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Abstract

The patented Hybrid Metal Extrusion & Bonding (HYB) process enables joining
of aluminium and steel components by the use of filler material addition in the
solid state. In the present report, an in-depth analysis of the bond strength and
structural integrity of a 4 mm AA6082-T6 and S355 butt weld produced using
this method is given. The experimental trial includes tensile testing using digital
image correlation (DIC) analysis, microscopic examination of the joint and the
base materials, together with scanning electron microscope (SEM) examination of
the bond line and selected fracture surfaces. In addition, a more extensive finite
element (FE) model has, for the first time, been developed to simulate the behavior
of the weld during tensile testing.

The main results from the DIC analysis revealed that most of the principal strains
in the specimen during tensile testing start to concentrate in the heat-affected
zone (HAZ). However, a root crack is gradually forming in the root region at
the aluminium-steel interface due to insufficient bonding in this region, causing a
competition between the two weak zones (i.e., the HAZ and root crack) before final
fracture occurs along the aluminium-steel interface. Despite of this, a relatively
high joint efficiency of 75% is reached. From the FE simulations, it was found
that the insufficiently bonded region in the root has a depth of about 0.03 mm
and that it does not compromise the overall joint strength significantly. Moreover,
a potential strength contribution caused by mechanical interlocking was observed.
From this, it is concluded that the HYB process is well suited for dissimilar welding
of aluminium and steel. However, there is a need for further optimization of the
process in order to reach the forefront of aluminium-steel welding technology. This
work is now in progress.
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Sammendrag

Den patenterte Hybrid Metal Extrusion & Bonding (HYB) sveiseprosessen mulig-
gjør sammenføyning av aluminium og stålkomponenter ved bruk av tilsettmateriale
og plastisk deformasjon i fast fase. I denne rapporten er det gitt en grundig analyse
av bindestyrken og den strukturelle integriteten til en 4 mm AA6082-T6 og S355
buttsveis, produsert ved hjelp av denne metoden. De eksperimentelle forsøkene
inkluderer DIC-analyse (eng: digital image correlation analysis) og mikroskopiske
undersøkelser av grunnmaterialene og sveisen. SEM (eng: scanning electron micro-
scope) har også blitt benyttet for å se på utvalgte bruddflater og bindingen mellom
stål og aluminium. I tillegg har en omfattende FE (eng: finite element) modell
blitt utviklet for å simulere sveisens oppførsel under strekkprøving, noe som aldri
har blitt gjennomført tidligere.

Resultatene fra DIC-analysen viste at tøyningene hovedsakelig samlet seg i den
varmepåvirkede sonen under strekkprøving. En rotsprekk oppsto imidlertid under
testingen i overgangen mellom aluminiumet og stålet på grunn av utilstrekkelig
binding i dette området. Det oppstod en konkurranse mellom de to svake områ-
dene, før bruddet gikk langs grensesnittet mellom aluminium og stål. Til tross for
sprekken oppnådde sveisen en høy styrke på 75% av styrken til aluminium grunn-
materiale. Fra FE-simuleringen ble det oppdaget at området med dårlig binding er
på omtrent 0.03 mm, og at dette området ikke har en stor påvirkning på den resul-
terende styrken til sveisen. Videre ble det også observert et potensielt styrkebidrag
fra mekanisk låsing. Fra dette kan det konkluderes med at HYB prosessen er godt
egnet for sveising av aluminium og stål. Det er imidlertid et behov for ytterligere
videreutvikling og optimalisering av prosessen for å bli fremtidens sveiseprosess for
aluminium og stål. Dette arbeidet er nå påbegynt.
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1 Introduction

1.1 Motivation

Today one of the world’s biggest challenges is the climatic changes and pollution
caused by industrial activity and the transportation sector. In particular, the hu-
manly created CO2-gas emission, which mainly comes from the burning of fossil
fuels, has to be reduced [1]. As a consequence, strict regulations have been im-
posed by the government for reducing the CO2-gas emission. For instance, within
the automotive industry, reducing the exhaust emission and increase engine effi-
ciency is a demand [2]. One way of achieving this is to increase the use of tailored
multimaterial solutions by combining the use of different types of materials within
a component or assembly. In this way, more optimal structures with lower weight
and higher performance can be obtained, both in terms of cost and environmental
impact [3].

Traditionally, steel has been the material of choice within the transportation sec-
tor due to its high strength and stiffness. However, there is a need to reduce the
amount of steels in modern automotive applications due to its weight. Aluminium
alloys, as the Al-Mg-Si alloys, exhibit favorable physical and mechanical properties,
as high strength-to-density ratio and good formability, which makes them an ideal
candidate for replacing steel in several applications [2, 4]. However, in complex
structures, such as the car subframe, is it not beneficial (or even possible) to pro-
duce the entire part using only aluminium alloys [2]. As a result, the combined
use of aluminium and steel may offer several advantages. In fact, combining these
two metals have proven to successfully create more fuel-efficient vehicles by re-
ducing the overall weight as well as the power consumption during manufacturing
[5, 6]. However, welding and fabrication of aluminium-steel products are challeng-
ing because of their significant difference in physical and thermal properties (e.g.,
melting temperature, coefficient of thermal expansion, heat capacity and solidifica-
tion shrinkage), which may give rise to a variety of weld defects [3, 7]. Therefore,
joining of dissimilar materials has become a significant consideration during the
last years due to the increased demand for complex industrial applications [5, 6].

One of the major challenges in aluminium-steel welding is the formation of brittle
intermetallic phases (IMP), or intermetallic compounds (IMC), along the interface
between the two materials. Even though these IMPs are necessary to achieve bond-
ing, the high thermal input in conventional welding processes leads to an excessive
formation of these phases resulting in brittleness of the bond [4, 8]. Thus, both the
composition and thickness of the IMPs can strongly affect the mechanical integrity
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of the joint [8, 9]. In addition, the thermal input associated with conventional
welding techniques can change the width of the heat affected zone (HAZ) occurring
on the aluminium side. This is critical for the load-bearing capacity of aluminium
welds supposed that sufficient bonding is obtained [10]. At present, several welding
processes have successfully been used for joining of aluminium and steels, includ-
ing both Cold Metal Transfer (CMT) and Friction Stir Welding (FSW). But, as
stated by Kovacevic et al. [7], none of the existing methods are able to produce
reliable welds for industrial applications taking both quality and cost into account.
Therefore, there is a need for an, even more, energy efficient welding process oper-
ating at even lower temperatures to produce high-quality welds between dissimilar
materials.

The Hybrid Metal Extrusion & Bonding (HYB) process is a patented solid-state
joining technique which by the use of filler material addition and plastic deformation
can produce sound joints at even lower temperatures than conventional welding
processes [11]. Initially, the process was developed for butt welding of aluminium
alloys but has evolved into a multi-functional joining technique handling different
joint configurations and material combinations [12]. Moreover, the process has
shown great potential for joining challenging materials, as for instance, aluminium
and steel [13]. In this case, the low operational temperature is seen to have a
positive effect on both IMP formation at the Al-Fe interface and the width of the
HAZ on the aluminium side, which both are critical factors for the resulting joint
stength [13, 14]. At present, successful bonding has been obtained between 4 mm
rolled plates of aluminium alloy 6082-T6 and structural steel 355. However, the
process is not yet optimized, and there is a need for further characterization and
examination of the joint to improve the process and bring it one step closer towards
industrialization and commercial use.

1.2 Objectives

At present, there is little published information related to the mechanical integrity
of dissimilar Al-Fe HYB joints. Despite that a general mechanical characterization
of a 4 mm AA6082-T6 and S355 HYB butt joint can be found in the master
thesis of Matteo Manfrotto [14], a detailed analysis of its mechanical properties and
microstructure have not yet been carried out. Therefore, the aim of the present
report is to give an in-depth analysis of the bond strength of the same joint, serving
as an extension of the previous work, in order to provide a more consistent picture
of the HYB process usefulness for dissimilar joining of aluminium and steel. Such
an in-depth analysis has never been done before.
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The objective is more specifically to combine the already existing results from
Manfrotto [14] with the results obtained during this project to develop a finite
element (FE) model that can simulate the behavior of the dissimilar HYB weld.
To achieve this goal, the following steps must be followed:

• Detect critical areas of the dissimilar HYB weld and understand how the
joining process affects the materials.

• Obtain global material properties for the different zones of the Al-Fe HYB
weld.

• Determine the fracture model and behavior of the dissimilar HYB weld.

• Create an FE model that represents a tensile specimen of the Al-Fe HYB
weld, which can simulate the behavior of the specimen during tensile testing.

• Verify the FE model by the use of experimental data.

1.3 Scope

Thus, a more extensive examination of the dissimilar Al-Fe HYB joint microstruc-
ture and bond line will be given, together with analysis of the tensile test re-
sults. The microscopic examination of the joint includes both the use of optical
microscopy and scanning electron microscopy (SEM). The tensile tested specimens
are analysed by the use of digital image correlation (DIC), while the fracture sur-
faces are investigated in the SEM. The DIC analyses are also used to determine
the local material properties for the different weld zones. All experiments are con-
ducted at room temperature. The finite element (FE) model is developed using
ABAQUS/CAE (6.17) [15] and includes the implementation of different material
properties for the base materials and weld zones, as well as properties for fracture
initiation and propagation. The validation of the model is performed by comparing
the simulated results with the results obtained from the DIC analyses.
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2 Theory and literature review

2.1 Aluminium alloys

2.1.1 Overview

Aluminium (Al) and aluminium alloys are characterized by their low density, 2.7
g/cm3, high electrical and thermal conductivity, and good corrosion resistance
[16]. When aluminium is exposed to air, the metal reacts with oxygen and an
oxide layer forms on the metal surface. This layer is what gives the material
its good corrosion resistance, and enables it to be used for exposed applications
without additional protection [17]. Pure aluminiun has low strength, due to the
high dislocation mobility in the face-centered cubic (FCC) crystal structure, and
is therefore commonly strengthened by the addition of alloying elements in order
to be used for structural applications [17, 18, 19]. The FCC structure is also what
gives the metal its good formability [17].

A variety of aluminium alloys have been developed where their mechanical proper-
ties have been tailored to a specific application area. For instance, the 6xxx series
is a class of aluminium alloys that are frequently used in the automotive industry
due to their high specific strength (strength-to-density ratio) and corrosion resis-
tance [20]. The strength of these alloys mainly comes from the primary alloying
elements, magnesium (Mg) and Silicon (Si) [18], and are therefore often referred to
as the Al-Mg-Si alloys.

2.1.2 Al-Mg-Si alloys

The Al-Mg-Si alloys are wrought, heat-treatable alloys with good machinability
and weldability. The mechanical properties of these alloys are often improved
by precipitation hardening (age hardening) to obtain the highest strength in the
T6 temper condition [18]. Precipitation hardening increases the strength of the
material through the formation of small dispersed particles of a second phase within
the original phase matrix. This is done by a phase transformation introduced by
a controlled heat treatment process [16]. During aging, the properties change with
respect to time and temperature, and both strength and hardness increase with
time, as illustrated in Figure 2.1, until the peak-aged (T6) condition is obtained.
After this point, the strength starts to decrease gradually. The solution heat-
treated Al-Mg-Si alloys also have the ability to naturally age, which is the process
where the strength is increased during storage at room temperature [10]. This is
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referred to as the T4 condition as illustrated by the dotted line in the figure.

Figure 2.1: The strength evolution during aging of Al-Mg-Si alloys. Copied from
[10].

The presence of the hard precipitates particles, together with the strain field in
the matrix surrounding the precipitates, forms a barrier to dislocation movement
[18]. The dislocations get trapped by the particles, and their only possibility is to
either bow out between the particles, as shown in Figure 2.2a or cut through them,
illustrated in Figure 2.2b. Thus, a higher stress level is required for slip to occur,
and the strength of the material is increased [21, 22].

(a) (b)

Figure 2.2: Participates forms a barrier to dislocation movement, the dislocations
can pass through them by (a) bowing or (b) cutting. Copied from [22].

Grain size refinement is also a method for strengthening of the Al-Mg-Si alloys.
Adjacent grains in the material have different crystallographic orientations and
share a common grain boundary. The smaller the grains, the more grain boundaries
will exist in the material. Grain boundaries also act as a barrier to dislocation
motion or slip. The yield strength, σy, is related to the average grain size, d,
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by the Hall-Petch equation, as shown in Equation 2.1. Here the Ky and σ0 are
constants for the specific metal [16].

σy = σ0 +Kyd
− 1

2 (2.1)

2.1.3 Welding of Al-Mg-Si alloys

The Al-Mg-Si alloys have both physical and mechanical properties which make
them attractive for a wide range of structural applications and thus, welded assem-
blies. However, when the Al-Mg-Si alloys are used for welding, they can experience
severe softening in the heat affected zone (HAZ) caused by the heat generation
associated with the welding process [23]. The thermal stability of the hardening
participates which form during artificial aging (T6) is low, leading them to coarsen
and reverse (dissolve) when exposed to heat [17, 24]. The smallest participates will
start to dissolve when the peak temperature is above 250 °C, while the largest ones
will continue to grow [24]. This microstructural evolution during thermal process-
ing of the Al-Mg-Si will not be considered further. Note that the severe softening
is not the case for the naturally aged (T4) condition. This HAZ is a major concern
in aluminium welding due to the mechanical degradation of the base material, and
will often be the area that determines the load-bearing capacity of the overall joint.
Other problems related to welding of Al-Mg-Si alloys include solidification cracking
and hot cracking [23].

2.2 Steel

2.2.1 Overview

Steel are ferrous alloys containing mainly iron (Fe) and carbon (C), but may also
contain concentrations of other alloying elements. Steel has a high density (7.9
g/cm3) compared to aluminium, and a body-centered cubic (BCC) crystal structure
which has lower dislocation mobility compared to FCC and hence higher strength.
The main disadvantage with many ferrous alloys is their high susceptibility to
corrosion. The classification of steels is often according to the carbon content,
which strongly affects the materials mechanical properties. The widespread use of
steel as an engineering construction material is due to the vast quantities of iron
compounds within the Earth’s crust, the relatively low production cost in addition
to its versatility regarding mechanical and physical properties [16, 17].
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Of all the different steels utilized, those produced in most considerable quantities
are within the low-carbon classification. Their microstructure consists of ferrite
and pearlite, which give them good ductility and toughness. In addition, have
the low-carbon steels properties as good machinability and weldability, making
them suitable for automotive applications. These alloys are not affected by heat
treatment intended to form martensite and are commonly strengthened by strain
hardening. Strain- or work hardening increases the strength of the material through
plastic deformation. When the material is plastically deformed the dislocation
density increase in the material together with the internal stress. An increase in
the dislocation density makes it more difficult for the dislocations to move and
therefore hinders slip [16].

2.2.2 High-strength low-alloy (HSLA) steel

A group of the low-carbon alloys is the high-strength low-alloy (HSLA) steels,
such as S355. These alloys contain a small amount of alloy additions other than
carbon, which gives them higher strength than plain low-carbon steels without any
additional alloying elements. The impurity atoms impose lattice strains on the
surrounding atoms, in addition to refinement of the ferrite grain size, which leads
to restriction of dislocation movement and increased strength of the material. In
addition to their high strength, typical minimum yield strength in the range 300-
500 MPa, the HSLA steels are ductile, formable and easy to weld [16, 23]. HSLA
steel was primarily developed for the automotive industry to replace other low-
carbon steel and improve the strength to weight ratio. With higher strength, less
material is needed to obtain the same strength properties, and vehicles with lower
weight can be produced. [25].

2.2.3 Welding of HSLA steel

During welding, microstructural changes can occur in the HSLA steel depending
on the amount of heat generated during the process. Nitrides and carbides can
coarsen and dissolve, and grain growth can occur, leading to a strength reduction
in the HAZ in a similar manner as for the Al-Mg-Si alloys. The microstructural
changes lead to a reduction in the toughness of the weld and increase the risk
of cold cracking/hydrogen cracking. Another critical problem related to welding
of HSLA steels is to prevent brittle fractures due to increased strength in certain
areas, caused by the structural transformation and impurities dissolved in the metal
[23, 25]. However, a much larger local heating is required to form a HAZ and
microstructural changes in steel compared to aluminium. Denys [26] noted that
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HAZ softening typically occurred in the 650-1100 °C peak temperatures for high
strength steels (TMCP/QT), which is significantly higher than the 250 °C for the
Al-Mg-Si alloys.

2.3 Welding of dissimilar metals

2.3.1 An introduction

Mathers [17] describes welding as the joining of two components by coalescence of
the material surfaces in contact with each other. Different methods can achieve
this coalescence, either by melting the parts together, which is referred to as fusion
welding or by bringing the two surfaces together under high pressure to create
bonding. This is referred to as solid-state welding. The different methods can be
used with or without a filler material between the two materials to be joined.

During the latter years, the importance of joining dissimilar materials has increased
significantly, particularly within the automotive industry. The main reasons for
this are the aim to reduce the CO2-gas emissions and produce more energy ef-
ficient solutions [7, 27]. The use of iron- and aluminium-based alloys are most
frequently applied to achieve these goals [7], and, therefore, joining these materials
have become of great importance. In addition, has the emerging regulations from
the government (related to emission, safety, and fuel efficiency) made car manufac-
turers thrive towards improving the engine efficiency, develop hybrid power-train
systems and reduce the total weight of the vehicles to meet these strict require-
ments [2]. The European Aluminium Association [28] has stated that, with respect
to the automotive market, is joining of aluminium and steel the most important
task in the future, and the driving force for developing new and improved joining
techniques.

