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ABSTRACT

Friction Stir Welding (FSW) is a relatively new welding technique and its physics
is still not widely known. Compared to fusion welding, this technique reduces problem
associated with metal re-solidification as the technique involves no melting stages
suitable for joining high strength aerospace material such as aluminum metal matrix
composite (AMMC). Initially FSW had been developed and successfully applied for
welding softer material such as aluminum alloy. Scarce research had been conducted on
FSW of AMMC where the material have a higher stiffness, strength and wear resistance
compared to monolithic aluminum alloy. Research of FSW on aluminum 6092 series
reinforce with 25% discontinuous SiC particles volume with T6 ageing (aluminum
6092/SiC»5,/T6) has not been reported. The objectives of this research were to compare
Friction Stir Welding of aluminum 6092/SiC,s,/T6 plates using CNC (computer
numerical control) milling Bridgeport and MTS (Material Testing System) FSW machine
and also to examine the effect of different welding parameters on microstructure and
mechanical properties of the welded plates. Welded samples microstructure was
examined using Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDX) and X-Ray Diffraction (XRD) technique. Mechanical properties
were tested using Vickers hardness test and tensile test. Tensile test was conducted
according to ISO/TTA 2 (1997) standard. Microstructure observation showed re-
distribution of fine and coarse SiC particle across the weld area. XRD results depicted
insignificant difference of post weld stresses as well as maintained material phases. The
weld center showed increase in hardness and an adequate retained material strength. In
conclusion FSW caused changes in the material microstructure due to the onset of plastic
deformation, no changes in weld phase were detected, increased weld hardness as well as

retained weld strength were obtained.
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ABSTRAK

Kimpalan kacau geseran (FSW) dikenali sebagai teknik yang agak baru dan
penggunaan teknik ini masih di peringkat awal. Antara kelebihan kaedah ini berbanding
teknik konvensional yang lain, adalah ia mengurangkan masalah yang berkaitan dengan
pemejalan semula kerana ia adalah teknik yang tidak melibatkan peringkat lebur.
Kelebihan ini rﬁenyebabkan ia berpotensi tinggi dalam teknik kimpalan bahan
acroangkasa seperti AMMC. Pada mulanya FSW telah berjaya dibangunkan dan
digunakan untuk kimpalan bahan lembut seperti aloi aluminium. Namun penyelidikan
yang terhad telah dijalankan dengan menggunakan AMMC yang mempunyai kekakuan,
kekuatan dan rintangan haus yang lebih tinggi berbanding dengan aloi aluminium
monolitik. Penyelidikan FSW pada siri aluminium 6092 dengan pengukuhan 25% jumlah
zarah selanjar SiC (aluminium 6092/SiC25p/T6) belum pernah dilaporkan. Objektif
kajian ini adalah untuk membandingkan FSW aluminium 6092/SiC25p/T6 menggunakan
CNC (Computer Numerical Control) milling Bridgeport dan MTS (Material Testing
System) FSW machine, dan juga menyiasat pengaruh parameter terhadap mikrostruktur
dan sifat mekanik bahan kimpalan. Mikrostruktur telah dianalisis dengan menggunakan
Mikroskop Imbasan Elektron (SEM), Sebaran tenaga sinar-X Spektroskopi (EDX) dan
Pembelauan Sinar-X (XRD). Ujian kekerasan telah dilakukan dengan menggunakan
teknik ujian kekerasanVickers. Ujian tegangan telah dijalankan mengikut ISO/TTA 2
(1997). Pemerhatian mikrostruktur menunjukkan taburan zarah halus dan kasar silica
karbida (SiC) di seluruh kawasan kimpalan. Analisis mikrostruktur mendedahkan
perbezaan dalam pengagihan semula zarah SiC antara zon di kawasan kimpalan yang
terdiri daripada pusat kimpalan, kawasan maju kimpalan dan kawasan undur kimpalan.
Keputusan XRD menggambarkan perbezaan yang tidak ketara dalam komposisi kimia
kimpalan. Pusat kimpalan menunjukkan peningkatan dalam kekerasan dan pengekalan
kekuatan material yang mencukupi. Kesimpulannya FSW menyebabkan perubahan
mikrostruktur bahan melalui perubahan plastic dan hasil kimpalan menunjukkan ia bukan
sahaja mengekalakan sifat-sifat bahan asal kimpalan bahkan memperbaiki kualiti bahan

tersebut.
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CHAPTER 1

INTRODUCTION

1.1 Chapter Overview

This chapter presents an introduction to the research work and entails the background

study, problem statement, research objectives, scope of work and thesis organization.

1.2 Background Study

Metal matrix composite (MMC) consists of a monolithic material which acts as a
medium for embedded particles. The particles are usually known as reinforcement. The
reinforced particles are evenly spread throughout the metal matrix resulting in a
homogenous material which acts as reinforcement to the material structural properties.
The resultant properties depend on the type of reinforcement embedded within the metal
matrix. As an example, the introduction of ceramic particles cause the material to have a
higher strength and wear resistance, better thermal resistance, making it lighter in weight,

and improving friction coefficient and thermal conductivity [1].

There are two types of reinforcements that can be used in MMC. The
reinforcements can either be continuous reinforcement or discontinuous reinforcement
[2]. Continuous reinforced MMC are made from long strand of fibers and the unified
orientation of the fibers is responsible for an anisotropy material property. On the other
hand, discontinuous reinforced MMC are made from short strand of fibers or particles

and the reinforcement orientations are distributed randomly resulting in isotropic



properties [2]. Both reinforcement types possess distinctive strength properties and have

their own potential in different applications.

Although the introduction and development of MMC revealed its potential
application, there are still remain several challenges. One of these challenges lies in its
welding process. Therefore, it is important to know the fundamentals of welding process

and its types that are readily available in the industry.

In welding process, materials of the same type or class are brought together and
caused to joined (and become one) through the formation of primary (and occasionally
secondary) chemical bonds under the combined action of heat and pressure. Welding also
establishes continuity between two adjacent materials [3]. To establish continuity in
joints, discontinuity at the atomic scale must be avoided which is different to mechanical
joining methods [4]. Different welding technique will cause different effect on weld
quality (Figure 1.1). So it is imperative to know the type of joining process that shows
best result in terms of promoting continuous joining especially on aluminum metal matrix
composite (AMMC). There are several welding techniques that can be readily used in
joining AMMC such as solid state welding, fusion welding and others. Among the most
common types of welding on AMMC material is fusion welding [5]. Although fusion
welding processes show adequate retained material properties, deleterious deterioration in

the material’s post weld properties draws some question to its reliability.

Fusion welding on AMMC shows the effect of high heat and melting in
deteriorating the materials’ physical and mechanical properties. High heat and melting of
AMMC cause the reinforced particle migration as well as formation of new phases within
the material. To curb such defects, solid state welding technique was introduced.
Potential solid state welding methods for MMC are diffusion welding, magnetically

impelled arc welding and friction stir welding [6, 7].
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Figure 1. 1: Joining methods for MMC [8]

Friction stir welding (FSW) is a relatively new welding process invented by The
Welding Institute (TWI) UK, in 1991 [8]. The joining is done in solid phase plastic
transformation, without melting. Moreover, there is and no filler material is used during
the entire welding process. The welding is performed by plastically joining the material
through the rotation and the movement of the tool across the welding line [9]. In this
technique, the joining process occurs below the melting temperature of the material
which might reduce problems associated with high heat. Due to high demand for
lightweight materials, FSW processes have already been implemented in the industrial
fields such in the joining of aluminum in the air craft and automobile sectors [11].
Commonly, FSW is implemented on soft or ductile material such as aluminum and is
rarely used for high strength or even brittle materials such as composite, high carbon steel

and ceramic [2].

Several researchers have published several works on FSW of AMMC [12, 13].
However, a limited data is published on AMMC with a high reinforcement volume

fraction [14]. A low volume fraction of reinforced AMMC is relatively easier to weld and



produces better weld quality compared to a high volume fraction of reinforcement. It is

also known that higher reinforcement volume might lead to severe tool wear.

In 1999, NASA conducted a FSW experiment on aluminum 6092/SiC/17.5p-T6
[15]. The work concluded that FSW was only feasible to weld AMMC with SiC
reinforcement lesser than 25% by volume. It is known that as reinforcement volume
increases, the material tends to be stiffer and its ductility decreases. The work done by
NASA however did not provide parameters that effect on the resultant welded samples in
terms of their microstructure and mechanical properties. Currently, no published research

work has been conducted on Aluminum 6092 reinforced with 25% SiC particulate [14].

1.3 Problem Statement

One of the concerning issues in MMC application is its joining process. Fusion welding
is a common technique that is used to join such material. Although the joining process
can be done adequately through conventional fusion welding processes, it was discovered
that the process causes defects such as material decomposition and reinforcement particle
migration and reduction in strength due to the liquidation of the welding joint. FSW
provides a solution for this by introducing solid state welding where material can be
joined without melting which could retain the material strength and its original
properties. Initially FSW had been developed and successfully applied for welding softer
materials such as aluminum and magnesium alloy. Scarce research had been conducted
on FSW of AMMC where the material have a higher stiffness, strength and wear
resistance compared to monolithic aluminum alloy. Research of FSW on aluminum 6092
series reinforce with 25% discontinuous SiC particles volume with T6 ageing is yet to be

explored.



1.4 Research Objectives

The main objectives of this project are:
a) To compare microstructure and mechanical properties of welded aluminum
6092/SiC/25p-T6 sample using CNC milling Bridgeport and FSW-plant by MTS.
b) To examine the effects of welding parameter on microstructure and mechanical

properties of aluminum 6092/SiC/25p-T6 welded plates.

1.5 Scope of Work

This work is focused on analyzing the effect of FSW on AMMC in terms of its
microstructure and mechanical properties using CNC milling Bridgeport and FSW-plant
by MTS. Aluminum 6092/SiC/25p-T6 plates with the dimensions of 12.7mm X 127mm
X 203 mm were used for the experimental samples. Analysis on the effect of FSW
welding parameter was conducted on the material microstructure and mechanical
properties. Microstructure analysis was performed across the different weld zones which
are the base metal, heat affected zone (HAZ), thermo mechanical affected zone (TMAZ)
and the weld nugget. Chemical composition and lattice space analysis on the welded
samples were also performed. Comparison between the samples welded by CNC milling

Bridgeport and FSW-plant samples were also included in the analysis.

1.6 Organization of the Thesis

Chapter 1 presents an introduction to the joining of AMMC, the problems associated and
the process involved in the joining of AMMC through FSW. The objectives and scope of
work for the project are also discussed. Additionally, this chapter summarizes the

objectives and provides a brief overview of the thesis.

In chapter 2, theory and comprehensive literature review about friction stir
welding on AMMC is presented. The chapter reviews the critical theory behind the

welding techniques and their influence on the welded material emphasizing their post



weld microstructure and mechanical effects. The chapter discusses prior work done

related to this subject and also highlights the welding application.

Chapter 3 discusses the material properties and methodology used in executing
the research work. Procedures applied during the friction stir welding process and also

the technique used to analyze the welded material was deliberated thoroughly.

Chapter 4 presents the result and discussion obtained from the analyses. Here the
resultant weld was cross sectioned and then was analyzed using different techniques.
Analysis for this work was conducted using scanning electron microscope (SEM), energy
dispersive X-ray spectroscopy (EDX), X-ray fluorescence (XRF), X-ray diffraction
(XRD), tensile test and Vickers hardness test.

Chapter 5 discusses the conclusion of the entire research work. The discussion on
the findings is summarized and resulting conclusions made from the study of FSW on
AMMOC are listed. A few recommendations are also presented in this chapter which

includes the machine upgrades and also future experimental analysis.

1.7 Chapter Summary

This chapter presents the introduction of this project. Among the brief overview on FSW
on AMMC, their application in the industry and factors that influences the welding

quality were also emphasized.

The main problem to be tackled was clearly addressed in the problem statement.
The problems and the need for it to be evaluated was also discussed. The chapter then

presents with the research objectives, scope of work and ends with thesis organization.



