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ABSTRACT

Friction Stir Spot Welding (FSSW) is a novel solid-state joining process developed
by Mazda and Kawaski and patented in 2003. It utilizes a profiled rotating pin that
plunges into the joint and penetrates the material surface to the tool's shoulder and
material is softened by heat-input generated by friction on contact area. FSSW has
several advantages over fusion joining processes, as it is could be more cost-
effective, durable and reliable than conventional spot welding processes. In addition,
joints made by FSSW process have high shear tensile strength without adding weight
than rivets, bolts, nuts and fasteners. Recently, many researches have applied FSSW
for joining of similar as well as dissimilar alloys such as; Al-Al, Mg-Mg, Al-Cu, and
Al-Mg alloys. This study focuses on FSSW of aluminum alloy with grade 5 titanium
(AA 6061; Ti-6Al-4V), and the relationship between the welding parameters of; tool
rotation speed and dwell time on the mechanical properties and microstructure of
welded joint, which it is investigated by empirical observation utilizing SEM-EDS
analysis, shear tensile and Vickers hardness tests. Tow-level factorial design was
conducted for welding parameters. It is observed that the joint quality, mechanical
behavior and microstructural evolution in the welded regions are considerably
affected by the welding parameters. The microhardness profiles of titanium have
significantly affected by heat-input. Additionally, maximum shear load was produced
at 1000 rpm and 10 sec dwell time. SEM-EDS analyses detected the formation of
Intermetallic Compounds (IMC) of AITi; patterns near to Thermomechancial

Affected Zone (TMAZ).

Keywords: Friction Stir Spot Welding, Aluminum Alloy, Titanium Alloy, Lap-joint,

Welding Parameters



Oz

Strtiinme Karistirma Nokta Kaynagr (FSSW), Mazda ve Kawaski tarafindan
gelistirilen ve 2003 yilinda patenti alinmis yeni bir kati1 hal birlestirme islemidir.
Ekleme icine giren ve malzeme yiizeyini aletin omzuna geciren profilli bir déner pim
kullanir ve malzeme tarafindan yumusatilir. Temas alanindaki siirtiinme sonucu
olusan 1s1 girisi. FSSW, flizyon birlestirme islemlerine kiyasla, avantajli nokta
kaynak islemlerinden daha uygun maliyetli, dayanikli ve gilivenilir olabileceginden,
cesitli avantajlara sahiptir. Ek olarak, FSSW islemiyle yapilan baglantilarin per¢in,
civata ve somun tutturuculara gore agirlik eklemeden daha yiiksek kesme gerilme
mukavemeti vardir. Son zamanlarda, pek ¢ok arastirma, benzerlerinin yam sira
benzer olmayan alagimlarin bir araya getirilmesi i¢in FSSW'yi uygulamistir; Al-Al,
Mg-Mg, Al-Cu ve Al-Mg alasimlari. Bu ¢alisma 5. sinif titanyumlu (AA 6061; Ti-
6AI-4V) aliiminyum alagimli FSSW ve kaynak parametreleri; Kaynakli mafsalin
mekanik ve mikroyapisal Ozellikleri iizerinde takim dénme hizi ve durma siiresi,
SEM-EDS analizi, kesme gerilmesi ve Vickers sertlik testleri ile ampirik gézlemlerle
incelenmistir. Kaynaklt bolgelerdeki eklem kalitesi, mekanik davramis ve
mikroyapisal evrimin kaynak parametrelerinden Onemli Olgiide etkilendigi
goriilmektedir. Titanyumun mikro sertlik profilleri, 1s1 girisinden 6nemli Slglide
etkilenmistir. Ek olarak, maksimum devir sayis1 1000 rpm'de ve 10 saniye kalma
suresinde uretildi. SEM-EDS analizleri, Thermomechancial Affected Zone (TMAZ)

'a yakin AlTiz desenlerinin Intmetalik Bilesiklerinin (IMC) olusumunu gostermistir.

Anahtar Kelimeler: Siirtinme Karistirma Nokta Kaynagi, Aliminyum Alasimi,

Titanyum Alasimi, Lap-eklem, Kaynak Parametreleri
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Chapter 1

INTRODUCTION

1.1 Background

Friction Stir Spot Welding (FSSW) process was derivative of Friction Stir Welding
(FSW) process. This method was developed by Mazda and Kawasaki in 2003, which
it was used to join the structure of Mazda Rx-8 rear seats (Pan 2007). This solid state
process is able join metals without reaching to melting point. The principle of this
process is based on the usage of a profiled rotating pin under certain vertical load to
penetrate the surface of workpiece to be joined; and then the pin gradually starts
plunging into the joint surface to penetrate and soften materials due to applied stir
friction on surface by tool's shoulder at a specific dwell time. This mechanism is
schematically illustrated in Figure 1. This process induces sufficient heat to join parts
without causing sever distortion in weld joints (Mubiayi et al. 2018). However, the
use of FSSW process has significantly expanded in different industrial sectors such
as; automotive, railways, and aerospace. Process is characterized by the ability of
joining dissimilar metals that cannot be welded by fusion process and it gives great
mechanical properties, wide range of joint geometries and less distorted joints.
Furthermore, FSSW process uses various types of tools made from metal alloys and
heat treated ceramic that can retain high strength at elevated temperatures (Grimm et
al. 2015). FSSW shares the main welding principle with FSW method. Additionally,
this process can be automated to join metal panels in automobile sector as illustrated

in Figure 2 (Wang et al. 2018). However, FSSW is can be done only vertical-linear



motion, such as welding of roof panel and the Al train body shown in Figure 3 and 4

respectively (Yamaguchi. 2004), (Tozaki et al. 2009).
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Figure 3: FSSW of roof panel (Yamaguchi 2004)



Figure 4: FSSW prototype (Tozaki et al. 2009)

Titanium alloys are widely used in aeronautical and aerospace sectors, because of
their high strength to weight ratio, excellent corrosion resistance and low thermal
conductivity. Super alloys such as titanium, have swept over the major share in the
aerospace industry as shown in Figure 5 (Islam and Rahman 2014). The most used
titanium alloy in aerospace industry is Ti-6Al-4V which is classified as G5 titanium,
due its great machinability feature that used i.e. in designing fans of the inlet side of
airplanes engines for temperatures up to 300 °C and also it is designed for making

airframes, bolts, and seat railways (Inagaki et al. 2014).



