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|. Abstract

Ultrasonic metal welding (USMW) has received siguaiht attention in the past few years,
and has become more reliable and suitable for a vaidge of applications. In recent years,
the technique has been extensively used due tadhent of component miniaturisation
and improvements in producing lightweight compomeentThere are a number of
advantages for USMW, including greater efficienayd esspeed, longer tool life, higher
accuracy and no filler or flux needed to be usdualisTthe technique can be viewed as
being environmently friendly. However, the techregs not inexpensive, primarily due to
the high cost of welding tools. Therefore, the gesand construction of a lateral-drive
USMW system which is capable of joining thin metaspresented in this thesis. The
fundamental aspect of this study is the designnoingegrated spot welding horn, along
with other welding components such as a statioaarl, mounting holder, welding bed,
as well as the relevant fixing tools and fixturdgyh precision is required in the design of
the components, and in particular the welding h&®cause the horn is responsible for
transferring energy to the welding zone, specimmeuast be prevented from sliding during
the joining process, and an appropriate clampimgefonust be applied which will ensure
acceptable bonding. Many criteria have been exainioeenhance the performance of a
working horn. The horn excitation frequency has rbeeatched to the transducer
frequency, ensuring that the horn will be vibrakewlgitudinally close to 20 kHz, thereby
allowing the tuned mode to be isolated from othen-tuned modes, which guarantees
uniformity of the vibration amplitude at the horrosking surface, high gain factor of
4.108, and the avoidance of any stress initiatecthat points between connecting
components. Examining of these criteria is esskemtiarder to optimise the excitation of
the horn and to transmit the energy with minimuissigiation. The analytical studies and
the finite element (FE) modelling of the weldingmgmonents were successfully simulated,
from which the vibrational behaviour and dynamichhbracteristics of the system were
precisely verified using experimental modal anay&MA). The welding stack (the horn
connected to the transducer), welding componendsfiatures were then set-up on the
driving machine. The device was examined prior ®ldmg to ensure the excitation at
high vibration. Many tests were successfully coneldcon the welding together of
aluminium and copper in a number of different cgafations using the ultrasonic metal
spot welding system. Weld strength and quality wehewn to depend on complex
relations of process parameters such as clampirog,f@amplitude of vibration, welding

time and input power. A series of weld combinatiomish different thicknesses and



variations in metal conditions were studied. Trauhs of the lap tested specimens suggest
that the bond strength is sensitive to the relatiggs between clamping force and
vibration amplitude. Overall, the weld strengthules suggest that the Al-Al welds are
stronger and more consistent in terms of weldatihan the Cu-Cu welds. In the welding
of dissimilar metals, stronger welds are producéémthe aluminium specimen is placed
on top and in contact with the horn tip, rathemtliae copper. The thickness and surface
condition of the metals such as hardness, surfagghness and oxides, are significantly
affect the weld strength. In welding of Al-Cu or-@ij an increase in energy and time was
necessary to generate an acceptable bond. Thd sspped amplitude profiling results in
a pronounced increase in the weld strength improwasistency and enhances weldability.
However, horn tip/specimen adhesion and specimekingadid not occur under certain
conditions. The results of the FE simulation angeginental tensile tests, for the load-
displacement curves profiles, allow for good estiora of the maximum load and
therefore weld strength. Weld quality of aluminiamd copper specimens were observed
through investigation of the deformed surfaces gidlomarsky optical microscopy and
scanning electron microscopy (SEM). The resultssiliate that good quality welds can be
achived by joining specimens, regardless of théasarcondition of the metal. The SEM
confirmed that no mixing occurred by melting orifusbetween intimate surfaces, which
indicates that USMW occurs due to adhesion andstohenechanisms. Furthermore, x-
ray diffraction confirms the percentage of morplyyldetween Al and Cu, which indicates
that largest weld formations are prevalent for ¢hegecimens that are softer and lower in

hardness and surface roughness, regardless giphefttempering.
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Chapter 1

1.1 Introduction

Ultrasonic metal welding (USMW) was invented ovér years ago and has since been
used to weld several types of metals and theigyslldSMW involves a solid-state joining
process in which metals are fastened together ghrthue application of pressure combined
with localized high frequency shear vibrations fa welding zone. The action of high
frequency relative motion between the metals lgcabftens the overlap zone of the
specimens to be welded, forming a solid-state vbeldause of the progressive shearing
and deformation between surface asperities whigpedses oxides and contaminants
through a high frequency, scrubbing motion. Thig@ases the area of pure metal contact
between the adjacent surfaces, in which the métshs are forced together to create a
strong weld, as shown in Figure 1-1 [1-3]. Weldinglefined as a localised coalescence of
metals or non-metals produced by either heatinp@imaterials to a suitable temperature
with or without the application of pressure, orthg application of pressure alone, with or
without the use of filler metal [4]. Studies stdt@t the ultrasonic welding of metals
consists of complex processes such as plastic rdafan, work hardening, breaking of
contaminant films, crack formation and propagatifsacture, generation of heating by
friction and plastic deformation, re-crystallisatiand inter-diffusion [5]. In addition, slip
and plastic deformation are the two different megsras which control the nature of the

solid-state bond in ultrasonic welding.
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Figurel-1 Schematic of the ultrasonic bonding region [2]

Recently, USMW has become a very popular technokogyovercoming many of the
joining difficulties in the welding of similar andissimilar metals, including plates, sheets,

foils, wires and ribbons, as well as many typeasdembly which can be supported on an



anvil [6]. Moreover, the process can be appliedcessfully for joining various metal

workpieces or bonding a metalized substrate, ceramiglass using metal. Also, the

process is suited to the application of weldingkbr gauges, due to its capacity for higher
power systems. In addition, the USMW process issic@ned to be more efficient than

other conventional processes such as resistana@Bngeh consuming a minimal amount

of energy [7, 8]. The USMW process is more relisdobel applicable in certain cases with
respect to the other modern processes such amriristir welding (FSW), because the
energy generated from the process is concentratéteaveld line compared to the top
surface in FSW. Although USMW and FSW are simil@hwhe advantages of solid-state
friction welding, the welding cycle in USMW is vesphort compared to FSW, and the join
produced has good mechanical properties with lassade around the welding area [9-
11]. Generally, the application of USMW dependsvdrich way the two specimens are
joined, using a combination of normal and sheardsr Friction also has an important role
in creating a scrubbing effect between the matungases during the supply of vibration,

whilst the static force is applied normally to enba the welding effect [12]. While the

USMW technique is applied extensively to join megtathe widest current uses are
typically for various alloys of copper, aluminiurgpld, silver, magnesium and related
softer metal alloys [13]. Therefore, it is likelyat the technique has a promising future for
improving the joining of lightweight componentsapplications as diverse as electronics,
automotive, medical devices, aerospace and alsedsingly in the sustainable energy
industry in the manufacture of products such aarsabsorbers [14, 15]. The set-up of an
USMW system is illustrated in Figure 1-2. From flgare it can be seen that the system
components consist of ultrasonic generator, traceguooster and a horn, in addition to

other welding components such as a rigid anvilngxools and fixtures.

Generator
s

‘Transducer Booster Horn

Figurel-2 Schematic of USMW system



For most commercial welding systems, the maximufitieficy can be obtained in the
resonant condition of the system. Commonly, the Moltage of the electrical power is
converted into high frequency power, which can tbenused for a wide range of metal
welding applications using a frequency between Q%Hz, or above 100 kHz in the case
of micro-bonding. 20 kHz is usually the most popudtaquency in USMW. The electrical
energy is supplied by a generator. The transdu€iguie 1-3) converts electrical energy
into mechanical energy at the same frequency, ¢irothe use of a number of
piezoceramic disks, but with a low amplitude rasgltat the transducer working surface,
typically in the range between 10-ffh [1]. Most welding systems will then adopt the use
of a booster which controls the vibration amplitudad can serve as a mounting for the
entire stack. However, this can lead to an incréaskee heating between connecting parts
as well as resulting in a high stress at the jgimonints. The horn is considered as a tool in
the welding system which has the ability to trariamitrasonic energy from the transducer
to the welding specimens and also to clamp the uppe of the substrate during the
welding process. The low amplitude generated frioenttansducer is then amplified by the
booster and the horn and the amplitude varies dipgron the design of welding tools

and the capacity of the generator.

Back mass Front mass

~ =

Piezocer amic discs

Figure1-3 Ultrasonic transducer

The welding frequency is specified according to #pplication. At specific frequency,
higher amplitude at the horn working surface casultein higher power dissipation. In
ultrasonic welding, the machine is usually set lyedain mode. For example welding by
time (an open-loop process) operates on the asgamibiat the fixed time results in a
fixed amount of energy delivered to the joint ahdttthe sonic wave remains independent
of the energy. Welding by energy (a closed-loocess) is the second mode of operation.
The generator will measure the amount of power drand integrate it over time using



feedback control. When appropriate, the deliverthefultrasonic energy is stopped by the
generator whilst the energy is dissipated. Thedtelding mode involves welding by
distance or post-height, and allows joining by @c#iic weld depth. The ultrasonic
generator will continue delivering energy to thertpabeing welded until the preset

displacement between welding tool and surface netalached [5, 16].

In general, ultrasonic welding has two main appitces, namely ultrasonic metal welding

and ultrasonic plastic welding. It is well knownaththe ultrasonic welding process for

metals is distinct from the process used in plasgtding. The main difference is that in

metal welding, the ultrasonic vibration is movingrallel to the plane surface of the

specimens being welded. In plastic welding, theratibns are perpendicular to the

surfaces. Another reason is that the nature obtimel in metal welding is represented by a
solid-state, which means that no melt or fusiomeiguired between adjacent specimens,
whereas in plastic welding, the process directlpetels on the melting of adjacent

specimens. Nevertheless, most components of aasaitic system such as generators,
transducers and welding horns are similar for the systems. Although the ultrasonic

welding technique has developed since 1950, amdat gumber of publications have been
issued to study the variables in different welti$s mcknowledged that a large number of
these studies are focused on ultrasonic plastidingl and that ultrasonic metal welding is
less understood. Therefore, to understand the mesrhaof the USMW process, the

ultrasonic components and the effects of diffenetdted parameters were investigated.
This was achieved through the design of an ultiassystem suitable for metal welding.

1.2 Outline of research

In this research, four parts were considered taesddthe lack of understanding of the
issues surrounding USMW, and for investigation loé tmetal behaviour during the
welding of similar and dissimilar thin metals. Thest part relates to the design and
manufacture of the ultrasonic welding system whscbapable of joining thin gauges such
as light plates, sheets and foils. The model ofatblkeling horn was developed based on the
enhancement of the vibrational and dynamic charagtits. The FE analysis package
Abaqus was used to develop the final configuratibthe welding horn. Many attempts to
resolve criteria that influenced the performancetted horn were performed using FE
simulation, which included the matching of the hextitation frequency to the operating

frequency, ensuring the horn vibrated longitudinait the operating frequency, isolation



of the tuning mode from other non-tuned modes, @mguuniformity of the vibration
velocity at the horn working surface, high gaintéecand the avoidance of stress at
connecting components. The reason for performiagdlanalyses is to ensure that the horn
IS excited at the desired vibration mode and entwegemaximum transfer of ultrasonic
energy to the weld specimens. Modal analysis anthdaic analysis were used to examine
the natural frequencies and mode shapes of the twakling horn. In this study, a lateral-
drive system is selected as the type of ultrasamltling configuration, and is shown in
Figure 1-2. This system has been chosen to imastigtrasonic spot welding. In order to
guarantee the successful welding together of artglmeareful design of components and
fixtures is required. The horn is tuned longitudiynat the ultrasonic operating frequency,
in this case 20.81 kHz. This operating frequencyukh be matched with the specific
frequency of the transducer. Any minor change acaurate calculation which is made
when designing a horn may lead to a shift in therafing frequency of a few hundred
hertz from the excitation frequency. This deviationfrequency affects the dynamic and
vibration characteristics of the tuned horn, whieim then lower the vibration amplitude,

affecting the weld strength and lowering the gyaditthe weld.

The second part of the work discuses the designnawufacture of the other welding
components such as a rigid anvil, welding stackiémlrigid bed, fixing tools and fixtures.
FE analysis with Abaqus is again used to develop geometries of the welding
components with respect to the size and dimensadnthe welding stack and to the
thickness and dimensions of the metals to be weltghy studies use conventional
welding machine to produce welds and study theceffen several variations of weldment.
These studies are focused on the change or mddifica the welding tip and fixing tools.
However, these machines are usually limited in sewh delivering energy and in the
control of process parameters. Therefore, thisysails to design and construct a welding
machine suitable for joining thin metals and condstadies on several parameters that
influence the strength and quality of the weldse Welding rig is set-up and mounted on a
driving machine (Universal test machine) throughrezcting the welding stack with the
mounting holder. The vibration response of the wgjgtack is examined after connecting
it to the driving machine to avoid damping effeatsl shifting frequency that can result in
a drop in the ultrasonic amplification of the ekatcomponents. The unique axial motion
of the welding stack by driving machine, allows damntrol of applying load, as using 2
kN machine load cell. The ultrasonic generatorgeduto control the energy delivered to



the weld, In addition, the welding cycle of eachkttes specified from the preset of the
machine program. Therefore in this research, ttsgdeof the welding system allows to
produce welds in a different manner, which is cépab control system parameters, and
study the strength and quality of joining metaldiickh can be limited by conventional
welding machines. In addition, the welding systeas the ability to improve the weld,
enhance weld strength and increase consistencyghrahe control of system and

ultrasonic parameters, which are not available astnwvelding machines.

The third part of the research is concerned witidyhg welding conditions through
investigation of the process and metal parametarg,their effect on weld strength and
weld quality. Aluminium and copper have been sel@dor these welding studies, for
which four different weld coupons are studied, casipg Al-Al, Cu-Cu, Al-Cu and Cu-
Al. The weld coupons are selected from sheets thitknesses of 0.1, 0.3 and 0.5 mm, for
annealed and half-hard metals conditions. Experisnare conducted in order to study the
influence of the process parameters (clamping faoglitude of vibration, welding time
and ultrasonic power) on the weld strength. Theaanbment of the weld strength is
dependent on the energy supplied to the deformieg and the relationships between
welding parameters. The operation is rapid, agithe duration for welding is usually one
second. A tensile shear test is employed to exathmeveld strength through study of the
relationships between the joint strength and tlifergint process parameters. Amplitude
profiling is an approach that has recently beeriegppn the field of USMW to increase
the weld strength, enhance the joint and reduceimge marks. This thesis also discusses
the matching of the amplitude to the various weldges through the optimisation of the
weld cycle to increase the weldability of joinedtaige with respect to those produced at

constant amplitude.

The fourth part of the research investigates théd w@ality of the joined metals. The
investigation begins with an examination of thetdeg which influence the quality of the
weld by the analysis of the deforming surfaces.ig@ptmicroscopic examinations are
performed to analyse the different parameters efwhld through the extraction of details
about the morphology of the welding area. Invesiogg using scanning electron
microscopy, SEM, show how the deposition percentafyeghe welded specimens is
particularly sensitive to the metal surface cowdis, such as hardness and surface

roughness, which strongly affects the quality oé thweld. The weld quality is also



influenced by the clamping force and the vibrateonplitude of the welding tip. Higher
weld quality is obtained through an appreciationtlod best combination of different

process parameters for the specific metal joinogfiguration.

The objectives of this study were to design anaatinic metal spot welding system
suitable for joining thin metals, and which is albdeinvestigate the behaviour of joints
during different welding conditions, especially isng on the influence of clamping
force, constant amplitude and amplitude profiling énhance the weld strength and
improve weld quality. Good weld strength and qyadiepends on the accurate design of
tools to ensure high energy is imparted to the m&fogy region, but the weldability of
metals also depends on the relationships betwestegs and metal parameters and the

capacity of the ultrasonic generator.

1.3 Historical background

The issue on the welding by mechanical vibratiors weported by Willrich in 1950 who

obtained cold weld at the region of resistance imgldhrough apply low frequency

vibration to the tool that designed for this pumgosSimilar results were recorded in
research conducted in the United States. The USEMNnique was first demonstrated at
early 1950s [1]. Research at that time revealetl phaducing a weld was occasionally
accomplished by ultrasonic means. Leading from, ihid953 the first report concerning
the application of the ultrasonic energy to colddivey appeared [17, 18]. The practical
application for welding by ultrasonics was thentéetlefined. However, the first research
investigation aimed at developing the USMW techaiguas not proposed until the 1960s
because the patent at that time did not acknowlédlaethe existing machines would be
able to make a metallurgical bond and create aifgratate without the need to heat or
melt the metal through the use of any flux or ag@idr material [19]. The USMW

technique then continued to develop to include dewange of applications for structural
components during the 1960s. After that, the teplmiwas used to cover many fields in
automotive engineering and manufacturing procedae969 the first assembly of a car
was achieved by using USMW. Since the USMW techmifas been used widely in a
multitude of fields [20, 21]. Now, many industriakctors are benefitting from using
USMW in some capacity, such as in the automotivanufacturing, electrical and

electronics, aeronautical and aerospace industries.



1.4 Ultrasonic waves

Ultrasonics is defined as the use of ultrasoundthedgeneration of acoustic waves. The
mechanical waves are generated according to thiatiea transmitted through solids or
liquids, and characterised by parameters of frequeamplitude and wave speed. For
frequency, the human ear can typically detect sdagtdeen 20 Hz and 20 kHz, which is
the range called audio [22]. If sound is transrditbelow the audible range of hearing, then
it is called infrasound, and when the transmisssasbove the audible range it is described
as ultrasound [23, 24]. Sound is transmitted thinoagnedium by oscillation of molecules
through the direction of wave travelling. The rargjdow and high power ultrasonics is
varied from 20 kHz to 2 MHz [25]. Ultrasonic wavesn travel easily in any media, solid
or fluid, which causes the medium to exhibit anildmon in a characteristic shape of
motion called a mode. A normal mode of vibratiom igattern of motion in which all parts
of the medium move sinusoidally with the same feey. In any vibrational system, the
frequencies of the normal mode are referred tohasnatural frequencies or resonant
frequencies. In general, three common modes casbberved in ultrasonics, classified as

axial (longitudinal), torsional, and flexural (tsurerse) modes, as seen in Figure 1-4.

Flexural

Figure1-4 Ultrasonic modes [26]

In the longitudinal mode, the direction of displamnt of medium particles from their
positions of equilibrium coincides with the proptaga direction of the wave. Mechanical
longitudinal waves can also be referred to as cesgion waves. The torsional mode
represents the oscillatory angular motion, whichisea twisting of the system. In the
flexural mode, particle displacement is perpendicib the propagation direction of the

wave.



1.5 Ultrasonic metal spot welding equipment

In ultrasonic welding, there are several variatiofghe process which can be adopted,
based on the type of the weld, geometry, and th@lm¢o be joined. The ultrasonic
welding of metals is then obtained using transverkeasonic vibrations to create a
scrubbing action between the specimens. Severatigars of ultrasonic welding exist, for
example, seam, line, spot, torsion, and ring. Tagearch will be focused on ultrasonic
metal spot welding, which is perhaps the most commpproach in the application of
automobile part manufacture and also used in madystrial assembly lines. Moreover,
this kind of weld is typically used when bondingtpaular types of sheet metal, because
the bonding zone covers only a small area of thepss typically up to around 40 nfm
4 In general, two configurations of ultrasonic nhetalding systems can be used to spot
weld metal substrates together, namely a wedgesgstem or a lateral-drive system, as
shown in Figure 1-5. Although these systems arkerdifit in shape and application, the
vibrational mechanisms at the deforming area agesdime [27]. The components of the

two systems are discussed briefly as follows:

Normal force
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Figurel-5 Ultrasonic welding systems with transverseation pattern (a) Wedge-Reed
and (b) Lateral-Drive
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1.5.1 Wedge-reed ultrasonic spot welding system

In the wedge-reed system shown in Figure 1-5 (&, domponents are the generator,
transducer, and wedge and reed series of componesdd to produce and transmit the
ultrasonic vibration energy and transfer it to #pecimens that are clamped between the
horn tip and the anvil. The normal force is appliesing either a pneumatic, hydraulic or
electrical device that can easily control the uplsaand downwards movement of welding
horn. During operation, the vibration amplitude nvayy according to the tool design and
power setting for a given application. Normallye thmplitude is in the range of 10 to 100
microns peak-peak. The magnitudes of the normaleféall between a few Newtons to
several kilo-Newtons [28]. It is necessary to mamthere that the ‘wedge’ amplifies the
vibration amplitude that is imparted through thedeto the welding tip. Welding or
brazing is usually used to connect the wedge tovéncal reed to prevent any losses of
the transferred vibration energy to the weldingioegWhile the reed is vibrating in the
bending mode, an oscillation motion is createdsdme cases for the wedge-reed system,
it is preferable to design the anvil as a vibratmgmber resonating out-of-phase, to
increase the motion across the specimens [1].dp this may increase the capability of
this type of welding system to bond traditionallysuitable or higher-strength alloys. In
wedge-reed system, as the transducer is direcbeldrto the reed and the latter is directly
touch to the welds through welding tip. Thus trensducer is only capable of driving the
welding tip and has inability to control weld pamters, as no resistance is directly

received by it.

1.5.2 Lateral-driveultrasonic spot welding system

For this type of ultrasonic weld, the system cassef a transducer, booster and a horn
with a welding tip, as seen in Figure 1-5 (b). Téen, ‘welding stack’ is sometimes used
to refer to the horn and booster which is connetigdther to the transducer. In a similar
manner to the wedge-reed system, the transducduges a vibration of the piezoelectric
disks. The booster increases the transducer ameldepending on the gain value, serves
as a mounting for the welding stack, and also asta clamp of the joint specimens. The
welding horn can further increase the vibration kinige at the welding area. In this type

of welding system, the horn is mounted paralletn® vibration direction of the exciting
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tool. Therefore, the ultrasonic energy is transférto the specimens in a transverse
manner. The specimens, usually two thin sheetsilsr é¢f the selected metals, are situated
in a lap joint configuration. The specimens to beded are firmly clamped between the
welding horn tip and the stationary anvil, where tipper specimen is gripped against the
knurled pattern on the horn tip surface. Likewibe, lower specimen is gripped against the
knurled surface anvil. The ultrasonic vibration tbe welding horn is in the parallel
direction to the specimen surface, creating a $engomotion at intimate surfaces. This
leads to a relative friction motion at the matipgamens, causing shear, deformation, and
a flattening of the surface asperities and thensegient weld formation. Generally,
lateral-drive and wedge-reed welding systems aneilasi in terms of the vibration
phenomena which are exhibited, such as, transvensar and resonant at the specific
operating frequency. The vibration is similar beswe¢hem however, the way in which the
vibrations are produced are different. The two ayst are influenced the welding zone in
the same way, through a solid-state mechanismott@mtrred at the interface, without the
need to melt or fuse of the substrate metal. Tlhikkwlepends on design a configuration of

lateral-drive system, which is suitable for joinitign gauges.

In this work a welding system which has a configora of a lateral-drive system is
selected to allow for study of the factors thatuahce the performance of the working
horn. These factors cannot be readily studied withfedge-reed system, as the horn is not
in direct with the weld specimen. Furthermore, thteral-drive system can allow for
measurement of process parameters, such as clafopiegand vibration amplitude, more
accurately than the wedge-reed system, because pla@ameters can be measured at the
transducer for a lateral-drive system but not feveslge-reed system. This helps to relate
the weld strength of the joined metals to the déifie welding conditions. In addition, this
study investigates the welding of thin metal speerisy which require high vibration
amplitude with low applied force and this can bket obtained from the lateral-drive

system.

1.6 Principlesof ultrasonic metal welding (USMW)

Since most studies predominantly focus on ultrasptastic welding and its applications,
the principles of USMW and its range of applicaiammain not fully understood. To
understand USMW, it is preferable to start with gmanciple of the technique, including

any variations or differences from other processsesl in conventional welding systems.
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The principle of the welding operation occurs froneating an oscillating shear force at
the interface between the mating surfaces, to dispexides, voids, liquids and
contaminants, and offer new contact at many poibtging the supply of vibration at a
local area, the resultant oscillation causes arease in diffusion across the interface,
resulting in a weld similar to that produced byfukion welding [29]. At the bonding area,
dynamic shear stresses are generated due to thieinsmminfluence of static load and
ultrasonic vibration. The effects of interfaciajpsand plastic deformation will increase the
temperature of the scrubbing area, which itseHlvgays lower than the melting point of
base metal. The properties of the joining metals icdluence the temperature at the
interface between the two surfaces, which mearistiigatemperature can be higher for
those metals with a low thermal conductivity sushsteel, than for other types of metals
which have high thermal conductivity such as aluormand copper. For that reason, the
ultrasonic technique consumes less power when #@pied to the welding of higher
thermal conductivity metal, compared to other psses such as resistance welding. Figure
1-6 shows the phases of the welding process [J9, 30
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Figurel-6 Schematic of ultrasonic welding processes [29]
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The welding operation means that the system isatélr in a transverse manner. As
mentioned above, the wedge-reed system and laiaval-system are both developed to
enhance the transverse vibration. In the wedge-sestiem, the transducer resonates
axially and produces vibration in the direction &vds the wedge. This vibration amplitude
is relatively small in comparison with the ampliéudf the tool. The vibration passed along
the reed is a bending (flexural) mode, which mehasthe motion in the transverse mode
is similar to the vibration as seen in Figure 1ah (n the lateral-drive system, the booster
serves the same function as the wedge and alsotheewelding stack through a mounting
parallel to the vibration direction of the tunedoUltrasonic energy is transferred to the
specimens by a welding tip which vibrates translgrshrough contact with the upper
specimen surface, as shown in Figure 1-5 (b). €hecson of the type of weld system will
depend on certain parameters, such as the requiveation amplitude, clamping force,
vibration energy and the specimen thickness to &lded. However, the properties of the
deformed area are similar to those for parent metalthe wedge-reed system, a weld is
produced using low vibration amplitude with a higgamping force, which results in high
energy transferral to the welding zone. In therldtdrive system, high amplitude and low
clamping force are required to produce a weld. H@wethis type of welding process is
only suitable for joining thin sheets, foils, andef wires. The reason is to avoid the
increase of any bending stresses due to a loadaser which if exceeded, leads to early
fatigue failure. Ultrasonic metal welding systenan doe used successfully in different
welding applications, such as continuous seam wegldvhich is used for joining
specimens through the integration of a rotating diserating as the horn tip. Continuous
welding is easily obtainable by this type of welgliprocess due to the passing of the
welded specimens between the vibration of the ingadisk and the fixed anvil, or the
welded specimens could also be moved betweenghentl a counter-rotating anvil. The
mechanism of applying the force in this processinsilar to spot welding. In continuous
welding, the bonding area may be produced in theneaof overlapping seam welds, and
welding foils can be produced by this type of wetdi6]. Ring welding, often called
torsion welding produces closed-loop joints whiale aisually circular but may have
different shape, such as square, rectangular ok d%& horn tip is hollow and is set
parallel to the weld interface and it is vibratedrgllel to the surface of the welding
specimens. At least two transducers are requiregréaluce this type of weld with
sufficient power [1]. Line welding is another presdn which the specimens to be welded

are firmly clamped between the stationary anviljlevthe horn tip is moved linearly and
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oscillated parallel to the plane of the weld ireed, and perpendicular to the direction of
the applied load and welding line. This type of dued) produces a linear weld[6], and is

suitable for thin metals [29].

In USMW, more than one parameter can affect thaireabf the weld, and these
parameters are classified into two groups: progem@meters and metal parameters.
Process parameters consist of static load (clanfpiog), amplitude of vibration, welding
time, resonance frequency and electric power. Metedmeters include the features of the
specimens being welded, such as hardness, sudaganess, oxides and contaminants
[27, 28, 31]. The control of parameters is not e&sy to complex setting between process
and metal parameters. In USMW, the thickness oégezimen being joined can affect the
nature of the weld. Therefore, for a given thiclsjesthe amount of total force is small,
the weld produced is not good due to the low stesd the interface, since the stress is
proportional to the applied force. By increasing thickness of the welded specimens,
excessive deformation can be imparted at the tofacl The size of the weld tip also
influences the weld as it is related to the speniitiickness and contact stresses. As the
thickness of the specimen increases so must theetipedize in order to maintain the stress
level at the interface. However, this causes arease in the force in the specimens, which
requires more power to maintain the welding procéstigher welding force may also
suppress the velocity of the welding tip, resultingower amplitude. Unfortunately, no
schedules are available to help analyse the idsel@ad weld tip size, specimen thickness
and weldability of the specimens [1]. The periodiofe for the weld cycle varies with the
thickness of the specimens, composition of the htethe welded and the capacity of the

generator [29].

1.7 Applications of ultrasonic metal welding (USMW)

Applications of USMW are found to be extensive iany fields and industries such as
electrical/electronic appliances, packaging, autivecand medical instruments. Recently,
the technique has been adopted due to the demasddtainable energy products such as
those that are welded for solar absorber panelgstwhe technique has also been used
more efficiently to weld equipment for aeronautiaatl aerospace fields. USMW is widely
used for joining metals, and the process can bé teseeld in any environment such as in
water or in a vacuum [14, 32]. In general, the psscis extensively used with ductile

metals and their alloys, due to requiring moderaieer to produce a weld. Harder or
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refractory metals are more difficult to weld byrakonic methods, as those types require
more power to obtain a weld. Currently, USMW tecjus is used for alloys of aluminium,
copper, magnesium, titanium, nickel, silver anddgds mentioned in section 1.6, the
process of ultrasonic metal welding is differentwesen lateral-drive and wedge-reed
configurations due to the variations in the direetof ultrasonic vibration, range of applied
clamping force, and the magnitude of vibration datage, as well as the thickness of the
specimens being welded. Thicker metals and thényslare welded by a wedge-reed
system, because a high amount of energy is reqtor¢ain larger thicknesses of welded
specimens, whilst, electrical cables, wire harngssplicers, sheet metals, foils, ribbons,
meshes and wires can be successfully joined tostéets or tubes by using lateral-drive

system.