CHAPTER 2

LITERATURE REVIEW

2.1 Chapter overview

This chapter provides an overview of past researches related to FSW on AMMC. The
literature review includes fundamental study on the FSW mechanics such as weld
parameter and tool geometry. Study on the welding effects on AMMC in terms of its
microstructure and mechanical properties comprise the main component for this literature
review. Effect of weld parameter was also included in the microstructure and mechanical
study of FSW welded sample. Comparison studies to assess the feasibility of FSW to
other welding processes were presented. Material plastic flow during welding process

was also studied in terms of the flow rate and flow distribution within the weld nugget.

2.2 Aluminum metal matrix composite

As mentioned earlier, AMMC has a great potential in industrial applications. The
introduction of discontinuous reinforced aluminum (DRA) AMMC to replace continuous
AMMC has steadily sparked interest in the various industries. Maruyama et al. [16]
reported that this material is being thoroughly reevaluated from basic research

laboratories to materials suppliers and original equipment manufacturers across the globe.

According to a research by Maruyama et al. [16], the material covers variety of
industries from the aerospace industry into transport, electronic and as well as in the
recreational industry. This wide application is mainly due to the unique property which
AMMC possesses such as good wear resistance, low thermal expansion, thermal

conductivity and other properties. A review conducted by Suraj [1] further support the



reason of MMC being a potential for space application. The review also reveals that the
properties of AMMC in terms of high temperature capabilities, high thermal
conductivity, low coefficient of thermal expansion (CTE) and high specific stiffness and
strength that makes it highly valuable for aero-space developments [17,1]. These

properties are vital for adding value when used in space craft structure. [18, 19].

Improvement of MMC manufacturing in terms of cost effectiveness further
increases its potential usage [1]. For example, an introduction of discontinuous reinforced
MMC to replace continuous reinforce MMC, makes the fabrication of such material
easier and has lower production cost [20]. The high pursuit in light weight and car engine
efficiency has also paved the way to continual effort in this material’s application in the
automotive industry. The ongoing interest in replacing car parts that are readily made
from steel and aluminum plates with superior material such as MMC is also one of the

motivational drives in the material application [21,22].

2.3 Friction Stir Welding

Friction stir welding is one of the potential joining techniques for AMMC. The process
involves no melting stages which is deem crucial in joining heat sensitive materials such
as AMMC. In this section further detail review in-terms of tool design and welding
methodology was conducted. The methodology includes welding steps and the
parameters involve in the welding process. Details on the weld zones were also included

in this section.

2.3.1 Tool Design

It is imperative to know the function of tool geometry as it will influence weld quality
[23]. There are two main components for a FSW tool design; the pin (probe) and the tool

shoulders.

The main function of the tool shoulder is to supply heat that is needed during the
welding process. The shoulder is also evidently important in controlling the coupling of

the plasticized material during the welding process. Material coupling is vital to ensure
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that the plasticized material remains localized during the welding process. A number of
shoulder designs had been developed to further enhance coupling effects. For example,
slots made underneath the shoulder had significantly increased coupling of the plasticized
material by entrapping the material within it [14]. Another way to localize the welded
material during the welding process is by tilting or angling the welding tool. Tool tilt will
help to entrap and ensure an effective flow of the welded material from the front to the

back of the tool [14].

Tool pin (probe) is also an important part to stir the welding material during the
welding process. Various pin designs have been developed by TWI to increase welding
efficiency and weld quality. Among such designs are the newly featured screwed pin
head developed by TWI known as flare-trifflute™ and A-skew™ ° .These tool pins
showed double increment of welding speed, reduction of axial force by 20 percent,
increased weld area and reduction of upper plate thinning [14]. The design of the tool pin
was also found critical in welding thick plates, for example, the implementation of
tapered tool pin design to weld hull of ships [24]. Several types of materials had been
used for the tool used for the welding. Amongst common material used for the fabrication

of the tool is H13 tool steel [25, 26].

2.3.2 Friction Stir Welding Process

The joining process occurs by plunging a rotating tool between two adjacent plates that is
fixed in a position. The tool is then left to dwell in a specific position for a few second
before it begins its movement along the weld line. The joining of the work piece is
carried out by mixing the joint material through the rotation of the tool and supplement of
heat via friction between the rotating tool and the surface of the welded plates [9]. The
stirring action would allow the material within the welding line to be mixed plastically
and thus producing a welded joint [3]. Melting of the material will not occur during the
welding process where the welded plates only experience dynamic or static re-
crystallization [27,28]. Schematic diagram of FSW process is shown in Figure 2.1. The
weld top section is also displayed in Figure 2.2 which shows several common features of

FSW butt welding. The parameters involved in the weld process are the tool rotation



(rpm) and tool speed (mm/min). The effects of parameters changes were discussed in

several papers [14, 29, 30, 31].

Direction of the ~
mevement of the tool

f}iﬁ%{?ﬁ sidoof Advancing side

Tof the weld

Weld zone”

Figure 2. 1: FSW technique on a normal plates [2].

advancing

side

Figure 2. 2: Top view of FSW feature for butt joint [29].

2.3.3 Weld zones in friction stir welded sample

There are four specific zones that could be analyzed in a cross sectioned piece of FSW

welded sample. The four zones are the weld nugget, thermo mechanical affected zone
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(TMAZ), heat affected zone (HAZ) and the base material [32]. Figure 2.3 shows the

location of the weld zones. Detailed explanations of the different zones are as follows:

(@) Weld Nugget

This is the main area where the welding takes place. Usually in FSW cross section
piece, formation of onion like ring shape is observed in the weld nugget. This is usually
caused by the intense plastic deformation process during the welding caused by the
stirring action. Such deformation would result in obtaining fine and uniform grain

microstructure caused by dynamic recrystallization (DRZ) [32].

The shape of the nugget zone is basically determined by the geometry of the tool
being used during the stirring process. Basically, a basin shape nugget is formed by the
welding process. This occurs due to an extreme deformation experience at the upper

surface of the welded plate caused by contact with the tool shoulder [32].

(b) TMAZ

This region is the zone between the weld nugget and HAZ. The zone experience
changes both from the temperature and plastic deformation [32]. Although the zone
experience deformation caused by the stirring action, dynamic recrystallization will not
occur as there is an inadequate stirring action within this zone. TMAZ can normally be

recognized with its highly deform grain structure.

(c) HAZ

Heat affected zone (HAZ) is the area of the weld zones that experiences heat
generated from the welding. Compared to the weld nugget and TMAZ, plastic
deformation does not occur in this region [32]. The zone maintains the material’s
original properties. Precipitate coarsening might occur within this region due to the
exposure of heat from the weld nugget. Formation of eutectic melting was not observed

in this region.
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Figure 2. 3: Location of weld nugget, TMAZ and HAZ [32]

2.4 Challenges in Friction stir welding on AMMC

A research done by Marzoli er al. [33] showed challenges in welding AMMC compared
to monolithic aluminum alloy. The type of AMMC used in this research was AA6061
reinforced with Al,O3 (alumina) particle. In the welding process, it was understood that
in comparison to welding monolithic aluminum 6061, the energy needed to plasticize the
reinforced aluminum alloy was significantly higher. Energy is supplied to the welded
material in terms of heat and the stirring force from the rotating tool. Therefore, a higher
tool rotation was needed to weld the reinforced aluminum alloy (AMMC). The research
also showed that lower tool traversal speed was applicable to weld the reinforced
aluminum alloy. Low tool traversal speed was due to the inability of the welding machine

to hold a higher welding force exhibited from the reinforced aluminum alloy.

This phenomenon occurs partly due to the presence of reinforced particle. [34,35].

Figure 2.4 shows the limit in conducting the welding using FSW on AMMC.

12
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Adverse wear effects on the rotating tool during the welding process are also one
of the main challenges in welding AMMC by FSW process. Such conditions reduce the
welding efficiency where the tool has to be constantly changed after a few runs. Wear of
the tool also causes the deposition of the tool particle into the welded material which

changes the material properties and reduces the weld quality [32].

2.5 Microstructure study of Friction Stir Welded material

Research works on AMMC using FSW process showed improved material properties
compared to fusion welding process [3]. Understanding of FSW processes on post weld
properties such as its microstructure and mechanical properties still remains vague and

open for discussion [36].

One of the most critical problems related to AMMC is its deleterious reaction to
increase heat which changes the material’s original microstructure. Previous study done
by Yang et al. [37] showed sound and retained post weld microstructure properties of
FSW welded AMMC plates. There was no evidence of liquation or eutectic structure in
the post weld microstructure. Liquation is basically element separation of an alloy due to

the liquid formation in the material [38, 39]. Liquation will cause the formation of
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cutectic element which will deteriorate the welding properties. The study stated that there

is a danger of cracking in the weld if liquidation occurred seriously.

Cao et al. [40] further clarified that there were no occurrence of liquation or
eutectic melting by using FSW on aluminum alloy. The study showed a retained material
microstructure in the post welded sample where predominant ALLCu precipitate in base
metal maintains its original structure in the weld nugget. The study continued by
comparing FSW micrograph to fusion welded aluminum alloy. SEM micrograph on
fusion welded aluminum 2219 shows formation of laminar like structure which conforms
eutectic melting of ALL,Cu. Figure 2.5 shows the comparison between FSW and fusion
welding on aluminum 2219 alloy. Results on fusion welding were further clarified by

research conducted by Chen et al. [41]and Wang ez a/. [42] on laser beam welding.

(c)
Figure 2. 5: Precipitate evolution between the (a) base metal, (b) fusion welded aluminum

alloy and (c) Friction stir welded aluminum alloy [40]

A research done by Storjohann et al. [43] concluded that FSW gives better results
when compared to fusion welding. The type of material used in this investigation was

aluminum 6061 reinforced with alumina particulate and aluminum alloy 2124 reinforced
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with SiC whiskers. Investigations on aluminum alloy 6061 reinforce with alumina
particulate showed minimal changes in the coarse particles (alumina) distribution but a
significant particulate breakage in the weld nugget. TMAZ regions showed formation of
alumina clustering leading to a higher hardness in the region compared to the base metal.
In comparison, observation on aluminum alloy 2124 reinforced with SiC whiskers
reported a low tendency of the reinforcement particle breakage, which was partly due to
the smaller particle size and a higher dynamic fluidity of the reinforcement particles.
Despite that, there was a slight particle reorientation after the FSW was conducted. It was

reported that most of the SiC whiskers were aligned along the welding direction.

Course particulate breakages were also reported in a similar study done by Iuri
Boromel et al. [44]. The study showed an increase particulate breakage within the weld
nugget particularly in the advancing side (AS). Such increment in fine SiC particulate had
led to an increase in the reinforcement particulate concentration in the weld nugget which
is shown in Figure 2.6. Usually in unreinforced aluminum alloy, the stirring process
causes a formation of a uniform grain structure but not for reinforced aluminum alloy.
The study showed distribution of an unequal grain size in the welded zone where small

and large grains were detected in the grain structure.

A research by Marzoli et al. [33] also shows that the welding process causes
fragmentation of the reinforced material, resulting in numerous small and round particles
being observed in the weld nugget. The research also stated that there was a slight
decrease of hardness in HAZ but there was a little loss of hardness in the weld zone

which was the result of the fragmentation of the reinforcement particle.
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Figure 2. 6: Transition line between the TMAZ (left side) to the advancing side of the

weld nugget for (a) aluminum reinforce with 20% alumina and (b) aluminum reinforce

with 10% alumina [44]

Further study by Uzun [45] highlights the influence of rapid tool rotation on the
reinforcement particle distribution within the weld nugget. It was known that the tool
rotation causes breakage of the reinforcement particle and also the formation of pores
around the reinforcement particles. The rapid rotation of the tool not only creates cracks
in the particle but also causes refinement of the coarse particle within the welding zone.
A thorough observation can be made on the distribution of fine and coarse particles
within the weld nugget. Mapping of the weld cross section conducted in the study further
proved such distribution. The rotation also caused variation in reinforcement particle
density within the welding zone. One of the causes of the variation of density was the
banding of the refine particle causing an onion like ring to be observed in the weld cross

section [46].

