistance depends upon the amplitude of the temperature
cycle, its frequency, and the CTEs of the reinforcement and matrix materials. The
strength degradation of thermal cycled composites is usually attributed to the
mismatch of thermal expansion coefficient as well as formation of brittle reaction
products in the interface. Thermal cycling reduces the strength of cast aluminium-
matrix composites as the number of cycles and the temperature amplitude are

increased. Generally, interfacial debonding is the primary mode of failure. The use of
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stress absorbing compliant layers with coefficient of thermal expansion (CTE) values
intermediate between the reinforcement and the matrix materials has been proposed
to reduce the incidence of interfacial debonding and failure during thermal cycling [75].
Figure 2-8 shows the fracture surface of a bond of aluminium to steel. The figure
demonstrates the fracture propagated through the Al7.4Fe2Si phase. The bond failed
in Alz.4Fe2Si phase that has a cleavage plane [98].

-
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Figure 2-8- Fracture surface of steel/aluminium bond [98].
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Chapter 3 Experimental methods

This chapter gives a detailed description of materials, processes and characterisation
used in this piece of work. They include overcasting of pure aluminium and its alloys
around solid steel substrate. Then followed by a range of microstructural and
mechanical characterisation methods such as OM, SEM, EDX, TEM, XRD and tensile
test.

3.1 Materials

The overcast alloys were prepared in the laboratory from commercially pure
aluminium, 99.9 wt. % pure Tin and Al-50Si master alloy. Composition, supplier and
purity of the materials used in the preparation of aluminium and its alloys are listed in
Table 3-1. Composition of the commercially pure aluminium measured by inductively
coupled plasma atomic emission spectroscopy, this alloy used to make the

overcasting alloys. Composition of aluminium alloys after casting also are reported.

Table 3-1- Compositions of the raw materials used in this study (wt.%)

Supplier Purity Al Sn Cu Zn Bi Fe Ni Sb As Cd Mg Si Mn Pb Ti Cr
Aluminium Coleshill 99.2% Rem 0.03 0.03 0.07 - 0.40 0.03 - - - 0.03  0.30 0.03 0.03
Aluminiu
m Ltd,
Al-50Si Norton 99.6% Rem 0.01 0.08 0.02 - 0.32 0.01 - - - 0.28 51.0 0.02 0.02  0.09 0.03
Aluminiu
m Ltd
Sn William 99.9% - Rem <0.01 0.02 0.015 <0.01 0.01 0.015 0.013 0.006

Rowland
Limited

All the alloys melted in clay graphite crucibles at 750 °C by using electrical resistance
furnaces. The melts were stirring before casting to ensure chemical homogeneity of
the chemical composition. To make sand moulds, dried sand mixed with sodium
silicate, moulded in designed dimensions and dried at room temperature for one week.

Figure 3-1 shows the sand mould used in this experiment.
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Figure 3-1- Sand mould and the aluminium-zinc coated steel overcast. Sand moulds with similar

dimensions were used for all of the experiments.

To check the composition of the aluminium alloy, compositions of the castings
analysed using Worldwide Analytical Systems, AG, Foundry Master, Optical Emission
Spectroscope (OES) after making the alloy. Dependent to the requirements of the

experiments, the quantity of the melt was varied from 1 kg to 4 kg.

Table 3-2 shows the composition of the steels of the uncoated steel, zinc coated and
nickel coated steel used in the experiments. All of the steel plates were cut from a big
sheet of steel. Size of the zinc coated and uncoated steels used in the overcasting
process was 0.44x10x10 mm?3 while the thickness of the zinc coat was 12 um.
Moreover, 1.2x10x10 mm? nickel coated steel was used with thickness of 7 um nickel
coat and supplied by Tata Steel. The company data sheet confirms that the nickel

plated steel was diffusion annealed and cold rolled after nickel plating.

Nickel-zinc coated steel by 1.2x10x10 mm? size and 80 um nickel-zinc coats were

used in this experiment.
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Table 3-2-The nominal chemical composition of different alloys (wt. %)

Element Al Fe Si C Cu Mn P Sn
Al-1Si Rem 0.103 1.3 - 0.011 0.006 0.005 0.000
Al-7Si Rem 0.122 7.23 - 0.004 0.005 0.002 0.000
A-12.2Si Rem 0.224 124 - 0.013 0.022 0.003 0.000
Al-20Sn-7Si Rem 0.161 7.44 - 0.031 0.032 0.002 20.312
Al 6060 Rem 0.222 0.451 - 0.051 0.054 0.002 0.292

Uncoated steel 0.038 Rem 0.05 0.072 0.01 0.26 0.01 -

steel of the zinc
coated steel

steel of the nickel

coated steel

steel of the

nickel-zinc 0 Rem 0.01 0.048 0.01 0.26 0.009 -
coated steel

0.038 Rem 0.05 0.072 0.01 0.26 0.01 -

0 Rem 0.01 0.048 0.01 0.26 0.009 -

3.2 Overcasting process

The sand mould made out of a mix of dried sand and sodium silicate and dried in
atmosphere for at least one week before of the overcasting tried. Figure 3-2 shows the
dimensions of the sand mould and the cast part. The moulds were preheated at 250
°C inside furnace for at least one hour before casting in order to eliminate the moisture
in the mould. Then the mould cooled to room temperature and the steel substrate was
inserted inside the mould. The steel substrates were at room temperature when fixed

in the moulds.

Melt prepared in a large graphite crucible and stirred manually to maintain
homogeneity. The melt temperature measured to make sure of the designed
temperature £1 °c. Then melt was poured into the mould and cooled down to room

temperature or held in the time and temperature that was designed in advance.

The casting process performed at room temperature. Then the moulds moved to
furnace based on the design of experiment. Holding time demonstrates the time from

when the mould moved into the furnace to the time when mould moved out of furnace.
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Table 3-3 shows the variables used in the experiments. These variables used to make
samples with different processing conditions. In most of the cases, for each processing

condition in least 4 samples made to ensure the repeatability of the results.

A steel mould with similar design of the sand mould but different dimensions used.
The overall size of 30x20x90 mm?3 and a cavity size of 10x10x40 mm? used for casting

in steel mould.

YCT model YC-727UD thermometer and K type thermocouple used to measure

temperature with an accuracy of £0.01 °C.

Sand mould

Solid steel
Cast aluminium

20 mm

Figure 3-2- Schematic illustration of the sand mould and the cast.
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Table 3-3- Variables of the materials processing conditions

Overcasting Overcast Al Melt Holding time/
temperature, °c Type of substrate composition minutes
Aluminium
Uncoated steel Al1Si 0
Gallium/zinc coated steel Al7Si 1
Zinc coated steel Al12.2Si 5
750 Nickel coated steel Al20Sn 10
Nickel/zinc coated steel Al20Sn7Si 30
Al6061

3.2.1 Chemical composition of the cast

To verify the composition of the cast is near the designed chemical composition, the
chemical composition of all of the alloys was checked by using “Worldwide Analysis
System (WAS) AG, Foundry master”. Samples were polished with 120 grit SiC paper
to produce flat surfaces for analysis. The machine was calibrated with standard piece
of CITZAF correction package prior to analysis. On every single sample at least 5 tests

were performed and an average result was recorded as the final composition.

3.3 Materials characterisation

3.3.1 Sample preparation for metallography

Avoid separation of steel and overcast aluminium during sectioning of the bimetallic
specimens, the cast part was mounted in Bekelite prior to metallography. X-y plane of
as cast part was mounted to keep consistency at all samples. Then the mounted
samples were grounded by using abrasive SiC papers with the grits of 120, 800, 1200,
2400 and 4000. The samples did not etch. To make sure there is no artificact on the
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surface of every sample, they cleaned in water in ultrasonic vibrator for 10 minutes

after cleaning by washing liquid and water.

3.3.2 Optical microscopy

The microstructures were observed by using a Zeiss Optical Microscope equipped
with a computer and a digital camera, AxioCam ICc3. “Axioshop 2 MATO” software
was used to acquire images from the camera and perform image analysis. The quality
of the microscopic images was sufficient to measure the topographic parameters such

as crack.

3.3.3 Electron microscopy

Scanning Electron Microscopy (SEM) was used with a field emission gun Zeiss Supra
35 machine, equipped with an Energy Dispersive X-ray spectroscopy (EDX) Octane
Super SDD EDX and back-scattered electron detection (BSE) facility. The machine
operated in an accelerating voltage between 5 to 20 kV. Secondary and back-scatter
electron imaging modes used to analyse the as-solidified microstructures. Carbon tape
was used to connect the mounted samples to the SEM specimen holder. Figure 3-3

illustrates a schematic of the principle of SEM.
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Figure 3-3- Schematic of the principles of scanning electron microscope [99]

3.3.4 Sample pre preparation

FIB (Focused lon Beam) used to cut out the TEM specimens from the regions of
interest of the bi-metal overcast samples. A Carl Zeiss Crossbeam 340 DualBeam
FIB/SEM was set in SEM mode with 5kV used lon beam operation to cut the trench
30kV at 3nA and then 30kV, 1.5nA, 30kV pA, 30kV, 300pA. Samples were then lifted
out and attached to a TEM grid. Both of the TEM samples of about 20x8x0.1 um?3 were
then thinned using 30kV 100pA and 50pA. Then cleaned using 5kV 20pA. Such a TEM
specimen preparation ensures to keep the brittle intermetallic phases present in the
aluminium/steel interface intact. Figure 3-4 shows the microstructure and the
schematic of the samples prepared by FIB to characterise using TEM. Figure 3-4

illustrates the TEM sample preparation by using FIB.

The prepared samples used for both optical Microscopy and SEM characterisation.
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3.3.5TEM

The TEM operated at 200kV to identify the intermetallic phases formed in the bond,
Jeol 2100 F analytical TEM (Transmission Electron Microscopy) equipped with EDAX
EDXS in dark field mode was used. TEM analysis used to understand the change in
the selected area of the intermetallic compounds formed. The crystallographic features
of the intermetallic phases were investigated to understand the mechanism of
formation of the phases between solid steel and liquid aluminium during overcasting

process.

Micrograph of the interaction layer of pure aluminium and zinc coated steel that held
at 750 °C for 0 minutes is demonstrated at Figure 3-4 (a). Figure 3-4 (b) demonstrates
the schematic of the microstructure and the position of 2 samples extracted from the
cast part. The average thickness of the interaction layer formed between aluminium
and steel is about 80 micron and too big to characterise in TEM at once. Therefore,
the TEM sample was focused in the regions of steel/IMC and aluminium/IMC. Figure
3-4 (c) shows the sample ready to be extracted from the border of steel and
intermetallic compound layer and Figure 3-4 (d) shows the sample ready to extract

from the border between aluminium and intermetallic layer.
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Figure 3-4 — lllustration of the TEM sample preparation using Focused lon Beam (FIB) (a) SEM
Micrograph of as-cast microstructure of interface between pure aluminium and zinc coated steel. After
overcasting, the sample held at 750 °c for 10 minutes. (b) Schematic of TEM sample preparation
using a FIB (c) TEM lamellae of the region between IMC and steel, prepared for puck-up and final
thinning (d) TEM lamellae of the region between IMC and aluminium, prepared for puck-up and final
thinning.

3.3.6 XRD

Different phases identification were performed by using X-ray diffractometry (XRD)
Bruker D8 Advanced X-ray diffractometer with Cu-Ka sourced that the energy is 8.04
keV, which corresponds to an x-ray wavelength of 1.5406 A. The wave was filtered
through nickel absorber at a voltage of 40 kV, a current of 40 mA. The following
parameters were used to perform the characterisation: 20 range from 10-100°, step
size: 0.009172 °, step time: 61.59998s. By compare of the extracted peaks from the
spectra to the standard pdf files by using Crystallographica Search-Match V2,1,1,0
software, different phases characterised.
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3.3.7 Tensile test

To measure the bond strength of the bimetals, they were cast into blocks of a certain
size. Figure 3-5 shows the dimensions and the schematic of a sample while the red
arrows demonstrate the direction of forces to determine bond strength. The bond
strength of at least 3 bimetallic overcast samples were measured on every processing
condition of the as cast samples without cutting them. The load-displacement curves
were determined using a Universal Materials testing machine (Instron® 5569)
operated at a cross head speed 3.4 mm/min. The Instron® 5569 machine was
connected to a computer for automation and calculation of the average value of

maximum load to break bimetallic bond was determined from 3 to 5 tensile tests.

