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Abstract

In this research, friction stir spot welding (FSSW), the process of joining solid materials
with each other was used. Two dissimilar sheets of aluminum AI6061 and low carbon
steel with a thickness of thickness of 1.0 mm were joined using a standard FSSW tool

(consists of a shoulder and pin) with a diameter of 10 mm.

This research aims to improve the performance of the dissimilar joints by adding an
interlayer containing Zr and study effect of the welding parameters on this performance.
Therefore, three rotational speeds (1200-1600-2000) rpm and three welding time (1.0, 2.0,

3.0 s) were used.

The welding process was carried out for a sample uncoated with zirconium for
comparison, in addition to other samples coated with two different thicknesses (0.001and
0.005) g . This coating was used to avoid the problem of the formation of the inter-

metallic compounds.

Several preliminary experiments were conducted to achieve the best welding operation

parameters.

The welded joints with an interlayer containing additions of Zr showed noticeable
improvement in tensile strength compared to the original samples (welded without any
interlayer). For instance, when using 1600 rpm rotational rate, 3.0 s welding time, and
0.005 g Zr interlayer addition, the joint fracture force was about 1.8 kN compared to only
0.5 kN for a joint prepared with the same welding parameters but without any Zr addition.
However, the samples still show brittle fracture during the tensile- shear test with an
interfacial fracture mode. the maximum hardness value inAA6061 sheet at SZ (151 HV )
,and LCS (185 HV).
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Chapter One Introduction

Chapter One

Introduction

1.1 General View

The increasing demands for energy saving and weight reduction in automotive and
aerospace industry has led to replacing certain ferrous parts with lightweight alloys .This
interest has created the need to develop a reliable joining technology which can produce
aluminum-steel dissimilar joints of high quality instead of conventional fusion welding

processes [1]

Bearing in mind that dissimilar joining of these materials by a conventional fusion welding
Is rather complicated and difficult due to their different chemical and physical properties,

particularly the difference in melting temperatures [2].

Aluminum alloys are difficult to be fusion welded due to the requirement of gas shielding
of weld pool and removal of oxide layers before or during welding process. In addition to
these limitations, there are several weld defects associated with the conventional fusion
welding of aluminum alloys such as porosity, hot cracking, brittle solidification, distortion

due to residual stresses, and liquation cracking in the weld region [3,4].

These defects deteriorate the weld quality and mechanical properties of the weld joints.
Therefore, solid state welding processes, such as friction welding, explosion welding, hot
pressure welding, etc. were developed in order to overcome a variety of problems and
weld defects related to melting and solidification in fusion welding of aluminum alloys
[1,5].

Friction stir welding (FSW) is a solid-state welding process that was invented by Wayne
Thomas at the welding institute, United Kingdom in 1991 [6]. It has emanated as a



welding technique used in high strength alloys (2XXX, 5XXX, 6 XXX, and 7XXX series)

for aerospace and automotive applications. [7].

In conventional FSSW process, a rotation tool is plunged into the overlapped work pieces
to be joined, held for a certain duration time , and finally retracted from the work piece
with no lateral movement or transition. The frictional heat generated at the tool- workpiece
interface softens the surrounding material. The rotational action and the downward force
of the tool cause the material flow and mixing of the plasticized materials of upper and
lower sheets which result in the formation of a solid-state weld region. Recently, friction
stir spot welding (FSSW) has shown that it is an alternative method for spot welding of
aluminum alloys, magnesium alloys, titanium alloys and copper alloys as well as
advanced high strength steel and polymers. It has been successfully integrated into mass
production of body frames of automobiles, in addition to a wide range of applications such
as fuselage, structural parts, panels in aircraft industry and shipbuilding , These advantages
such as low heat input, low operating costs, clean working environment and short cycle
time (usually a few seconds). In addition, FSSW provides safety for human operators

because there is no residual radiation, no fume and very low operational hazards .

1.2 The Aims of this Work

This work focuses on the joining of AA6061 and mild steel using friction stir spot
welding , the conventional method involving penetration of the pin into the upper
aluminium sheet only. The investigation includes the study of the effects of an interlayer
containing different Zr additions. Then, compare the effects of welding time and tool

rotational rate on the mechanical properties and the microstructure of the welded joints.



1.3 Dissertation Overview
Chapter 2: Theoretical part and Literature Survey

Chapter 3: Experimental Methods
Chapter 4: Results and Discussions

Chapter 5: Conclusions and Recommendations



Chapter Two Theoretical Part and Literature Survey

Chapter Two

Theoretical Part and Literature Survey

2.1 Introduction

This chapter contains a review of the literature related to the present study.
Firstly, the different joining techniques that can be used in automotive spot joining are
briefly reviewed, focusing on the friction stir spot welding (FSSW) technique as a specific
solid-state welding technique. The following sections then review information related to
the FSSW and RFSSW processes, including heat generation, and the effects of welding
parameters on microstructure formation. The latter two main sections include information

about the materials used in this study.

2.2 Joining Overview

The need for joining dissimilar metals arises from the complex functionality of many
modern industrial applications. As manufacturers focus on reducing production and
operational costs, search for enhanced mechanical and thermal properties, and
lightweight solutions for sectors like the shipping, aviation, and automobile industries,
multiple material combinations are increasingly being used for many products [13]. An
emerging field of joining dissimilar metals is transportation, where multi-material
solutions consisting of steel, aluminum, magnesium, and composites are replacing
monolithic steel structures, thus reducing the weight of vehicles and improving fuel
efficiency [13,14]. Fig presents methods commonly used for the purpose of joining
dissimilar metals. Low dilution and non-fusion joining methods are generally used for
high production and special application joining in which there is minimum alloying
between the dissimilar materials. Dissimilar welds encountered in the power and process
industries are more often done by fusion welding [13]. In the case of fusion welding of

dissimilar materials, alloying between the base metals and filler metal is a major
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consideration that has to be taken into account. The weld metal formed can exhibit entirely
different characteristics from one or both of the base metals. The main factors that
contribute to the failure of joints between dissimilar metals by arc welding are alloying
problems (formation of the brittle phase and limited mutual solubility), improper joint
design, great differences in the melting temperature or the coefficient of thermal
expansion (CTE) of the materials involved, thermal conductivity differences, and
corrosion problems including galvanic corrosion, oxidation, hydrogen-induced
cracking, and sensitization, Conflicts may arise when the optimum heat control of the
metals differs, and compromises are thus required. In light of the complexity of the
process and the compromises required, dissimilar metal welding (DMW) requires

more careful study than conventional, similar-metal welding procedures [16].

Methods of welding
dissimilar meials

[ Fusion weld ] [ Lovw ctihmtion weld ]

Eleciron Beaar

Tnm finsion weld ]

Fricton weld
Friction stir weld
Explosion weld
DilTuision weld

Ulrasomse wakl

Laser Beam
Pulsad Arc

Figure Welding methods most commonly used for dissimilar metals ,

methods of dissimilar materials, essential considerations for the feasibility of dissimilar

joining .
2.2.1 Resistance Spot Welding

Resistance spot welding (RSW) is a type of the oldest electric resistance welding

operations that is used to weld two or more overlapping sheets of metals by the local
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fusion of material at one or more locations without using any filler material as required
by many types of welding. The heat that results from this kind of welding generates a local
fusion that occurs through sheets that are held together under two electrodes force, As the
production rate of RSW process is fast that is attributed to the accessibility of semi and
automatic machines for the process, spot welding is the most commonly used in
automotive manufacture nowadays [13]. Resistance welding (RW) has a similar principle
to the heating coils that are used in the operation which includes a current passage through

a material to generate heat [14].