Crystallographic texture study conducted by Root ef al. [47]further adds new
insight on the microstructure behavior. The type of material used was Al 6061 with 10%
of AlO3 (alumina). The focus of this study was the investigation of the crystallographic
texture of the weld and the interfaces between the reinforcement particle and the metal
matrix. The study also focused on particle redistribution and the nucleation behavior of
grain after the welding process. It was observed that the stirring process causes the
reinforcement particle to break and the smaller particle relocated to the advancing side
and center of the tool which is shown in Figure 2.7. There were almost none of smaller

alumina particle observed in the retreating side of the stirring tool. Grain structure
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observation shows that smaller grain structures nucleated around the alumina particle

which acted as a heterogeneous site where particle stimulated nucleation usually occurs.
3

Figure 2. 7: Typical scanning electron (SE) (a) image of the retreating edge of the weld

region, (b) approximate center of the weld region, (c) advancing edge of the weld region

and (d) base material [47].

2.6 Mechanical study of Friction Stir Welded material

Besides changes in the welded sample microstructure, FSW also showed significant
changes in the material mechanical properties. A research conducted by Cavalierea et al.
[48] was performed to evaluate the fatigue behavior of AMMC joined by FSW. The type
of material used in this study was aluminum alloy 7005 reinforced with alumina (Al;03)
particle. The parameters set for the welding were tool rotation of 600 rpm with welding

speed of 250 mm/min. According to the study, the welding resulted in a very fine and

17



equiaxed grain microstructure. The weld strength was studied by performing tensile test
perpendicular and parallel to the welding line. Interestingly, the result showed that there
were small reductions in the yield strength and the ultimate tensile strength (UTS), and a
decrease in the ductility in transversal tensile properties, shown in Figure 2.8. Similar
research findings in this subject were confirmed by Su et al. [49] and another study done
by Cavalierea et al. [50] using aluminum alloy workpiece. It showed that the cracks only
occur in the TMAZ/HAZ region upon cracking. It also showed that the failure occurs due
to the interface failure of the alumina particle with the aluminum metal matrix. Therefore,
the bonding interface between the reinforcement material and the aluminum metal matrix

will be an issue compromising the tensile strength of the material.
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Figure 2. 8:Tensile tests on AMMC with Al,O; particulate conducted parallel

(transverse) to the welding line [48]

FSW study by Feng et al. [51] conducted on AMMC reinforced with SiC
particulate also showed an increase material strength when compared to the parent
material as shown in Figure 2.9. This was mainly attributed to the onset of SiC particulate
refining and the dynamic recrystallization (DRZ) of the aluminum grain during the
welding process [52, 54]. The material strength was also contributed by homogenous

distribution of the SiC particle during the welding process itself.
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(transverse) and (b) perpendicular (longitudinal) to the welding line [51]

It was also known that through FSW, the hardness of weld was retained or
slightly softer compared to the base metal [55-58]. A micro hardness test which can be
seen in Figure 2.10 shows hardness distribution across the welded zone in FSW post weld
sample [57]. The reading showed a slight decrease in hardness when compared to the

parent metal.

According to a study by Gopalakrishnan and Murugan [59], such decrease in the
weld nugget hardness was attributed to the disruption caused by the reinforcement
particulate on to the dynamic re-crystallization process. Such disruption caused a
decrease in fine grain distribution within the weld nugget which slightly affects the weld

hardness.
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Figure 2. 10: Hardness reading for welded aluminum MMC with SiC particulate [40]

Other similar study by Feng et al [51] and Thangarasu et al. [60] showed
contradictory reports of weld hardness increment in the weld nugget. This occurred due
to the knocking and chipping effect of the coarse reinforcement particle during the
stirring process causing an increase density. The study also showed that the weld
hardness across the welding zones, that is, TMAZ, HAZ and the weld nugget were
similar after the weld T4 heat treatment. Similar hardness distributions were caused by
the dissolving of prior weld precipitate and then reappeared again after the weld cooled.
Such development caused precipitation-strengthening effect across the weld zones.

Figure 2.11 shows the resultant micro hardness across the weld zones.
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Figure 2. 11: Hardness reading for as welded and T4 heat treated aluminum composite

welded sample [51]

A study conducted by Storjohann et al. [43] FSW also showed a slightly softer
and scattered hardness distribution in the DRZ (weld nugget) region when compared to
the base metal. The material hardness was not well distributed in the DRZ region, which
was partly due to the irregularity of the metal flow at different places. Suitable parameter
for smooth metal flow that ensures even distribution must be noted. It was also reported
that a high density of dislocation occurs in the DRZ region which leads to a higher
hardness compared to the HAZ region that has fewer dislocations. The density of the

dislocation depended on the extent of heating and cooling in the welding region.

2.7 Effect of welding parameters on friction stir welded sample

It is important to understand the effect of tool geometry and welding parameters on the
weld line. There is scarce work related to this subject using AMMC. An example is a
pilot research work by NASA [15] which did not provide parameter effect on the welded
samples in terms of its microstructure and mechanical properties. However, various

works on welding parameters analysis have been conducted using monolithic aluminum
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alloy. Those works can give an overall idea of the effect of welding parameter changes on

AMMC.

A research conducted by Gaafer er al. [30] showed the influence of the tool
rotation and welding speeds on the welding quality. The type of material used in this
study was AA7020-O aluminum alloy plates. Results showed that an optimal welding
condition was reached at 1400 rpm with the welding speed of 20-40 mm/min. The
research observation showed that at low tool rotational speed and high traverse speed, the
heat generated was insufficient. This contributes to the formation of cavities or tunneling
defect which was observed in the weld nugget. However, at a higher tool rotational and
lower traverse speeds, an excess of heat was generated from the rotating tool. Heat excess
causes excessive material fluidity which also causes similar formation of cavities or
tunneling defect in the weld nugget. The study also included the influence of weld
parameters on the weld microstructure. It was known at the primary phase that due to the
re-crystallization of the aluminum grains, uniform structure is formed. As the tool
rotational speed increased, it was seen that the aluminum grain also increase in size. An
increase in the tool rotational speed caused a higher heat input and slower cooling rate in
the weld zone which contributed to the grain size increment. Formation of Al,O3; was
observed in the center of the welding zone at 1800 rpm and 20 mm/min. This layer also

caused changes in the mechanical and corrosion resistant properties of the joint product.

Han et al. [61] also tried to relate the influence of welding parameters on weld
defects. The result shows that as welding speed increases from 124mm/min to 267
mm/min, the onset of tunnel type voids was significantly visible on the weld nugget. An
early detection of defects was observed at an excessive tool rotational speed of 1800
mm/min and weld speed of 124 mm/min. The research also correlates such phenomenon
to the inadequate heat input and high cooling rate due to high weld speed. The second
reason for formation of defects is an excessive tool rotational speed and inadequate

pressure from the tool shoulder which causes chipping or flash formation [62].

Hao et al. [63] validated the influences of tool rotational speed on the material
grain sizes. Their work showed a significant increase in grain size as tool rotation was

increased from 400 to 1200 rpm and tool speed decreased from 400 mm/min to 100
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mm/min. The increase size of the grain was attributed to the increase heat input which
caused grain coarsening and led to increase in grain sizes causes softening of the weld

arca.

FSW parameters investigation conducted by Sharma ez al. [64] further explained
the influence of parameter changes on the material microstructure. Parameter
manipulation was basically performed on the weld speed and tool rotation. The study
showed that as welding speed increased and tool rotation decreased the average grain
sizes also tend to decrease. Results also showed an improvement in the weld mechanical
properties. This parameter changed results in an increased heat input within the stirring
zone. Such increase in heat input would improve material fluidity which will result in a
homogenous weld nugget microstructure. However, by increasing welding speed, the
results showed an increase in grain sizes. Increase in grain sizes was attributed to limited

time available for the stirring due to the rapid movement of the tool.

A study that was carried by Kim er al. [62] showed the influence of welding
parameters on the particle distribution within the stirring zone. The study was performed
on cast aluminum plates which show the distribution of Si particles within the stirring
zones. The result showed that as welding speed increased from 250mm/min to 750
mm/min; the size of the particles decreased. The research explained that such observation
was due to the limited heat input caused by the rapid movement of the tool. Limited heat
supplies cause a decrease in material fluidity and stiffen the aluminum matrix. A
decreasing supply of heat caused the Si particles to grind with the stiffer aluminum

matrix resulting in increased of fine Si particles.

Gaafer ef al. [30] also investigated the influences of weld parameters on the
hardness profile. No changes in the material hardness were witnessed at the increase of
rotational speed of 1120 rpm to 1400 rpm. However, the hardness in the center of the
welding nugget increased as the tool traverse speed was increased to 1800 rpm. Figure
2.12 shows the influence of welding speed to the weld hardness. Escalation of the weld
hardness is due to the increasing effect of the dynamic recrystallization caused by the

rapid tool rotation.
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Figure 2. 12: Variation of the hardness at the center of WZ with the welding speed at

several tool speeds [30]

Another correlated FSW study on aluminum alloy attempted to relate different
probe geometry with the welding microstructure and mechanical properties. The study
was carried out by Vijay et al. [65] on the relationship of dynamic flow versus the static
flow during FSW plastic deformation. Squared tool pin head shows more desirable result
when compared with other probe geometry because of its larger pulse rate (pulse/s). Pulse
was generated from the sweeping of the tool edges into the welded material. The result
showed better material fluidity around the tool pin when compared to other pin geometry.
Such conditions caused better grain refinement to the onset of dynamic re-crystallization

within the weld nugget and thus yielding better material strength [3]. The result is
displayed in Table 2.1.
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Table 2.1 Mechanical properties of the friction stir welded AI-TiB2 MMC [65]

Types of tool pin Average tensile Average Joint efficiency (%)
profile strength (MPa) (%)elongation

Tapered square 223.33 532 78.92

Tapered hexagon 247.89 6.67 87.59

Tapered octagon 245.27 6.22 86.67

Square 281.51 6.37 99.47

Hexagon 262.29 5.83 92.68

Octagon 240.00 3.39 84.81

Lorrain et al. [66] studied the effect of using unthreaded pin to weld AMMC
plate. The research acknowledges the fact that using flat or threaded pin will prevent
defects and improve weld quality. The study also explained that by using such design the
tool would also be exposed to high wear where the threaded pins will be unthreaded and
flat design will be rounded off. Study shows similar material flow between in the
unthreaded tool pin when compared to common threaded tool pin. Unthreaded tool pin
showed low flow motion observed at the bottom edge of the weld zone due to unthreaded
pin design. This effect was reduced by using a cylindrical tapered pin with a three flat

design.

Ramulu er al. [67] studied the effect of tool shoulder diameter on aluminum
alloy. Three diameter values were chosen for the welding process that is 18mm, 15mm
and 12mm. All shoulder diameters showed a defect free weld. Although good weld
quality was achieved but as the tool shoulder diameter increased, a higher torque and
axial force were required for the welding process. These factors will reduce welding

efficiency
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2.8 Temperature distributions in Friction stir welding process

Temperature is an important factor in determining the quality of weld in FSW process.
Temperature influences the residual stresses, grain sizes and the overall strength of the
welded joint [3]. So it is imperative that the welding temperature is kept within the

optimum value to ensure weld quality.

A research by Yuh ef al. [68] attempted to measure heat distribution across the
welding line during the stirring process. The research was conducted by measuring the
temperature distribution across the welding from both advancing side and retreating side
using thermocouple sensors on an aluminum alloy plate. The samples were then tested
using tensile strength to determine weld quality. Based on their results the optimum
temperature values were at 365 °C and 390 °C. The result also showed that the advancing
side of the weld showed a higher temperature reading when compared to the retreating
side as shown in Figure 2.13. Such low temperature would not cause material melting for
most Al-Cu-Mg-Si alloy where the melting temperature will be at 660°C [69]. Low heat
dispersion during the welding process was also evident by heat flux modeling conducted
by Hamilton et al. [70]. Despite that there is certain difficulty associated to temperature
analysis. The problem was the difficulty to analyze heat variation directly in welding area
as the rotating tool could damage the thermocouple sensor. Infra-red heat sensors can be
applied to detect temperature changes within the welding region, but it would only

identify changes within the welding surface.
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Figure 2. 13: Temperature history on temperature vs displacement TC1 and TC3 indicate
reading on the advancing side while TC2 and TC4 indicate reading on the retreating side
[68]

2.9 XRD Analysis

XRD analysis reveals interesting information regarding weld composition in the post
weld sample. A study conducted by Bozkurt er al. [64] on phase analysis showed similar
material phases in the post weld XRD analysis. However, there was decrease in peak
intensity due to partial phase dissolution. Formation of SiO, phase due to the entrapment
of O, gasses during the stirring action was also reported. Formation on Al;C; phase was
also not detected in the post weld analysis which commonly develops in fusion welded

samples. XRD analysis is shown in Figure 2.14.