20 mm
Steel feature «<—

Overcast aluminium «————

Force

Figure 3-5- Schematic of the tensile test samples.

It should be noticed that for the samples that fall part apart after overcasting, the
bond strength was reported zero.
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Chapter 4 Effects of coating on overcasting pure

aluminium on steel

4.1 Introduction

There are different parameters that control the bonding of dissimilar joint of aluminium
around steel. An important factor is surface condition of the solid steel or the coating
of the steel. The current research performed a comprehensive study of the effects of
interaction between liquid aluminium and steel in different surface conditions,
uncoated, zinc coated, nickel coated and zinc/nickel coated. This chapter presents
results and discussion on the effect of substrate, surface condition and holding time of
melt prior to solidification of overcasting pure aluminium over mild steel substrate with
and without coating to understand the evolution of microstructure on the interface of

aluminium and steel of bimetallic joint.

It is critical to choose appropriate and suitable materials process parameters in
overcasting to make sound dissimilar joint of aluminium/steel. It is also critical to
investigate the effects of different materials and process parameters on formation of
intermetallic compound on the joint interface. The interface reaction behaviour in
different coatings will be compared and discussed; also, the effects of holding time on

formation of intermetallic compound in the joint will be studied.

The experiments presented in this chapter show the microstructure of the reaction
layer formed between aluminium and steels with different surface modifications. It is
studying how surface conditions govern the reaction between liquid aluminium and
solid steel. Interaction couples in different surface conditions studied: interaction
between liquid aluminium and the coating conditions of gallium-zinc coated steel
uncoated steel, zinc coated steel, nickel coated steel and zinc-nickel coated steel.
Moreover, the kinetics of the formation of interaction layer between aluminium and
steel in the aforesaid surface conditions were studied. To study the kinetics, the
overcast samples were held at 750 °C in furnace for O, 1, 5 and 10 minutes. The
objective of this chapter is to understand the fundamental aspect and kinetics of

interaction between liquid aluminium and solid steel in different surface conditions.

Pieces of uncoated steel, zinc coated steel and nickel coated steel with equal sizes

that described earlier in chapter 3 were used in overcasting processes.
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4.2 Aluminium /uncoated steel

Four samples of Al/luncoated steel were made by similar process and materials: one
sample was cooled down in atmosphere and at room temperature right after
overcasting, the second held in furnace at 750 °C for 1 minute, the third held in furnace

at 750 °C for 5 minutes and the fourth held in furnace at 750 °C for 10 minutes.

Figure 4-1 shows the microstructure of the cross section of the joint between uncoated
steel and pure aluminium after holding for 10 minutes at 750 °C. Formation of the
interaction layer in uncoated steel with aluminium is not uniform; similar results were
found by Rezaei et al. that noticed that the interaction between aluminium and

uncoated steel is not uniform [100].

Aluminium

Figure 4-1- SEM microstructure of the interaction between uncoated steel and overcast pure

aluminium after holding at 750 °C for 10 minutes.

Aluminium and steel reacted in specific points of the joint and then the reaction region
grows alongside the bond towards the steel. Most of the reaction layer is AlsFez with

a finger like morphology while a narrower layer of AlisFes formed between AlsFe2 and
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aluminium. Moreover, a thin layer of AlisFes intermetallic phase formed between
aluminium and the AlsFe2 intermetallic phase. AlsFez intermetallic phase build the
largest fraction of the interaction layers that form in the interdiffusion between

aluminium and steel and following parabolic growth law.

Before overcasting, surface of the mild steel was polished and every oxide or dirt was
removed, however vulnerable surface of uncoated steel was oxidised before being
touched by liquid aluminium in 750 °C. That layer of oxide could prevent the steel to
be touched by liquid aluminium uniformly alongside the bond and the steel did not
interacted with aluminium after overcasting. After one minute of keeping at 750 °C,
interaction between aluminium and steel initiates in random areas where there is a
lack of oxide layer on steel and liquid aluminium touches solid steel and intermetallic
forms. The intermetallic had been growing by time at high temperature of 750 °C until
IMCs touch each other alongside of the interaction layer however still oxide layers may
stop the IMCs to touch each other after growth. Figure 4-2 (a) shows the interaction
layer between aluminium and uncoated steel after holding at 750 °C for 10 minutes.
The steel is lighter and aluminium is darker while the grey layers of IMCs formed in
between. Figure 4-2(b) demonstrates high magnification of the white dashed
rectangular at figure (a). The figure focused on the bond between two particles of IMC.
EDS map of 3 different elements of iron, aluminium and oxygen are shown in the
figure. The lighter area in Figure 4-2(b) is IMC and the darker area is iron oxide. The
iron oxide separates two pieces of IMC from each other.
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R Aluminium:

Figure 4-2- (a) Microstructure of the interaction layer between uncoated steel and pure aluminium
after holding at 750 °C for 10 minutes. (b) Higher magnification of the white rectangular of figure a.

EDX map analysis of oxygen, aluminium and iron of figure b.

4.3 Aluminium / Zinc coated steel

Figure 4-3a shows the micrograph of the cross section of the zinc coated steel. The
zinc coat distributed uniformly and the thickness of the zinc coat is 12+1 um. Figure
4-3b and ¢ show the EDX map of the microstructure of the cross section, (b)

demonstrates iron and (c) demonstrates zinc of the surface.
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Figure 4-3- (a) SEM micrograph of the cross section of the surface of a zinc coated steel. The zinc
coat is uniform with a thickness of 11-12 micrometre on top of steel (b) the iron at the micrograph (c)

the zinc of the micrograph.

To study and compare the cooling rate of the steel mould and sand mould, the cooling
rate was measured. Figure 4-4 shows the cooling curve of the sand mould in blue line
and the steel mould in red line. As soon as overcasting was initiated, the temperature
reached 750 °C and then gradually dropped by an average rate of 0.63 K/s (750/ 500
°C) in the sand mould. However, the steel mould, after casting at 750 °C dropped by
an average rate of 5 K/s (750/500 °C).
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Figure 4-4-Results of the thermal measurement of the overcast aluminium around zinc coated steel
from 750 °C in room atmosphere. The red line demonstrates the cooling curve of the aluminium cast

in steel mould and the blue line demonstrates the aluminium cast in sand mould.

4.3.1 Microstructure and morphology

Figure 4-5 a and b demonstrate the interaction between liquid aluminium and zinc
coated steel. Figure 4-5 a shows the microstructure of the cross section of interaction
between liquid aluminium and zinc coated steel and cooling down at high rate of 5 K/s
(750/500 °C) in steel mould. The correspondent EDX line scan shows 10% zinc at 2
pm on the interaction layer. Figure 4-3 shows the primary thickness of the zinc coat
was about 12 um, so it is possible to conclude that most of the zinc coat dissolved in
the liquid aluminium and 2 pm thick zinc by 10% dilution remained on the surface at
high rate of cooling rate of 5 K/s (750/500 °C). It is also noticeable at Figure 4-5a that
no interaction detected between aluminium and steel; no intermetallic compound is

visible in the micrograph nor stable proportion of Al/Fe at the EDX line scan is visible.

However, despite no interaction at the high speed cooling rate of 5 K/s (750/500 °C)

in steel mould, the interaction between aluminium and steel at low speed cooling rate
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of 0.63 K/s (750/500 °C) in sand mould formed intermetallic compound layer. Figure
4-5 b shows the finger like feature of the interaction between aluminium and steel. The
reaction layer is continuous however the thickness varies alongside the interface. This
phenomenon demonstrates the fact that the rate of dissolution of the zinc coat was

higher than the rate of formation of intermetallic layer. It should be considered that
Figure 4-5a and b are in different magnifications.

50 —Fe

Content/ at.%
Content/ at.%

"0 10 20
Distance / ym

" 1
Distance / ym

Figure 4-5- SEM micrograph of the interaction between zinc coated steel and overcast aluminium and
the corresponding EDX line scan of the red line (a) steel mould (b) sand mould. Both of the samples

cooled in room atmosphere after casting at 750 °C.

4.3.2 Intermetallic layer

Figure 4-6 shows the SEM micrograph of the cross section of interaction between
overcast aluminium on top of zinc coated steel after holding in furnace in 750 °C for
10 minutes. This is the typical interface morphology of dissimilar overcast of liquid
aluminium of annealing and is similar to the finding of other researchers [101]. Finger
like feature IMC growth from aluminium towards steel while the maximum thickness of

the IMC was measured 150 um. The graphs in Figure 4-6 show EDX line scan of the
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corresponding red lines. The line scan shows the finger like feature is AlsFez
intermetallic compound. Figure 4-6b shows a higher magnification of the yellow
rectangular of Figure 4-6a that is darker grey. The EDX line scan shows the darker
area is AlisFes and was formed between AlsFez and aluminium. The AlisFes interface
with AlsFez: is flatter than the interface with aluminium. In overcasting process, a finger
like feature layer of intermetallic compound develops and identified as AlsFez. The
interface of the intermetallic layer and steel is flatter than the interface of the
intermetallic layer and aluminium. Also, the growth of the intermetallic layer into the
steel has a preferred orientation that results formation of a non-uniform, finger-like

feature interface between the intermetallic phase and the steel substrate.
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Figure 4-6- (a) SEM micrograph of cross-section of overcast aluminium around Zn coated steel
substrate and (b) region near the aluminium side outlined by yellow rectangle taken in higher

magnification, together with composition profile across the distance shown as red line.
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4.3.3 Formation and growth of the intermetallic compound layer

Zinc coat is usually applied on surface of steel to provide corrosion protection.
However, the strong effect of the zinc coat on reaction between aluminium and steel
and build-up of reaction layer on the joint is considerable for researchers, so they
asked for a deeper study on the kinetics of the role of zinc on reaction of aluminium
and steel [95]. For example, Springer [95] assumed the zinc coat on the steel has no
effect on the results of the experiment because of the small quantities of the zinc coat
in comparison with the high amount of aluminium. However, the current research
shows different effects imposed by different coatings while the volume of every coat

was small in comparison with the volume of liquid aluminium.

Figure 4-5b and Figure 4-6 show a continuous intermetallic compound layer alongside
the joint of overcast aluminium on top of zinc coated steel in different holding times.
The microstructure development of the intermetallic layer in each bond observed by

SEM and the phase composition was identified by EDX line scan.

The zinc coated steel was in room temperature when the liquid aluminium cast at 750
°C touched the surface of the zinc coat. Figure 2.6 shows the eutectic temperature of
the zinc-aluminium phase diagram at 382 °C, 95% zinc and 5% aluminium. So,
interaction of only 5 wt.% of the liquid aluminium and the solid zinc can form eutectic
of aluminium-zinc. As the volume of zinc is less than the volume of the liquid
aluminium, the zinc coat was dissolved in the liquid aluminium. However, the cooling
rate of 5 K/s (750/500 °C) was fast enough to keep 5% of the zinc on the surface of
the steel while the major parts of the zinc coat was dissolved in the aluminium. Figure

4-5a shows the microstructure of the zinc coated steel in touch with aluminium that

cooled fast.

At cooling rate of 0.63 K/s (750/500 °C) when the liquid aluminium touches the zinc

coat, the zinc coat dissolved in the liquid aluminium and AlsFez intermetallic phase

forms.

As the activation energy of AlisFes is higher than AlsFe2, formation and growth of
AlisFes intermetallic phase is more difficult than AlsFez at about 700 °C [68]. So, a
higher input energy is required for forming and growth of the AlizsFes intermetallic

phase.
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In all of the studies of the literature reviewed, including solid state and liquid state
processes, the AlsFez phase was always the major part of the intermetallic layer.