1.8 Description of theresearch and key findings

This research provides details of the design, dbarngation and testing of a lateral-drive
ultrasonic metal spot welding system. The weldiraghine is capable of joining relatively
thin metals, such as sheets, plates, foils andswifbe ultrasonic spot welding horn is
modelled and fabricated with sufficient precisiont only for producing good welds but
also to enable the examination of many issues erteced in the design of ultrasonic tools.
These issues have largely received less attentidhe literature in recent years, but are
important to understand, as they have a direccetia the performance of the working
horn. For example, matching the horn excitatiomdency to the operating frequency of
the transducer ensures that the horn will be \éordbngitudinally very close to the
operating frequency, allowing a separation of thrggitudinal frequency mode through the
isolation of the tuning mode from other non-tunedides, which guarantees uniformity of
the vibration amplitude at the horn working surfdugh gain factor and the avoidance of
stress which may initiate at the points betweemeoting components. The proper design
of the exciting horn is essential to ensure trassion of ultrasonic energy to the weld
specimens with minimum dissipation. The weldingcktéthe horn connected with the
transducer) is mounted on a driving (universaljtesichine, allowing the control of the

range of forces that are recommended for joiniffigidint thicknesses.

The vibration amplitudes are provided by the regoaof the ultrasonic energy that is
delivered to the welding stack. In this work, thece and vibration levels which are

utilised assist in overcoming the limitations whiate identified in many studies in the
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literature, in which conventional ultrasonic maasrare commonly used. In this research,
it is shown how the ultrasonic welding machine &pable of controlling system
parameters, which in turn provides a good degreweadflability for a range of different
welding conditions. This allows the weld strengtid @juality to be examined through the
dependencies of process parameters such as clangicg, amplitude of vibration,
welding time and input power, and also metal patarsesuch as thickness, hardness and
surface roughness. In addition, the machine enathlesUSMW of thin gauges, and
produces good-quality joints through an increasebath the weld strength and weld

quality, and a reduction of weld defects.
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Chapter 2

Literaturereview

2.1 Introduction

This chapter reviews the developments which hawiroed in the design of ultrasonic
tools (horns) and discusses various tool profilegcivare commonly used in the transfer
of ultrasonic energy to welding specimens. Furtloeem studies relating to the USMW
technique and the associated critical operatingrpaters are reviewed, which explain the
mechanisms behind the solid-state bonding proaesdifferent welding applications. The
unique features of USMW are also explained, byraalyais of the different stages of the
welding process. In addition, it is explained thedry of USMW without melt or fusion,
and how other characteristics are observable, asdbw levels of heat generation during
scrubbing motions which can occur in certain USMWbcedures. Studies utilising
different welding configurations are reviewed, aaldo for the welding of other metal
configurations, such as thin sheets, foils and svite this chapter, a brief discussion of
system parameters, as relevant to this study, goppate, as these parameters are
dependent on one another, and the relationshipesktparameters depends on the specific

welding system.

2.2 Background of the design of ultrasonic tools

The first observation of electrical-mechanical censon in certain types of crystal was
discovered by Pierre Curie and Jacques Curie [B3F discovery resulted in successful
implementation of the piezoelectric effect in udtraics, where it is now utilised in many
ultrasonic devices. In the subsequent years, sud® ultrasonics continued, and
scientists such as Paul Langevin worked in thd fiélacoustics to enhance the intensity of
acoustic power in order to develop high-power atiowspability. The ability to produce
high acoustic intensities meant that the desigultodsonic tools suitable for higher-power
applications was possible [34, 35]. The theorytd solid horn as a concentrator (also
called resonator) of elastic energy or as an impegl&ransformer was established in order
to develop acoustics research. Pierce [36] useeradpsolid couplers to investigate the

transfer of acoustic energy along the taper. Thayais of the tapered solid horn was
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studied by Mason, who successfully adapted theryhebthe horn for the compressive
wave in air to the compressive elastic waves imlal snedium. High power ultrasonic
systems were produced as a result of the discaMepyezoelectric materials [37]. In just
one decade, Mason designed his ultrasonic hornhadoald be driven by a high power
generator. Merkulov in the Soviet Union analysddasbnic concentrators, and derived the
equations to compute the resonant dimensions afshand extract the gain coefficient.
The analysis was based on selecting the optimahlarcross-section of the rod to excite
the longitudinal vibration mode. The study alsoieexed several horn profiles such as
exponential, conical and catenoidal. The reasorstialying these profiles was to extract
the highest gain at the horn. The largest gainraglyced by the catenoidal shape [38].
Other studies focused on different horn profilagshsas the solid conical horn presented
by Ensminger, who conducted his study on findingtipla velocity, particle velocity
amplification, stresses, length, and mechanicakutapce of sections of solid cones. This
research was based on an assumption that thehsteelwas designed to be half-wave
length and tuned at 20 kHz, for which the gain wexorded at 4.61, similar to the gain
value that was calculated by Merkulov [39]. Differaypes of metals were selected for
tuning the horn, such as in the study conductedNeppiras, who investigated the
excitation of tuned horns. The author’s resultsgest) that good acoustic quality can be
produced from a horn that is made from titaniumthés metal has lower internal losses
and a high stress threshold [40]. Belford [41] stddthe design of solid stepped horns
through the analysis of the horn dimensions. Thaulte that were extracted from
mathematical analysis showed that sufficient gauda be achieved from the stepped horn

compared to the exponential or even the catenbioial.

Amza and Drimer [42] analytically determined thdeef of concentrator mass on the
operation of the vibration modes. The study wasie@drout on exponential, conical and
catenoidal concentrators. The study concluded that catenoidal profile of the
concentrator offer high gain. Various studies weeeformed on the design of ultrasonic
horns used for ultrasonic machining, such as thdyspublished by Satyanarayana et al
[43], which discussed different horn profiles sashexponential, conical and stepped. The
study involved the calculation of resonance lengjhin, stress and displacement. The
study concluded that the exponential horn can predsufficient gain compared to the
other horn profiles. A recent study on the desiga simulation of a stepped horn by Nanu
et al[44], showed how an ultrasonic horn was useald electro-discharge machining. The
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study, which was supported by FEA, involved the sneament of resonance frequency
and amplitude at points located on the horn surf&be et al explored the analysis and
design of a horn used for embedding or encapsglatimetal into joined specimens [45].
The FE software code ANSYS was employed to spehi#ygeometry and dimensions of
the horn and also to compare the numerical reswita experimental results. The
simulation reduced the trial-and-error time for mathg and also enabled the

modification of horn dimensions.

Derks [31] explored the design of welding devicesotigh using FEA to develop and
optimise the shape of an ultrasonic resonator, suttsequently excited the mode of
vibration of two profiles, namely cylindrical andatangular resonators. The study focuses
on the problems that are often met with resonagésigth which is used for welding, such as
poor energy transmission to the weld, short tdel dind noise during excitation of tools.
The study demonstrated the design of ultrasonionasr with a wide output cross-
sections of such a complexity that creating araatinic resonator. In addition, the author
attempt to excite longitudinal modes of vibrationciylindrical and rectangular dimension
perpendicular to the longitudinal axis was gre#tan a quarter wavelength [25]. A high
power ultrasonic transducers was designed by Mudléhwhose design was based on the
use of piezoelectric rings to produce high powdre Ruthor stated that the design of a
slender horn must be avoided if possible, dueécetttitation of lateral modes of vibration
that could lead to component damage during operaGommonly, the FE method can be
used to accurately design ultrasonic horns. Théogeis widely used for many different
shapes, including circular and rectangular. Adathal [47] presented a modal vibration
analysis of rectangular ultrasonic welding hornsiswas achieved by setting the length of
the horn to the half-wavelength of longitudinalnation at 20 kHz. A number of slits were
added to reduce the effect of Poisson’s rationguee a uniform amplitude distribution at
the horn working surface. The study found thatrthtural frequency of longitudinal mode
is determined by the values of the column widtht wslidth and bridge thickness.
Furthermore, the study concluded that the effestanying the column width at both ends
of the tools is shown to be negligible small.

O’Shea [48] modelled a high-power ultrasonic harstudy the influence of mode shapes
and frequencies. The model suggests that the Hmuld ideally be excited at a purely

axial mode with uniform vibration amplitude at thern working surface. The results of
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the modelled horn investigation proved that theafbf design factors such as slot length,
slot width and the number of slots control the melapes and the frequency separation.
The numerical results correlated with the experimeMoo et al [49] conducted a
theoretical study of an acoustic horn which wasitedcby high ultrasonic power. The
optimal dimensions of the horn were investigatednter to achieve high vibration. This
was accomplished using the FE analysis code ANSM#ither study of high power
ultrasound used in ultrasonic cutting and weldihghermoplastic textures was presented
by Silva [50]. The FE analysis was used to prethet vibration amplitude for the wide
blade horn through simulation. It confirmed thag tHectrical impedance was reduced due
to the increase in the number of piezoceramic didosvever, the vibration amplitude was
observed to be non-uniform along the horn workingface. An analytical study was
performed by Amza [51] in order to design an ultras booster for the ultrasonic welding
device. The ANSYS model extracts the system mocdhek feequency of the exciting

device.

The proper design of high-power ultrasonic toold horns has become very important in
many fields, especially after the discovery of peectric materials. The majority of the
literature has focused on the design of tools wdiffierent profiles, such as tapered,
conical, rectangular, step and catenoidal, in otdeinvestigate the transferral of high
acoustic power with high gain. Furthermore, mosthig research has attempted to study
the dimensions of the tools in order to enhancéeaysnodes and frequency of excitation.
Most researchers generally agree that the catdrtoilgorofile is the optimal choice, as it
is capable of providing high gain compared to otioet profiles. Studies in the literature
also show that the type of metal which is usedhi design of these tools is critical for
ensuring good acoustic quality. For example, Titanhas a low internal stress compared
to steel, and so would be the favoured choice. Hewesteel possesses a good level of
wear resistance. Other studies examine the reserfeemguencies and vibration modes of
exciting tools, based on analysis of different pagters such as shape, length and mass, as
well as the slot length, slot width and the numbteslots, which themselves can control
mode shapes and frequency separation. Althoughigu®\studies have attempted to
investigate these criteria in the design of ultrésdools, it is clear that there is still a
general lack of understanding, as the researchcaraducted on designs without attaching
any mass, which can significantly influence theoresice frequencies and system modes.

In addition, the frequency separation has not weckin-depth study or analysis, despite
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the fact that it can affect the level of tool eatibtn and the tool gain. The stress in the
ultrasonic tools is another critical criterion whidas not previously received much
attention. It is an important factor to considexcéuse the increase in stress can lead to the
development of heat between connecting componsubsequently resulting in losses in
the transfer power as heat dissipation, affectiregperformance of the exciting tool. In the
literature, most of the resonance frequency andenstdpe studies on these tool designs
are purely numerically-derived, and have not yeerbeprecisely correlated with

experimental modal analysis.

In this work, an integrated ultrasonic metal wetdinorn has been designed which is
capable of joining thin metals. A catenoidal horofile was selected as this can provide
greater amplitude with lower stress. The horn wptloper gain was attached to the
transducer with an integrated welding tip speciaésigned for spot welding. A flange
coupling was also attached to the body of the h&itowing zero displacement at the nodal
plane during horn excitation. The FEM code Abaquss wised to identify the vibration
characteristics of the horn, such as resonancedrexy and vibration modes, to ensure that
the horn is tuned longitudinally with a good separaof the excited mode from other
non-tuned modes. Finally, numerical results wereetated with experimental modal

analysis.

2.3 Resear ch on solid-state bonding mechanisms

Generally, USMW is considered as a solid-state mgngrocess in which the bond is
viewed as the strongest of the welded specimeng 8% welding process comprises
simple mechanism of bonding, in which the surfawebe welded slide in contact with
each other under the effect of an applied compresgirce. The influence of high
ultrasonic shear vibration combined with the corapnee force results in a bond due to the
increase in both slip and plastic deformation. Hesvethe forming area could be initiated
not only by sliding and plastic deformation, bugaby a break in the thin film at intimate
surfaces. Other ways in which this forming areald¢due created are by work hardening,
crack propagation, generation of heat by frictigcrystallisation and diffusion [52, 53].
The USMW process is considered to be comparabl@her welding processes such as
friction welding and pressure welding, in which #aid-state bond can be generated by
heating without fusion or by mechanical force alathge to the intense plastic deformation

at the welding zone. A solid-state bonding approasabk described by Tylecote [54], which
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summarised that the formation of a solid-state biendependent on the conditions at the
intimate surfaces, such as the collapse of suiaperities, and the removal or dispersion
of oxides [27]. Many studies explore the joint faton in USMW. These studies vary in
terms of the explanations they offer regardingrttegphology of the welding area relative
to heating, friction, or diffusion welding. Due tbhe combination of normal and shear
forces, the relative motion between intimate swa$doegins to remove and clean asperities,
which creates microwelds at many points betweerath&cent surfaces. From the increase
in the shear and normal forces, the bonding areésdio increase through a spreading of
the microwelds. The area of microwelds is reinfdread increased by a growing level of
friction between intimate surfaces. Welds are cateplwhen the power received by
deforming area of intimate surfaces is sufficieBhang and Frisch [55] studied the
bonding mechanism for welding a sphere to a plate way in which the study was
conducted was based on the oscillation of two @dntarfaces of elastic spheres,
developed by Mindlin. The experimental study of dued) aluminium with copper predicts
an expression for the coefficient of friction beemecontact surfaces. The study showed
that the optimum welding condition can be achiebgdmaximising the slip area and
resulting in high deformation at the area of contagfaces. Heymann et al [56] used a
spherical horn in a number of experiments to stheyeffect of surface preparation in the
joining of samples prior to welding. They obsernthdt a strong weld can be identified
from using degreased samples. In addition, thegchtitat the level of adhesion of the horn
to the sample increased with sample cleanlinesghbtan [17] conducted a study on the
comparison between USMW with high and low frequesadf ultrasonic (20 kHz) and
subsonic (30 Hz) values for the welding of alummitAfter many trials, it was found that
the nature of the welds remained unchanged, ewven tae trials were repeated. Also, it
was indicated that the phenomena of diffusion a@drystallisation do not play an
important role when welding with a low frequencycaese the temperature does not
exceed room temperature. Harthoorn summarised tiat interfacial layer in the
ultrasonically welded metal is plastically deforméatonevich [53] referred to the basic
principles of USMW. He studied the relationshipgween weld strength and process
variables such as clamping force, weld time anéivelmcity for a copper sphere welded to
a copper plate. He showed that there is a minimioration between intimate surfaces is
necessary for welding. Also, the author confirmieat the process revealed the frictional
phenomena of galling and seizing under the infleevfcthe clamping force. Neppiras [40]

investigated an USMW technique for coupling sheharation with specimens. The study
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expanded the knowledge of joining metals by ultnéscshear welding. Welds were
produced under compression and tangential vibrafldve study concluded that fretting
and adhesion can occur within a micro-slip regi@sulting in a rapid temperature rise.
However, there is no possibility of melting at tpisint. Also, it was found by experiment
that it can take only tenths of a second to produaatisfactory weld. In addition, the
weldability, which means the ability of metal to tvelded, can be affected by pressure,
which when a limit is exceeded, can result in godrothe weld strength due to the fact that
the higher load can reduce the vibration at thelingl region. With the assumption that
bonding using ultrasonics causes interatomic dfust the weld interface, Okada et al
[57] presented work on mechanisms of USMW basednamoscopic observation, x-ray
diffraction, temperature measurement of joined spens, and microanalysis by x-ray.
The experimental work was performed using an winas spot welding machine to
produce a weld, after which an examination of thimgerature rise at the cross-section
area of the bond using an alumel-chromel thermdeodphe result showed that the weld
strength was influenced by the condition for the-hgrdenable alloy. Another study on
diffusion, was published by Hazlett et al[58], chmied that the mechanism of bond
formation in USMW is by metallic adhesion, as tli#udion occurs due to a high level of
mixing at the interface. However, this diffusionadually decreases when the weld has
relatively high bond strength. Prangnell and Balka{i reported on the mechanism of
joint formation using high power ultrasonic metpbswelding to join aluminium sheets.
The investigation was performed using x-ray tompgyaand high resolution scanning
electron microscopy, to characterise the stagesvaltl formation and microstructure
evolution. The study concludes that high powerasltnics is a promising, energy-
efficient, alternative solid-state joining technequbut that strong welds can only be
produced once a critical threshold welding enesggxiceeded.

One conclusion which can be drawn from the litewais that the competence of USMW
governs the quality of the resultant solid-statexdyjowhich is generated by heating,
friction, re-crystallisation and interatomic diffos at the weld interface. A number of
studies have shown that the level of adhesion rtiacb surfaces was dependent on sample
cleanliness, where grease or contamination of fhecisiens can result in low weld
strength, since a part of the ultrasonic powerdasomed by the removal of surface
impurities. It is clear that the effect of highraionic shear vibration combined with the
clamping force on the effectiveness of USMW hasingad less attention. Although a
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number of specimen deformation studies have bedorpeed using USMW, they have
traditionally adopted the wedge-reed system, wiéxfuires a high clamping force with
low amplitude. However, in the current work, the NO& has been used to study the
relationships between process parameters sucla@piclg force and vibration amplitude,
welding power and welding time, and metal paranseserch as thickness, hardness and
surface roughness, on a solid-state diffusion bdmdecent times, x-ray and scanning
electron microscopy has been considered to befemmeat technique for investigating the
mechanism of solid-state bonding, by analysing dedormation of joined surfaces.
However, these techniques have been found to resigss attention being made to the
weld mechanism. This study used optical observatimhscanning electron microscopy to
study the mechanism of solid-state bonding and esenfhe weld quality of metals under

a variety of process and metal parameter conditions

2.4 Process parametersin ultrasonic metal welding

In order to review the current knowledge in theaané USMW, it is important to have an
appreciation of the configurations of the lateralsel system compared to the wedge-reed
system, as the two configurations are differenhwéspect to the application of clamping
force and vibration amplitude. However, both wegdgonfigurations share the solid-state
mechanism. Many studies have been performed usffegemt welding conditions, and
which have varied the control of different systeargmeters such as the clamping force,
amplitude of vibration, welding time and ultrasopiower, as well as metal thickness and
material surface conditions. These studies, in tandito those concerned with
microwelding, were carried out in the joining ofndiar and dissimilar metals such as thin

sheets, wires, foils and substrate layers.

In USMW, the relationships between process and Inpataameters are complicated and
not easy to control, because any change in themedeas can affect the strength and
quality of the joining specimens. Derks [59] sumised a study on ultrasonic bond quality
for wire deformation. The analysis of the bond @yaWas carried out for different

magnitudes of vibration amplitude. Derks divided ffarameters that influenced the bond
qguality into two groups, one called ‘machine partars, such as clamping force,

vibration amplitude, time and temperature, anddtiner called ‘system parameters’, such
as the ultrasonic horn, tool material, geometry stifthess of the product clamping. It was

concluded that the shifting of amplitude is strgngffected by not only the length of the
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horn but also the impedance matching. Elangovah [€0] performed a study on welding
copper to copper using a USMW machine. The studyased on Taguchi’'s method for
optimising process parameters such as welding ymessvelding time and vibration
amplitude, in order to enhance weld strength. Tiyais of variance was employed to
study the influence of different process parametarsveld strength. The study concluded
that the relationships between both weld pressndeamplitude, and also weld pressure
and time, are more significant in order to propepedict weld strength than the
relationship between weld time and amplitude. Ththar [61] developed an effective
methodology to optimise the welding conditions anaximise joint strength. The study
which was conducted was based on using a responsee methodology and a genetic
algorithm in the welding of aluminium specimens.eTauthors inferred that the weld
strength significantly decreases with an increaspressure, because high pressure can
reduce relative motion between surfaces and hesdece the area of contact. Also, the
vibration amplitude was increased and altered thkel \strength. In general, an increase in
amplitude means that there is a consequential aserén contact between surfaces.
Moreover, the author used the Taguchi Method tcmagé welding parameters for joining
similar metals such as Al-Al, and also for dissanimetals, such as welding copper to
brass. The results of optimising ultrasonic paramseshowed agreement in temperature

and stress between FE modelling and experimentd afaultrasonic welding [62, 63].

Matsuoka [64] offered a description of an experitabstudy of the ultrasonic welding of
metals. The experiments were conducted to join @mum and copper together. The
results summarised that the proper selection otga® parameters, such as welding
pressure, amplitude of vibration and welding dargtihas to be made for every welding
condition [65, 66]. Imai et al [67] reported on experimental study on the optimisation of
ultrasonic welding of an aluminium alloy onto thi@@er aluminium alloys. In the study, a
welding machine with 1200 W and a nominal frequen€yl5 kHz was employed to
produce the welds. The author investigated howefildhs and organic coatings can be
separated from the bonding area by the influencaltodsonic shear vibration. Another
study was published by the authors [32], descriltiegwelding of aluminium and copper
alloys. The experiments were carried out using tWfterent environmental conditions,
where one was in air and the other underwater. fdason for selecting different
environments was to investigate the joining of nsetagether and to study the solid-state
bonding mechanism of the weld in different envire@ms. The results showed that the
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welding process underwater required more time aladge welding pressure compared to

the welding process in air.

Kodama [68] presented a comparative study of th&ing of softer metals such as
aluminium, copper, brass and gold. The study ingattd factors that influence the
bonding, such as the coefficient of friction, freqay effects, specimen dimensions,
surface roughness, contamination, the anvil whichsed and the specimen overlap. The
results of welding wires by ultrasonic means showleat the weld strength can be
influenced by these factors. For example, the @oefft of friction can be influenced by
joining thick plates, because slippage can occtwéxn the spherical surface tool tip and
the specimen which possibly incurs a detrimenti@otfon bonding. When welding a thin
wire, the amplitude of vibration can be reducedh®yincrease of the frequency in order to
achieve high strength for a small deformation. Longvide specimens can also affect the
weld strength, because the vibrations from the ispa&t propagate, and reflected waves
return in anti-phase. It is also known that surfem#ghness and contaminations influence
joint strength, as a proportion of ultrasonic powgeconsumed to remove impurities and
asperities of the intimate surfaces prior to weajdibaniels [9] studied a number of
variables which are involved in USMW such as presspower and time. A number of
measurements were carried out on aluminium anderdppstudy the welding conditions.
The author confirmed that both metal to metal ardaito non-metal welds can be made.
The study showed that the thickness of the weldethinwas found to be proportional to
the electric power and clamping force required.st[69] described the physical nature of
ultrasonic welding and investigated the influentéhe process on weld quality. The study
analysed the process parameters such as vibratipfitede, clamping force and weld
interval in relation to the weld strength. The leswere extracted from the welding of 80
um copper wire. The authors depended on using tferded width of the wire as a guide
to weld quality. They concluded that the clampimgcé must be sufficiently high to
prevent sliding between the horn and the upperismec Furthermore, selection of the
clamping force is necessary to provide good corliativeen the specimens, and to ensure
the transmission of ultrasonic energy sufficientiythe welded area. Watanabe et al [70]
studied the welding of dissimilar metals, by invgating the welding of aluminium to
copper and also aluminium to austenitic stainlésslsThe purpose of the study was to
analyse the effects of metal surface condition$ sischardness and surface roughness on

the strength of the joined metals. They summartkatl the surface roughness of harder
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metals such as copper strongly affects the borehgtin, by producing a weak joint
compared with softer metals such as aluminium. Atesder metal requires more energy

to permit diffusion and allow for welding than safimetal.

The effectiveness of using insert metals for aghgpstronger joints was investigated by
Watanabe et al [71]. The study involved using aeihmetal to join a mild steel sheet and
an aluminium alloy sheet to enable the examinatibjoint strength and the study of the
variability of welding parameters such as clampfogce and welding time on weld
strength. The results have indicated that excesdamping force leads to a reduction of
the frictional motion at the interface which thexduces the strength. However, excessive
welding time can cause cracks to initiate in théde specimens. Bloss and Graff [72]
evaluated the weldability of advanced alloys suslstainless steel, titanium and nickel-
based alloys. The experiments, which were carried using a 3.6 kW commercial
ultrasonic spot welder machine at 20 kHz, were ootel to study the welding energy
versus tensile strength. The results emphasise tteatweldability was significantly
influenced by the vyield strength and the hardndédhtie oxide layer, meaning that the Ti
alloy exhibits excellent joinability for ultrasonwelding due to its thin oxide layer which
is easily removed by ultrasonic oscillations, whitgckel-based alloys were found to be

more difficult to weld due to the hard oxide lay@hich requires more energy to remove.

Wright et al [73] studied the effects of thicknesscombinations of aluminium sheets with
thicknesses varying from 1.2 mm to 2.5 mm. The @nstlexplained that no variation in
weld strength can be observed by placing the thiskecimen near to the side of the
welding tip, and the process parameter settingphagen to be much more significant in
determining the strength of the weld. Their studgswearried out using a wedge-reed
welding machine. Annoni and Carboni [74] descrilibdir experimental study of the
performance of high power USMW used to examine vgélength. A 3.0 kW lateral-drive
welding machine was employed to join together 1m-thick aluminium AA 6022-T4
specimens. A study of the tensile-shear strengtispat welded lap joints was carried out
to provide statistical analysis of welding formatso The results indicated that a high weld
strength can be obtained using a high vibratiom laonplitude. However, it was found that
other process parameters such as clamping forceiraedhave a low influence on weld
strength. Studies of the ultrasonic welding of idsisr metals were presented by Zhu et al

[75]. The welds were produced from joining a 60&imanium alloy sheet to a Ti6A14V
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titanium sheet. The investigation analysed the raeiclal properties and the diffusion of
welded sheets, and also the weldability betweesirdiar sheets for various welding
pressures and welding times, where diffusion awtblel interface was observed. Kim et al
[76] conducted a study of the problems of weld fyalihich arise from the use of
conventional welding methods. The investigation wagied out using ultrasonic metal
spot welding for joining copper to nickel platedoper sheets. The load and failure type of
the T-peel test were examined, for which the testse conducted using a factorial
experimental design according to the varying wejdpressures and times. A tensile
machine was used to evaluate the quality of thedkmord identify the weldability of the
peeled tests. The results were used to determitiedptimal process parameters and the

weld quality range for the T-peel test.

An approach recently developed in USMW to increthege weld strength and combat a
number of common issues in the field, such as gpetimen adhesion and specimen
marking, is called amplitude stepping or amplityztefiling. Baboi and Grewell [77]
demonstrated the use of amplitude stepping in tl@sonic welding of aluminium.
Amplitude profiling welding begins with the setting the higher amplitude value, where
the weld interface requires higher velocities forface scrubbing to be effective, thereby
creating a solid-state weld at the intimate spenirsarfaces. The amplitude is then
dropped to a lower point, to reduce frictional egtand softening of the specimen,
reducing shear as the weld forms and thus minigisiamage. A series of experiments
were carried out to improve welding strength uding stepped amplitude approach, the
results of which were then compared with a consdamtlitude result. It was observed that
high strength can be produced by the stepped ardplinethod, because when the metal
begins to soften at the first stage, a reductiothénamplitude is required to enhance the
strength and reduce the tool/specimen adhesiorethasvspecimen marking. However, the
authors performed another study that used buffeetsho reduce the sticking of specimens
with the welding tool and minimise specimen maikKse experiments showed that placing
buffer sheets of zinc or copper between the hqrsurface and the upper surface prior to
the ultrasonic welding of aluminium can help touee sticking and marking with a slight
increase in strength [78]. It should be mentionkedt there is a significant difference
between the welding of metal plates and weldingsviin the case of welding plates, the
weld takes place depending on the internal or sebldeformation due to the interface
sliding, whereas when bonding a wire to a substraterelative motion can be observed
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between them, resulting in less internal defornmatib the contact area [58, 79]. Thus, a
lower heat generation is located at the interfamkthe wire is squeezed over the substrate
with a significant amount of deformation. Most distaf bonding wires are described by
Joshi [28].

In conclusion, the above results show that theissudn process and metal parameters in
USMW are different and dependent on the drive sysised, being either wedge-reed or
lateral drive, in applying normal and oscillatoordes. It was seen that a large proportion
of the literature focuses on the relationship betwprocess parameters such as clamping
force, vibration amplitude, welding time and welglipower, and metal parameters such as
thickness, hardness and surface roughness. A fangder of these studies examine the
weld strength by considering either one or two pet@rs as constant, for example
welding force and vibration amplitude. However, wutable result could be obtained by
studying the weld strength and weld quality undevaaiety of clamping forces and
vibration amplitudes. A number of studies were iedrrout on joining similar and
dissimilar metals by USMW. They showed that the ahearameters can influence the
weld strength and weld quality. For example, anrdase in hardness and surface
roughness can affect the bonding strength, butrigj@rity of these investigations did not
consider the influence of specimen thicknesses efd wtrength to any great extent.
Furthermore, other studies suggest that the shediness has no effect on the resultant
weld strength, especially when the upper specinsem icontact with the welding tip,
whereas weld strength can be significantly affeddgda relationship between process
parameters. A study involving different metal thiekses could provide a better indication
of the effect of a change of weld strength and wepldlity in relation to the process
parameters. The current work reported in this thesas performed using a stepped
amplitude, which is a process parameter which @nded to improve weld strength and
weld quality, to join similar and dissimilar metatd a variety of thicknesses. The
application of a stepped-amplitude has been prelyazonfined to only a small number of

studies which were performed on the welding of taah aluminium specimens.