Medical 109%

Chemical

Structural
10%

Aerospace
70%

Figure 5: Titanium share among various industries (Islam and Rahman 2014)

High market demands in terms of low cost, low fuel consumption and high strength
car bodies, makes aluminum a strong candidate in the field of automobile industry.
The density of aluminum is about one-third of the steel with high stiffness.Thus, it
considers as an engineering potential solution to meet these requirements as it has
been suggested by the original equipment manufacturer (OEM) (Tisza and Czinege
2018). Recent researches have focused on reducing the structure body weight by
selecting the proper aluminum alloy for the body-in-white (BIW) process, where it is
expected that weight reduction ratio up to 40% from the car total weight (Budai et al.
2017). Significant improvements have been done on aluminum alloys since they
were first introduced in the 1920s. That is to say, the deep understanding of
aluminum chemical compositions, heat treatments, and controlling of impurity are
the main concerns to these improvements (Rambabu et al. 2017). In terms of
aerospace industry, aluminum alloys play a major rule in fabricating different
airplanes parts. In long-haul international flights of jJumbo jets, imposed that engine
parts and shell must be highly durable and fatigue- resistance. Therefore, plenty of

aluminum alloys types are developed over the years. For example, AA 6061 is a used



in light aircraft; mostly the homemade ones. It is without difficulty welded &
manipulated, very light and properly strong, making it perfect for fuselage and wings

(Danylenko. 2018).
1.2 Problem Statement

Achieving high quality and defect-free welded joints which lead to reduce
mechanical properties are the main goals for the most of solid and fusion state
welding process. Nevertheless, the drop in joint strength remains an issue that has to
be solved for similar and dissimilar parts to be welded. Fusion welding of titanium
alloys is challenging and causes root defects in weld joints, because of to the low
thermal conductivity. In addition, complexity of joining aluminum to titanium alloys
by means of fusion welding due to the large difference in their melting point; 582 °C
and 1878 °C respectively. However, these issues can be overcome by utilizing solid-

state welding such as FSW or FSSW processes (Ramirez and Juhas. 2003).

As a variant of friction stir welding process, FSSW has been proposed to produce
spot welds. It shows great potential to replace of single-point joining processes
similar to resistance spot welding (RSW) and riveting. It has wider applications in
aerospace and aviation fields. For this purpose, the correct joining process at
optimized parameters must be taken into account during welding. Additionally,
FSSW is used recently to weld car hood and rear seats made from aluminum panels

(Yang et al. 2014).

To understand how the material flows during different stages of FSSW. It is
practically important and essential to achieve the optimized welding parameters for

obtaining high efficiency welds. In some literature material flow has been reported as



one of the significant factors that affect welding quality which need to be optimized

and controlled such as the rotation speed and dwell time (Yuan 2008).

In case of joining dissimilar metals titanium to aluminum (Ti-Al) lap-joint;
intermetallic compound (IMC), .i.e., Al;Ti is formed within the welding zones. This
IMC causes brittleness and microcracks in weld joint (Fujii et al. 1994; Chen et al.
2011; Shouzheng et al. 2014). In order to overcome the formation of Al;Ti phase
researchers have reported that joining aluminum to titanium will restricte the
formation of Al3Ti and increase the tensile ductility of the welded joint. Additionally,
joining of Al-Ti lap-joint utilizing FSSW process is challenging due to the possibility
of initiating microcracks near stir zone (SZ) periphery at high rotation speed.
Formation of intermetallics; AITi and AlTi; within the cross-section of FSSWed
workpiece are also expected (Chen et al. 2011).
1.3 Objectives of the Study
i. To achieve full adhesive FSSWed lap-joint of AA 6061 with Ti-6Al-4V
alloys.
ii.  To investigate the effect of welding parameters on the quality and mechanical
properties of FSSWed joint.
iii.  To investigate the effect of welding parameters on the formation of
intermetallic compounds in the TMAZ or HAZ of FSSWed joint.
1.4 Scope of the Study

i.  The aluminum-titanium (AA6061 and Ti-6Al-4V) plates with 4 mm in

thickness will be lap-joined together by utilizing FSSW process.



ii.  Utilizing metallurgical microscope and SEM-EDS analysis will contribute to
detect weld defects, fracture regions, un-welded areas and emerged
intermetallic compounds.

iii.  Applying mechanical tests of shear tensile and Vickers hardness test in order

to investigate the mechanical properties of Al-Ti lap-joint.
1.5 Organization of the Thesis

This work consists of five chapters. The first chapter is introduction, that includes
background, problem statement, objective of the study, scope of the study and as
well as organization of the thesis. Additionally, to the Introduction, a literature
review is presented within Chapter 2, displaying a description of aluminum and
titanium alloys, with a focus on classifications of titanium alloys;1)alpha and near
alpha 2) alpha and beta, 3) beta & near beta. Application of titanium alloys in
aerospace and automotive sectors are presented respectively. Moreover, aluminum &
aluminum alloys classification and their applications are discussed in details. Types
of welding methods such as; 1) laser beam welding (LBW), 2) gas metal arc welding
(GMAW) of titanium, 3) gas tungsten arc welding (GTAW), 4) resistance spot
welding (RSW), 5) friction stir spot welding (FSSW) process overview. Recent
researches on FSSW are also presented at the end of chapter 2, the gaps and key

findings of the literature review are discussed.

Chapter 3 presents the methodology of this study; including, materials preparation,
experimental setup, FSSW tool, DOE, welding procedure, mechanical tests and

metallographic inspection are clearly explained.



Chapter 4 shows the results for each of mechanical and metallographic investigations
separately and provides a discussion for each with comparison to previous studies;
aiming to validate data results established. Chapter 5 presents the conclusion and

future recommendations of this study.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

This chapter focuses on the recent literature related to friction stir spot welding
(FSSW). The factors affecting the friction stir spot welding process are outlined, in
addition to any previous studies conducted on fusion and solid state welding of

aluminum and titanium, as well as aluminum to other materials are also summarized.
2.2 Titanium and Titanium Alloys

Titanium and its alloys have been used extensively as industrial alloys for over 60
years, satisfying the requirement for materials with high energy-to-weight ratios at
high temperatures, and they were used within the aerospace and defense industries.
Over 80% of titanium produced is utilized in these industries, typically in the
wrought form, however many different applications are limited because of their
negative tribological properties and high extraction cost, which approximately five
times that of steels and aluminum alloys (Baker 2010). In addition, an oxidation
property for titanium is a major issue, due to its high affinity for atmospheric gases
such as; oxygen, hydrogen and nitrogen that can be easily absorbed. Nitrogen can has
the ability to embrittle titanium and reduces its elongation under sustain load as
illustrated in Figure 6 .However, titanium alloys have great corrosion resistance to
sea water due to the formation of protective oxide layer. Titanium is a non-magnetic

and poor conductor metal that has a high melting-point of 1678 °C, which is 1000 °C



more than of aluminum, which shows that titanium alloys can handle creep resistance

over a wide range of temperatures (Padmanabhan et al. 2001).
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Figure 6: Effect of presence of nitrogen in pure titanium (Brick and Phillips 1949)

2.3 Classifications of Titanium Alloys

Commercially Pure titanium (CP Ti) has a high melting point 1670 °C and can resist
corrosion at elevated temperature which is used in chemical process industries.
However, it is rarely used in mechanical applications without alloying, due to its low
strength in compare of most other titanium alloys. In recent years, using of titanium
alloys have increased drastically because of the improvement of techniques
concerned of their fabricating and further processing. Some classification of

unalloyed titanium and titanium alloys are given in Table 1.