Aluminium-Iron phase diagram shows different intermetallic in the system, however,
only two phases of AlsFe2 and AlisFes were formed in the overcasting process. The
Al-Fe phase diagram, Figure 2.4 demonstrates AlFe, AlFes, AlFe2, AlisFes and AlsFez,
however in the current experiment just AlsFez and AlisFes phases formed out of 5
phases. Despite the fact that all of those phases are stable at room temperature, just
2 out of 5 phases formed in the current experiment. Windmann defined specific
conditions for formation of AlFe and AlzFe; high temperature of minimum 920 °C, long
annealing (in this case holding time) and the consumption of aluminium substrate is
needed to form AlFe and Alz2Fe. Windmann [102] used a thin coat of aluminium on top
of steel, after interaction of all the aluminium coat in high temperatures, the Fe riched
phases formed [102]. However, in the current experiment overcasting is happening at
750 °C and steel is always in touch with aluminium. Therefore, only AlsFe2 and AlisFes
intermetallic phases form at the bond. Moreover, Naoi noticed that interdiffusion
coefficient of FeAl, FeAl: and FeAls, should be more than two orders of magnitude
smaller than at T= 550-640 °C [68].

4.3.4 Development of the grain structure of the intermetallic compound layer

Morphology of the grains of the intermetallic layer changed by change in holding time.
Change of the thickness of the interaction layer is different for AlsFe2 and AlisFes
intermetallic phases. Figure 4-7 demonstrates change of the thickness of the different
intermetallics of the interaction layer by holding time. The minimum and maximum

thickness of every layer shown by error bars to demonstrate the scatter of data.
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Figure 4-7- Average thickness of the intermetallic compound layer in the joint interface for both of the
intermetallic phases of AlsFez and AlisFe4 when pure aluminium is overcast on top of zinc coated
steel.

Figure 4-8 shows the layer thickness plotted as a function of square root of time after
reaction at 750 °C for steel with different surface conditions. The minimum and
maximum thickness of every layer shown by error bars to demonstrate the scatter of
data. Figure 4-8 shows that the growth of the reaction layer follows parabolic law in
samples with different surface conditions. d is thickness of the interaction layer; k is
surface dependent rate constant and suggests that formation of reaction layer is
controlled by diffusion of aluminium and the element at the surface of the solid steel
and t is time by second. All the surface conditions interacted with aluminium at the first
instance however nickel coated steel was the only sample didn’t interact with
aluminium at the first second and the intermetallic compound was detected when
nickel coated steel and aluminium have been in touch at 750 °C for minimum 60
seconds. To compare the rate of formation of intermetallic compound in different
surface conditions, the slop of every line is calculated. Zinc coated steel has the

highest slope of 2.4 pum/s? then correspondingly nickel-zinc coated steel by 2.15
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um/s2, nickel coated steel by 1.6 pm/s¥2 and uncoated steel by 0.97 um/s2 have

the highest to lowest rate of interaction with aluminium.
d = k+/t Equation (4-1)
kzn > Knizn > kni > Kun

Other researchers demonstrated that interaction of liquid aluminium and solid steel
follows parabolic law [87, 7]. However, the current research approves that parabolic

law is not the only factor that is controlling formation of interaction layer.

The best method to show a parabolic growth is to plot IMC thickness as a function of
square root of time to measure the respective rate constant, Figure 4-8 demonstrated
IMC thickness as a function of square root of time. The first IMC of nickel coated steel
is forming after a period of time holding at 750 °C while zinc coated steel has the

highest rate of interaction with aluminium.
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Figure 4-8- Average thickness of the interaction layer in the joint interface for different surface
conditions in different periods of time. The graph demonstrates thickness of the IMC for zinc, nickel,
nickel-zinc coated and uncoated steel which had been in touch with pure aluminium at 750 °C in

different square roots of holding time.
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4.3.5 TEM investigation of the interaction layer

The object of using TEM to study the joint is to provide a detailed investigation of
complex reaction layers of interaction between solid steel and liquid aluminium. Also,
TEM has investigated the relationship between the orientation of the formed
intermetallic layer and the substrates of steel and aluminium in order to understand
the mechanism of growth of the intermetallic phases into the steel and aluminium

substrates.

Takata et al. [103] used TEM and EBSD (electron backscatter diffraction) to study the
dislocation density and density of high/low angle grain boundaries and concluded
preferential diffusion can be because of the anisotropic volume change during the

phase transformation of a-iron and AlsFe2 intermetallic phase.

In order to study the microstructure, a zinc coated steel that pure aluminium was
overcast on and held at 750 °C for 10 minutes was examined. The micrograph of the
sample and the lamellas extracted with FIB to use in TEM is shown in Figure 4-9 and
Figure 4-10.

The steel/IMC border shows the steel region next to the intermetallic. Steel region
doesn’t show any incoherent intermetallic in the low magnification however the

intermetallic region has varying coherent in high magnifications.

Cheng et al. reported FeAlz in the same area that was characterised by using EBSD.
Cheng et al. noticed that FeAlz2 only formed between Fe2Als and steel and gradually

replaced the top peak of the original finger-like steel substrate[104].

The microstructure of the intermetallic region shows a lamella-like contrast. This
contrast is observed through random magnifications. The diffraction pattern recorded
from this region maybe indexed as AlsFe2, as described by Burkhardt et al. [73]. The
microstructure observed is similar to that reported by Rong et al. [105] and the crystal

structure is the same but with a composition of AlsFez.

The high-resolution micrograph shows significant number of localised defects along
with the lower magnification images. It is likely that the presence of defects in the
microstructure gave rise to reflections that are forbidden in a perfect crystal. Hence

[001] reflection is observed in the diffraction pattern.
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Figure 4-9- TEM microstructure of the bond between steel and intermetallic compound layer. Figures
a, b, c and d show a higher magnification of white dashed rectangle of their former micrograph. (e)

Corresponding electron diffraction pattern of ¢ maybe indexed as AlsFe:.
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Figure 4-10 - TEM micrograph of the reaction layer between intermetallic compound layer and

aluminium.

Figure 4-11 shows the TEM microstructure of the white dashed rectangle of Figure
4-10. The aluminium/IMC area shows long particles of IMC growth in the liquid
aluminium. There seems to be some amount of coherency as observed by interface

that are straight. Aluminium matrix seems to contain some contrast which is not visible
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in the diffraction pattern and likely be due to defect structure or smaller gap zone. The
diffraction pattern from the IMC was recorded in 3 different orientations [100], [110]
and [101]. There is combination illustrates that the IMC are indeed Ali3sFes phase. The
microstructure as well as the diffraction patterns show the presence of nano scaled
twins. The forbidden reflection observed in the diffraction pattern are due to the

presence of twin, which has been reported in the literature [106].

Figure 4-11- TEM microstructure of the white dashed rectangle of Figure 4-10. (b, d & e) show higher
magnifications of each other correspondingly, (c) diffraction pattern of aluminium, produced from the

aluminium part of figure a. (f) diffraction pattern of figure d demonstrates AlisFes.
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4.3.6 Surface of the fracture

Figure 4-12 (a) shows the cross section of the surface between uncoated steel and
overcast aluminium. No interaction detected on the surface while a lack of connection
between two surfaces demonstrates a longitudinal crack all along the surface. Figure
4-12 (b) shows the cross section of the surface between overcast pure aluminium and
zinc coated steel after holding in 750 °c for 10 minutes. Cracks initiated in the

interaction layer and propagated alongside the bond. Figure 1-1

Figure 4-12- Cross section of the overcast surface of (a) aluminium/uncoated steel, (b)
aluminium/zinc coated steel that held in 750 °c for 10 minutes.
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The fracture surfaces and EDX map analysis of the tensile test sample of the zinc
coated steel remained in pure aluminium at 750 °C for 10 minutes for both of the steel
and aluminium sides of the fracture surface is demonstrated in Figure 4-13 and Figure
4-14 correspondingly. The flat fracture surfaces demonstrate existence of a certain

cleavage plane that facilitates the failure in a specific phase.

The tests revealed that overall composition of the fracture surfaces for both sides is Al
79%, Fe 20%, Si 1% at%, suggests fracture of the tensile test propagated in the
Al1zFes phase. The impurity of silicon inside the aluminium measured 0.03 wt% and
the impurity of silicon in the steel measured 0.05 wt% however 1 at% silicon in the
fracture surface shows propagation of the crack in a high concentrated area. Also, no
aluminium was found on the surface of the steel side of the fracture surface while the
entire surface covered by AlisFes intermetallic phase. This finding demonstrates that
the bonding of aluminium to AlisFes intermetallic compound has been the weakest
bond.

Surprisingly, both of the EDX composition analysis and topography of the fracture
surfaces of aluminium and steel sides were matched. However Springer [95] and
Albridght [107] reported non-fully matched fracture surfaces. Springer reported that
tensile strength of the pure aluminium and steel is mainly governed by the formation
of Kirkendal porosities.
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Figure 4-13 — (a)-The steel side of the SEM graph of the fracture surface of the zinc coated steel that
was held at pure aluminium for 10 minutes at 750 °C (a’) higher magnification of the dashed
rectangular of image a (b) Aluminium (c) Iron (d) Silicon. Overall composition measured Al 79%, Fe
20%, Si 1% at%.

Study of the aluminium side of the fracture surface reveals the aluminium in the back
of AlisFes phase of the surface. A lighter aluminium rich section is visible in Figure

4-14 (a’) and EDX map of aluminium.
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Figure 4-14-(a) The aluminium side of the SEM graph of the fracture surface of the sample that held
for 10 minutes in 750 °C (a’) higher magnification of the dashed rectangular in figure a (b) EDX map of
Aluminium (c) EDX map of Iron (d) EDX map of Silicon. Overall composition measured Al 79%, Fe
20%, Si 1% at%.

4.4 Pure aluminium / Gallium-zinc coated steel

Gallium used in a technique of aluminium soldering, called Galliuminium [108], also
Shirzadi developed a flux free brazing method to bond aluminium alloys by
implementation of a minimal thickness of liquid gallium [83]. Moreover, Shirzadi
developed a method for diffusion bonding of aluminium to steel and other metallic
alloys with stable surface oxide films. In this method the surface of the bond is polluted
by gallium [109]. Considering application of gallium in bonding aluminium to aluminium
or steel demonstrates possible application of gallium in bonding aluminium to steel in

overcasting process.

To examine the effects of gallium on bond between aluminium and steel, zinc coated
steel of 10x10x0.44 mm3that was polluted to gallium was used to bond to aluminium.
The steel was washed by water and then cleaned by ultrasonic bath of ethanol and
then dried out by drier. In order to pollute the surface of steel to gallium, a warmed

(about 40 °C) soft cloth containing pure gallium was smeared to the surface of the zinc
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coated steel. The polluted zinc steel was fixed in sand mould and the pure aluminium
of 750 °C was cast over the gallium polluted zinc coated steel in atmosphere while the

steel was at room temperature.

The microstructure of the samples were studied after mounting and polishing. The
microstructure was similar to the typical aluminium overcast zinc coated steel with no
significant change. More detail of the microstructure and mechanical properties of
gallium-zinc coated steel that shared with zinc coated steel demonstrated in section
4.

4.5 Aluminium / Nickel coated steel

4.5.1 Nickel coated steel

Figure 4-15 shows the micrograph of the cross section of the nickel coated steel. The
EDX map demonstrates the iron of the substrate and the nickel of the coat. The nickel
coat uniformly distributed on the surface of the steel and the thickness of the nickel
coat was measured about 3 um. The EDX line scan shows gradual reduction of nickel
from 90 at. % on surface of steel to 20 at. % in the depth of 8 um of the steel. This
gradual change of the composition can be resulted from the diffusion annealing in the
production process of the nickel coated steel. The steel fixed in sand mould and pure
aluminium of 750 °C was cast over the nickel coated steel in atmosphere while the

steel has been at room temperature.

Five samples were made by similar process and materials and different holding times.
Development of the intermetallic compound layer of the nickel coated steel as a

function of holding time was studied by scanning electron microscope and EDX.
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Figure 4-15- Micrograph and SEM map of the nickel coated steel.

Figure 4-16 shows the SEM microstructure of interaction layer of nickel coated steel
and overcast aluminium held at 750 °C for 1 minute. Non-uniform IMC was formed

alongside the interface while some areas remained intact.