Feng et al. [60] also showed similar result in terms of decrease peak intensity in
his XRD analysis on the welded joint. The study concluded that decrease in peak
intensity was related to partial phase dissolution during the welding process. Most of the

partial dissolution of the peak intensity would take place within the weld nugget. The
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result from the study showed similar peak intensity in the HAZ when compared to the

base metal. Significant increase in phase dissolution was obtained by T4-treatment.
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Figure 2. 14: Phase and peak intensity of (a) base metal and (b) weld nugget [60]

2.10 FSW material flow

Study on the material flow both from the advancing side and the retreating side of the
tool is important in this area.Therefore, Plastic flow characteristics will influence post-

weld microstructure and mechanical properties.

Past research performed by Root et al. [47] showed that the material flows from

both retreating side and advancing side of the tool were not symmetry. The study showed
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that the velocity of the advancing side is much higher when compared to the retreating
side. This phenomenon resulted in a better welding quality in the advancing side of the
weld due to higher plastic deformation. A number of studies on material flow also
showed similar result in terms of the flow velocity between the advancing side and the

retreating side [18,20,71-73].

Through computer modeling, an anticipation of the flow modeling could be
mapped. A study by Reynolds [71] was conducted to model the material flow movement
around the tool during the welding process. The study showed that material flow around
the welding zone can be classified into three different zones that are near the top of the
weld, mid-section of the weld and lastly the bottom of the weld. The zones were
described by the variations in the material flow. Near the top of the weld the material was
rotated along the welding axis and deposited in the advancing side of the tool. While in
the mid-section of the weld, the material was deposited on the back side of the tool. The
research also showed that the material in the mid-section was deposited behind the tool
by no more than one pin diameter. It could be seen that the material in the mid-section
traveled around the welding line through the retreating side and deposited behind the tool
approximately by a diameter of the welding tool. Lastly, near the bottom side of the
weld, the material experienced similar but smaller flow movement compared to the top
side of the weld. The material flow movement was limited due to the presence of the

backing plate.

2.11 FSW comparison to conventional welding technique

FSW has a potential to replace conventional welding techniques used for joining MMC.
FSW reduces defects caused by liquidation that result in particle depletion and changes in
the material microstructure. The refinement of the reinforcement particle through FSW

further enhances the reliability of the material’s physical properties.

Fusion welding is one of the common methods used in AMMC joining. Among
successful fusion welding methods to join AMMC are electron beam and laser beam
welding. Although such welding technique was successful used, deleterious chemical

reactions were not successfully avoided.
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Storjohann er al. [74] studied AMMC joining using laser beam welding
process. They used AMMC reinforced with alumina particles and AMMC reinforced
with SiC whiskers. Their study found difficulties in joining AMMC through fusion
welding processes. The results showed that the weld penetration for the welding process
is relatively small and a decrease in density of the reinforcement particle in the weld
nugget. The decrease in reinforcement density was due to the migration phenomenon that
is usually associated with fusion welding processes. The research observation found
clumping of Al,O; particles and porosity in the weld zone. AMMC reinforced with SiC
whiskers also showed several problems related to high heat intensity through the usage of
laser beam welding. The result showed occurrence of porosity and the formation of Al,C;
dendritic particles within the weld zone. Al,C; was formed by the deterioration of the SiC
whiskers caused by high heat intensity and reaction of the separated carbon with the
aluminum matrix. Al4C; formation and the onset of reinforcement particle migration
would definitely cause detrimental deterioration to material strength. Figures 2.15 and

Figure 2.16 show that weld defects were found on AMMC welded joint by laser beam

welding.
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Figure 2. 15: Comparison of (a) base metal and (b) post weld structure for fusion welded

AMMC reinforce with silicon carbide particulate [74]
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Figure 2. 16: Comparison of (a) base metal and (b) post weld structure for fusion welded

AMMC reinforce with alumina particulate [74]

2.12 Chapter Summary

This chapter has presented the theoretical knowledge and literature review on the friction
stir welding of AMMC. The discussion in the chapter begins with an introduction to FSW
processes and continued with discussion on FSW mechanism, welding parameters and

types of tool design.

Furthermore, key studies related to post weld microstructure and mechanical
properties were thoroughly discussed here. A comparison study on the difference of weld
microstructure and mechanical properties between fusion welding and FSW were also
incorporated. Next the effect of welding parameters on the post weld microstructure and
mechanical properties were reviewed. Besides that, material flow visualization was also
studied in order to understand the mechanism that influences weld properties.
Temperature studies on FSW were also discussed in the literature review. Material and

FSW application were incorporated in the literature review as well.

From literature review, it is understood that various researches have been
conducted systematically on aluminum metal matrix composite. It was found that
previous studies limited the type of aluminum composite used with most of them using
aluminum 2xxx series. Limited research was also found using a high reinforcement
volume percentage because of various challenges associated with it. Therefore, it is

necessary to expand research on FSW using different aluminum alloy series with a high
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reinforcement volume percentage such as aluminum 6092/SiC/25,/T6. This material,
with its unique properties, is highly valued especially in the aerospace industry. There is
also limited study that had been performed to relate welding parameters to on AMMC

welded sample in terms of its post weld microstructure and mechanical properties.
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CHAPTER 3

METHODOLOGY

3.1 Chapter Overview

This chapter embodies the material used in the welding process, tools and clamping
assembly design, experimental setup, welding procedures and weld analysis techniques.
Welded samples were analyzed using a Scanning Electron Microscope (SEM), Energy
Dispersive X-ray Spectroscopy (EDX), X-ray diffraction (XRF), Universal Testing
machine and Vicker’s hardness test. Two types of machines were used in the experiment

which were CNC milling Bridgeport and MTS FSW machine.

The research work begins with workpiece characterization to conclude elemental
properties of the material. Next, tool and clamping design and fabrication were discussed
as well as an evaluation on the tool material selection was also discussed. Later, welding
tests were conducted on two separate machines, they are, CNC milling Bridgeport and
MTS FSW machine. Three tests were conducted on the CNC milling Bridgeport while
eight tests were conducted on the MTS FSW machine. Finally, methodology of finding
weld microstructure and conducting mechanical test are discussed in this chapter. SEM,
EDX and XRD were used for the material characterization. Weld hardness was tested
using Vickers hardness test while weld strength was tested using tensile test. The

experimental flow chart is presented in Figure 3.1.
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Figure 3. 1 Experimental Flow Chart
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3.2 Work piece Material

In this research, an extruded aluminum 6092 reinforced with 25 volume percentage SiC
particles and T6 heat treated as shown in Figure 3.2. Table 3.1 and Table 3.2 show the
specifications and chemical composition of the aluminum composite used in the study.
The material is known for its good electrical conductivity, corrosion resistance, is light in

weight and possesses great strength [2].

S i £ - e

Figure 3.2 Image of extruded work piece of AMMC used in this work (dimension of
12.7mm X 127mm X 203mm)

Table 3. 1 Work piece Specification

Matrix alloy 6092 -T6

Reinforcement SiC particulate

Reinforcement Volume loading 25%

Dimensions 12.7 mm X 127 mm X 203 mm
Type of extrusion Sheet plate
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Table 3.2 XRF analysis on Aluminum 6092/SiC,s,/T6

Element Wt%
Si 0.72
Fe 0.13
Cu 0.77
Mg 0.98
Mn 0.01
Ti 0.01
Cr 0.01
Zn 0.02
02 0.31
Other element 0.15
Al 96.89

3.3 Design and Fabrication of tool and Clamp Assembly

3.3.1 Tool Design

The material used for the welding tool is 2344/RDC 2V which is shown in Table 3.3. The
material is specifically chosen for its properties in-terms of its hardness and high melting
point. The material’s chemical composition is shown in Table 3.4. Upon purchasing, the
material is machined using CNC lathe Bridgeport to the required shape. A tapered probe
concept is chosen because of its reliability to weld thick plates [26]. Screw like features
on the tool probe was not incorporated in the design because of the high wear rate during
the welding process. Modification on to the tool shoulders such as scroll features was
also avoided in order to compare coupling effects by tilting the tool by 3 degrees. The

material shape and dimensions are shown in Figure 3.3 and Figure 3.4, respectively.
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Table 3.3 Equivalent standard for tool steel requirement as A681

WN DIN AISI JIS
1.2344 X40 CrMoV 51 H13 SKD 61
Table 3.4 Tool steel chemical composition (weight %)
Element Carbon Silicon Chromium | Molybdenum | Vanadium
Weight % 0.40% 1.00% 5.20% 1.30% 0.95%
Right view
Scale: 3:1

Isometric view

Scale:r 311

Figure 3.4: [sometric and right views of the FSW tool (dimension in mm)
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After the material was machined to the required shape (Figure 3.4), heat treatment
was conducted on the material for 7 hours which is shown in Figure 3.5. The detail of the
heat treatment steps are as follows, first the welding tool was inserted in the tube furnace
and preheated initially for two hours to increase temperature from 24 — 732°C. Next, the
welding tool was constantly preheated; slowly from 732 - 760°C for another two hours.
Then the temperature was raised to 1000°C for one hour. After the material reached to the
maximum temperature of 1000°C air quench was conducted to room temperature (24°C)
for two hours. Air quenching was conducted for this type of material as rapid quenching
by water or oil would cause cracking. Heat treatment was conducted according to the
continuous cooling transformation (CCT) diagram as shown in Figure 3.6 [75]. The
intended hardness from 597 HV to 603 HV was reached from the heat treatment process.

Original material hardness as obtained from the vendor is 241 HV in annealed state.

1200 -
1000 -

800

Tempreture, C

0 2 4 5 7
Time (hours)

Figure 3.5 Heat treatment processes for H13 tool steel
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Figure 3. 6 Continuous cooling transformation (CCT) diagram for H13 tool steel [75]

3.3.2 Clamping Assembly

A clamping assembly was also designed to support the work piece during the welding

process. The clamping system is shown in Figure 3.7.
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Base plate

Isometric View
Scale 1:1

Figure 3.7: Isometric view of clamping assembly for CNC milling Bridgeport (dimension
in millimeter)

3.4 Experimental Details

The experiment was conducted by considering controlled and independent variables. The
controlled variable during the test run is the tool geometry while the independent
variables are the tool traverse speed, tool rotational speed (RPM) and the tool tilting

angle.

To begin the welding process, work piece was clamped onto the clamping
assembly by using bolts and nuts. The clamping assembly will prevent work piece
movement and vibration during the welding process. The clamping assembly was then
placed on to the CNC milling Bridgeport machine bed and clamped tightly to it. The
machines were then programed according to the desired tool movement. Three weld

parameters were set for the CNC milling Bridgeport while eight parameters were set for
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the MTS FSW machine. The purpose for the parameter variation is to analyze the effect
of different welding parameters on the weld properties. Similar parameter was set for

both of the machines to analyze the difference in terms of the weld quality.

A standard welding procedure was set for both machines:

1) The tool was rotated at to the desired rpm.

2) The tool was then plunged into the edge and center of the work piece until it
reached the depth of approximately 80% of the plates’ thickness.

3) The tool remains at a constant dwelling in a stationary position for about 10
seconds.

4) After 10 seconds, the tool moved in transverse direction along the plate joint until
it reached the other edge of the plate. A constant speed and tool rotation was
maintained during the movement.

5) Finally, the tool was ejected out of the welding line leaving a shallow boring hole
at the edge of the welded AMMC piece.