Table 1: Titanium Alloys (Peters 2003)

Unalloyed Ti- Alpha and Near Alpha and Beta Beta and Near
Grades Alpha Beta

ASTM GRADE Ti-6%Al-2%Sn- Ti-6%Al-2%Sn- Ti-5%Al-2%Sn-

10



4%Zr-2%Mo

4%Zr-6%Mo

2%Zr-4%Mo-
4%Cr

ASTM GRADE-2

Ti-6%AI-3%Sn-
4%Zr-0.5%Si

Ti-6%Al-4%V ELI

Ti-
10%V2%Fe3%Al

ASTM GRADE-3

Ti-5%Al-4%Sn-
4%Zr-1%Nb

Ti-6%Al-4%V

ASTM GRADE-4

Ti-8%Al-1%Mo-
1%V

Ti-6%Al-6%V-
2%Sn

ASTM GRADE-7

Ti-5%Al-2.5%Sn

Ti-5%Al-3%Sn-
3%Zr-1%Nb

2.3.1 Alpha and Near Alpha

This type is not heat treatable with a-phase and contains major alloy element of
aluminum that improves the stabilization of alpha phase. Near alpha titanium alloy
such as Ti3AlI2.5V is regularly used to production of seamless tubing for airplane
hydraulic systems (Leyens and Peters 2003).

2.3.2 Alpha and Beta

These types of titanium alloys are heat treatable with risk of reducing some ductility
of the metal and have poor creep strength comparing to near alpha alloy (Donachie.
2000). The titanium alloy Ti-6Al-4V (Grade 5) represents about 56% of US titanium
market (Litjering and Williams 2007). Figure 7 shows the phase diagram of Grade 5
titanium alloy. Thus, (HCP) crystal structure is denoting for o phase and (BCC) is
denoting for B phase. Phase transition from o —f3 occurs at 4% of vanadium starting

from 650 °C until reaching 1050 °C (Ducato et al. 2013).

11



1050°C

850°C
800°C

\\ 650°C

Ti-6Al 4% V
Figure 7: Ti-6Al-4V phase diagram (Ducato et al. 2013)
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2.3.3 Beta and Near Beta

These alloys are heat treatable, mostly weldable and have high to intermediate
strength at elevated temperatures (Donachie 2000). B type titanium alloys with
poorer moduli of elasticity and better strength have been developed lately. Beta
titanium alloys normally can be fabricated to greater strength levels and show better

notch properties and toughness than o-f alloys (Wang 1996).
2.4 Applications of Titanium Alloys in Aerospace

In comparison to steels and aluminum alloys, titanium alloys need to be considered
as much younger structural material. The primary alloys had been advanced on the
end of the 1940s in the United States. Amongst these turned into the classic titanium
alloy, Ti-6Al-4V, which still captures a massive part of aerospace industry nowadays
(Leyens and Peters 2003). Due to the high corrosion resistance and excellent specific
strength titanium alloys play a major role in the aerospace applications as:

e Reduction in weight (replacement for steels)

e Temperature applications ( replacement for steels and Al alloys)

e Corrosion resistance (replacement for low-alloyed steels and Al alloys)
12



e Limitation of space (replacement for steels and Al alloys)
2.5 Applications of Titanium Alloys in Automotive

In recent years, titanium alloys have involved in the automotive industry especially
in racing cars engines early in 1980s, duo to their high efficiency. The robust interest
revealed in titanium materials by the industry in terms of lightweight, fuel-
efficiency, and performances (Fujii et al. 2003). The design for body structure
materials are based on aluminum and magnesium alloys duo to their high torsion and
bending strength. On the other hand, the interior parts of engine such as connecting
rods and intake valves as listed in Table 2 are made from various titanium alloys, due
to their high yield strength (Leyens and Peters 2003). A number of car parts that are

fabricated from titanium are shown in Figure. 8.

Table 2: Engine Parts Made From Titanium (Peters 2003)

Year Component  Material Manufacturer  Model Annual.
consumption
1998 Brake Grade 1s Volkswagen All ~ 40 t/yr
1999 Corl‘?”;g;'”g Ti-6Al-4V  Porsche GT3 “1 tiyr
Ti-6Al-4V
1999 Valves & PM-Ti Toyota Altezza n/a
2000  Suspension LCB Volkswagen  Lupo-FSI  3-4 tiyr
Springs
Exhaust Corvette
2001 System Grade 2 GM 206 >150 t/yr
Ti-6Al-4V : Infinity Q
2002 Valves & PM-Ti Nissan 45 n/a
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Pistons Pins
Valves
Valve Springs
Valve Spring Seats
Bucket Tappets
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Crankshafts
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Springs
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Sealing Washers
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Figure 8: Titanium alloys parts in automobiles (Peters 2003)

2.6 Aluminum and Aluminum Alloys

Aluminum has unusual properties and different welding requirements, and it is used
widely throughout the manufacturing industry. Aluminum is one of the few metals
that aren't mined; it does not exist naturally like iron, gold or silver. Rather it is a
product of bauxite which it can be found in almost every shovel full of earth throw-
out the world. Through an electrolytic process (bauxite refined into alumina), and
which is further refined into pure aluminum (Lumley 2010). Although, aluminum has
a number of valuable properties, it is best known for its light weight and high
strength. A single pound of aluminum is three-times larger than the same amount of
steel. The tensile strength (TS) of aluminum is also very changeable, thus by cold
working the metal, i.e., cold rolling, TS can be increased from 89.63 MPa to 179.26
MPa. TS can be increased even further 689.48 MPa by alloying, heat-treating, cold-
working and aging. Metals commonly alloyed with aluminum are silicon, zinc,
magnesium, copper and manganese, in addition, aluminum is durable; under most
conditions parts made from aluminum will resist the destructive effects of corrosion
unlike parts manufactured from steel or iron. A tough oxide coating (passive layer)

forms quickly on the exposed surface of aluminum sealing of the air and protecting
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the underline metal like self-repairing and self-limiting transpiring shield (Grushko et
al. 2016).

2.6.1 Classifications of Aluminum Alloys

Aluminum is often alloyed with various metals to produce different properties
especially suited for particular application, theses alloys use the aluminum
association numbering system for identifying the various alloying elements and
metals properties. The numbering system has been standardized, i.e., 4XXX, so that
the first digit indicates the major alloying element, the second digit modifications to
the original alloy such as heat treating or cold working and the last two digits identify
the specific alloy content or degree of aluminum purity. There are eight major series
of aluminum alloys as listed in Table 3 and they are given in a numerical designation

according to the most important alloying metal in the mixture (Belov et al. 2014).

Since the aluminum can be manufactured in a variety of strengths, a standardized
system of suffixes (O-F-H-T) are added to the end of the four digit classification to
represent strength of the material. Where, O indicates an alloy in the annealed state,
F as fabricated, but has not received any additional strengthening, H as strain
hardened are non-heat treatable alloys and are strengthened by strain hardening or
cold working and T suffix alloys are heat treatable in order to increase harness, .i.e.,

quenching process (Pearson 2013).