4.5.2 Holding in 750 °c for 1 minute

Holding overcast aluminium/nickel coated steel at 750 °C for 1 minute had two main
effects. Firstly, islands of intermetallic compound were formed at the joint that is
presented at Figure 4-16. Secondly, the nickel coat was dissolved in the liquid
aluminium and the dilution of nickel dropped in the surface of the joint. The EDX
characterisation on the interaction zone shows less than 20% of nickel on the bond
that is presented at Figure 4-18. This is a unique character of nickel coated steel that

after one minute of holding at 750 °C, still there is a 20% diluted nickel coat on the
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surface of the interaction layer. Most of the formed intermetallic is AlsFe2 while a small
section of AlisFes formed.

The nickel coat was survived on the steel coat in temperature of 750 °C in touch with
liquid aluminium for one minute and gradually dissolved in the liquid aluminium. At

same time, the intermetallic islands start to initiate.

Figure 4-16- SEM microstructure of overcast pure aluminium on top of nickel coated steel after
holding at 750 °C for 1 minutes. Intermetallic compound formed on the interface however the IMC

didn’t cover all of the bond between the nickel coated steel and the overcast aluminium.

Microstructure of overcast aluminium on top of nickel coated steel that cooled to room
temperature after overcasting shown at Figure 4-17a. Also Figure 4-17b to f
demonstrate EDX map of cumulative and different elements. Figure 4-17 b and ¢ show
the aluminium solidified on the surface of the steel with no penetration. Figure 4-17 d
demonstrates silicon that despite presence of less than 1 wt% in the liquid was one of
the first elements solidified at the surface of the nickel coated steel. Figure 4-17e
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shows the iron of the microstructure. There are some parts of iron visible in the nickel
dominated are and aluminium side however no IMC formed. So even if iron diffused
to the aluminium, no IMC formed. Figure 4-17f shows the nickel of the interface. Similar
to Figure 4-15, the nickel coat is intact. So, it can be concluded that no interaction

between nickel coated steel and liquid aluminium formed.

Figure 4-17- (a) SEM Microstructure of the interaction layer, overcast pure aluminium over nickel

coated steel, cooled at room atmosphere (b) cumulative EDX map of the corresponding micrograph
(c) aluminium EDX map (d) silicone EDX map (e) iron EDX map (f) nickel EDX map.
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4.5.3 Holding in 750 °c for 10 and 30 minutes

Figure 4-18 shows the microstructures of the cross sections of the nickel coated steel
and overcast aluminium after holding for 1 minute, 10 minutes and 60 minutes at 750
°C. The morphologies of the intermetallic layer after 1 minute and 10 minutes are
different with the morphology of the zinc coated steel that will discuss later at this
chapter. Figure 4-18d shows the microstructure of the cross section of the pure
aluminium overcast on top nickel coated steel after holding at 750 °C for 60 minutes.
Despite the microstructures of the samples held for 1 and 10 minutes, microstructure
of the sample that held for 10 minutes at 750 °C has slim and longer morphology of
the morphology of intermetallic layer. This is similar to the microstructure of the zinc

coated sample that will show later in this chapter.
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Figure 4-18- SEM micrograph o of overcast pure aluminium on top of nickel coated steel (a) held at
750 °C for 1 minute and the EDX line scan of the corresponding red line (b) held at 750 °C for 10
minutes (c) high magnification of rectangular of image b and EDX line scan of the corresponding red
line (d) SEM micrograph of overcast pure aluminium on top of nickel coated steel that held at 750 °C
for 30 minutes and EDX line scan of the corresponding red line. Longitudinal crack formed at the
sample after 30 minutes of holding.
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Microstructure of the nickel coated steel in high magnifications that was in touch with
liquid aluminium at 750 °C for 1 minute and the corresponding EDX map analysis of
the micrograph presented at Figure 4-19. The samples cleaned at ultrasonic vibrator
for 10 minutes before any characterisation, so there is no artificial dirt at the surface
of the samples. Figure 4-19 shows steel in left and aluminium on right side of the
micrograph. Also, there are some particles of aluminium/iron phases in different sizes
in aluminium. The iron/aluminium phases were visible on the aluminium side of
uncoated steel. However, in nickel coated steel, the aluminium/iron intermetallic
phases are visible in aluminium while the nickel coat is still on top of steel. On the
surface of steel, a mix of nickel and iron characterised while aluminium diffused to

some extend to the surface of steel.

The most prominent feature of Figure 4-19 is that after 1 minute of holding in 750 °C,
iron characterised in aluminium while the nickel coat is still between aluminium and
steel and did not dissolved in aluminium. There are two possible scenarios for the
presence of steel in aluminium despite presence of nickel between aluminium and
steel. First scenario is that characterised iron could diffuse in aluminium from an area
that entire of nickel dissolved in aluminium. It means the iron visible in this EDX map
came from a section that entire of the nickel coat removed. So, after removing entire
of the nickel coat, iron could diffuse to the liquid aluminium and aluminium/iron
intermetallics formed. The second scenario is the possibility of diffusion of iron/nickel
of the steel surface into the aluminium. Figure 4-15 shows the EDX land scan of the
nickel coat and demonstrates presence of 90 at% nickel on the surface of the steel
while the amount of nickel is reducing to 50 at% at 2 micron and reaches to 10 at% at
8 micron far from the surface. Figure 4-15 proves there have been always some
amounts of iron on the surface of steel, so it could diffuse to the liquid aluminium.
Considering the fact that diffusion of nickel to aluminium needs higher temperature
and time, iron may diffuse into aluminium and interacted with aluminium to form

iron/aluminium IMC while nickel did not diffused at a same rate.

Moreover comparison of Figure 4-15 and Figure 4-18c shows that in the interaction
layer of nickel coated steel/pure aluminium, maximum 90 at.% of nickel reduced to 10
at.% and maximum 70 at.% of iron reduced to 30 at.% after holding the joint at 750 °C

for 10 minutes, instead aluminium diffused to the interaction layer.
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Figure 4-19- Microstructure of the joint between aluminium and nickel coated steel after holding at

750 °c for 1 minute. EDX map scan of iron, aluminium and nickel.

The fracture surface of pure aluminium/nickel coated steel joining that held at 750 °C
for 10 minutes characterised by using XRD. Analysis of two sides of the fracture shows
presence of AlsFez and AlisFes IMCs on the surfaces. Figure 4-20 shows the XRD

spectra of the fracture surfaces.
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Figure 4-20 - XRD spectra of fracture surface of the joints after tensile test. Two sides of aluminium
side and steel side of fracture surface. Pure aluminium/nickel coated steel bimetallic joint that held at
750 °C for 10 minutes.

4.6 Pure aluminium / NiZn coated steel

High speed of formation of intermetallic layer in the joint of zinc coated steel and
aluminium is leading to a low strength bond. However, low speed of formation of
intermetallic layer of nickel coated steel and aluminium in the beginning is leading to
formation of no bond and then formation of intermetallic layer in a very low speed. So,
a coat made of mix of zinc and nickel was used to control the speed of formation of

the intermetallic layer in the joint.

Nickel-zinc coated steel of 10x10x1.2 mm?3 cut from a sheet of steel. Figure 4-21
presents the cross section of the surface of nickel-zinc coated steel and the
corresponding EDX map. The yellow demonstrates nickel, the green demonstrates

zinc and they both show the thickness of the coat is about 2-3 um.
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Figure 4-21-Microstructure and EDX map of the nickel-zinc coat of the steel. EDX analysis shows

25wt% nickel vs 75 wt. % zinc at the coat.

The steel was washed by water and then cleaned by ultrasonic bath of ethanol and
then dried out by drier. The nickel zinc coated steel fixed at sand mould and the pure
aluminium of 750 °C cast over the uncoated steel in atmosphere while the steel was
at room temperature. Four samples made by similar process and materials: one
sample cooled down in atmosphere and at room temperature right after overcasting,
the second held in furnace at 750 °C for 1 minute, the third held in furnace at 750 °C
for 5 minutes and the fourth held in furnace at 750 °C for 10 minutes. The samples

mounted, polished and characterised after cooling down at room atmosphere.
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4.7 Imperfections

4.7.1 Cracks

Two types of crack detected on the bond. The first type of crack formed between the
AlisFes intermetallic phase and aluminium that is shown in Figure 4-22. Kajihara
described the reason of formation of this crack by faster diffusion rate of aluminium
into iron rather than the slow diffusion of iron atoms into aluminium [110]. Kajihara
used diffusion bonding while both of the aluminium and steel have been at a same
temperature (550-640 °C). However, in overcasting, aluminium was at 750 °C and
steel was at room temperature. Finally, diffusion of aluminium in iron is even higher

and it is expected to detect a bigger crack at the area.

Figure 4-22-(a) SEM micrograph of the bond between zinc coated steel and aluminium that was held
at 750 °C for 1 minute. (b) High magnification of the big white rectangular. Arrows show the crack
formed between AlisFes intermetallic phase and aluminium. (c) and (d) high magnification of the

smaller white dashed rectangles in a. White arrows show pores formed by Kirkendal effect.
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The second type is longitudinal cracks detected alongside the bond at AlsFe2
intermetallic phase and caused by the mismatch of thermal expansion coefficients of
aluminium, steel, AlisFes and AlsFez. The second type is shown in Figure 4-18. Table
4-1 indicates the thermal expansion coefficients of different phases. The parabolic
growth of the intermetallic layer of the samples that cracks detected at AlsFe2 were
similar to the parabolic growth of the intermetallic layer of the samples without crack.
So, it is possible to conclude that the cracks were produced during cooling process
and there was no crack during formation of the intermetallic layer and finally the cracks
had no effect on the growth of the intermetallic layer. Figure 4-18 shows a crack at
AlsFez intermetallic phase. These cracks were formed despite from the type of the
coating however the chance of crack increases by increasing the thickness of the
interaction layer. Longitudinal crack is visible at Figure 4-18 d for interaction of pure
aluminium and nickel coated steel after holding at 750 °C for 30 minutes. No
longitudinal crack is visible at the interactions with less holding time. A longitudinal
crack on aluminium/uncoated steel interaction layer shown at Figure 4-2a. Surface

conditions had no visible effect on formation of longitudinal cracks.

Table 4-1- Thermal expansion coefficient of different phases [111, 112].

Phase Thermal expansion coefficient/ 106 K1
Aluminium 23.5
Iron 12.2
AlisFes 19.7
AlsFe2 18.9

4.7.2 Kirkendal effect

Porosities in reaction layers and border of interfaces can be formed by Kirkendal effect
[113]. Kirkendal effect can form small pores and develop them when the mutual
diffusion rate of two components in a diffusion couple are very different with each
other. By Kirkendal effect some pores form by interdiffusion on the side of the couple
with higher diffusion rates. Such pores occur on the side of the element with faster
diffusion rates and vacancies move to the opposite direction of the dominant diffusion

flux. The pores detected at AlsFe2 intermetallic phase. The pores formed by Kirkendal
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effect are shown by white arrows at Figure 4-23c and d and Figure 4-23b at aluminium
/ zinc coated steel held at 750 °C for 10 and 30 minutes. Pores formed by Kirkendal

effect formed in thicker interaction layer despite the type of the coating.

4.8 Kinetics of interaction

The kinetics of reaction zone growth for every coating described earlier. In addition to
the kinetics of formation of the IMC layer at the bond, there is another kinetic of
separation of the IMC pieces, those separate from the steel plate and move towards
the liquid aluminium. The IMC pieces distributed at aluminium after 10 and 30 minutes
holding at 750 °C are visible in Figure 4-23 (a) and (b) respectively.

Separation of the IMC pieces from the steel plate leaded to decreasing of the overall
size of the steel plate. Thickness of the steel plate in Figure 4-23 b excluding the IMC
between aluminium and steel is maximum 300 um while the primary thickness was
440 um. This phenomenon demonstrates some parts of the steel plate are separated
from the main part and some parts of the steel plate were moved towards the liquid
aluminium. The EDX line scan of Figure 4-23 d demonstrates presence of 20% (at%)

iron and 80% (at%) aluminium suggests AlisFea.
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Figure 4-23- (a) SEM microstructure of pure aluminium overcast on top of the zinc coated steel and
held at 750 °C for 10 minutes. IMC pieces separated from the main steel are visible in the aluminium
(b) SEM microstructure of pure aluminium overcast on top of the zinc coated steel and help at 750 °C
for 30 minutes. IMC pieces separated from the main steel are visible in the aluminium. Pores formed

by Kirkendal effect shown by white arrows. (c) SEM microstructure of the dashed rectangle at b (d)

EDX line scan analysis of the red line at c.