2.5 Theory of USMW without melt or fusion

Ultrasonic metal welding is one of the most popwatding techniques, and depends on a
form of solid-state bonding. The nature of the dsgliate can be characterised in three

stages, based on a brief study by Wodara [80].fif$testage of solid-state begins with the
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applied normal force which removes any asperitiad &arings the surfaces of the
specimens to be joined into close contact. A nunobeeviews focus on the nature of the
metallic contact at the join interface under thi#uence of an applied force, where most
specimens are still covered by impurities, oxideeta or voids that are dispersed after the
creation of plastic deformation. The nature of e der Waals force transition between
close contact surfaces is identical when joiningilsir metals, because there is no
difference in hardness. Conversely, there is afificulty with contact encountered at the
joining surfaces when bonding dissimilar metals ttuéhe hardness at the facing surfaces
having a different value, resulting in the deforimiatbeing higher for softer metals than
harder metals. Thus, metallic contact can takeeplag electron exchange at intimate
surfaces. In the second stage of solid-state bgndimemical or dislocation action takes
place, by activated atoms on joint surfaces [5].\Dies showed that the chemical bonds
start to form at a distance of 4 toASbetween metal atoms of the joined surfaces. After
intermetallic bonding takes place, the third sta§esolid-state bonding is followed by a
joint formation between specimens at the weldingia® At the interface, grains are
destroyed by the effects of plastic deformationjlstithe effect of elastic deformation
exists and leads to a relaxation in the residuakses, of which the latter is altered by an
increase in temperature. However, the ultrasonirations raise the values of these
stresses. The reason for the observed relaxatioalated to the change in the atomic
structure of the metal involved in the process, amcaddition to the relaxation, re-
crystallisation and diffusion also occur. The dsifan process results in an increase in
strength of the joint formation, although it hatiéi effect on the deformation area between

intimate surfaces because of the short weldingeciz3, 29].

2.6 Temper atur e effects on the mechanisms of USMW

In USMW, solid-state bonding can take place as sulteof heat generation, where
temperature is raised locally by the influence rdtion and plastic deformation. As a
result of the supply of high shear vibration betwdlee interfaces of the specimens, the
temperature starts to rise at the initial stage¢hefwelding process, which can then stay
constant or even drop, depending on the ultrasparameters and metal properties. In
USMW systems, the temperature released from thermietion area is low relative to the
melting temperature of the base metal, for whiah rieximum welding temperature can
vary from 30-50 % of the absolute melting tempemataf the base metal [81]. Other
studies suggest that the temperature producedresuli of the USMW process can vary
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between 60-80 % of the base metal [28]. Most stuthat involve measuring temperature
in USMW use thermocouples or an infrared cameradord the temperature. It is noticed
that the temperature increase in the welding arel@pendent on the ultrasonic energy that
is delivered to the weld zone. Melting and fusioe eequired in plastic welding, but they
are not in metal welding. For that reason the teaipee factor was excluded from this

study.

2.7 System parameters

There are many parameters that can influence thavimur and operation of USMW
systems, such as ultrasonic frequency, amplitudeilwftion, clamping force, welding
power, ultrasonic energy, and welding time. Them@&ameters can be classified as process
parameters. There are other parameters relatittgetoature of metal to be welded, which
can be classified as metal parameters. They inchadeple cleanliness from oxides and
contaminants, hardness, surface roughness, spedmmemnsions, and the effects of the
tool fixtures. A brief discussion of the systemaraeters is important in this study, as the
relationships between them can affect the naturth@fweld strength and weld quality.
Ensuring and maintaining a high level of controtluése parameters and variables remains

a major challenge for industry and manufacturing.

2.7.1 Ultrasonic frequency

In ultrasonic systems, the transducer is desigoetiat it is tuned at a specific frequency.
Most ultrasonic welding equipment uses frequenailethe range of 15 to 300 kHz. In
metal welding systems, the frequency range is bEtva® to 40 kHz. The most common
frequency is 20 kHz [14], as used in this work.adller welding systems, such as in
microwelds, the frequency can be a much highereyauch as 60 to 120 kHz [27]. The
generator is the device that can control the frequeof oscillation, which remains
constant during welding. The dimensions and typgeth® metals used in an ultrasonic
assembly are selected to enable the system to re tat the operating frequency.
However, any changes in the welding system mighat leo a shift in frequency, for
example due to system heating, variation in clagppance, or wear effects on tools. These
variations can also significantly affect the vilboatamplitude of the exciting tool. Taking
these variations into account, systems must thenpeasate to allow welding to be
performed at the operating frequency. In fact, éhir a noticeable difference in the

operating frequency for different ultrasonic welglisystems. In a wedge-reed system, the
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power is directly transmitted to the reed and canpe directly monitored by the

transducer. Whilst in a lateral-drive, the systdiowes accurate control of parameters at
the weld zone. From a practical perspective, mogewwer controllers with automatic

integrated feedback circuitry are more effectivecompensating for the shifting of the
frequency and operate by tracking the driving fesgpy of the transducer to keep the
system in a resonant state [27, 82]. From the wewviethese different welding systems and
configurations, it was judged that to allow accerabntrol of welding parameters, a
lateral-drive system would be more reliable comgate a wedge-reed system. Also,
because this study discusses the welding of thirals)at was decided that a lateral-drive

system configuration should be adopted for ultrasoretal spot welding.

2.7.2 Vibration amplitude

In this study, vibration amplitude is consideredé&one of the most significant parameters
which can influence the strength and quality of eldw It is related to the power of the
system. In ultrasonic tools, the amplitude deserittee amount of axial expansion and
contraction of excitation [83], and is charactetiby small vibrations in the order of 10-50
um peak-to-peak at the weld [1]. In the lateral-draystem, the operator can control the
value of amplitude by increasing or decreasindnibiigh the modification of the current
passing through the transducer. For example, thieisycan be set to any specific value of
amplitude which results in the supply of the carramount of power. The condition is
different in wedge-reed systems, as the operatamatacontrol the amplitude, because the
transmission of the ultrasonic oscillation occurshe reed. In addition, the wedge-reed
system usually requires low amplitudes to allowhhanergy transferral to the welding
zone. Therefore, low amplitude is recommended irdgeereed systems due to the
requirement of high force [29, 72]. In this worketamplitude range was to be varied from

17 um up to 42um, according to the specification of used ultras@gnerator.

2.7.3 Clamping force

Clamping force, or static normal load, is othertegsparameter of USMW. The effect of
clamping force is important in a solid-state bogdmechanism [28]. In USMW systems,
the force is usually applied by pneumatic or hyticasystems which are confined between
the horn tip and the fixed anvil. The required magte of the force is strongly dependent
on the type of metals used, thicknesses of theirspes to be joined and the weld area. In

USMW, the range of applied clamping force is froeveyal tens of Newtons to thousands
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of Newtons [1]. The lateral-drive system requiresloa clamping force with high
amplitude to produce the weld, whilst high forcehniow amplitude is recommended in a
wedge-reed system [29]. Care must be taken whesctsed the force value, because
excessive force can cause sample deformation &ndigkipation of more energy, however
insufficient force can lead to slip of the horn tywer the contact surface or sticking
occurring between the horn and the upper specifieis. can result in an increase in the
temperature of the weld and can occasionally cdassgage to the horn. In this work, the
force was specified to address the requiremengsimihg thin metals and reach values up
to 1 kN.

2.7.4 Power, energy, & time

Power, energy, and time are listed as separatemsyparameters; a mode of ‘weld to
energy’ is often used to control weld quality bympensating for the variation of joining
specimens [84]. For each weld cycle, these paramate firmly related to each other [1].
When starting the welding process, the electricalgy is transferred across the transducer
to the welding specimens. This occurs during thigliwg cycle. The relationship between
the power supply and welding time varies and camaffected by the type of metal to be
welded, the geometry, and the surface finish. Atke, power can be influenced due to
changes in vibration amplitude and clamping fofagure 2-1 illustrates the basic power
curve which is a common characteristic during USMWe area under the power curve is

the energy delivered during the welding time [27].
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Figure2-1 Power vs. weld time for the ultrasonic weldj2g]

Generally, USMW systems require a minimum amourgleétrical power to maintain the
motion (vibration) of the welding stack at a zeoading condition. The value of power is
directly proportional to the mechanical load [8%herefore, an increase in pressure and
maintenance of other parameters can increase tbkamieal load or force applied in the
welding process. This subsequently raises the ptavet. Therefore, less time is required

to deliver the same amount of energy, as showngaré 2-2.
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Figure2-2 Pressure variables [84]
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Some of the modern USMW systems utilise closed-feeplback to allow for monitoring
time during the motion of the welding stack. Theref the welding cycle is completed
when the process reaches the desired level of gnkrgnost USMW systems, there is
evidence that the setting of power, energy and isiexdependent is not reliable. Thus, a
better approach would be to set just one of themeach the level of the weld, and leave
the others dependent. Many factors can affect theahpower that is delivered to the
welding zone, such as the electrical-mechanicalveon characteristics of the
piezoelectric material, the interface losses inddaicer-horn systems, the amount of power
dissipated by ultrasonic tools and material assgnjh]. Welding time is usually
determined from levels of both welding power angrgg, and can be represented as a
dependent or independent variable according tosyis¢em used. Ultrasonic welding is
unique in that the process is complete within apipnately one second or sometimes less.
However, welding time can exceed one second in stases relative to the specification
of the weld specimen, but this can create problesoch as poor surface appearance,
internal heating, and internal cracks [6]. Typicdirasonic welds can be obtained by
joining softer metals such as aluminium and copieyy sheets, with a time-duration of up

to one second.

2.75 Materials

USMW allows similar and dissimilar metals to bengi. The key considerations of the
metals that are used in USMW are Young’s modulagjiness, and yield strength [1]. The
welding of metals is now becoming one of the comrapplications of power ultrasonics
[27]. Dukane company published a weldability chased for metals and their alloys in
USMW [85], as shown in Figure 2-3. The chart clissithe metals and their alloys into
three categories: high-quality welds with symbofsaocircular shape, medium-quality
welds with symbols of a triangle shape, whereaspiaee indicates either not suitable for
welding or have not yet been identified from theldability. The chart information

depends on data from a variety of different expents, and sources.
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2.7.6 Specimen geometry

The shape and dimensions of the specimens thaisacein USMW is also important and
can affect the strength and quality of the weldicKihess is considered as the dominant
factor, which means that thinner specimens canddded with a lower power compared to
thicker specimens, on the condition that the darmatf the welding cycle is constant.
Furthermore, if the specimen placed on top nedingowvelding tip is relatively thick, then
more power and high clamping force are requiredU8MW systems, particularly spot
welding, the specimens are placed in an overlagbege parallel to the direction of
vibration [1, 14, 27]. In this work, the geometrfyused specimens was selected relative to

the dimension of horn tip.

2.7.7 Tooling

Tooling can be defined as the components of thesdhic system that consist of the

welding horn, in particular the horn tip that makesitact with the upper specimen, and



37

the stationary anvil that holds the lower specinfeower transmission and static forces
applied to the welded specimens are usually passedgh tooling. The tools must be
sufficiently strong in order to transmit the reeuarlevel of power and force through
multiple welding cycles. High-quality welding retulin part from tooling with high
hardness to avoid deformation and high toughnegsrdwgent fractures [27]. In USMW
systems, the amount of heat generated in the tpasinlow compared to the melting
temperature of the base metal. The deformation @ssadoes not melt, however the weld
can ‘glow’ and may be red-hot during the weldingleywhen the joining of high strength
metals is being undertaken [27]. This glow in theldvs unacceptable and may increase
the likelihood of the welding tools sticking to tepecimens being welded, and can leave
an undesirable mark on the specimen surface. Mibstsanic welding systems use a
detachable horn tip, and replaceable or statioaamyls. However in other systems, the
tools are machined as integrated components witinléah flat surfaces to avoid slippage
and increased roughness for improving grip durirgwelding process. However, welding
tips can take different surface profiles such asded, spherical or convex curvature to

alter the stress pattern [1, 14]. In this work, hioen tip surface has machined knurled flat.

2.8 Weldability

The weldability, also known as joinability[86], defined as the ability of the metal to be
welded. Another definition of weldability is basesh the American Welding Society,
AWS, [6], which defines weldability as “the capgcdf a metal or combination of metals
to be welded under fabrication conditions into acsfic, suitably designed structure, and
to perform satisfactorily in the intended servic@Ver the years, most metals and their
combinations have been investigated for their sittnéc weldability and are classified in
the weldability chart shown in Figure 2-3. The vedddity is used as a criterion to
determine the suitability of the welding processd aan be used to compare weld quality
between metals. However, it cannot be determinéueiimetal to be welded is suitable for
intended service. Good weldability of the metal nsedhat it is easy to meet the
requirements of the welding process. Most standdedisie the weldability qualitatively,
comprising the metallurgical compatibility of theetal or alloy with the specific welding
process to be used and the ability to weld withafsetThis is in agreement with the
opinion of Bloss, who evaluates the weldability ngsiwelding standards and testing
procedures, such as the production of sound weiltthstensile strengths close to the base
metal, the improvement and identification of repb& welding under similar welding
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conditions, and the use of the same setting ofwtéleling tools to obtain a high-quality
weld without leaving any excessive indication afltsticking or wear [27]. Finally, a weld

with a crack-free deformed area can be attributegbbd weldability [16].

2.9 Summary

The use of the superimposed ultrasonic techniquéhén metal welding process was
invented over 60 years ago. Since then, the impnewts and developments made to
ultrasonic tools have been widespread due to trease in the demand for USMW. Many
studies and research reports focus on the factwhbhkting horns provide more than one
function, such as the transfer and delivery of gndo the welding area, and also the
clamping of the upper specimen during the weldirgcess. These studies utilise different
shapes and profiles depending on the type of weldipplication, and the literature
typically focuses only on the investigation of thesonance frequency and vibration
amplitude at the horn working surface, whilst otleeiteria such as modal frequency
separation, amplitude uniformity of horn workingfsge, stress and also gain factor have
received less attention. Therefore, a study of ld@sign criteria is provided in this thesis,
and addresses issues which have not been dealtnwdigpth in the literature, such as the
addition of mass to the horn, in the form of aregmaited horn tip and flange coupling,
which will result in a shift of resonance frequenawn influence on the vibration modes, a

reduction of amplitude and a lower gain.

The most significant finding from the study of USMWés that to enhance weld strength
and improve weld quality, the accurate design dflimg components, the transfer of high
ultrasonic energy with low dissipation to the spssns being welded, ensuring proper
relations between process and metal parameters,satfidient capacity of ultrasonic
generator are required. It has been shown in thapter that although many studies in the
literature do attempt to explain the influence aigess parameters such as clamping force,
amplitude of vibration, welding time and weldingwsr on the tensile shear strength of
welded specimens, they are normally only concemmiglal the welding of wires or foils,
which is significantly different from welding shemietal. The studies in the literature have
claimed that the strength of the weld is signifitaaffected by the increase or decrease of
the magnitudes of certain process parameters. Hawenost of these studies analyse
welds of constant thickness, with very little evide provided on the variation of welding

strength with different thicknesses, especially mitee thickness of the upper specimen in
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contact with the horn tip is increased. In additithe proportion of ultrasonic energy that
is delivered to the welding horn has also receieed attention, because the effect of metal
parameters such as hardness or surface roughnessidtabeen accurately investigated in
the literature. Studies of the influence of vibpatiamplitude on weld strength have been
conducted in the literature, however most are dégeinon the use of stepped amplitude to
enhance the strength and quality of the weldsutjindhe setting of different amplitudes of
the horn, and are also reliant on relationshipsvéet other ultrasonic and metal
parameters. All of this influences the weldabilityjoints, and can eventually lead to the
creation of cracks. For that reason, a few stuldiée® focused on using stepped amplitudes
to enhance the weld strength and reduce the sjakiirspecimens, but these studies have
not validated the influence of the stepped ampéitad the weldability of the metals, as the
method is restricted to the joining of aluminiuntiwtconstant thickness. The present study
benefits from the stepped amplitude to enhancestigngth of the joints by conducting
experiments using different thicknesses of simalad dissimilar metals. Additionally, it is
not possible to compare directly the results reggbih the literature, since many of those
sets of results were obtained using different wgJdnachines, such as wedge-reed, lateral-
drive or magnetostrictive transducer-based machimg&gad of piezoelectric transducer-
based systems. The literature studies also usderadif metals or different specimen
dimensions. In this thesis, a parameterised appragataken to the study of USMW to

allow the influence of parameters on weld streragtti quality to be directly compared.

2.10 Aims and Objectives

The aims of this study are the design, characteisand manufacture of an integrated
lateral-drive ultrasonic metal spot welding syst&vhich is capable of joining thin metals.
The system is created to overcome many of the sseneountered in previous studies,
which have normally depended on using commerci&divwg machines, and to study many
of the criteria that reduced the efficiency of sfamring ultrasonic energy to the welding
area. The present work has many objectives condemmgh controlling process

parameters, and allows for the studing of weldngftie and weld quality of joined metals,
and for study of the relationships between proqemsmmters through focusing on the
clamping force, amplitude of vibration, welding pemand welding time, and examining
the weldability under different metal conditionsddior variable specimen thicknesses. A
further objective is to enhance the joinability veeén metals through improved weld
strength and increase in consistency of the waldyell as the ability to reduce specimen
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adhesion to the welding horn tip and specimens imgriEinally, the main objective of the
study is to provide a foundation for an effectiwmltdesign to enable a high level of

performance which can result in the successful iwgltbgether of thin metals.
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Chapter 3

Design of ultrasonic spot welding devices

3.1 Introduction

In recent years, there has been an increasing farusthe design, testing, and
characterisation of USMW components. FE softwarenasv able to solve complex
problems in less time and consequently with leggeese. In this chapter, the design and
characterisation of spot welding components andifés will be discussed. The aim of this
work is to show how the welding components can bepgrly designed, accurately
manufactured, tested and corrected in order tobte ta achieve satisfactory ultrasonic
energy, used effectively to improve welding. Theref it is desirable to give a brief
description of each part of the welding componesgeanbly, called the welding stack,
which will be used in the USMW system. The desi§the mounting holder, their fixing
parts and the stationary anvil are also discusBeute element analysis (FEA) has also
been adopted in order to allow a comparison witheexnental modal analysis (EMA) to

be made, in order to improve the performance oflingldevices.

3.2 Design of ultrasonic devices

Industry more commonly utilises high power ultrassrin their manufacturing processes
and tools are normally required to be tuned to ecifig operating frequency. The
derivation of the general equation of motion ofira@ified component is the first step in

developing an FE model.

3.2.1 Equation of rod in longitudinal vibration

When a uniform slender rod is excited along thgtleraxis, longitudinal vibration occurs.
Therefore, a straight rod with a lengthand a cross-section aré&, has a longitudinal
displacement given by. The basic assumptions are that the rod is ismtropiform and
in a free-free boundary condition. The governingatmpn of the rod can be derived by
considering thatx refers to a point location along the section @f tbd andtis the time,

whilst the rod has a small elemedk, which is subjected to an applied foFee a
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displacement and a change in displacemen%%d X. The length of the elemeix is
X

increased to%d xand the strain in the material of the elongatednela is% as
X X

shown in Figure 3-1.

=0

|
| X ﬁ 4 u+—dx

=

! d+“L

Figure3-1 Model of a longitudinal bar

For an elastic material, we know that= E ¢, where thes is the stress in the elemesat,

is the strain and is the Young’s modulus. The stragncan be given by:

ou
u+—dx-u
ez 0X _oJu_F (3.1
o0X ox ES

where S is the cross-sectional area, aRdis the applied force.
By applying Newton’s second law to the equilibriwondition of force on a rod towards

longitudinal displacement, the equation of motion becomes:-

o’u o’u
2F :mW where—- e is the acceleration (3.2)
ou
oF 0 u

F+—-F=,0Sdx :
Ix p (3.4)
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Where p is the density.

Substitution Equation (3.4) in Equation (3.1):

Es? ZX‘Z‘ = pSdx a;tf (3.5)
e(2Yy=p Y 36)
The equation can be rewritten as follows:-
Or:

where c:\/E and is the velocity of the stress wave in the rbde one-dimensional
Yo,

propagation of the longitudinal elastic wave in tloe can be analysed by the equation
(3.7), which is usually called the wave equatiormeTsolving of partial differential

equations (3.7) can be performed by separatiormaoébles as shown below:

u(x,t) =U(x)Y(t) (3.8)

Substituting (3.8) in (3.7):

1d°U_11dY
Udx® c?Y dt?

d’u 1
— (3.9

In Equation (3.9) the left hand side is independ&n whereas the right hand side is

independent of . The derivation can then be simplified further:

d°U +[ﬁ)j u=0 (3.10)
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d’y
dt?
The general solution can take the form:

(@)Y =0 (3.11)

U(x) = Asin%x+ Bsin%x and  Y(t) =Csinat + D cosat (3.12)

A B,CandD, are the constants of the Equation (3.12). Theggsolution becomes:

u(x,t) :(Asin2x+ Bsinng(Csinax+Dcoswt) (3.13)
c c

From this, and on the assumption that the rodeis-free, the natural frequency is found to
be:

n |E
=— |= 3.14
Where n is the mode order andis the tuned length. It can be seen from Equattoiv)

that the length and the material propertieand p are the properties on which the natural

frequency is dependent.

3.2.2 Analysis of the non-uniform geometry of the horn

In ultrasonic welding, different horns can givefeient vibration amplitudes, depending
on the non-uniformity of the horn design which hbisase vibration amplitude supplied by
the transducer. The shape and style of the weldarg can be designed to satisfy a range
of applications and process requirements. Modifytimg cross-sectional area between the
input and output surfaces of the horn leads toamgé in vibration amplitude depending
on the nature of the alteration. This ratio in atiion amplitude between the horn surfaces
is referred to as gain. Horns can have many diftepeofiles, such as uniform, conical,
exponential, catenoidal and stepped. The gain efhibrn is calculated from the profile

[87], and some different horn gain profiles arevshan Figure 3-2.
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Figure3-2 Different horn profiles, illustrating node ptisns, stress distributions and
vibrational amplitudes [88]

To understand the difference between the hornlpsogéhown in Figure 3-2, it is necessary
to derive their equations, starting from the conaggongitudinal vibration theory derived
by Merkulov [88]. An axisymmetric profile is used tanalyse the equations of horn
profiles, starting from the assumption that thesdrwaves remain in plane and that the
non-uniform cross-section of the profile producegphtude gain towards the smaller face

[25]. The horn profile is shown in Figure 3-3.
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Figure3-3 Axisymmetric horn profile depicting stress distition

On the assumption that the lateral out-of-planessts are considered negligible, the
equation of motion for a small element of the axisyetric profile with input cross-section
area$S, and radiuf,, and output cross-section ar& and radiuf},, can be determined

through the application of Newton’s second law.

d°u
2F=ms (3.15)

2
where F is the force,m the mass anegt—zu is the acceleration. The equation of the horn

element can be expressed as shown in Equation)(3.16

[5+?_§dxjdx+(5-[s+%dxndx:de (3.16)

Stress is defined as = = F = ¢S wheregsis the stress in the baF is the force and

tn|m

S is the cross-sectional area. Simplifying Equati®i6) gives
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US+§JdX+£SdX-JS:0 (3.17)
oX oX

Substituting Equation (3.16) and Equation (3.17Niewton’s law gives the equation of
motion of the tapered bar as described by Merk{B&Y, as:

2
4 u:a—Ude+Eadx (3.18)

Sox
P ot> 9 x d X

The following equations of motion were derived byeikulov [38] who obtained the
resonant length for several horn profiles, shownFigure 3-2. The corresponding

equations to calculate the resonant lengthof these horn profiles are shown below.

_Ak)

> (3.19)
For a conical profile
Where, k :% and (k) are equation roots.
2 2 &
For an exponential profile - ) (n72)" +1n (RZJ (3.20)
2 e
Where,n=1,2,3,...... and A :% :
2
2 2 2 A Rl
For an catenoidal profile I 1 ( K=-y ) +(C°S (RzD (3.22)
2 g

R

where y:%cos‘lg, selecting which horn profile to use normally dege on the

application and vibration amplitude requirementdas a compromise between the
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component integrity and the gain [25]. From all h@rofiles shown in Figure 3-2, the
catenoidal horns can offer high gain compared withother horn profiles such as conical
and exponential horns [90]. Although high amplifioa can be obtained from the horn,
stress can be responsible for inducing fatigueif@i[91]. FE analysis has become suitable

method of dealing with the design and modellinglltlasonic components.

3.3 Finite element analysis (FEA)

Finite element analysis (FEA) is one of several euical methods that can be used to
provide solutions for most complex problems. Ultwais technology is a field that has
benefitted from using FEA to determine the vibna#ibcharacteristics of the modelled
tools and their assemblies prior to work [90]. FE& been developed with high precision,
and consist of a computer model of structure orgtkethat is analysed for specific results.
The FEM works on modelling the structure using almef elements connected together
using nodes. The structure have elements withresingple or complex material properties
and loading conditions can be simulated on the siodelements of the mesh and a verify
of analytical results can be determined dependmthe type of analysis requested by the
user [92]. In FEM, a variety of mesh techniqguessexo mesh models of different
topology. In this study, the meshing techniquerée fmeshing which are used to simplify
complex profile shapes and allow the FE softwargdnerate a high quality mesh. The
FEA software Abaqus [93] has been adopted for ialukations. A mesh convergence
study was conducted to develop a reliable and ateltE model. The modal frequencies
were extracted for different mesh densities, andombination of static and dynamic
loading was used to calculate the natural freq@sneind mode shapes. In general,
ultrasonic tools such as horn employ one mode bifation which can be bending (F),
torsional (T) or longitudinal (L) mode as shownhkigure 3-4, were extracted from FE
simulation of rod with a uniform cross-section ar€ae FEA shows an accurate prediction
of the longitudinal mode frequency that occurs@kBz, proving that Equation (3.14) can

be effectively applied to provide a good estimafimnthe tuned length.
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Figure3-4 Mode shape classification with contour of diggiment for (a)*LBending (b)
1% torsional and (c) *Llongitudinal modes of vibration of a rod

In Abaqus, the vibrational analysis of the systean te performed in two steps. The
frequency step is first applied to calculate theured frequencies and corresponding mode
shapes of the model [93]. Secondly, a steady-dtatamic step is used, which predicts the
vibration amplitude and phase of the modelled systs well as the stress and strain for
the applied loading conditions [25]. In this study,frequency convergence study is
conducted for the welding horn to investigate tbeusacy of modelling results, which the

mesh density of the modelled horn is outlined mftirthcoming sections.

3.4 Experimental modal analysis (EMA)

Experimental modal analysis (EMA) is a techniquaclhcan be used to determine the
modal parameters of natural frequencies, dampiotpf® and mode shapes of a linear,
time-invariant structure using a set of frequeregponse measurements extracted from an
excited structure [94]. In the 1960s, the advendigftal computing and the development
of the Fast Fourier Transform (FFT) opened a wategye of opportunities to employ EMA
in different applications. Normally, FEA is usedasiumerical technique to calculate the
modal parameters, but the validation of FE simafetican be obtained using EMA. The
EMA works when energy supplied to the structurénvkibown of frequency content. The
response spectra of the resonance system canasy @mplified. The transfer function or
frequency response function (FRF) can then be médaby the analysis of the response
and force spectra. In this work EMA is used to prethe modal parameters for the
ultrasonic spot welding horn.
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3.4.1 Frequency response function (FRF)

The frequency response function (FRF) represemt®titput to input ratio of a structure.
The FRF can be used to characterise the dynampegres of a mechanical system such
as natural frequencies and mode shapes. The aagpmwnse of the structure is measured
in terms of displacement, velocity or acceleratiamg is captured in the time domain but it
is converted to the frequency domain through usind-ast Fourier Transformation
algorithm (FFT). Complex functions of transformaticontain real and imaginary

components, or magnitude and phase, to describespense of the structure [95].

3.4.2 EMA measurement system

For the EMA, the testing equipment consists of acfion generator that produces a
random excitation signal [96], an amplifier, whiahmplifies the signal from the function
generator, a transducer which transforms the ampldlectrical signal into mechanical
vibrational motion by means of the piezoceramiccslisand a structure such as an
ultrasonic welding horn which is excited by the raifion of transducer. The vibrational
response of the testing structure can be measyredibg a 3D non-contact laser Doppler
vibrometer, shown in Figure 3-5, where a signaramsmitted and received using a laser

beam from a single point on a vibrating structurdage.
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Figure3-5 3D non-contact laser Doppler vibrometer withtecoller

Data are captured by data acquisition system andemanalysis software, and then
interpret the experimental data using FFT analysispectively. A laser Doppler

vibrometer is an optical device that is able teedethe instantaneous velocity of a surface
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of a structure. The device works upon two prin@pléhe Doppler shift and optical
interferometry. The measurements are obtained @ysfag a direct laser beam at a target
on the structure and measuring of Doppler shiftedvelength of the reflected beam by
means of using interferometry. Accurate test isamieid by a direct line of sight to the
target point on the surface of testing structurbe Doppler shift describes how the
frequency of the wave will change when the sourceave is translated relative to the
observer. There is slight difference between theelemgths of reflected light from the
wavelength of the incident light. If moving towarith® incident light the wavelength begin
to decreases as the distance is shorter and visa.vBy knowing the wavelength of the
incident light, the velocity of the structure cdoremn be determined from the change in the
wavelength of the light. But within the high freequey of the light beam, direct demodulate
Is not possible and the detection of differencevben two superimposed wavelength is
obtained by using optical interferometry [25, 90].