In the automotive industry is the reduction of vehicle weight of particular impor-
tance, as the weight is expected to increase in the future due to increasing customer
demand for more luxury, better performance, and higher safety. Even though thin,
high strength steel sheets have been developed, the total effect on the vehicle weight
is limited and, therefore, more innovative actions are needed. One solution is the
use of mixed material structures composed of lightweight materials [4]. The fa-
vorable properties of aluminium alloys make them suitable for the replacement of
heavier materials in several automotive components [2]. However, the use of alu-
minium alloys as a structural material, considering both the materials cost and
properties, is limited to certain parts within the vehicle assembly such as the hood,
trunk, doors, and roof. Thus, because aluminium alloys are used for specific ap-
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plications, these parts often need to be joined to other steel parts and, therefore,
there is a need for technologies capable of joining these two materials [4].

An industrial case where aluminium and steel are welded together to form the
component is the Honda Motor Corporation. Here, the subframe is made of a die-
cast aluminium alloy and press formed steel. Friction Stir Welding (FSW) is then
used for welding the two materials together in a lap joint configuration, as indicated
by the purple spots in Figure 2.3. This new subframe resulted in a total body weight
reduction of 25%, and a 50% reduction in electrical consumption compared to the
original steel subframe [5, 6]. Thus, the indications are that there is a vast potential
for a reduction in weight and energy consumption by implementing multimaterial
solutions made of aluminium and steel.

Figure 2.3: Honda Accord front subfram using friction stir lap welding (FSLW) of
die cast aluminium and press formed steel. Copied from [6].

The aim towards lightweight, high performance, and optimal structures by the use
of hybrid multimaterial structures of aluminium and steel does not only concern
the automotive industry, but also other industries as aerospace, military, power
generation, and marine sectors. However, when utilizing different materials to in-
crease the product performance, the joining process is critical in order to obtain a
sufficient product [6, 7]. A variety of joining techniques have been used for joining
of aluminium and steel, such as mechanical joining, solid-state joining techniques
(e.g., friction welding, ultrasonic welding, and explosion welding [7]) and adhesive
bonding. However, most of these methods are restricted to certain simple geome-
tries and suffers from a lack of reliability for industrial applications when it comes
to either mechanical properties of the joint, cost or quality [7, 28].
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2.3.2 Bonding mechanisms in dissimilar weldments

When joining dissimilar materials by welding, the joint can be produced either by
the use of a filler material (FM), as commonly done in fusion welding, or without
any additional material, as in Friction Stir Welding (FSW) [17]. Depending on
which technique that is utilized, one or more interfaces will be created between the
base materials (BM), and different bonding mechanisms may occur, as illustrated
in Figure 2.4. In Figure 2.4a, a dissimilar joint formed by the use of filler material
addition is shown. In this case, the filler material is an aluminium alloy. As can
be seen from the figure, two bond lines occur. One at the interface between the
FM and BM1 (yellow line), and one at the interface between the FM and BM2
(red line). Assuming that BM1 and the FM are similar materials, that means they
contain only minor differences when it comes to their chemical composition, as for
instance different types of aluminium alloys [29], metallic bonding occurs between
them. By this means that bonding happens by the sharing of valence electrons
[16].

(a) (b)

Figure 2.4: Depending on which joining technique that is used, different interfaces
and bonding mechanisms can be observed. (a) illustrates the two interfaces that

will form by the use of a filler material addition between BM1 and BM2, while (b)
shows the one interface that appears by directly bonding the two metals.

Now, assuming that BM2 is a different material than that of the FM and BM1,
the bonding between BM2 and the FM is intermetallic, which means that the
two metals are different from each other and the sharing of valence electrons are
impossible. Instead, the formation of intermetallic phases occurs as a link between
the two metals and creates bonding. This is also the case in Figure 2.4b, where BM1
and BM2 are welded together without filler material addition. A more in-depth
explanation of these two bonding mechanisms will be given in the following.

2.3.3 Metallic bonding

To obtain sound joints in weldments of similar metals, metallic bonding is needed.
Bonding between these metals is achieved when they are brought closely together
(in an atomic scale) such that metallic bonding can occur through the sharing
of valence electrons [16]. In metals, the electrons in the outer orbit are free to
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move throughout the bulk of the material, and the atoms which become positively
charged, are surrounded by a cloud of negatively charged electrons, as illustrated in
Figure 2.5. The difference between the positively charged atoms and the negatively
charged electrons creates a magnetic attraction, which binds the metals together
when the two interfaces are brought close enough together [17]. Metallic bonding is
the primary bonding type in metals and is both strong and non-directional. Both
joining in liquid and solid state between similar materials involves the formation
of this type of bonding mechanism. As a consequence of the free electrons, metals
have high thermal and electrical conductivity. In addition, they have the ability
to deform extensively before fracture, which causes them to often fail in a ductile
manner [16, 17].

Figure 2.5: Illustration of metallic bonding. Copied from [16].

2.3.4 Intermetallic bonding

Joining of dissimilar metals, as Al and Fe, is quite different compared to the join-
ing of similar metals (e.g., Al and Al), due to their distinct differences in atomic
structure, as illustrated in Figure 2.6. The high degree of incompatibility makes
the sharing of valence electrons difficult. Instead, when joining aluminium and
steel, intermetallic phases (IMP) will form at the Al-Fe interface and create the
bond between the two metals [7, 9, 13]. These phases form during joining in both
liquid and solid state, either by diffusion at the interface or during solidification of
the molten material [28]. By looking at the binary phase diagram for Fe and Al,
shown in Figure 2.7, a wide range of IMPs may form during the joining process.
The different IMPs are grouped as Fe-rich, FeAl and Fe3Al, or Al-rich compounds,
FeAl2, Fe2Al5 and FeAl3 [30]. Which of these different compounds that form the
reaction layer depends both on the kinetics [31], the welding parameters (i.e., time,
pressure and temperature), and the metals [7].
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Figure 2.6: A comparison of the atomic structure of aluminium (Al) and iron
(Fe) [16]. The high degree of incompatibility between the atomic structures makes

the sharing of valence electrons difficult.

Figure 2.7: Fe-Al binary equilibrium phase diagram. Copied from [30].

It is worth noticing that the properties of the different IMPs are different from
that of both the BMs and FM, which makes their composition important for the
overall strength of the joint [32]. The most commonly reported IMPs formed during
joining of aluminium and steel are the Al-rich Fe2Al5 and Fe4Al13 [9]. They have
a low symmetry crystal structure and are, therefore, more brittle than the Fe-rich
phases. This is because the diffusivity of Al in Fe is much lower than the diffusivity
of Fe in Al [8, 33]. The phases are characterized by their extreme hardness and,
therefore, brittleness, and to manage their effect on the joint strength the diffusion
process should be controlled, and the IMP layer thickness should be kept below a
specific critical value (below 5µm or 10 µm) [9, 34]. If the layer is above this critical
thickness, there will be a reduction in the joint toughness, which will inevitably
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result in reduced overall strength of the joint [9, 32]. On the other hand, if the
layer is too thin and discontinuous, there will not be sufficient bonding, which also
results in a strength reduction of the joint [31].

2.4 Conventional welding techniques used for joining of alu-
minium and steel

2.4.1 Challenges related to dissimilar joining of aluminium and steel

Producing a reliable joint between aluminium and steel is difficult due to their poor
metallurgical compatibility and significant differences in thermomechanical prop-
erties [7]. As already mentioned, have the materials a distinct difference in atomic
structure and chemical composition. The key metallurgical challenge of welding of
the two materials is, however, their considerable variations in thermal properties,
which may give rise to a variety of welding defects [13]. This includes different
melting temperature, coefficient of thermal expansion, thermal conductivity, and
heat capacity. Due to these differences, a large amount of thermal stress builds
up during the thermal joining process, which is making the joint susceptible to
cracking and brittle failure during service [8]. Some thermal properties for steel
and aluminium are compared in Figure 2.8, including some specific challenges.

Figure 2.8: Comparison of thermal properties of steel and aluminum, and specific
challenges involved in welding and fabrication of Al-Fe products (Ø.Grong,

Personal Communication, 2019).
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When heat is generated during the welding operation, thermal gradients build up
between the aluminium and steel part of the joint. Aluminium has a significantly
higher thermal conductivity than steel, as shown in Figure 2.8, resulting in that
most of the heat flows through the aluminium. The fact that aluminium has a
low melting temperature, 650°C compared to 1520°C for steel, results in that the
aluminium experiences softening at a lower temperature relative to the steel [19].
This happens at a greater extent when most of the heat is transferred to the
aluminium part of the joint and can lead to the formation of liquid nuggets [8]. If
enough heat is generated such that melting occurs, this makes the weld susceptible
to pore formation, hot cracking, and other bonding defects causing degradation of
the joint [11]. The coefficient of thermal expansion is almost twice the value for
aluminum compared to steel (see Figure 2.8), something that can cause buckling
and distortion of the aluminium part of the joint during processing [17].

Wetting of solid steel by liquid aluminium is a requirement for solid-liquid reaction
and joining of the two materials [8]. The stable passivating oxide layer of Al2O3

covering the aluminium surface has to be removed before joining of the metals, due
to its negative effect on the wettability. The oxide layer can be broken up by heat
or force or a combination of the two, but due to its high melting temperature of
approximately 2060°C, high heat input is required [8, 17]. The high thermal input
will again result in an excessive formation of IMPs and a thick reaction layer at
the joint interface, which reduces the mechanical strength of the joint [13]. Oxide
removal by the use of deformation and force is, therefore, preferred during welding
of aluminium and steel.

When two different metals are in contact, the difference in their ionization tendency
can cause corrosion to occur at the interface [4]. The thermal joining of aluminium
and steel provides an electrically conductive connection, which may cause galvanic
corrosion to take place. Corrosion is, therefore, a considerable issue in Al-Fe weld-
ing, but this will not be covered more in detail in this report. Note, that correct
precautions to prevent corrosion when joining the two metals is necessary [19], and
both the FM, the formation of IMCs and a galvanic zinc layer, are parameters that
can influence the corrosion resistance of the joint [35].

2.4.2 Fusion welding

Fusion welding is a welding technology which uses a high-intensity external heat
source (e.g., electrical arc, electron beam or laser) to localize melt the FM and BMs
together. This melting process generates a lot of excess heat, which strongly affects
the surrounding metal and its microstructure. Three distinct zones in a fusion
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weld are evident and consist of the HAZ, the fusion zone (FZ) and unaffected BM.
The different zones have different microstructures as a consequence of the non-
uniform heating and solidification, where the FZ is similar to an as-cast structure,
and the HAZ has altered structure relative to the BM [7, 29]. As mentioned,
will the aluminium experience a degradation of strength in the HAZ. However,
the steel does not exhibit the same softening from the microstructural changes
when exposed to the same temperatures during the fusion welding process. As
shown from the Al-Fe phase diagram, Figure 2.7, the formation of brittle IMPs is
promoted by high temperatures. The thickness of the IMP layer is also increased
with increased temperatures [3]. This gives the fusion welding processes major
challenges regarding welding of aluminium and steel.

Fusion welding is the most used joining method for aluminium alloys due to its
productivity, flexibility, robustness, and cost efficiency [10, 36]. Electric arc welding
is the most common method for fusion welding, which includes both Gas Tungsten
Arc Welding (GTAW) and Gas Metal Arc Welding (GMAW) [6]. Both of these
processes have high heat input and little chance of slug to get entrapped in the weld
metal since no flux is needed. The shielding gas utilized during the welding also
protects the arc and causes little loss of alloying elements [7]. Electric arc welding
can produce weldments of a variety of steel and aluminium alloys, but since the
weld heat input should be kept at a low rate, other methods have shown greater
potential including Cold Metal Transfer (CMT).

Cold Metal Transfer (CMT)
The CMT method is a relatively new process for joining of aluminium and steel
[3, 37, 38]. The technique is an extension of GMAW, also known as MIG welding,
where a consumable filler material is fed towards the BM by a wire feeder. In
CMT is an additional motor installed to retract the wire after the droplet has
reached the weld pool. This is done to get higher precision and control of the heat
input [37, 39]. The CMT process is, therefore, more stable and generates lower
heat compared to MIG, something that is beneficial regarding the formation of
the IMP layer during joining of aluminium and steel [3, 38]. CMT is commonly
used to produce dissimilar Al-Fe lap joints, as illustrated in Figure 2.9. The two
metal sheets are joined together by continuously feeding an aluminium filler wire
along the edges of the plates. The droplets of the aluminium FM merges with the
molten aluminium BM and forms a fusion joint, whereas a brazed connection forms
between the melted wire and the steel BM [3, 38].
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Figure 2.9: Schematic illustration of the Cold Metal Transfer (CMT) welding
assembly for a dissimilar Al-Fe lap joint. Copied from [40].

Several successful joints between aluminium alloys and steel by the use of CMT
have been reported in the literature. In the following, some examples from the lit-
erature will be given. Table 1 shows the resulting reaction layer thickness, ultimate
tensile strength (UTS) and joint efficiencies for different dissimilar Al-Fe lap joints
produced by CMT.

Table 1: Intermetallic phase (IMP) layer thickness, tensile strength, and joint
efficiency for Cold Metal Transfer (CMT) weldments of aluminium and steel.

Al BM Fe BM FM
Sheet

thickness
IMP

thickness UTS
Joint

efficiency Ref.

AA6061-T6 Galvanized
boron steel AA4043 1 mm 4-8 µm 193 MPa 68 % [38, 41]

AA5754 EN10143 AA4043 2 mm 3 µm 125.8 MPa 53.1 % [3, 42]

AA6082-T6 HCT600 AA4043 3/1.5 mm 3-4 µm 104 MPa 34.7% [43, 44]

Çömez and Durmuş [3] investigated the properties of a CMT lap joint consisting
of AA5754 and EN10143. They observed the formation of a brittle Fe2Al5 IMP
layer, which resulted in fracture occurring along in the Al-Fe bond line and, hence,
a low joint efficiency, as shown in Table 1. They did not detect any changes in
the microstructure of the steel BM, while a significant coarsening of the aluminium
grains was evident when the heat was increased. With increased heat where also
an increase in the IMP layer thickness along the Al-Fe bond line noticed, from
approximately 2.1 µm to 4.7 µm, respectively. The IMP layer can be seen in
Figure 2.10a.
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When studying the CMT produced lap joint of AA6061-T6 and galvanized boron
steel, Cao et al. [38] found that the Al-Fe interface consisted mainly of Fe3Al and
FeAl, and that one of the samples failed in the HAZ while the other failed in the
weld metal. They noted that the thickness of the IMP layer was not uniform along
the Al-Fe bond line. The interface located at the center of the weld metal was in
the range of 4-8 µm, which is larger than the 2-3 µm detected at the edges. Figure
2.10b shows the IMP layer at the transition interface obtained from Cao et al.’s
research.

Tranø [43] studied the welding of AA6082-T6 and HCT600, and only experienced
that fracture happened in the HAZ. Even though, where the joint efficiency only
34.7%, as shown in Table 1, which is significantly lower than what was observed
by Çömez and Durmuş [3] and Cao et al. [38].

(a) (b)

Figure 2.10: Intermetallic phase (IMP) layers observed in Cold Metal
Transfer(CMT) lap joint of (a) AA5754 and EN10143 (copied from [3]) and (b)

AA6061 and galvanized boron steel (copied from [38]) .

Common defects related to Cold Metal Transfer (CMT) welding of alu-
minium and steel
Due to non-uniform heating and solidification in fusion welding, cracking, poros-
ity and other imperfections often occur in relation to the in-homogeneous phase
changes [7]. As in the research done by Cao et al. [38], the failure started at the
root of the FZ, as shown in Figure 2.11, where faulty fusion had formed due to
a relatively low temperature in this area, caused by poor wettability of the FM.
Another defect, as already mentioned observed by Cao et al. [38], is heterogeneity
in the thickness of the IMP layer formed during the welding process. This is also
a result of the non-uniform thermal cycle near the weld area.

Furthermore, the Al-Mg-Si alloys have a relatively wide solidification range, which
makes them sensitive to solidification cracking in the FZ. Solidification cracking is a
result of the solidification shrinkage that occurs in the aluminium, in addition to the

19



2. Theory and literature review

Figure 2.11: Fracture initiation at the weld root due to faulty fusion in a Cold
Metal Transfer (CMT) lap joint produced of AA6061-T6 and galvanized boron

steel. Copied from [38].

existing high thermal stresses that arise when the weld pool solidifies. Pores caused
by hydrogen are also a common defect during fusion welding of aluminium alloys.
Liquid aluminium has a much higher ability to absorb hydrogen than in the solid
state. The hydrogen gets trapped and form pores during the solidification, which
may lead to increased porosity of the final joint [28]. This was reported among
others by Çömez and Durmuş [3] where the fracture surface showed numerous
micro-scale pores in the weld seam.