Table 3: Aluminum series with its major alloys elements (Downs 1993)

Alloy Series No. Example
Al IXXX 1060
Co 2XXX 2219
Mn 3XXX 3004
Si AXXX 4043
Mg 5XXX 5005

Mg/Si B6XXX 6061
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Zn TXXX 7005

Other XXX 8011

These eight major aluminum alloys series are generally divided into two groups heat

treatable and non-heat treatable alloys as listed in Table 4.

Table 4: The major division for aluminum alloys (Downs 1993)

Heat Treatable NON Heat Treatable
2000-Co 1000
6000-Mg-Si 3000
7000-Zn 4000
n/a 5000

2.6.2 Applications of Aluminum Alloys

Aluminum is a good conductor of heat and electricity, the conduction rate is three
time faster than for steel and is second only for copper. This property is useful for the
manufacturing of heat exchangers and many household cooking utensils. However,
pure aluminum has a comparatively low melting point of 659 °C and must be alloyed
for use in higher temperature applications. Two special properties make aluminum
very valuable for electrical applications. Although, its conductivity rate is 62 % that
of electrical grade copper, one pound of aluminum will go twice as far as copper
when producing a conductor and it is less expensive. Additionally, a very large
proportion of overhead, high voltages, power lines utilize aluminum rather than
copper as the conductor on weight grounds. The relatively low strength of these
grades requires that they be reinforced by including a galvanized or aluminum coated
high tensile steel wire in each strand. For these reasons aluminum has replaced

copper in many applications such as long-distance power lines, welding cables and
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transforming wiring (Wrobel et al. 2014). Table 5 lists number of applications of

some aluminum alloys.

Table 5: Aluminum series and its relative application (Farid et al. 2004)

Series No. Application
1000 Electrical conductors
2000 Aircrafts
3000 Automobiles
4000 Welding filler metals
5000 railroad gondola
6000 Highway railing
7000 Armor plating

2.7 Welding of Titanium and Aluminum Alloys

Titanium and its alloys have different welding capability, in simple words they have
moderate to excellent weldability. Figure 9 shows the various welding
characterization of commercial pure titanium (CP Ti) and titanium alloys. In general,
welding of titanium alloys is challenging due it its high sensitivity to oxidation
during welding at 400 °C. However, this issue can be solved by providing argon gas

shield.
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Figure 9:various welding characterization of CP titanium and its alloys (Mishra and
DebRoy 2004).

Although, aluminum has highly desirable properties and numerous applications, it
can be difficult to weld because of low melting point, high rate of thermal
conductivity and surface oxides. Allowances must be made for heat buildup through
the control of amperage settings and travel speed in order to prevent weld defects
such as burn through as shown in Figure 10. In addition the oxide coating must
thoroughly cleaned-off prior to welding since it easily combines with hydrogen in the
air to produce moistures and resulting welding defects such as porosity as shown in
Figure 11. During welding the solidifying aluminum can shrink as much as 60 % and
is often the cause of cracking, and this defect can be prevented by preheating the

joint, increasing the welding speed and cooling the weld pool.
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Figure 11: Porosity defect of aluminum (Kalpakjian et al. 2014)

Titanium and aluminum alloys are able to be welded by fusion welding techniques
such as: plasma arc welding (PAW), gas metal arc welding (GMAW), gas tungsten
arc welding (GTAW) or by solid-state welding process i.e. FSW and FSSW (Mishra

and DebRoy. 2004).
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2.7.1 Laser Beam Welding (LBW)

Laser Beam welding is known for high-power-density fusion welding process that
creates high phase ratio welds with a moderately low heat-input compared with other
arc-welding methods (Blackburn 2012). Liu et al. (2018) investigated the
microstructure evolution of commercial pure titanium sheet during grain growth and
recrystallization. The sheet has thickness 2.5 mm welded at laser power of 4 kW by
using YLR 4000 fiber laser welding machine. Shielding gas of Argon was provided
during welding to prevent contamination and oxidation on the sheet's surface.
Specimens were cute from the sheet metal in order to apply a heat treatment on them
at temperature of 625 to 700 °C and at holding time of 30 to 120 min in furnace.
Results showed that base metal (BM) has smooth boundary and equiaxed shape,
differs than fusion zone (FZ) and heat affected zone (HAZ) that contains serrated
grain boundary with irregular shape. The high plastic strain which is expressed in
terms of misorientation was also found. Figure 12 shows AS-welded at
4000KW/3m/min joint's macrostructure where the white dotted line separates BM
from FZ and HAZ and also shows the grain boundary map of joint. However, it was
not possible to distinguish the region of FZ from HAZ due to their similar orientation

of gains.
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Figure 12: (a) macrost‘ructure (b) orlentatlon map of graln‘s (Llu'et al. 2018)

2.7.2 Gas Metal Arc Welding (GMAW)

Early gas metal arc welding (GMAW) Showed limited ability to control heat input
and to weld non-ferrous metals in a stable and efficient manner. However, (Zhang
and Li 2001) have utilized conventional pulsed gas metal arc welding (P-GMAW) to
join titanium alloy (ERTi-1) plate of 0.9mm in thickness, at pulse current output
range of 5-450 A. during welding, Argon shielding gas of (99.999%) with flow rate
of (20L/min) was provided. The equipment of the welding system was controlled by
computer to generate a certain current in terms of waveform at constant arc length.
The aim of experiment was to achieve the optimal welding parameters for the best
stable and repeatable spray-transfer. Consequently, active control technology i.e. one
drop per pulse (ODPP) mode was chosen to solve this problem. Furthermore, the
electromagnetic force has increased and downward momentum was guaranteed, due
to the proposed modified method that makes droplet starts to oscillate by first

moving to the weld-pool. Nevertheless, (Cao et al. 2014) reported the properties and
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microstructure of the titanium-copper lap-joint welded by the method of cold metal
transfer (CMT) technology and developed GMAW process. The dissimilar lap joint
consist of Cp Ti (TA2), copper (T2) and copper wire of (ERCuNiAl), and CMT
method approved that it is a manner approach to join Ti-Cu dissimilar joint.
Moreover, the tensile shear-strength was varied from 192.5 to 197.5 N/mm for the
sample tested.

2.7.3 Gas Tungsten Arc Welding (GTAW)

This method is a fusion welding process that uses non-consumable tungsten head to
join metals by heating-up workpiece to melting point. Nandagopal and
Kailasanathan. (2014). have welded two dissimilar metals alloys of titanium (Ti-6Al-
4V) and aluminum (7075) by conventional GTAW. Filler metal of aluminum (AA
4047) was used and welding parameters of (80-100 A), arc-voltage (14-18V) and
welding speed (60-80 mm/min). The microstructural results revealed that joint is
defect-free. In addition, the maximum tensile strength and hardness were 342.20
MPa and 183.10 Hv respectively.