3.4.3 Vibrational signal processing

The response of different points located on thdasarof a structure can be measured
through the use of a spectrum analyser. The FREomputed by the Fast Fourier
Transform which converts the signal measurementbeéntime domain to the frequency
domain using digital Fourier transform (DFT) an#&ysA form of the FFT algorithm was
developed by Cooly and Tukey in 1960s [97]. Inaatairesults can be produced using
DFT analysis by aliasing, which is a problem whiekults from too slow a sample rate, as
a discretisation of the continuous time historynissinterpreted. Also, the spectrum
measurements by DFT can be distorted if the highuency signals are misinterpreted as
low frequency signals. Anti-aliasing filters can beed to solve the aliasing problem,
where the time signal is subjected to a low-palerfiLeakage is a problem where a
sample of the signal which is taken from finitedémof the time history coupled with the
periodicity, is also represented as a problem. @éredicity principle considers all signals
to be periodic, but this is not the case with randexcitation signals. Minimising these
problems can be addressed by changing the duraititve measurement period, using zero
padding where zeros are added to the end of mehsaraple, or windowing technique
such as rectangular, hanning, hamming and exp@héstised on the time domain signal
prior to analysis of the Fourier transforms [98].this work, the measurements of FRFs
were applied to the manufactured welding horn, gidiath high-pass filter and hanning
window to minimise the leakage and aliasing. Thsults of EMA are improved by
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collecting responses during the analysis for eaehsurement point and the averaging the

FRF results to reduce the noise content and toawapfinal FRF.

3.5 Design process for an ultrasonic spot welding system

This study describes the modelling, design andidabon of an ultrasonic spot metal
welding system which can be used to join similadt dissimilar metals. The design of the
ultrasonic spot welding system is matches in camfigon to the lateral-drive system,
which is suitable for joining thin metals. Designdamodelling is needed to develop a
welding system that is composed of a welding hstationary anvil, rigid bed, mounting
holder and fixtures. The welding horn is the pnrati component used in an USMW
system to transfer ultrasonic energy to the weldioige [99, 100]. The horn is fixed to the
upper surface of the top specimen, whilst the loseecimen is fixed to the anvil.
Ultrasonic welding components are required to baildelding system that result in high
weld strength and quality. FEA has been used tdigiréhe dynamic properties of welding
components. In addition, validation of the modgjlof the welding components is carried

out using EMA. Finally, the designed componentsenaanufactured.

3.6 Design of a spot welding horn

In the USMW system design, the welding horn transmwibrational energy to the welding
area. Consequently, the horn must be designed waredl tat very close to the operating
frequency of the transducer, which for this stusly20.81 kHz longitudinal. To ensure a
desirable welding horn performance, it is importamtisolate the longitudinal mode
frequency from other vibration modes. In additidime vibration amplitude at the horn
working surface must be sufficient to match the Bongle requirement of welding metals.
Examining of surface uniformity is also requiredive design of a horn due to its influence
on weld quality. Uniformity can be defined as théan of minimum/maximum amplitude
of the horn working surface. Another consideratiothe horn design which must be taken
into account is the high stress at the nodal pl&he.first step in the development of this
welding system is the design and fabrication ofvileéding horn. The shape and size of the
horn are restricted by the spot welding configomatiAIS| 1030 carbon steel was selected
as the horn material due to its high wear resigtamtich is desirable for USMW [101].
The basic physical and mechanical properties f@lAI030 carbon steel are tabulated in
Table 3-1 [102].
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Table3-1 Material properties of steel horn
AISI 1030 Carbon steel

Density 7850 kg/m
Hardness (Vicker’s) 188
Ultimate tensile strength 550 MPa
Yield tensile strength 345 MPa
Elongation at break 32.0%
Young’s Modulus 210 GPa
Poisson’s ratio 0.30
Shear Modulus 80.0 MPa
Bulk Modulus 140 GPa

The horn was designed as a half-wavelength to m#étehworking frequency of the
ultrasonic transducer. The design of the weldinghhwas performed by using FEA to
predict natural frequency, mode shape, vibratiorplaude and stress. The successful
analysis of these criteria can result in the wejdiorn vibrating with the desired amplitude
and frequency. The wavelength of the steel horalsulated from Equation (3.14), which
the length of the horn is considered to be equ#hedhalf-wavelength. The horn profile is
modelled and fabricated to match the requirementhef spot welding process. All
dimensions of the horn are numerically determingduising Abaqus software, including

the horn input diameteD, which was found to be 34 mm and matches to thpubut
diameter of the transducer. The horn output diamBteis 16 mm, the body length, is

67.14 mm and the shaft length is 61.26 mm, the catenoidal horn profteis 10 mm.
The half wave-length, which is equal to the totatrhlength, is 128.4 mm. The horn is

equipped with an integral flange coupling whichfiieed at the nodal plane. The benefit
from designing a flange is to mount a welding stéckorn connected with a transducer)
and to be able to apply a static force perpendictdathe specimens. The flange is
machined from AISI 1030 carbon steel where its disiens were defined by using
Abaqus. The FE simulation was used to optimisefldrege thickness to be 5 mm and
flange diameter as 50 mm to shift a high stressatdwhe nodal plane. The welding tip is
also designed as an integral part to assist inirgitimg stress concentration. Figure 3-6

shows the integrated spot welding horn design.
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Figure3-6 Dimensions of the modelled spot welding horn
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In ultrasonic welding, a welding tip may be attathe the horn to increase the intensity of
ultrasonic energy input at the welding zone andeiduce the slippage through contact
surfaces between the upper specimen and horn tigeld tip is usually a replaceable or
interchangeable part that is tightened onto anotwenponent such as a horn, or is
machined as an integral part of a solid horn. Irsihuases, the use of detachable tips is
common in ultrasonic welding, especially in indystAlthough the welding tip and anvil
contact surfaces are usually designed as flat sesfahe welding tip can be designed with
either a convex or cylindrical shape to help eliaéncontact stresses [103]. Generally,
most welding tips are made from titanium or hardesieel to perform spot welding. The
tip surface can be machined with either knurledegpas or surface roughened to avoid
unacceptable slippage during welding. In this stualyflat welding tip protrusion was
designed as an integral horn tip to achieve thalitions of spot welding and to ensure
sufficient energy is transferred to the welding eoimhe welding tip was machined from
the same horn material, AISI 1030 carbon steel,lmrdened to 55-60 RC by quenching
from 1100C. This helps to avoid wear between the horn tid e specimen upper
surface, and also prevents any horn material ptatify on the surface of the welded
metal during high excitation. The edge of the waddiip was rounded to reduce the stress
developed during excitation. The dimensions ofwedding tip were selected to match the
dimensions of the horn. Figure 3-7 illustrateswletding tip design which was used for the

ultrasonic spot welding horn.
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Figure3-7 Horn welding tip model

The horn tip surface was machined as a knurl paiterorder to be able to effectively
engage the specimens and to prevent them fromirsjjuring the welding process. The
dimensions of the knurls are usually small comparedhe area of the tip. The knurl
dimensions were set from evidence that the knuittwof the horn must be much less that
the width/depth dimensions of the horn, and thatkhurl depth is small compared with
the size of a horn face [28]. The knurled dimensimere determined with reference to a 4
mm diameter flat horn face. The width of the kniypl has a value of 0.02 mm and the
knurl depth has a value of 0.05 mm. Abaqus was tsetktermine the position of the
welding tip, because adding the tip means an iseckanass of the welding horn which
leads to a shift the horn resonance frequency. #aratoncern in designing a horn is the
catenoidal horn profileR shown in Figure 3-6, which is designed to minintise stress
generated in the stepped part of the horn. Numedeta were extracted from the
simulation to match the value of catenoidal horofifg R to the resonance frequency of
modelled horn, 20.81 kHz as shown in Figure 3-8addition, the variation of resonance
frequencies with change in catenoidal horn proflevalues, was extracted from FE
modelled horn as shown in Figure 3-9. The solutgim®wv that the FEA is effectively used
to predict the variation of frequencies, which pdes confidence in the modelling

approach for the determination of frequencies andershapes.
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Figure3-8 Variation of resonance frequency for longitadimode versus radius of
curvature R) for catenoidal horn profile
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Figure3-9 Variation of different mode horn resonance fiertgies versus radius of
curvature R) for catenoidal horn profile

Figure 3-10 shows the frequency convergence foragetting of an integrated spot
welding horn, which the desired longitudinal moded a@he surrounding flexural and
torsional modes are calculated using Abaqus, ftiergnt number of elements and the

results are plotted in Figure 3-10 (a), (b) and (c)



57

20000~~~ ~ ~~—— o
19800~~~ ~~~ -~ -
I
19600 - ---§---—--——- Retatedh SEREEEEE
= o
g ¢
=3
©1940Q - - - -~ v
- U ™
19200 - - - -~ ¢¢
,,,,, ®_
19098 1000 10000 100000
Number of element
(a) 2" torsional mode
21200~~~ ~~— e
21000~~~ ~~~ - -
I
;2080 7777777777 QMMQQ, ” ,,,,,,,,,,
o I I
g ¢
20600~~~ -~
- S S5 S
20400 - ®
202484 1000 10000 100000
Number of element
(b) ¥ longitudinal mode
23100~~~ —— - — e
141 S
i T t; 777777777777777777777777777
222700~~~ ¥ N
(3]
A R L3 o SEEEEEEEEE
& 92500 -~ - - - | S\ A
[0
- “
S
22194, 1000 10000 100000

Number of element

(c) 3¢ flexural mode

Figure3-10 Convergences of resonance frequencies fardiif numbers of elements in

the FEA model



58

It can be seen that the torsional and flexural madaverge on common frequencies when
the number of elements in the model reaches 800&reas the longitudinal mode
converges at 6000 elements. The results showhbatanvergence of the tuned mode (the
1% longitudinal mode) can be obtained for a lower hamof elements compared to the
other non-tuned modes, such as tfefl@xural and the ¥ torsional modes. It can be
observed from the results that divergence for aowber of elements occurs, due to the
curvature of the catenoidal profile. However, tlwuson proves that the FE package
Abaqus is sufficiently more accurate for solving@ throblems of frequency domain for
components using both types of elements, thus ghrayiconfidence in the determination

of natural frequencies and mode shapes.

3.6.1 Stressanalysis

The spot welding horn was designed as an integrawdwith both a welding tip and
flange coupling. Therefore analysis of the stres®quired to avoid any damage or fatigue
failure that could occur during operation. FE asmycan be used to predict stress and
displacement of the horn. Care must be taken whaohming the horn because any
damage or poor finishing will lead to raised stessgigure 3-11 shows the normalised
stress distribution and vibrational displacementhef half-wavelength horn tuned at 20.81
kHz. The results were predicted from Abaqus sinnatvith a frequency step using either
the Lanczos or subspace steps eigensolver to extatigral frequencies for a frequency

range up to 40 kHz.
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Figure3-11 Normalised stress and displacement distribwglong the horn length
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In the modelling procedure, a steady-state dynamligsct step was included after the
frequency step to predict amplitude and phase @fhitrn under predefined loading of a
harmonic excitation for a specified frequency. Hatural frequencies and mode shapes of
the horn can be calculated by the frequency stdplstwthe stress and displacement
amplitude for a given loading condition can be ped by steady-state dynamics direct
step. After the application of the loading conditim the longitudinal mode of vibration,
the stress of the horn can be analysed using vaesviriteria [104]. Figure 3-12 depicts

the undeformed and deformed horn, excited in thgitadinal mode at 20.81 kHz.
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Figure3-12 Representation of the deformed (green) anéfonahed (grey) mesh shape
for the integrated ultrasonic spot welding horniextat 20.81 kHz

The operating principle for a periodic function aby depends on using a sine wave with
set amplitude of transducer atn. The results of the FE-simulation and a pictorial

representation of the stress distributions arelaysl in Figure 3-13.
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Figure3-13 Contour plots of the deformed shape for ttu g@lding horn at 20.81 kHz:
(a) displacement along axial horn length and (ln) Mises stress along horn length

These contour plots for the spot welding horn iatécthe location of maximum stress at
the nodal plane and measurement of vibration augsitat the horn tip. The nodal plane
and von Mises stress distribution of the tuned faomg the longitudinal direction can be
clearly observed in Figure 3-14. Results were olethifrom the FE analysis on the
condition that the horn movement is only in theediion of longitudinal vibration. By
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exciting the horn with 20.81 kHz from the ultrasotiansducer, and by setting the output
amplitude of transducer at pm, as the applied loading conditions to the hoheg t
calculated maximum Mises-stress was 45.4 MPa aisdacated at a distance 80 mm from
the horn input diameter. The peak value of stredsdated close to the nodal plane which
the latter was measured at 60 mm from the inpunéiar of the horn. In this study, the
maximum stress of the horn design is significatdhyer than the yield strength of the
AISI 1030 carbon steel, which it is safe to assunoen the FEA that the ultrasonic

welding horn operate within safe operating regimeerms of stress levels.

=@=Displacement
=h= Stress

Displacement (un
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Figure3-14 FE stress and displacement results for thedtgpot welding horn at 20.81
kHz

3.6.2 Frequency separation

Modal frequency separation of the spot welding hoesponse is very important in
examining the performance of the horn. For this, shread between the tuned and non-
tuned modal frequencies of the exciting horn mustnbeasured. The advantage for
maximising the horn modal frequencies is to avaig eoupling of the resonant frequency.
The horn design for ultrasonic metal welding reesiia pure longitudinal vibration mode
with a good separation from bending and torsionatl@s to avoid any distortion in horn
movement or reduction in horn gain [48, 105, 10&jroving the frequency separation for
the integrated spot welding horn is not easy dubeanclusion of additional masses to the
horn, namely the horn tips and flange coupling, ang change in size or dimensions of
these masses may lead to a reduction in the sepada¢tween vibration modes. FE

analysis can be used to estimate the separatiomelafing horn frequencies. Previous
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studies suggest that a frequency separation grédaer 1 kHz around the longitudinal
mode must be obtained in order to operate thedffettively with high gain [105, 107].
The horn longitudinal mode was determined to b8 2&Hz, whereas other modes around
the longitudinal mode are recorded at a frequerepaation of 1.779 kHz from the

flexural mode and 1.211 kHz from the torsional maae further from other modes.

3.6.3 Amplitude unifor mity

Horn amplitude uniformity is defined as the relatim terms of response between the
minimum and maximum amplitude at the horn workingface [106]. In USMW, the
quality of joining metals can be affected by thepiitnde uniformity of the horn working
surface. In this work, FE simulations predict gastimation to the amplitude uniformity
of the horn tip working surface, which is about®9because the horn tip has a small flat
diameter of 4 mm. Figure 3-15 shows the normaligatbrmity displacement of the horn

tip working surface (Figure 3-7).

Normalised dsplacement

s

N
wh--

4 5 6
Distance along horn tip working surface (mm)

Figure3-15 FEA normalised displacement of the horn tigsus radial distance of the
horn surface when excited axially at 20.81 kHz

3.7 Manufactur e of the spot welding horn

The spot welding horn was fabricated using the agempaided manufacturing (CAM)
technique, where four axes of the intelligent cotapunumerically controlled (CNC)
machine were configured to create a horn. Figuté 8epicts the manufactured 20.81 kHz
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ultrasonic spot metal welding horn with the reqdisize and dimensions, which is suitable

for welding different metals.

Figure3-16 Manufactured spot metal welding horn

3.8 Validation between FEA and EMA

Finite element analysis of the spot welding horrs warried out to predict the natural
frequencies and vibrational mode shapes of the. lEMA is then required to validate the
results found from modelling. Experimental analysas conducted on the horn connected
to the transducer, by creating a grid of measurémpeimts on the horn. The set-up of the
equipment used in the EMA for the ultrasonic spelding horn connected with transducer
can be seen in Figure 3-17. The experimental gstijuipment used in this study consists
of a Signal Calc ACE data unit, an amplifier, a [8Ber Doppler vibrometer (Polytec, 3D
CLV-3D) with signal processing unit and computerda dynamic signal analyser using
Signal Calc ACE data acquisition software. The heoas then connected to an ultrasonic
transducer by means of a stud which was designethi® purpose. The tuned horn was
excited with a broadband signal between 0 and 4, kireated by a function generator
which is built into the data acquisition hardwaihe sample rate, 204.8 kHz, and
resolution, 1.56 Hz, of the data acquisition hansare applied within the 0-40 kHz range
[108]. The amplifier boosts the signal providedthg function generator. The electrical
signal of the amplifier was converted to mechanwlatation by the ultrasonic transducer,
thus exciting the horn. Measurement of the velesitover the whole grid of points on the
horn surface was performed using 3D LDV. The tintendin data was recorded and
transformed to the frequency domain using a FFE Mieasurements of modal parameters
such as resonance frequencies and mode shapes watrdsonic welding horn could then

be measured using ME’'Scope VES modal analysis aoftw
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Figure3-17 Schematic diagram of experimental modal arabfsowing the various
components and photographed of actual set-up

In Figure 3-18, the spectrum shows a good separbgtween natural frequencies, and the
value of the longitudinal mode (L) is clearly idéied. Other modes such as torsional (T)
mode and bending or flexural (F) mode show an dabdp comparison with those
predicted from the FEA. Agreement between the FBE& BMA data for the excited horn
at an operating frequency of 20 kHz is within 3%8of all natural frequencies up to 40
kHz, as tabulated in Table 3-2. It can be obsethatithe 2 torsional mode is difficult to
recognise in the EMA, because it was though thatrtiode is merged due to connecting

the horn with the transducer, which is not congdean the initial calculation.

Table3-2 Horn mode frequencies in the range (0-40 kHz)

Mode FEA EMA Error %
15T 13190 13692 -3.66
oM | 15821 15740 0.51
ond T 19600 - -

1L 20811 20770 -0.19

39F 22590 23454 -3.68
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Figure3-18 FRF measurements of the excited spot welding at 20 kHz

The welding horn exhibits responses in several modewever a torsional mode, bending
mode and longitudinal mode for the comparison betwEEA and EMA are shown in
Figure 3-19. Another criterion in the design of arrhis the vibration amplitude, the
amplitude can be defined as the peak-to-peak aispiant of the horn at its working face
[77]. In USMW, the amplitudes vary from 10 to 506fr microns at the weld [14]. In some
welding systems, the amplitude is a dependent bMariavhere it is related to the power
applied to the system. In other systems, the augdits an independent variable capable of
being set and controlled at the power supply thinoageedback control system. In this
work, an integrated horn with the additional massesh as welding tip and flange
coupling was designed to provide high gain at tledimg tip surface, where the gain
factor is defined as the ratio of the output sweféx input surface amplitude of the horn
[109]. In this study, the horn gain was 4.108.
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Figure3-19 Validation of the modelling and manufacturédagonic spot metal welding
horn using FEA and EMA for tuned horn at 20 kHz

3.9 Design of welding components

In USMW, the selection of the components, sucthasatvil, is dependent on the nature of
the welding system. Normally, anvils are designealign and hold welded specimens.
Types of anvils which are used in ultrasonic weddinclude rigid (stationary) anvils and
counter resonant anvils [28]. The rigid anvil is daafrom steel or aluminium and is

normally used in ultrasonic spot welding [99]. Ttype is mostly involved in USMW. The
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second type of anvil is used to vibrate out of ghagth the horn vibration such as in a
wedge-reed system. Flattened knurled surfacessarally used in the design of anvils to
match the tip surface of the welding tool and toid\slipping between the specimens and
the welding tool during the process. This studylagd the design and manufacture of an
anvil which is suitable for USMW, which the sizedasimensions of the anvil are selected
according to the dimensions of welding specimerige &nvil material was made from

AISI 1030 carbon steel and the surface area isx(%|® mm). Figure 3-20 shows the

manufactured stationary anvil with knurled surface.

-

LN

Figure3-20 Steel anvil machined knurl

The spot welding horn was connected with the winastransducer by means of a stud
made for this purpose, and the welding stack wasnteal on the driving machine (tensile-
test machine) through a specially designed mourtiwider (Figure. 3-21). Care must be
taken when designing a holder, because any inacgumathe design can result in losses
and unwanted absorption of power, damping and eedse in the horn response. The rigid
holder was securely clamped to the welding statkeahodal plane which is located at the
flange coupling on the horn. Thin rubber was usexirad the flange circumference to

ensure a full insulation of touch the horn with theunting holder.
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Figure3-21 Welding stack mounting holder connect withtspelding horn

Prior to the set-up of the welding machine, theratibnal characteristics and frequency
response of the welding stack were determined Inygus 3D laser Doppler vibrometer.
The frequency response was collected for diffentditions, first when the horn was
connected with the transducer alone, and then wieewelding stack was connected to the
mounting holder, to observe the variation in thepomse. From knowing that the gain of
the horn is 4.108 and the transducer excitationliéude is 5um, the response for the
welding stack at the horn tip was found to equaB2@m, whereas the response for the
connected welding stack with the mounting holders vimund to be 20.1%um. This
confirmed the accuracy and isolation of the corgmexcited components from the rigid
assembly. For the entire welding system, a rigid &ed other fixing tools were designed

to fix the components in place for welding.

3.10 Summary

A lateral-drive ultrasonic metal spot welding systeas been introduced and described in
terms of the system components, and by includingsirtulation as part of the design
process. Based on the assumption of longitudinbration of a uniform rod, the
calculation of the half-wave length for the tunedrhwas discussed, and the modelling of
the steel horn was completed by using FEA. The moodal frequencies and associated
mode shapes were then confirmed using EMA. Thegasoupling allows for providing a
nodal mounting in order to connect the welding lstiacthe driving machine (tensile-test
machine). Many criteria were examined in the desifjthe horn such as exciting at the
operating frequency of 20.81 kHz, stress distrdmutivibration amplification, frequency
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separation, amplitude uniformity and gain factoheTperformance of the horn was
modelled by tuning the horn at the longitudinal mo@ihe location of high stress, gain and
welding tip amplitude were determined by driving thansducer at amplitude of 5 microns
in the longitudinal mode. Von Mises stresses waleutated to characterise the stress in
the horn, which was found to be lower than thedyjebint of the steel, whilst the local

stresses around welding tip were recorded very\lalmes. The position of the highest
stress was located close towards the nodal plamguEncy separation of the horn was
affected by the horn catenoidal profile, flangemog on the horn and the location of the
welding tip. FEA and EMA show good agreement ofrailon modes around the tuned
longitudinal mode of the horn with at least 1.2HzkKrom the torsional mode and 1.779
kHz from the flexural mode, which is acceptableuitrasonic welding. The catenoidal

profile of the integrated horn provides a gain of08. The ultrasonic horn has been
measured and calculated as having longitudinal nobdébration at 20.77 kHz. Welding

components were also designed, such as a rigid, aneunting holder, rigid bed and

fixing tools. Geometries of the welding componemisre specified to the size and

dimensions of the welding stack and to the thicknasd dimension of the metal to be
welded. Examining the output response of the weglditack connected to the holder is
required prior to welding to check the damping dgrihe process, loss of power, shift in

frequency and a drop in vibration amplitude.
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Chapter 4

Welding tests and metal investigations

4.1 Introduction

This chapter discusses the welding test procedudlettee investigation of the metals that
are used in ultrasonic metal spot welding. Firdthg mechanical properties of the selected
metals must be extracted. Aluminium and copperthestwo types of metals used in
USMW, but the technique can be easily applied teoimetals. The properties of each
metal are obtained using a universal testing mactondetermine the Young’s modulus,
yield tensile strength, ultimate tensile strengtid @&longation after test completion. The
dimensions and thickness of the specimens wereaprdpaccording to the standard
required for the welding of thin specimens. Thedhass and surface roughness were
investigated as they affect weld strength and tualihe ultrasonic metal spot welding
system was mounted on a tensile test machine gr tocconduct the welding experiments,
where a large number of similar and dissimilar 8pea configurations were successfully
welded under different conditions. In this chaptire weld development for different
configurations of Al-Al, Cu-Cu, Al-Cu and Cu-Al Wibriefly be discussed. The process
and metal parameters were specified and set depgrah a range of assumptions,
including the conditions of the lateral-drive weldisystem required to bond thin gauges.
Tensile shear tests of fully-formed welds were @enked for a number of weld
configurations containing aluminium and copper gpeas. The tensile test machine was
then used to drive configurations with specimensa oange of thicknesses including 0.1,
0.3 and 0.5 mm to failure. These configurationsenveomposed of both similar and
dissimilar metals. The strengths of the welded ispes were investigated by varying the
applied parameters such as clamping force, amplinfdvibration, welding power and

welding time.

4.2 Selection of metal for ultrasonic spot welding

This study explores the USMW of aluminium and copf@pecimens with thicknesses of
0.1, 0.3, and 0.5 mm were used, as shown in Fiduireln general these softer metals are

widely used in ultrasonic welding due to their hijlermal conductivity, which enhances
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the diffusion of atoms between intimate surfacd®[1l1t is also advantageous to weld by

ultrasonic means rather than fusion welding, bezdlus latter requires more energy and is

more time-consuming [14]. A lateral-drive ultrasomielding system has been designed to

join similar and dissimilar metals and to study tegs and metal parameters which

influence weld strength and weld quality. In thisdy, metals used for welding were
supplied by Goodfellow [111]. The properties areia@in temper-state between annealed

and half-hard. Table 4-1 details the metals usedifterent thicknesses of aluminium and

copper.

Figure4-1 Aluminium and copper specimens used in ultresoretal spot welding with
thicknesses of 0.1, 0.3, and 0.5 mm

Table4-1 Metal thicknesses (Manufacturer’s data)

Material Thickness  Purity Temper
Foil (mm) (%) -

Al 0.1 99.0 Annealed
Cu 0.1 99.9 Annealed
Al 0.3 99.0 Half-hard
Cu 0.3 99.9 Annealed
Al 0.5 99.0 Half-hard
Cu 0.5 99.9 Half-hard
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4.3 Tenslletest machine set-up

A tensile test is a method used to determine th@aeur of materials under a uniaxial
loading condition provided by a universal testingamne [112]. The calibrated testing
machine, Zwick/Roell Z2.0, is set up to determine mechanical properties for all types

of aluminium and copper metals used in this stadyshown in Figure 4-2.

Figure4-2 Universal test machine, Zwick/Roell z2.0

Metal characterisation results are extracted froamyntests performed with the uniaxial
tensile test machine. Specimens with specified dsiosas are mounted on the 2-kN load
cell tensile machine, which records the tensilallaad elongation (displacement) of the
pulled specimen. The end-result is a load-displargndiagram. The process can yield
highly accurate results, especially for measuritigss. However, for strain the relative
stiffness of the test machine and samples leadrtwse therefore strain was measured
using an extensometer. An extensometer is a dergied with a universal testing machine
to measure the actual extension of a specimen mpgoent when the external load is
applied in tension or compression. According to tBetish Standard 3846, an
extensometer is defined as ‘a device comprisingsom@gag and recording or indicating
equipment used for determining extension and hestcan.’ [113]. In this study, a
calibration extensometer (model 3543-025M-050-LiBwWised to measure extension, from
which the data were recorded and stored within mmackoftware [114]. Figure 4-3 shows
the extensometer set-up on the tensile test machine
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Figure4-3 Extensometer set-up on universal test machine

4.4 Specimen configuration

All specimens used in ultrasonic spot welding tesaire characterised by their mechanical
properties. The specimens are prepared accorditigetspecifications provided by ASTM
E8M Standard and British Standard 546 [115-117F $pecimens were cut and prepared
to have a dog bone shape, based on standardissle texsting. The metal is carefully cut
without leaving any grooves, notches, burrs, gougmsgh edge surfaces or overheating
that may affect the surface finish of the specirfiet8]. The aluminium and copper dog

bone specimens were arranged in the tensile matdrinesting.

4.4.1 Dog bone specimens

Specimens used for the metal characterisation vests prepared according to the rules
obtained from standard test methods for the tenisting of metallic metals, which is an
ASTM E8M Standard. The gauge length used for tBeige34 mm, with 26 mm of grip
section at each side. The thickness of the spesimanes from 0.1, 0.3 and 0.5 mm for
aluminium and copper, which are the same thickrsekaethe specimens used to prepare
spot welding specimens. The width of the specinse®i mm, whilst the overall length is
100 mm. The transition radius is located betweengtip sections and the gauge length
with value up to 6.0 mm, whereas the length ofrdticed section is not less than 36 mm.
Three specimens are prepared of each metal typéesting speeds of 14 mm/min, 7
mm/min, and 2 mm/min. The strain rate is set adogrdo standard test methods for
tension testing of metallic materials (ASTM E8Mrstard). The details and dimensions of

the prepared specimen are shown in Figure 4-4.
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(a) Schematic of the test specimen, dog bone (AH8M Standard)
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Figure4-4 Dog bone specimen dimensions for t
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4.5 Extracting mechanical propertiesfor aluminium and copper

The aluminium and copper specimens are tested wmaxial testing machine to extract
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their mechanical properties. The testing is cared for each metal by performing

extensometer measurements on the machine as shokigure 4-5. In the experiments,
each test is repeated six times for each configuraand for every testing speed (2
mm/min, 7 mm/min and 14 mm/min). As shown in Figdr8, the extensometer has two
arms which are aligned to markings on the specimsrihe specimen is loaded in tension,
it displays the change in displacement being measuiue to the deformation of the
specimen. The extensometer recorded the data ansférred it to the machine controller,

where the relationship between load and displacemes processed by the machine

software.
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Figure4-5 Experimental tensile testing for aluminium a&ogper specimens with
variable thicknesses of 0.1, 0.3 and 0.5 usingxéensometer

A load-versus-displacement curve is the immediagalt of such a test. The mechanical
properties of the metals are obtained from a sBwam diagram. Average load

displacement data recorded from the uniaxial tenbts is converted into engineering
strain and engineering stress by using Equatial) @hd Equation (4.2) as shown below.
The reason for converting this data is to idengifgstic-plastic behaviour of the metal and
to determine the mechanical properties such asl wekss, UTS and break stress [25].
Furthermore, the data is required in order to @efiraterial properties in FE simulation of
the spot welded specimens (explained in ChapteA %Yypical stress-strain diagram for a

metal under tensile load is shown in Figure 4-6.