Regarding the CMT joining method which consists of a lap joint configuration,
additional defects arise compared to the butt joints associated with GTAW and
GMAW. The bonding strength is dependent on the length of the bond line, which
makes the zinc coating used on the steel during CMT welding important [40]. The
zinc coating protects the steel BM from oxidation prior to the welding process.
Because the oxide layer affects the welding process by disrupting the wetting and
spreading of the aluminium FM on the steel BM, the use of a zinc layer results in a
lower wetting angle and a longer bonded line length [40, 45]. The coating can also
remove some heat from the process due to vaporization of the zinc [3]. Niu et al.
[40] and Cao et al. [38] both observed zones of high concentration of zinc near the
edges of the weld. These zinc-rich areas where the zinc coating had not vaporized
entirely contains zinc vapor trapped inside the melt pool. This causes pores and
lack of fusion as observed by Niu et al. [40]. These zinc rich areas have also shown
to be acceleration sites for corrosion in aluminium and steel CMT weldments [40].
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2.4.3 Solid-state welding

The solid-state welding techniques do not involve melting and solidification of the
materials to be joined and, therefore, operate at temperatures below the melting
temperature of the filler- and base materials [29]. Hence, these processes offer sev-
eral advantages over the fusion welding processes regarding joining of aluminium
and steel [13]. Bonding in these techniques is achieved by excessive plastic defor-
mation and diffusion by the use of either mechanical, electrical, or thermal energy.
Which of the many existing solid-state joining processes that are utilized depends
on the final product and its applications [46]. One of the more recently devel-
oped joining techniques is Friction Stir Welding (FSW) [13]. This process has
successfully been able to join aluminium and steel as reported by among others
Ramachandran et al. [47] and Sajan et al. [48].

Friction Stir Welding (FSW)
Friction Stir Welding (FSW) is a technique where frictional heat is generated by
the conversion of mechanical energy into thermal energy at the interface of the
workpiece. A rotational pin interacts with the workpiece, and a weld is created by
a combined action of frictional heat and plastic deformation caused by the rotating
tool [29]. The principal features of the process are shown in Figure 2.12. The
pin is pressed against the contacting surfaces between two overlapping or abutted
aluminium and steel plates. Due to the frictional heat, a softening zone occurs
around the pin, and the material is swept around the pin as the tool continues
along the bond line. However, this softened material is constrained by the tool
shoulder and can, therefore, not escape. Joining is here achieved without the use
of an FM. Compared to other solid state joining methods, is FSW a technique
which generates high strains and strain rates and is defined as an asymmetrical
process [49].

Figure 2.12: Schematic illustration of the Friction Stir Welding (FSW) process
for butt joining of aluminium and steel plates. Copied from [50].
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As illustrated in Figure 2.12 the advancing side (AS) is the side where the rotational
tool is moving in the same direction as the welding direction, while the retreating
side (RS) is the side where the rotation motion opposes the travel direction. As
shown in the research done by Sajan et al. [48], which side that is the advancing and
retreating in joining of aluminium and steel can be of great importance. Having
aluminium in the RS in an FS weld of AA6082 and mild steel resulted in a maximum
tensile strength of 35 MPa, while having aluminium on the AS the tensile strength
increased to 160 MPa. However, Watanabe et al. [51] successfully joined AA5083
and SS400 mild steel plates by FSW and reported that no joining was achieved
when the aluminium alloy was placed on the AS. This indicates that different
operational parameters and welding tools, in addition to the positioning of the pin
in the weld groove contribute to deciding which side should be the advancing and
retreating.

Joining of aluminium and steel by FSW can result in a full-strength weld, without
any sacrifice of integrity or strength of the weld. Heat is localized at the weld
center and is quickly removed during the joining operation, leading to only minor
effects on the BMs. The HAZ adjacent to the weld only consists of a narrow
band which, therefore, does not affect the temperature of the neighboring area [7].
However, softening of the HAZ is still a significant problem also during this welding
technique. The as-cast microstructure in the FZ obtained during fusion welding is
eliminated, and replaced with a thermomechanically affected zone (TMAZ) with
superior mechanical properties regarding ductility and toughness [10]. A weld
nugget is found in the center of the weld where the material is swept around by
the rotating tool at a relatively high temperature. Due to the deformations in the
stir zone (SZ), the material often experiences grain refinement and strengthening
in this area [49].

In FSW, the rotation of the pin generates heat, and a higher rotational speed
leads to increased heat input. As stated by Ramachandran et al. [47], both tool
rotational speed and tool tilt angle has to be optimized to produce a sound joint
with limited IMP layer thickness. Figure 2.13 shows the IMP layers observed by
Ramachandran et al. [47] and Ghosh et al. [52] during their examination of different
aluminium and steel welds produced by FSW. Both found a reaction layer thickness
of approximately 1 µm, which is significantly lower than the thickness observed for
CMT. Furthermore, also in these joints [47, 52], the thickness of the IMP layer
where not uniform over the entire Al-Fe interface. This was also observed by
Watanabe et al. [51], where only IMPs were found on the upper region of the Al-Fe
interface, where the temperature during the process reaches its maximum.
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(a) (b)

Figure 2.13: Intermetallic phase (IMP) layers observed in friction stir (FS) butt
welds of (a) AA5052 and HSLA steel (copied from [47]) and (b) AA6061 and 304

stainless steel (copied form [52]).

Table 2 shows the resulting reaction layer thickness, ultimate tensile strength
(UTS), and joint efficiencies for different dissimilar Al-Fe butt joints produced
by FSW obtained from the literature. Ramachandran et al. [47] studied an FS
weld produced by AA5052 H32 and HSLA steel. They did not observe any distinct
TMAZ or HAZ on the steel side of the joint. In the SZ the grains showed signs
of refinement due to the dynamic recrystallization effect, and a finite TMAZ with
minor deformations were detected next to the weld nugget. No clear HAZ on the
aluminium side of the joint was observed, but a significant drop in hardness can
often be evident in this area [49]. The fracture of the joint was a combination of a
brittle and ductile fracture mode, where the top part of the weldment was almost
entirely caused by the brittle fracture mechanism, while the rest of the joint showed
signs of a ductile fracture mechanism. This resulted in a high joint efficiency of
94%, as shown in the table.

Table 2: Intermetallic phase (IMP) layer thickness, tensile strength, and joint
efficiency for for friction stir (FS) weldments of aluminium and steel.

Al BM Fe BM
Sheet

thickness
IMP

thickness UTS
Joint

efficiency Ref.

AA6068 Mild steel 6 mm - 160 MPa 53% [44, 48]
AA5052 H32 HSLA steel 3 mm 1 µm 196 MPa 94% [47]

AA6061 304 SS 3 mm 1 µm 254 MPa 63% [52, 53]
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Common defects related to Friction Stir Eelding (FSW) of aluminium
and steel
In comparison to fusion welding, solid-state welding avoids many of the major prob-
lems related to the aluminium, including solidification cracking and porosity. The
absence of fusion also removes defects associated with solidification and cooling,
which leads to a significant reduction in distortion. However, the solid-state joining
techniques are not without flaws, and the most common defects related to FSW
of aluminium and steel are caused by non-optimal process parameters or lack of
process control [49, 54].

Pores and tunnel defects are commonly observed in FS weldments of aluminium
and steel. As shown in Figure 2.14, Dehghani et al. [54] noticed these types of
defects when investigating an FS joint of AA5186 and mild steel. They observed
that the number of defects increased with higher welding speed. Increased welding
speed leads to a shorter time to plasticize and move the material and a decrease
in maximum temperature. This results in insufficient plastic deformation of the
material and the formation of tunnels and pores. Inadequate removal of the oxide
layer along the bond line is also something that can lead to the formation of defects
and inadequate bonding along the Al-Fe interface, where increased speed reduces
the disruption of the oxide layer. The size and geometry of the tool shoulder have
also shown to play an essential role in the formation of defects along the joint bond
line [49].

Figure 2.14: Tunnel defects and pores observed in the stir zone (SZ) and along
the Al-Fe interface of a friction stir (FS) weld produced of AA 5186 and mild

steel. Copied from [54].

The correct penetration depth of the pin is essential during FSW for mixing of the
material to occur over the full plate thickness. If the pin is positioned incorrectly
or is too short, a root flaw can occur. A root flaw is indicated by an area with
a complete lack of bonding. If the area has some bonding, but it is weak, this
is known as a "kissing"-bond. "Kissing"-bonds are often difficult to detect but
can lead to a significant reduction in strength, and act as initiation points for
fracture [49]. Since FSW doesn’t utilize an FM, there is an increased chance for
insufficient material feeding leading to undercuts and other internal defects [11, 46].
Aluminium and steel have significant differences in flow properties, resulting in
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that the material movement in the SZ is more inhomogeneous compared to welds
of similar materials, which may be a source for defect formation. Defects related
to FSW are often eliminated by increasing the heat input, which is not an optimal
solution when joining steel and aluminium [54].

The main difficulty in FSW is the optimization of the process and the process
parameters [48, 54]. The different FSW parameters and its combinations are all
critical in producing a defect-free joint [47]. As stated by Ramachandran et al.
[47], the range of tool rotational speeds and tool tilt angels that are able to create
a sound joint is relatively narrow. Besides, these parameters also influence the
material flow and the number of steel fragments in the SZ, which are factors that
can contribute to reducing the integrity of the joint [13, 51].

2.5 The Hybrid Metal Extrusion & Bonding (HYB) process

2.5.1 Principles behind the HYB technology

The Hybrid Metal Extrusion & Bonding (HYB) process is a new solid-state joining
technology that originally was developed for butt joining of aluminium alloys. The
idea behind the technology is a method that combines continuous extrusion and
solid-state joining. The process uses a filler material addition and plastic deforma-
tion to produce sound joints, as reported by among others Grong [10] and Sandnes
et al. [11]. The addition of the FM makes to process less vulnerable to undercuts
and other weld defects associated with solid-state welding methods. Also, is the
process more flexible and able to operate at even lower temperatures compared to
existing conventional welding techniques, which contributes to reducing the HAZ
strength loss and the amount of residual stress in the weld zone [10, 11].

The principles of continuous extrusion, also known as conform extrusion, is used
in the HYB technology to extrude the FM between the two plates to be joined
[36]. Extrusion is a process where the cross-section of a metal billet is reduced
by forcing it through a die under high pressure, such that the material plastically
deforms and flows through. Extrusion requires large forces, and to reduce the
deformation resistance the process is often done under hot conditions. The method
is usually divided into two basic types, direct and indirect extrusion. The difference
between the two is that there is no relative movement between the container and
the billet in indirect extrusion, which results in less friction force compared to direct
extrusion. Indirect extrusion also requires less power than direct extrusion [55].
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Continuous extrusion share some common features with indirect extrusion. In
indirect extrusion, the container with the billet is moving towards a stationary die
which is embedded in the ram. In continuous extrusion, as illustrated in Figure
2.15, the container is substituted with a rotating extrusion wheel. This wheel
contains a slot where the metal is feed in addition to a stationary shoe which
consists of an abutment and a die [36]. When the filler wire is fed into the slot,
the material is forced to flow against the stationary abutment. A pressure is built
up in front of the die, and the material is continuously extruded through the die
opening and plastically deformed [10].

Figure 2.15: Schematic illustration of continuous extrusion. Copied from [36].

2.5.2 The HYB PinPoint extruder

During the latter years, several different tool designs have been tested to find the
optimal design for the HYB extruder [36]. The current version is the HYB PinPoint
extruder, and a schematic illustration of its main components is shown in Figure
2.16. The extruder is built up around a 10 mm diameter rotating drive pin attached
to a drive spindle. The pin is provided with an extrusion head which contains a set
of moving dies at the lower conical end. The filler material flows through the dies,
due to an imposed friction grip. This friction grip causes the extrusion chamber,
with its three moving walls, to drag the filler wire into and through the extruder
when the pin is rotating [11, 12, 13, 56].
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Figure 2.16: Illustration of the main components in the HYB PinPoint extruder.
Copied from [11].

A stationary house is covering the pin and extrusion chamber, which causes the
filler wire to be kept in place inside the chamber due to a fourth wall. In a similar
manner as described during continuous extrusion is the material forced to flow
towards an abutment block and finally, due to the pressure built up, extruded
through the dies located on the extruder head. The dies have a helicoid-shape,
which causes them to act as small "Archimedes screws" when the pin rotates.
Thus, preventing a pressure drop on further extrusion of the FM in the direction
along the axis of the pin and down into the groove [11, 12, 13, 56].

The permanent housing can if wanted be equipped with an additional die at the
rear. This makes it possible to produce a weld face by controlling the aluminium
flow in the radial direction, as illustrated in Figure 2.17. Both the width and height
of the weld reinforcement can then be controlled and varied. This is, however,
dependent on the geometry of the die, where a range from flat to fully reinforced
weld face is possible. This is what gives the HYB process the flexibility to produce
joints for several different applications, including bead-on-plate deposition, fillet
joining, plate surfacing, additive manufacturing, and multi-material joining [11,
12, 56].

Figure 2.17: A dissimilar Al-Fe butt joint produced with the HYB process. The
separate die on the housing makes it possible to control the shape of the weld face.

Copied from [56].
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2.6 Using the HYB process for dissimilar joining

2.6.1 Introduction to dissimilar joining

The HYB technology was initially used to produce simple joints of aluminium
alloys. However, as the technology has evolved the method is becoming a multi-
functional joining process able to create different joint configurations in addition
to hybrid joints consisting of different base materials [12, 13]. At present, as shown
by Grong et al. [12] up to four different materials have been joined by the use
of the HYB PinPoint extruder and AA6082 as filler wire. The addition of the
filler material has proven to be advantageous when it comes to joining the different
combinations of base materials.

The first attempt of joining steel and aluminium showed promising results regarding
the potential of the process for joining of these challenging materials. Therefore,
a new generation of the HYB butt weld consisting of AA6082-T6 and S355, with
AA6082-T4 as filler wire, were produced. These two generations were produced
with the same pin and steel housing as the ones used during Al-Al butt welding.
Filippo Abbatinali [57] characterized the first attempt, and Matteo Manfrotto [14]
did basic mechanical characterization of the new improved version of the joint. His
work is the basis for this thesis.

2.6.2 Working principle during aluminium-steel joining

When joining aluminium and steel with the HYB process, the extruder head is
clamped against the two plates to be joined. The plates are placed at a certain
distance from each other such that a groove is formed between them. A schematic
illustration of the location of the pin in the weld groove for the first produced Al-Fe
HYB butt weld is shown in Figure 2.18. From the figure, it can be seen that the
steel BM is machined to form a slope that is parallel to the pin. This is done to
avoid contact between the pin and the steel plate during the welding operation [13].

Figure 2.18: Schematic illustration of the pin and its location in the weld groove
during production of the first HYB Al-Fe butt weld. Copied from [13].

28



2. Theory and literature review

The aluminium BM is placed such that the pin is slightly larger than the groove.
This causes direct contact between the pin and the sidewall of the aluminium and
thus proper removal of the oxide layer. During welding, the HYB PinPoint extruder
moves along the welding interface at a constant speed. The extruder feeds the
aluminium FM into the weld groove and mixes it with some of the aluminium BM,
due to the rotating motion of the pin. Most of the aluminium flows from the top of
the weld downwards along the steel side and consolidates when it meets the steel
backing [13]. Similar as for FSW is also the HYB process defined as asymmetrical.
The force from the extruder head will be different on the AS compared to the RS
[11]. A combination of oxide dispersion, surface expansion, shear deformation, in
addition to pressure, creates metallic bonding on the aluminium side of the joint.
On the steel side, however, is it reasonable to believe that the formation of IMCs
along the bond line is the primary bonding mechanism similar to other welding
techniques used for joining of the two materials [13].

During HYB welding, a large number of processing parameters have to determine.
These parameters play a vital role in determining the final properties of the joint.
An in-depth analysis of these parameters can be found in the PhD thesis of Ulf Roar
Aakenes [36]. For butt joining of 4 mm steel and aluminium plates, the rotational
speed of the pin is approximately 400 RPM and the welding speed 6 mm/s. The
temperature does not exceed 400◦ (Ø. Grong, Personal Communication, 2019),
which is below the operating temperature that is reported for FSW [11].

2.6.3 Mechancial characterization of the first aluminium-steel HYB
butt weld

The first attempt of the dissimilar HYB weld of aluminium alloy 6082-T6 and
structural steel 355 was produced as explained above and fully characterized by
Abbatinali [57]. Two plates with dimensions 4 mm × 240 mm × 55 mm were
joined with a Ø 1.2 mm wire consisting of AA6082-T4. The chemical composition
of the BMs and FM are the same as explained in the experimental part of this thesis
(see Section 3). Further information about the joining conditions and configuration
can be found in [57].

Four samples were cut from the welded plate and machined into specimens used
for tensile testing. Other samples were utilized for hardness measurements and mi-
croscopical analysis. These samples were prepared according to standard sample
procedures. Dimensions and an in-depth description of the preparation procedure
can be found in [57]. In the following, the main results from the hardness measure-
ments, tensile testing, and microscopical investigation will be given.
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Microstructure and hardness measurements
The hardness data for the mid-section of the joint is presented in Figure 2.19.
The figure shows the hardness profile on both sides of the joint in the transverse
direction. Two reference values were obtained from the BMs, 111.5 HV and 157.2
HV for the aluminium and steel, respectively. The dotted horizontal line represents
these values in the figure. Remark that the results showed is the mean value
between two different test series along the same path.

Figure 2.19: Transverse hardness profile of the mid-section of the first produced
HYB butt weld of aluminium and steel. Copied from [13].