2.3 Solid State Welding

Solid-State Welding is a welding process, in which two workpieces are joined
under a pressure providing intimate contact between them and at a temperature essentially
below the melting point of the parent material. Bonding of the materials is a result of the

diffusion of their interface atoms [15].

Dissimilar metal joints are necessary for applications that require a variety of material
properties within the same component. For example, heat exchangers often require
different types of stainless steels at each end, because of temperature-induced corrosion.
Under laboratory conditions, dissimilar materials can be chosen based on physical or
material properties that influence the phenomenon being studied. For whatever reason, an
appropriate method of producing dissimilar metal joints can usually be determined
(assuming it is even possible) by examining the phase diagram. If the diagram indicates
difficulty in joining the materials (intermetallic compounds, and so on), then a solid-state
(non-melting) process may be applicable. When a non-melting process is chosen, it is only

successful if a relatively strong joint is produced [16].
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2.3.1 Ultrasonic Spot Welding

In ultrasonic welding, invented in 1938, a metal tip is made that vibrates at an
ultrasonic frequency (i.e. vibrations that produce sound outside the range of human
hearing). to join a thin piece to a thicker piece supported on an anvil. The frequency used

Is primarily around 20 kHz although higher frequencies up to 170 kHz are used [18] .

Due to the ultrasonic vibrations, the oxide layer is cracked over the metal and a clean
metallic mineral is obtained. The temperature at the interface rises to 35-50% of the

absolute melting point temperature of the metal, thus annealing welding is achieved.

Weld strength is 65 to 100% of the strength of base metals. This process is fast and scratch
welding at speeds of up to 10 m/min has been reported. The required energy (E) of the
ultrasonic welding unit depends on the thickness (t) and hardness (h) of the material to be

welded , and can be calculated from the following relationship.
E = Kt 3/2 h 3/2 Eq. 2.1

With sufficient power spot welding can be made within less than a second but the

maximum thickness of the thinner piece should not exceed 3 mm.

Ultrasonic welding can be used to weld thin to thick parts as well as to weld various metal
combinations such as aluminium to steel, aluminium to tungsten, aluminium to
molybdenum, nickel, copper and others. electrical circuits and electrical industries. It is
also used in the automotive and aerospace industries. [18]

2.3.2 Friction Stir Welding

Friction stir welding (FSW), a relatively modern welding technology, was
invented by Thomas et al. (1991) at the Institute of Welding (TWI), Cambridge, United
Kingdom. The FSW technique (shown in Figure 2-3) uses a non-consumable rotating tool

to generate heat through friction and mechanical deformation in the welding area,
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resulting in the joining of weld members without reaching their melting point. FSW can
be classified as one of the most important innovations in solid-state welding, as it has

considerable advantages compared to traditional welding processes.

/

Downward force We

Iding
d Direction Ve
Tool Rotation 2

Leading Ed 4#

Trailing Edge of
Shoulder

Friction Stir j
Welded Region ¢ 4 Y

Retreating ——((C_
Side “

Fig (2.1): A schematic drawing of friction stir welding in a butt joint configuration [19]

It can also produce significant differences, compared to fusion welding, in terms of the
weld zone microstructures, the size of the heat-affected zone (HAZ) and residual stresses
[18].

2.4 Advantages and Disadvantages of Solid State Welding
2.4.1 Advantages of Solid-State Welding

e Weld (bonding) is free from microstructure defects (pores, non-metallic inclusions,
segregation of alloying elements),

e Mechanical properties of the weld are similar to those of the parent metals,
e No consumable materials (filler material, fluxes, shielding gases) are required,
e Dissimilar metals may be joined (steel - aluminium alloy steel - copper alloy). [17]

2.4.2 Disadvantages of Solid State Welding
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e Thorough surface preparation is required (degreasing, oxides removal,
brushing/sanding),

e Expensive equipment. [17]

2.5 Friction Stir Spot Welding (FSSW) Technique

FSSW is a solid-state joining method, the part or sample doesn't melt during
welding, this method is a very important and novel variant of the linear friction stir
welding (FSW) [31, 32] Friction stir spot welding (FSSW) is a very important variant of
the linear friction stir welding (FSW)which gives higher potential to be a replacement of
single-point joining processes such as riveting and resistance spot welding. There have
been many reports and wider applications about FSSW in aviation, automobile and

aerospace fields.

The conventional friction stir spot welding (CFSSW) consists of three stages :

plunging, stirring, and retracting as shown in Figure 2.2, [20].

The FSSW technique starts when the tool spinning at a constant speed. After that, the tool
plunges into work-pieces even the tool shoulder contacts the weld surface. The plunging
movement of the tool causes the displacement of materials. After plunging, the stirring
stage starts when the tool reaches the desired depth. In this stage, the tool keeps rotating
into work-pieces, the frictional heat is generated in the contact and penetrating stages, in
this time the materials around and underneath the tool are heated, softened and mixed
where a solid-state joint will be formed. When a joint is obtained, the tool is retracted
from the workpieces. When welding has happened, the tool is drawn out from the work-
pieces. This welding process shows as a keyhole in the middle, which decreases the
mechanical properties of the welding. Three distinctive regions were noted in the FSSW
process: thermomechanical affected zone (TMAZ) , heat affected zone(HAZ) and the stir
zone(S2).
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[32,33]. as shown in Figure (2.6).

N 7%

N
[ R
L

Plunging Stirring Retracting

Figure

2.2: Schematic illustration of the conventional FSSW process [20] ’
After a certain hold time, the tool is retracted from the plunged zone, a solid-state spot
weld is produced between the upper and the lower workpieces with a keyhole in the centre
of the joint [20].

A
~-

Figure 2.3: FSSW regions micrograph [32].

10
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The process is applied to a lap joint consisting of upper and lower sheets. A rotating tool
with a probe is plunged into the material from the top surface for a certain time to generate
frictional heat. At the same time, the backing plate contacts the lower sheet from the
bottom side to support the downward force. Heated and softened material adjacent to the
tool causes the plastic flow. In addition, the tool shoulder gives a strong compressive force
to the material. After the tool is drawn away from the material, a solid-phase bond is made
between the lower and the upper sheets. Figure 2.4 shows the appearance and the cross-
sectional configuration of the FSSW. The upper surface of the weld looks like the bottom
with a hole, and the bottom surface is kept almost flat. In the cross-section, there is a hole

that is made by the probe and reaches into the lower sheet [29].

e ¢ | £
) Ty om e - SN ;e
7ol e N

Cross section

Bottom surface

Figure 2.4: FSSW appearance and cross-section [30]

The friction spot joins method takes up between 2 to 5 sec, this short time is enough to
generate heat and form stir zone leading to create a weld between the two contact sheets.
Notice high peak temperatures give a good contact interface between the adjacent material

and the rotating pin within the stir zone [34].

11
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2.6 Heat Generation in FSSW

Heat is generated in FSSW by two sources: the friction between the rotating tool
and the workpiece, and the plastic deformation in the region of the welding [22]. During
the FSSW process, several variables can affect the energy generation, such as the axial
force, penetration depth, tool rotation rate, and tool design. The tool rotation has the
greatest influence on the heat generation which is about 200 times the energy dissipated
by the tool penetration. Therefore, the energy generated due to the downward motion of
the tool can be ignored [23]. The total energy generated during friction stir spot welding
(Quotar) can be determined using the relation (2-3) [24]

QtotaIZSQSticking+(1_6)Qsliding Eq 2.2

Qtotal= (2/3)7T0) [6Tyield+( 1 _S)MP] [(R3shoulder_R3probe)( I—tan CZ) +R3probe+3R2probe Hprobe ]
Eq. 2.3

Where:

4 is the contact state variable (dimensionless slip rate),
tyield is material yield stress at the welding temperature.
u is the friction coefficient,

p is the uniform pressure at the contact interface,

w is the angular rotation speed,

a is the cone angle,

Rshoulder is the shoulder radius,

Rprobe is the probe radius, and

Hprobe is the probe height [24].