2.7.4 Resistance Spot Welding (RSW)

Resistance Spot Welding (RSW) is designed to deliver low-voltage with high-current
electrical pulse. The electrode is made of copper due to its low resistance to current
flow which allows it to conduct electricity with ease. Aluminum alloys are very poor
conductors of electricity and they will resist the weld current as it flows from the spot
welder. The friction created by current forcing its way through the metal heats the
weld area to over 1093 °C. The squeeze pressure from the weld electrodes
compresses the molten area and fuses the two metals surfaces into one solid nugget
by maintaining the squeeze pressure for short time after the weld current is shut off,

which has known as Whole-time. Consequently, the molecules in the welded
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material remain compressed as the weld cools. Spot-welding cycle is shown in

Figure 13.
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Figufe 13: Spot-welding cycle (Nizamettin 2007)

RSW process was conducted by (Kahraman 2007) on commercially pure (CP)
titanium sheets (ASTM Grade 2) at different welding parameters and under different
welding environments. The welded joints were subjected to tensile-shearing tests in
order to determine the strength of the welded zones. In addition, hardness and
microstructural examinations were carried out in order to examine the influence of
welding parameters on the welded joints. The results showed that increasing current
time and electrode force increased the tensile shearing strength and the joints
obtained under the argon atmosphere gave better shear tensile strength. Hardness
measurement results indicated that welding nugget gave the highest hardness and the
heat affected zone (HAZ) and the base metal followed this. The argon gas used
during the welding process was seen to have no influence on the hardness values.
Microstructural examinations revealed that the deformations took place in the
welding zone during welding. Beam made of sheets has been welded utilizing RSW

process by (Lacki and Derlatka 2017). The beam was made of two C-profiles of
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aluminum alloy 6061-T6 sheets with the flanges stiffened by the titanium alloy grade
5 sheets with thickness of 0.8 mm. The flanges of the C-profiles were connected with
the titanium alloy grade 5 sheets by RSW. Results show that the concentration of
plastic strains occurs in the region of the RSW spot on the aluminum alloy sheet.

However, Resistance Spot Welding has good mechanical quality.
2.8 FSSW Process Overview

Friction stir spot welding processes is an essential solid-state joining method by
which high quality and high strength welds, in potentially difficult to weld alloys are
possible. This technology is becoming vital choice for joining of light weight
transportation structures such as; automotive, aerospace, light rails and marine
applications. Moreover, it consider as a green process with no fumes or arc climate
emitted nor welding wire consumed. As the increase in the demand of high efficient
fuels in the automotive field; the FSW-FSSW are much desired to meet the
costumers need in terms of designing light weight products combined with multi-

material.

Also this technique has been proved that non-weldable series —e.g., (AA2xxX,
AABxxx, and AA7xxx) can be successfully welded in contrast to conventional
welding techniques that causing liquation cracking in the HAZ Lancaster. (1999).
FSSW process is capable to weld large number of high-temperature materials.
However, since the focus of this research on FSSW of grade 5 titanium alloy "Ti-
6Al-4V", FSSW is able to fabricate both butt and lap joints, in a varied range of

material thicknesses and lengths.
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2.8.1 Welding Parameters of FSSW

Several studies have been conducted to develop process parameters in achieving
optimal joint strength and to provide recommendations of process guidelines. FSSW
process has various welding parameters such as; rotation speed, dwell time, plunge
depth and plunge rate .additionally, others as; different pin profiles are also have

been investigated.

Henrich et al. (2009) studied the effects of rotational speed, plunge depth, plunge
rate, and two tool geometries (not specified in details) on the tensile lap shear
strength of 1.1mm 5754-O material using a design of experiment (DOE) approach.
Highest failure load of 2.6 kN was obtained at lower rotational speed (1500 to 1750
rpm). Freeney et al. (2006) studied the effects of plunge rate, plunge depth, and
rotational speed on the tensile shear failure load of 5052 H32 aluminum using a
tapered-pin tool. They also found out that the lower rotational speed generated larger
weld interface size which had higher weld strength. A failure load of about 4.2 kN

was obtained with 1 mm thick samples and about 5 kN for 1.6 mm samples.

Chun et al. (2006) studied FSSW on 5052-H32 and 6111-T4, both in 1 mm
thickness, and used a factorial experiment with the parameters of rotational speed
(500 to 3,000 rpm), plunge depth (1.5 to 1.9 mm) and dwell time (0.5 to 2.5 sec).
They concluded that the highest strength for 5052-H32 was achieved at 1,000 rpm;
but 1,500 rpm for 6111-T4. FSSW tensile shear failure load for both materials was
over 200% of the RSW specification from MIL-W-6858D standard. Tozaki et al.
(2009) studied FSSW of dissimilar 2017-T6 to 5052 and used a threaded-pin,

concave-shoulder tool. They found that lower rotational speed (1000 rpm) created
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more extensive stir in the material, larger stir zone, and higher tensile shear strength,

than higher rotational speed (2000 rpm).

However, recent researches on FSSW of titanium, aluminum and other alloys
according to their material dimensions, tool material, tool geometry, welding

parameters and failure forces have been summarized in Table 6.
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Table 6: Recent researches on FSSW of various dissimilar alloys

Author

Materials

Materials
dimensions
(mm®)

Tool
specifications
(mm)

Tool
material

Pin
profile

RPM

TPD Dwell

(mm)

Max shear
time strength
(sec) load (kN)

Fracture
area

Remarks

Zhou et al.
(2018)

2014-Al

with hot
dipped Ti-

6Al-4V

80 x35x3

Pine =5
Shoulder @ =
16
PinL=4

GH4169

Circle
threaded

900,
1200,
1500

0.3 15 14

Sz

Increasing in the
joining area due
to Zn brazing
region.
Increasing then
decreasing of
fracture loads
with varying
RPM.

Rojikin and
Muhayat
(2018)

AA 5052
with SS400

100 x 35 x
3

100 x 35 x
15

Pin-less
HSS Pino =12

cylindrical

1250,
1600,
2000

35 10 2.8

Max shear
strength obtained
at 1600 RPM, but
it decreased to
1.5 kN at 2000
RPM.

IMC increased
with increase of
RPM.

The largest Hook
was detected at
2000 RPM.

Nader and
Asgarani
(2016)

Ti-6Al-4V

100 x 25 x
15

Pine =6
Pine=3
Shoulder 2 =
14
PinL=1.2

WC-Co

Conical
(frustum)

800,
1000,
1250

- 7,12 17.25

SZ,SZ,HAZ-

SZHAZHAZ

Peak temperature
of SZ is higher
than B-transus
point.

Increasing in
weld parameters
results coarse
grains.

SZ region showed
the highest
hardness value.

Patrick
(2016)

AA1060
with
C11000

600 x 120
x3

Pine =5
Hardened Shoulder @ =
H13 15
PinL=4

Flat pin
and
Shoulder
and
Conical
pin
and

800,
1200

45
05,1 10 &
3.8

Sz

9.26 Max forge
force, obtained
with conical
profile, 800rpm
and 1 mm depth.
Extruded Cu
produced




concave
shoulder

interlock mode in
SZ.