3.4.1 Friction Stir Welding performed using CNC Milling Bridgeport

FSW process was first performed using CNC milling Bridgeport as shown in Figure 3.8.
The machine has a bearing surface of 1120mm x 540 mm, downward force of 7.8 kN,
motor maximum speed of 10,000 rpm, welding velocity of 36 m/min and torque of 114
Nm. Four different tests were conducted using CNC milling Bridgeport. Two
independent variables were used to conduct the tests namely the tool traverse speed and
tool rotational speed. Tool tilting angle was not varied due to the incapability of the
machine to tilt the tool during the welding process. The parameters used are given in

Table 3.5.
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Figure 3.8: CNC milling Bridgeport

Table 3.5 Independent parameter variables for CNC milling Bridgeport

Sample number | Tool speed (mm/min) | RPM | Tiltangle | Tool
Degree (°) | type

01 8 1200 0 | tapered

02 10 1200 0 | tapered

03 12 1200 0 | tapered

04 14 1200 0 | tapered

3.4.2 Friction Stir Welding performed using MTS FSW machine

Welding was performed using MTS FSW machine which can be viewed in Figure 3.9.
The machine has a bearing surface of 24501x1250mm, maximum welding velocity of 6
m/min, motor maximum speed of 3200 rpm, maximum downward force of 35 kN and
maximum torque of 180 Nm. Eight different parameter variations were used for the weld
test. Due to the adaptation of the machine to high loading, lower tool rotation and higher
tool traverse speed were used for the weld test. Tool tilting angle was varied using the

FSW plant which could increase the weld quality because of the coupling effects. The

parameters are shown in Table 3.6.
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Figure 3.9: State of the art MTS FSW machine

Table 3.6 Independent parameter variables for MTS FSW machine

Sample Tool speed Tilt angle Tool
. RPM o

number mm/min Degree (°) type
01 10 1200 0 tapered
02 100 1200 0 tapered
03 100 1200 3 tapered
04 100 900 3 tapered
05 150 900 3 tapered
06 125 900 3 tapered
07 125 1200 3 tapered
08 125 700 3 tapered
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3.5 Characterization Technique

3.5.1 Scanning Electron Microscope of Welded Samples

The samples’ preparation was carried out by cross sectioning the welded plates which is
shown in Figure 3.10. The samples were then ground using paper grit size from 180 to
1200 then followed by polishing. The polished samples were then etched using Keller’s

reagent.

Figure 3.10: Weld cross section

The effect of machining parameters on weld zone microstructure was investigated
using SEM. Microstructure observation was mainly conducted on the base metal, HAZ,
TMAZ and the weld nugget. Thorough observation within the weld nugget was
performed on the advancing side (AS) and the retreating side (RS). The effect of

parameter variations on the weld zones microstructure was also analyzed.

The elements on the cross sectioned pieces were examined using EDX embedded
with the SEM machine. EDX analysis was conducted to determine different elements on

the material microstructure.

3.5.2 X-ray Diffraction of Welded Samples

XRD analysis was carried out on the welded samples to determine phase changes
between the weld zones. The technique was also used to determine stresses within the

material by comparing changes in the material space lattice. The examined zones were
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the weld nugget, thermo mechanical affected zone (TMAZ), heat affected zone (HAZ)

and the base metal. The weld zones are shown in Figure 3.12.

3.5.3 Tensile Test of Welded Samples

Tensile test was performed to determine the maximum load of the welded material before
break as well as to determine the percent elongation of the specimen. Tensile test was
conducted according to ISO/TTA 2 (1997) standard [76]. An average pin head velocity of
0.001 mm/s was used for the test. The schematic drawing for the tensile test specimen is

shown in Figure 3.11.
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Figure 3.11: Geometry for tensile sample according to ISO/TTA 2 (1997) standard

(dimensions in mm)
3.5.4 Vickers Hardness Test
Vickers hardness test was conducted to determine the hardness distribution across the
weld zones of HAZ, TMAZ, weld nugget and the base metal. Three line of indentation

were marked across the weld zones which are shown in in Figure 3.12. An average load

of 200g was applied for the indentation.
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Figure 3. 12: Hardness indentation made across the weld zones

3.6 Chapter summary

This chapter has presented the materials and methodology involved in this research work.
The chapter begins with a simple review of the research procedure and goes on to
evaluate the properties of the materials employed in the analyses. Description on the tool
and clamping assembly was presented in this chapter. Moreover, welding procedures

were also discussed.

Thorough description of operating SEM, EDX, XRF and XRD techniques were
discussed in this chapter. Techniques and design for the tensile test were also described
with detailed geometry of the tensile test sample and the standard used to conduct the

tensile test. Vickers hardness test procedure was also described in this chapter.
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CHAPTER 4

RESULT AND DISCUSSION

4.1 Chapter Overview

This chapter discuss physical and microstructure analysis of on aluminum 6092/SiC/25p-
T6 metal matrix composite friction stir welded plates. This composite is known for its
greater strength and stiffness compared to monolithic aluminum alloys. The cross
sections of the welded samples were analyzed in terms of its post weld microstructure
and mechanical properties. SEM micrograph was used to analyze SiC particulate
distribution and to detect formation of defects within the welding zones. SEM analysis
was conducted using different magnifications to analyze the weld microstructure.
Chemical composition was determined using EDX and XRD techniques which were used
to detect elements and compound changes in the post welded samples. Mechanical testing
was also performed to compare material strength and hardness for various samples. The
influence of weld parameters were also analyzed using techniques mentioned above.

Welded samples were prepared using CNC milling Bridgeport and MTS FSW machine.
4.2 CNC milling Bridgeport samples

Preliminary FSW tests were conducted using CNC milling Bridgeport. The welded
samples that were prepared using CNC milling Bridgeport revealed several challenges in
production of the welded samples. It was found that the machine was not able to hold
high machining loading during the weld process. Therefore, the welding was conducted
using slower traversal speed and a higher tool rotation which causes an excess of heat
during the welding process. Besides that, CNC milling Bridgeport was not able to tilt the
tool during the welding process which was essential for coupling effect. Coupling effect
is considered important to contain the plasticized material within the weld line during the

welding process. This limitation causes fewer parameter variations allowed during the
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welding process. Despite that, initial microstructure and mechanical analysis on the weld
nugget was conducted on the welded samples obtained from the CNC milling Bridgeport.
Typically in FSW cross sectioned, the sample is divided into 4 separate zones, which are
the parent metal (base metal), heat affected zone (HAZ), thermo mechanically affected
zone (TMAZ) and the weld nugget. The location of these zones can be viewed in Figure
4.1. Typical onion flow was observed on these kinds of welds, which was caused by the

material flow during the joining process.

Center

eld nugget

2mm

Figure 4. 1: Onion flow of the FSW cross sectioned sample

4.2.1 Weld microstructure

SEM analysis was conducted to analyze the microstructure difference between the weld
zones inside the weld cross sections. Microstructure observation shows a more
homogenous and broader spread of coarse and fine SiC particles distribution within the
weld nugget compared to the other zones shown in Figure 4.2 and Figure 4.3. Electron
micrograph shows an increase of fine particles density inside the weld nugget. This
increment was due to the rounding and chipping effects during the welding process. The
effect causes sharp edges of coarse SiC particles to be chipped thus producing finer SiC

particles.
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Figure 4. 2: Interface between the weld nugget and the TMAZ, magnification at 500X

Mag= 100KX EHT=15008/  Date:
WD= 14w Sigral A= 881 L

Figure 4. 3: Interface between the weld nugget and the TMAZ, magnification at 1000X

4.2.2 Effect of welding parameter on weld mechanical properties

It is noticed that most of the welded samples that were prepared using CNC milling
Bridgeport showed extensive defect within the welding line. These were due to the
limitation on the machine itself such as incapability to provide tool tilting angle and to
maintain a high machine torque during the welding process. These limitations of the

machine prevented coupling effects which resulted in formation of extensive tunneling
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defects especially in the upper part of the weld nugget [14]. Only two test samples were
considered suitable for the tensile test that were conducted using low traversal speed and
high tool rotation shown in Table 4.1. The samples depict an adequate retainment tensile
strength when compared to the base metal but a steep reduction of material elongation to

failure percentage was observed. The results are shown in Figure 4.4 and Figure 4.5.

Table 4. 1 Tensile test of CNC milling Bridgeport samples

Tensile Strength | Elongation
Sample | Speed (mm/min) | RPM
(MPa) %
01 8 1200 121.15 1.288
02 10 1200 207.33 1.562
Base
n/a n/a 266.54 2.884
metal
300
250
200
150 -

Tensile, Mpa

[EnY
[
o

50

e

——

Sample 01 Sample 02 Base metal

Figure 4. 4: Comparison between weld strength of welded samples and base metal (BM)

using CNC milling Bridgeport
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Elongation to Failure, %

Sample01 Sample02 Base metal

Figure 4. 5: Comparison between elongation to failure percentages of welded samples

and base metal (BM) using CNC milling Bridgeport

Preliminary hardness reading was also performed on the CNC milling Bridgeport
welded samples. Hardness results are displayed in Figure 4.6. Vickers hardness test
showed minor increase in the weld nugget which is of about 1.54 % compared to the base
metal. The slight increment of weld hardness was due to the effects of dynamic
recrystallization (DRZ) caused by hot plastic deformation during the welding process.
DRZ increases weld hardness by reducing grain size which will then decreases
dislocation throughout the weld nugget. Another cause of increasing weld nugget
hardness is the increase in fine SiC particulate concentration which causes an increase in
dislocation pinning. Besides that, increase in fine SiC particulate would also causes
increment of SiC particulate concentration which contributed to the hardness rise.
Vicker’s test also showed an uneven scatter of hardness reading across the weld nugget.

Discrepancy in hardness reading within the weld nugget is caused by random or

ununiform material flow within the zone.
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Figure 4. 6: Vickers Hardness Test

4.3 MTS FSW machine Analysis

Welded samples using MTS FSW machine showed improvement in weld proficiency
compared to samples using CNC milling Bridgeport. The capability of the machine to
hold high loading during the welding process increases parameter variation in terms of
tool traverse speed and tool rotational speed. Successful test run using higher tool
traverse speed also decreases production time which further increases welding efficiency.
MTS FSW machine also provide tool tilting angle which increases weld quality through
its coupling effects. Eight samples were produced using MTS FSW machine as shown in
Table 3.6.

Figure 4.7 and Figure 4.8 show photograph of welded samples by MTS FSW
machine. Photograph images shows formation of crowning like structure on top of the
welded plates that were caused by the stirring effect. Another typical observation in the
welded sample was the formation of flashes at the edge of the weld. An increase in
flashes is detrimental in the welded samples as it reduces the volume of the plasticized
material within the weld zone. This would then causes defects such as holes or tunnels

particularly in the top section of the weld nugget.
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Figure 4. 7: FSW welded sample surface shows formation of side flash

Figure 4. 8: Cross section of FSW welded sample

Next parametric analysis was conducted on the welded samples in terms of the
weld quality, microstructure and mechanical properties within the weld nugget. Welding
parameters were arranged in terms of the tool traverse speed, tool rotational speed and
tool tilting. Microstructure, chemical composition, tensile and hardness test were used to

analyze the parameter effects on the welded samples.
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4.3.1 Analysis of welding parameter on weld quality

Weld quality was analyzed by comparing FSW welded samples in terms of defects
formation within the weld nugget such as tunneling or smaller wormhole defects. Three
different welding parameters that influenced the weld quality were used, i.e tool
rotational speed (rpm), tool traverse speed (mm/min) and tilting angle of the tool. The

parameters used for FSW weld samples are given Table 3.6.

Welded sample at lower tool rotation, sample 04, 06 and 08 (Figure 4.9(d), (f) and
(h)) shows improve welding quality compared to samples welded at higher tool rotation.
Welded sample at higher tool rotation (1200 rpm) showed defects such as tunnel and
wormhole, which is shown in sample 02, 03 and 07 (Figure 4.9(b), (c) and (g)). Increase
in tool rotational speed resulted in raised heat supply into the weld nugget causing a
significant surge in material fluidity. This further facilitates the rapid stirring action
causing some of the material to spill away from the weld nugget which contributed to the
observed weld defects. Material spilt caused formation of flashes near the edge of the

crowning surface shown in Figure 4.10.

Moreover, sample with high tool traverse speed also resulted in the formation of
tunnel like defects within the weld nugget. Weld sample 05 (Figure 4.9 (e)), with a high
tool traversal speed of 150 mm/min showed formation of large sized tunnels near the top
corner of weld nugget. Compared to samples with less tool traversal speed, visible defect
on the weld nugget was not detected such as sample 04 and 06 in Figure 4.9 (d) and (f).
Rapid movement of the tool had caused inadequate stirring of the material where most of

the material in the advancing side was not deposited back into the zone.