4.9 Bond strength

Tensile test performed in order to compare the bond strength in different surface
conditions. To find the best geometry and design of sample, to compare the bond
strengths, many size and geometries have examined and tested. The sketch and sizes
of the tensile test sample and direction of tensile test demonstrated at chapter 3. Each
fixed process condition tested at least 3 times and the bond strength demonstrated at
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Figure 4-25 shows the average of the measurements. It worth to mention that the big
error bars of the bond strength graph demonstrate the unsteady nature of the bond
strength in bonding aluminium to steel by using overcasting process. After
performance of tensile test, all of the samples visually tested and it revealed that all of
the samples have broken in the interaction layer. This shows the weakest part of the
bond has been the interaction layer. The measured bond strengths are very lower than
both of the steel and aluminium. Tensile strength of pure aluminium is about 85 MPa
and the tensile strength of mild steel about 400 MPa [116, 117]. Typical
Load/Displacement graph of tensile test of a sample of nickel-zinc coated steel that
held at 750 °C for 1 minute presented at Figure 4-24.
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Figure 4-24- Load/Displacement graph of tensile test of the Ni-Zn coated steel held at pure aluminium
at 750 °C for 1 minute.

Yilmaz et al. bonded aluminium to steel by using friction welding process. Yilmaz et al.
noticed maximum bond strength under optimised conditions when the size of interlayer
is optimum. Yilmaz et al. found 2 um is the optimum thickness of the interaction layer

that can lead to the maximum bond strength of 63 MPa [116].

Uncoated steel has made no bond with pure aluminium after overcasting at 750 °C.

Even after holding at 750 °C for 1 minute. In some samples that held for 1 minute at
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750 °C, a bond formed however they have been very fragile to measure by the tensile
test machine and they were breaking before measurement of the bond strength.
Actually, an oxide layer was formed on the surface of the mild steel and the oxide layer
was stopping the aluminium to touch the surface of steel, diffuse and make a bond.
The uncoated samples that held for 5 and 10 minutes at 750 °C were diffusing into the
surface of steel in some minor areas and were making bond, so the average bond

strength measured less than 10 MPa.
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Figure 4-25- Average of bond strength of pure aluminium overcast around steel by different surface

conditions of uncoated, nickel, zinc-nickel and zinc for different holding times.

Average bond strength of aluminium/nickel coated steel was measured zero while it
was 15 MPa in the samples held for 1 minute at 750 °C. Nickel coat on top of steel
was not affected just after overcast of pure aluminium on top of the nickel coated steel,
so no bond formed between aluminium and the nickel coated steel. When the nickel

coated steel was in touch to aluminium, the nickel started to dissolve in aluminium
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however the steel substrate did not touch the liquid aluminium, so there was no
interaction between steel and aluminium. When the nickel coated steel remained in
touch with liquid aluminium for 1 minute, more than 80% of the primary nickel coat
dissolved in aluminium and aluminium interacts with the steel in substrate and a bond
formed. The microstructure of the formed intermetallic layer and the remained of the
nickel coat can be seen at Figure 4-18. Following the interaction of the steel and
aluminium and formation of the IMC, average bond strength of 15 MPa was achieved.
The formed IMCs was covered some parts of the bond and not the entire surface.
Holding the sample at 750 °C for 5 minutes helped the IMC to expand to the entire
surface between aluminium and steel. The holding time helped the nickel coated steel
held for 5 minutes at 750 °C to achieve to the maximum strength of 22 MP. Holding
the bond at 750 °C for 10 minutes increased the IMC thickness to 30 um and dropped
the bond strength to 20 MPa.

Zinc coated steel has been wet by liquid aluminium and 18 um IMC has formed after
overcasting. Holding at 750 °C for 1 minute increased the thickness of the interaction
layer to 33 um and the bond strength to 22 MPa. Keeping in high temperature for 5
and 10 minutes increased the thickness of IMC while the bond strength dropped.

Zinc/nickel coated steel wet by aluminium and a 15 pm thick IMC was formed that
leaded to 20 MPa bond strength between aluminium and steel. While keeping at 750
°C for 1, 5 and 10 minutes increased the IMC thickness from 30 um to 75 um, the

average bond strength remained approximately fixed around 24 +1 MPa.
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Chapter 5 Effects of alloying elements on overcasting of

different aluminium alloys on steel

5.1 Introduction

The objective of this chapter is to study the overcasting process of different aluminium
alloys on coated steel substrates in order to understand the effects of alloy chemistry
on the development of the interaction layer and imperfection at the aluminium/steel
joint interface and the bond strength of the bimetallic couple. Two kinds of coated steel
substrates are chosen for this study. They are zinc coated and nickel coated steel
substrates similar to that used in the overcasting of commercially pure aluminium as
reported in Chapter 4. The aluminium alloys include binary Al-Si alloys (eg. Al-1
wt.%Si, Al-7 wt.%Si and Al-12.2 wt.%Si) and two commercially available alloys of Al-
20 wt.%Sn-7 wt.%Si and Al6060. The chemical composition of AI6060 presented at
chapter 3.

5.2 Effect of silicon content on overcasting of Al-Si alloy on Ni coated
steel

To study the effects of silicon content on the interphase interaction of aluminium and
galvanized steel, aluminium alloy was melt with different percentages of silicon (Al-
1Si, Al-7Si and Al-12.2Si) was overcast over zinc coated and nickel coated steels and
held at 750 °C for 0, 1, 5, and 10 minutes.

Figure 5-1(a-c) show SEM micrographs and composition profiles of cross sections of
nickel coated steel overcast with binary Al-Si alloys with Si content ranging from 1
to12.2wt% were prepared from holding the melt at 750°C for 10 minutes around the
steel substrate prior to solidification.

For Al-1wt%Si /nickel coated steel sample, an interaction (IMC) layer of 25 ym was
found between steel and aluminium alloy, as shown in Figure 5-1. The interface
between interaction layer and aluminium alloy was found to be rather flat with
maximum perturbation of 5um. However, the thickness of the interaction layer

appeared to be 21 ym with a maximum perturbation of 7 ym.
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The composition profile across the interaction layer revealed, there were AlsFe2 phase

near the steel substrate and AlsFe2Si phase near the aluminium alloy.
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Figure 5-1- Micrographs of the interaction layer between nickel coated steel and different aluminium

alloys: (b) Al-1Si, (c) AI-7Si, (d) Al-12.2Si (Wt.%).

Figure 5-1 demonstrates the cross-section micrographs of the interaction layers of

nickel coated steel and aluminium alloys after holding for 10 minutes. While, the

interaction layer of pure aluminium and nickel coated steel is shown in Figure 5-1 (a),

the micrographs of Al-1Si, Al-7Si, Al-12.2Si alloys/steel interaction layers are
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presented in Figure 5-1 (b-d), respectively. It is worth to mention that due to finger-like
feature shape of pure aluminium/steel joints, which discussed earlier at chapter 4, only
a small portion of the interaction layer is shown in Figure 5-1 (a). The surface of the
aluminium/IMC joints was approximately flat with perturbations of maximum 5 pm in
all alloys. However, the surface of the IMC/steel joints were not similar in all alloys and
the maximum perturbation was changed in maximum of 140 pm for pure aluminium to
maximum 4 um for Al-Si alloys. In all of the interaction layers, two distinctive layers of
IMC can be observed, in which, the layer next to the aluminium alloy was darker than

the IMC layer next to the steel.

In order to study the chemical composition changes across the IMC layers, EDX line
scan analysis were performed on the interaction layer of all samples. The results are
demonstrated in the right column of Figure 5-1. It can be seen in all samples that after
holding the joint at 750 °C for 10 minutes, very low amount of nickel (maximum 3 at.%)
was detected in the interaction layer of steel/pure aluminium and steel/Al-7Si joints.
As it was discussed earlier at chapter 4, the AlisFes and AlsFez intermetallic phases
form in the interaction layer of steel/pure aluminium. This is in agreement with EDX
line scan results of Figure 5-1 (a). Moreover, EDX line scans of the steel/Al-1Si,
steel/Al-7Si and steel/Al-12.2Si joints, complemented with XRD analysis results, imply
the formation of AlsFez and AlsFe2Si intermetallic phases next to the steel and
aluminium alloys, respectively. Results of XRD analysis are presented and discussed
later in section 5.3.

EDX line scan performed in all of the interaction layers of Figure 5-1 demonstrated at
right side of every micrograph. After holding the joint at 750 °C for 10 minutes, very
low amount of nickel was detected in the interaction layer. Maximum 3 at.% of nickel
was detected at the interaction layers of steel/pure aluminium and steel/Al-7Si joints.

The detected nickel was near the steel side of the interaction layer in both of the cases.

EDX line scan of the interaction layer of the steel/pure aluminium shows formation of
AlisFes and AlsFez intermetallic phases on the bond. That is discussed earlier in
chapter 4. EDX line scans of the steel/Al-1Si, steel/Al-7Si and steel/Al-12.2Si show
formation of AlsFe2Si next to the aluminium alloy and formation of AlsFez intermetallic

phase next to the steel side of the interaction layer. Results of XRD analysis confirm
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formation of the mentioned intermetallic phases and will be presented later in this
chapter.

The XRD analysis shows presence of AlsFez, AlisFes and Si in the fracture surfaces
of the joints of Al-1Si, Al-7Si and Al-12.2Si. As all of the fractures were happened in
the intermetallic layers of the bonds, IMCs were detected on the surfaces of samples
with different processing conditions. The characterised phases of XRD are in line with
the phases that characterised SEM and EDX analysis. Moreover, the AlsFe2Si IMC
that detected on the interaction layer and fracture surface, was reported before [90]

and the micrograph of the fracture surface is presented at Figure 2-8.
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Figure 5-2- XRD spectra of fracture surface of the joints after tensile test. Two sides of every

fracture surface characterised. One side is from the steel side of the fracture surface and the other

side from the aluminium of the fracture surface.

Table 5-1 shows a plot of thickness of interaction (IMC) layer that was formed after
overcasting of Al-Si alloy on Ni coated steel by holding the melt at 750°C for 10mins,
as a function of Si content. The thicknesses of AlsFez and AlsSiFe layers clearly
decreased with increasing Si content. However, the decrease in thickness of AlsFe2
layer is more significant compared to that of AlsSi2Fe layer. The reduction in the
thicknesses of intermetallic compound layers can be attributed to the lowering of

atomic diffusion and reaction kinetics as a result of silicon addition in the melt. The
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role of silicon on the kinetic of reaction between the aluminium alloy melt and the solid
steel will be discussed later in chapter 6.

Table 5-1- Thickness of the AlsFe2 and AlsSizFe intermetallic layers change in different alloy

compositions. The interaction of nickel coated steel and different aluminium alloys that were held at
750 °C for 10 minutes.

AlsFe2 / pm AlgSizFe / um
Al-1Si 19 13
Al-7Si 10 7
Al-12.2Si 9 7

5.3 Effects of steel substrate coating on the development of interaction
layer during the overcasting

Figure 5-3(a-d) show SEM micrographs of cross sections of overcast Al-7wt%Si on
steel substrates coated with either nickel or zinc layers after holding the melt at 750
°C for 0 and 10mins.

In Omin holding time, the zinc coated steel produced an uneven interaction (IMC) layer
that is shown in Figure 5-3a. However, in Omin holding time, the nickel coated steel

produ (Figure 5-3b) as compared to that found in zinc coated steel.

As the melt holding time increased to 10mins, the overall thickness of the interaction
layer between the steel and the aluminium alloy increased in both coated steel
substrate as shown in Figure 5-3(c-d). The interface between steel and interaction
layer appeared to be flat for both coated steel substrates. However, the interface
between the interaction layer and the aluminium alloy appeared rough for both coated

steel substrates.
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Figure 5-3- SEM micrographs of cross sections of overcast Al-7wt%Si onto various coated steel
prepared by holding the melt at 750°C for various holding time: (a) zinc coated steel with 0 min
holding time; (b) nickel steel with Omin holding time; (c) zinc coated steel with 10min holding time and

(d) nickel coated steel with 10min holding time.