Eeng =OL/L 41
Oepg =F 1 A, 42

where AL is the absolute deformation of the specimienis the initial gauge length of the

specimen,F is the applied load and, is the cross-sectional area of the specimen.
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Figure4-6 Typical stress-strain diagram with 0.2% offsetthod

The results were produced from the tensile testih¢ghe specimens of aluminium and
copper. Most specimens fractured around the centilee deformed specimen. Figure 4-7
shows the typical values of engineering stresseargineering strain which are plotted for
specimens of aluminium and copper with differemtkhesses of 0.1, 0.3 and 0.5 mm and
for testing speeds of 2 mm/min, 7 mm/min and 14 mim/ The Young's modulus of the
aluminium and copper metals was determined by usiG@ % offset method (Figure 4-6)
to estimate the linear portion of the curve uph® éstimated yield point. Ultimate tensile
stress, UTS, is determined from the highest stvakse on the stress-strain diagram. The
average for Young's modulus, yield stress and U®E the aluminium and copper
specimen metals for a range of thicknesses ardatabluin Table 4-2 and Table 4-3. The
tables compare the data extracted from the extegi®wrmeasurements for every testing
speed. The extracted mechanical properties fapatimens of aluminium and copper can
then be used in FE modelling in order to numencaliudy the behaviour of welded
specimens and to compare the weld strength ofoihed metals with respect to yield and

ultimate stress magnitudes for each tensile testisgen.
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Table4-2 Average tensile data for the aluminium dog bomfiguration, (n=6)

Material Specimen

Thickness (0.1 mm)

Method of Test Extensometer
Test Speed (mm/min) 2 7 14
Young's Modulus E (GPa) 69.8 70.0 70.5
Yield Stress (MPa) 55.0 56.5 56.8
UTS (MPa) 63.1 68.7 74.9
Material Specimen Thickness (0.3 mm)
Method of Test Extensometer
Test Speed (mm/min) 2 7 14
Young's Modulus E (GPa) 69.5 69.6 70.2
Yield Stress (MPa) 108.4 113.3 1194
UTS (MPa) 118.9 124.1 128.0
Material Specimen Thickness (0.5 mm)
Method of Test Extensometer
Test Speed (mm/min) 2 7 14
Young’s Modulus E (GPa) 69.5 70 70.8
Yield Stress (MPa) 89.3 90.5 93.0
UTS (MPa) 97.3 107.1 108.3

Table4-3 Average tensile data for the copper dog boméiguaration, (n=6)

Material Specimen

Thickness (0.1 mm)

Method of Test Extensometer
Test Speed (mm/min) 2 7 14
Young’'s Modulus E (GPa) 119.2 120 123.3
Yield Stress (MPa) 37.1 44.0 57.3
UTS (MPa) 81.8 91.1 107.2
Material Specimen Thickness (0.3 mm)
Method of Test Extensometer
Test Speed (mm/min) 2 7 14
Young’s Modulus E (GPa) 120.0 120.0 121.4
Yield Stress (MPa) 68.3 69.3 106.6
UTS (MPa) 82.3 90.8 107.0
Material Specimen Thickness (0.5 mm)
Method of Test Extensometer
Test Speed (mm/min) 2 7 14
Young's Modulus E (GPa) 120.0 120.3 120.6
Yield Stress (MPa) 169.2 171.3 172.4
UTS (MPa) 208.1 212.6 212.7
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4.6 Thickness of specimen

Ultrasonic welding relies on the generation of tie&a motion of the specimens at the
interface, where the energy delivered from theastinic generator is directed into the
upper specimen and propagates through to the wgeltbne, whilst part of the energy is
lost due to friction at intimate surfaces, resgjtin the dissipation of heat. In this work,
different thicknesses of 0.1, 0.3 and 0.5 mm fa #fhuminium and copper metal were
selected. The reasons for choosing these thickeiessaelated to the amount of delivering
power from generator, up to 1 kW, and the requirgsef the lateral-drive welding

system, which is capable of welding thin componeRtsthermore, the process is fast,
being around 1 second in duration, and the amotir@nergy that is delivered is not
enough to weld thicker metals. However, increadimg welding time can lead to the
creation of cracks which affects both weld strengid quality. Most studies focused on
ultrasonic welding place a thin specimen in thenig of the welding tool to ensure that
high ultrasonic energy is imparted to the weldimgaa These studies confirm that the
thickness of the upper specimen is more signifidiain the thickness of the lower
specimen which has less impact on energy consumplibis work has aimed to use

similar thicknesses for all welding tests.

4.7 Width and length of specimen

The dimensions of the specimens that are used trasohic metal spot welding are
prepared according to the specifications provided8TM Standard and British Standard,
and relative to the diameter of the horn tip, whigld mm. The dimension of the specimen
length, which was specified according to specimadttwand welding area, is 50 mm,
whilst the width is 10 mm. The overlapped areals«<110 mni, where the welding area
matches the diameter of the horn tip. Long or v@decimens that are used in USMW can
sometimes make welding difficult, because the \ibrs from the specimen propagate and
the reflected waves are returned in anti-phase [B8lre 4-8 shows the geometry of the

overlapped specimen position used in the ultrasm@tal spot welding tests.
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Figure4-8 Geometry of the overlapped welding specimenveipthe adding of
dummies layers to ensure alignment of the specihieing mechanical testing

4.8 Specimen roughness

The surface roughness of both the aluminium andcctpper specimens in this study are
measured with a Veeco Dektak surface profiler Mo6lel, because the roughness is
considered as one of the critical parameters tiffacta the weld strength [70]. The

calibrated instrument is capable of measuring &waof substrates through indication of

the average roughnes®,. The Dektak instrument utilises a diamond tippédus to

measure features with an x-y precision stage wisichoved over the specimen under the
stylus. The vertical displacement of the styluscaverted into an electrical signal
corresponding to the dimensions of the test spetiraad then converted into a digital
format which can be displayed on a screen. Figu@esthows the roughness instrument

used in this study.

Figure4-9 Dektak model-6M instrument for measuring spetiraurface roughness
[119]
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The roughness of the test specimens is measuretbymining the arithmetic height of
roughness irregularities that are measured frormtean line within the elevation length,
which is 2 mm [28]. In the experiments, each tesepeated 5 times for each configuration
and for every metal thickness. It is calculatechwite Equation (4.3). Figure 4-10 shows
how to determine the roughness average. The resiuttee roughness for aluminium and

copper specimens with thicknesses of 0.1, 0.3 a@mdén, are tabulated in Table 4-4.

R, :%I|y|dx 4.3

Mean lin¢

< L

A\ 4

Figure4-10 Scan roughness profile automatically measwrtdstep detection software
[28]

Table4-4 Roughness results for the tested aluminiumcapger with different
thicknesses, n=5 for each metal thickness

Material Aluminium Copper
Thickness (mm) 0.1 0.3 0.5 0.1 0.3 0.5
RoughnesR, (um) 0.5 1.5 3.2 0.6 1.3 3.3

It can clearly be seen that the roughness valudéiseo$elected metals vary relative to the
temper condition of the metal. Half-hard specimshew higher roughness magnitudes
compared with the annealed specimens, as showahle B-4. If the surface roughness of
the specimen being welded is too low, then the ingldrea cannot be developed due to
high glide between specimens, whereas if the seinffacghness is too high, hot spots may

occur.
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4.9 Hardness test

Specimens were measured to determine hardnessaisairated Wilson-Wolpert Micro
Vickers 401 HVA, as shown in Figure 4-11.

Figure4-11 Micro hardness testing instrument

The Vickers test machine uses a diamond indenttrarshape of a square-base pyramid,
which applies a 1 kN load pressed into a test mé&ta Vickers hardness number, HV, is
determined by Equation (4.4). The total range afdhass for metals is typically from
HV100 to HV1000 [120]. In the experiments, eacht iessrepeated 5 times for each
configuration and for every metal thickness. Theasweed values for hardness are
tabulated in Table 4-5.

HV =1.8544.F/d? 4.4

F is the force in kN andl is the average length of the diagonal of the ineleimt mm .

Table4-5 Hardness of aluminium and copper specimen#fefent thickness,
n=5 for each metal thickness
Material Aluminium Copper
Thickness (mm) 0.1 0.3 0.5 0.1 0.3 0.5
Hardness number, HY 273+ 40 544+ 70 676+ 70| 517+70 563+80 863+ 20
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In Table 4-5, it can be seen that copper has highsiness than aluminium. In welding,
the hardness is a weldability indicator, meanirag #in increase in hardness will lower the
weldability of the metal [17], because harder nsetabjuire more energy to generate welds
than softer metals.

4.10 Ultrasonic metal spot weldingrig

The ultrasonic metal spot welding rig is shown igufe 4-12. The welding system is

composed of ultrasonic generator, ultrasonic traced spot welding horn, stationary

anvil, mounting holder, fixing tools and fixtureBhe Sonic System generator (Model L-

500) supply the power to the transducer which edus convert the electrical signal into

mechanical vibration represented at the output imgrisurface of the transducer. The

transducer is excited with operating frequency @k®Riz. The L-500 ultrasonic generator

which is used in the welding tests operates atresteot current and maintains a pre-set
amplitude. The L-500 ultrasonic generator delivéms required voltage to maintain the

current, from which a maximum amplitude of ith peak-to-peak can be produced with a
current of 620 mA, whilst the voltage across trensducer can vary from 100V when

unloaded to 1000V when loaded. The total acoustwep drawn by the transducer is read
by the wattmeter which is located on the front parfegenerator. The amplitude can be

checked on the amplitude response meter.

ounting holder =~

m! s
A

Figure4-12 Ultrasonic metal spot welding rig as set-uthim Zwick/Roell test machine
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In the current project, the ultrasonic spot weldimyn was securely connected to the
transducer, the tensile test machine Zwick/Roelensployed to fix the welding stack
securely by holding it at the nodal plane. A moogtholder was designed for this purpose.
The benefit of using the tensile test machine isawtrol the applied load over the welded
specimens, and to allow a wide range of testingdday using a large capacity 2 kN load
cell which is sufficient for joining thin metalss avell as to provide stability to the affixed
stationary anvil and fixtures on the high rigidityachine bed. The machine software
records the results of the welding tests. The speies are supported between the horn tip
and the stationary anvil, where the knurled surfateéhe horn tip touches the upper
specimen during the weld, whilst the lower specingheld up by a knurled stationary
anvil. This produces relative motion between tharmate surfaces to improve bonding. To
ensure weld alignment, specimens must be heldfixtiae to maintain pressure between
them. Rigid fixtures which are used in all welditsgals are made from stainless steel.
Knurled surfaces for the horn and anvil with thigrainent fixture are shown in Figure 4-
13.

Fixture

Figure4-13 Knurled horn and anvil surfaces with alignmexture

4.11 Preparation of welding coupons

Many weld configurations were produced in this worlorder to obtain quality welds and
study the impact of various process parametemggttbn weld strength and quality using
different specimen thicknesses. For the weldingsiofilar metals, these configurations
were arranged as aluminium-aluminium, Al-Al, angbper-copper, Cu-Cu, whereas in the

welding of dissimilar metals, they were arrangeddB€u (meaning Al over Cu) and Cu-
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Al (Cu over Al). The specimens were also subjedtedifferent heat treatments, such as
annealing and half-hard tempering. The mechanicapgyties of the aluminium and
copper that are used in this study are obtained tre calculations of Table 4-2 and Table
4-3, which the data are located within the rangemetal properties that obtained from
Goodfellow. The data are tabulated in Table 4-6.

Table4-6 Mechanical properties of aluminium and copfegnsity and poisson’s ratio
from Goodfellow, data from tensile testing machine)

Material Specimen (Aluminium)

Temper Annealed Half-hard Half-hard
Thickness, mm 0.1 0.3 0.5
Density, kg/ni 2700 2700 2700
Poisson’s ratio 0.345 0.345 0.345
Modulus of elasticity, GPa 70.1 69.8 70.0
Yield strength, MPa 56.1 113.7 90.9
Ultimate tensile strength, UTS, MPa 68.9 123.7 204.
Material Specimen (Copper)

Temper Annealed Annealed Half-hard
Thickness, mm 0.1 0.3 0.5
Density, kg/ni 8960 8960 8960
Poisson’s ratio 0.343 0.343 0.343
Modulus of elasticity, GPa 120.8 120.4 120.3
Yield strength, MPa 46.1 81.4 170.9
Ultimate tensile strength, UTS, MPa 93.4 93.4 211.1

4.12 Experimental set-up of ultrasonic metal spot welding

Prior to welding, the tensile test machine ZwickéRavas pre-set to record the data of
clamping force and welding time. The value of clamgpforce must remain constant
during the whole welding process. The range ofvikéd time was set by the program of
the tensile machine. Ultrasonic parameters suchhassupplied power and vibration
amplitude were also set prior to welding. Differe@atues of vibration amplitude were set
by controlling the ultrasonic generator. The maximualue of the amplitude which was
recorded at the working surface of the transduces ®2um. This value of amplitude is

not sufficient to produce weld. The gain 4.108,tleé designed welding horn provides

sufficient amplitude magnification for successfugélding. The specimens were cut and
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placed in an overlap position to achieve the coodliof spot welding. The knurled horn tip
was clamped to the upper specimen whilst the Ispeccimen was held by the knurled
surface of the stationary anvil. All specimens westded with no prior surface treatments
such as removing grease or lubricant. The testo &eld coupon was repeated to ensure
confidence of the welding process. Many tests wepeated by application of the same
welding conditions. Variable and constant paransetieat are used in the ultrasonic spot

welding processes are tabulated in Table 4-7.

Table4-7 Variable and constant parameters used forsaliia metal spot welding

Variable parameter Value Constant parameter Value
Ultrasonic power, W 100-1000 Specimen dimension, mrb0 x 10
Clamping force, N 10-1000 Welding time, sec 1.0-3.0
Metal thickness, mm 0.1,0.3,0.5

Amplitude of vibrationum 17-42

4.13 Al-Al and Cu-Cu weld coupons

The first set of experimental tests involved theldiwey of similar metals in the

arrangements of Al-Al and Cu-Cu. Most studies regmnd that the thin specimen is
placed nearer to the welding tip to allow a highoant of ultrasonic energy to be

transferred to the welding zone, whilst the thicgpecimen is placed near the anvil where
the power consumption has little effect [9, 121].this study, all weld coupons were
produced from joining specimens with the same tiesls. The amount of ultrasonic
energy passed to the specimens being welded isopiapal to the clamping force,

amplitude of vibration and welding time. Therefote,weld the specimens together, a
certain amount of ultrasonic energy is necessanys Will depend on the assembly of the
components and the capacity of the ultrasonic thacey. Insufficient power can produce
weak welds due to inadequate growth of the deforared, however excessive power can
result in a severely deformed weld, where the danmn be observed on the surface of
the joined specimens after debonding. This can feaddeterioration of the weld strength
and the introduction of cracks in the formed wel@7]. The clamping force must be

sufficiently high to prevent sliding between therdp and the upper specimen, especially
for high horn amplitude. If the clamping force mothigh, then the friction generated

between specimens is increased. This can thentatfecrelative motion at intimate
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surfaces, whilst if the clamping force is too Idhen the contact area between the surfaces
is not sufficient to produce a proper weld. The miagle of amplitude of the horn tip is
related to the increased voltage of the generé®the voltage is changed, the amplitude
is also changed. If the amplitude is low, then wedd produced is insufficient, because
low amplitude with low clamping force means thdbager time is required to achieve a
good weld, due to the difficulty of removing theide film from the surface. However if
the amplitude is very high, then the specimen maly be held correctly in position.
Furthermore, excessive amplitude may lead to tleelymtion of specimen marking and
sticking of the surface of the upper specimen whtn horn tip [5]. The ultrasonic welding
technique allows easy joining in a sufficient timgsually 1 second. However, the
increased or decreased time required can affeafjubbty and strength of the weld [67].
Prolonged welding time causes fatigue damage, whlsufficient time can result in
incomplete welds. In the experiments, the weldimget was mostly set to 1 second
however different tests were carried out by extegdhe welding time to 2 or 3 seconds,
to allow more energy transferred to the weldingeza@specially when welding the thicker
weld coupons. Figure 4-14 (a) and (b) shows theledetoupons for the welding of similar
metals, Al-Al and Cu-Cu, for different sets of wielgl conditions. The welding parameters
have to be carefully controlled, where suitabléisgs can be determined from the welding

tests, and can be identified through the examinaifaveld strength.
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Cu-Cu specim#nekness 0.1 mm

Al-Al specimens, thickness 0.3 mm Cu-Cu specim#nekness 0.3 mm

Al-Al specimens, thickness 0.5 mm Cu-Cu specim#nekness 0.5 mm

() (b)

Figure4-14 Ultrasonic welding coupons of similar met&#g- Al-Al and (b)- Cu-Cu with
different welding conditions: clamping force 100858, vibration amplitude 4@m,
welding time 1-3 sec
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4.14 Al-Cu and Cu-Al weld coupons

The second set of tests was carried out on thengpf dissimilar metals in Al-Cu and Cu-
Al arrangements. In the experiments, the first rayesnent of the welded coupons to be
tested was the Al-Cu configuration. The aluminiuasvgituated so that it touched the horn
tip surface, whilst the copper was placed undemeaer the stationary anvil. A further
welding procedure was conducted by placing the eoppecimen touching with the horn
tip surface, and the aluminium placed on the atwibbtain a Cu-Al configuration. It was
found that in general, the energy consumption deépeon the properties and thickness of
the specimen which was placed in touch with thenhigr. Several factors were found to
affect the power consumption, such as metal thecoatuctivity, thickness and metal
surface conditions, for example hardness and surfagghness. In the experiments, it was
observed that the control of process parameterscritasal for high-quality welding of Al-
Cu and Cu-Al. Good welds were obtained from thenijag of the dissimilar metals,
however higher weldability was observed when themaiium was placed as the upper
specimen. Generally, it was shown that obtainingoad weld depends on the proper
control between the clamping force, amplitude diration, power supply and welding
time. In addition, the influence of the thicknelsardness and metal surface roughness can
significantly change the weldability of the metalsgure 4-15 (a) and (b) shows the
welded coupons for the welding of dissimilar me#@@ll<Cu and Cu-Al, under different sets

of welding conditions.
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Cu-Al specimtnskness 0.1 mm

Al-Cu specimens, thickness 0.3 mm Cu-Al specimtnskness 0.3 mm

Al-Cu specimens, thickness 0.5 mm Cu-Al specimtnskness 0.5 mm

() (b)

Figure4-15 Ultrasonic welding coupons of dissimilar metgh) Al-Cu and (b) Cu-Al
with different welding conditions: clamping forc€@-500 N, vibration amplitude 42m,
welding time 1-3 sec
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4.15 The development of theweld

A lateral-drive ultrasonic configuration system wdssigned for the welding of thin

metals, which was capable of studying the effettsaoying process and metal parameters
on weld strength and quality. The tensile machiregam and ultrasonic generator were
set to control the process parameters. Figure #ki€irates the set-up of the complete

ultrasonic metal spot welding system.

Figure4-16 Set-up of the complete USMW system

The metals were chosen to be welded together fardiit arrangements, such as Al-Al,
Cu-Cu, Al-Cu and Cu-Al. A number of the specimerezavalso subjected to different heat
treatments, and so a proportion of the specimerigrgations were annealed and the
others were in the half-hard temper condition. Techanical properties of the materials
in these conditions are tabulated in section 4The. relationships between the process and
metal parameters with respect to the thicknesstyral of metals affect the weldability of
joined specimens. The term ‘good’ weld is definedmvaen the two specimens are welded
together, with no indication of failure detectedtbe edge of the welding area, and where
the welded specimens are fixed together such thelatively high force would be required
to prise them apart. However, a ‘bad’ weld is ulsuadferred to as a weak bonded joint,
which can be easily fractured with a relatively lemce [87]. Again, a uniaxial tensile test

machine was adopted to examine the strength gbthein terms of weld strength, which
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was obtained from knowledge of the value of maxinfonce. If separation of the joined
specimens can be obtained from the force actinghabto the weld interface, then the
breaking force is called the tensile weld strengihd at the same time, the shear weld
strength can be determined by measuring the slwrae facting parallel to the weld
interface [55]. In this study, the strength of thelded specimens was evaluated using the
Zwick/Roell test machine. The test consisted ofipalthe overlap-welded specimen in
tension by the two machine-arm grips as seen inr€ig-17. The lower arm is normally
fixed whilst the upper arm is moved at a cross-regmeebd of 0.1 mm/min.

Figure4-17 Set-up of the welded specimens on the ZwicklRensile test machine

The vyield strength, ultimate strength and fractwégether by shearing of the welded
specimens or by a tearing of the parent metal, @knmecorded by machine software. The
most commonly monitored variable in tensile testisighe peak load (maximum force),
which is measured by the machine load cell. Howeaaraccurate measurement of the
displacement at the peak load (maximum displacenmenst also be monitored and can be
extracted through extensometry measurements. Thensometer set-up is shown in
Figure 4-18. Lap-shear specimens are ideal in tin@ysof the shear strength of welded
joints, and the studies of the weld strength fotdweoupons of similar and dissimilar

metals with thicknesses of 0.1, 0.3 and 0.5 mnoatkned in the forthcoming sections.
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Figure4-18 Set-up the extensometer in tensile test machin

4.16 Ultrasonic spot welding for weld coupons of similar metals

The first sets of experiments were conducted talwieé coupons of Al-Al and Cu-Cu,
where three different thicknesses of each metaisisting of 0.1, 0.3 and 0.5 mm thick
specimens pass. The ultrasonic spot welding proeess applied for different sets of
parameters. The complete process time was set 1osbeond for the majority of the tests,
and was controlled by the machine software. Futtingis were performed with a complete
process time of up to 2 or 3 seconds, especiallyjdioning metals of greater thickness.
Welding time was set by machine software to allte tlamping force to be applied
within a short period time, 1 second. The clampgmge was specified according to the
capacity of the machine load cell, and varied frOriN up to 1 kN. Different power inputs
were also applied through using regulator whicbvedl changing the voltage supplied to
the generator across the constant current, reguitindifferent magnitudes of vibration
amplitude, ranging from 1@m to 42um. The power drawn from the welding stack is
recorded from the wattmeter of the ultrasonic getoer In the experiments, the amplitude
must remain unchanged during the whole test. Manistwere conducted to obtain good
quality welds using different thicknesses of aluiomim and copper specimens. The welded
specimens were debonded using a tensile test nebthidetermine the joint strength of

each test.

4.16.1 0.1Al-0.1Al and 0.1Cu-0.1Cu weld coupons

In this study, the data of maximum load which dbtamed from the tensile testing of all

combinations can be considered to the indicatioweld strength. The lap-shear test,
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considered as a destructive test, was used to dahenvelded specimens in a tensile test
machine until the weld spot or the specimens faitedl the maximum value of the load
was measured in order to obtain the weld streriggtfure 4-19 shows the tensile shear test
of the welded coupons of 0.1AI-0.1Al and 0.1Cu-Qul®ifferent configurations and
settings of process parameters produced weldsdiffigrent strengths. In general, the 0.1
mm thick specimens tore rather than debonded. Thrimum load magnitudes were
determined from the average values of three temssits, which were extracted for each

setting of clamping force and vibration amplitudéth a welding time equal to 1 second.

=

O.lAI-B.iAI weld coupons 0.1Cu-0.1Cu weld coupons

Figure4-19 Tensile-shear testing of the welded couponaltominium and copper
metals at thicknesses of 0.1 mm

Higher values of maximum load were obtained fronbateling the Al-Al joined
specimens compared to the Cu-Cu specimens. Thiwsshimat the values of welding
strength were influenced by the selection of precparameters with respect to the
thickness and metal surface conditions, such adnkas and surface roughness. It should
be noted that both aluminium and copper specimeaars vannealed’. It was seen from the
experiments that the strength of the weld increas@l increased applied force and
vibration amplitude but, in some cases, the tensdéfor these bonded specimens resulted
in tearing around the weld area rather than a déihgrseparation of the lower and upper

specimen.
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4.16.2 0.3Al1-0.3Al and 0.3Cu-0.3Cu weld coupons

The strengths of the weld coupons of 0.3Al-0.3Ad @13Cu-0.3Cu were determined by
analysing the debonding between the joined spe@mEhe lap-shear test was run until
either the spot weld or the joined specimens waited. Then the peak value of the pulling
load were recorded which indicated the maximum wsélength. Figure 4-20 illustrates the
tensile shear test of the welded coupons of 0.33&Dand 0.3Cu-0.3Cu. The tests were
conducted on welds of similar metals under differeonfigurations of ultrasonic
parameters, of which the average values of maxinoa were obtained. The magnitudes
of the maximum load were determined from the averagjues of three tensile tests which
were extracted from joining specimens at each claghgorce setting and vibration
amplitude level and ensuring that the durationha&f processes do not exceed 1 second.
Again, higher weld strengths were recorded fordabonded Al-Al specimens compared
with the Cu-Cu specimens. Generally, the energyswared is higher with the thicker or
harder metals compared with thinner metals [9].réfoge, more energy was consumed
with the half-hard aluminium relative to the anmehlcopper in spite of their similar
thicknesses. During experiments, tearing of theeugpecimen was identified for both
welded coupons of aluminium and copper, where tb&lad involved a high applied
force and high vibration amplitude.

Lower
specimen

h

0.3Al-0.3Al weld coupons 0.3Cu-0.3Cu weld coupons

s

Figure4-20 Tensile-shear test of the welded couponsléoniaium and copper metals
at thicknesses of 0.3 mm
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4.16.3 0.5AI1-0.5Al and 0.5Cu-0.5Cu weld coupons

The same procedure for extracting weld strength apgdied in the debonding of the weld
coupons of 0.5AI-0.5Al and 0.5Cu-0.5Cu, as showfrigure 4-21. Again, the maximum
load data was obtained from the average magnitofie¢bree tensile tests which were
conducted on specimens which were joined for esaimpming force setting and vibration
amplitude level. It was clear that the thicknessdhess and surface roughness are the
predominant factors governing the required amofimoasumed power at the weld zone.
Furthermore, the *half-hard’ condition of both taleminium and copper metals influences
the amount of energy transferred to the welding.altevas noted here that the specimens
were debonded after completing the test but thelevhvelded associated with the lower
and upper specimen remained stuck to the lowerspec Furthermore, the specimens of
the two metals show no indication of tearing of gaent metal. this is indicative of a

good weld but not necessarily a strong weld.

Upper

specimen Upper

specimen

Lower

sl specimen

specimen

0.5Al-0.5Al weld coupons 0.5Cu-0.5Cu weld coupons

Figure4-21 Tensile-shear test of the welded couponsléoniaium and copper metals
at thicknesses of 0.5 mm

4.17 Ultrasonic spot welding for weld coupons of dissmilar metals

The second set of experiments which were conduntertved the weld coupons of Al-Cu
and Cu-Al, and again three different thicknesseseath metal were considered,

comprising 0.1, 0.3 and 0.5 mm, with each weld omgpconsisting of equal joining metal
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specimen thicknesses. As in welding of similar nsetthe welds were generated for
different process parameter configurations, andithe for the welding process was set at
1 second, with the exception for the relativelytthickness of 0.5 mm. The time for this
thickness is increased to enable the delivery ofemenergy to the joining area. The
clamping force range was controlled by the machoae cell, and set to vary from 10 N

up to 1 kN. During welding, the amplitude of thetndip must be constant. When welding
dissimilar metals, it is important to determine @rhjoining metal is placed in contact with

the horn tip rather than underneath, as many sghiew that the placement of the softer
metal in contact with the horn tip can increaseehergy transmission to the welding area,
which results in greater weld strength[27, 70].

4.17.1 0.1A1-0.1Cu and 0.1Cu-0.1Al weld coupons

The lap-shear test was carried out in order to e@xarthe weld strengths of the weld
coupons of 0.1AI-0.1Cu and 0.1Cu-0.1Al. Detailsvrthis tensile test are shown in Figure
4-22. Many tensile tests were undertaken to exammieestrength of the welded joint, and
the results were extracted from the joining speosnwith different process parameter
settings. The average values were determined froee trepeat tests. It was seen from the
images of Figure 4-22, that the specimens wereridgbafter completing the test with no
tearing of the deformed surfaces. This indicates dissimilar metals require more power
and time to provide a strong weld.