This equation is conceptually very useful, but it has some problems related in particular

to the values of slip rate (&) and the material yield stress (7yicz), Which are not constant

12
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and are difficult to calculate. With FSSW in particular, the tool contact area and the slip
rate (&) are not constant and change during the steps of the welding process due to the tool
plunging. Meanwhile, the material yield stress (or flow stress) (tyieq) IS NOt constant
either, and it changes with changing temperature and strain rate which in turn changes in

line with the progress of the welding process [25].

In FSSW, the temperature profiles and cooling rates are affected by the material properties
and welding variables. The maximum temperature in the weld zone should be high enough
to soften the metal and reduce the resistance to the pin, but low enough to prevent melting
of the metal. On the other hand, the amount of heat transferred to the tool affects its
lifespan, besides if the heat generated is insufficient, this can cause pin breakage due to

insufficient material softening [26, 27].

It has been found that only a small amount of the energy generated during FSSW is
consumed to create the stir zone[28]. Su et al. have also reported that a small percentage
(about 4.03%) of the total energy generated during the FSSW process is involved in the
stir zone formation in Al 6061-T6 welds, and most of the remainder dissipates into the

clamp, anvil support, tool assembly and the aluminium sheets [23].

2.7 Friction Stir Spot Welding Benefits

this contain Metallurgical Benefits ( Solid-phase process, low distortion ,good
dimensional stability and repeatability , no loss of alloying elements ,better mechanical
properties in the joint area ,replace multiple parts joined by fasteners , and weld all
aluminium alloys ) , Environmental Benefits ( no shielding gas is required , minimal
surface cleaning required , eliminate grinding wastes , eliminate solvents required for
degreasing, consumable materials saving, such as rugs, wire, or any other gases, and no
harmful emissions ) and Energy Benefits ( Improved materials use (e.g., joining different
thicknesses) allows a reduction in weight, only 2.5% of the energy needed for a laser weld

13
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, and decreased fuel consumption in lightweight aircraft, automotive, and ship

applications) [21].

2.8 Welding Parameters of the FSSW Process

Many factors can influence the mechanical and microstructural properties of
welds. Process parameters, tool geometry, and lap joint configuration (positioning of sheet
materials to be welded) have a direct effect on the heat generation, temperature profile,

material flow, and mechanical properties of weld joints [43].

2.8.1 The Parameters of the Process

The main process parameters used to control the FSSW are tool rotational speed,
tool plunging rate, tool plunging depth, downward force, and dwell time. Appropriate
selection of welding parameters is an essential step to obtain a large bonded area for
getting high weld strength [44, 45].

The tool rotational speed and dwell time are the key parameters that provide the required
heat input during FSSW, and thereby affect the quality of welds. It was found that the
increase in weld strength was obtained by increasing the tool rotational speed to a certain
level [46, 47].

The tool plunging rate is the most dominant process parameter for determining the weld
strength after the effect of dwell time and tool rotational speed [48]. The compressive
force generated as a result of the tool plunging is responsible for consolidating the
overlapped materials to form the solid-state weld [49].

2.8.2 Tool Geometry

The FSSW process includes the rotation of a non-consumable tool, which consists

of two main parts: shoulder and pin. FSSW tool serves two primary functions, which are
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heating of workpiece and movement of material to produce the joint [43]. One of the most
important factors that influence the weld strength is the tool geometry. The tool shoulder
provides the bulk of the frictional heat needed to soften the upper surface of the workpiece.
The shape and diameter of the tool shoulder have a significant influence on the welding
quality because it produces the downward forging action necessary for the welding
consolidation and constrains the plasticized material beneath the bottom shoulder surface.
The tool pin facilitates material flow between the overlapped workpieces in the stir zone,
and by this action produces the deformational heat [49,50]. The pin profile of the FSSW
tool is a predominant factor in determining the weld strength of the joint and the geometry
of the weld zone [51].

Heat generation in FSSW is strongly dependent on the shoulder size. When the shoulder
diameter is large, the frictional heat will be high due to the large contact area [52]. The
localized heating softens the material around the rotating pin and combined with the
rotational speed effect, leads to the movement of material from the front to the back of the
tool pin. As a result of the tool pin action and the effect of the shoulder on the workpiece,

a solid-state joint is produced [53].

2.9 Aluminium Alloys

For over fifty years, aluminium ranks at second to steel in the metal market. The
demand for aluminium grows rapidly because it is attributed to a unique combination of
properties which makes it become one of the most versatile engineering and construction
materials. Aluminium is light in weight, the specific gravity of aluminium is 2.7; which is
only 30% heavy of copper and one-third of iron. Except for magnesium, it is the lightest
of all common metals. Some of its alloys even have greater strengths than structural steel.
Besides, it has good electrical and thermal conductivities and high reflectivity to both heat

and light. It is non-toxic and highly corrosion-resistant under any service conditions [56].
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Aluminium alloys are more frequently welded than any other type of nonferrous alloys
because of their widespread applications and fairly good weldability. In general, higher
strength aluminium alloys are more susceptible to (i) hot cracking in the fusion zone and
the PMZ and (ii) losses of strength/ ductility in the HAZ. The problems of the Al alloys
are listed in Table 2.1. [42].

TABLE 2.1 Typical welding problems in aluminum alloys [42]

Typical problems Alloy type

Porosity Al-Li alloys

Powder-metallurgy alloys (severe)

Other types (less severe)

Solidification cracking in FZ | Higher-strength alloys (e.g., 2014, 6061, 7075)
Hot cracking and low ductility | Higher-strength alloys

in PMZ
Softening in HAZ Work-hardened materials
Heat-treatable alloys

2.9.1 Overview and Classification of Al Alloys

The existence of aluminium (Al) was postulated by Sir Humphrey Davy in the first
decade of the nineteenth century and the metal was isolated in 1825 by Hans Christian
Oersted. One of the first alloys to be produced was aluminium—copper. It was around 1910
that the phenomenon of age or precipitation hardening in this family of alloys was
discovered, with many of these early age-hardening alloys finding a ready use in the
fledgling aeronautical industry. Since that time a large range of alloys has been developed
with strengths that can match that of good quality carbon steel but at a third of the weight.
Several alloys, [54].

2.9.2 Precipitation Hardening of Al Alloys

Precipitation hardening in aluminum base alloys was discovered almost 70 years
ago by Alfred Wilm in Germany' who was trying to imitate the hardening of steel.

Precipitation hardening is a process that enhances the strength and hardness of metal
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alloys by the formation of extremely small uniformly dispersed particles of a second phase
within the original phase matrix. In other way, the general requirement for precipitation
strengthening of the supersaturated solid solution involves the formation of finely
dispersed [56]. The precipitate particle nucleates and grows; by the diffusion of solute
atoms into it from the matrix phase. It is called precipitation because the small particles

of the new phase are termed “precipitates” [57, 59].