As shown in Figure 2.19, the steel reaches the value of the steel BM almost im-
mediately, shown by the clearly step between the steel and EZ. Thus, indicating
that the steel is unaffected by the joining operation. In the transition between the
aluminium BM and FM, the minimum hardness of the joint is found. This point
is located approximately 2 mm from the weld center and has a value of roughly 66
HV, which is 57% of the value of the aluminium BM. Full recovery of the hardness
of the BM on the aluminium side is reached after approximately 12 mm.

In addition to the hardness in the horizontal direction, vertical measurements were
taken along the weld mid-section. Figure 2.20 shows an optical macrograph of the
cross-section of the HYB joint in addition to the hardness paths. The different
weld zones and the material flow pattern of the aluminium BM and FM are clearly
shown in the figure. The steel, however, does not show signs of deformation.
The lower part of the weld groove contains mostly aluminium BM while the FM
dominates the upper region. Regarding the hardness in the vertical direction, the
hardness reaches its lowest value in the area mainly containing the aluminium BM
and increases towards the top of the weld. No defects, including pores and tunnels,
were detected in the joint [13, 57].

Tensile properties and crack path
The ultimate tensile strength (UTS) of the four transverse tensile specimens is
presented in the bar charts in Figure 2.21. The different specimens were sampled
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Figure 2.20: Optical macrograph of the cross-section of the first produced Al-Fe
HYB butt joint, showing the material flow of the aluminium base and filler

material. Copied from [13].

from different positions of the welded plate, which is indicated by numbers in the
figure. A low number means that the sample is taken at the beginning of the
plate while a higher refers to a position closer to the end. The results show that
the specimens at the center of the plate had a lower tensile strength compared
to the specimens located closer to the end. The highest tensile strength obtained
corresponds to a joint efficiency of 45%.

Figure 2.21: Tensile strength measured for the four tensile specimens tested of the
first dissimilar HYB butt weld of aluminium and steel. Data extracted from [57].

All the specimens were observed to fracture in a similar manner. The fracture
started in the bonding between the aluminium and steel and then continued along
the aluminium FM, as shown in Figure 2.22. The fracture mechanism was, there-
fore, a combination of brittle and ductile failure, where the ductile failure mech-
anism is dominating. This is the same fracture path as the one observed by Ra-
machandran et al. [47] in their research on an FS weld consisting of AA5052 and
HSLA steel. As stated by Berto et al. [13], this indicates that the first produced
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HYB weld of aluminium and steel has good bonding along most of the aluminium
and steel bond line. The fracture path also corresponds to the hardness measure-
ments, where the weakest part of the joint is inside the EZ.

(a) (b)

Figure 2.22: The fracture path in (a) the broken tensile specimen and (b) its
location in the EZ in the first produced Al-fe HYB butt weld. Copied from [13].

Intermetallic compunds formation
A sample in the middle of the welded plate was used to look at the possible IMCs
formation. Both scanning electron microscope (SEM) at high magnification and
energy dispersive x-ray spectroscopy (EDS) were utilized. However, even at the
highest magnification in the SEM, there were no signs of IMCs along the bond
line. This indicates that the IMP layer has to be extremely thin compared to what
has been observed for other conventional welding techniques.

2.7 Digital image correlation (DIC) analysis

DIC is an optical method that can store images of the surface of an object. Image
analysis is performed to obtain full-field shape, deformation and/or motion mea-
surements [58]. Different types of patterns can be used, including lines, dots, and
grids. A high-resolution digital camera is utilized during tensile testing to evaluate
the changes that occur. The DIC algorithm involves comparing a deformed image
of the specimen to a reference image, which is taken when no load is present. All
the deformed images will show a different random dot pattern relative to the ref-
erence image, as shown in Figure 2.23, these differences between the patterns are
calculated by correlating the pixels of the reference image and the deformed image
[59]. From this, field maps of principal strain can be obtained to evaluate how the
strain localizes and changes during the tensile test.

There exist different DIC approaches, the subset-based which uses the Newton-
Raphson optimization and the "finite-element" based approach [60]. The eCorr
software developed by Egil Fagerholt [60] utilizes the "finite element" approach,
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Figure 2.23: The principle of digital image correltion (DIC). Copied from [59].

where the correlation problem is formulated as a finite-element decomposition on
a mesh consisting of Q4 elements. The mesh as illustrated in Figure 2.24, has
four nodes (1-4) with two degrees of freedom (un, vn). For each element, eight
parameters (4 nodes × 2 degrees of freedom) need to be optimized in the correla-
tion function. This approach has relatively high computational cost but ensures a
continuity of the displacement across the element boundaries [60]. In addition to
obtaining the strain history of selected elements or nodes can virtual extensometers
be used to get local and global material parameters. This is done by the use of
vectors and comparing the elongation of the vectors in the reference and current
(deformed) image.

Figure 2.24: A Q4 element within a mesh using the "finite-element" based digital
image correlation (DIC) approach. Copied from [60].
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3 Experimental

3.1 Materials

3.1.1 Base materials (BM)

The base materials (BM) used for the welding trial were 4 mm rolled plates of
aluminium alloy 6082-T6 and 4 mm rolled plates of structural steel 355. Their
chemical composition are given in Table 3 and Table 4, while the corresponding
material certificates can be found in Table A.1 and Table A.2 in Appendix A. Note
that, both plates were received from an external supplier and therefore no further
information about the heat treatment and homogenization schedules are available.

Table 3: Chemical composition (wt.%) of the AA6082-T6 aluminium used as base
material.

Alloying element (wt.%)

Si Fe Cu Mn Mg Cr Zn Ti Other Al

0.90 0.45 0.06 0.42 0.80 0.02 0.05 0.02 0.03 Balance

Table 4: Chemical composition (wt.%) of the S355 structural steel used as base
material.

Alloying element (wt.%)

C Si Mn P S Al Nb V Ti Cu Cr Ni Mo N B Ceq

0.067 0.02 0.69 0.01 0.005 0.040 0.014 0.008 0.001 0.028 0.05 0.05 0.009 0.005 0.0001 0.2

3.1.2 Filler material (FM)

The filler material (FM) used for joining was a Ø1.2 mm wire of aluminium alloy
6082-T4, with chemical composition, as shown in Table 5. The corresponding
material certificate is given in Figure A.3 in Appendix A. The wire was produced
by HyBond AS and was made from a DC cast billet provided by Norsk Hydro ASA.
The DC billet was homogenized, hot extruded, cold drawn, and shaved down to
the final wire dimension. The applied homogenization conditions are described in
Table 6.
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Table 5: Chemical composition (wt.%) of the AA6082-T4 aluminium used as filler
material.

Alloying element (wt.%)

Si Fe Cu Mn Mg Cr Zr Ti B Other Al

1.11 0.20 0.002 0.51 0.61 0.14 0.13 0.043 0.0.6 0.029 Balance

Table 6: Homogenization conditions for the AA6082-T4 DC cast billet.

Heat rate [°C/h] Holding temp. [°C] Holding time [h] Cooling rate [°C/h]

200 540 2..25 300

3.2 Welding conditions

The plate dimensions used for the HYB joining trial were 4 mm × 240 mm ×
120 mm, respectively. A schematic illustration of one plate with the corresponding
dimensions is shown in Figure 3.1. The drawing also includes the rolling direction,
which is the same as the welding direction during the joining trial.

Figure 3.1: Schematic illustration of one of the base material plates used in the
HYB joining trial, including both the plate dimensions and welding/rolling

direction. Note that, the illustration is representative for both base material plates
used in the joining trial.

Single pass butt joining of the two base plates was conducted by HyBond AS, using
a weld groove with a root opening of 2 mm. Prior to the welding operation, the
steel side was machined to form a Y-groove to ensure that the pin is not in contact
with the steel BM. The aluminium side, on the other hand, was left without any
surface preparation. This is illustrated in Figure 3.2a. Both surfaces were cleaned
in acetone prior to joining. Figure 3.2b shows the pin location in the weld groove,
as well as the welding direction during the joining operation. As can be seen from
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the figure, the aluminium is located on the advancing side (AS) of the joint while
the steel is then located on the retreating side (RS).

(a) (b)

Figure 3.2: Schematic illustration of the (a) surface preparation and groove
configuration prior to the welding operation, and (b) pin-in-groove situation

during welding.

During welding, CO2-gas was used for cooling, using a gas flow rate of 160 g/min.
The total power consumption during the process is approximately 2973 W, and the
temperature in the outer skirt of the extruder is about 400 °C. The main parameters
used during the welding trial are listed in Table 7.

Table 7: Summery of the main welding parameters used in the HYB joining of
AA6082-T6 and S355.

Welding parameters

Pin rotation [RPM] Welding speed [mm/s] Feed rate [mm/s] Gross heat input [kJ/mm]

400 6 146 0.33

3.3 Sample preparation and metallographic examination

3.3.1 Sample sectioning

Transverse samples were cut from the weld plate and numbered, as illustrated in
Figure 3.3. The samples used for the metallographic investigation are highlighted
in pink in the same figure.
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Figure 3.3: Schematic illustration of the plate sectioning and numbering of the
specimens. The specimens used for the microscopical examination are highlighted

in pink.

3.3.2 Sample preparation

Samples used for the microscopical examination were cut into smaller parts, having
a length of about 36 mm, including both the steel and aluminium side of the joint.
Then, the samples were cold mounted in ClaroCit acryl resin between two pieces
of steel to avoid "a round edge effect" that may easily occur when two materials
having a large difference in hardness are ground and polished. This, in turn, may
influence the quality of the macro- and micrographs taken of the prepared surfaces
and need to be avoided. The surface preparation of the specimens was carried out
in the following steps.

First, the mounted samples were ground by the use of SiC grinding papers with
an increasingly finer abrasive size (P80, P120, P220, P500, P1000, P4000). During
the grinding process water was used as a lubricant, and the samples were cleaned
in ethanol after each step. After grinding, the specimens were polished using a
polishing disk and diamond paste suspension of 3 and 1 µm. In this operation, a
DP Lubricant Blue was used as lubricant. Between each step, the samples were
cleaned in an ultrasonic bath and ethanol.

The samples used for analysis in the scanning electron microscope (SEM) were
ground as previously explained. Then they were polished using a colloidal silica
suspension (OP-S Suspension) for 40 min to minimize the height difference between
the two materials. Finally, the samples were thoroughly rinsed in water.

In order to reveal the macrostructure of the dissimilar HYB joint, the sample was
immersed in an alkaline sodium hydroxide solution, containing 1 g NaOH and 100
ml H20, for about 3 min. Note that this process only reveals the macrostructure
of the aluminium, whereas the steel is unaffected.

37



3. Experimental

To reveal the microstructure of the two base materials (Al BM and Fe BM) and
the dissimilar HYB joint, different etching methods were utilized. Anodization
by the use of Bakers solution, containing 5% HBF4 and 95% H20, was used to
reveal the microstructure of the Al BM and Al part of the HYB joint. The steel
side of the joint was coated with nail polish to prevent it from dissolving during
the anodization process. This was applied by hand, using the including brush, and
allowed to completely dry before exposure to the electrolytic solution. The samples
were immersed in the solution for 90 s, using a current of 1.0 A and a voltage of
20 V. Then, the samples were rinsed in water and cleaned with ethanol. Finally,
the coating on the steel was removed using acetone.

In order to reveal the microstructure of the steel, the specimen was chemically
etched in 5% Nital for about 15 to 20 s, followed by cleaning in both water and
ethanol.

3.3.3 Optical microscopy

The microstructure of the two base materials and the HYB joint were examined
in different types of light optical microscopes (LOM). The microstructure of all
the samples was investigated perpendicular to the rolling direction. Leica MEF4M
optical microscope was used to examine the microstructure of the aluminium. This
by using lens magnification of 2.5x, together with polarized light and a subparallel
lambda plate. Alicona infinite focus confocal microscope was used to look at the
entire weld macrostructure, in addition to the steel microstructure.

3.4 Scanning electron microscope (SEM)

The bond line of the HYB joint along the Al-Fe interface, as well as the fracture
surface of selected broken tensile specimens, were examined in a scanning electron
microscope (SEM), of the Quanta FEG 650 type. The acceleration voltage was
set to 20 kV, and the working distance was approximately 10 mm. In addition to
standard SEM analysis, backscatter electron (BSE) analysis was conducted in the
same machine, using a BSE detector containing a phosphor screen.

In the standard SEM analysis, the topography contrast in the specimens is clearly
visible, while the BSE makes it possible to see the contrast of the different elements
in the sample. During BSE, heavier atoms backscatter more electrons than lighter
atoms. Therefore, materials with high density (such as steel) will reject more elec-
trons compared to a material with lower density (such as aluminium) and appear
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lighter in the BSE images. This also makes it possible to see the microstructure of
the steel containing ferrite and pearlite, with different carbon content and density,
respectively.

3.5 Tensile testing

The transverse samples used for the tensile testing were taken from different loca-
tions in the welded plate, as illustrated in Figure 3.4. As there are no standard
methods available for tensile testing of dissimilar materials, subsize specimens were
prepared in accordance to ASTM standard E8/E8M-16a [61]. Two types of tensile
specimens were prepared, one set having the as-welded shape and one set where
the weld is flush-machined, as shown in Figure 3.5a and Figure 3.5b. This was
done in order to reveal the effect of the reinforcement on the joint strength.

Figure 3.4: Schematic illustration of specimen location and numbering of the
tested tensile specimens.

(a)
(b)

Figure 3.5: Photographs of selected tensile specimens prior to testing (a)
flush-machined and (b) as-welded.

Only three of the tensile specimens were tested using the DIC measurements sys-
tem, that is specimen number 2, 4, and 8. The other specimens were tested using
conventional measuring equipment and were conducted by Matteo Manfrotto [14].
These results can be found in Table 10 in Appendix B. In the following, only the
specimens tested using the DIC equipment will be covered. Tensile testing of these
specimens was carried out in room temperature, using an Instron 5985 hydraulic
test machine with a load cell of 250 kN. The test speed was set to v = 1.5 mm/min
which corresponds to a strain rate of ε̇nom = 10−3 s−1. The experimental set-up

39



3. Experimental

for DIC testing is shown in Figure 3.6. As can be seen from the figure, one of
the specimens (S2) was tested with an extensometer placed on the aluminium side,
having a gauge length of 10 mm.

Figure 3.6: Pictures of the experimental set-up used for DIC testing. Note that,
specimen S4 is tested with the steel side on top [14].

3.6 DIC analyses

Post-processing of the DIC results was conducted by the use of the finite element
based software eCorr created by Egil Fagerholt [60]. First, a quadratic mesh having
an element size of approximately 20 × 20 pixels were added to a reference picture
before any deformation had occurred in the specimen. This is shown by the photo-
graph in Figure 3.7. Then, in specimen 2, the elements that cover the extensometer
were deactivated and thus, excluded from the analysis. From this, field maps of
the principal strain can be extracted from the software.

For all DIC specimens tested, two virtual extensometers (vectors) were applied
in the software using a gauge length of 30 mm, as shown in Figure 3.7. This
gauge length was chosen based on the transverse hardness measurements made by
Matteo Manfrotto [14] (see Figure 3.8a). In order to capture the entire weld zone
and obtain the global stress-strain values of these specimens.

The hardness measurements in Figure 3.8a were also used to determine the exten-
sion of the different weld zones in the HYB joint. As can be seen from the graph,
the lowest hardness value is found in the HAZ approximately 5.5 mm from the
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Figure 3.7: Photograph of specimen S4 showing the applied mesh and the two
virtual extensometers used to analyse the tensile test data.

weld center. In order to get local values of the HAZ material properties, two vir-
tual extensometers with a gauge length of 6 mm were placed across the weak zone
(see Figure 3.8b). From this, the local tensile properties were extracted. Similarly,
the local properties for both the Al BM and Fe BM were obtained.

Figure 3.8: (a) The HYB joint transverse hardness profile measured along the
horizontal midsection of the joint [14]. (b) Photograph of specimen S8 showing
the location of the virtual extensometers used to extract local tensile properties

from the heat affected zone (HAZ).
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4 Results

4.1 Microscopic examination

4.1.1 Base materials

Figure 4.1 shows overview pictures of the aluminium and steel microstructure taken
transverse to the plate rolling direction. As can be seen from Figure 4.1a, the
AA6082-T6 base material shows a clear rolling structure, having small equiaxed
grains in the center which gradually increase in size towards the top and bottom
of the plate. The grain size was measured to be between 50 and 200 µm.

Figure 4.1b shows the microstructure of the S355 base material. It shows a fine
equiaxed (polygonal) grained microstructure that consists of both ferrite (light
phases) and pearlite (darker phases). Due to the high magnification, no differences
in grain size was observed due to the rolling operation. The grain size was measured
to be between 5 and 15 µm.

(a) (b)

Figure 4.1: Optical micrographs showing the microstructure of the base materials
used in the welding trial taken transverse to the plate rolling direction. (a) The
AA6082-T6 at low magnification (2.5x) and (b) the S355 at high magnification

(2000x).

4.1.2 The HYB joint macrostructure

An overview of the dissimilar Al-Fe HYB butt weld macrostructure is shown in
Figure 4.2. From the figure, it can be seen that both the aluminium base and filler
material (Al BM and FM) are heavily deformed and the Al FM flow pattern is
clearly visible. On the other hand, the steel is not affected by the joining operation
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when it comes to plastic deformation. Moreover, it is evident from the flow pattern
that most of the Al FM flows downward along the steel side of the weld groove and
forms the Al-Fe interface.

Figure 4.2: Optical macrograph showing an overview of the Al-Fe HYB joint
macrostructure.