Lower

'specimen
5 specimen

0.1Al-0.1Cu weld coupons 0.1Cu-0.1Al weld coupons

Figure4-22 Tensile-shear test of the welded couponsléoniaium and copper metals
at thicknesses of 0.1 mm
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4.17.2 0.3Al1-0.3Cu and 0.3Cu-0.3Al weld coupons

The welding experiments for the weld coupons ofABRB3Cu and 0.3Cu-0.3Al were
carried out for different process parameter sestifiggure 4-23 illustrates the tensile shear
test of weld coupons of 0.3AI-0.3Cu and 0.3Cu-0.3Rile magnitudes of the maximum
load were extracted from the average values fouwanh fthree tensile tests which were
conducted on the specimens which were joined ah ed@mping force setting and
vibration amplitude level. Again, higher weld stgéms were recorded for the debonded
Al-Cu compared to the debonded Cu-Al specimenghasamount of ultrasonic energy
delivered to the welding area varied depending lo& thickness and metal surface
conditions. In Figure 4-23, the images show thatdbbonded of joined specimens show
slight bend of the overlapped areas with no indhoat of the dislocation to the deformed
areas. Generally, the amount of energy consumiediier with thicker or harder materials
compared to thinner metals [9]. Therefore, more growas consumed by ‘half-hard’
aluminium than ‘annealed’ copper. However excessinergy can deteriorate the weld
integrity through fatigue initiation at the weldiragea or shearing of the formed weld,
resulting in lower bond strength.

Upper
specimen

A,

Lower
specimen

Lower
specimen

0.3A1-0.3Cu weld coupons 0.3Cu-0.3Al weld coupons

Figure4-23 Tensile-shear test of the welded couponsléoniaium and copper metals
at thicknesses 0.1 mm
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4.17.3 0.5AI1-0.5Cu and 0.5Cu-0.5AI weld coupons

In this part of the experiments, the thicknessha joint significantly affects the weld
strength, as the two metals which are used are inatie ‘half-hard’ material condition.
The first set of tests was carried out by plachngdluminium specimen in contact with the
horn tip, whilst the copper specimen was situatedemeath over the fixed anvil. The
experiments were repeated but with a change iniepmlamping force, amplitude of
vibration, welding power and welding time for eatdst. The maximum load was
measured using tensile testing. In the second gfathe experiments, the welds were
produced making the specimen in contact with the tip to be copper. Similar welding
conditions were applied to produce a high-qualdint, but the debonded specimens’
exhibit variations in terms of maximum load. Ther® many ways in which the weld
strength can be influenced, such as insufficieritiing time or applying too low a value of
clamping force. In addition, if the hardness andaae roughness of the upper metal are
too high, then this can lead to an increase in ggnelissipation which results in an
improper weld. Figure 4-24 shows the tensile skesirof the weld coupons of 0.5AI-05Cu
and 0.5Cu-0.5Al for different parameter configurat. The average values are determined
from three tests for each weld. The thicker spensneith different hardness and surface
roughness result in welds with relatively low stiim as part of energy was dissipated.
This leads to debonding of the overlap areas withndication of specimen bending and

no observing of torn surfaces.

. specime

0.5Al-0.5Cu weld coupons 0.5Cu-0.5Al weld coupons
Figure4-24 Tensile-shear test of the welded weld coupanaluminium and copper
metals at thicknesses of 0.1 mm
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4.18 Summary

Investigations of the aluminium and copper methi fare used in ultrasonic metal spot
welding tests have been carried out. All metalsewaut and prepared according to the
standard test procedure for the ultrasonic spotliwglof thin specimens, and material
specifications were defined according to internalstandards. The mechanical properties
of the aluminium and copper were investigated usimgaxial tensile testing with
extensometry over a range of crosshead velocilies. mechanical properties of each
metal were determined using conventional stressnastielations to extract the Young’s
modulus, yield strength and ultimate tensile stiengnd each test was repeated for three
different thicknesses of 0.1, 0.3 and 0.5 mm wiffecent metal tempering. Hardness and
specimen roughness were investigated for the diftethicknesses, as these parameters
can affect the weldability of the joined metals.eThitrasonic spot welding system was
mounted on the tensile test machine so that assefiexperiments on the welding of
aluminium and copper metals by the control of défe process and metal parameters
could be conducted. Many tests were performed enmblding of similar and dissimilar
welding configurations, such as Al-Al, Cu-Cu, Al-Gud Cu-Al, to allow the study of
strength and quality for a range of welding comais. Good welds were obtained for tests
involving constant parameters. The weldability bé tspecimens to be joined varied
depending on the clamping force, amplitude of \ibrg welding power and welding time
settings. In addition, the studies on the properté the welded specimens such as
thickness, hardness, surface roughness and oxadesshown that they affect the ability to
weld, and the relation between process parametersnatal parameters with respect to the
specimen thicknesses shows that the weldabilith®fjoined metals was affected, due to
the influence on weld strength and the quality leé tveld. Further discussion on the
relationships between process parameters suclaapiclg force, amplitude of vibration,

welding time and power supply is included in Chapte
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Chapter 5

Ultrasonic welding experiments and finite element simulation results

5.1 Introduction

This chapter presents the welding analysis and etkgerimental results which were
obtained from the ultrasonic metal spot weldingste¥he experimental results of each
welding process are discussed for weld configunatiaf Al-Al, Cu-Cu, Al-Cu and Cu-Al,
for specimen thicknesses of including 0.1, 0.3 @idmm. The strengths of the welded
specimens were investigated by varying the paraseteclamping force, amplitude of
vibration, welding power and welding time. In adult, the influence of metal conditions
and surface properties was studied by investigatiegeffect of metal hardness and also
metal surface condition such as surface roughmes®xides which affect the specimens.
The temper states of the selected aluminium angaropere either annealed or half-hard
for the range of specimens used in the weld t&stsuring matches of process parameters
coupled with the relevant specimen thickness caultrén a high weld strength and good
weld quality. In this research, an approach wasd uge solve issues that are often
encountered when using this technique, such as/dpmtimen adhesion, specimen
marking and the ability to enhance weld strengttough using stepped amplitude
profiling. Also, the mechanical properties of almmim and copper which were outlined in
Chapter 4 were used in the FE model of the joineetimens. The load-displacement
curves were simulated to predict the maximum fatéhe debonded specimens and to
correlate the results with the results of the Ideplacement curves which were obtained

experimentally.

5.2 Study of the influence of process parameterson weld strength

In USMW, the matching between process parametemsotssimple due to complex

relations between them, which influence the perforoe and subsequent results of the
ultrasonic welding process [27, 68, 122]. In tleseaarch, it was decided to focus on the
clamping force and amplitude of vibration as the® tmwain parameters in order to study

their influence on weld strength and quality of eveAlso, previous studies have set these
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parameters as constant values in examining wellisf Ahe experiments detailed in this

study were conducted on weld coupons, using thifesreht thicknesses.

5.3 Theinfluence of clamping for ce on weld strength

In USMW systems, the force is usually produced aytically or pneumatically, or by any
electromechanical system [29, 53]. However, in stigly, the clamping force was applied
through the uniaxial movement of the upper armhef testing machine. During welding,
the force must remain constant and act at a rigblteato the plane surface of the welded
specimens. The clamping force is considered to e af the most effective means of
controlling the weld strength. The machine softwaees set to control the applied force.
After weld completion, the welding coupons were ateded by the tensile test machine
then the weld strength of debonded specimens wesnd@ed from the ultimate load.
Figures 5-1 and 5-2 show the variations of the vg&length against clamping force, in the
joining of similar and dissimilar weld coupons ouminium and copper metals for
thicknesses of 0.1, 0.3 and 0.5 mm. The averagenitoigg of maximum load was
determined and plotted as a function of clampingedp in increments of 50 N, for
amplitudes range of 17, 30 and @fh, and a constant welding time of 1 second. The
double error bars in the charts represent one atdrakviation of the three tests for each
selected parameter. From the analysis of the dedubsdecimens, it was observed that the
weld strength increases with clamping force, raaglai peak at a certain value of clamping
force. The weld strength then decreases afterpbist. It is known that imparting an
excessive clamping force results in high fricti@ngration and therefore a suppression of
the relative motion between intimate surfaces, lteguin a reduction in weld strength
[71]. In addition, an increase in vibration ampiiéualso raises the welding strength.
Increased amplitude means that there is a consgguertrease in the scrubbing motion
between metallic surfaces, which leads to betterdbbmy and in turn raises the weld

strength.
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Figure5-1 Welding strength vs. clamping force, joininmsar metals, for amplitudes of
17 um, 30pum and 42um

It can be seen from Figure 5-1 that higher valueveld strength for the weld coupons of
0.1Al-0.1Al was recorded at 855 N after the clangpiorce fixed at 600 N, for amplitude
of 17 um. This value can be elevated by increasing tha howplitude to magnitudes such
as 30um or 42pum, resulting in higher weld strengths of around H@nd 950 N, at
clamping force magnitudes of 600 N and 500 N retspelg. The welding coupons of
0.1Cu-0.1Cu exhibited slightly lower weld strengifhere is a difference in thermal
conductivity between aluminium (237 Whki*) and copper (401 Witk™), the reason for
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the lower strength is also related to the dissppatif ultrasonic energy due to the influence
of hardness and surface roughness of the coppemsge although the aluminium and
copper metals of 0.1 mm specimen thicknesses areaded (see Table 4-1). For welding
coupons of 0.3AI-0.3Al and 0.3Cu-0.3Cu, the ovenadld strength shows increases due to
an increase in the force, up to certain point ttienstrength begin to lower. However, the
variations between the 0.3AI-0.3Al and 0.3Cu-0.2@&i smaller, and can be attributed to a
difference in metal conditions, in that the alumami is half-hard and the copper is
annealed (see Table 4-1). Furthermore, a relativigly standard deviation was evident in
the joining of 0.3Cu-0.3Cu compared to 0.3Al-0.2Xd on a number of occasions horn
tip/specimen adhesion and specimen marking wererebd with welding the higher
vibration amplitude of 42im. In the case of welding coupons of 0.5Al-0.5AH&n5Cu-
0.5Cu, the determined data of weld strength sugdest drop relative to previous
thicknesses. The increased thickness, as wellasidhdness and roughness, meant that
more energy was required to produce the weld, a®xide still not completely removed
between intimate surfaces. However, a prolongeddiwgltime could lead to initiate
fatigue damage or cracks [55]. Also, excessive imgldime can affect the existing
molecular bond in the welded area, because contsabthe scrubbing motion will begin
to dislocate the bonding that formed [61, 63]. T¥edd strength was compromised when
this thickness level was tested, especially fonir&ling coupons of 0.5Cu-0.5Cu, because
the energy received by the weld was insufficiene da either the limitation of the
generator (of up to 1 kW), the short welding cyalel second or due to the severity of the
oxide for the half-hard copper surface.

It is clear that the weld strength of the dissimiteetal is similar to the weld strength of the
consisting of similar metals, in spite of the vada in determining data. The same
welding conditions were applied when welding aluionim and copper with thicknesses of
0.1, 0.3 and 0.5 mm. Two sets of experiments warded out on the welding of Al-Cu
and Cu-Al weld coupons. Starting from the weldirggigons of 0.1Al-0.1Cu and 0.1Cu-
0.1Al, by continuously incrementally increasing thlamping force but keeping the
welding time constant, it can be observed thatwbtl strength begins to increase up to
845 N at 17um and with clamping force of 550 N, but after tha strength dropped to
the value slightly below of 500 N. The overall sigghs exhibited higher values when the
ultrasonic energy was increased, and in partictilarhorn amplitude increase. For this

condition, the strength was calculated to be ar®#@ N and 890 N at the two amplitude
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settings 3Qum and 42um respectively, which the values were indicatedlamnping force
of 500 N. It is very important to consider which taleconstituent of the joint must be
placed on top [70], because this can effect onameunt of consumed energy at the
welding area, since the surface condition of thaaimis a factor which influences the
energy consumed. Higher values of weld strengthie vobtained when the aluminium
specimen was situated on top, touching the hornréfher than underneath. This was
confirmed with few studies which have revealed tihat joint strength can be increased
between 2-5 % when aluminium is situated near &hbrn tip, rather than underneath
[70]. Conversely, the strength of welding coupohDdCu-0.1Al exhibited low values
relative to the strength was indicated from 0.1Al@u. When welding the coupons of
0.3Al-0.3Cu and 0.3Cu-0.3Al, the debonded specimextsbited a resistance to bonding
due to the increase in thickness, because morgemas required to produce the weld
within a short time. Higher standard deviationsevadicated for those experiments which
placed aluminium specimens at the horn tip. This espected, because the aluminium
used was configured as half-hard metal, where thelness and surface roughness
significantly influences the energy transferredthe welding area, which then results in
low of the deformation, compared with the annea@egper. However, the overall strength
shows higher values when joining aluminium to coppher than joining copper to
aluminium, due to the increase in vibration ampléu For example, at a vibration
amplitude of 17um and relatively clamping force of 500 N, the weldength which is
measured is high for 0.3AI-0.3Cu, compared to higsteength of 0.3Cu-0.3Al, that is

indicated low under the same value of clampingdorc

In the welding coupons of 0.5AI-0.5Cu and 0.5CuAD.Zhere was some difficulty in
joining the two specimens together, because theirspa thicknesses restricted the energy
transferred to the deformation area, and also Isecdnere was a similarity in metal surface
conditions of the aluminium and copper (half-handjth their differences being their
hardness and surface roughness. The weld streegthsbto gradually increase due to the
increase in clamping force, where higher weld gftemagnitudes were recorded after an
increase in both the clamping force (incrementalyl amplitude. For example, at a
vibration amplitude of 17um and relatively low clamping force (below 150 e weld
strength which is measured is low, and it is sintpléreak apart the welded specimens,
indicating that this type of weld is of poor qugldand can be referred to as a ‘bad weld'.
However, increase energy with a corresponding @serén force can result in a degree of
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slip between the horn tip and weld specimen, and th obviously undesirable.

Conversely, an increase in the horn velocity capairnan alteration in the resultant weld
strength for high vibration amplitudes, such agu2 However, the resultant welds leads
to an increase in standard deviation and leavesdfisignt marks on the surface of the weld.
Although high force was required to avoid slippibgtween the horn tip and work
specimen, sticking can become more prevalent dtehiglamping forces, particularly

when clamping force exceeds 600 N, when the obdeweld strength for constant

amplitude becomes progressively lower.
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Figure5-2 Welding strength vs. clamping force, joiningsimilar metals, for amplitudes
of 17 um, 30um and 42um

5.4 Theinfluence of vibration amplitude on weld strength

In this work, the horn was excited with three diffiet setting such as 17, 30 and44.
Figures 5-3 depicts the weld strength versus \maamplitude for the welds of similar
metals for both aluminium and copper, with thiclsessof 0.1, 0.3 and 0.5 mm. The figure
for each weld coupons were determined by forcirg jtints to failure by means of a
tensile shear test using a tensile test machinkeofAlhe joints which were tested were

subjected to clamping force magnitudes of 100, 80800 N, and each test was completed
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with a welding time of up to 1 second. From thestfitests of the 0.1AI-0.1Al weld
coupons, it was noticed that the weld strengthrizegp increase due to the increase in
clamping force, whilst both vibration amplitude i/ and welding time 1 second are kept
unchanged. The raise in vibration amplitude seenteteffective on the weldability of the
welded specimens, because increase amplitude gesulan increase in the level of
scrubbing motion between intimate surfaces. Fomgte, this difference is observable by
comparing the results for 3dm amplitude to the results at amplitude of #8. This was
expected because an increase in amplitude can bagisr deformation between metallic
surfaces, which leads to an increase the distabutif the weld and maximise the joint
quality. Similar effects of the increased of vilwat amplitude on weld strength were
observed for the welding of the 0.1Cu-0.1Cu weldpmms. However, the extracted data
shows that the welded joint has a low strength @megbto the 0.1AI-0.1Al welded joint,
even when the amplitude is raised top80 or 42um. The metal surface conditions of the
copper significantly influenced the weld strenggthd had more of an effect on the joint
than the aluminium surface conditions. The alumimiand copper for this type of

thickness were used from annealed metals.

For the weld coupons of 0.3AI-0.3Al and 0.3Cu-0.3@e weld strength was influenced
by the increase in the thickness of the specimassyell as the hardness and surface
roughness of the metals. In addition to the metalddions, the aluminium specimens
were in the half-hard condition, whilst the coppgyecimens were in the annealed
condition. As before, the tests were performed gusimee amplitude settings, comprising
17, 30 and 42um. The weld strength begins to rise due to forcereiase, on the
assumption that the vibration amplitude and weldinge remains constant. The results
exhibit much variation between aluminium and copgetia. It was also observed that the
energy transferred to the welding area was sigmtiy absorbed by the individual
specimens. The percentage of consumed energy \artending to the specimen thickness
and metal condition, as well as the duration ofwieéding cycle. Higher amplitudes offer
higher weld strengths for both 0.3Al-0.3Al and OB@3Cu weld coupons, however, in
this range of thickness the weldability of the cepppecimens exhibited an increase in
strength. This confirmed that the type of tempetaineould influence the bond. For the
welding of 0.5Al-0.5Al and 0.5Cu-0.5Cu weld coupptige weld strength slightly dropped
compared to the welding of both 0.1 mm and 0.3 rhickhesses. The energy dissipated

increased due the increase in thickness, and alsotd the influence of half-hard
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condition. Again, the weld strength is greater tluehe increase in vibration amplitude,
especially at 42um, but it is noticeable that the strength remaowel for the welding
coupons of Cu-Cu specimens. It was clarified thate is some difficulty with the joint of
specimens of 0.5 mm thickness, particularly whenwibration velocity become too high,
such as at 421am amplitude, because the high scrubbing motion imibair the weld

strength and can occasionally lead to an incompletd.
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Figure5-3 Welding strength vs. vibration amplitude, joigisimilar metals, for clamping
forces of 100 N, 300 N and 500 N, and for ampligudel7um, 30um and 42um

Figures 5-4 depicts the weld strength versus \vimaamplitude for all tensile shear tests
conducted on joined dissimilar metals. The figuoe the debonded specimens were
obtained from weld coupons of 0.1AI-0.1Cu show ttee strength was increased by a
constant increment of clamping force between 10@00 N and 500 N, with a vibration
amplitude of 17um and a welding time of 1 second, and high strenvgis clearly

identified due to a raise in amplitude. It was oted that the 0.1Cu-0.1Al weld coupons,
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which was also subjected to three different vilmratamplitudes of 17, 30 and 4&n,
exhibited lower strength, indicated by tensileitestThis is because part of the energy that
is transferred to the welding area was dissipayecbipper. The energy dissipated relates to
the surface properties of the metal, such as hasda@d roughness, as well as the
condition of the tempered metals. For the 0.3ABu&nd 0.3Cu-0.3Al weld coupons, the
data of the weld strength appear to be relatetdaricrease in horn amplitude. However,
this relation does not seem uniform, as the alwminand copper were in different metal
conditions, being half-hard and annealed respdygtivecan then be concluded that the
soft surface of the annealed copper specimen daw glood bondability rather than the
hard surface of aluminium. This agreed with theuagstion that the softening of the
metals occurs not only due to the raise in tempegaat the deformation area, but also
because of the preferential absorption of acowstergy at the metal atoms dislocations
[74].

For the tensile shear tests of 0.5AI-0.5Cu and 0-8GAI debonded weld coupons, it was
observed that the welding strength depended onvibeation amplitude. Again, the
strength data for each test were collected by siahe clamping force between 100 N, 300
N and 500 N. During the experiments, it was expmkdhat the weld strength would be
lower than the strength of thinner joining speciméerhis is another reason that aluminium
and copper were used in the half-hard conditiorickvieads to a decrease in strength, on
the condition that the welding is performed withirsecond. In general, the overall weld
strength begins to increase due to the increaghenhorn amplitude, however higher
strengths were observed at g&h. It is important to state that the weldability jofned
metals decreases as the mass or thickness of éeegrsgms in contact with the horn tip
increase [40]. This thickness constraint can elatenthe effects of ultrasonic welding
compared to other conventional welds. However, egipy the generator at high capacity
can reduce this limitation, and enable thicker Bpens to be welded. However, the
relationships between clamping force and amplitedevibration must be properly
matched, because a low clamping force is not sefficto produce a weld, whilst very
high force can suppress the relative motion betwkenntimate surfaces. The increase in
horn excitation can lead to a rise in amplitudd,iboan be difficult to support specimens
in the same position when a very high amplitudesisd. However, if the horn confers low
amplitude to the subject metal, then the removahefoxide layer may not be uniform,

resulting in lower strength. It should be stateat im most operations, obtaining a quality
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weld depends on supplying a sufficient level ofrggewith a short duration ultrasound

pulse. Excessive energy can sometimes lead tomspacsticking to the horn tip, or in

other cases the joined metals may be vulneralfegitpue fractures.
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5.5 Theinfluence of ultrasonic power on weld strength

In this section, the influence of the ultrasoniompo on the weld strength for given
quantities of clamping force and vibration amplaudill be explored. The power values
were drawn from the ultrasonic generator, throwgdgding the wattmeter which is located
in the front panel of generator. Figure 5-5 shawesvariations in welding power across the
range of clamping forces which were applied tosyxetem for both Al-Al and Cu-Cu weld
coupons, with specimens of thicknesses comprisibg®3 and 0.5 mm. The power was
recorded relative to the increase in clamping fonehilst other parameters such as
vibration amplitude, 17um, and welding time, 1 second, remained constantthé
experiments, the average welding power was detearny three welds for each clamping
force setting, with the range indicated in the gsapcomprising double-error bars
representing one standard deviation for each pdearset. It was noticed from collecting
data, that more power is consumed by the deformar@a when increase in vibration
amplitude (for example at 30m instead of 14um), and that higher power values were
recorded at higher amplitude (). When comparing 0.1AI-0.1Al and 0.1Cu-0.1Cu, the
former have low level of drawn power under the savelling conditions. The variation in
reading power values becomes significant when riffe properties of aluminium and
copper, such as hardness and surface roughnessaentered. This is in spite of the fact

that the two metals are both temper-annealed.

For the 0.3Al-0.3Al and 0.3Cu-0.3Cu weld coupor® teading of power values was
elevated due to increase in thickness of the jomethls, as similar welding conditions
were applied on aluminium and copper specimens. é¥ew the copper specimens
consumed a lower quantity of acoustic power, bexabhs copper was in an annealed
condition, different from the aluminium which waalfhard. The standard deviations and
the range and variation of recorded power value® wetermined for three welding tests,
conducted for each clamping force setting. Highandard deviations were recorded in
comparison with the previous thickness 0.1 mm, ifipallty when the amplitude value was
increased, for example to 4#n. In the welding case of 0.5AI-0.5Al and 0.5Cu@ub5
weld coupons. More energy was required to comperfsatthe thickness of the welding
tests, especially when the horn was tuned apudR However, excessive power with
excessive clamping force was not possible due #o litnitations of the lateral-drive
welding system. Also, the ultrasonic power must l®too high or too low, as very high
power can lead to the initiation of dynamic interédh compressive stresses that can
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damage the welds, whilst too low a power can raaulery weak welds [9]. The standard
deviations of the power curves at a thickness 5fnm were derived from three welding
tests conducted for each clamping force. The rasukrror bars showed a high level of
fluctuation of the power supplied for both alumimiwand copper.
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It was expected during tests that high fluctuaterels could be related to many reasons

such as, specimen thickness, surface conditiongetdls and the type of tempering metals,
as the aluminium and copper were used from half-Haigure 5-6 shows the variations in

ultrasonic power as the clamping force is increragntincreased for Al-Cu and Cu-Al

weld coupons.
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The power drawn from the generator to the weldiogezwas gradually increased with a
rise in clamping force, whilst the overall powernsamption were changed with the
increase in horn amplitude, specifically at botha3@ 42um. Relating to the condition
that more energy is required by harder metals #udter metals, the welding of 0.1Cu-
0.1Al required more energy than the welding of 0-QACu, which higher values of
drawn power were recorded at high force. Higher ggowalues were recorded with
increasing the thickness of the joint such as ining 0.3Al-0.3Cu and 0.3Cu-0.3Al, and
more progressively in joining 0.5AI-0.5Cu and 0.5@BAI. For that reason, the weld with
no hardness variation can be more suitable in ghogiadequate bond strength, and can
eliminate the deterioration of strength that occassa result of excessive power [55]. It
was observed that when the amplitude of the hocorbes high (30 or 4@m) the drawn
power indicated high standard deviations, for tiiekhesses of 0.1 mm and 0.3 mm and
more significantly indicated with the thickness @6 mm, because the aluminium and
copper were different in tempering conditions aagenstrong oxide, especially for those
specimen having half-hard condition, which recomdseh more energy to remove the
oxide. Also, the copper specimens have high rouggneelative to the aluminium.

Therefore, more power was drawn by the 0.5Cu-0vB&itl coupons.

5.6 Amplitude profiling in USMW

Most welding systems operate with pre-selected teoh@mplitude [123], applied during
the whole welding process. However, variationshie amplitude of the vibrating tool can
occur due to the influence of load stiffness, asysgiem can be considered to be infinitely
rigid [77, 124]. In general, there were severaluéss encountered with this USMW
technigue such as tool/specimen adherence, specmasgang and less consistency in the
generation of adequate weld strength. Recentlyraber of studies have shown that the
control of ultrasonic welding by adopting amplitugeofiling can be advantageous for
weld enhancement. There are a number of studieshwdutlined the amplitude profiling
procedure in the literature, and these studies Iraxaved the application of amplitude

profiling for the welding of aluminium [5, 77].

Two different amplitude settings are used in thepléode profiling, compared to the
constant amplitude that is used in conventionablimgl processes. Figure 5-7 summarises
the procedure the implementation of amplitude pnafi The first setting is denoted by the
symbol ‘A’, whilst the second setting is referredily symbol ‘B’. The trigger between the
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transitions of the amplitude settings, between A Bncan usually be made by control of
the time, energy level or power value parameteos.the current work, the control of
power was selected as the trigger between ampliaugled amplitude B as the variation in
amplitude is proportional to the change of inpuivpo to the transducer. Amplitude
profiling welding begins with the setting of thegher amplitude value ‘A’, where the weld
interface requires higher velocities for surfaceibbing to be effective, thereby creating a
solid-state weld at the intimate specimen surfatas. amplitude is then dropped at point
‘B’ to reduce frictional heating and softening bketspecimen, reducing shear as the weld

forms and thus minimising damage.

80
/Start of Weld
_ 7 |
g g
S O Amplitude. A _C_:O:‘V_efltli)n_aLA_m_p:ltude |
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Figure5-7 Schematic of amplitude profiling showing a @s\and amplitude profile,
stepped amplitude profile (green) and profile atode ramp (red) [5]

In this research, the setting of amplitude profjlwas adopted in the welding of similar
and dissimilar metals by ultrasonic spot weldingisTapproach has been implemented for
two reasons. The first is that it helps to reduakismg between the joining specimens and
the welding tip. It is hoped that lower marking aadconsequential increase in weld
strength consistency will result. The second reastates to the application of amplitude
profiling on tests using different metals, becaiidgas been shown that previous studies

generally only use amplitude profiling in the welgiof aluminium.



118

5.7 Theinfluence of amplitude profiling on weld strength

The amplitude profiling was applied to investigtte weld strength. Figure 5-8 shows the
resulting variations in weld strength as the clarmgpiorce is incrementally increased for
weld coupons of similar aluminium and copper spetismat thicknesses of 0.1, 0.3 and 0.5
mm. A series of experiments were conducted usimgtamt amplitudes of 17 and f&n
respectively. The switch from high amplitude to lamplitude took from 1 to 2 second to
complete and was implemented by a change in inputep to the transducer. Tensile
testing was then conducted to debond the weldedirapas and to extract the peak
strength for each weld test performed with bothstamt and profiling amplitude inputs. It
can be seen from both 0.1AI-0.1Al and 0.1Cu-0.1@ldveoupons that the weld strength is
increased using amplitude profiling compared to ¢bastant amplitude approach which
has previously been used. Higher strength was dedoat 550 N of clamping force, being
observed to be approximately 1000 N, whilst theralNestrength exhibited is higher for
Al-Al welding. Furthermore, it was predicted thhetstrong weld that can be produced by
amplitude profiling promotes high stiffness, andstborrelates with the previous studies
that carried out on welding aluminium. However, theplitude profiling resulted in
slightly lower weld strength, whilst the averagdueafor each test was determined from
three tensile tests at each clamping force andatrdor amplitude setting, for the usual
welding duration from 1 to 2 second. For the 0.8AAIl and 0.3Cu-0.3Cu weld coupons,
the weld strength was lower due to the increagbigkness of the joined specimens. The
amplitude profiling indicated a maximum weld stréngeaching approximately 900 N,
and located at clamping force of 450 N, whilst ddivey strength of around 800 N was
attained for the 0.3Cu-0.3Cu weld coupons. It wattced that metal conditions influenced
the weld strength, as the aluminium, half-hard, aodper, annealed were used as the
subject specimens in these tests. Furthermoreghigbnstant amplitude, in this case 42
pum, resulted in a higher standard deviation founth@joining of 0.3Cu-0.3Cu compared
to 0.3Al-0.3Al. Despite the fact that the standaleliation was clearly lower for the
amplitude profiling tests for the aluminium and pep specimens, sticking and specimen

marking are not prevented from occurring, partidyléor higher clamping forces.