Finally, welded sample using tilted and non-tilted tool angle were also compared.
The advantage in tilting the tool angle to 3° was to ensure proper material flow around the
tool pin and also to ensure that the material did not spill at the edge of the tool shoulder.
Most of the samples tilted at 3° showed a significant increase in weld quality. The effect
of tool tilt angle can be significantly seen when comparing sample 02 and 03, in Figure
4.9 (b) and (c) which showed a decreased tunneling defect in the tilted sample. Tunneling
defects were basically due to displacement of the plasticized material away from the weld

nugget. Movement of the plasticized material away from the weld formed into flash at the
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edge of the upper section of the weld nugget which was observed on un-tilted samples

shown in Figure 4.11. Flashes were decreased by tilting the tool during the welding

process.

2mm Zmm
(a) Sample 01 (b) Sample 02 (¢) Sample 03 (d) Sample 04
(10 mm/min, (100 mm/min, (100 mm/min, (100 mm/min,
1200rpm,0°) 1200rpm,0°) 1200rpm,3°) 900rpm,3°)

| 2mm

2mm 2mm 2mm
(e) Sample 05 (f) Sample 06 (g) Sample 07 (h) Sample 08
(150 mm/min, (125 mm/min, (125 mm/min, (125 mm/min,
900rpm,3°) 900rpm,3°) 1200rpm,3°) 700rpm,3°)

Figure 4. 9: Weld nugget observation in AMMC welded test sample
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I(b)

Figure 4. 10: (a) Sample with high tool rotation (1200 rpm) and (b) Sample with lower
tool rotation (900 rpm) which showed formation of flash on sample with the higher tool

rotation

(a) (b)

Figure 4. 11: Formation of flashes at the edge of the crowned surface for (a) tilted sample

compared to (b) un-tilted sample
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4.3.2 Effect of welding parameter on weld nugget microstructure

Before conducting microstructure analysis, EDX was used to identify and confirm
different elements on the weld micrograph. Spot analysis on Figure 4.12 (spectrum 1)
which was done on the bright coarse particulate indicates the location of SiC particles
where a high intensity of silicon (Si) and carbon (C) elements were found. The
quantitative analysis for spectrum 1 in Table 4.2 further support the suggestion of SiC
particles by indicating a high weight percentage of both Silicon and carbon elements.
Next spot analysis for spectrum 2 in Figure 4.13 and Table 4.3, showed that the grayish
background behind the bright SiC particulate as the aluminum matrix where the readings

showed a high weight percentage of Aluminum (Al).

Full spectrum analysis (Figure 4.14) on the welded microstructure showed that
elements within the welded samples were relatively similar to the base metal. Elements
of aluminum (Al), magnesium (Mg), Silicon (Si), Carbon (C) and Oxygen (O) were
detected for both the base metal and the welded region. Table 4.4 shows almost similar

atomic weight percentages of elements between the base metal and the weld nugget.

& Spactrum 1

2 4 B8 40 2 1 1B 1§ @
(b) Full Soafs 13343 ofs Surser: .050 ke

Figure 4. 12: Location of (a) spot EDX for spectrum1 and (b) EDX graph indicating the

SiC particulate on the indicated spot, spectruml.
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Table 4. 2 Quantitative analysis of coarse particle in the aluminum alloy matrix

[Element  [Weight% |Atomic%

CK 35.76 56.51
AIK 2.24 1.57
SiK 62.01 41.91

Totals 100.0
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Figure 4. 13: (a) Location of the spot EDX Spectrum2 (b) EDX graph indicating
the grayish background asthe aluminum alloy matrix, spectrum 2

Table 4. 3 Quantitative analysis of aluminum alloy matrix

Element | Weight% | Atomic%

CuK 0.74 0.31
OK 3.28 543
AIK 94.80 93.14
SiK 1.19 | 1.12

Total 100.00
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Figure 4. 14: Full spectrum analyses and EDX graph for (a) weld nugget (b) base metal
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Table 4. 4 Full spectrum EDX analysis on (a) base metal and (b) weld nugget

Element | Weight% | Atomic%
CK 24.39 40.68
OK 7.83 9.80

Mg K 0.39 0.32
AlK 39.27 29.15
Si K 28.13 20.06
Totals 100.00

(b)

Element | Weight% | Atomic%
CK 22.03 38.70
OK 2.63 3.47
MgK ]0.30 0.26
AlK 39.29 30.72
SiK 35.74 26.85
Totals 100.00
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EDX mapping in Figure 4.15 further reveals the types of element’s distribution
and microstructure that is expected on a welded sample cross section. EDX mapping of
silicon in Figure 4.15 (b) indicated the distribution of SiC particulate while mapping of
aluminum in Figure 4.15 (c¢) shows aluminum matrix distribution. The result from
mapping shows dense distribution of SiC particles within the weld nugget. An analysis on
the EDX mapping also showed formation of coarse and fine SiC particles within the weld

nugget.

@ (b) SiKal

(c) Aikal

Figure 4. 15: FESEM images of (a) Backscattered image of the welded samples and EDX

mapping of (b) silicon and (c) aluminum elements

4.3.2.1 Tool rotation

Tool rotation showed significant effect on the weld microstructure. The tests were
conducted using constant tool traverse speed of 125 mm/min and varied tool rotation of
700 rpm, 900 rpm and 1200 rpm. First of all, weld sample that was joined by tool rotation
of 700 rpm (Figure 4.16) shows unsymmetrical SEM micrograph between the advancing
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side and the retreating side of the weld nugget. Microstructure observation showed higher
amount of coarse SiC particles in the retreating side when compared to the advancing
side. This shows that the retreating side experienced lower stirring effects when

compared to the advancing side.

An increase of tool rotation from 700 rpm to 900 rpm (Figure 4.16 and Figure 4.17
respectively) showed almost similar SiC particles distribution between the advancing side
and retreating side of the weld nugget. Similar microstructure observations between the
two zones were caused by increasing rounding and chipping effect due to the rise in tool
rotation. Rounding and chipping effects is a solid collision between the SiC particles and
the rotating tool which causes chipping of sharp edges from the coarse SiC particles.
Besides that, increasing the tool rotation to 900 rpm also causes a more compacted SiC
particles distribution within the weld nugget. This distribution may be due to increasing

compression exerted by rising centrifugal forces from the increased stirring action.

As the tool rotation increases to 1200 rpm (Figure 4.18) higher concentration of fine
SiC particles were observed in the advancing side of the weld nugget. This development
causes an unsymmetrical distribution of SiC particles between the advancing side and the
retreating side of the weld nugget. The advancing side of the weld will experience more
welding velocity causing more SiC particles fragmentations within the zone [71]. Besides
that, because of the higher welding velocity in the advancing side most of the stirred
material will be deposited back to the zone causing a slight increase in SiC particles
concentration. Although increases in fine particle density do improve the weld properties,
the inhomogeneous distribution between the advancing side and the retreating side might
cause drawbacks for the mentioned sample. In addition, microstructure band was also
identified in the mentioned welded sample which might cause setbacks in the weld
properties. Formation of band microstructure might cause irregularities especially in the
advancing side, which may potentially causes flaws in the material strength. The cause of

microstructure band will be discussed later in this chapter.
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Figure 4. 16: (a) Advancing side and (b) Retreating side of weld sample with traversal

speed of 125mm/min and tool rotation of 700 rpm
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Figure 4. 17: (a) Advancing side and (b) Retreating side of weld sample with tool

o5 § 3

traverse speed of 125 mm/min and tool rotation of 900 rpm
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Figure 4. 18: (a) Advancing side and (b) Retreating side of weld sample with traverse

speed of 125 mm/min and tool rotation of 1200 rpm
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4.3.2.2 Tool traverse speed

The effect of tool traverse speed on the weld microstructure was also studied. In this
research work, the tool rotational speed was fixed at 900 rpm while the tool traverse
speed was varied by 100 mm/min, 125 mm/min and 150 mm/min. SEM micrograph for
the three welded samples is shown in Figure 4.19, Figure 4.20 and Figure 4.21.
Observation on sample welded at tool traverse speed of 100 mm/min showed
homogenous and oriented spread of SiC particles in the advancing side of the weld
nugget as shown in Figure 4.19. While in the retreating side, similar concentration but a

more random orientation of the SiC particles were observed.

As the tool traverse speed increased from 100 mm/min (Figure 4.19) to 125
mm/min (Figure 4.20), a more similar spread of SiC particles were observed between the
advancing side and the retreating side of the weld nugget. Besides that, random
orientations of SiC particles were observed at both from the advancing side and retreating
side of the weld nugget. Such phenomenon may be due to the lower stirring of the
plasticized material caused by the escalation of tool traverse speed. Compared to low tool
traverse speed, higher tool traverse speed reduces heat supply which decreases mixing
and deposition of the stirred material especially in the advancing side of the weld nugget

[61].

Finally as the speed increased to the highest speed of 150 mm/min (Figure 4.21),
lower concentration and larger spread of SiC particles was observed within the weld
nugget. An increase of tool traverse also showed a decrease of fine SiC particles
concentration within the weld nugget. It was also observed that as the tool traverse speed
increases from 125 mm/min to 150 mm/min a symmetrical SiC particle orientation
between the advancing side and the retreating side was also observed. This may be due to
decreasing movement of the plasticized material that causes minimal changes to the

material original microstructure.
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Figure 4. 19: (a) Advancing side and (b) Retreating side of weld sample with tool

traverse speed of 100 mm/min and tool rotation of 900 rpm
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Figure 4. 20: (a) Advancing side and (b) Retreating side of weld sample with tool traverse

speed of 125 mm/min and tool rotation of 900 rpm
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Figure 4. 21: (a) Advancing side and (b) Retreating side of weld sample with tool traverse

speed of 150 mm/min and tool rotation of 900 rpm
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4.3.2.3 Tool tilting

Comparison on tilted samples was also performed which is shown in Figure 4.22 and
Figure 4.23 for un-tilted and tilted tool sample, respectively. It shows that denser SiC
particles concentration was observed on the tilted sample when compared to the un-tilted
weld sample. Increase in SiC particle concentration was mainly caused by the coupling
effects due to the tilting of the tool. Coupling effect contributes to increase particle
concentration by ensuring material localization during the stirring process [14]. Tilting of
the tool would also cause an increase in rounding and chipping effects which result in
reduced SiC particles sizes and an increase in fine SiC particle concentration.
Symmetrical distribution of SiC particles between the retreating side and the advancing
side were also observed for the tilted welded sample. This shows that by tilting the tool
during the welding process, a more balanced material flow between the advancing side

and the retreating side was achieved.

69



Date 13 Feb 2012 Time 119:24:04
Universiti Teknologi PETRONAS

ol ;
Mag= 1.00KX EHT=1500kv  Date:1d Feb 2012 Time 119:28:33
WD = 14mm Sigral A = SE1 Universili Teknologi PETRONAS

(b)
Figure 4. 22 (a) advancing side and (b) retreating side of the un-tilted welded sample
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Figure 4. 23: (a) advancing side and (b) retreating side of the tilted welded sample
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4.3.2.4 Comparison on weld zones microstructure

FSW weld zone can be divided into four separate sections, which is the parent metal
(base metal), heat affected zone (HAZ), thermo mechanically affected zone (TMAZ) and
the weld nugget. The location of these zones can be viewed in Figure 4.1. Weld nugget
was also divided into two separate zones which are the retreating side (RS) and the

advancing side (AS).

SEM analysis of the welded sample was conducted to determine microstructure
changes on the weld zones. Similar microstructure changes between the weld zones were

observed on all of the welded samples as shown in Figure 4.24 and Figure 4.25.

AP
Mag= 500X  EHMT=1500kv  Uste 13 Feb 2012 Tirne :20:13:41
WD= 14 mm Signat A= SE1 { S

Figure 4. 24: Distribution of SiC particles in the weld regions for sample welded at tool

rotation of 1200 rpm and tool traverse speed of 10 mm/min
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Figure 4. 25: Distribution of SiC particles in the weld regions for sample welded at tool

rotation of 1200 rpm and tool traverse speed of 125 mm/min

SEM analysis conducted on the base metal showed random SiC particulate
orientation as shown in Figure 4.26. When compared to TMAZ region and weld nugget,
Figure 4.27 and Figure 4.28 respectively, a significant observation of particulate re-
orientation was observed. It was also observed from the SEM micrograph that there is a
re-concentration of SiC particulate within the weld nugget as shown in Figure 4.28. The
weld nugget also showed better spread of fine and coarse SiC particulate compared to the
other three zones. It was also observed that there was an increased quantity of fine SiC
particulate in the weld nugget when compared to the other two regions (base metal and

TMAZ region).