Artificial ageing will be accomplished not only below the equilibrium solvus temperature,

but below a metastable miscibility gap called Guinier- Preston (GP) zone solvus line.

The basic requirement of a precipitation hardening alloy system is that the solid solubility
limit should be decreased by decreasing the temperature. During the precipitation
hardening, the aluminum alloy 6061-T6 was heated up at high temperature and
subsequently cooled by quenching it into the water or some other cooling medium. The
rapid cooling suppresses the separation of the 0-phase so that the alloy exists at a low
temperature under an unstable supersaturated state. If, however, after quenching, the alloy

Is allowed to ‘age’ for a sufficient time, the second phase precipitates out [58, 59].

Al-Cu-Mg (e.g., 2024): SS — GP — S’ (Al,CuMg) — S (Al,CuMg)
Al-Mg-Si (e.g., 6061): SS— GP — B’ (Mg,Si)— B (Mg,Si)
Al-Zn-Mg (e.g., 7005): SS — GP - n’ (Zn,Mg)— n(Zn,Mg)

The decomposition of the supersaturated solid solution (SSS) of Al-Mg-Si alloys
containing excess Si is believed to proceed in the following sequence. SSS——>

(Mg+S|) C|USt€|’S /GP(I)p|ate|ike/5pherica| — B”/GP(II)needles — B,rods+ Si + OtherS

> Bplates +Si

The decomposition process begins with the formation of two types of (Mg_Si) clusters or

zones. The first to form is a coherent Si-rich (Mg_Si) cluster, which is then enriched by
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diffusion of Mg atoms to form the Si-depleted platelike or spherical (Mg_Si) clusters or
GP(l) zones. As ageing proceeds, the clusters and zones become ordered and develop the
needle-shaped GP(II):b’> phase. There is considerable disagreement regarding the
number, structure and composition of the metastable phases and their effect on hardening

following the b’’ formation. Upon prolonged ageing, the formation of B’ and B’ with Mg:

Si ratio between 0.9 and 1.2 together with Si has been suggested [60].

Table 2.3: The common Aluminum precipitation hardening systems [18]

Base  Solute Transition Structure Equilibrium
Metal Precipitate
Al Cu (1) Plate-like solute-rich GP[1] zones on {100} a1; (i1) 0-CuAl;

ordered zones of GP [2]; (1i1) 8'-phase (plates).

Ag (1) Spherical solute-rich zones; (i1) platelets of hexagonal 1-AgAl
v on {111} 4

Mg, Si (1) GP zones rich in Mg and Si atoms on {100} o1 planes;  B-Mg,Si1 (plates)
(11) ordered zones of f'.

Mg, (1) GP zones rich in Mg and Cu atoms on {100} a1 planes; S-AL,CuMg
Cu (i1) S’ platelets on{021} a1 planes . (laths)

Mg, Zn (1) Spherical zones rich in Mg and Zn; (1) platelets of " 1n-MgZn; (plates)
on{l11}a

2.9.3 Aluminum Alloy 6061

6061 is a precipitation-hardened aluminum alloy, containing magnesium and
silicon as its major alloying elements. Originally called "Alloy 61S", it was developed in
1935. It has good mechanical properties, exhibits good weldability, and is very commonly

extruded (second in popularity only to 6063). It is one of the most common alloys of

aluminum for general-purpose use [61].
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It is commonly available in pre-tempered grades such as 6061-O (annealed), tempered
grades such as 6061-T6 (solutionized and artificially aged) and 6061-T651 (solutionized,

stress-relieved stretched and artificially aged).
6061 alloy is commonly used for the following:

e construction of aircraft structures, such as wings and fuselages, more commonly in
homebuilt aircraft than commercial or military aircraft. 2024 alloy is somewhat
stronger, but 6061 is more easily worked and remains resistant to corrosion even
when the surface is abraded, which is not the case for 2024, which is usually used

with a thin Alclad coating for corrosion resistance.
¢ yacht construction, including small utility boats.
e automotive parts, such as the chassis of the Audi A8.
e flashlights
e aluminum cans for the packaging of food and beverages.

6061alloy is highly weldable. Typically, after welding, the properties near the weld are
those of 6061-T4, a loss of strength of around 40%. The material can be re-heat-treated to
restore near -T6 temper for the whole piece. After welding, the material can naturally age
and restore some of its strength as well. Most strength is recovered in the first few days to
a few weeks. Nevertheless, the Aluminum Design Manual (Aluminum Association)
recommends the design strength of the material adjacent to the weld to be taken as 165
MPa/24000 PSI without proper heat treatment after the welding [62] and the composition
listed in Table 2.4.
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Table 2.4 Compositions of 6061 Aluminum Alloys [55]

Alloy Si Cu Mg Cr
Al 6061 0.6 0.3 1.0 0.2

2.10 Microstructure Formation of Dissimilar Low Carbon Steel — Al alloy
FSSWs

The jointing aluminum alloy and LCS was recognized as a challenge due to the
big difference in chemical and physical properties between them. Resulting from the large
difference in thermal expansion between aluminum alloy and LCS, fusion welding would
introduce large residual stress, not to mention the brittle intermetallic compound (IMC)

would be inevitably formed at the joint.

The main mechanisms for controlling the sound bi-metallic joint formation during the
FSW process include the following [63, 64]: (i) severe plastic deformation to promote
material intermixing and refining of the constituent phases in the dissimilar materials
which can control the thickness of the intermetallic compound layer and subsequently the
joint strength as well, (ii) processing temperature controlling the solid solubility of two
alloys and subsequently the formation of shrinkage porosities, oxidation, and impurities,

and (iii) final hot consolidation stage to form a fully dense and homogenize solid.

Tool profile, work material properties, and process parameters (tool rotational speed,
traverse velocity, plunge depth, tilt angle, etc.), all play an important role in determining
the temperature distribution and material flow in the welding zone which in turn determine

the microstructure of the weld region, e.g., the grain size, state of precipitates, etc. [65].

Microscopic examination of the dissimilar weld cross-section, after FSW, reveals four
distinct regions: (i) weld nugget (WNZ) or SZ consisting of fine equiaxed recrystallized

grains, (i) TMAZ with relatively large, elongated, deformed grains, (iii) HAZ, and (iv)
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the BM. Peak temperatures in the SZ can increase up to about 0.6-0.95 Tm depending on
the processing parameters, where Tm denotes the melting point of the BM. The high
temperatures and large deformations in the SZ result in dynamic recrystallization in this
region [66]. Further, the grains produced during recrystallization increase in size with
increasing tool rotational speed and decreasing the welding traverse velocity. The TMAZ
experiences smaller strains and strain rates as well as lower peak temperatures than the
SZ, and no recrystallization occurs in this region. HAZ, as the name is suggested, only
experiences a thermal cycle. There is no noticeable plastic deformation in this region, and
the grain sizes are so similar to those in the base metal. Nevertheless, the thermal cycle
experienced by the material in the HAZ can lead to a significant change in its material

properties from the ageing process [67].

2.11 Literature Review

Several studies have been carried out on Friction Stir Spot Welding of different
types of aluminum alloys. Some of them have studied the effect of FSSW parameters on
the mechanical and microstructural properties of the welded joints. The most important
parameters considered in these studies are the tool geometry, tool rotational speed, tool
plunge depth, tool plunge rate and dwell time which plays a critical role in determining
the weld strength. The keyhole remaining at weld nugget is the main limitation of the
FSSW process, which promoted many researchers to work on removing the keyhole from
the welds by a newly developed technique known as the FSpW process with a double-
acting tool. On the other hand, some investigators have invented other techniques to
eliminate the keyhole instead of the complex FSpW machine. This method is called
Friction Stir Spot Welding with refilling by Friction Forming Process (FSSW-FFP). Some

of these studies as well as other successful attempts.