In the dissimilar Al-Fe HYB joint, two different types of bonding occur. That is
metallic bonding between the aluminium base and filler materials, and intermetallic
bonding between the aluminium and the steel, as shown in Figure 4.3a and 4.3b,
respectively. From Figure 4.3a, it can be seen that there is a smooth transition
between the aluminium base and filler material along most of the interface, which
indicates good bonding. However, in the weld root (red arrow), there is a region
along the bond line of about 308 µm that appears more distinct, indicating insuffi-
cient bonding. Moving on to Figure 4.3b, a close-up of the Al-Fe interface is shown.
As can be seen from the figure, some small irregularities can be observed on the
steel side. This may either be a result of the pre-machining of the steel surface, or
it may indicate that there is some deformation of the steel due to contact with the
pin during joining. However, further research is required to determine the origin
of these observations.

(a) (b)

Figure 4.3: Optical micrographs showing the two different types of bond-lines that
occur in the Al-Fe HYB joint. (a) Bonding between the aluminium base and filler
material, and (b) dissimilar bonding between the aluminium filler material and

the steel.
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4.1.3 The HYB joint microstructure

Figure 4.4 shows an overview of the Al-Fe HYB joint microstructure taken trans-
verse to the welding direction. Obviously, the microstructure changes across the
joint, and it is observed that the extrusion zone (EZ) contains finer grains com-
pared to that of the base material. This may reflect the differences in chemical
composition between the FM and aluminium BM, as well as the amount of defor-
mation the materials undergo in these zones. Moreover, elongated and finer grains
are observed in the transition between the BM and the EZ as a result of substantial
deformation. In Figure 4.5, the microstructure of the steel part of the Al-Fe HYB
joint is shown close to the bonding line. From the micrograph, no apparent signs
of microstructural changes could be observed on the steel side of the weld.

Figure 4.4: Optical micrograph showing an overview of the Al-Fe HYB joint
transverse microstructure of specimen S6. Note that, only the microstructure of

the aluminium is visible.

Figure 4.5: Optical micrograph showing the microstructure of the steel side of the
Al-Fe HYB joint of specimen S11 at high magnification (2000x).

The grain refinement observed in the EZ and transition area between the HAZ
and EZ indicates increased strength in these areas, in accordance with the Hall-
Petch relation. In addition to strengthening achieved by strain hardening caused
by the severe plastic deformation. However, the measured hardness profile along
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the horizontal mid-section, given in Figure 3.8 in Section 3.6, shows that regardless
of the microstructural changes the minimum hardness is found in the transition
between the HAZ and EZ. The decreased strength in this area is mainly believed
to be caused by heat localization, and growth or dissolution of participates in the
aluminium. From the hardness measurements, the steel reaches the value for the
BM hardness almost immediately, which corresponds to the microstructural results.

Tunnel defects and cracks were observed during the microstructural examination.
Insufficient material flow of the FM, gas pores, or a lack of heat can be reasons why
these defects form at different positions in the EZ. Tunnel defects are as mentioned
commonly seen during solid-state joining. Figure 4.6a shows such a defect with
a length of approximately 190 µm. Moreover, were also steel fragments observed
inside the EZ, as shown in Figure 4.6b. If the pin comes in contact with the steel
surface, the forces acting on the surface can be large enough to remove particles
that then get stirred into the weld zone. Most of the fragments were measured to
be positioned at a distance of between 1.3-2.4 mm away from the Al-Fe interface.
Which is in good correspondence with the width of the extrusion head and EZ.
However, it has to be considered that the preparation process also can explain
these fragments. Additional images of the observed defects and the steel fragments
can be seen in Figure C.1 and Figure C.2 in Appendix C.

(a) (b)

Figure 4.6: Optical micrographs showing an observed (a) tunnel defect and (b)
steel fragments in the Al-Fe HYB weld.
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4.2 Examination of the Al-Fe interface

To reveal any remarkable formation of intermetallic phases along the Al-Fe interface
of the HYB joint, a more thorough analysis using BSE was carried out. Figure 4.7
shows an overview of the bond line at low magnification (50x) taken in the center
of the specimen. At low magnification, there is no sign of any IMPs along the
bond line. However, it is observed that the bond line changes its appearance from
straight (top) to wavy (bottom), which gives rise to a longer nominal interface in
the lower part of the weld.

Figure 4.7: Low magnification (50x) overview of the Al-Fe bond line of the HYB
joint taken in the weld center.

Figure 4.8 shows BSE micrographs at higher magnification (2000x) of selected re-
gions of the Al-Fe bond line. As can be seen from Figure 4.8a and Figure 4.8b,
there are some areas at the top and the root region, respectively, where insufficient
bonding occurs. However, in the central part of the joint, there seems to be suffi-
cient bonding between the two materials, see Figure 4.8c. Additional micrographs
at low magnification can be found in Figure E.1 in Appendix E.

The bond line in the central part of the weld was examined at an even higher
magnification. Figure 4.9 shows that at a magnification of 5000x, there is no sign of
any IMCs along the Al-Fe interface. Similar observations were made by Abbatinali
[57] in his work examining the first produced dissimilar Al-Fe HYB joint.
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(a) (b)

(c)

Figure 4.8: BSE micrographs at high magnification (2000x) showing the (a) top,
(b) bottom and (c) middle part of the Al-Fe bond line of the HYB joint.

Figure 4.9: BSE micrograph at high magnification (5000x) of the central part of
the Al-Fe bond line of the HYB joint.
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4.3 Tensile properties

4.3.1 Global properties of the dissimilar HYB joint

As previously explained in Section 3.5, two virtual extensometers were applied to
the mesh with a gauge length of 30 mm to measure the global strength of the joint.
In the following, only one of these is presented, whereas a graphical representation
of both can be found in Figure D.1 in Appendix D. The measured stress-strain
curves for the specimens are shown in Figure 4.10. Note that, the stress-strain
curve for specimen 8 starts at approximately 60 MPa, indicating that the pre-load
after clamping was not properly removed prior to testing. For all specimens tested,
the final fracture occurred along the Al-Fe interface.
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Figure 4.10: Measured stress-strain curves from the tensile testing using DIC and
virtual extensometers.

From the stress-strain curves, the 0.2% offset yield strength and modulus of elas-
ticity (E-module) were calculated. Due to large scatter in the elastic region of
the stress-strain curves, linear regression was used to calculate the E-module. The
average value for the E-module was found to be 90.44 GPa, which is in between
the generally accepted values of 70 GPa and 210 Gpa for aluminium and steel, re-
spectively. This corresponds with the superposition principle used for calculating
the stiffness of composite materials, indicating a strength contribution from both
of the base materials on the resulting joint stiffness. The calculated E-modules for
all the specimens tested using virtual extensometers can be found in Table 11 in
Appendix D.
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The resulting average tensile properties for the three DIC specimens, together with
the aluminium base material properties obtained from Sandnes [50], can be found
in the bar charts in Figure 4.11. Additional tensile properties for all the test
samples, using the virtual extensometers, can be found in Table 12 in Appendix
D. As seen from the figure, all the welded samples reach lower values compared
to that of the aluminium base material. The specimen with reinforcement (i.e.,
specimen 8) reaches a yield and tensile strength of about 201 MPa and 246 MPa,
respectively, whereas both the flush-machined specimens show lower values. For
specimen S8 this equals a joint efficiency of 80 %, which is significantly higher than
that obtained for the first produced Al-Fe HYB weld (45%). However, the average
tensile strength for the three tested specimens equals 227.96 MPa and corresponds
to a joint efficiency of approximately 75%.

Figure 4.11: Measured average tensile properties for the three Al-Fe HYB tensile
specimens. The aluminum base material properties are obtained from Sandnes

[50].

4.3.2 Local properties of the HAZ

The local tensile properties of the HAZ were calculated by the use of two virtual
extensometers (6 mm) on each specimen. The average value for the 0.2% offset yield
strength and the E-module were found to be 172 MPa and 43.5 GPa, respectively.
Linear regression was used to obtain values for the E-module. The measured stress-
strain curves for the two virtual extensometers in the HAZ obtained from specimen
2 are shown in Figure 4.12. As seen from the figure, the two curves are almost
identical. This indicates that the different positions of the extensometers in the
thickness direction does not influence the resulting stress-strain curves. Additional
stress-strain curves for all the other specimens can be found in Figure D.2 and
Figure D.3 in Appendix D.
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The local yield strength in the HAZ is remarkably similar to the global yield
strength of the weld. This indicates that the HAZ is the area of the weld that dom-
inates the global yield properties of the weld. Additional values for the E-module
and yield strength in the HAZ for all tested specimens using virtual extensometers
can be found in Table 14 and Table 13 in Appendix D.
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Figure 4.12: Example of measured stress-strain curves during tensile testing of
specimen 2 with extensometers positioned in the HAZ.

Virtual extensometers were positioned in the aluminium BM, HAZ/EZ, and steel
BM of the weld, as illustrated in Figure 4.13, in order to extract local material
properties. These give an indication about how the materials in the different weld
zones interact and deform during tensile testing. Due to the positioning of the
physical extensometers used during testing of specimen 2, which covered significant
parts of the aluminium BM, this specimen is not considered further.

Figure 4.13: Illustration of the positioning of the virtual extensometers in the
aluminium BM, HAZ/EZ, and steel BM.

Figure 4.14 shows the local stress-strain curves for the aluminium BM (blue curve),
EZ/HAZ (green curve), and steel BM (red curve) for specimen 8. As can be seen
from the figure, the steel is in the elastic region during the test, whereas small
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deformations of the Al BM can be observed. Still, most of the deformations occur
in the EZ/HAZ, indicating that this is the weakest part of the joint. Corresponding
curves for specimen 4, can be found in Figure D.4 in Appendix D.

Figure 4.14: Example of measured stress-strain curves during tensile testing of
specimen 8, for extensometers positioned in the aluminium BM, EZ/HAZ and

steel BM.

4.4 DIC analysis of the tensile specimens

The fracture propagation and behavior of the weld during tensile testing were
studied by the use of DIC analysis. The images obtained from the DIC were used
to identify the crack and its propagation path, which is not possible to detect by
visual inspection. In addition, the DIC analysis was used to analyse the evolution
of the strain concentration in the specimen during testing. In the following, the
main findings from the analysis of specimen 2, 4, and 8 will be presented.

Specimen 2
Figure 4.15 shows three pictures of specimen 2 at different stages during tensile
testing; a) before testing (no load applied), b) at the point of crack initiation and
c) at the point of final fracture. As can be seen from Figure 4.15b, the crack
initiates in the root region at the Al-Fe interface. The crack then continues to
propagate as the load increases and results in ultimate failure close to the Al-Fe
interface, as shown in Figure 4.15c.

From the eCorr analysis, the plastic strain distribution can be extracted at dif-
ferent steps during tensile testing, as shown in Figure 4.16. Obviously, the strain
localization changes during the test as the load is increasing. At an early stage
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(a) (b) (c)

Figure 4.15: Fracture propagation of specimen 2 at different stages during tensile
testing; (a) before loading, (b) at the point of crack initiation and (c) final

fracture.

during testing, it was observed that the strains start to localize in the HAZ and in
the root at the Al-Fe interface, as seen in Figure 4.16a. When the load increased,
there is seen to be a "competition" between the HAZ and the root crack, before
most of the strain accumulates at the root crack and leads to the final fracture
along the Al-Fe interface, as shown in Figure 4.16b and Figure 4.16c, respectively.

Figure 4.16: Evolution of the strain localization during tensile testing of specimen
2.

Specimen 4
For specimen 4, similar observations as for specimen 2 were made, as shown in
Figure 4.17. A root crack starts to develop along the Al-Fe interface, which leads
to the final fracture. Figure 4.18 shows the plastic strain evolution during tensile
testing extracted from the eCorr analysis. In contrast to specimen 2, it can be
seen that the strains start to concentrate in the root between the Al and Fe at an
earlier stage, and only small portions of the strains are localized in the HAZ on
the aluminium side. Also, in this case, the final fracture occurs along the Al-Fe
interface. However, it was noted that this specimen was tested with the steel side
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up (and not the aluminium as for the other specimens) which may have impacted
the results.

(a) (b) (c)

Figure 4.17: Fracture propagation of specimen 4 at different stages during tensile
testing; (a) before loading, (b) at the point of crack initiation and (c) final

fracture.

Figure 4.18: Evolution of the strain localization during tensile testing of specimen
4.

Specimen 8
Figure 4.19 shows pictures of tensile specimen 8, having the original shape, at
different stages during testing; a) initial unloaded stage, b) at crack initiation and
c) the stage of final fracture. In contrast to specimen 2 and 4, it was observed
that crack initiation starts at two positions, at the crown and root, respectively, as
shown in Figure 4.19b. Both cracks are located close to the Al-Fe interface.

Figure 4.20 shows the strain localization in specimen 8 at different loading stages.
As can be seen from Figure 4.20a, at an early stage during testing, the strains start
to concentrate both in the HAZ on the aluminium side and the root region between
the Al and Fe. The strains continue to develop, and relatively large strains are
observed in both the HAZ and root region right before failure, as seen in Figure
4.20c. This highlights the "competition" between the two weakest parts of the
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(a) (b) (c)

Figure 4.19: Fracture propagation of specimen 8 at different stages during tensile
testing; (a) before loading, (b) at the point of crack initiation and (c) final

fracture.

weld. Still, the final fracture occurs along the Al-Fe interface, as previously shown
in Figure 4.19c. From these pictures, it can be seen that the crack observed in
the crown region has little impact on the overall strain concentration, compared to
that of the root crack. The indications are that without the root problem, fracture
will occur in the HAZ on the aluminium side.

Figure 4.20: Evolution of the strain localization during tensile testing of specimen
8.

4.5 Fractography of tensile specimens

In the following, the main results from the fractographic examination of selected
tensile specimens will be presented. All the fractured tensile specimens showed
the same characteristic features at the fracture surface, having clearly visible parts
of aluminium stuck on the lower part of the steel side, close to the weld root, as
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highlighted in Figure 4.21. Below, a more detailed examination of the steel side
will be given by the use of SEM and BSE.

Figure 4.21: Schematic illustration of the position where a significant layer of
aluminium was detected on the steel fracture surface.

Figure 4.22 shows SEM micrographs of the steel fracture surface of specimen 4 and
specimen 8 at low magnification (25x). In these overview micrographs, it is observed
a clear distinction between the upper and lower part of the fracture surface. In
the lower part, it is evident that aluminium is stuck on the steel surface, having a
fairly rough fracture surface. In addition, a pattern caused by the rotating motion
of the extrusion pin can be seen. At the upper part, a cleaner fracture surface is
observed with no signs of aluminium at this magnification.

(a) (b)

Figure 4.22: SEM overview micrographs at low magnification (25x) showing the
steel fracture surfaces of specimen (a) 4 and (b) 8.

Close-ups at higher magnification (5000x) of the fracture surface at different loca-
tions of specimen 4 are shown in Figure 4.23. In Figure 4.23a, large dimples with
smaller, more shallow, dimples in between, being characteristic for a ductile type
of fracture, are observed. Moving on to Figure 4.23b, small shallow dimples are
observed, having regions with relatively smooth fracture surfaces in between. The
latter regions may indicate regions where the steel surface is visible, and hence,
that insufficient bonding between the two materials has occurred. Additional SEM
micrographs can be found in Figure F.1 in Appendix F.
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(a) (b)

Figure 4.23: SEM micrographs showing close-ups at high magnification (5000x) of
the (a) lower and (b) upper part of the steel fracture surface of specimen 4.

Figure 4.24a shows a low magnification micrograph (100x) of the central region in
the lower part of specimen 2, where larger portions of aluminium (dark parts) are
stuck to the steel (bright parts). As can be seen from the figure, there is almost no
sign of aluminium close to the root region, whereas about 0.5 mm higher up from
the root, large amount of aluminium can be seen with only small areas of steel
visible in between. This is consistent with the observations of a root crack forming
in the lower region of the joint close to the Al-Fe interface.

Moving on to Figure 4.24b, showing the transition in the machined slope on the
steel side of the weld groove, it is observed that fractions of aluminium are attached
to the steel. The amount, however, is significantly smaller compared to Figure
4.24a. This is a remarkable observation that has not been detected before and
indicates that the amount of bonding in this area is larger than first assumed.
Hence, something that may have a significant impact on the joint strength.

Figure 4.25 shows high magnification micrographs (2000x) of the same regions as
previously shown in Figure 4.24. From Figure 4.25a, it can be seen that small
chunk’s of steel are trapped inside the aluminium. These steel fragments may
indicate that the pin has been in contact with the steel during welding and is
corresponding well with the previous observations of steel fragments in the EZ, see
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Figure 4.24: BSE micrographs at low magnification (100x) showing the (a) lower
and (b) upper part of the steel fracture surface of specimen 2.

Figure 4.6b, from the microscopic examination. Figure 4.25b shows a close-up of
the upper half of the steel side groove. From this picture, it is evident that there are
aluminium attached to the steel, and that the steel has a wavy surface. However,
the amount of aluminium is significantly smaller compared o the lower part of the
joint. Additional EDS images can be found in Figure G.1 in Appendix G.