Figure 4.29 shows intact bonding interfaces between the weld nugget and the
thermal mechanical affected zone (TMAZ). The SEM image in Figure 4.29 illustrates
that the weld center has finer SiC particle when compared to the TMAZ region. The
coarse particles in the weld nugget were also rounder and smaller. This was due to the

knocking and chipping effect on the course SiC particle during the high velocity stirring.
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Figure 4. 26: Microstructure evaluations for friction stir welded sample in the

Base metal
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Figure 4. 27: Microstructure evaluations for friction stir welded sample in

TMAZ region

74



2 . b >‘ i / L E
Mag= 100KX EMT=1500kv  Dale:d Oct201) Time 118:54:45
WD= 25mm Signal A = SE1 Universiti Teknologi PETRONAS

Figure 4. 28: Microstructure evaluations for friction stir welded sample in the weld

nugget
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Figure 4. 29: Transition line between the weld nugget and TMAZ
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A microstructure analysis was also conducted at a higher magnification to detect
any deformities and also to analyze the interface between the SiC particle and the
aluminum matrix. Weld microstructure observation showed formation of both fine and
coarse SiC particles within the weld nugget. High rate of stirring action caused fine
cracking on the course of SiC particles and knocking of the SiC particle edges were

observed in the weld center as shown in Figure 4.30.

Figure 4.31 shows the development of pores on some of the coarse SiC particles.
The formation of the pore may be related to the high stirring rate during the welding
process due to the tool rotation. It is known that an increasing development of pores
inside the weld nugget might reduce weld strength. Microstructure observation also
proved that most of the pores occurred on the coarse SiC particles compared to fine SiC
particle. Development of such pores can be reduced by increasing formation of fine SiC
and decreasing the size of coarse SiC particulate sizes through knocking and chipping

effect.

Fine crack

Fine SiC
particles
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Figure 4. 30: Formation of fine cracks on the coarse SiC particulate
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Figure 4. 31: Formation of pores at the interface between the aluminum matrix and the coarse SiC
particulate

SEM micrograph in Figure 4.32, Figure 4.33 and Figure 4.34 also revealed
difference in the particulate distribution within the welding nugget itself. Similar
particulate distribution within the weld nugget was observed for most of the welded
samples conducted using the MTS FSW machine. However some of the SEM micrograph
analysis also shows that the advancing side (Figure 4.32) depicts a well spread SiC
particulate with fewer coarse SiC particulate compared to the weld center (Figure 4.33)
and the retreating side of the weld (Figure 4.34). SEM observation was also able to
identify a higher amount of fine SiC particle spread in the advancing side compared to

the weld center and the retreating side.

When compare to the advancing side, the retreating side shows a higher density of
coarse SiC particulate and lesser density of fine SiC particulates distribution. Such result
proves that the velocity or the movement of the plasticized material from the advancing
side to the retreating side was not identical. It is understood that the advancing side had a
better stirring action compared to the retreating side [47]. Such stirring action
experienced in the advancing side caused it to have a better particle distribution and a

more solubilized precipitation which enhanced the material strength. The denser fine SiC
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particle spread within the advancing side was also caused by the movement of the
plasticized material moving from the zone, around the tool and returning to the zone

again [64].

%

Mag= 1.00KX EHT=1500kv Date 4 Oct 2011 i 5445
WD = 25mm Signal A = SE1 Universiti Teknologi PETRONAS

o h Rk B Ly : o 5 . %
Mag= 1.00KX EHT=1500kv  Date 4 Oct2011 Time :18:54:45
WD= 25mm Signal A = SEY Universiti Teknologi PETRONAS

G T g e gt e i Y

Figure 4. 33: Distribution of reinforcement particle near the center of the weld nugget
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Figure 4. 34: Distribution of reinforcement particle in the retreating side

FESEM mapping further proved and enhanced the understanding of the SiC
particulate distribution within the weld cross sections. To locate the distribution of hard
SiC within the aluminum matrix mapping of aluminum and silicon element were
compared. Mapping images in Figure 4.35 showed a more homogenous spread of SiC
particulates in the advancing side of the weld when compared to the other two regions in
the weld nugget (Figure 4.36 and Figure 4.37). The advancing side in Figure 4.35 exhibit
a higher percentage of fine SiC particulates when compare to the other two regions. Such
observation further supports SEM microstructure observation that was performed on the

samples.
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Al Ka1
Figure 4. 35: Mapping of aluminum distribution within the advancing side of the weld
nugget

Al Kal
Figure 4. 36: Mapping of aluminum distribution within the weld center of the weld
nugget
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Al Ka

Figure 4. 37: Mapping of aluminum distribution within the retreating side of the weld

nugget

Microstructure band of fine SiC particles was also identified within the welding
zone. Such formation causes the material to have its distinctive onion like ring in its cross
section. This structure is very obvious in the advancing side of the weld while it was not
so visible in the retreating side. Electron micrograph depicts these structures in Figure
4.38 and an enlarged image in Figure 4.39 and Figure 4.40. Such observation was caused
by the stir rate between the different sides of the tool where the advancing side
experienced more stirring action when compared to the retreating side. Fine SiC
particulate banding was attributed to smaller SiC particle size which was more prone to
the stirring action when compared to larger particle sizes. Observation of higher
concentration of banded structure in the advancing side was also attributed to a higher
density of fine SiC particle when compared to the retreating side. The bands was initiated

at the periphery of the tool pin and propagated towards the edge of the welding zone.
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Figure 4. 39: Microstructure band of segregated fine SiC particle within the weld zone,

magnification at 300X
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Figure 4. 40: Microstructure band of segregated fine SiC particle within the weld zone,
magnification at 500X

4.3.3 Effect of welding parameter on mechanical properties

Tensile test showed variation in welding strength between various welding parameters as
shown in Table 4.5. On average most of the welded samples had reasonably maintained
material strength with lower elongation to failure percentage when compared to the base
metal as shown in Figure 4.41 and Figure 4.42. Overall, sample 04 shows the best weld

strength compared to other welded samples (Table 4.5).

The cause of failure may be due to defects within the weld nugget such as
microscopic pores or even larger defects such as tunneling. Observation also showed that
most of the failures occurred at the TMAZ interface near to the advancing side of the
weld nugget as shown in Figure 4.47. Previous research done by Cavalierea ef al. [36] on
tensile test confirmed the welding failure within the mentioned interfaces. Some of the
subsequent test also showed failures within weld nugget itself. Such failures might be
resulted from post weld microstructure changes such as inhomogeneous distribution of

reinforcement particles or formation microscopic pores. Most of the tensile tests also
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showed a significant decrease in the percentage of elongation to failure. Reduction in the

elongation to failure could be related to increasing brittleness of the weld nugget.

It is important to identify the effects of welding parameters on the weld strength.
Optimum welding speeds and tool rotation is crucial in obtaining sound welding. For
example, excessively low tool rotation might cause inadequate material mixing resulting
in defects such as tunneling whereas overly high tool rotation would also cause similar
effects. Besides tool rotation, an inadequate welding speed would cause insufficient heat
dispersion resulting in low stirring rate, but unduly high welding speed would cause
excessive heating that would cause grain (aluminum matrix) coarsening resulting in

decreased material strength.

Table 4. 5 Tensile test results for MTS FSW machine

Sambple Speed TS 0
P2 mmvmin) | KM | ovpay | Et%
01 10 1200 | 223.17 | 1.21
02 100 1200 n/a n/a
03 100 1200 | 226.00 | 1.31
04 100 900 | 256.63 | 0.33
05 150 900 n/a n/a
06 125 900 | 218.41 | 0.6
07 125 1200 | 209.17 | 1.3
08 125 700 | 239.50 | 0.47
3.5
3
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Figure 4. 41: Elongation to failure percentage from FSW using MTS FSW machine
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Figure 4. 42: Tensile test results from FSW using MTS FSW machine

4.3.3.1 Tool rotation

Analysis on the effect of tool rotation on the material’s mechanical properties (tensile
strength and elongation to failure) was conducted which is shown in Figure 4.43 and
Figure 4.44. The welded samples have similar traversal speed of 125 mm/min with
different tool rotations of 700 rpm, 900 rpm and 1200rpm. The result showed that an
increase in the tool rotational speeds caused an increase in the material elongation to
failure whereas a decreased in the joining strength. Decrease in material strength for
sample welded at a higher tool rotation may be due to irregular distribution of SiC
particle within the material microstructure (Figure 4.18). Microstructure irregularities
were caused by detrimental high stirring effects such as microstructure band and
inhomogeneous distribution of SiC particles within the weld nugget which induces stress

within the material.

Sample analysis also shows that all samples with tool rotational speed of 1200rpm
give better elongation to failure percentage when compared to samples with lower tool

rotation. Such elongation to failure percentage increase for tool rotation of 1200 rpm was
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detected in sample 01, 03 and 07, Table 4.5. However, such increase in elongation to
failure does not ensure a similar improvement in material strength. Most of the samples
that had a high elongation to failure percentage tend to have a lower tensile strength when
compared with materials that have much lower elongation to failure percentage. Welded
sample that have lower tool rotation such as sample 04 and 08 (Table 4.5) showed a

definite increase in its tensile strength.

4.3.3.2 Tool traverse speed

An assessment was also performed to correlate the influence of tool traverse speed on the
weld mechanical properties which is shown in Figure 4.45 and Figure 4.46. Samples with
fixed tool rotation of 900 rpm and tool traversal speed of 100 mm/min, 125 mm/min and
150 mm/min were chosen for the test. The result showed that an increase of tool traverse
speed from 100 mm/min to 125 mm/min, a drop in tensile strength from 256.68 MPa to
218.41 MPa was observed. Such observation can be supported through SEM analysis,
where a more homogenous distribution of SiC particles was identified in the advancing
side for the sample welded with tool traverse speed of 100 mm/min, Figure 4.19. It was
also observed that as tool speed increased from 100 mm/min to 125 mm/min elongation
to failure percentage was also seen to increase. As the speed progressed to 150 mm/min
the tensile test was unable to be conducted due to the extensive tunnel like defect across

the welding line observed in the welded sample.
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Figure 4. 43: Influence of tool rotation on tensile strength
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Figure 4. 44: Influence of tool rotation on elongation to failure percentage
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Figure 4. 45: Influence of tool traverse speed on tensile strength

0.7 -

0.6

o o e
w » wu

©
[N

Elongation to failure, %

N/A

s

100mm/min 125mm/min 150mm/min
Tool Traverse Speed

Figure 4. 46: Influence of tool traverse speed on elongation to failure percentage
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4.3.3.3 Tool tilting

Un-tilted samples showed extensive defects within the weld nugget. The result showed
that by using welding parameter with low tool traverse speed of 10 mm/min and high tool
rotation of 1200 rpm (Figure 4.9 (a)), the un-tilted samples showed reasonable welding
quality. As the tool speed was increased an extensive tunneling defect was observed
within the weld nugget shown in Figure 4.9 (b). Such defect was due to inadequate
localization of the stirred material during welding process. When compared to tilted FSW
samples, extensive damages to the weld nugget were not seen. This was due to the
coupling effects that tilted tool provided to ensure that the stirring material was contained
during the welding process. Due to the problems identified, comparison between tilted

samples and non-tilted samples was not possible.

Length of the Weld
gget

Weld Centre

Crack at Weld /TMAZ
interface

Figure 4. 47: Tensile Test Sample

4.4 Analysis of weld hardness

Overall hardness profile obtained from Vickers hardness test showed a significant
increase in the weld zone when compared to the HAZ and the base metal. The location of

the hardness test across the weld section can be viewed in Figure 4.48. Average hardness
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readings were conducted among the welded sample shown in Table 4.6. Minimal change
of hardness was observed from most of the welded samples. Obvious hardness changes
were observed when comparing between tilted and untilted welded samples. Increase in
weld hardness in tilted weld sample correlated with microstructure analysis which
showed a more compacted and denser SiC particulate distribution. Denser SiC particulate
in the tilted samples was due to the coupling effect caused by tool tilting during the
welding process. In addition, weldment that was conducted using excessive tool traverse
speed of 150 mm/min showed an almost similar weld hardness comparison to the base
metal. Similar hardness result was due to reduce material mixing which maintained the

material original property.