E. Taban et al. in (2009) joined Al alloy (6061-T6) to steel (AISI 1018) by using friction
stir spot welding process using different parameters. These weldings were evaluated by
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metallurgical analysis such as microstructural and (SEM) scanning electron microscopy,
in addition to mechanical testing such as microhardness test. Results of these tests as the
failures were seen on the aluminium side in the plasticized layer of the joint. Further, bond

lines were seen by a thin layer of formed Al-Fe inter-metallic [38].

S. Prakash et al., (2010), used a modified FSSW process, named Friction Stir Spot
Welding with refilling by Friction Forming Process (FSSW-FFP). This new technique
includes two stages: welding and refilling. Welding is the first stage, where the workpieces
are welded using a conventional FSSW tool, and after retracting it, the plasticized material
gets extruded into the hole of a backing plate. In the second stage, the welded joint is tilted
180° and fixed on another solid backing plate. Then, the hole generated due to the pin was
refilled by squeezing the extruded material by a specially designed friction forming tool.
In their work, they welded lap joints of AA6061-T6 aluminium alloy with a thickness of
3mm. The results showed that the maximum tensile-shear failure loads of welded joints
with - and without - pin hole were 3600 N and 5200 N, respectively. They concluded that
the weld strength was improved by FSSW-FFP due to the increase in the effective cross-

sectional area of the weld nugget [41].

Yuan et al (2011), studied the friction stir spot welding (FSSW) of Al alloy 6016-T4 sheet
using a conventional pin (CP) tool and off-centre feature (OC) tool. Tool rotation speed
and plunge depth were varied to determine the effect of individual process parameters on
lap-shear separation load. A maximum separation load of about 3.3kN was obtained by
using a 0.2mmshoulder penetration depth with 1500rpm tool rotation speed for the CP
tool and 2500rpm for the OC tool. Three different weld separation modes under lap-shear
loading were observed: interfacial separation, nugget fracture separation and upper sheet
fracture separation. The Microhardness profile for weld cross-section indicated no direct

relationship between microhardness distribution and separation locations [44].
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Sun et al. in (2013) welded AA6061-T6 with mild steel sheets at (1mm) of thickness by
using friction spot welding process. They estimated that the ideal dwell time and rotational
speed were 2second and 700 rpm, respectively. when used 3 different pin lengths (1, 1.3
and 1.5) mm to join the specimen. The max. tensile shear strength (3200 N) was achieved
for the tool at (1mm) pin length at the ideal rotational speed and dwell time. Adding that
the results seen no notice intermetallic layer found along with welding between Al alloy
and steel. [37]

Muna K.Abbass et al in 2015 studied the Friction stir spot welding (FSSW) was
performed for welding of an aluminium alloy AA2024T3 sheet to commercial pure copper
sheet of 2mm thick. Friction stir spot welding is carried out at different tool rotational
speeds( 800,1000 &1250 ) rpm, plunging times (30,60 &90) sec and tool pin profile or
geometry ( Threaded cylindrical with the flute, Tapered cylindrical and straight
cylindrical). Process parameters were optimized by using the Taguchi technique and
depending on the design of the experiment (DOE). The aluminium alloy sheet was
overlapped on the copper sheet. It was found that maximum shear force was (1527 N)
obtained at optimum welding parameters: 1250 rpm rotation speed,90 sec plunging time
and straight cylindrical pin profile which is obtained from the analysis of response
optimizer. Pareto chart the standardized effects of tensile shear results showed that the
plunging time was the most effective parameter than other welding parameters( rotation
speed and pin profile). From temperatures distributions measurements in three points in
the nugget zone of spot weld, base aluminium alloy(AA2024T3) and base pure copper, it
was found that the maximum measured temperature was 383 °C in the nugget zone of
weld [72].

E. Fereiduni et al. in (2015 ), studied the effect of the dwell time and rotational speed on
microstructure and mechanical properties of friction stir spot welded aluminium alloy
AA5083 and 12 steel alloy sheets, it was taken the dwell time (from 5 to 15 sec) for both
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rotation tool speed (900, 1100 r.p.m) and found the optimum condition when using (900
r.p.m, 12 sec) reached to the max. the failure load of 4020N [36].

Zheng et al. (2016) studied the FSLW of aluminium and steel using Zn as filler metal In
this study, sound Al-Zn-steel "sandwich" joints were achieved. With the tool pin inserted
into zinc foil, vast zinc was stirred into the aluminium fabricating Al-Zn mixing layer
structure in the upper part of the aluminium side. A thin steel-Zn mixing layer structure
was discovered at the interface. No intermetallic compound interlayer was discovered at
the interface. The lap joints with zinc foil as filler metal showed better strength than joints
without filler metal [68].

M. Hamzah et al., 2017 investigated the effects of tool pin geometry and tool rotational
speed on the mechanical and microstructural properties of friction stir spot welded joints
of AA6061-T6 aluminium alloy sheets with 1.6mm thickness. Different tool pin profiles;
cylindrical, taper, and triangular and rotational speeds 800, 1000, 1200, and 1400 rpm
were used as welding parameters with constant tool-shoulder plunging depth of 0.3mm,
tool plunging rate of 15mm/min, and dwell time of 11.2 sec. FSSW tools consisted of a
flat shoulder with pin and shoulder diameters of 5mm and 15mm, respectively. For the
three-pin shapes, the results showed that the tensile shear load increased to the maximum
value with increasing tool rotational speed from 800 to 1200 rpm, then, it decreased at
1400 rpm. They found that the highest tensile shear load (3200 N) was obtained from the
welded joint made by the triangular pin at the optimum tool rotational speed of 1200 rpm.
Also, they observed that the triangular pin resulted in a stir zone with the highest

microhardness at all rotational speeds used in their work [39].

L. Zhou et al., 2017, investigated the effect of tool rotational speeds (1100, 1300, 1500,
and 1700 rpm) on microstructure and mechanical properties of refill friction stir spot
welded joints of AA6061-T6 aluminium alloy with sheet thickness of 2mm. The

microscopic examination revealed that the grain size in weld zones increased with
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increasing tool rotational speed. Weld defects such as partial bonding, bonding ligament,
and voids were also observed in the cross-section of all refill FSSWed joints.
Microhardness results showed that the hardness of the weld zones decreased with
increasing tool rotational speed as a result of the increase in grain size. Based on the tensile
shear test results, they found the tensile shear failure load increased to the maximum value
of 7522 N with increasing tool rotational speed from 1100 rpm to 1500 rpm, and then, it
decreased significantly at 1700 rpm. Two typical failure modes of plug-type fracture and
tensile-shear mixed fracture were observed in failed specimens after tensile shear tests
[40].

K. O. Sanusi et al. in (2017) evaluated the material characterization of dissimilar (FSSW)
process between Al and Cu alloy. The condition of this process (800 rpm) of rotational
speed (50, 150, 250) mm/min of transverse speeds and the total number of specimens used
was 9 altogether. The spot welds were characterized by using (SEM)scanning electron
microscopy and (OEM)optical microscope. In addition to the microstructure of the cross-
section of the weld, the shear test of the spot welding was done. Show from the results

that welding between metals and alloys was successful [35].