Presence of Cu
ring (hook) in all
spot welds.

Piccini and
Svobod.
(2014)

AA6063
with LCG-
S

150 x 50
x2 and
150 x 50
x0.7

H13

Pine =35
Pine =37
Pin2 =38
Shoulder o =
11.7 Conical
aPinL=15
bPinL=1
cPinL=
0.65

0.3to Max 4.7

1.8 with C tool Interfacial

Tools of shorter
pins improve the
forging and
stirring of Al into
S.

Short pins with
increased TPD
have improved
EBL.

Venukumar
etal.
(2014)

AA 6061-
T6

100 x 30 x
2

HCS-
EN31

Pine=5
Shoulder @ =

18 cylindrical

900,
1120,
1400,
1800

Bonded
regions

0.3,2.2 Max 9.5 by
2 FSSW-FFP

Micrographs
show different
modes of failure
in the
conventional
FSSW and
FSSW-FFP weld
samples.
Nugget pull-out
and
circumferential
fracture mode
were observed
under different
cycle loads.

Venukumar
etal.
(2013)

AA 6061-
T6

100 x 30 x
2

HCS-
EN31

cylindrical

Pineg =5
Shoulder @ =
18

900,
1120,
1400,
1800

Max 9.8, by Bonded
FSSW regions

Grain refinements
detected in SZ
and TMAZ due to
dynamic
recrystallization.
Shear strength by
FSSW-FFP at
1800 r/min and
9520 N and this
value is 38.5%
higher than that
by conventional
FSSW.




Tier et al.
(2013)

AA 5042-
0]

140 x 60 x
15

Pinz=5.2
Sleeve =9
- Shoulder @ =
18

cylindrical

900,
1400,
1900

1.44,
1.55

Center and
6.3 corner of
weld .

Welds produced
at higher tool
rotational speed
(1900 rpm)
presented semi-
elliptical SZ
morphology, IB
and streaks in the
corner of the
interface and
shorter BLL.
Welds produced
at a lower tool
rotational speed
(900 rpm)
resulted in higher
shear strength
than welds
produced at a
higher rotational
speed (1900 rpm).

Leeetal.
(2011)

LCS with
Al-Mg
alloy

100 x 30 x
0.6

Pine=7
General Shoulder 2 =
steel 13
PinL=1

cylindrical

2500

0.2to
0.5

Excessive tool
penetration
beyond 0.4 mm
resulted in
welding defects.
Fe3Al and
Fe4Al13 IMCs
improved joint
strength.
Increase in tool
depth has
increased shear
strength.

Merzoug et
al. (2010)

AA 6060-
T5

163 x 64 x
2

Pine=5
X210 CR Shoulder @ =
12 steel 14
Pin L =3.95

cylindrical

1000,
1400,
2000

10to

Avg 5 -

Weld quality
increased with
decrease in RPM.
Base metal
microhardness
range (80-100)
HV and HV in SZ
was 60 HV.




2.9 Gaps in Literature Review
After revising the literature review, it can be noticed a few gaps within authors
researches:
¢ No sufficient studies about the effects of different welding parameters of
Friction stir spot welding on titanium alloys.
e There are no adequate experimental studies on welding of dissimilar titanium
alloys by FSSW process.
¢ Inaddition, change of microstructure and mechanical properties behavior of

AA 6061 with Ti-6Al-4V alloys by FSSW is not yet reported.
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Chapter 3

METHODOLOGY

3.1 Introduction

This chapter covers the research approach in terms of materials preparation,
experimental setup, and investigations of mechanical behavior and microstructure of
FSSWed joint. The flow chart below summarizes the experiment steps clearly in

Figure 14.

Material

Preparation

FSSW of Al-Ti
Alloys

Mechanical Microstructure
Investigation Analysis

Shear Load Intermetallic

Correlation

Figure 14: Research methodology process
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3.2 Materials Preparation

The light weight metal of titanium Ti-6Al-4V and AA6061 plates alloy have a
chemical composition as shown in Table 7 and Table 8 respectively were selected for
friction stir sot welding process, as of their reliability and wide usage in
multidisciplinary engineering industries such as aerospace and automobile. H13 steel
tool was chosen to join the AA 6061 to Ti-6Al-4V plates, duo to its high melting
point and density. The tool dimension are listed in Table. Argon gas was supplied
during welding, in order to avoid titanium oxidation with due heat friction of the

rotating tool.

Table 7: Ti-6Al-4V alloy chemical composition

Cr Si Fe | Cu Nb Ti | V| Al'| Sn Zr | Mo | C Ni

0.00 | 0.02 | 0.1 | <0. | 0.03 | 90. {42 |54 | 0.06 | 0.00 | 0.0 | 0.3 | <0.00
99 22 | 12 | 02 | 86 | 00 |2 8 | 25 28 | 05 | 69 10

Table 8: AA 6061 alloy chemical composition

. .| Others | Others
Cr Ti Cu Fe Mg Zn Mn Si Each | Total Al
0.04- 0.15- 0.8- 0.40-
035 0.15 0.40 0.7 12 0.25 | 0.15 0.80 0.05 0.15 | Rem.

3.3 Experimental Setup

The grade-5 titanium alloy and AA 6061 plate with size of 100 x 35 x 4 mm® were
selected for this experiment according to standard JIS Z 3136. Both of material were
rinsed by worm water and then cleaned up by alcohol to insure removing
contamination that can produce microscopic oxides. The aluminum plate was set on
the top, due to its low melting point and ease of penetration comparing to titanium
plate. The two plates were set-up into lap-joint configuration and then they have been

fixed in the workpiece holder as illustrated in Figure 15. The workpiece was
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positioned in the middle of the FSSW tool pin after adjusting the machine in the

desired welding parameter.

igure 15: ap-Jdint cnfiuration of dissmilare Al-Ti alloys

3.3.1 FSSW Tool

H13 steel alloy is a proper material to weld titanium alloy based on researches in the
literature review, and it was chosen for its high mechanical efficiency at elevated
temperatures, the tool was cut from 15 mm diameter rod and then it was machined by
diamond wheel on the lathe machine into dimensions as listed in Table 9. The tool
geometry is shown in Figure 16. Tool specification that is used for this experiment

was adapted from (Hussain et al. 2018).

Table 9: H13 FSSW tool dimensions

Shoulder ¢ (mm) Pin ¢ (mm) Pin length (mm)

17 S 5.8
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Figure 16: H13 FSSW tool

3.3.2 Welding Procedure

The semi-automated vertical milling machine as Shown in Figure 17, was modified
to implement the FSSW process, thus the FSSW tool was installed vertically with
respect to the workpiece's surface. Welding parameters were completely randomized
using (Minitab 18.1) software. Full factorial design includes two quantitative levels

(rotation speed & dwell Time) were selected for this experiment.

The tool was set on the joint surface after detecting the center point for penetration.