(a) . (b)

Figure 4.25: BSE micrographs at high magnification (2000x) showing the (a)
lower and (b) upper part of the steel fracture surface of specimen 2.
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5 Numerical simulation

5.1 Introduction to the finite element method (FEM)

The finite element method (FEM) is a numerical method that is used to predict
and solve problems related to engineering and mathematics, as for instance, to
simulate the behavior of complex engineering systems. The basics behind the FE
analysis is that the system is decomposed into a finite number of sub-domains or
elements, known as discretization. This reduces the problem into a finite number
of unknowns, where solutions can be obtained for each of these smaller domains.
The solutions can then be combined to represent the global solution of the entire
system. The elements in the FE model are built up by nodal points, or nodes, which
defines the element geometry, and through their degree of freedom, the coupling
to the neighboring elements. The elements then form the mesh of the structure,
and the smaller the mesh or the element size, the more accurate is the analysis.
However, finer mesh also contributes to higher computational time [15, 62].

Several different element types exists, and some of the most commonly used during
stress analyses are shown in Figure 5.1. The degrees of freedom, like displacement
and rotation, are calculated at the nodes of the elements, while at other positions
the displacements are obtained by interpolation from the nodal displacement to
the specific location. The elements may have different number of nodes, which
determines the interpolation order [15, 62, 63].

Figure 5.1: Some element families commonly used in Abaqus. Copied from [15].

In this report, the FE software used for analysis is the Abaqus finite element system
ABAQUS/CAE (6.17). This software includes both a general-purpose FE program
and an explicit dynamic FE program. In Abaqus, the behavior of the material is
described by integrating different numerical models. The material response is then
evaluated at each integration point in all the elements, either using full or reduced
integration for the continuum elements [15].
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5.2 Set-up for finite element (FE) model of tensile testing

5.2.1 Part creation and material properties

The first step in an FE analysis is to create a part, as shown in Figure 5.2. Pre-
viously it has been observed that the properties of the dissimilar Al-Fe HYB joint
changes across the joint. Thus, in order to obtain a realistic model, the extension
of the different weld zones is needed, together with their corresponding material
properties.

Figure 5.2: Illustration of the materials assigned to the different regions of the
finite element (FE) model. Note that the width of the HAZ/EZ is set to 10.5 mm.

From the hardness measurements in Figure 3.8a in Section 3.6, four distinct zones
are observed. That is the unaffected aluminium base material, the HAZ, the EZ,
and the unaffected steel base material. However, it is noted that the lowest hardness
in the HAZ and that of the EZ is relatively similar and these zones will, therefore,
be treated as one material in the following. In addition, since the hardness of the
HAZ gradually increases from the lowest point until the Al BM hardness is reached,
the total with of the reduced strength zone in the joint is set to 10.5 mm. This
value is based on calculations of the reduced cross-section area of the joint, which is
a model for calculating the joint design stress [64], and obtained from Lise Sandnes
(Personal Communication, 2019).

The second step in the FE analysis is the implementation of relevant material
data. Figure 5.2 also shows the materials assigned to the different regions of the
FE model. Material data used for AA6082-T6 base material was extracted from
the master thesis of Lise Sandnes [50]. She has done material testing on the exact
same Al BM as used in the present report. Relevant material data are summarized
in Table 8. For the Poisson ratio and E-module, the generally accepted values of
0.33 and 70 GPa was used. For the S355 steel, material data was extracted from
the literature (see Table 8).

In Abaqus, true stress-strain data is needed. For the aluminium base material,
the data could be directly converted because raw data from the tensile testing was
available. However, for the steel base material, the original data was not available,
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Table 8: Engineering material data used for the aluminium and steel base
materials in the finite element (FE) model.

Material σY S[MPa] σUTS [MPa] ν E [GPa] Ref.

AA6082-T6 255 306 0.33 70 [50]
S355 355 490 0.3 210 [65]

and the data had to be rendered by the use of Hollomon’s equation [66], shown
in Equation 5.1. Here σT is the total true stress, εT is the total true strain, n
is the strain-hardening exponent and K is the strength coefficient. K and n were
calculated to be 900 MPa and 0.15, respectively.

σT = KεnT (5.1)

The properties of the HAZ/EZ were obtained from the DIC analysis of the tensile
specimens, by the use of virtual extensometers sampling the HAZ properties. The
true stress-strain curves were obtained directly from the DIC analysis. Because
the FE model is made without a weld reinforcement, material data from specimen
2 was selected for further use. The values for the E-module, yield strength and
UTS can be found in Table 13 and Table 14 in Appendix D. Figure 5.3 shows a
comparison of the true stress-true plastic strain curves for all the materials used in
the FE model (i.e., Al BM, Fe BM, and HAZ/EZ). This data was used to account
for the post-yield behavior of the materials.
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Figure 5.3: Stress-strain curves showing the true stress and true plastic strain for
the different zones in the Al-Fe HYB joint, used as input for the material

plasticity in the finite element (FE) model.
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5.2.2 Damage initiation and evolution

In numerical simulations, like FE, the materials are assumed to be homogeneous
without any defects or weak parts. However, weak parts of a structure are often the
origin of crack initiation and final fracture. Abaqus offers several different models
to account for these defects by making it possible to define the point where failure
initiates and the following damage evolution. As observed from the DIC analysis
and the microscopic investigation, a root crack developed close to the Al-Fe bond
line, which led to the final fracture during tensile testing. To simulate the effect a
root crack has on the mechanical integrity of the dissimilar HYB joint, the extended
finite element method (XFEM) was utilized.

XFEM is a method to implement the onset and propagation of cracks in quasi-static
problems. This method is an extension of the conventional FE method, which is
based on the concept of partition of unity. This concept allows the presence of
a discontinuity in an element by adding displacement functions to the degrees of
freedom, which then accounts for jumps in displacements across the discontinuity.
The XFEM method overcomes some of the main drawbacks with the conventional
FE method, including the need for complex meshing of the fracture surface, because
the fracture surface is independent of the mesh configuration. This makes it possible
to implement the crack propagation along an arbitrary path without the need to
remesh the model. XFEM allows you to either define the initial location and size
of the crack or let Abaqus determine the location of the crack during the analysis
based on pre-defined values for the damage initiation [15].

To investigate the effect of a root crack on the dissimilar Al-Fe HYB joint this
discontinuity was included in the FE simulation. The crack was modeled separately
as a 3D deformable shell and assembled with the model of the tensile specimen. This
method is preferred as it takes advantage of the mesh-independent representation
of the crack, which is preferred in XFEM. The initial length of the crack was varied
between 0.03 and 1.2 mm. As observed in the SEM and EBS images, relatively large
amounts of aluminium were present on the steel fracture surface. This implies that
the fracture did not go entirely through the Al-Fe bond line, as first indicated from
the DIC analysis, but rather in the FM close to the Al-Fe interface. An advantage
with XFEM compared to the conventional FE method is that the fracture does
not need to be aligned with the edge of an element. It is preferred that the crack
is inside an element, which makes it possible to position the crack close to the
interface. The crack was positioned 0.6 mm away from the Al-Fe bond line, as
shown in Figure 5.4. This was the smallest distance found which prohibited the
crack from propagating into the steel during the simulation. A description of the
crack positioning study can be found in Appendix H.
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Figure 5.4: Illustration of the crack positioning and crack domain in the finite
element (FE) model of the Al-Fe HYB joint.

In addition to the positioning of the initial crack, the crack domain needs to be
specified. The crack domain defines the enrichment region in the model where
the existing crack is allowed to propagate or the area in which a crack might be
initiated. In Figure 5.4, the red part indicates the crack domain and was set to
be 0.8 mm starting from the Al-Fe interface. The crack domain should be limited
because the addition of extra internal nodes will strongly affect the computational
time of the analysis. The width of the crack domain was also investigated during
the crack positioning study and can be found in Appendix H.

In Abaqus, two different approaches can be used for studying the crack initiation
and propagation using XFEM. The cohesive zone model (XFEM based cohesive be-
havior) and the virtual crack closure technique (XFEM based LEFM approach). In
this study, the cohesive segment approach was utilized, which is based on traction-
separation cohesive behavior [15]. The damage properties are in this model specified
as a part of the material properties, and both a damage initiation and evolution
criteria are included.

The damage initiation criterion specifies when the crack will start to propagate,
and when the degradation of the cohesive response will begin. The degradation
begins when the stresses or strains satisfy a given criterion. The maximum principal
stress criterion was chosen for this study (‘Maxps Damage’ in Abaqus) and can be
represented by Equation 5.2. Here σ0

max is the maximum principal stress allowed,
and the

〈〉
represents the Macauley brackets. Macaulay brackets are a notation

that indicates that
〈
σmax

〉
= 0 if σmax < 0 and

〈
σmax

〉
= σmax if σmax ≥ 0 . The

crack length of the existing crack is extended when the fracture criterion reaches
the critical value (f = 1) [15].
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f =

{〈
σmax

〉
σ0
max

}
(5.2)

The true ultimate tensile strength (233 MPa) for the HAZ/EZ was used as the
limiting maximum principal stress. When the criterion is satisfied, the crack will
propagate orthogonal to the maximum principal stress direction, and degradation
of the cohesive stiffness will occur. The damage evolution criterion defines how the
degradation of the stiffness will happen. Two components describe the evolution of
the damage. The first is the fracture energy or the energy dissipated due to failure,
which equals the area under the traction-separation curve, see Figure 5.5 [15]. This
fracture energy was estimated using the relationship between J and CTOD (crack
tip opening displacement), J = σY Sδ [67]. The value was calculated to be 103.3
N/mm (L. Sandnes, Personal communication, 2019).

The second component is to specify the nature of the evolution of the damage vari-
able, D. D represents the average damage at the intersection between the surfaces
of the crack and the edges of the cracking element. This variable has an initial
value of 0 (no damage) and continues to increase towards 1 (complete failure) as
the load is increased during the simulation. Equation 5.3 shows how the normal and
shear stress components are affected by the damage. In the equation Tn, Ts and
Tt are the contact stress components predicted by the elastic traction-separation
behaviour for the current separations without any damage [15].

tn =

{
(1−D)Tn, if Tn ≥ 0.

Tn, otherwise.
(5.3a)

ts = (1−D)Ts (5.3b)

tt = (1−D)Tt (5.3c)

D can either be defined by a linear or exponential softening behavior. The linear
damage evolution was chosen and is shown in Figure 5.5. Due to both the softening
and stiffness degradation, there can often be problems with the convergence in
Abaqus. To overcome some of these difficulties, viscous regularization was used.
The viscosity coefficient was set to 0.0001. Such a small value will help convergence
while having minimal effect on the final results.
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Figure 5.5: Illustration of the linear damage evolution criterion based on fracture
energy. Copied from [15].

5.2.3 Boundary conditions, loads and constraints

During all the simulations, the same boundary conditions, constraints, and loads
were used. The effect of the clamping of the tensile specimens during tensile testing
was applied to the model in the form of boundary conditions. At the lower part
of the model (steel side), a mechanical Encastre boundary condition was chosen.
This prohibits translation in all directions and rotation about all axes (U1 = U2
= U3 = UR1 = UR2 = R3 = 0), see Figure 5.6a. To the top part of the model
(aluminium side), the load is moving the specimens in the y-direction, but the
clamping constrains the specimen from rotating or translate in all other directions.
A mechanical displacement/rotation boundary condition was therefore utilized,
which only allow movement along the loading direction (U1 = U3 = UR1 = UR2
= UR3 = 0), as shown in Figure 5.6b.

To apply the right load, a coupling constraint was added to the aluminium side of
the joint. A reference point was made at the middle of the top surface, and set
as the coupling master control point. The two surfaces that were clamped during
the experimental testing were set as slave surfaces, as illustrated in 5.6c. This was
done to evenly distribute the load over the surfaces and make the simulation as
similar to the experimental test set-up as possible. The load was applied to the
reference point as a 2 mm displacement in the y-direction.
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(a) (b) (c)

Figure 5.6: To simulate the experimental set-up of the tensile testing (a)
boundary conditions, (b) load and (c) a coupling constraint were applied to the

finite element (FE) model.

5.2.4 Partitioning

Partitioning of the model into smaller parts is essential for many reasons; cor-
rect application of the mesh, be able to assign the crack domain, define different
material properties and positioning of the extensometer. The faces of the three-
dimensional model were first partitioned by using the sketch method. Secondly, the
face partitions were used to partition the cell by utilizing the extrude/sweep edge
method. An area of 10.5 mm was partitioned to represent the HAZ/EZ. Another
partitioning of 30 mm along the thickness of the model, as shown in Figure 5.7,
represents the extensometer. This partitioning made it possible to obtain values for
the displacement from the right position after the simulation. The extensometer
was positioned similarly as the virtual extensometers applied to the DIC analysis,
see Figure 3.7 in Section 3.6. Additional partitions made to obtain a consistent
mesh can be seen in the figure below.

Figure 5.7: Illustration of the partitioning of the finite element (FE) model.

From Figure 5.7, it can be seen that a partitioning was made 0.8 mm from the Al-
Fe interface. This partition line, in addition to the Al-Fe interface, were chosen to
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represent the crack domain. In order to position the initial crack, a temporary face
partition was made, and the nodes from the partition line were used to translate
the crack to its respective position. This temporary line was not a part of the final
simulation. After much trial and error, it was also needed to partition a line from
the bottom of the model with the same length as the chosen initial crack. This
is because the crack always propagates through one element at the time to avoid
the need to model the stress singularity. If the mesh then is bigger than the crack
length, the crack length will automatically be altered to the same length as the
mesh.

5.2.5 Mesh

Two different 3D elements can be used for XFEM simulations. These are the
tetrahedral and hexahedral elements. The hexahedral elements are only available
as linear order approximations, while the tetrahedral elements also are available as
quadratic. Linear structural hexahedral elements were chosen for the simulations
and are denoted C3D8R. Different sections of the model were meshed with varying
element size. As observed from the results showing the different stress-strain curves
of the weld ( Figure 4.14 in Section 4.3.2) and the DIC analysis, only the aluminium
deforms plastically, and the significant deformations are found within the HAZ/EZ.
It was, therefore, assumed that only the part of the model representing the HAZ/EZ
would experience large strains and deformations during the simulation.

This assumption was verified by studying the local strains in the model when
the model was set-up for simulation. The verification was also used to see if the
constraints and boundary conditions behaved as intended. The load was changed
to 3 mm as a safety factor during the verification, and a mesh size of 1 mm was
applied. One simulation was done with an initial crack of the same length as the
mesh size, and another simulation was executed without any pre-existing crack.
Figure 5.8 shows the two verification studies of the model.

As shown in Figure 5.8a, when no crack is present, the deformations and strains
concentrate in the HAZ/EZ, where necking occurs. No changes can be seen else-
where in the model. The same is observed from the results from the simulation
with an initial crack, Figure 5.8b. Most of the strain concentrates around the crack
tip, but also in the HAZ/EZ. From both studies, it is evident that no strains or
displacements of importance were noticed in either the aluminium or steel BM. A
finer mesh was therefore only applied to the regions close to the crack domain and
the HAZ/EZ, to reduce computational time. The function "local seeds" was used
to assign more elements in these areas.
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(a)

(b)

Figure 5.8: Principal strains in the finite element (FE) model used for verification
of mesh size (a) with and (b) without an initial crack.

When the mesh is refined in a FEM simulation, the results will converge towards
more accurate results. Therefore, a mesh sensitivity analysis was performed to find
the optimal number of elements in the thickness direction. This was done regarding
the plasticity in the model because when the crack is introduced, the model gets
more complex and problems regarding convergence appear. Therefore, a separate
analysis was needed regarding the positioning of the crack and the mesh size in the
crack domain. Figure 5.9 shows the maximum force in the simulation as a function
of the number of elements in the thickness direction. It can be seen from the figure
that the maximum force starts to converge when the number of elements equals 8.
A further refinement of the mesh would then not have a significant effect on the
resulting output data regarding plasticity. However, 10 elements were chosen as this
was found to be the smallest element size where the crack propagation converged, as
explained in the discussion below, and is within the limit for convergence regarding
plasticity.

It is wanted during an XFEM simulation to have quadratic mesh in the crack
domain. Therefore, were also a mesh size of 0.4 mm chosen for the rest of the
model close to the crack and in the area representing the EZ/HAZ. The remaining
parts of the model were selected to have a mesh size of 1 mm, to reduce the
computational time of the simulation. The final model then consisted of a solid
mesh of 24 288 linear brick elements and is shown in Figure 5.10.
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Figure 5.9: Mesh sensitivity analysis of finite element (FE) model.

(a)

(b)

Figure 5.10: Mesh of the finite element (FE) model in a) the thickness and b) the
length direction.

5.3 Discussion of simulation approach

Several factors made the simulation of the dissimilar Al-Fe HYB joint challenging.
Mainly because the model consists of three different elastic-plastic bulk materials
and the fact that mechanical problems like fracture are very complex. In elastic-
plastic cases, there are two types of non-linearity that occur. The geometric non-
linearity caused by large deformations, and the non-linearity in the material due
to the plasticity. Fracture also makes the structure respond non-linear and non-
smooth, something that strongly affects the convergence of the solution. As the
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fracture is considered as ductile in the analysis, the non-linear theory of fracture
mechanics need to be considered. As stated by Kumar et al. [68], most of the use
of XFEM focuses mainly on the linear elastic behavior of the material and involves
only small deformations. Little information was, therefore, possible to obtain about
elastic-plastic simulations with XFEM.