Table 5-2 give a list of measured thickness of the interaction layer and bond strength
of overcast samples prepared using various alloy composition, coating of steel
substrate and holding time. In a given alloy composition and coating of steel substrate,
the thickness of interaction layers increased with increasing holding time Al-1Si
composition had the highest rate of increasing in thickness of interaction layer of both
zinc coated and nickel coated surface conditions. Al-7Si and Al-12.2Si alloys had
approximately same increasing rate with nickel coated steel. Thickness of interaction
layer of Al-1Si, Al-7Si and Al-12.2Si increased approximately in a similar low rate in

compare with the thickness of interaction layer of same alloys with nickel coated steel.
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Table 5-2- average thickness and bond strength of the interaction layer in different processing

conditions
No Holding time/ Alloy Steel Thickness of the Bond strength
minute composition coating interaction layer average /MPa
1 0 Al-1Si Zn 10 0
2 1 Al-1Si Zn 14 0
3 5 Al-1Si Zn 19 6
4 10 Al-1Si Zn 20 6.25
5 0 Al-1Si Ni 0 16
6 1 Al-1Si Ni 5 17
7 5 Al-1Si Ni 15 13
8 10 Al-1Si Ni 27 14
9 0 Al-7Si Zn 20 0
10 1 Al-7Si Zn 23 0
11 5 Al-7Si Zn 25 8
12 10 Al-7Si Zn 26 0
13 0 Al-7Si Ni 0 0
14 1 Al-7Si Ni 3 12
15 5 Al-7Si Ni 10 20
16 10 Al-7Si Ni 17 31
17 0 Al-12.2Si Zn 18 0
18 1 Al-12.2Si Zn 19 4.5
19 5 Al-12.2Si Zn 20 4.5
20 10 Al-12.2Si Zn 25 0
21 0 Al-12.2Si Ni 0 0
22 1 Al-12.2Si Ni 5 29
23 5 Al-12.2Si Ni 10 15.9
24 10 Al-12.2Si Ni 17 7.6

To identify the responsible phases for failure, the fractured surfaces of steel/aluminium
alloys joints after bond strength test, were analysed using XRD. Figure 5-2 shows the
XRD patterns of fractured surfaces of overcast Al-1wt%Si, Al-7wt%Si and Al-
12.2wt%Si onto nickel coated steel samples. Whereas, aluminium and AlsFe2 peaks
are detected in all of the samples, AlisFes peaks are detected only in both sides of
surfaces of pure aluminium/nickel coated steel joint. Moreover, in all of the fracture
surfaces of Al-Si alloys, Al, AlsFez, AlsFe2Si and Si were detected. The phases
detected at XRD are in line with the phases that EDX analysis suggested earlier at this
chapter and chapter 4.

5.4 Overcasting of Al-20Sn-7Si alloy onto steel

Al-20wt%Sn-7wt%Si is a commercially available alloy that is normally used in bearing
components. Figure 5-4 shows as cast microstructure of Al-20wt%Sn-7wt%Si,

together with X-Ray maps of aluminium, silicon and tin elements. The microstructure
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consisted of cellular a-Al matrix (dark) with Si (grey) and Sn (white) phases on the cell

boundaries.

100. pin

Figure 5-4- SEM micrograph of as cast Al-20wt%Sn-7wt%Si alloy. X-Ray Map using Al, Si and Sn

elements to illustrate chemical distribution within the microstructure.

Figure 5-5(a) shows SEM micrograph of cross section of overcast Al-20wt%Sn-
7wt%Si onto nickel coated steel prepared after holding the melt at 750 °C for 1 minute
The Al-20wt%Sn-7wt%%Si melt interacted with the nickel coated steel to form an
interaction layer. Figure 5-5 (b) shows a region in Figure 5-5 (a) marked by white
dashed rectangle in high magnification. It revealed finger-like features of intermetallic

compound (IMC) developed from the interface towards the steel.
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Figure 5-5- (a) SEM micrograph of the cross section of overcast Al-20Sn-7Si onto nickel coated steel
prepared by holding the melt at 750 °C for 1 minute. (b) High magnification of the white dashed

rectangle at figure a.

Figure 5-6 shows a typical microstructure of cross-section of overcast Al-20wt%Sn-
7wt%Si onto nickel coated steel prepared by holding the melt for 10 minutes: SEM
micrographs taken in low magnification (a) and high magnification (b) from region
highlighted by white box in (a) and composition profile across the interaction layer (c).

It can be seen that an approximately uniform interaction layer of overall thickness 9+2
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um was formed alongside the border between steel and the alloy as shown in Figure
5-6(a). The interaction layer highlighted by the square white box in Figure 5-6(a) was
examined in higher magnification, the interaction layer comprised of a light region with
thickness of 2 um next to steel and a dark region of thickness of 7£2 um next to the
aluminium alloy side, as shown in Figure 5-6(b).The light interaction layer has a
composition corresponded to AlsFez and the dark interaction layer has a composition
corresponded to AlsFe2Si, as shown in Figure 5-6(c) .
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Figure 5-6- SEM micrograph of the cross section of overcast Al-20Sn-7Si onto nickel coated steel
prepared by holding the melt at 750 °C for 10 minute. (b) High magnification of the white dashed

rectangle at figure a. (c) EDX line scan of the red line at (a).

Based on the EDX line and map scan results showed in Figure 5-5 and Figure 5-6,
complemented with microstructural results it can be concluded that during overcasting

of Al-20Sn-7Si, Sn segregates to the interface of IMC and aluminium alloys. Formation
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of Sn patrticles in the interaction layer was decreases the bond strength of Al-20Sn-
7Si/steel joints drastically. Figure 5-7 shows thickness of the interaction layer in
overcast Al-20Sn-7Si on nickel coated steel and zinc coated steel prepared by holding

the melt at 750 °C for various time.
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Figure 5-7-Thickness of the interaction layer in overcast Al-20Sn-7Si on nickel coated steel and zinc

coated steel prepared by holding the melt at 750 °C for various time.

Figure 5-8 shows measured bond strength of the overcast Al-20wt%Sn-7wt%Si on
nickel coated steel and zinc coated steel that was prepared by holding the melt at 750
°C for time ranging from 0-10 minutes. The average bond strength of overcast Al-
20wt%Sn-7wt%Si on Ni coated steel is found to be higher than that from Zn coated
steel. The average bond strength of overcast samples with zinc coated steel ranged
from 3MPa to 4MPa, while the average bond strength of overcast samples with Ni
coated steel were ranged from 0 and 10MPa, as a function of holding time. This
demonstrates that the effect of holding time on the average bond strength of the
overcast samples with Ni coated steel is more significant than that with Zn coated

steel.
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Figure 5-8- Bond strength of the overcast Al-20Sn-7Si onto nickel coated and zinc coated steel

prepared by holding at 750°C for various time.

5.5 Joining of steel to Al6060 alloy

Table 3-2 lists the chemical composition of AI6060 that was used in this study. Figure

5-9 shows a typical as-cast microstructure of Al6060.

Figure 5-9- SEM micrograph of as-cast Al6060.
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IMC layer formed between AlI6060/zinc coated steel and Al6060/nickel coated steel
and developed between the aluminium alloy and steel. Interaction layer between the

coated steels and the aluminium alloy in different holding times shown at Figure 5-10.

Zinc coated steel Nickel coated steel
0 minute
AlGOB0 steel
1 minute stacl N - AIG060
5 minute
10 minute

Figure 5-10- Micrograph of interaction between zinc coated and nickel coated steel and 6060

aluminium alloy after holding at 750 °C for 0, 1, 5 and 10 minutes.
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Uniform interaction layer was formed between the AI6060 alloy and zinc coated steel
alongside the bond that is visible in Figure 5-11(a). Figure 5-11 (b) is high
magnification of the red rectangle of Figure 5-11 (a) that is showing 2 distinctive IMC
layers of interaction. A lighter IMC layer next to steel and a darker IMC next to the
aluminium alloy detected. Composition of the lighter phase was changed across the
bond. However the composition of the darker IMC layer was approximately stable at
the EDX line scan, Al(12)Ni(10)Fe(2)Si.

Content / at%

0 5 10 15 20
Distance / pm

Figure 5-11- (a) SEM micrograph of the cross section of nickel coated steel and 6060 aluminium alloy
held at 750 °C for 10 minutes. (b)High magnification of the red rectangular at a. (cC)EDX line scan of
the red line at (b).

Bond strength of nickel coated steel/AlI6060 was zero in holding at 750 °C for zero
minute however increased to 14 MPa by holding for 1 and 5 minutes. Holding for 10
minutes increased the bond strength to 20 MPa. Bond strength of zinc coated
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steel/Al6060 was increased from 20 MPa to 30 MPa by holding at 750 °C for 5 minutes
and then was declined to 14 MPa by holding for 10 minutes. Figure 5-12 shows change
of the thickness and Figure 5-13 shows the change of bond strength vs. holding time
for AI6060-Zn and Al6060-Zn overcast parts.
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Figure 5-12- Thickness of the reaction layer at AI6060/nickel coated steel and Al6060/zinc coated
steel in different holding times at 750 °C.
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Figure 5-13-Bond strength of Al6060/nickel coated steel and Al6060/zinc coated steel couples in
different holding times at 750 °C.
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5.6 Imperfections

Imperfections can influence the bond strength of dissimilar joints. Among different
imperfections, cracks are the most important of imperfections, which dramatically
deteriorate the mechanical properties of the joint. A clear crack is observed in the
interaction layer between nickel coated steel and 6060 aluminium alloy prepared by
holding the melt at 750 °C for 10 minutes (Figure 5-11). The crack was started on the
interface between the steel and interaction layer adjacent to steel, which then
propagated through the interaction layer and towards the aluminium alloy side. The
detailed comparison of cracks characteristics in different aluminium alloys joints will

be discussed later at chapter 6.

Porosities can be the preferred nucleation sites for cracks. Also, porosities connect

the crack to each other that may finish by failure of a joint.

Figure 5-14 shows the microstructure of interaction layer between Al-20wt%Sn-
7wt%Si and Zinc coated steel prepared by holding the melt at 750 °C for 30 minutes.
Kirkendal micro-voids are clearly observed in the microstructure of the interaction
region. The pores mostly stretched vertical to the interface of the bimetal, suggests
direction of diffusion of the atoms that finally formed the pores. Different sizes of pores
detected to maximum of 30 um length. While, no Kirkendal micro-voids were detected
in overcast sample prepared by holding the melt for a period up to 10 minutes (Figure
5-5 and Figure 5-6), many micro-voids are observed in the interaction layer in overcast
sample prepared by holding the melt for 30 minutes. This indicates that the Kirkendal
effect is not significant in overcast samples processed with holding time of the melt up
to 10 minutes. Moreover, the observation of porosities in the steel-side-IMC compare
to the aluminium-side-IMC, steel, and aluminium alloy, implying the higher flux of iron
atoms to the melt in comparison to the aluminium flux from melt to IMC solid. This may
result higher vacancy content of IMC layer, which in turn may lead to the formation of
Kirkendal voids inside IMC layer. Basically, Kirkendal effect occurs as a consequence
of difference in diffusion rates of the metal atoms [119], so presence of the Kirkendal
pores in the IMC, shows that diffusion rate of iron atoms to aluminium was higher than

rate of diffusion of aluminium atoms into the steel.
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Figure 5-14- (a) Formation of Kirkendal voids at Al-20wt%Sn-7wt%Si overcast on to zinc coated steel

prepared by holding the melt at 750 °C for 30 minutes. (b) High magnification of the white dashed

rectangular at a.