Zandsalimi et al. (2018), studied the effect of friction-stir welding parameters on the
microstructure and the mechanical properties of the dissimilar 430 stainless steel and 6061
aluminium alloy joints were investigated. Optical and scanning electron microscopes in
conjunction with energy dispersive X-ray analysis were employed to study the
microstructure of the joints. Tensile and microhardness tests were used to evaluate the
mechanical properties. The results showed that the best appearance quality was achieved
at a rotational speed of 900 r/min, a traverse speed of 120 mm/min, and a tool offset of
zero. The tool offset was the most effective parameter affecting the weld quality. The stir
zone of the joints had a composite structure in which the dispatched steel particles were

distributed in aluminium. The tensile fracture of the joints occurred in the heat-affected
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zone of the aluminium part, which had the lowest hardness amount between the

microstructural zones [69].

Abbass M. K. and Raheef K.(2018) studied friction stir welding (FSW) is solid-state
welding used for joining similar and dissimilar aluminium alloys which are hard to weld
by conventional fusion welding processes. In this study friction stir lap welding (FSLW)
Joints are made for similar aluminium alloys (AA1100 to AA1100) and (AA6061to
AA6061) sheets of 3mm thickness and those alloys have low to medium strength and have
a difference in melting temperature and other physical properties’ processes were carried
out by conventional technique. The friction stir lap welding of similar aluminium alloys
was carried out by varying the welding parameters, such as tool rotation speeds (1000,
1250 and 1600pm) and travel speeds (35, 75 and 100mm) and a pin length of (5.4 mm)
with using cylindrical threaded pin geometry or profile. Many tests and inspections were
performed such as X-Ray radiographic and tensile shear tests. Microhardness and
microstructure observations by using optical and SEM were carried out at the best welding
parameters. The above tests were used to evaluate the weld quality and joint efficiency
under different welding parameters. The best welding parameters that appeared in FSLW
were 1250rpm and travel speed 100 mm/min. It was found that a higher hardness value
was (94.38HV) for 6061-T6 and 49HV for 1100-H112 in stir zone for both FSLW joints
of AA6061-T6 and AA1100-H112 and that decrease toward the HAZ and base metals of
AA1100 and AA6061[43].

Abbass M. K. and Raheef K.2018 Study the friction stir lap welding (FSLW) joints are
made for similar and dissimilar aluminium alloys (AA1100 to AA6061-T6) sheets of 3mm
thickness by varying the welding parameters, such as tool rotation speeds ( 1000, 1250 &
1600 rpm) and welding speeds (35, 75 & 100 mm/min) and a pin length of (2.8, 5.4 &

5.7mm) with using cylindrical threaded tool pin profile. Many tests and inspections were
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performed such as X-Ray radiographic and tensile shear tests to evaluate the weld quality
and joint efficiency under different welding parameters. Microhardness and
microstructure observations were carried out at the best welding parameters. The
maximum tensile shear force (4.93 KN) and joint efficiency (93%) were obtained when
the welding process was conducted by a new technique using friction stir diffusion
welding process at the welding speed of 75 mm/min., tool rotation speed of 1250 rpm and
using pin length of 2.8 mm. It was found that the Vickers hardness of the similar and
dissimilar joints reached the maximum value at the stir zone and drop toward the base
metals [72].

Concluding Remarks
The most important remarks which can be drawn from the above previous studies are:

1. There are no typical process parameters that can be selected for all FSSW
applications because they depend on several factors such as type of materials to be

welded, thickness, and performance of the welding machine.

2. Some studies found that the mechanical and microstructural properties of friction
stir spot welded joints were improved with increasing tool rotational speeds. While
other studies found that the weld properties deteriorated with that increase in tool

rotational speeds.

3. All studies indicated that the triangular tool pin profile produced FSSW joints with

higher shear force than those welded using the straight cylindrical pin.

4. Some FSSW studies indicated that the weld strength increased with increasing tool
shoulder diameter.
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5. Many studies found that the weld strength improved with increasing tool plunging
depth for all welding materials with various thicknesses in similar and dissimilar

friction stir spot welded joints.

6. A finite element based thermal model using different programs; i.e. DEFORM and
ANSYS was developed to simulate the temperature distribution during the FSSW

process.

7. The friction forming process with or without filler material was suggested by other
researchers to refill the keyhole formed in conventional FSSW joints using a

specially designed tool and backing plate.
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Chapter Three

Experimental Part

3.1 Introduction

This chapter includes general description of the experimental work steps and

equipment’s used. It also involves the experimental procedures which concentrated

on preparing and joining of low carbon steel and AA6061 sheets using friction spot

welding. In addition to the evaluation of some mechanical properties of the resultant

joints, such as micro-hardness and tensile-shear tests were studied. Also, the micro-

structural change. The procedure of the experimental work is shown in Figure (3.1)

Sample
Preperation

Dismilar Spot

Mechanical &
Physical Tests

Welding
_
1
Microstructural
Tests
Scanning
Electron Tensile Test
Microscope

Micro-hardness
Test

Figure (3.1): Block diagram of the experimental work
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3.2 Materials Used

Low carbon steel and AA6061 sheets with the chemical composition shown in

Table 2.1 were used in this research.

Table 2.1 the chemical composition of the materials used in this research

Elements Aluminium Alloy
Mg 1.05
Al > 93.60
Si 0.685

P 0.00092
S <0.0020
Ti 0.15
\ < 0.00082
Cr 0.21
Mn 0.124
Fe 0.389
Co 0.129
Ni 0.0662
Cu 0.3609
Zn 0.1522
As <0.00009
Zr 0.1348
Nb <0.00067
Mo 0.226
Ag <0.00066
Cd 0.0050
Sn 0.0096
Sb <0.0010
w <0.00094
Pb <0.0011

3.3 Welding Machine
All of the friction stir spot welding procedure in the research was done on the
milling machine shown in Figure (3.2), which is available in the workshops of the College

of the Materials Engineering — The University Babylon. Welding was done using two
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metal sheets from low carbon steel and aluminum. The dimensions of the sheets were (100

mm * 25 mm *1 mm) and 25 mm overlap as shown in Figure 3.3.

—

o~y
Sample

holder

ﬁ

’k 25 mm
100 mm

Figure (3.3): The dimensions of the overlap sheets to be joined
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3.4 Surface Preparation for Welding

After cutting the samples to the required dimensions for each test, the surfaces
were prepared for the welding process by grinding them using 1200 grit silicon carbide
papers to remove the oxides layer then cleaned with ethanol to remove the grease and dust

from the surface.
3.5 Microstructure Examination

The specimens were prepared for microstructure examination in consistent with

the standard metallographic techniques which involves the following steps.

1. Sample must be cut to the cross-section area for easier handling and to know the

variation in zones microstructure.

2. Wet grinding process was carried out by exposing the sample surface to rotary disk
with using emery papers of (SiC) with different grades in sequence (180, 400, 800, 1000,
1200, 1500, 2000). Then the sample washed by water and dried by hot air.

3. Polishing process was carried out by exposing the sample surface to rotary disk, using
polishing cloth and alumina (Al,O3) solution. This process continued until the sample
surface becomes as a mirror, and then it is washed by the water and alcohol and dried by
hot air.