After adjusting the desired speed the tool start to rotate and gradually penetrating the
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upper surface until tool's shoulder and joint's surface meets. The shoulder has
plunged approximately 0.3 mm into the upper plate and set for certain dwell time. As
soon the dwell time ends, the tool is slowly lifted-up to avoid any distortion in the
joint. After process is finished, the workpiece was left to cool down and to cohere

tightly before removing it from the workpiece holder.

/4

Figure 17: Vertical milling machine(vrnier s8)
3.2.3 Design of Experiment (DOE)

Two-level, 2*factorial design was selected to study the factors effect on the response
(Shear load). Additionally, assuming that; factors are fixed, designs are completely

randomized and usual normality assumption are satisfied. Two factors (A = rotation

speed; B = Dwell time) with two levels "low™ and "high™ denoted by (-, +) were
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selected respectively. 2% Factorial design where, k = number of levels that indicates

the total run, n = 4.
3.4 Mechanical Tests

In order to investigate the mechanical properties such as hardness and shear strength
(failure load) of the FSSWed lap-joints, mechanical tests of Vickers and shear tensile
test have been carried out.

3.4.1 Microhardness Test

The hardness values for welded metals for this experiment were measured by
utilizing Vickers test of 0.5 HV, force 4.903 N and dwell time 10 sec. Several indents
have been done along 10 mm distance within the cross-section of the welded
workpiece as show in Figure 18 in order to investigate the hardness profiles pattern
at the base metal and different weld regions. For each plate, the indentations were
taken approximately 0.1 mm above and below the separation border line of joint. The
test was done by utilizing the microhardness tester machine model (SHIMADZU

HMV-FA Series) shown in Figure 19.

AI IIIIIIIIII EEEEEEREN]I

Ti

Figure 18: Microhardness indentations within joint cross-section
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Figure 19: Microhardness test machine (SHIMADZU HMV-FA)

3.4.2 Shear Tensile Test

Specimens in lap-joint configuration are shown in Figure 20 have been sheared
axially in order to investigate their failure loads and to observe their fracture modes.
The shear strength load for the FSSWed plates was measured by using universal
tensile test machine (INSTRON-5582). Specimens have been mounted between the
machine's jaws as shown in Figure 21. The load rate was set at 3 mm/min for all

runs.
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n(2)

Figure 20: FSSWed Al-Ti lap-joint samples (1-4)
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Figure 21: Universal tensile test machine (INSTRON-5582)

3.5 Metallographic Inspection

Different microstructures and grains orientations give different mechanical properties
for metals, thus for this research scanning electron microscopy (SEM-EDS) analysis
was carried out by using (JEOL JSM-6400) to detect any formed intermetallic
compounds and to reveal the fine structure of different welded regions in FSSW
joint. And also digital metallurgical microscope has been utilized in order to inspect

the cross-sectional of FSSWed joints.
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3.5.1 SEM-EDS Analysis

The welded samples for this experiment have been prepared carefully for the SEM-
EDS analysis and the optical microscopic. All specimens are cut in the medal of their
stir zones by using the precision cutting machine model (METACUT-251) that uses
water coolant in order to avoid any heat input into the specimens. After the cutting
process is done burrs and contaminations are removed from the surfaces. To facilitate
the grinding and polishing processes; specimens are placed into the cylinder of the
mounting press device with adding the Bakelite powder. The temperature is
gradually raised in the cylinder chamber to 150 °C. Grinding and polishing processes
have been carried out according to Voort. (1999) by, and solution of H,O (95 ml) +
HNO;3 (2.5 ml) + HCI (1.5 ml) + HF (1 ml) was used to etch the Al-Ti specimens.
Polishing machine (MECAPOL-P230) and prepared specimens are shown in Figures
22 and 23 respectively. Figure 24 shows SEM-EDS machine used for this

experiment.

Figure 22: MECAPOL-P230 polishing machine
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Figure 24: SED-EDS machine (JEOL JSM-6400)
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3.5.2 Metallurgical Microscope

A high magnification digital microscope (HUVITZ HDS-5800) as illustrated in
Figure 25 with capability of 50x to 5800x magnification range was used to inspect
the cross-section of the FSSWed specimens. The welded samples for this inspection
process are prepared in the same manner for SEM-EDS analysis. Images of sectioned
welded surfaces have been taken by utilizing 5x lens (50x magnification scale) in

order to differentiate the various welded zones within the FSSWed joint.

- —

'Fiure 25: Dital metallurgical micrsce (HUVITZ HDS-5800)
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Chapter 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter covers the results and discussion of the data obtained by conducting
Friction Stir Spot Welding process of Al-Ti lap-joint using different welding
parameters; rotation speed and dwell time. Furthermore, data obtained by DOE two-
level factorial design were included. However, mechanical testing, such as the shear-
tensile test and vickers microhardness test were covered. Metallographic inspection
using the digital optical microscope and the scanning electron microscope (SEM)

coupled with Energy Dispersive X-ray Spectroscopy (EDS) test were also conducted.
4.2 DOE

The two-level 2% full factorial design was conducted with completely randomized

data. Table 10 lists data obtained by FSSW process.

Table 10: Data obtained using two-level 2¥ full factorial design

StdOrder RunOrder A B RPM Sec Shear
load
1 3 1 1 1400 15 2789.795
2 2 -1 1 1000 15 1787.523
3 4 -1 -1 1000 10 4224.338
4 1 1 -1 1400 10 1669.24

4.3 Microhardness Profiles within Al-Ti lap-joint

The microhardness profiles as illustrated in chapter 3 (see Figure 18) were done

across the joint cross-section in order to observe the change in hardness values.
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Figures 26 and 27 show the plotted microhardness profiles of Al-Ti sample 1 and 3

FSSWed at (10 sec, (1000 and 1400 rpm)) in terms of scatter straight lines

respectively. It can be observed from Figures 26 and 27 that hardness profiles

increase near SZ periphery while moving towards TMAZ for both of samples 1 and

3. This little increase is due to the plastic deformation caused by TMAZ (Mishra and

Mahoney 2007). Next to the TMAZ denote the HAZ which ranges from point 2 to 5

symmetrically for both joints. HAZ hardness values reported higher values than

TMAZ and this may due to increase in grain size of HAZ. Increase in rotation speed

from 1000 to 1400 rpm drastically increased all hardness values of Ti alloys.

Additionally, Hardness values of both Ti alloys in SZ were higher than HAZ

measured hardness and these results were reported by (Piccini et al. 2015).
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Figure 26: Microhardness profiles of sample 1
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4.4 Shear Tensile Loads

HV(Al)

Shear tensile test was conducted to determine the performance of FSSWed of

aluminum and titanium joints under various welding parameters in terms of rotation

speed and dwell time. The failure loads values of lap-joint samples are illustrated in

Figure 28. The maximum failure load was 4.2 kN produced at 1000 rpm and 10 sec,

which formed a larger SZ than higher rotational speed (1400 rpm), and these results

were also reported by (Chang et al. 2006 , Tozaki et al. 2006). Decrease in failure

load from 4.2 kN to 1.8 KN occurred after increasing in dwell to from 10 to15 sec.