A lowering of strength was observed to coincidehwdin increase in the thickness of
welded specimens, such as for both 0.5Al-0.5Al @a€Cu-0.5Cu weld coupons. The half-
hard property of aluminium and copper for a thidswef 0.5 mm led to a reduction in

weld strength. It was expected from tests, thatethergy transferred to the welding area
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was not entirely sufficient to remove the oxideexsglly for those specimens are welded

from half-hard metal condition, which influenced areld strength. Unfortunately, the
capacity of the generator (in this case up to 1 kioses this limitation. However,

matching between setting of process parameterseardyy delivered to the weld, can

improve joint strength, decrease marking and losvahility of the horn tip and specimens

to properly adhere.
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In Figure 5-9, the amplitude profiling was adopfed the 0.1AI-0.1Cu and 0.1Cu-0.1Al
weld coupons, it was shown to have a relatively lewel of impact in terms of weld
strength variation compared to those welds whichevweoduced at a constant amplitude
(for example 17 and 42m). Higher weld strengths were recorded to be at@80 N at a
specific clamping force of 450 N. However, the nmaxim weld strength that was obtained
using constant amplitude was approximately 900 &ol. the tests involving the copper
specimens placed on top near to the horn tip, ilclwtihe higher strength was fixed at 820
N relative to value of clamping force 450 N, it wakown that this weld strength
magnitude was higher than that which was obtainethb constant amplitude approach,
which was recorded as 750 N with a clamping foric80® N. By increasing the thickness
of the joints to 0.3 mm, the welding weld coupof®.8Al-0.3Cu and 0.3Cu-0.3Al exhibit
a degree of difficulty in providing quality weld€verall, this indicates that using the
constant amplitude approach results in lower weldéngth compared to amplitude
profiling. For example, higher strengths were obsérby amplitude profiling close to 900
N at a clamping force of 500 N for the welding 08AI-0.3Cu, whilst for 0.3Cu-0.3Al, the
strength remains around 790 N for a force of 350 Bhould be stated that the bondability
began to decrease due to an increase in the tlsigkofethe joined specimens and some
difficulty in producing the weld also occurred atigher force. Consequently, sticking and
marking were found for this joining approach, ame tresulting data indicate a high
standard deviation for the strength variation. laswfound that these unfavourable
consequences were detected for the 0.5Al-0.5CWO&@u-0.5Al weld coupons, in which
the strengths were determined to be 770 N and 68@ddectively, with both being
recorded as having a clamping force of 400 N. QGletlais shows that the strength
remains high due to the influence of amplitude iingf, particularly up to 500 N clamping

force, after which point the values drop.
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Figure 5-9 Welding Strength vs. clamping force for compani between constant and

amplitudes profiling in the welding of dissimilaretals, for 17um, 42um constant and
dropping 42-1um

5.8 Extracting the curvefor thejointsof spot welding coupons

As explained in Chapter 4, the experimental resofitthe debonded welded coupons of
similar and dissimilar metals were analysed usiogdidisplacement diagrams. The
analysis takes into account the different systettings which were used, as well as the
metal parameters which were controlled in ordemptoduce good weld strength and
guality. The load (force) was extracted from thieN2load cell reading, and the elongation

data was generated from the cross-head displacenofighe Zwick tensile test machine
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with a cross-head speed of 0.1 mm/min, until theodeing of all welded specimens was
complete. To validate the experimental peak vabfdbe weld strength for the debonded
tests, FE models of the spot-welded joints wereeliged using Abaqus, where load-

displacement curves were produced for all join nededifferent welding conditions.

5.9 FE simulation of spot welding coupons

A finite element analysis of the tensile test (tqear test) for the spot welded specimens
was conducted. The purpose of the finite elemerdetiog was to provide a method of
predicting the weld strength by incorporating theasured mechanical properties of the
metals into the model and through validation agaims shear test experimental data. The
FE simulation code Abaqus was used to model thewelding test specimens, where the
test joints were modelled in full to accurately slate the peak strength for different
welding conditions which were produced by experindine values of the mechanical
properties used for the aluminium and copper isehgmulations are all taken from the
data presented in Chapter 4, as shown in TableA@-E model was produced for each
manufactured overlapped test coupon which was usdéide experiments. The boundary
conditions were set according to the conditionthefexperimental tensile tests. It is noted
here that all of the test coupons had a geomdiricammetric shape, but varied in
thickness. The two specimens were overlapped, septieg the area of spot welding, and
matched to the surface area of the horn tip. Tleeispgen was modelled as a deformable
body. The material property definition, model sectiassignment, steps, mesh, contact
condition, boundary conditions and loading condisiowere all defined in the CAE
environment. The assumptions which were set in shmsulation were that the material
model was isotropic, the spot welding was represkity a circular area for all models
with a diameter equal to 4 mm and comprising 22nelas, and for the contact condition,
the motion of the spot welding was constrainedalbdegrees of freedom. The mesh was

applied over the weld coupons, which were modedlgl solid elements.

The spot area was modelled and contacted to thdapped specimens by defining the
interactions between contact surfaces, both noamdltangential. C3D20R solid elements
were used for all simulations. The boundary condgiwere imposed on the model of the
joint specimens to simulate the actual conditiommb. During modelling, one end of the
welded coupon was constrained with an encastredawyrcondition to restrict all degrees

of freedom. The motion in the transverse directadnthe load was restricted and the



123

rotational motion was omitted at the loading enfithe joint. The general metal-to-metal
contact surfaces were defined with a friction folation. Figure 5-10 shows the FE model
for the simulated lap-shear test of the spot weladioupons, and shows a summary of the
contact surfaces, loading and boundary conditiamstiie spot welding model. The FE
simulations were performed using a quasi-staticlit condition with the general and
implicit Abaqus steps, and by applying the relevardterial properties and boundary
conditions to every weld model.

Encastred

T

Contact in the overlap region

/ Loading direction

Spot weld

[N

Figure5-10 Lap shear spot welding model geometry and darynconditions

The load-displacement data which were previoustyaeted from the tensile test machine
was converted into engineering stress and engimgestrain, to define material properties
in the FE simulation. The deformed, undeformed emratour shapes of the lap shear spot
welding test coupons are shown in Figure 5-11. Ybe Mises stresses and displacement
of the weld coupons are also shown. This simulapoocedure was repeated using

different thicknesses.



124
\ \

S, Mises U, Magnitude
SNEG, {fraction = -1.0) +1.000e-04

(Avg:;SS"étJS) o7 +9.167e-05

+2. + -

I53a%e107 1?%886—82
+2,129e+07 204e
+1.916e+07 +6.667e-05
+%.Z‘gge18; +5,833e-05
+1.490e +5.000e-05
+1.278e+07
110656407 +4.167e-05

+3.333e-05
+2.500e-05
+1.667e-05
+8.333e-06
+0.000e+00

+8.517e+06
+6.388e+06
+4,258e+06
+2.129e+06
+1.506e-05

(©

Figure 5-11 Mesh shapes for lap-shear spot welding tespams: (a) undeformed (b)
deformed (c) contours of stress and displacement

Figures 5-12, 5-13 and 5-14 show the complete thsplacement curves obtained from
the FE models of the spot welded joints togetheh e corresponding experimental
results from the debonded specimens. It is clesttywn that the process parameters such
as clamping force (100 N and 500 N) and vibrationpbtude (17xm and 42um)
significantly affect the load-displacement datanirwhich the maximum load of each test
can be readily indicated by its peak point. Fromsthfigures, it is clear that there is an
acceptable agreement in magnitudes of the peaktspdietween the FE model and
experimental results for the load-displacement esyvand that the magnitudes of
maximum loads obtained from the modelling are closthe maximum loads which were
obtained from the experimental tensile-shear teBkss confirms that the mechanical
properties of aluminium and copper which were usethe input data to the FE modelling
were extracted correctly, and that the definitibnmaterials properties as required in the

FE modelling was indeed conducted correctly. Howetlee curve profiles are slightly
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behaviour, as the failure criterion was excludednfithis study.

different. Furthermore, the models of the specinjoéms have not exhibited any fracture
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Figure5-14 Comparison between experimental and FE restilp shear spot welding test

performed in a weld joint of aluminium and copgérckness 0.5 mm
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As seen from Figures 5-12, 5-13 and 5-14, the sa@idhe load-displacement responses
are different for the different curve profiles. Beeare mainly due to the variations
between the joints produced from the aluminium aogper specimens, for example
because of the metal properties, hardness andcsucfanditions such as roughness and
oxides. Furthermore, the load-displacement curgegdich weld coupon exhibits a change
in slope at different stages of applied load. Inagal, the load-displacement responses can
be characterised by indicating that the deformationthe models take place in all of the
elements which are located adjacent, both neafandrom the spot welding area. After
that and during the applied loading condition, libed withstanding is referred to as the
largest deformation in the model that is conceattaround the spot weld area only, which
Is the stage at which the maximum load that a gj@td can withstand is attained. Overall,
the force response from the developed spot weldetsod close to the experimental
results. However, a number of trends offer clearati@an from the force responses which
were extracted experimentally. It was thought thatvariations in the load-displacement
curve profiles were because of a number of reasmhsding errors due to the sensitivity
of the load cell testing machine, as very smaltdsr were calculated from the Zwick
machine during the experimental testing set upgéagripping forces are applied to the
machine arms to pull the overlap-welded specimand, this can create low bends in the
specimens, which influence the development of tagl{displacement profiles, especially
for the specimens of 0.1 mm thickness. Furthermthre,differences between the force
responses for specimens in the annealed conditioipared to specimens in the half-hard
conditions were clear, for both aluminium and copptowever, the FE models primarily

exhibit close agreement with the experimental tistthe peak load values.

5.10 Summary

The ultrasonic metal spot welding system was sstolyg designed and assembled in
order to conduct a series of welding experimentsham metal specimens. The properties
of aluminium and copper specimens under differamtkhesses comprising 0.1, 0.3 and
0.5 mm were extracted using tensile testing. Thitase conditions of the different metals
were important to consider, and vary between aedeahd half-hard. The analysis and
experimental results of the welding of debondedtispens conducted for different welded
coupons (Al-Al, Cu-Cu, Al-Cu and Cu-Al) show howethelationships between process
parameters such as clamping force, amplitude aftidn, ultrasonic power and welding

time, and metal parameters comprising hardnessreatdl surface roughness and oxides,
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influence the weld strength. Good contact betweeo metals was accomplished by
maximising the interfacial slip at the intimate fage hence resulting in plastic
deformation. This was established by a number gfr@rhes, such as effective tool
design, for example by the welding horn, providsudficient power into the welding area,
and ensuring that the proper setting of procesanpeters is implemented. The results
suggest that the weld strength is most sensitiveeliationships between clamping force
and vibration amplitude, but also to relationstbpsveen clamping force and input power.
The weld strength changes according to specimekrtbss and metal properties such as
oxides, hardness and surface roughness. Furthertheréype of upper specimen that is
placed in contact with the horn tip has an effatttloe weld strength in relation to the
consumed power. The relationship between weld ame weld amplitude was shown to
have a much lower effect on weld strength, everttertests that were conducted using a

weld time greater than 1 second.

The results of the overall weld strength suggest the Al-Al welds are stronger than the
Cu-Cu welds and that the weld strength in both £dsed to increase with a rise in the
magnitude of specific system parameters, suchamspmhg force and vibration amplitude.

However, the alteration in strength approachesti@airvalue, above around 500 N, where
the higher clamping forces restrict the lateral eroents essential for welding. When
dissimilar metals are considered, slightly strongelds are obtained when the aluminium
specimen is placed on top and in direct contadh Wit ultrasonic horn and, in general,
there is a decrease in weld strength when clamipirags above approximately 600 N are
applied. The analysis confirms that the clampingdomust be sufficiently high to allow

high-quality welds to be formed and to preventistidoccurring between the horn tip and
the upper surface of the top specimen. Also, tgh bicitation horn, matched with a high
clamping force, can result in the suppression ef télative motion between intimate
surfaces, and thereby lower strength as a consegquémplitude profiling between 42

and 17um enables joining to become more effective, sligitreases the weld strength
and also lowers standard deviations in comparisith those tests which used constant
ultrasonic amplitude at either ¥ or 42 um. A higher stiffness was expected after
joining similar and dissimilar metals, generallyr fthose tests having a strong weld.
However, the benefit from amplitude profiling hasrare pronounced effect when the
welding is performed on specimens with lower thesses. Even though the amplitude

profiling did not reduce the horn tip/specimen aitve and specimen marking, it could
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still lower the variation in strength. The mechahiproperties of aluminium and copper
metals which were extracted in Chapter 4, in additio the extracted elastic-plastic
properties of the debonded specimens, were usttkeasput data for the definition of the
FE model parameters for the specimen joints. ThenbHels of the aluminium and copper
joints which were extracted from different processameters, such as clamping force and
vibration amplitude, under variable thicknesse8.@f 0.3 and 0.5 mm, show an acceptable
agreement between modelling results and experimeggalts of the load-displacement
curve profiles, and allow a satisfactory estimatajrthe order of magnitude of the peak
load to be made, when comparing different jointrgetsies. However, the curve profiles
are slightly different. From this work, it has besmown that the weld quality which is
produced as a result of joining similar and disEmspecimens for aluminium and copper
under different welding conditions and variableaagements is affected by the process
parameter settings, and this is explained furthé&hapter 6.
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Chapter 6

Weld quality

6.1 Introduction

This chapter presents an analysis of the weld tyuadijoined metals by investigating the
weld zone which is formed by ultrasonic spot metadlding, for different welding
conditions. The quality of the weld is usually detged by the joint's operational
conditions and the resistance to failure causedabgue. The effects of ultrasonic spot
welding on different aluminium and copper specimerese studied using both optical
microscopy and scanning electron microscopy (SHMjerent debonded specimens were
investigated for a range of process and metal ¢ongdi from which the examination of
the surfaces was conducted. Similar and dissinsiiecimens in a range of thicknesses
were investigated. The weld quality was observedavistudy of the process parameters,
such as the impact of changes in clamping forceanglitude of vibration on different
surface conditions, and also specimen thicknesseésreetal conditions, such as hardness
and surface roughness. A discussion of the chaistate of the observed deformed areas
is provided. In addition, external morphology artemical compositions of aluminium
and copper surfaces are extracted, using x-rayradtibn analysis of the high-

magnification images.

6.2 Microscopic observation

In this research, the Nikon Optical Nomarsky micape (the ME600-L eclipse model)
was employed to investigate the deformed surfadedebonded welded specimens, as
shown in Figure 6-1. A digital camera (type DXM D20was situated above the
microscope and connected to the monitor to alleyarcbbservation of the tested metals.
The five-attachment objective lens was adopteduta with the microscope to allow for
high magnification of the tested surface, where rttagnification can be varied between
x5, x10, x20, x50 and x100, whilst the Nomarsky modr differential interference
contrast (DIC) with which the microscope is equighpés directly employed as an
illumination source to enhance the contrast in deled specimens. The benefit of using

the Nomarsky contrast is that it acquires importafdrmation regarding the optical path,
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since the technique depends on the principle dadrfietometry, which aids in optimal

feature observation [125].

Figure 6-1 Nikon Nomarsky optical microscope

In order to gain an insight into the welding araajumber of debonded specimens which
were produced by ultrasonic spot welding with ddfg welding conditions and
thicknesses were selected so that their deformatieas and the influence of system
parameters on weld quality could be studied. Testigate the deformation surfaces of the
debonded specimens which were extracted from wgldirmetals under different setting
of process and metal parameters, the debondedsgrexiwere separated into two groups
which were in either similar or dissimilar configiions, as shown in Figure 6-2 and
Figure 6-3. The specimens were selected from 0.1, & mm and 0.5 mm welded
coupons. The specimens which were used in ultrasspot welding differed in terms of
metal conditions, as a number were annealed andothers were in the half-hard
condition. The specimens were all prepared by mogrihem in position and cleaning the
welding area by using a concentrated Acetone sboltdgowever, the use of an etching
agent on the deformation region prior to invest@atwas not required. Before testing
weld quality, good and weak (or bad) weld qualite aefined. Good weld quality is
defined as two specimens welded together with neools signs of failure on the edge of
the welding area and the tensile test resultshigla maximum load. On the other hand, a
weak weld is defined where the welding area caedstly debonded through applying a
low force in the tensile test. In Figure 6-2 andUfe 6-3, the weld is categorised as

‘weak’, ‘good’ or ‘strong’.
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Good weld

Strong weld

(a) Al-Al debonded specimens

Good weld

_—

Strong weld
(b) Cu-Cu debonded specimens

Figure 6-2 Peeled specimens of similar metalsA{&! debonded specimens and (b)
Cu-Cu debonded specimens



Strong weld

(a) Al-Cu debonded specimens

= ___

Weak weld

Strong weld
(b) Cu-Al debonded specimens

Figure 6-3 Peeled specimens of dissimilar meta)sA(-Cu and (b) Cu-Al
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6.3 Theinfluence of clamping force on weld quality

In order to study the effect of changes in clampiogce on the weld area in joined
specimens, two pairs of debonded specimens weseted| which were produced by being
subjected to two different clamping forces of 10Ghd 500 N. The horn amplitude was
kept constant at 4@m, to allow for high relative motion between intif@aurfaces. The
duration of the process was kept constant at 1Insefay all welding procedures. Also, 0.1
mm and 0.5 mm thick aluminium and copper specinvegre selected for the weld quality
investigations, because these thicknesses repeestmd limits of specimen thickness used
in this study. Figures 6-4 and 6-5 show the Nomarskcroscopic photographs of
debonded specimens of Al and Cu that were obtaireed joining similar metals. The
weld area is represented by the red dashed cinsleidst the green arrows indicate the

direction of ultrasonic vibration.

100 N 500N

(b) Thickness, 0.5 mm

Figure 6-4 Photographs of peeled aluminium uppecigpens, with double tipped
arrows show direction of ultrasonic vibration, scélar of 500um, red dashed circle
show weld area, amplitude of 4@n and thickness: (a) 0.1 mm, annealed (b) 0.5 mm,
half-hard
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500 N
(b) Thickness, 0.5 mm

Figure 6-5 Photographs of peeled copper upper s@ed, with double tipped arrows
show direction of ultrasonic vibration, scale b&600 um, red dashed circle show weld
area, amplitude of 4@2m and thickness: (a) 0.1 mm, annealed (b) 0.5 nafihard

In Figure 6-4, the photographs indicate that theék daegions are the areas where welding
has occurred, in which the weld formation is clgashown within the dashed circles.

However, no welding areas were observed by the hgbions. When welding is begun,

weld formation between intimate surfaces is geeeérdity producing small welded areas
(microwelds). After that, the weld begins to grouedo the increase in time, in which the
microwelds are distributed at random over the wekldecsa, and their density is varied
depending on the process parameter settings, ssicblamping force and vibration

amplitude. The investigations confirm that the kbngf the welded areas differs between
aluminium and copper specimens, and the densitigeoformation areas depends not only
on the process parameter settings, but also ométal properties and surface conditions
of the metals. For example, studies of the weldedsaof annealed aluminium specimens
with a thickness of 0.1 mm resulted in a weld langgual to 2.2 mm for an applied

clamping force of 100 N. However, weld length wasasured to be 4 mm under an
applied force of 500 N. This indicates that higdéfusion of atoms occurs between the

intimate surfaces, due to the good matching betwaamping force and vibration
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amplitude. Also, increasing the clamping force opat certain point can result in an
increase in the diffusion between intimate surfacgkich provides high weld area

morphology. Within comparison, the weld area inigadtons of the half-hard aluminium

specimens with a thickness of 0.5 mm showed thdtlageregions of similar size are

produced. For a thickness of 0.1 mm and usingrapilag force of 100 N, the length of the
weld was measured to be 2.1 mm. For a clampingfof&00 N, it was observed to be 4
mm. However, the formation areas were of low wedtsity, as seen in Figure 6-4 for
those surfaces of 0.5 mm thickness. Weld formatsoaffected by specimen thickness,
hardness and surface roughness, of which high bBasd(676) of the 0.5 mm aluminium
surfaces suggests low density of the dark areatvelto the low hardness (273) of the 0.1
mm aluminium surfaces. Furthermore, the formatiogas are affected by the surface
roughness, as high roughness (@) of the 0.5 mm aluminium produces low density in

dark areas, compared with the low roughnessppof the 0.1 mm aluminium.

For the microscopic investigation of the debondegper specimens, the conditions which
were imposed were similar to those used for thestigation of aluminium specimens.
The photographs of Figure 6-5 show the welded ameash are indicated by dark regions
and enclosed with dashed circles, whilst the lighgions show areas subjected to no
welding. The photographs of copper specimens eteuibdifferences in terms of the
formation of welded areas. This is likely due te thct that the diffusion between atoms is
lower than for aluminium specimens. This is relatethe oxide and metal conditions such
as hardness. Copper has high hardness that isteq&4l7) and (863) for the annealed and
half-hard conditions respectively, compared with lknardness of aluminium. Furthermore,
the copper surfaces provided low weld formationggimore energy is required to remove
oxide which influences the formation density. Conmg 0.1 mm and 0.5 mm thick
specimens, the former provides a weld length of3m for a clamping force of 100 N,
and 3.8 mm for a clamping force of 500 N. Howevke, weld length was measured to be
3.7 mm and 3.9 mm for copper specimens with a diagnforce of 100 N and 500 N
respectively. A high density of the dark regionswadicated with specimens which were
formed by applying a clamping force of 500 N. Hoeewuhe light regions were found to
be distributed over the welded areas formed usinigmping force of 100 N. The reason
for this irregular weld is related to the surfa@ndition of copper, as diffusion between
intimate surfaces does not fully occur becausénefrémaining oxide, and also due to the

effect of high hardness of the copper specimensrdly the results confirm that the
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difference between weld lengths between aluminiach@pper are not significantly large.
However, the density of the formation areas isamatble, which is indicated to be higher
for annealed specimens compared to half-hard spesinturthermore, very low scattered
weld regions were observed for the aluminium coregao the copper.

Figures 6-6 and 6-7 show the microscopic photogragthe debonded Al-Cu specimens
for the selected thicknesses of 0.1 and 0.5 mmentisely, where again the welded areas
are indicated by the dashed circles, and the dweaf vibration is indicated by green
arrow. In the case of the debonded Al-Cu specinvatis a thickness of 0.1 mm, it was
observed that the formation of weld begins to iaseedue to an increase in the clamping
force, under a constant amplitude of g& and welding time of 1 second. For these
conditions, the length of the weld was measuredokt@.6 mm for a clamping force of 100
N, and 3.75 mm for a clamping force of 500 N. Algw formation area density was found
to be higher when a clamping force of 500 N wadiaegprather than 100 N. The reason
for this is due to the diffusion of atoms betweetinnate surfaces, and situating the
aluminium near to the horn tip results in a higberportion of energy being transferred to
the weld, as aluminium is softer than copper, dsd #@s oxide layer is easier to remove
than for copper. Furthermore, the low hardnesssamidce roughness of aluminium makes
it more readily susceptible to plastic deformatiban copper. With increase the thickness
to 0.5 mm as with the debonded specimens of Altliphotographs display low levels of
weld formation, compared to the specimen thickrees$®.1 mm, as shown in Figure 6-7.
The photographs confirm that the welded area betpnéicrease due to increase in
clamping force between 100 N and 500 N, for whioh weld length was measured to be
2.8 mm for a clamping force of 100 N, and 3.65 nir6G0D N, as shown within the dashed
circles. It was observed from photographs thatwbl did form due to the application of
the low force, resulting in an incomplete weld shapth slight scattering and irregularity
in the formed areas. However, a uniform weld shaiple no scattering was observed when

using a high clamping force of 500 N.
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Cu, 100 N Cu, 500 N
(b)

Figure 6-6 Photographs of peeled AI-Cu specimenth wouble tipped arrows show
direction of ultrasonic vibration, scale bar of 50, red dashed circle show weld area,
amplitude of 42um and thickness of 0.1 mm: (a) annealed aluminioya(nealed copper

Cu, 500

"Cu, 100 N
(b)

Figure 6-7 Photographs of peeled AI-Cu specimernith double tipped arrows show
direction of ultrasonic vibration, scale bar of 50, red dashed circle show weld area,
amplitude of 42um and thickness of 0.5 mm: (a) half-hard aluminiimnhalf-hard copper
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The investigation of the formed areas showed thetahtonditions such as hardness and
surface roughness, as well as thickness, signtficarfluence weld formation. High weld
scattering with lined welds were observed fromghetographs of the welded areas of the
Al-Cu specimens which were formed under the apptoaof a low force of 100 N.
However, increasing the force to 500 N can overctimese lines by increasing the density
of the weld formation. High force means that the surfaces are under high compression,
which enhances the mechanical interlocking betw#en surfaces to promote high
diffusion of atoms according to the action of higiative motion between them. Overall,
the weld formation can be marginally decreasednioyeiasing the thickness, but the type
and surface conditions of the metals are also waportant factors. It is reasonable to
always place the softer metal near to the hormotipnsure that more energy is transferred
to the weld with low dissipation, especially for tae with significant differences in
surface conditions. It is important to state héra the photographs which were obtained
from the microscope investigations have been otkafeariations in contrast colour of the
welds, because these are related to the diffemmpositions of the metals and also the
variance of tempering metals. Furthermore, the afsthe Nomarsky mode which can
reflect different contrast colour in observing dpens that contain little or no optical.
Because, the Nomarsky mode can increases the timpet specimens and provide clear
observation, through use interference contrastchwvhihe features of surfaces can be
standing out clearly under Nomarsky modes thatdiffecult to see under bright field

illumination.

6.4 Theinfluence of vibration amplitude on weld quality

In order to examine the influence of vibration aityale on weld quality, two magnitudes
of amplitude were chosen, comprising 17 andp#® which represent the limit of the
ultrasonic generator used in this research. Uraledstg the influence of vibration
amplitude on weld quality is not simple due to templex relations between process
parameters. For that reason, it was decided tactsdebonded aluminium and copper
specimens in both similar and dissimilar combinajowelded under applied clamping
forces of 500 N, with a constant welding time afelcond. Figures 6-8 and 6-9 show the
microscopic photographs of two types of debondestispens, one being annealed and the
other in the half-hard condition, with thicknessd#s0.1 and 0.5 mm respectively. The
thicknesses represent the limits of the speciméckribsses used in this study. The

photographs show that the welded areas were irenledse to increase in vibration
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amplitude, in particular the increase in the sciudplmotion between intimate surfaces. In
Figure 6-8, and for a 0.1 mm thickness, the lengtthe weld was measured to be 2.8 mm
for an amplitude of 17um, and 4 mm for an amplitude of 4@n, as indicated by the
dashed circles. An increase in the scrubbing mdgads to an increase in atom diffusion,
as seen from the high surface formation densityiaed by applying an amplitude of 42
pum with a 500 N clamping force, compared to applyamgamplitude of 1 m with a 500

N clamping force. In comparison with the 0.1mm kispecimens, the welded areas on the
0.5 mm thick samples exhibit low formation, for whithe weld length was measured to
be 2.1 mm for 1'um amplitude, and 3.8 mm for 4#n amplitude.. However, low weld
density was observed, as indicated by the lightoregfor the weld area in the 0.5 mm
thick specimen, using an amplitude of g&. It has already been explained that the
thickness and metal condition of hardness and seifaughness significantly influence the
weld formation, as the annealed specimens haver lbavgness and roughness than half-

hard specimens, regardless of the specimen thisknes

| 17um 42pm
(b) Thickness, 0.5 mm

Figure 6-8 Photographs of peeled aluminium specénenth double tipped arrows
show direction of ultrasonic vibration, scale b&600 um, red dashed circle show weld
area, clamping force of 500 N and thickness: (2)ndm, annealed (b) 0.5 mm, half-hard
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Overall, this indicates that the weld quality waggicantly affected by the increase in the
amplitude of the exciting horn, but this does natam that higher amplitude results in
higher quality, because the quality of the weld @@nundesirably affected by several
parameters such as metal type, process paramsteface conditions and selection of
welding components. Figure 6-9 shows photograpliebbnded copper specimens, which
were taken for a similar welding condition to almmim. The photographs indicate the
welded area within dashed circles, for which thédwength for specimens of 0.1 mm
thickness was measured to be 3.2 for an amplitdfdé7oum, and 3.75 mm for an
amplitude of 42um. It was observed that although the weld lengtls weasured to be
significantly high, the forming areas are irregulair which the density of the weld is low,
with a low amplitude of 17um. In addition, the welding procedure also resirt$igh
lined regions with no weld formation. However, i@asing the amplitude to 4@n enables
the formation areas to attain high weld density,ahigher weld density was observed in a
thin specimen of 0.1 mm. This suggests that thé liggming area occurs due to a
matching between the clamping force and the vibmatamplitude, whilst the metal
condition significantly influences the formatiorear in particular the diffusion of atoms.
The annealed copper with low hardness and surfasghness allows for high diffusion,
compared to the half-hard copper, regardless otis@a thicknesses. Furthermore, it
appears that surface roughness of annealed cappam() and half-hard copper (3j4n)
also influences the weld formation. The reasontfos is most likely that mechanical
interlocking of the rough contact areas hinders itblative motion between surfaces.
However, this effect of surface roughness can barlyt reduced through an increase in

vibration amplitude of the exciting horn, as seefrigure 6-9.
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17 um  42um
(b) Thickness, 0.5 mm

Figure 6-9 Photographs of peeled copper specimeitis,double tipped arrows show
direction of ultrasonic vibration, scale bar of 508, red dashed circle show weld area,
clamping force of 500 N and thickness: (a) 0.1 rammealed (b) 0.5 mm, half-hard

Figures 6-10 and 6-11 show the photographs of dhmdd welded areas for the welded
dissimilar specimens of Al-Cu. The photographs efghe investigation of debonded
specimens, which were welded under an applied dlagnforce of 500 N and welding
time of 1 second, whilst the vibration amplitudeswaried between 1gm and 42um. In
Figure 6-11, it was shown that the welded aredsfmm thickness with 1jim amplitude
have a uniformly distributed welded area, in whibk density of weld covers most the
surface, and the length of weld was measured t8.88 mm. However, higher weld
density was observed with an increase in amplitodé2 um, and the length of weld was
measured equal to 4 mm, as indicated by the dastaes. Again, the metal condition and
type of tempering metal significantly influencecetlveld. Also, a high clamping force
with high amplitude allows for high scrubbing matibetween intimate surfaces, which
results in a large welded area. It is clearly shéwwm the photographs that the aluminium
surface offer higher susceptibility to plastic defation than copper, as the aluminium is
softer than copper, and also because aluminiunituated near to the horn tip, which

receives more energy than copper, which is plaetoib
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In Figure 6-11, the photographs suggest an increake welded area in the specimens of
0.5 mm thickness, due to an increase in vibratroplaude, under a clamping force of 500
N and welding time fixed at 1 second. However,wie¢éd density was observed to be lower
than that observed for the 0.1 mm thickness spetiffiee analyses of the forming areas
confirm that the annealed specimens produce largje areas relative to the half-hard
specimens, where the weld length for the 0.5 mrmkihhalf-hard Al-Cu specimens was
measured to be 3.4 mm for J¥m amplitude, and 3.8 mm for 4@m amplitude.
Furthermore, the copper specimens exhibit a lowdwdnsity with significant light
regions, and the reason for that was attributethéodifference between hardness and
surface roughness for the aluminium and coppernimmgahat the copper is harder than
the aluminium and less susceptible to plastic ae&tion. Finally, it is important to state
here that the photographs which were obtained froioroscope investigations were
different in contrast colour of the welds, becaukese photos were extracted from
specimens of aluminium and copper with differenhpositions of metals as well as from
different tempering. Furthermore, the use of themiisky mode which can reflect
different contrast colour in observing specimeret tontain little or no optical. Because,
the Nomarsky mode can increases the inspectionpetimens and provide clear
observation, through use interference contrastchvhiihe features of surfaces can be
standing out clearly under Nomarsky modes thatdiffecult to see under bright field

illumination.
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Cu, 17pm | ‘ Cu, 42u
(b)

Figure 6-10 Photographs of peeled Al-Cu specimwiith, double tipped arrows show
direction of ultrasonic vibration, scale bar of 508, red dashed circle show weld area,
clamping force of 500 N and thickness of 0.1 mmeated: (a) aluminium (b) copper

Cu, 42um
(b)
Figure 6-11 Photographs of peeled Al-Cu specimeiith, double tipped arrows show

direction of ultrasonic vibration, scale bar of 508, red dashed circle show weld area,
clamping force of 500 N and thickness of 0.5 mni-hatd: (a) aluminium (b) copper
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6.5 Scanning electron microscopy (SEM) investigations

The microstructure of the deformed surfaces whioh @btained from the debonded
specimens that were welded under various procetssnatal parameters were investigated
and analysed. The investigations were conductedguscanning electron microscope
(SEM). The type of SEM which was used was a ZEI&®8& VP, as shown in Figure 6-
12. The instrument operates by focusing high-eneilggtrons from the microscope to
generate a signal at the deformed region of theisgs, which the microscope then
examines at a very fine scale [126]. The signalschviare produced from the electron
sample interactions offer a significant amount mfiormation about the tested surface,
including chemical compositions, external morphgl@nd crystalline information [127,
128].