4. Etching process was doing by immersion the sample for 30 s with Keller. Then they

were washed in water and ethanol, then dried in stream of warm air.
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3.6 Micro-Hardness Test

Micro-hardness Test using digital Vickers hardness tester type (HVS-1000) which
Is presented in the Metallurgy Eng. Laboratory in the College of the Materials Engineering
in The University of Babylon. Measurements were done with transverse section to after
grinding and polishing processes. This test was done by measuring the micro-hardness
with load of 200 g and automatic loading of 10 seconds. Vickers Microhardness (HV)

values were then calculated by the machine using the equation:

P
HV=1.854<¥) (3—-1)
where P is the applied load and d = (d; + d,)/2

Load
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Figure 3.4: Schematic of the Vickers Microhardness indentation test
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3.7 Tensile Test

The tensile tests were done for the base metal and the welded samples were done
via universal type device with cross head speed of 1.0 mm/min and carried out

according to (ASTM A370-03a). Figure (3.5) shows the universal testing machine

Figure (3.5): The universal testing machine

3.8 Scanning Electron Microscope (SEM) Analysis

SEM images were taken for samples cross-sectioned to investigate the
microstructure. The samples were prepared by the same procedure followed in the OM
microstructure samples. This test was carried out at Alkhora company. The device is
shown in Figure (3.6).
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Figure (3.6): Scanning electron microscopy (SEM) devise
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Chapter Four

Results and Discussions

4.1 Introduction

In this chapter, experimental results and discussion are presented Microstructural
observation of dissimilar frictional stir spot-welded joints (LCS/AL6061) has been
discussed. The results of mechanical tests such as micro-hardness and tensile-shear for
FSSW joints discussed also. Furthermore, the results of the failure modes for these joints

and the reasons behind these modes were discussed in this chapter
4.2 Welding Parameters Window

FSSW of AA6061 to LCS sheets shows many challenges compared to the welding
of similar sheets of an AA6061 aluminium alloy. In initial trials, it was found that the low
rotation rates (lower than 1200 rpm) and low welding time (less than 1.0 s) could not result
in sound joints and sometimes no joints could be result with these parameters. This result
was found due to the low heat input because of the low rotation rate or welding time or
both. To solve this problem, a welding parameter widow was designed to be extended
from 1200 to 2000 rpm rotation rate and 1.0 to 3.0 s welding time. The upper limits for
these parameters were chosen depending on three factors. Firstly, the machine capability
decided the maximum tool rotation rate. Secondly, the industrial requirement suggested
that the typical welding time for each single spot weld is about 1.0 s to be economical
[13]. Finally, the results of the tensile-shear tests showed that increasing the rotation rate
by more than 1600 rpm led to a clear decrease in the mechanical properties of the joints.

A typical example of a dissimilar AA6061 to LCS welded joint is shown in Figure 4.1.
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Figure 4.1: A typical example of a dissimilar AA6061 to LCS welded joint

4.3 Macrostructure and Microstructure of Welded Joint

The macrostructure and microstructure examination were conducted to evaluate the
effect of friction stir spot welding on the microstructure of the welds produced by the
FSSW.

Figure (4.2 a) shows the macrostructure of the joint cross section. This figure consists of
a series of several microstructure images and then they merged together to form one
Image. The cross section shows a typical shape for the FSSW joints where it consists of
three areas from the center of the joint. The first region is the area where the pin penetrated
the material resulting in moving the material of the upper sheet (AA6061) to the sides.
Also, it touches and deforms the lower sheet (LCS) resulting in the keyhole shape with
some material interlocking from both sides of the keyhole bottom as can be seen in Figure
(4.2 b) . This region is important because it increase the strength of the joint. The second
and the most important region is the area under the tool shoulder. This area represents the
region where the two metals are connected together due to the effect of rupping of the
aluminium alloy by the tool against the steel sheet. The last but not the least region is the

material out of the weld zone. This region also consists of two sub-regions including the
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heat affected zone where material is affected by the heat generated during the weld cycle

in the stir zone (SZ). The second sub-region is the base metal where the material remains

without any change.

Interlocking region
(Hook)

Figure 4.2: A typical example of a cross section of dissimilar AA6061 to LCS welded
joint a) joint cross section and b) a region at the side of the keyhole

4.4 Scanning Electron Microscopy Analysis of Optimum Sample
(SEM)

Scanning electron micrographs were taken for the cross-sections using FE-SEM
focusing on the joint interface of the welded sample of the dissimilar metals AI6061 /
LCS. Figure (4.3) shows an image of a half of a weld produced without interlayer and

using welding conditions of a 1600 rpm tool rotation rate and 3.0 s welding time. The
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thinning effect resulted from the tool shoulder is clear where about only 47 % of the total
upper sheet thickness remined at the outer ring shape weld zone. On the other hand, at the
center of the weld. AA6061 disapered completely due to the presence of the pin which
displaced aluminium and deformed the lower sheet (LCS). This action of the pin resulted
in a deformed shape at its edge called “Hook” which can be clearly seen in Figure 4.4.
The hook is not preferred in FSSW joint of similar materials, when welding Al-Al for
example, because it represents a weld defect. However, in the situation of the welding of
dissimilar materials, it has an advantage of the interlocking effect which increases the

strength of the joint

111512021 HV |[mag O] WD | det | pressure m—2mm
9:59:21 AM[30.00kV| 50x |41.0 mm|ETD|8.36e-3 Pa Inspect F50 FE-SEM

Figure (4.3): FE-SEM micrographs of the half cross-section of Al to LCS welds
produced using welding conditions of 1600 rpm, 3.0 s
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11/15/2021 pressure |——— 500 ym ————
9:58:29 AM |30.00 kV| 200 x |41.0 mm|ETD[9.57e-3 Pa Inspect F50 FE-SEM

Figure (4.4): FE-SEM micrographs of the cross-section of Al to LCS welds produced
using welding conditions of 1600 rpm, 3.0 s. with hook defect

The rapid formation of intermetallic phases during the spot welding of aluminium to steel
is a well-known problem in different welding methods, such as friction stir welding and
ultrasonic welding. A reaction layer present at the interface between the two sheets can
clearly be identified because in the SEM it is a contrasting shade to the both alloys. In the
example shown in Figure 4.5 which represents a higher magnification image for the same
sample of Figures 4.3 & 4.4. The reaction layer can be seen to be non-uniform in thickness,

and shows continuity at the interface.
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1115/2021 | HV 'mag O| WD | det | pressure 20 um
10:02:00 AM |30.00 kV| 4 000 x |41.5 mm |ETD |8.36e-3 Pa Inspect FS0 FE-SEM

Figure (4.5): FE-SEM micrographs of the half cross-section of Al to LCS welds
produced using welding conditions of 1600 rpm, 3.0 s

4.5 Effect of Welding Variables on the Joint Hardness Profile of the Al-
Steel Dissimilar Weld in the Naturally Aged Condition

Microhardness testing was implemented to show the effect of the welding parameters used
in this study on the local mechanical properties of the welded joint after natural ageing.

Measurements were made in aluminium the steel sheets in the form of two parallel lines
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of points in the mid-thickness of the upper (AA6061) and the lower (LCS) sheets passing

through all the areas of the welded joints.

The effect of the FSSW parameters on the microhardness profiles of the AAG6061
Aluminium alloy- LCS welds in the post-weld naturally aged condition is shown in Figure
4.6. This figure shows hardness profiles measured after three months of the welding
process. In general, the hardness profile across the welds shows a very high level near the
centre of both the upper and lower sheets despite the difference in material type. The
hardness level of the upper sheet shows a very high level near the centre after the natural
ageing in comparison to the predicted hardness levels in the as-welded condition. The
main reason is the effect of severe plastic deformation near the pin of the tool with
moderate heat generated at this region which leads to grain refinement and encourages the
natural ageing response. By moving away from the centre of the weld, the heat generated
during the welding cycle become higher leading to some stress relief resulting in a lower
hardness level than the hardness near the keyhole. By moving further to the region out of
the stir zone (SZ), it can be noticed that the hardness level shows a very low level
compared to the central area. However, the hardness in this region (HAZ) has a value of
about only 10 % less than the hardness for the base material (AA6061). This means that
After natural ageing, the HAZ is still possible to be distinguished in the weld edges and
the natural ageing could not recover the original hardness level of this material even after
three months. In natural ageing, the hardness increases as a result of the precipitation of

GPZs and solute clustering with ageing time [70].