Also, occurrence of Kirkendal effect was studied in chapter 4 for pure aluminium/zinc
coated steel.
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Chapter 6 Discussion

6.1 Effects of processing conditions on microstructure of overcast
samples

Based on the results obtained from the studies of interaction between liquid aluminium
and solid steel insert during overcasting process in chapter 4, it is believed that when
the liquid aluminium touches the surface of the steel insert at 750 °C, the iron starts to
dissolve into the molten aluminium up to solubility limit of Fe in liquid aluminium, i.e. 5
wt.%. This leads to an increase in the Fe content in the Al melt near the steel insert
and the formation of AlisFes intermetallic phase adjacent to solid steel insert. As the
holding time of melt in contact with the steel prior to cooling increases. By increasing
the holding time and rising the thickness of interaction layer, the AlsFez is formed next
to the steel surface due to diffusion of aluminium throughout the AlisFes IMC layer.
The fact that AlsFe2 IMC thickness increases as a function of time (Figure 4-9) is
verifying that this IMC layer forms mainly by the interdiffusion process rather than

solidification.

In the presence of Si in the melt (Al-Si alloys), AlsFez and AlsFe2Si IMC phases form
next to steel and aluminium alloys, respectively. Similar to pure aluminium/steel joints,
solidification and interdiffusion are two major responsible mechanisms for the
formation and growth of the IMC layers between liquid Al-Si alloys and steel at 750
°C. As the bonding characteristics of pure aluminium/steel and Al-Si aluminium
alloys/steel joints have been studied before, the thickness of these intermediate IMCs
could be controlled to achieve the suitable bonding properties of the joints.

Figure 6-1 shows the schematic representation of intermediate layers in
aluminium/steel joints prepared through overcasting process. Based on the
microstructural micrographs of aluminium alloys/steel joints reported in the chapters 4
and 5, it can be concluded that the interaction layer for overcasting process is not as
uniform of other joining processes. This can be attributed to the different growth rate
of AlsFe2 phase in different directions. Heumann and Dittrich [117] has been reported
the preferentially growth of AlsFez intermetallic phase in c-axis and [001] direction
during solid state growth. Therefore, grains with c-axis parallel to heat and mass

diffusion direction may grow faster than other grains and form finger like feature

89



IMC/steel interface. As heat sink parallel to diffusion direction are vertical to the
interaction layer, mass diffusion is faster along c-axis and growth is preferential

towards steel.

Aluminium |Mc§ steel

Figure 6-1-Schematic view of the interface of the bond between the steel and the overcast aluminium.

Equilibrium phase diagram of aluminium and iron shows 5 different intermetallic
phases of the metals; however, researchers reported presence of only 2 intermetallic
phases of AlsFe: and AlisFes. So, according to experimental observations, 3
equilibrium phases missed. This shows that various effects have to be considered in
the mechanism of nucleation and growth of intermetallic layers. Type of the formed
intermetallic layers and their thicknesses are very important to obtain a joint with
optimum performance. So, it is very important to understand development of the
intermetallic layers. A better understanding of phase formation and morphology on the
interface and the growth mechanisms will provide guidelines to predict and control the

reaction on the interface.

The kinetics of formation and growth of the IMC layer of pure aluminium/zinc coated
steel was faster than pure aluminium/nickel coated steel because low melting point of
the zinc coat facilitated wetting of the solid steel by liquid aluminium. Melting point of

zinc is 1035 °C lower than melting point of nickel.
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6.2 Effects of alloy composition and surface coating for steel inserts on
the microstructure of overcast samples and bond properties

Figure 6-2 shows changes in the thickness of the IMC layer as a function of melt
holding time for different alloy compositions in Al-Si binary system. While the thickness
of interaction layer increases with increasing holding time for both nickel and zinc
coated steel inserts, the addition of Si in the aluminium melt reduces the growth rate
of the interaction layer. This can be seen in Figure 6-3, showing the changes in
thickness of interaction layer within the overcast samples formed after holding the melt
at 750°C for 10 minutes as a function of Si content. Both steel-side-IMC (AlsFe2 phase)
and aluminium-side-IMC (AlisFes phase for Al alloys and AlsSizFe phase for Al-Si
alloys) layers have clearly shown a reduction in thickness with increasing Si content.
However, the thickness of AlsFe2 layer decreases more significantly as compared to
that of AlsFe2Si layer. The reduction in the thicknesses of intermetallic compound
layers can be attributed to the lowering of atomic diffusion and reaction kinetics as a

result of silicon addition to the melt.

Decreasing in atomic diffusion by increasing Si content of the AlsFe2z phase has been
reported previously [118]. This decline in diffusion rate is described by occupying the
structural vacancies of the IMC by Si atoms. The similar change in diffusion rate can
be expected for AlsFe2Si phase as a result of changes in Si content. However, the
effect of Si on atomic diffusions in AlsFe2Si phase can be a topic of future works.
Moreover, Si may decrease the kinetic of solid/liquid reaction and thereby reduce the
formation rate of AlsFe2Si phase from Al-Si melts as the Si is also needed to partition
to outer IMC layer, during the solidification process.
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Figure 6-2- Thickness of the interaction layer vs. time for different alloy compositions prepared using

nickel coated and zinc coated steel inserts.
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Figure 6-3-Thickness of the AlsFez and AlsSizFe intermetallic layers within samples prepared by
overcasting of different Al-Si binary alloys overusing nickel coated steel , using10 minutes holding

time at 750 °C prior to cooling.

92




To achieve a uniform interaction layer A better understanding of phase
aluminium/steel joints, the steel should be coated with a protective layer; it is
discussed earlier at chapter 4. These protective layers such as zinc, nickel, or NiZn,
protect the steel surface from oxidation and thereby may increase the wettability of the
surface by liquid aluminium. In order to compare the effect of zinc and nickel coating
on the interaction layer formation kinetics of different aluminium alloys/steel joints, the

results of IMC thickness measurements are shown in Figure 6-4.

For all aluminium alloys studied in this project, overcasting process on the zinc coated
steel insert shows a higher kinetic of IMC layer formation as compared to other
conditions (Uncoated, nickel coated, and NiZn coated steel inserts). The only
exceptional result was measured for the Al-1Si/steel joints after holding for 10 minutes
at 750 °C, in which the IMC thickness of nickel coated steel is higher than zinc coated
steel. This exceptional behaviour can be attributed to the non-uniform nature of
overcasting process that may lead to a more scattered result. For all coatings, the IMC
thickness increases with increasing holding time of the melt prior to cooling (Figure
4-8). As the melting temperature of nickel is 1035 °C higher than zinc melting point,
dissolving of nickel in aluminium alloy melts are more time-consuming process
compared to the zinc. Therefore, no IMC layer was detected for nickel coated steel
after overcasting process as well as early stages of holding time. After dissolving of
the nickel coating in the aluminium alloy melt, the interaction layer growth rate exhibits
almost the similar rate of zinc coated steels.

The growth behaviour of IMC layer in overcast samples using NiZn coated steel insert
gives an approximately similar trend as compared to other overcast samples using Ni,
Zn coated and uncoated steel inserts. However, the IMC layer thickness for overcast
samples prepared using NiZn coated steel inserts for a given holding time always lies

between those prepared using either nickel and zinc coated steel inserts.

In general, the coatings of steel play two major roles in controlling the interaction of
liquid aluminium and solid steel insert. Firstly, they protect the surface of steel and
prevent the steel surface from oxidation before being in contact with liquid aluminium

[78]. Furthermore, the coating can also delay the contact of steel surface and
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aluminium melt [122].
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Figure 6-4-Thickness of the interaction layer vs. time for overcast samples prepared using nickel
coated and zinc coated steel inserts for various alloy compositions: (a) Pure aluminium, (b) Al-
1wt%Si, (C) Al-7wt%Si, and (d) Al-12.2wt%Si.

As it was discussed in previous paragraph, the addition of Si to aluminium alloy
decreases the thickness of interaction layer significantly. For diffusion bonding
processes, it was claimed that the strength of the bimetallic Al/steel joint declines as
the IMC layer exceeded a critical thickness of 10 um [119]. However, in the current
study it was found that the bond strength of overcast sample did not necessarily

correlate with the IMC thickness.
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Figure 6-5 shows the bond strength for the joints between different aluminium alloys
and different coated steels. Generally, it can be seen that the nickel coated steel insert
exhibits higher bond strength as compared to uncoated and zinc coated steels at
holding time between 5 to 10 minutes. However, the results of bond strength
measurement for NiZn coated steel with pure aluminium show that their bond strength
is higher than bond strength of Ni coated steel/pure aluminium and Zn coated
steel/pure aluminium joints. It seems the NiZn coatings benefits from both higher
wettability of zinc coatings and controlled dissolution of the nickel coatings inside
aluminium melts. The NiZn coated steel wet by aluminium sooner than nickel coated

steel because it formed IMC layer sooner.
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Figure 6-5- Bond strength vs. holding time of melt for overcasting of different Al-Si alloys onto various

coated steel inserts.

95



As the bond strength of different processing conditions in Figure 6-5 does not show a
distinguished trend by increasing the holding time, it can be concluded that IMC
thickness are not necessarily an effective factor to determine the bond strength of
overcasting joints. Similarly, although the Si addition reduces the thickness of IMC
layer, the bond strength of different aluminium alloy joints are not considerably
influenced by Si contents of the alloys. Moreover, the investigation of the interaction
layer between AI-20Sn-7Si alloys and nickel coated steel indicates that the
segregation of tin to the IMC/aluminium interface may influence the bond strength
more than IMC thickness (Figures 5-5 and 5-7). Segregation of tin to the
IMC/aluminium interface leads to the formation of Sn particles in the interaction layer,

which act as the imperfections during bond strength test.

Springer et al. reported that tensile strength of steel and pure aluminium is mostly
governed by formation of Kirkendal porosities [87]. However, the current research
shows that cracks, micro-porosities, and segregation are main imperfections were
observed in different aluminium/steel joints. According the fractography studies
(Figure 4-13 and Figure 4-14), cracks are mainly responsible for the failure of joints in
overcast samples. The cracks usually form in overcast joints as a result of chemical
segregation or thermal expansion. For instance, the cracks were found in overcast
samples of Al-20wt%Sn-7wt%Si with nickel coated steels inserts. They are believed
to be caused by segregation of Sn and Si during the overcasting process.

Moreover, the difference between the thermal expansion coefficients of intermetallic,
aluminium and steel layers may lead to cracks formation as observed in overcasting
of pure aluminium onto nickel coated steel insert. In comparison to the samples with
aluminium-silicon binary alloys, more cracks were detected at the IMC layer of pure
aluminium/steel joints. This is attributed to the higher interaction layer thickness in the
overcast pure aluminium/ steel joints, leading to possibility of crack formation due to
the difference in thermal expansion coefficient.

The micro-porosities were detected at the samples with more 10 minutes holding
times. As discussed earlier the formation of these micro-pores are attributed to the
Kirkendal effect of aluminium/steel diffusion couple. High rate of diffusion of iron atoms
into liquid aluminium and lower rate of diffusion of aluminium into iron can lead to the
formation of Kirkendal pores that may decrease the bond strength by facilitation of
crack initiation in the bond, leading to the failure of the joint under applied load.
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6.3 Kinetics of Fe/Al bimetal interaction layer formation

As discussed earlier at chapter 2, it is possible to use parabolic law to show growth
rate of IMC layer. Researchers demonstrated that the kinetics of formation of the
intermetallic layer between aluminium and steel is governed mainly by a parabolic law

resulted from atomic diffusion mechanism:

x? = kt Equation (6-1)

x, k and t parameters defined earlier at chapter 2.

However, the results obtained from this project have shown that the kinetics of
formation of the intermetallic layer can be affected by the melt composition and the

coating for steel insert.

The horizontal axis of the plot at Figure 6-6 is v/t while the vertical axis is thickness of
the interaction layer. The coloured points at Figure 6-6 show the measured thickness
of interaction layer of overcast samples prepared using different alloy composition,
coating for steel inserts and holding time at 750 °C prior to cooling. From the plot, a
straight line can be drawn for every processing condition, with a preposition of crossing

the line from the point that equation 2 is crossing from.

Interaction layer=+t = 0 Equation (6-2)

Using the above-mentioned method, it is possible with a good approximation to
compare the kinetics of IMC formation processed using different conditions. Figure 6-6
shows the highest rate of IMC formation results from the interaction of pure aluminium
melt and zinc coated steel and the lowest rate of formation of IMC layer results from
the interaction of Al-7wt%Si.
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Figure 6-6-Thickness of the interaction layer vs. square root of the time for all overcast samples

prepared in this study. The coloured points show the average measured thickness of interaction layer

for various processing conditions.