It was desired to simulate the competition between failure occurring due to necking
in the weakest part of the weld, EZ/HAZ, and failure due to an initial crack close
to the Al-Fe bond line. Due to the high elasticity of the aluminium EZ/HAZ, a
ductile damage criterion should be used to predict the onset of necking and final
fracture in this area. This criterion with element deletion can only be simulated in
a dynamic explicit analysis. However, XFEM, which is a quasi-static analysis, can
only be simulated as dynamic implicit or static general. This makes it impossible
to simulate the two different fracture criteria in the same simulation. To overcome
this limitation, a co-simulation was performed. The model was split into two
parts, where one was simulated explicit and one implicit. This resulted in large
deformations at the interface between the two models, and no valid results. It was,
therefore, decided to only focus on fracture caused by an initial crack. A fine and
quadratic mesh is wanted close to the propagating crack. In addition, as mentioned,
is a limitation with the XFEM approach that the crack always propagates one
element length at the time. To simulate small cracks, the element size needs to be
similarly small, which resulted in a study on mesh size in the crack domain. The
increased number of elements led to long computational time and not adequate
computer capacity. A new strategy was tested, which involved splitting the model
into three parts and mesh them separately, followed by connecting them by the
use of tie constraints. The results showed inconsistent strain across the element
boundaries between the tied regions, and no convergence of the simulation.

Many different element sizes were investigated, but a common problem with small
elements was that the crack would not propagate across element boundaries in the
length direction and convergence was not achieved. Different positions of the crack
were also tried for the different element sizes. The smallest element size in the
length direction, which gave consistent results was 0.4 mm. Two alternatives could
then be considered to simulate cracks smaller than 0.4 mm. Either have different
mesh sizes in the thickness and length direction, which would result in a very un-
quadratic mesh configuration, or partition a line from the bottom of the model with
the same length as the crack. The last alternative was chosen as already explained,
resulting in only the bottom mesh of the model consisting of a not quadratic mesh.

Therefore, the final simulation set-up is a result of the testing of several different
approaches. This is because a similar simulation has not been reported earlier.
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Due to the complexity of the model, further work should be done based on the now
existing model to make it even more representative for the dissimilar Al-Fe HYB
weld. An in-depth validation should also be executed.
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6 Discussion

6.1 Introduction

In the following, attempts will be made to rationalize the main findings from the
experimental work. The discussion is divided into four main parts. First, a com-
parison of the mechanical properties of different FS and HYB weldments will be
given. Secondly, attempts will be made to explain the relatively high strength ob-
tained in the HYB joint by means of the intermetallic layer and the Al-Fe interface
configuration. Then, the effect of the root crack problem will be analysed by the
use of the finite element (FE) model. Finally, some concluding remarks regarding
the evolution and current status of the HYB process for joining aluminium and
steel will be presented.

6.2 Comparison of the mechanical properties of dissimilar
Al-Fe friction stir (FS) and HYB weldments

In the following, the joint efficiency (i.e., tensile strength to base material ratio)
being achieved for different friction stir (FS) butt welds, using different base mate-
rial combinations, will be compared to that obtained in the HYB joint. Note that,
all data for the FS welds are extracted from the literature. Due to the difference in
base material combinations used in these joints, the materials microstructure and
crystallographic texture are not further considered.

Figure 6.1 shows a comparison of the joint efficiency of different types of dissimilar
Al-Fe weldments produced using FSW and the HYB process. As can be seen from
the bar graph, the HYB joint reaches a relatively high joint efficiency of 75%,
despite the presence of the root crack. In fact, this value is higher than what can
be seen for the two FS welds produced using the 6xxx-series aluminium alloys.
Still, in this comparison, the highest joint efficiency reported is found for the FS
weld produced using aluminium alloy 5052 and HSLA steel as base materials, and
reaches a joint efficiency of 95%. To the author’s knowledge, this is the best practice
within dissimilar aluminium-steel welding and the result of years of research and
optimization of the process. Taking this into consideration, the HYB technology
shows promising results for further use of dissimilar welding when the process has
been further optimized.
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Figure 6.1: Comparison of the joint efficiency in different friction stir (FS) welds
relative to the one obtained for the HYB process.

6.3 Intermetallic layer thickness and Al-Fe interface config-
uration

6.3.1 Effect of IMP layer thickness

In dissimilar weldments of aluminium and steel, the governing bonding mechanism
is the formation of intermetallic phases (IMP) along the Al-Fe interface. Both
the composition and thickness of these phases will strongly affect the overall joint
strength under otherwise sufficient conditions [9, 32]. In Al-Fe welding, the IMPs
that form along the interface between the two materials are characterized by their
high hardness and brittle properties. Therefore, it is essential to keep the IMP layer
thickness below a critical value to avoid cracks from forming within the layer. Pre-
viously, it has been proposed that there exists an ideal thickness of the intermetallic
layer of about 1 µm for dissimilar Al-Fe FS welds [47, 69]. This is illustrated in
Figure 6.2. As can be seen from the figure, the heat input during processing (here
represented by the tool rotation speed) will strongly affect the formation of the
intermetallic layer thickness and, thus affect the joint strength. Moreover, it can
be seen that when the intermetallic layer is too small (less than 1 µm), there will
be a reduction in the joint strength.
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Figure 6.2: Graphical illustration of the intermetallic layer thickness formation
relative to the heat input during joining (based on the tool rotation speed) and the

corresponding tensile strength of the joint [47].

Figure 6.3 shows a comparison of the intermetallic layer thickness in three different
Al-Fe joints produced by CMT, FSW, and HYB, respectively. As can be seen from
Figure 6.3a, the thickest intermetallic layer is found for the CMT specimen having
a thickness of about 3 µm. This joint is welded in a lap configuration and reaches
a joint efficiency of approximately 53%. The FS weld in Figure 6.3b have an IMP
layer thickness of about 1 µm and a corresponding joint efficiency of about 95%.
However, for the HYB joint shown in Figure 6.3c, the IMP layer cannot be seen
even at a magnification of 10 000x. Thus, the layer must be less than 0.1 µm,
which is typically the lower limit for what can be seen in standard SEM analysis.
In fact, work done by the PhD candidate Tina Bergh [70], using a high-resolution
transmission electron microscope (TEM), has proven that the intermetallic layer
in the HYB joint is between 20 and 30 nm, as shown in Figure 6.4. The HYB joint
reaches a joint efficiency of 75%, which is surprisingly based on the observation of
an extremely thin intermetallic layer being present on the Al-Fe interface. These
findings strongly challenge the proposed existents of an optimal IMP layer thickness
in dissimilar Al-Fe weldments. The reason for this can not yet be explained but
may indicate that the composition of the Al-Fe IMCs plays a significant role when
it comes to the joint strength. Further research is therefore needed to thoroughly
understand the effect of the intermetallic layer on the overall bond strength in
dissimilar Al-Fe welds.
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(a) (b)

(c)

Figure 6.3: Low magnification micrographs showing the Al-Fe interface in
different types of weldmets. a) CMT [3], b) FSW [47] and c) HYB.

Figure 6.4: TEM micrograph showing the HYB joint intermetallic layer thickness.
Copied from [70].
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6.3.2 Effect of Al-Fe interface configuration

In the HYB welding trial, the steel side was machined to form a Y-groove, as
shown in Figure 6.5. Due to this configuration of the weld groove on the steel side,
together with the pin being formed as a conical “Archimedes”-screw, the velocity of
the material flow, and thus the pressure, in the upper part (close to the weld crown)
would be lower compared to the bottom part of the weld groove. This may in turn
result in more ideal conditions for IMP formation and result in better bonding
closer to the root, as previously observed from the fractographic examination.

Figure 6.5: Illustration of the weld groove configuration and material flow in the
dissimilar Al-Fe HYB joint.

During the microscopic analysis of the HYB joint Al-Fe interface, it was observed
that the steel side appears rougher in the lower region (close to the weld root)
where good bonding did occur. This compared to the upper region, closer to the
weld crown, where the bonding was less apparent. This is mainly believed to be a
result of the pre-machining process, or that the pin is slightly touching the lower
part of the steel side during the joining operation. This wavy surface in the lower
part will inevitably increase the surface area and give a larger effective bonding
area. In addition, the surface roughness may give rise to small scale mechanical
interlocking, as shown in Figure 6.6. In fact, the effect of mechanical interlocking,
together with intermetallic bonding, has proven to have a positive effect on the
strength of aluminium-steel welds made by Friction Stir Dovetailing (FSD) [71].
In FSD, mechanical interlocking is formed at the aluminium and steel interface in
addition to strengthening by the intermetallic bonding. During the experimental
trial, testing was performed both with and without dovetail. This was to compare
the effect of mechanical interlocking with that of the metallurgical bonding on
the overall bond strength. They concluded that the combination of both dovetail
interlocking and metallurgical bonding by IMP formation resulted in a significant
increase in strength and elongation compared to when only one of the bonding

76



6. Discussion

mechanism was present. However, the interlocking mechanism used in this research
was relatively large scale compared to the observations made in the present report,
and the effect of small scale interlocking in the HYB case is yet to be determined.

Figure 6.6: SEM micrograph of the rough Al-Fe interface in the lower part of the
HYB joint.

Despite the fact that better bonding was observed in the lower region of the HYB
joint, traces of aluminium stuck on the steel was also seen in the upper half of the
joint, as shown by the BSE fractographs in Figure 4.25 and Figure 4.24 in Section
4.5. As larger areas of steel are visible in this region compared to the bottom part
of the weld, it is believed that the bonding here is more discontinuous. This may be
caused by the weld groove configuration, which reduces the velocity of the material
flow in this region, causing insufficient bonding conditions. Still, this partly bonded
area is believed to have a positive contribution to the overall joint strength.

6.4 The significance of a root crack in the Al-Fe HYB joint

6.4.1 Validation of the FE model

Figure 6.7 shows the engineering stress-strain curve obtained from the DIC analysis
(black curve) and that from the simulation (dashed line). The DIC curve is obtained
from specimen 2, while the simulation curve from a model without implementation
of any damage criteria or initial crack. As can be seen from the figure, the FE
model gives a fairly good representation of the experimental results, with only small
deviations. Therefore, the model is believed to provide an adequate representation
of the tensile response of the Al-Fe HYB butt weld. The results also imply that
the set-up and input data applied in the simulation are reasonable. This justifies
further use of the FE model for investigating the integrity of the dissimilar Al-Fe
HYB joint.

77



6. Discussion

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Strain

0

50

100

150

200

250

300

St
re

ss
 [M

Pa
]

Simulation
Joint DIC

Figure 6.7: Comparison of simulated (dashed line) and measured (solid line)
engineering stress strain curves for the Al-Fe HYB joint.

One simplification in the FE model, which may have an impact on the results,
is the configuration of the steel side of the weld groove. In the simulation, the
steel surface is modeled as a straight surface. Thus, when a crack is present close
to the Al-Fe interface, it will experience Mode I loading if no incline is present
relative to the loading direction. In reality, due to the slope on the steel side
after the machining, the fracture will be a combination of Mode I and Mode II,
and therefore mixed mode loading. The effect of this assumption on the results
is uncertain. Nevertheless, Tvergaard [72] looked at the effect pure mode I and
mode mixity loading had on the crack growth in a homogeneous ductile metal
modeled with elastic-plastic behavior, which is comparable to the situation in the
HYB case. He noted that when adding a mode II loading to the Mode I case, this
contributed to increasing the fracture toughness relative to that for the pure Mode
I loading. This can indicate that the results obtained from the FE simulations of
the Al-Fe HYB joint are conservative compared to the actual case, further research
and development of the FE model is needed to confirm this.

6.4.2 Effect of the root crack size on the joint strength

From the DIC analysis, it was evident that a root crack formed along the Al-Fe
interface of the HYB joint. In the following, the FE model will be used to evaluate
the mechanical strength of the joint when introducing a crack to the model. The
crack length is varied between 0.03 mm and 1.2 mm in order to see the effect of
the crack size on the overall properties of the joint.
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Note that, the model is simplified by assuming perfect bonding between steel and
aluminium and that a root flaw with no bonding is present in the root region.
A detailed description of the FE model and materials used was given in Section
5. Figure 6.8 shows a master plot of the force-displacement curves for different
simulated crack lengths. The black curve represents the behavior of the joint
when no crack is present, whereas the colored curves show the joint behavior when
different crack lengths are introduced in the model.
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Figure 6.8: Master plot showing the force-displacement behavior of the simulated
Al-Fe HYB joint. The black curve represents the behavior of the weld without any

root crack, whereas the colored curves show the behavior of the joint when
introducing a crack having an initial depth of 0.03 to 1.2 mm.

From this plot, it can be seen that when a crack is introduced to the system,
the force-displacement curves are shifted to the left reaching a lower maximum
force compared to the model without any crack. Moreover, it can be seen that
the mechanical response to the tensile test is gradually decreased with an increase
in crack length. In addition, when the pre-crack is larger than 0.4 mm it also
compromises the yield strength of the joint which becomes smaller, as well as its
elasticity. Thus, if the pre-crack is kept below this limit, only the tensile strength
and ductility are compromised, and the force-displacement curve will otherwise
follow the behavior of the joint without a pre-crack.

The maximum force, strength reduction, and displacement at failure for the dif-
ferent simulations are summarized in Table 9. When it comes to the mechanical
strength of the weld the highest possible load is 5.7 kN, which is equal to a ten-
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sile strength of approximately 238 MPa. This is slightly higher than the tensile
strength for the flush-machined specimens (i.e., specimen 2 and specimen 4), mea-
sured in the experimental trial. Moreover, as can be seen from the table, a small
crack length of 0.03 mm reduces the maximum force with 1.6%, while a larger crack
of 1.2 mm can reduce the strength as much as 38%. If the initial crack length is
kept below 0.1 mm, the strength reduction will be about 6%. From Table 9 it can
also be seen that the displacement at failure reduces significantly with an increase
in the initial crack length. However, as there does not exist any experimental data
for a defect free weld, the amount of reduction is unknown.

Table 9: The resulting maximum force, strength reduction, and displacement at
failure for the simulated Al-Fe HYB joint when introducing a crack having an

initial depth of 0.003 to 1.2 mm.

Crack length [mm]
Maximum
force [kN]

Strength
reduction [%]

Displacement
at failure [mm]

Without crack - 5.7 -
0.03 5.61 1.6 0.76
0.06 5.51 3.33 0.66
0.1 5.36 5.96 0.55
0.2 5.14 9.82 0.42
0.4 4.74 16.84 0.33
0.6 4.41 22.63 0.29
0.8 4.06 28.77 0.17
1.2 3.53 38.1 0.14

6.4.3 Evaluating the root crack problem

Actions should be taken to reduce the formation of root flaws and lack of bonding
in the dissimilar HYB weld, which have shown to be the factors that determine
the strength of the overall weld. Producing welds without any existing flaws or
defects are, however, considered an impossibility. It is therefore highly relevant to
investigate how the presence of a root crack will affect the structural integrity of
the dissimilar Al-Fe HYB weld, and examine how small the crack can be without
significantly affecting the tensile properties. Hence, assuring that the weld will
fail in the observed weakest point, the HAZ, due to necking. This will provide
insight and understanding of the fracture mechanism and the maximum achievable
strength of the hybrid weld, and make it possible to build safe constructions with
the joining technology in the future.
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Due to the configuration of the weld groove and the present of two highly different
materials, detection of the total length of the poorly bonded area in the root
region was not possible in the microscopic examination. In the following, the
FE model will be used to predict the initial length of this region. Figure 6.9
shows the measured force-displacement curves from the DIC analysis (solid line)
together with that from the simulation of selected crack lengths (dashed lines).
As can be seen from the figure, the dark blue curve (i.e., a crack length of 0.03
mm) corresponds relatively good with that of the experimental data, whereas an
increase in crack length shows larger deviations. Thus, this indicates that the same
failure mechanism and strength reduction caused by the observed lack of bonding
corresponds to an initial crack close to the Al-Fe bond line with a length of about
0.03 mm. Now, assuming that the simulated and experimental case fails, after the
exact same amount of deformation, the indications are that the strength reduction
caused by the root crack of 0.03 mm corresponds to the poorly bonded area in the
root region of the Al-Fe HYB joint.
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Figure 6.9: Comparison of simulated force-displacement curves (dashed lines)
with the measured curve (solid line) from the DIC testing of the Al-Fe HYB joint.

From this, it is reasonable to assume that if perfect bonding is obtained along
the entire Al-Fe interface in the HYB joint. The maximum force obtained during
tensile testing could be higher, and then the HAZ would be the limiting area of
the joint strength. However, in accordance with the simulations, the increase in
tensile strength would not be significantly high, but the effect on the overall joint
ductility would be beneficial.
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Another interesting observation made from the tensile testing of the HYB joint is
the point where crack initiation was observed in the DIC pictures. As highlighted in
Figure 6.10a, the crack in specimen 2 (shown in Figure 6.10b) was first visible when
the force reached a value of 4.96 kN. This is relatively far from the yielding point
of the joint and may indicate that there is some kind of partly bonding in the lower
region, but that full intermetallic bonding is not obtained. Similar observations
were also made for specimen 4, reaching a force of 4.6 kN before the crack could
be detected in the DIC pictures.

Figure 6.10: (a) The force-displacement curve for specimen 2, indicating at which
force and displacement the crack was first initiated during tensile testing. (b)
Photograph of the first visible observation of the root crack developing during

tensile testing of specimen 2.