Figure 6-12 Scanning electron microscopy (SEM)

In this research, the SEM was performed to studyetkternal morphology and chemical
compositions for testing surfaces which were setbdtom the combination of Al-Cu
specimens. The investigations were performed osirdigr configurations, produced
under specified process parameter settings, fampkaa clamping force of 500 N and a
vibration amplitude of 42m. Also, two specimen thicknesses of 0.1 mm andrOrbwere
chosen, in order to compare between the morphotdggurfaces which were identified
from joining due to the ultrasonic spot welding g&ss. Prior to investigation, the
debonded specimens were cleaned in an ultrasoticviath acetone and methanol, and
fixed inside the microscope chamber. After thag pinepared specimens were loaded into

the SEM [27]. All images of the deformed surfacesevaken with a suitable resolution of



146

up to (100x) magnification. Images which were cegdufrom the SEM were imported into
Alicona Mex software [129], to analyse the weldeglaa. The Alicona software is used to
process the experimentally-acquired SEM imagebs®atuminium and copper specimens,
which are categorised as either fully annealedspacimens of 0.1 mm thickness, or half-
hard for specimens of 0.5 mm thickness, as showkigare 6-14. The observations were
conducted using an SEM DEM (Digital Elevation Mgdslth a (50 x) magnification, and
were used to investigate the deformed surfacesupeat from welds using process
parameters settings such as a clamping force oN\gGhd vibration amplitude of 42m.
The measurements of the deformation surfaces wexendacross the horizontal path
(indicated by the red line) as shown in Figure 6:MBich the path is represented the actual

length of the weld (up to 4 mm).

Al-side " Al-side

Cu-side | Cu-side

(@) Al-Cu (b) Al-Cu
parn [ o— | e——
50 = =30 20 10 [ -1 21 -30 —<=HT

Figure 6-13 SEM images of Al-Cu specimens, magaife50 x, thickness: (a) 0.1 mm
annealed, (b) 0.5 mm half-hard. the lower imagevshihe mating surface to the upper
image

From Figure 6-13, it can be seen that these propesameters clearly affect the
deformation areas, where the differences can bdifabel by the contours which indicate
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the levels of morphology, measured in microns. &ahaglyph viewer is a mode available
in the Alicona software which contains the basatdiees of the image viewer and enables
3D measurements to be conducted without requiribgE®l. The anaglyph is necessary to
make measurements because it allows the dispaogiegeen the images to be analysed,
by magnification of the tested surfaces. For betteservation of the deformed surfaces
(shown in Figure 6-13), an adjustment was madeheyappropriate scaling of the z-
position of the visualised DEM images. Figure 6sh®ws the 3D topography scaling of
the aluminium and copper deformation surfaces sfdy. The topography indicates the
disparities in the deformed surfaces, for which tbgions were coloured relative to the
percentage of deformation, measured in micronss kery important to state that the
adjustment of the z-position does not have an eémibe on the actual surfaces computed for
the DEM, as the magnification of the adjustmenyaifects the visualisation of the DEM

images.

Al-side Al-side

Cu-side Cu-side

(a) Al-Cu (b) Al-Cu
prm | ——
50 = =0 200 10 [} -1 —210 -0 o

Figure 6-14 Anaglyph z-position images of Al-Cu apgens, magnified at 50x,
thickness: (a) 0.1 mm annealed, (b) 0.5 mm haléhstiowing the same specimens as in
Figure 6-13
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The analyses of the results were extracted fromAtieglyph images of the SEM, and are
shown in Figure 6-15. It was shown that the peagmiof morphology surfaces is greater
when welding Al-Cu with 0.1 mm thickness, compatedAl-Cu with 0.5 mm thickness,
which indicates that more energy was received & welded areas, due to the low
hardness of aluminium (273) and copper (517), With mm thickness, compared to the
hardness of aluminium (676) and copper (863), @ishmm thickness. However, thickness
and surface roughness were also considered as ortant factor that influenced the
morphology of the welded areas. Furthermore, thagiyph indicates how the thickness
and metal surface conditions can affect weldedsardae to the reactivity of clamping
force at 500 N and vibration amplitude at 4, to allow sufficient energy transfer to
welded areas. The images indicate that the Al-Gb @il mm thickness allows marginally
greater morphology than images of Al-Cu with 0.5 rimckness. From these analyses, it
can be concluded that higher morphology of theasa$ were generally shown with

surfaces with low hardness and surface roughnegardless of the thickness.
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(a) Al-Cu (b) Al-Cu

Figure 6-15 Deformation of (Al-Cu), clamping for660 N, amplitude 42m, length of the
path 4 mm, (a) 0.1 mm annealed, (b) 0.5 mm halé-har

An SEM investigation was also performed to exantireeweld quality of a Al-Cu welded
configuration, by providing detailed high resolutionages of the specimens by using an
energy dispersive x-ray analyser technique (EDAR)e technique is used to provide
elemental identification and quantitative composisl information. The studies were
conducted on a configuration which was produceceutite process parameter settings of
a clamping force of 500 N, vibration amplitude @fi4m, specimen thickness of 0.1 mm in
the annealed condition, represented by the syn{igland (2), and a specimen thickness
of 0.5 mm in the half-hard condition, representgdhe symbols (3) and (4) respectively,
as shown in Figure 6-16. The reason for this wasuestigate the deformation surfaces by
indicating the reactivity of diffusion between alummm and copper deformed surfaces,
through extraction of the chemical compositionsMeein intimate surfaces. Figure 6-17
and Figure 6-18 show higher magnifications for tbeations 1, 2, 3 and 4 for the
aluminium and copper deformed surfaces which adecated in Figure 6-16 by white

circles, using SEM EDAX investigations.

Al-side Cu-side o Al-side Cu-side

(a) Annealed (b) Half-hard
L -
-5 =0 310 20 10 ] =10 —20 -3 —0

Figure 6-16 SEM images of (Al-Cu) specimens, magdiat 50 x, clamping force 500 N,
amplitude 42um, (a) 0.1 mm annealed, (b) 0.5 mm half-hard. Regilb4 show the
regions examined by SEM in Figures 6-17 and 6-18

From Figure 6-17 and Figure 6-18, the x-ray diffi@c reveals a chemical composition for

the different tempering conditions of aluminium acwpper deformation surfaces, where
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the x-ray diffraction spectrum indicates the deposipercentage for each testing metal.
For example, the x-ray diffraction records a cheihaomposition for Cu of 38.69 (wt %),
which indicates low deposition of Cu on the Al sud, as shown in Figure 6-18 at
location-1. However, high deposition of Al was itléad on the Cu surface, since the
spectrum analysis of reaction surface records enidak composition for Al of 79.43 (wt
%), as shown in Figure 6-17 at location-2. The ltssauggest that the Al is more
susceptible to plastic deformation than Cu, altlodige two metals share the same
tempering condition (annealed). The percentagéneifical compositions was observed to
be different when the investigation of the alummiand copper surfaces was carried out
on the half-hard condition samples. Figure 6-18 abdocation-3, suggests a lower
composition of Cu is identified on the Al surfagdjich is equal to 14.55 (wt %), relative
to the Cu composition that is indicated with theeaded specimens, whilst the Al shows a
high percentage of chemical composition on the @tase, where the spectrum analysis
of the reaction surface records the compositiomAfcequal to 69.05 (wt %) and 30.95 (wt
%) for Cu, as seen with location-4. However, thghkr depositions of Al in the case of

half-hard specimens are still lower than Al for #renealed specimens.



EDAX ZAF Quantification (Standard less)
Element Normalized
Elem Wt% At% K-Ratio Z A F

AlK 100.00 100.00 1.00 1.00 1.00 1.00
Total 100.00 100.00
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EDAX ZAF Quantification (Standard less)
Element Normalized
Elem Wt% At% K-Ratio Z A F

AlK 61.31 18.33 0.0351 1.0744 0.2895 1.00
CuK 38.69 54.25 0.7567 0.9599 1.0018 1.00
Total 100.00 100.00
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(a) Al-surface-1, 0.1 mm

EDAX ZAF Quantification (Standard less)
Element Normalized
Elem Wt % At% K-Ratio Zz A F

AlK 69.05 90.09 0.5309 1.0195 0.6556 1.00
CuK 30.95 9.91 0.1850 0.8991 1.0004 1.00
Total 100.00 100.00

Vibration direction

Al

Spectrum analysis

Cu
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EDAX ZAF Quantification (Standard less)
Element Normalized
Elem Wt% At% K-Ratio 2z A F

CuK 100.00 100.00 1.00 1.0000 1.00 1.00
Total 100.00 100.00

cu  Spectrum analysis

Cu
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kev

(d) Cu-surface-2, 0.5 mm

S

280
kev

Figure 6-17 SEM EDAX images of 0.1 mm annealedas@$ for Al-surface-1 (a) and Cu-
surfaces-2 (b), show as regions 1 and 2 in Figté 6
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EDAX ZAF Quantification (Standard less) EDAX ZAF Quantification (Standard less)
Element Normalized Element Normalized

Elem Wt % At% K-Ratio Z A F Elem Wt % At% K-Ratio Z A F

AIK 100.00 100.00 1.00 1.00 1.00 1.00 AlIK 85.45 18.33 0.0351 1.0744 0.2895 1.00
Total 100.00 100.00 CuK 14.55 54.25 0.7567 0.9599 1.0018 1.00

Total 100.00 100.00
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(c) Al-surface-3, 0.5 mm

EDAX ZAF Quantification (Standard less) EDAX ZAF Quantification (Standard less)
Element Normalized Element Normalized

Elem Wt % At% K-Ratio 2z A F Elem Wt % At% K-Ratio Z A F

AIK 69.05 90.09 0.5309 1.0195 0.6556 1.00 CuK 100.00 100.00 1.00 1.0000 1.00 1.00
CuK 30.95 9.91 0.1850 0.8991 1.0004 1.00 Total 100.00 100.00

Total 100.00 100.00
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(d) Cu-surface-4, 0.5 mm

Figure 6-18 SEM EDAX images of 0.5 mm half-hardfaces for Al-surface-3 (c) and Cu-
surfaces (d), show as regions 3 and 4 in Figuré 6-1

The results suggest that the susceptibility ofvileéd coupon metal to plastic deformation
under ultrasonic vibration and clamping force ikted to the hardness and metal surface
condition such as roughness and oxides. Al is geisafetal than copper and can be more

readily deformed plastically during ultrasonic walgl for which high deposition of Al
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atoms was observed on the Cu surface, and the giffagction confirmed that through

providing high percentage of chemical composition Al, relative to Cu. Hardness,

roughness and oxides significantly affect the rigagtbetween intimate surfaces, through
providing low deposition of metal atoms that infice weld quality.

6.6 Summary

An analysis of the weld quality of the deformatismrfaces produced by ultrasonic spot
welding has been performed. The deformation aréapecimens were investigated for a
range of welding conditions. The data was extracted similar and dissimilar
configurations of aluminium and copper specimenth hicknesses of 0.1 mm and 0.5
mm. The investigation of the testing surfaces waassfully conducted by utilising both
the optical microscope and the scanning electroorascopy system. The microscope
investigations show the difference in deformaticondition between the Al and Cu
surfaces in debonded specimens of Al-Al, Cu-Cu, Ak€u. Higher weld area density
was recorded with the softer metals, which areattarised by low hardness and surface
roughness in comparison with the harder metals. fhinekness of the specimens, in
addition to the metal tempering, provides clearataims in the deformations of examined
surfaces. The results agreed that the differentedam weld lengths is not so large
between aluminium and copper. However, the derwitformation areas is noticeable,
which is indicated to be higher with annealed specis rather than half-hard specimens.
Also, very low weld scattering regions were showithwaluminium compared to the
copper. Good weldability of configurations comprggisimilar specimens result in the
generation of good quality welds, however more gyes required to improve the
resultant weld quality for dissimilar metal confrgtions. Furthermore, weld quality can be

enhanced by joining thinner specimens, regardieseanetal surface properties.

The SEM investigations of welded surfaces show tixede layers on the metal surfaces
can be removed using high intensity ultrasonicatibn, such as an amplitude of ggh,
combined with a suitable clamping force, for exaanpD0 N, allowing the welding of
newly formed surfaces to take place, through piiagidhigh morphology which enhances
weld quality, such as for annealed specimens. Hewelalf-hard specimens exhibit
significant severity with the same process pararagtehich can provide acceptable welds
with low deformation, and consequently lower qualiThe SEM mode ‘Anaglyph’

showed that no mixing of the metallic componentsuoed by the diffusion between
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intimate surfaces. Thus, it can be concluded thftesion and cohesion are the main
mechanisms responsible for the ultrasonic weldidgmetals. However, the SEM
measurements of deformed surfaces can reveal tre=rmiage of morphology, which
indicate that higher deformations are prevalentr dkese specimens that are softer and
lower in hardness and surface roughness. In additow thicknesses, such as 0.1 mm,
offer a high density of the welded areas, companeth thicker specimens. High
magnification SEM results suggest Al is a softertah¢han copper and can be more
readily plastically deformed during ultrasonic walgi on which high deposition of Al
atoms was observed on the Cu surface. The x-ralyaclibn analyses record the
percentages of chemical compositions for Al and Que to hardness, roughness and
oxides, as well as due to different metal temperidgrdness, roughness and oxides
significantly affect the reactivity between intimagurfaces, by providing low metal atom
deposition that influences weld quality. Finallycan be concluded that the weld quality
can be affected by several factors such as starafai@bling design, amount of energy
delivered to the welding area, and the level ofvikedge of the best combinations of

welding process parameters for the desired matahp configuration.
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Chapter 7

Discussion, conclusions and suggestions for futurework

7.1 Discussion

The work presented in this thesis outlines thestofdthe ultrasonic welding of metals.

The work is based around the fact that the weldiyggem will be tuned at an operating
frequency of 20.81 kHz, which is very close to tperating frequency of the ultrasonic
transducer. The first part of this study focusesh@ndesign of the welding horn. This is a
very important procedure, because the device igoresble for several vital functions,

including the transfer of ultrasonic energy to thelding zone, prevention of specimens
sliding during the joining process, and the appiacaof the proper clamping force which

is recommended for acceptable bonding. It alseaenp the welding stack, which is the
horn connected with the transducer, on the driviraghine by fixing it at the nodal plane.
The development of the welding horn was split imto stages. The first stage begins with
mathematical modelling, including the developmehtboth an analytical model and a
finite element model (FE). The analytical modepreduced by deriving the equation of
motion, based on the assumption that the horn ta@braccording to a half-wave length
(A/2), an assumption on which the model was createmtjelled and predicted. The FE
program Abaqus was employed to design the finafigoration of the welding horn. The

benefit of modelling is to reduce the number ofigiesterations and optimise the solution,

thereby reducing the time and costs involved feritbrn manufacturer.

The FE modelling approach results in the develognoérnhe welding horn through the
enhancement of the understanding in the vibratiandl dynamic characteristics, and the
examination of many criteria which indicate the fpamance of the working horn. For
example, matching the horn excitation frequencyttie operating frequency of the
transducer ensures that the horn will be vibratedjitudinally at 20.81 kHz, allowing a
good separation of the longitudinal frequency médeugh the isolation of the tuning
mode from other non-tuned modes, guaranteeing umitfy of the vibration amplitude at
the horn working surface, high gain factor and #weidance of any stress which may
initiate at the points between connecting compan€erte identification of these criteria is

essential to model the excitation horn at the ddsuibration mode of 20.81 kHz, and to
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ensure the high transmission of ultrasonic eneogy¢ welding specimens with minimum
dissipation. The experimental techniques which Haeen adopted in this work consist of
experimental modal analysis (EMA), and harmonigoese analysis, and are used to
characterise the fabricated models and to validatk update the mathematical models.
The analyses of the steel horn result in a goodiatabn between modal analysis and
harmonic analysis. For example, the frequency etibrn was longitudinally analysed and
recorded at 20.81 kHz for FEA and 20.77 kHz for EMvkich indicates a low percentage
of error of 0.19 %. Analyses of the non-tuned modese also undertaken, because the
amplitude uniformity of the welding tip significdpt influences the weld quality.
Acceptable variations of vibration modes were measgusing both FEA and EMA, which
recorded variations of over 1 kHz between longiatliand torsional modes, and even
higher between longitudinal and flexural modesfdént horn shapes were modelled, and
it was found that the horn with a catenoidal pefind integrated flange coupling and
welding tips provides a good vibration responsérofg a high amplitude magnification
which is characterised by a gain factor of 4.108e &ccurate design of an integrated spot
welding horn tip with flange coupling located aéthodal plane shows that the shifting of
maximum stress can be achieved, and directed tobeentrated near to the nodal plane.
The final design of the spot welding horn was mantufred using a CAD-CAM technique,
for which the experimental analysis verifies thbrational response of the welding horn.
Welding components were also designed, such agdaamvil, welding stack holder, rigid
bed and fixing tools, which form the complete welfisystem. The size and dimensions of
the welding components were set to match the latienze system configuration which is
suitable for joining thin gauges such as light gdatsheets and foils. Verification from the
spot-welding system is identified by experimentgdiyning metals. The welding stack was
mounted to the driving machine by means of a staatller. A stationary anvil, welding

bed and fixtures were also installed to ensuresyiséeem was prepared for welding.

An experimental study of welding conditions was emaken, by investigating the
relations of a number of process and metal parased®@d many tests were conducted.
Aluminium and copper were selected for the weldegjs, and the overlap position of the
specimens to be joined was identified to matchsiha&-welding condition. The geometry
of the specimens were prepared according to thmelatd required for the welding of thin
specimens, whilst the mechanical data was extracted) high precision techniques such
as uniaxial tensile testing to determine Young'sdoios, yield tensile strength, ultimate
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tensile strength, and elongation after test congsiet Other techniques, such as
extensometry, were adapted to measure actual ¢ionga the test specimens. A series of
weld coupons were studied, comprising the weldingjrailar metal specimens in the form
of Al-Al and Cu-Cu, and for dissimilar metal speeins, including Al-Cu and Cu-Al. The
weld coupons were 0.1, 0.3 and 0.5 mm thick arfteein the annealed or half-hard metal
condition. The different metal surface conditiorfsatuminium and copper were also
investigated, such as hardness and surface roughriecause these parameters
significantly affect both bond strength and weldify.

Good welds were obtained for tests involving véoiad in both process and metal
parameters, and the results were successfullyatetiausing the computerised program of
the 2 kN load cell machine. Study the relationgadcess parameters such as clamping
force, amplitude of vibration, welding time and raftonic power, as well as metal
parameters such as oxides, hardness and surfagkeness, was successfully undertaken
on the debonded specimens from the tensile teshimacAlthough there have been
numerous studies into weld strength and weld gyaditd that the fundamentals have been
known for long time, they have not received proptention. In this study, the results
suggest that the bond strength is most sensititleetoelationships between clamping force
and vibration amplitude, and also to a lesser éxthe relationships between clamping
force and input power. However, the relationshigtwieen weld time and vibration
amplitude have a much lower effect on strength.r@li;ghe weld strength results suggest
that the Al-Al welds are stronger and more consistath the weldability than the Cu-Cu
welds, and the average weld strengths are higlenyea500 N, where excessive force
restricts the lateral movements which are essefatiabelding. Good levels of bondability
in aluminium and copper joints were obtained bydive] thin specimens, such as those of
0.1 mm in thickness, compared to those with thiskes of 0.3 mm and 0.5 mm. In the
welding of dissimilar metals, stronger welds areduced when the aluminium specimen is
placed on top and in contact with the ultrasonianhtip, rather than the copper.
Experimental evidence has shown that joining digammetals either in configurations of
Al-Cu or Cu-Al, the increase in energy level anchdi was necessary to generate an
acceptable bond. For most weld configurations, gmgéd welding times will affect the
bonds by creating fatigue damage. However, veryrtstiv@lding durations result in
incomplete welds. The welding tests showed thatdgoeelds are those which are

characterised by matching between clamping forcg wbration amplitude, because
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insufficient clamping force results in sliding betan the horn tip and the upper surface of
the top specimen, whilst a very high force can cedthe weldability. From a different
perspective, the high amplitude of the excitingnhoratched with a high clamping force
can result in the suppression of the relative nmobetween intimate surfaces, and hence
lowers the weld strength and reduces weld qualibereas excessive vibration can lead to
a dislocation of the bonding between atoms at iatérsurfaces, particularly at the end
phase of weld, resulting in a reduction in weldsistency. Also, high noise and specimen
marking were observed for these conditions, espgaeidgth the harder metal, such as the
specimens in the half-hard condition. During theldwstrength investigations under
different welding conditions, it was observed fome tests that the welds were damage in
the deformation area was identified. Amplitude pire from 42 um to 17um resulted in

a more pronounced increase in weld strength asgdatonsistency and reduced damage
in the welds. Furthermore, in addition to the etmrain weld strength, a significant
enhancement in weldability was observed. Howevern htip/specimen adhesion and
specimen marking did not abate, but low variatiohsveld strength were observed for
high-stiffness specimens. The FE models were useadvestigate numerically the metal
properties that extracted from the experimentaktéthe numerical model was adjusted at
each setting of process parameters to define thumdawy conditions of spot welded
specimens. The results of the FE model and expatahtensile test machine, for the load-
displacement curves profiles, allow for good estiorato the order of magnitude of the
peak load. The numerical results of the FE modgbiming tests were matched with the

experimental results that were obtained from theite shear tests.

It can be concluded that melting does not occwa meechanism of welding, irrespective of
the configuration which has been adopted, andttteabonded interface is generated in a
solid-state form. The deformed area of the weldgeecignens was successfully
investigated, using Nomarsky optical microscopyaAge of deformation conditions were
studied and observed for different weld couponshsas Al-Al, Cu-Cu, Al-Cu and Cu-Al.
Areas with higher deformation levels were recordedofter metals, such as those which
were in the annealed state. This is because sirifi@nergy has been transferred into the
welding area. Specimen thickness and metal pregseaind conditions of the metal surface,
such as hardness and roughness, also affect tlwenddfon level significantly more
compared to harder metals. If good matches of pgoparameters are guaranteed, and if

the weldability is fine, then the weld quality whics produced will be satisfy, such as for
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those configurations which contain specimens oflammetals, whilst in dissimilar metal
configurations, higher energy and durations ar@meonended in order to achieve good
quality. A number of the results shown in this thelustrate that good quality welds can
be developed by joining thin specimens, regardbdésise surface conditions of the metal.

The SEM observations made at the welding interfacehe deformed surface areas of
both aluminium and copper show that the surfacdelayer can be removed by applying
high intensity ultrasonic vibration with amplitudé 42 um along with a proper clamping
force, for example 500 N, allowing the welding awly formed surfaces to take place.
The SEM Anaglyph viewer showed that no mixing ocedrby melting between intimate
surfaces, which indicates that USMW occurs duedizeaion and cohesion mechanisms.
Furthermore, a high concentration of weld activgyexhibited in the topography of the
deformed surfaces for those specimens with a loeknless, such as 0.1 mm (annealed) for
both aluminium and copper, compared to the thidgacimens, such as 0.5 mm (half-
hard). Also, the x-ray diffraction analyses inde&athe percentage of chemical
compositions for Al and Cu, which extracted frone thigh magnification images. The

spectrum analyses confirm that high deposition Icditdms seen on Cu surface.

7.2 Conclusions

This study has provided details on the design,attarisation and testing of a lateral-drive
ultrasonic metal spot welding system. The weldiggtem is able to join relatively thin

metals, such as sheets, plates, foils and wires.syktem configuration which should be
adopted for the intended metal welding is dependenthe force and vibration levels
which are required. An ultrasonic metal weldingrhtias been modelled and fabricated
with high precision to ensure that a high levelutifasonic energy is transferred to the
welding zone, through intensive engineering desigd manufacture. Furthermore, the
horn design overcomes many issues which encountésedindustrial fields and

manufacturing process. The welding system, reptedelny the welding stack (the horn
connected to the transducer) and the respectivd agvil and fixtures are precisely

mounted on driving machine. The device is capalbleomtrolling process parameters,
which provides good weldability under the applioatiof different welding conditions.

Furthermore, the system is suitable for the stuidweld strength and quality, and their
dependencies on the relations of process paramsiehsas clamping force, amplitude of

vibration, welding time and input power. This camemome conventional welding
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machines which have limitations in terms of delingrenergy to the weld and also in the
control of process parameters. Furthermore, thdyspwovided an inexpensive welding
machine, compared with other commercial welding mraes. It was observed that the
welding performance of an ultrasonic metal spotdivgl system depends on the design of
the acoustic horn, efficiency of the transducer aapacity of supplying power from the
generator. Consistency of the joint and enhancemktite weld strength and quality is
obtained in this study through employing both canstand stepped amplitude profiling.
Finally, the study provides the foundation for attonic metal welding, by contributing an
effective tool design to enable a high level offpenance which can result in the welding

together of any thin metals.

7.3 Futureworks

The current work has provided an integrated desfgan ultrasonic spot welding system
which is suitable for joining thin metal specimeB8gveral distinct welding configurations
have been analysed, providing good study of welehgth and quality with respect to the
relations between process and metal parameteritBethe success of the welding
system, there are several avenues of research wocid be of interest in the future
which would improve the welding procedure and weldlity even further, and these are

outlined below.

1. For further enhancement of ultrasonic metal spaltling, the process should be more
integrated, through the establishment of a suitalti@sonic tooling system. It may be
necessary to develop an improved methodology fasmeng the electrical impedance at
the terminal surface of the ultrasonic transduasrthe electrical impedance is dependent
on the mechanical impedance, among a number ofr ajbantities, by which the
adjustment of the clamping force to a specific lewan lead to the matching of the

electrical impedance to the horn.

2. To better demonstrate the feasibility of ultrasanetal spot welding of high ultrasonic
vibration amplitude and proper clamping force oregmens to be joined, it is
recommended that ultrasonic metal spot welding lshdie performed using a high
capacity of power supply, for example greater thaw, to allow the system to be more

versatile and applicable, not only for joining shsmale specimens together, but also
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large-scale. A high ultrasonic energy would prodetteng welds for thicker specimens

than are presently used.

3. Further research should investigate amplitud#iliprg, not only for joining ductile
metals, but also extended to other metals suchose twhich are brittle. The ability to join
specimens together should be examined by usingppetl amplitude input to improve the
weld consistency and reduce adverse issues whiclhe@ncountered in welding, such as

specimen adhesion and marking.

4. The enhancement of the weld quality should beyaed in greater depth. From this
work, it is clear that the weld quality can be iioygd by matching between process and
metal parameters. Therefore, it would be of intetesvaluate an alternative method of
improving both weld strength and quality, using @aghes such as metal strip insertion,
buffer sheet composition, and horn tip coating aiien mode coupling for the tool

excitation.
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