The change in hardness level of the lower sheet is significantly higher than the change
hardness level of the upper sheet. The reason for this difference is the effect on the
response of steel to the plastic deformation and heat generated. The plastic deformation
was very high especially in the area under the pin leading to an increase in the hardness

significantly. On the other hand, the heat generated in such welding processes results in a
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temperature as high as 540°C. This level does not result in phase transformation to the
steel, i.e. most of the hardening results from the plastic deformation will retain after the
welding process. Moreover, the thermal loss is also higher from the steel (lower sheet)

due to the conduction heat transfer [71].
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Figure 4.6: An example of hardness profiles for samples naturally aged for 3 months,
welded with a tool rotation rate of 1600 rpm and welding time of 3 s.

4.6 Effect of Welding Parameters on the Weld Strength

To study the mechanical performance of the dissimilar Al-Steel joints, many spot
welds were produced using the FSSW process with a wide range of welding time and tool
rotational speed. All of the tensile shear lap shear tests were at room temperature using a
machine crosshead speed of 1.0 mm/min.

Figure 4.7 shows an example of a typical load-extension curve for the lap-shear tests of

the welded joints. This joint was produced using welding conditions of a 1600 rpm
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rotation rate and 3.0 s welding time. The curve of the joint shows very low ductile
behaviour. Following the highest load, the joint showed a fast decrease in the load. This

fast decrease in load represents evidence of a brittle fracture in the joint.
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Figure 4.7: An example of the load-extension curve for the tensile-shear test from Al-
Steel joints. The joint was produced using welding conditions of a 1600 rpm tool
rotation speed and a 3.0 s welding time.

The effect of the welding time and tool rotation rate on the highest fracture load of the
welded joints with the addition of Zr interlayer of (0, 0.001, and 0.005 g) are shown in
Figures 4.8 to 4.10 . Figure 4.8 shows that the average peak loads of the joints welded
without any interlayer. It is seen that the strength of the samples was slightly increased by
increasing the welding time from 2 to 3 s while it shows some increase and then decreases
in the values by increasing the rotation rate from 1200 to 1600 and then to 2000 rpm. This
behaviour is highly linked to the production of the joint and its completeness. At a lower

rotation rate, the heat generated might be not enough to produce sound joints, and this is
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the same reason behind the disappearance of the data for the shortest welding time (1.0 s).
On the other hand, the further increase in tool rotation rate (to 2000 rpm) had a clear
impact in reducing the weld strength, which may be attributed to the production of more

brittle intermetallic compounds between AA6061and LCS at the interface.
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Figure 4.8: Effect of tool rotation rate and welding time on the average lap shear peak
load for joints produced without any Zr additions

By adding an interlayer containing Zr powder, joints could be produced using welding
time as low as 1.0 s. This is can be seen in Figures (4.9) and (4.10). This can be attributed
to two reasons. The first reason is the increase of the friction between the two sheets by
the addition of an interlayer containing Zr powder, which led to an increase in the heat
generated at the interface and improved the joint completeness. The second reason is the
positive effect of the Zr addition in modification of the nature of the intermetallic
compounds produced at the interface between aluminium and steel. This reason is more

acceptable since the level of the fracture peak load of all the welded joints was increased
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compared to that of joints without interlayer containing Zr. However, in general, the
change in welding parameters show a similar effect on the joint strength i.e. the peak
fracture load increased with increasing welding time for each rotation rate. But again the
1600 rpm rotation rate produced the highest levels compared with the others for the same

reasons mentioned earlier.

1.8 7
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Welding time (s)

Figure 4.9: Effect of the tool rotation rate and welding time on the average lap shear
peak load for joints produced with the addition of interlayer containing 0.001 g Zr

Figure 4.11 shows the combined effect of rotational rate and Zr additions, with constant
welding time of 3.0 s, on the fracture load of the AA6061 to LCS joints. It is clear that the
region of around 1600 rpm rotation rate shows the highest level of the weld failure load,
due to the moderate heat input which resulted in completed joints without additional heat
that resulted in thicker intermetallic compound layer at the interface between the two

metals.
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Figure 4.10: Effect of tool rotation rate and welding time on the average lap shear peak

load joints produced with the addition of interlayer containing 0.005 g Zr

The effect of Zr addition on the strength of the joints is shown in Figure 4.12. The 1600
rpm rotation rate was chosen because it showed the highest strength levels in all previous
welds. It can be noted that more Zr addition results in higher failure load for the joints.
Due to the effect of which in modification of the nature of the intermetallic layer produced

during the welding cycle.
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Figure 4.12: Effect of Zr addition (0,0.001 and 0.005g) and welding time on the average
lap shear peak load.

4.7 The Failure Modes for the Welded Joints

Examples of typical fracture mode of the dissimilar AA6061-LCS joints produced
using the FSSW method with different welding parameters, after lap shear testing, are
shown in Figure 4.13. An interfacial fracture mode was noted for all of the joints produced
with different welding parameters, due to the formation of an IMC layer, especially, when
joining the two materials without any interlayer. These structures show much more brittle
behaviour than the base materials (LCS and AA6061); therefore, cracks can be easily
propagated through them and result in low fracture energy for the joint [72].
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Figure 4.13: Examples of typical joint failure mode, showing upper and lower sheets of
the fractured lap-shear test samples produced using 1600 rpm tool rotation rate and 3.0 s
welding time (a) without interlayer (b) with an interlayer containing 0.001 g Zr; and (c)
with an interlayer containing 0.005 g
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Chapter Five

Conclusions and Recommendations

5.1 Conclusions

1- The natural aging was successful in recovery of the original hardness of the AA6061
at the HAZ,

2- The welded cross section of the joint showed different regions in terms of

macrostructure including keyhole, bonded region and base metal.

3- The addition of Zr as an interlayer was successful in improving the joint performance

by altering the layer nature.

4- The joints showed brittle behavior during the tensile-shear test due to the presence of

the intermetallic compounds at the interface between AA6061 and LCS sheets.

5- The joints strength increased with increasing the tool rotation rate from 1200 to 1600
rpm. However, the performance of the joints produced with higher rotation rate were

decreased due to the increase of intermetallic compound layer.
6- With increasing welding time , the joints strength was increased.

7- The optimum conditions in terms of joints performance in this research were 1600 rpm
rotation rate, 3 s welding time, and 0.005 g Zr interlayer addition. With these parameters
the joint fracture force was about 1.8 kN compared to only 0.5 for a joint prepared with

the same welding parameters but without any Zr addition.

8- The maximum hardness value inAA6061 sheet at SZ (151 HV ) , and LCS (185 HV)
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5.2 Recommendations for Future Research

1- Conduct other tests on the welded joints such as tensile-impact test and EDS , XRD for

samples taken from the interfacial reaction layer.

2- Use different material combinations such as aluminium alloys with magnesium or
titanium alloys , and study the effect of Zr additions on the interfacial reaction layers and

mechanical behavior.

3- Use different filling material other than Zr , such as Si nano particles and study the

effect of them on the joint performance.
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