6.4.4 Comparison of experimental and simulated crack propagation
and strain concentration during tensile testing

For all the different crack sizes used in the simulation, the cracks propagated in
a relatively similar manner. The fracture path, however, experienced some minor
changes for the different crack sizes. For the small cracks (i.e., 0.03 and 0.06 mm),
the propagation direction rapidly shifts from straight upwards towards the steel
side of the model. This is shown in Figure 6.11a for a crack size equal to 0.06 mm.
For larger crack lengths, the crack goes from propagating upwards to changing
more towards the aluminium side of the weld. This is shown in Figure 6.11b for a
crack size equal to 0.4 mm. For the largest crack sizes of 0.8 mm and 1.2 mm, the
simulations had difficulties converging due to the cracks desire to propagate across
the element boundaries in the length direction at the top of the model.
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(a) (b)

Figure 6.11: Crack path of the simulated Al-Fe HYB joint containing a crack size
equal to (a) 0.06 mm and (b) 0.4 mm .

When comparing the different simulated fracture paths, with the observations from
the DIC analysis and BSE images, the crack propagation of the smallest crack sizes
is most similar to the experimental one. From the BSE images (see Figure 4.24
in Section 4.5) it can be seen that even though the fracture is close to the Al-Fe
bond line, it first goes through the aluminium FM, followed by shifting closer to
the steel side of the weld. However, the differences in configuration between the
simulated and experimental steel surface should be taken into consideration, as
the simulation does not have the same machined slope as the actual joint. This
can contribute to alter the fracture path and respectively affect the propagation
of the crack. Nevertheless, it is seen that using a small crack in the simulation
corresponds well with the experimental model, and that the model is also able to
capture the crack propagation in a reasonable manner.

Now, a closer look will be given to the principal tensile strain concentration and
development, obtained from the simulation and the DIC analysis. This is shown
in Figure 6.12 and Figure 6.13, respectively. As can be seen from these figures, in
both cases, the strain starts to concentrate in both the HAZ and ahead of the root
crack. The competition between the weak areas continues to evolve before most
of the strain accumulates close to the crack. Moreover, when the crack propagates
(Figure 6.12c) the highly strained area is relatively similar to what was observed in
specimen 2 from the DIC analysis, right before failure (Figure 6.13c). From this,
it is seen that the FE model is able to capture most of the strain concentrations
ahead of the crack tip, but that of the HAZ is not thoroughly rendered. This is
mainly believed to be a result of the simplifications made in the FE model, by
assuming that the transition between the different zones is straight. In reality, the
transition between the Al BM and the HAZ has a slope, as more heat is generated

83



6. Discussion

at the top compared to the bottom during joining. Additional images of the strain
concentration and evolution for other crack sizes can be found in Figure I.1 to
Figure I.3 in Appendix I. The strain concentration without any presence of a crack
is also shown in the same appendix in Figure I.4.

Figure 6.12: Evolution of strain localization and distribution during simulation of
the Al-Fe HYB joint with a crack size equal to 0.4 mm. The scaling factor for

deformation is set to 1 in the visualization.

Figure 6.13: Evolution of the strain localization during tensile testing of specimen
2.
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6.5 Improvements and current status of the HYB process
for joining aluminium and steel

As already mentioned, an average joint efficiency of 75% for the tensile strength was
reached for the second generation Al-Fe HYB butt weld. This is significantly higher
than the efficiency of 45% obtained for the first produced generation, which shows
promising results regarding the changes done in the newer generation with respect
to the mechanical properties. The major differences between the two generations
are the configuration of the steel side of the weld groove and which side that is the
AS and RS of the joint. These differences are schematically illustrated in Figure
6.14. A cooling action during the welding process consisting of CO2-gas from the
rear, are also added in the newer attempt.

(a) (b)

Figure 6.14: Schematic illustration of the pin and its location in the different weld
grooves for (a) the first and (b) the second produced Al-Fe HYB butt weld.

Both the hardness measurements and the microscopical investigation of the two
welds gave similar results. It could have been expected that the AS would ex-
perience a slightly higher peak temperature compared to the RS, and following a
lower strength in the HAZ in the first generation. However, from the hardness
measurements, there does not seem to be any changes regarding which side that is
the advancing and retreating. Moreover, this change may have contributed to more
ideal conditions for IMC formation and consequently, higher bonding strength in
the newer attempt.

Another reason for the increased strength in the second generation could be the
changes in the steel side of the weld groove. The newer configuration resulted in
good bonding in the lower part of the Al-Fe interface, while a more discontinuous
bonding is believed to be present at the upper part of the interface. Both small
scale mechanical interlocking at the lower region and shear forces acting on the
upper region can be factors that have contributed positively to the bond strength,
since the second generation showed promising results regardless of the existing root
flaw.

Recent improvements on the Al-Fe HYB butt weld has been made, and a third
generation has been produced. In this generation, the steel side of the weld is not
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pre-machined, and does, therefore, consist of a vertical surface, as shown in Figure
6.15. Which side that is the advancing and retreating is similar as for the second
generation, but the pin is altered and specially designed for welding of aluminium
and steel. The results from the flushed machined tensile specimens showed an
average joint efficiency of 90%, which is a significant improvement from the second
generation. All the tested specimens fractured in the HAZ on the aluminium side
of the weld, which is extremely promising results for the HYB technology.

Figure 6.15: Schematic illustration of the pin and its location in the weld groove
of the third produced Al-Fe HYB butt weld.
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7 Conclusion

7.1 Concluding Remarks

This report gives for the first time an in dept analysis of the structural integrity and
microstructure of a dissimilar aluminium (Al) and steel (Fe) butt weld produced by
the Hybrid Metal Extrusion & Bonding (HYB) technology. The main conclusions
that can be drawn from this investigation can be summarized as follows:

• The HYB PinPoint extruder shows promising results for single pass butt weld-
ing of the challenging base material combination of AA6082-T6 and S355.
The full-penetration weld is found to be essentially free from internal de-
fects in the weld zone, and displays a very nice surface finish on both sides.
However, the microscopic examination of the Al-Fe interface revealed some
discontinuities in the weld root region and on the top crown.

• Digital image correlation (DIC) measurements were used to analyse the ten-
sile tested specimens and revealed that most of the strains start to concentrate
in the heat affected zone (HAZ) on the aluminium side of the joint. However,
due to the formation of a root crack after a certain point during testing, a
competition between these two weak zones occurred before the final fracture
developed along the Al-Fe interface.

• The dissimilar Al-Fe HYB joint reaches a high joint efficiency of 75%. In
comparison, the joint efficiency of friction stir (FS) welds produced using
6xxx alloys and low alloy steels is reported to be about 63%. But, still the
HYB joint does not reach as good results as that of an FS weld produced
using 5xxx aluminium alloy and high-strength low-alloy (HSLA) steel which
achieves a joint efficiency of about 95%.

• The Al-Fe interface was examined by the use of a scanning electron micro-
scope (SEM) and backscatter electrons (BSE) in order to reveal any signif-
icant formation of intermetallic phases (IMP) along the interface. Even at
the highest possible magnification (10 000x), no sign of any IMP layer was
detected, which means that this layer thickness must be below 0.1 µm, which
is normally the lower limit that can be detected in standard SEM analysis.
This has been confirmed by the work done by Tina Bergh, which has been
able to detect an IMP layer thickness of 20 to 40 nm by the use of a high
resolution transmission electron microscope (TEM).

• A finite element (FE) model of the HYB joint tensile specimen is developed,
using three different elastic-plastic materials (i.e., the aluminium and steel
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base materials, and the extrusion zone/heat affected zone) with local prop-
erties extracted from the DIC analysis. The model was used to simulate
different initial crack lengths close to the Al-Fe interface. It was found that
the overall strength and ductility of the joint decreased with increased crack
length. If the initial crack exceeded 0.4 mm it would also affect the yield
strength properties of the joint.

• Data from the FE simulation of different crack lengths were compared to
the experimental data from the DIC analysis. It was observed that the ex-
perimental data closely resembled the simulation when introducing an initial
crack of length 0.03 mm. This, in turn, caused a strength reduction of 1.6%
compared to the simulations of a joint without any initial crack present.
Thus, indicating that the observed defects in the Al-Fe HYB joint are not
devastating for the resulting tensile properties of the weld.

• Based on the findings in this report, the indications are that the HYB Pin-
Point extruder is well suited for joining of dissimilar metals, as aluminium
and steel. However, there is a need for further optimization of the process to
reach the forefront of aluminium-steel welding. This work is now in progress.

7.2 Recommendations for Further Work

The modeling of the dissimilar Al-Fe HYB weld contains many assumptions in this
report. It is therefore suggested that further examination of the newest produced
generation of the weld is done to validate the different damage criteria used. A
study on how the configuration and size of the mesh in the crack domain effects
the crack propagation and initiation, should also be considered to strengthen the
credibility of the obtained results. As mentioned, is it not taken into account in the
model that the experimental specimens experience mixed mode loading. However,
since the newest generation of the Al-Fe HYB butt weld consists of a vertical steel
surface, this is no longer needed. The steel base material used in the HYB process
should be experimentally tested, to obtain exact material data which can be used
as input for the simulation.

Suggestions for making the FE model more complex and representative is to sim-
ulate the IMP layer, instead of assuming perfect bonding between the aluminium
and steel. This requires that the composition of the IMCs is obtained in addition
to its mechanical properties. Due to the extremely thin thickness of the layer, this
could be done in collaboration with Tina Berg and the physics department. An
additional attempt of the co-simulation can also be considered in the future. This
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7. Conclusion

method can with the right conditions and properties be able to simulate the com-
petition between fracture occurring due to necking or due to a lack of bonding in
the Al-Fe interface. A step even further can be to also include the material flow
and heterogeneity of the materials in the simulation.

Optimization of HYB process for welding of aluminium and steel is already in
progress. Where the newest generation has shown great results. A natural contin-
uation of this work is, therefore, to characterize this weld regarding microstructure
and mechanical properties, and compare them to results obtained from the FE
simulation. A thorough benchmarking against weldments consisting of the same
base materials produced by FSW is also recommended.
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Appendices

A Material certificates

Figure A.1: Material certificate for the AA6082-T6 aluminium used as base
material.

Figure A.2: Material certificate for the S355 structural steel used as base material.
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B. Results obtained from Matteo Manfrotto

Figure A.3: Material certificate for the AA6082-T4 aluminium wire uses as filler
material.

B Results obtained from Matteo Manfrotto

Table 10: Tensile test results obtained from Matteo Manfrotto [14].

Tensile test results from Matteo Manfrotto

Specimen Area [mm2] Max load [kN] UTS [MPa]
1 23.82 4.55 191.02
2 23.66 5.38 227.39
4 23.86 5.00 209.56
8 23.85 5.87 246.12
9 22.5 4.93 219.32
14 23.72 4.66 196.46
15 23.78 5.29 222.31

II



C. Additional images of observed defects and steel fragments in the Al-Fe HYB
joint

C Additional images of observed defects and steel
fragments in the Al-Fe HYB joint

(a) (b)

Figure C.1: Additional EBS images of a (a) crack and (b) tunnel defect observed
in the Al-Fe HYB weld.

(a) (b)

Figure C.2: Additional EBS images of observed steel fragments at (a) low (50x)
and (b) higher (100x) magnification.
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D. Tensile properties

D Tensile properties

D.1 Global properties of the dissimilar Al-Fe HYB joint.
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Figure D.1: Stress-strain curves from the DIC tensile testing for all virtual
extensometers. These curves are used to calculate the global E-module and 0.2%

offset yield strength of the dissimilar HYB joint.

Table 11: Calculated values for the E-module of the Al-Fe HYB joint.

Modulus of Elasticity

Specimen E [GPa]
2 80.16
4 90.60
8 77.42

Mean values 82.73

Table 12: Measured tensile properties of the Al-Fe HYB joint.

Tensile Properties [MPa]

Specimen Vector Stress at offset yield Tensile strength
2 V1 170.04 227.7

V2 170.04 227.7
4 V1 173.13 210.0

V2 173.13 210.0
8 V1 201.04 246.18

V2 201.04 246.18
Mean values 181.4 227.96

IV



D. Tensile properties

D.2 Local properties of the HAZ
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Figure D.2: Stress-strain curves for vectors positioned in HAZ obtained from
Specimen 4.
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Figure D.3: Stress-strain curves for vectors positioned in HAZ obtained from
Specimen 8.
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D. Tensile properties

Table 13: Measured tensile properties of the HAZ.

Tensile Properties [MPa]

Specimen Vector Stress at offset yield Tensile strength
2 V1 164.17 227.7

V2 165.34 227.7
4 V1 168.85 210.0

V2 167.76 210.0
8 V1 180.7 246.18

V2 182.99 246.18
Mean values 171.64 227.96

Table 14: Calculated values for the E-module of the HAZ.

Modulus of Elasticity

Specimen Vector E(GPa)
2 V1 43.87

V2 42.46
4 V1 41.69

V2 46.19
8 V1 43.89

V2 42.70
Mean value 43.47
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D. Tensile properties

D.3 Interaction between the different weld zones.
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Figure D.4: Measured stress-strain curves during tensile testing of specimen 4, for
extensometers positioned in the aluminium BM, EZ/HAZ and steel BM.
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E. Additional BSE images of the Al-Fe bond line

E Additional BSE images of the Al-Fe bond line

(a) (b)

(c)

Figure E.1: Additional BSE micrographs at low magnification (500x), showing the
(a) top, (b) bottom and (c) middle part of the Al-Fe bond line of the dissimilar

HYB joint.
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F. Additional SEM fractographs

F Additional SEM fractographs

(a) Lower part of specimen 4. (b) Lower part of specimen 8.

(c) Middle part of specimen 8. (d) Middle part of specimen 8.

(e) Upper part of specimen 4. (f) Upper part of specimen 8.

Figure F.1: Additional SEM images of the lower, middle, and upper part of the
steel fracture surface at different magnifications.
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G. Additional BSE fractographs

G Additional BSE fractographs

(a) Lower part of specimen 2. (b) Lower part of specimen 2.

(c) Middle part of specimen 8. (d) Middle part of specimen 8.

(e) Upper part of specimen 2. (f) Upper part of specimen 2.

Figure G.1: Additional BSE images of the lower, middle, and upper part of the
steel fracture surface at different magnifications.
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H. Study of crack positioning and crack domain in the FE analysis

H Study of crack positioning and crack domain in
the FE analysis

The crack was wanted to propagate close to the Al-Fe interface in the aluminium
FM, in a similar manner as seen from the DIC analyses and the fractorgraphs of
the fracture surface after tensile testing. Therefore, the position of the initial crack
was studied to find an optimal distance from the Al-Fe bond line, where the crack
propagated close to the interface without going into the steel side of the weld. Two
studies regarding the positioning were executed with two different crack lengths.
First, the crack size was chosen to 0.4 mm the same length as the element size
used for the elements within the EZ, and close to the crack domain. The crack
domain was wanted as small as possible and was, therefore, set to 0.4 mm into the
aluminium side of the model from the Al-Fe interface. The results are summarized
below.

At a distance of 0.1 mm and 0.15 mm away from the interface, as shown in pictures
1 and 2 in Figure H.1, the crack propagated into the steel side of the weld which
resulted in extreme deformations of the part and no final fracture. At a distance
of 0.2 mm, the crack did not propagate into the steel, but due to the finite crack
domain, the element at the top of the model experienced large deformations and
no failure, as shown in picture 3. The crack domain was therefore increased to 0.8
mm and resulted in a clean fracture when the crack was positioned 0.2 mm from
the Al-Fe interface, picture 3.

Figure H.1: Crack positioned at different distances from the Al-Fe bond line. 1)
0.1 mm, 2) 0.15 mm, 3) 0.2 mm and 4) 2 mm with increased crack domain.

These initial simulations indicate that the crack needs to be positioned at least 0.2
mm away from the Al-Fe interface. However, when introducing smaller cracks, this
will affect the results, and a new study was, therefore, conducted with the same
conditions as the previous simulations, but with a crack length of 0.1 mm. The
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I. Simulated crack propagation and strain concentration of the Al-Fe HYB joint
during tensile testing

results showed that a distance of 0.2 mm was not adequate to prohibit the crack
from propagating into the steel, as shown in picture 1 in Figure H.2. 0.3 mm was
tried with similar results, see picture 2. 0.4mm is not a possible positioning, as
the crack would then be positioned in the element boundary which is not desired
during XFEM analysis. At a position of 0.5 mm, the crack would not propagate
properly through the surface, and the best location for further simulations was
therefore chosen as 0.6 mm into the EZ from the Al-Fe bond line. The results for
this position is shown in picture 4 in the figure.

Figure H.2: Crack positioned at different distances from the Al-Fe bond line. 1)
0.2 mm, 2) 0.3 mm, 3) 0.5 mm and 4) 0.6 .

I Simulated crack propagation and strain concen-
tration of the Al-Fe HYB joint during tensile test-
ing

Figure I.1: Evolution of strain localization and distribution during simulation of
the Al-Fe HYB joint with a crack size equal to 0.03 mm.
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I. Simulated crack propagation and strain concentration of the Al-Fe HYB joint
during tensile testing

Figure I.2: Evolution of strain localization and distribution during simulation of
the Al-Fe HYB joint with a crack size equal to 0.1 mm.

Figure I.3: Evolution of strain localization and distribution during simulation of
the Al-Fe HYB joint with a crack size equal to 0.8 mm.

Figure I.4: Evolution of strain localization and distribution during simulation of
the Al-Fe HYB joint without crack.
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J. Risk assessment

J Risk assessment
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