Most of the HAZ hardness test for the welded samples showed almost similar
hardness with the base metal. However sample 01 showed a significant decrease in the
harndess value compared to the other welded samples. This might be due excessive
heating generated during the welding process which caused softening or annealing effect

on the HAZ region.

Table 4. 6 Average hardness reading for MTS FSW machine welded samples

Samples Hardness value for Hardness value for
weld nugget (HV) HAZ (HV)
Base metal 115 -

01(10mm/min, 1200rpm, un-tilted) 127.13 101
02 (100mm/min, 1200rpm, un-tilted) 111.3 116
03(100mm/min, 1200rpm, tilted) 131 114
04(100mm/min, 900 rpm, tilted) 128 112
05(150mm/min, 900 rpm, tilted) 116.54 113
06(125 mm/min, 900 rpm, tilted) 123.03 111
07(125 mm/min, 1200 rpm, tilted) 123.05 114
08 (125mm/min, 700 rpm, tilted) 127.2 113
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Irregular hardness distribution was observed for most of the welded samples
(Appendix A). However hardness test do show similar hardness trend for welded sample
using low tool traverse speed (10 mm/min and 100 mm/min) and low tool rotation (700
rpm) as shown in Figure 4.49, Figure 4.50 and Figure 4.51. Hardness reading for such
samples shows an unsymmetrical distribution between the advancing side and the
retreating side which indicates hardness increase as it approaches the advancing side of

the weld nugget.

Such observation was consistent with SEM micrograph analysis which indicated
unsymmetrical circulation of the material flow inside the weld zone. SEM micrograph
indicated a higher stir rate in the advancing side of the weld compared to the retreating
side of the weld. Therefore such stir rate causes the advancing side to have higher
hardness which was notable with homogenous spread of coarse and fine SiC particulate.
Besides, the advancing side was also notable with its higher concentration of fine SiC
particles. Higher amount of fine SiC particles tend to increase pining effects within the
aluminum matrix causing the material to get even harder [46,45]. Moreover, denser
quantity of SiC particle in the advancing side of the weld was also attributed to the
increase in hardness. Increasing SiC particulate concentration in the advancing side was
attributed to majority deposition of the SiC particulate within the zone during the stirring

process [64].

Figure 4.48: Three different locations of hardness
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Figure 4. 51: Root section vickers hardness reading

4.5 Microstructure and mechanical comparison between CNC milling Bridgeport
and MTS FSW machine

4.5.1 Weld Microstructure analyses

Samples with tool traverse speed of 10 mm/min and tool rotation of 1200 rpm were
chosen for the comparison. Microstructure results are shown in the Figure 4.52. Both of
the welded samples obtained by CNC milling Bridgeport and MTS FSW machine
showed homogenous distribution of SiC particles. It was also observed that more
distribution of fine SiC particles in the sample obtained by MTS FSW machine.
Homogenous spread of SiC particles and an increased spread of fine SiC particles will
caused pinning effects would result in better mechanical properties. These results showed
that MTS FSW machine has better post weld macrostructure compare to the CNC milling
Bridgeport welded sample. It was also observed that a higher concentration of SiC

particles was seen for the welded sample using CNC milling Bridgeport.
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Figure 4. 52: (a) CNC milling Bridgeport and (b) MTS FSW welded sample
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4.5.2 Weld mechanical results

Tensile test results between the two samples performed by CNC milling Bridgeport and
MTS FSW machine are shown in Table 4.7. Overall the results show better tensile and
elongation to failure value for the MTS FSW machine welded sample compared to the
sample obtained by the CNC milling Bridgeport. These results confirmed to previous
microstructure results which showed homogenous SiC particle distribution and higher
fine SiC particle concentration in the sample obtained by MTS FSW machine welded

sample.

Table 4. 7 Tensile Test comparison between MTS FSW machine welded sample and
CNC milling Bridgeport Sample

Sample Tensile Elongation to failure
Strength percentage
(Mpa)
Sample 01 (MTS FSW machine) 223.17 1.21
Sample 02 (CNC milling 207.33 1.56
Bridgeport)

Hardness test conducted for both samples showed higher average hardness on the
CNC milling Bridgeport sample compare to the sample obtained by MTS FSW machine.
Hardness results are shown in the Table 4.8. Higher hardness reading in the CNC milling
Bridgeport sample was due to high concentration of SiC particles observed in the

microstructure analysis.

Table 4. 8 Hardness test comparison between MTS FSW machine welded sample and
CNC milling Bridgeport sample

Sample Hardness Average (HV)
Sample 01 (MTS FSW machine) 111.13
Sample 02 (CNC milling Bridgeport 116.8

It can be concluded that the MTS FSW machine showed better mechanical
properties compare to the samples obtained by the CNC milling Bridgeport. Besides that,
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the downturn in using CNC milling Bridgeport include the inability to hold to high

machine loading and also to tilt the tool during the machining which further limit its

application. Furthermore, such limitation also causes problems associated with visible

defects in the weld nugget which have been discussed earlier.

4.5.3 FESEM Energy Dispersive X-ray Spectroscopy Results

EDX analysis showed similar chemical composition comparison between the samples

done using CNC milling Bridgeport and MTS FSW machine which is shown in the

Figure 4.53. Analysis on both samples also showed same chemical composition when

compared to the base metal. The results showed welding conducted on both machines

worked well below the melting temperature of the material.
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Figure 4. 53: EDX comparison between (a) CNC milling Bridgeport and (b) MTS FSW

machine welded sample




4.5.4 XRD analyses of weld

XRD analysis was also performed to determine phase changes and development of
stresses across the weld zones between the samples produced by the two mentioned
welding machine. The examined weld zones were the base metal, HAZ, TMAZ and the
weld nugget. Similar XRD results in the weld nugget were obtained from both samples
where similar peaks and phase of SiC and Al were identified as shown in the Figure 4.54

and Figure 4.55.
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Figure 4. 54: XRD Peaks for CNC milling Bridgeport weld nugget sample

97



40

30

20 -

Furthermore, based on the XRD results in Figure 4.56 and Figure 4.57, there were no

I

ul

oot

Lol

Ll

st bty

SiC

Al

Al

SiC

-

Al

SiC

2-Theta - Scale

Figure 4. 55: XRD Peaks for MTS FSW machine weld nugget sample
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evidence of phase changes across the weld zones from both of the welded samples. The

results showed the FSW post weld samples maintained the material’s original chemical

composition. Among the potential cause of the unchanged material phase was the

controlled welding temperature under the material melting point. It must be noted that

welding temperature above the material melting point could cause decomposition of the

material compound into new phase structure. So it can be seen that welding of AMMC

using both machines maintained the welding temperature below the melting temperature

which helped in retention of the material’s original chemical properties.
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Figure 4. 56: Phase analysis on weld nugget, thermo-mechanical affected zone (TMAZ)
and heat affected zone (HAZ) and base metal for CNC milling Bridgeport sample
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Figure 4. 57: Phase analysis on weld nugget, thermo-mechanical affected zone (TMAZ)
and heat affected zone (HAZ) and base metal for MTS FSW machine

Lattice spacing analysis showed similar result for both samples as shown in Table 4.9
and Table 4.10. Results indicate insignificant amount of changes in lattice spacing while
comparing the weld nugget to the base metal. XRD results show a higher space lattice
reduction in the TMAZ region compare to other weld zones. The reduction of space
lattice within the TMAZ indicates a slight compression within the region which was due

to centrifugal forces during the stirring action. Peak intensity in the weld nugget and
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TMAZ were also slightly lower compare to the HAZ and the base metal. Peak intensity
reduction was caused by the partial phase dissolution within the weld nugget and the
TMAZ. Phase dissolution occurred due to the effects of intense plastic deformation that

arose during the welding process.

Table 4. 9 Lattice spacing analysis for CNC milling Bridgeport weld sample

D-spacing (nm)

Cross section Zones | Aluminum Peak | SiC peak
Base Metal 2.32175 2.50602
HAZ 2.32636 2.50064
TMAZ 2.31261 2.48994

Weld Nugget 2.32636 2.50602

Table 4. 10 Lattice spacing analysis for MTS FSW machine welded sample

D-spacing (nm)
Cross section Zones | Aluminum Peak | SiC peak
Base Metal 2.34008 2.5203
HAZ 2.33994 2.51938
TMAZ 2.33918 2.51941
Weld Nugget 2.34067 2.52180
4.6 Chapter Summary

The outcomes of the research work were presented in this chapter. The chapter begins
with macrostructure and mechanical analysis on CNC milling Bridgeport followed by
microstructure and mechanical analysis on MTS FSW machine welded samples. Finally,

welded samples with the same welding parameters were compared from both machines.
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The chemical composition of the weldment was analyzed using EDX techniques.
SEM micrograph was used to characterize the weld microstructure. Microstructure
analysis was carried out to detect welding defects and also to examine the density and
distribution of SiC particles within the weld zones. Subsequently, mechanical testing was
conducted on the base metal samples and the welded samples. Tensile test and Vickers
micro-hardness tests were conducted to determine the mechanical property. XRD was
also conducted to detect any phase changes and also to identify development of stress by

considering the d-spacing.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Chapter overview

This chapter summarizes the findings of this research by providing overall conclusion of

the thesis and suggestions for future research.

5.2 Conclusion

Several conclusions can be drawn from this study.

l.

Friction stir welding on aluminum 6092/SiC/25p/T6 plate was successfully
implemented using CNC milling Bridgeport and MTS FSW machine. Welding of
AMMC plates using MTS FSW machine was more reliable compared to CNC
milling Bridgeport. This was due to the capability of MTS FSW machine to hold
high machine loading and tool tilting.

Microstructure analysis also shows different results when compared between
CNC milling Bridgeport welded sample and MTS FSW machine welded sample.
Result shows homogenous and higher amount of fine SiC particles distribution in
the MTS FSW machine welded sample compared to the CNC milling Bridgeport
sample. Better microstructure results in the MTS FSW machine was due to higher
downward force exhibited from the machine when compared to the CNC milling
Bridgeport. Superior microstructure properties resulted in increased weld strength
and elongation to failure in the MTS FSW machine welded sample. However,
these comparisons were only able to be conducted using lower tool traverse
speed, higher tool rotation and un-tilted tool due the lower adaptability of the
CNC milling Bridgeport to conduct FSW process.
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Mechanical analyses show that welding through FSW reveals retained weld
strength when compared to the base metal. Further testing also highlights an
increased material hardness in the weld region when compared to the base metal.
Hardness test also reveals an unsymmetrical hardness reading within the weld
nugget. It shows a gradual increase of weld hardness when approaching the

advancing side of the weld.

Microstructure examinations reveal that FSW causes extensive changes in the
morphology of the material. Welding of the material through FSW causes
redistribution and breaking of the SiC particulate (reinforcement material). An
unsymmetrical distribution of SiC particulates was detected where the highest
concentration of SiC particulates was found in the advancing side of the weld.
XRD analysis reveals that the welding retained the material original phases but

some stresses were induced on to the material especially within the TMAZ region.

Welding parameters also proved to be crucial in influencing the resuitant weld
properties. Macrostructure analysis shows the high influence of the weld
parameters on the quality of the welding itself. Optimal welding parameters are
crucial to supply adequate heat and stirring forces to ensure a defect free weld.
The result showed that using lower tool speed and tool rotation guarantee
adequate material mixing which contributes to a more homogenous spread of
reinforcement particles within the weld nugget. Mechanical analysis shows that
optimal welding strength is reached by using lower tool traversal and lower tool
rotation. Vicker’s hardness test showed that decrease in hardness value was
attributed to increase in tool traverse speed and using un-tilted tool during the

welding process.
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5.3 Recommendations

It is recommended that further analysis should be performed to relate fine SiC particle
dispersion with the dislocation density by using tunnel electron microscope (TEM). TEM
micrograph technique could also be used to determine grain sizing in the weld nugget.
Grain sizing analysis is critical in understanding the changes that FSW brings to the
welded joint. Research work should also be carried out in correlating the tool geometry to

the weld quality.
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APPENDIX A

Vicker’s hardness test for welded samples
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