Failure load of 1.7 kN was obtained at 1400 rpm and 10 sec, thus this decrease is

may occurred due to the formed micro-cracks within the SZ. However, the failure

load has increased again from 1.7 to 2.5 kN when dwell is increased to 15 sec at

1400 rpm.
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Figure 28: Failure loads values of samples 1-4, utilizing shear tensile test
4.5 SEM-EDS

Figure 29a shows the SEM microstructure image of SZ of samplel joint. SEM-EDS
analysis has been done within the SZ periphery at three yellow regions marked as (1,
2 and 3). IMC of AlTiz was detected at region 1 (partially bonded region; Hook) and
at region 3 as shown in Figure 29d. Region 2 contains high amount of Al and few Zn
elements. It can be observed from Figure 29a that both of left and right bonding
regions are formed in vertical orientation, thus titanium has flowed into the
aluminum material forming good bonded region with crack-free condition. Region 2
has initiated a long crack started from above the Hook region until it reached the
upper surface of aluminum. This crack is initiated due to excessive tool lifting speed
after the welding process is done. However, Figure 30a shows SZ of sample 3 and its
regions (1, 2 and 3) at rotation speed of 1400 rpm. IMC of AlITiz was also detected

by utilizing SEM-EDS analysis at regions 1 and 3 regions as illustrated in Figure 30a
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& d. Region 2 illustrated in Figure 30c contains approx. 20 weight Conc% of Cr.
This Cr element is formed from the melted H13 FSSW tool due to the excessive heat
induced by high rotation speed. Furthermore, it can also be noticed that material
residue of H13 tool was detected at the SZ root as shown in Figure 30a. Bonding
regions of sample 3 are orientated with and angle of approx. 45°. Thus, titanium is
flowed longer than sample 1 bonded region. However, microcracks are initiated

within the bonded region, where it may be one of the reasons for the low failure load

of sample 3.
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Figure 29: SEM image (), EDS: (b) 1, () 2, (d) 3
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Figure 30: SEM image (a), EDS: (b) 1, () 2, (d) 3

4.6 Microstructure

The cross-section of FSSWed sample 1 produced at rotation speed of 1000 rpm and
dwell time 10 sec is shown in Figure 31. It can be observed from this low
magnification image that there is no H13 tool residue or microcracks into and around
the SZ. The bonded width was found 1 mm, were titanium has penetrated vertically
through the aluminum material due to the uniform mixing of the material by the
FSSW tool. Figure 32 shows the cross-section of sample 3 FSSWed at 1400 rpm and
10 sec. The bonded width of sample 3 was larger than sample 1 by 40%, and thus
shear failure load should be increased according to (Shen et al. 2014). However, this
increase in the bonded area was non-effective due to the propagation of voids,
microcracks near the Hook's periphery and because of the non-uniform material
mixing, and thus these imperfections lead to decrease in the shear tensile load as

reported by (Venukumar et al. 2013).
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TMAZ and HAZ are illustrated in Figures 33 and 34 respectively. Figure 35 and 36
show the microstructure evolution of aluminum and titanium of sample 1
respectively. It can be observed that TMAZ (see Figure 35c) contains refined
equiaxed grains and theses grains increase in size during moving towards HAZ (see

Figure 35b & 36b).

21000 pm_

S N e

Flgure 31 Cross sectlon of Sample 1. Dlmen3|ons lines have been measured via
metallurgical microscope measurement.
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Figure 32: Cross-section of Sample 3. Dimensions lines have been measured via
metallurgical microscope measurement.
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Figre 33: TMAZ and HAZ of FSSWed sample 1 cross-section. Photomicrograph
was taken via metallurgical microscope
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Figure 34: TMAZ and HAZ of FSSWed of sample 1 cross-section. Photomicrograph
was taken via metallurgical microscope

Flgure 35 (a) Mlcrostructure of Samble 1, ‘AI Cross- sectlon (a) BM "(b) HAZ and (c)
TMAZ. . Photomicrograph was taken via metallurgical microscope
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Flgure 36: (a) Mlcrostructure of Sample 1, T| cross-section (a) BM (b) HAZ and (c)
TMAZ. . Photomicrograph was taken via metallurgical microscope
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Chapter 5

CONCLUSION

5.1 Introduction

The objective of this study was to join aluminum (AA 6061) and grade five titanium
(Ti-6Al-4V) plates, utilizing friction stir spot welding process. This chapter
concludes the effect of welding parameters; rotation speed and dwell time on the
mechanical behavior and microstructure of the FSSWed lap-joint. Additionally,

recommendations for future work to develop FSSW method are also presented.
5.2 Conclusion

In the present study, AA 6061 and Ti-6Al-4V dissimilar joint were successfully
joined by friction stir spot welding process. The FSSWed joints were mechanically
tested via shear tensile and Vickers hardness tests in order to investigate their
mechanical behavior after processing. During applying shear tensile test on the lap-
joints; the maximum failure load value was approx. 4.2 kN obtained at 2000 rpm and
10 sec dwell time. the value of failure load has decreased from 4.2 kN to 1.8 kN with
increase in dwell time from 10 to 15 sec at 1000 rpm. The minimum load value was
produced at 1400 rpm & 10 sec dwell time. Thus, this significant decreasing may be

accrued due to the excessive heat-input that induced aluminum surface brittleness.

Based on shear results, Vickers test was applied on samples 1 & 3. Consequently,
considerable changes have been observed where increasing in rotation speed from

1000 rpm to 1400 rpm has increased significantly microhardeness values within
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HAZ and TAMZ of titanium. However this increase in tool speed did not affect HV

values of aluminum considerably.

SEM-EDS analysis indicated the formation of intermetallic (AlTi3) for samples 1 &
3 as discussed in chapter 4. This IMC has improved the shear load for sample 1.
SEM image has shown the formation of larger SZ for sample 1 than sample 3 due to
low rpm of FSSW tool. Solid imperfections (microcracks) were detected in TMAZ
and Hook periphery within sample 3 by using digital optical microscope. Therefore,
imperfections were formed due to excessive heat-input that lead to sharp decrease in

the mechanical properties of sample 3.
5.3 Future Work

This thesis focused on some of the key issues in the understanding of the evolving
properties of friction stir spot welding between aluminum and Titanium alloys. As a
result of some of the findings, there are some additional areas that need to be
addressed in more details in future research. These can be summarized in the
following:
e Adding interlayer. i.e., Mg between AI-Ti lap-joint in order to increase the
contact area and to compensate the solid imperfections at high rotation speed.
e Applying welding quality control technology. i.e., strain gage rosette (SGR)
in order to investigate strain value near the SZ periphery.
e Temperature measurements need to be conducted to investigate the relation
between temperature gradient and microstructure evolution of SZ, TMAZ and
HAZ.
e Increasing the number of samples in order to conduct Artificial Neural

Network (ANN) which generates a response surface model (RSM).
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