6.4 Bonding area development

35

Different micrographs of optical microscope and SEM presented microstructures of
different processing conditions in the results chapters. The following schematics in this
section help to understand the interaction between aluminium and steel in different
processing conditions.

Figure 6-7 shows the schematic of interaction between uncoated steel and liquid

aluminium. The layer of iron oxide that is forming on top of steel, is forming a non-
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uniform layer of intermetallic. Figure 6-7d represents schematic of the microstructure

of a sample with similar processing conditions that was shown in Figure 4-1.
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Figure 6-7- Schematic of the growth behaviour of interaction between liquid aluminium and uncoated
steel. (a) Liquid aluminium touches the surface of uncoated steel while despite the primary cleaning,
there is a layer of iron oxide on the surface (b) after holding at 750 °C for 1 minute, islands of
intermetallic compound form in the interaction layer (c) By holding at 750 °C for 5 minutes islands of
AlsFez intermetallic compound growth (d) After holding the joint at 750 °C for 10 minutes, the AlsFez
islands growth and touch each other while a thin layer of AlisFes forms between the IMC and

aluminium.

Figure 6-8 demonstrates schematic of the interaction between liquid aluminium and
solid zinc coated steel in room temperature. Figure 6-8a demonstrates a schematic of
the interaction when aluminium and steel interacted, the zinc coat was dissolved in
aluminium and a thin layer of AlsFe:z intermetallic was formed on the interface of steel.
It should be mentioned that overcasting process, due to the severe turbulence of the
liquid aluminium and high temperature of casting, the small amount of zinc coat was
dissolves in the liquid aluminium fast and it is not easy to characterise it in the
aluminium after solidification. Figure 6-8d demonstrates 10 minutes of interaction
between aluminium and zinc coated steel, Figure 4-5b shows the microstructure of a

sample with similar processing conditions.
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At cooling rate of 0.63 K/s (750/500 °C) when the liquid aluminium touched the zinc
coat, the zinc coat dissolved in the liquid aluminium and AlsFez intermetallic phase
was formed. Figure 6-8a demonstrates this stage of the interaction. Formation of the
AlsFez intermetallic layer is uniform across the joint while the thickness is about 8 pum.
A finger-like feature of AlsFe2 was formed and grown from the aluminium side into the
steel side. The aluminium side of the layer is flatter with small perturbations while on
the other side of the intermetallic layer that grows inside steel there are more finger-
like feature perturbations. The intermetallic layer formed uniformly across the joint and
nowhere was found without formation of intermetallic. At this step, the continuous layer
act as a diffusion barrier for aluminium and iron atoms, so diffusion of aluminium/iron
is not controlling the interactions any more. Therefore, the concentration gradient was
declined across the recently formed intermetallic barrier layer. By increasing the
holding time, the mentioned situation of concentration of atoms leads to formation of
a second phase of AlisFes, with a higher level of aluminium content, between the

aluminium and the previously formed AlsFe2 phase.
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Figure 6-8- Schematic of the growth behaviour of interaction between liquid aluminium and zinc
coated steel. (a) Liquid aluminium touches the surface of zinc coated steel, zinc dissolves in
aluminium and a layer of AlsFez form (b) by holding at 750 °C for 1 minute thickness of the interaction
layer increases and AlisFes IMC form (c) holding at 750 °C for 5 minutes lead to a thicker IMC layer
and more aluminium riched IMC in aluminium (d) After holding the joint at 750 °C for 10 minutes more

IMC in the interface and in aluminium form.
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Figure 6-9 demonstrates the schematic of the growth behaviour of the interaction
between overcast pure aluminium and nickel coated steel. When pure aluminium was
overcast on top of nickel coated steel and cooled to room temperature, no interaction

detected between aluminium and steel.

Figure 6-9 demonstrates the schematic of the growth behaviour of the interaction
between overcast pure aluminium and nickel coated steel. When pure aluminium was
overcast on top of nickel coated steel and cooled to room temperature, no interaction

detected between aluminium and steel.

Figure 6-9a demonstrates the schematic of the nickel coated steel and overcast pure
aluminium. At this scenario, the overcast aluminium did not affect the nickel coat, so
the nickel coat remained un-touched on the surface. However, when the overcast
aluminium was remained in touch with liquid aluminium, islands of intermetallic was
formed at the joint. Figure 6-9b shows the schematic of the cross section of the nickel
coated steel with overcast pure aluminium. An island of intermetallic compound formed
and the nickel coat dissolved in the aluminium while 20% of the nickel coat was
characterised on surface of the steel. The thickness of the intermetallic islands formed
after Iminute holding time was been maximum 10 micron and the lengths where
different. Figure 4-16 shows the microstructure of a sample with similar processing

conditions.

Figure 6-9c and d show schematic of the cross section of the nickel coated steel and
overcast aluminium that was held at 750 °C for 5 and 10 minutes respectively. The
islands of intermetallic were connected to each other and formed a continuous and
uniform layer of intermetallic compound. Similar to the previous surface conditions,
most of the formed intermetallic layer that is next to steel was AlsFez. However,
morphologies of the grains extension and size were different. The IMC particles in
nickel coated steel were shorter and more curved while the grains in zinc coated steel

were slimmer, longer and extended inside steel.

Figure 6-10 demonstrates the stages of interaction of nickel-zinc coated steel and
overcast aluminium. Developments of the interaction layer in nickel-zinc coated steel

demonstrates exactly the steps of zinc coated steel.
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Figure 6-9- Schematic of the interaction between liquid aluminium and nickel coated steel. (a) Liquid
aluminium touches the surface of nickel coated steel (b) after holding at 750 °C for 1 minute, islands
of AlsFez intermetallic compound were formed (c) By holding the sample at 750 °C for 5 minutes
islands of AlsFe2 intermetallic compound growth. Between AlsFe:z intermetallic phase and aluminium.
(d) After holding the joint at 750 °C for 10 minutes, the AlsFe2 IMC layer was grown, nickel disappear
from the interface and a thin layer of AlisFes was formed alongside the bond. Also, aluminium rich

IMC particles were detached and moved to the aluminium.

AlFe,
a ® AlsFe,

St Al St AL St | JAL St

|
|
W IANE

t1 t2 ts t4

Figure 6-10-Schematic of the growth behaviour of interaction between liquid aluminium and nickel-
zinc coated steel. (a) Liquid aluminium was touched the surface of NiZn coated steel, NiZn was
dissolved in aluminium and a layer of AlsFez was formed (b) by holding at 750 °C for 1 minute,

thickness of the interaction layer was increased and AlisFes IMC was formed (c) holding at 750 °C for
5 minutes lead to a thicker IMC layer and more aluminium riched IMC in aluminium (d) After holding

the joint at 750 °C for 10 minutes more IMC at the interface and in aluminium was formed.
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Figure 6-11 highlights the schematic of formation of IMC on the surface between
aluminium and steel, regardless of coating. Study of interaction between liquid
aluminium and solid steel proved similar interactions for uncoated steel or steel with
different coatings. In all of the surface conditions, the coat was removed by time,
however the process of solution of the coat was faster in zinc coat and slower in nickel
coat. Following removal of the coating, interaction layer was formed and liquid
aluminium was diffused into solid steel and IMC layers were formed. In the next step,
iron/aluminium IMCs were dispatch from the steel plate and moved towards
aluminium. All of this process was happened in all of the steel plate with different
coatings however with different kinetics. Figure 6-11 demonstrates kinetics of
interaction between various phase boundaries, liquid aluminium and steel in a stable
temperature for 3 different periods of time t1, t2 and t3. The time may vary in different

coatings and uncoated surface however they all follow similar process of reactions.
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Figure 6-11- Schematic of interaction between liquid aluminium and solid steel in a

fixed temperature.
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Rezaei et al. suggested a model for interaction of aluminium and uncoated steel at
750 °C for up to 70 seconds [100], however the main advantage of the their model in
comparison with the models presented before is to show the disappearance of steel
by time. Rezaei et al. demonstrated that detachment of the IMC controls the interfacial
reaction of solid iron and liquid aluminium [100]. However Springer and some other
researchers demonstrated the parabolic rate law controls the reaction [87, 97, 114,
115].

104



Chapter 7 Conclusions

In this project, the effect of processing conditions including melt holding time, coatings
for steel insert and aluminium based alloy composition on the interaction between
liquid aluminium and solid steel insert was investigated to develop a low-cost

overcasting method to fabricate bimetallic joint. It was found that:
The conclusions that were drawn from this research are summarised below:

- At a high cooling rate of 5 K/s (750/500 °C), no interaction layer was formed
between zinc coated steel and pure aluminium at the overcast sample that was cast
at 750 °C. However, in a lower cooling rate of 0.63 K/s (750/500 °C), a finger-like
feature interaction layer was formed between zinc coated steel insert and pure
aluminium overcast sample that was cast in same temperature. The interaction
layer consisted of AlsFe2 phase with a preferential growth along c-axis, leading to
the formation of the finger-like feature inside steel. However, AlisFes phase was
found within the interaction layer adjacent to the aluminium side of the bimetallic
joint.

- The growth rate of AlsFez layer was greater than that of AlisFes for pure aluminium
that was overcast on top of zinc coated steel.

- TEM characterisation revealed of the interaction layer of pure aluminium/zinc
coated steel that held at 750 °C for 10 minutes, shows formation of a thin layer of
AlsFe2 IMC next to steel and AlisFes next to the overcast aluminium side of the
interaction layer. SEM and XRD characterisation show formation of AlsFe2 between
AlsFe2 and AlisFea.

- Coating for steel can play three major roles in the overcasting process. Firstly, it
can prevent the surface of steel from oxidation before overcasting. Secondly, it can
improve wetting properties of steel surface for a better interaction. Thirdly, the
coating can facilitate or reduce the rate of interaction between aluminium and steel.
Zinc coat improves wetting and enhances interaction between liquid aluminium and
steel insert, leading to thicker interaction layer. Although nickel coating reduces the
wettability of coated steel by molten aluminium, nickel coat controls thickness of the
intermetallic layer by deaccelerating the interaction between molten aluminium and

steel.
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Growth of the IMC layer follows a parabolic relationship between layer thickness
and melt holding time prior to cooling. The rate of formation of the interaction was
the highest for overcast samples prepared from overcasting of aluminium on top of
Zn coated steel insert. However, interaction of liquid aluminium with other NiZn and
Ni coated steel inserts was found to be slower than overcast samples using Zn
coated steel inserts. For a given holding time and casting alloy composition, the
order of interaction layer thickness ranging from highest to lowest values was found
in overcast samples using Zn, NiZn, Ni coated steel and uncoated steel insert,
respectively.

The overcast samples produced from Al-xSi binary casting alloys and steel inserts
were found to consist of AlsFez IMC layer adjacent to the steel and AlsFe2Si layer
adjacent to the aluminium alloy. It was found that the thickness of the interaction
layer reduced with increasing silicon content. The result repeated in different
holding times and different coatings.

Generally, three types of imperfections detected at samples with different
processing conditions, crack, micro-porosity and chemical segregation. This
research project shows that imperfections such as micro-porosities, cracks, and
chemical segregation are the main source of weakness for the bonding of
aluminium to steel prepared by overcasting process.

Based on parabolic law, a method introduced to compare the kinetics of IMC
formation in different conditions by a good approximation. The method
demonstrated that pure aluminium/zinc coated steel has the highest kinetics of
interaction while Al-7wt.%Si / Nickel coated steel has the lowest kinetics of
interactions.

Based on the results, | suggest to use nickel coated steel to bond aluminium to steel
by using optimised overcasting process parameters.

Future works

Using different types of pressure in overcasting process to improve the bond
strength. For example, exploit automatic die casting method or squeeze casting for

overcasting process to reduce the variability of joint quality in terms of
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microstructure and strength, caused by manual casting approach and to increase
the sample complexity and productivity of dissimilar joint fabrication.

More detailed microstructural investigation using TEM, especially to quantify the
proportion and type of intermetallic phases within the interaction layers to
understand reaction between casting alloy and steel insert with and without
coatings.

To apply other testing methods such as bond strength in elevated temperatures or

fatigue test to study the bond strength of overcast samples
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