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Abstract

Abstract

In recent years, much interest has been shown in joining dissimilar
materials such as light metals and plastics using laser technology, especially in
the automobile and biomedical industries. To this end, a direct laser bonding
technique for joining metals to plastics, namely laser-assisted metal and plastic
(LAMP) joining, has been developed over the last ten years. It uses laser light to
heat up the metal-plastic interface, and the plastic at the interface is melted and
partly decomposed. This results in the formation of gas bubbles in the molten
plastic. It is generally accepted that the high pressure developed inside the
laser-induced bubbles causes the molten plastic to have intimate contact with
the metal surface, and as a result, a strong bonding between the metal and
plastic parts is attained. Despite a number of successes that have been obtained
in the LAMP process, the inherent features of laser-induced bubbles in the joint
are still a main concern because the bubbles themselves are defects by nature,

and therefore have a counter effect on the joint strength.

In this research, a new ultrasound-aided laser joining process — using
the conjoint action of a laser and ultrasonics — for joining metals to plastics
(U-LAMP) has been successfully developed, and has been shown to be able to
eliminate the laser-induced bubbles with increased joint strength. For the first
phase of the research, an ultrasonic generation system with an appropriate
specimen clamping tool was designed and fabricated for studying the U-LAMP
process. The system allows the specimens to be joined to be ultrasonically

vibrated while under laser irradiation. For the second phase of the research, the



Abstract

new U-LAMP process was employed to join polyethylene terephthalate (PET)
to pure titanium (T1) to show the superiority of U-LAMP over the conventional
LAMP. The effects of ultrasonic vibration on the chemical bond formation at
the joint interface, removal of bubbles in the joint, and the shear and fatigue

properties of the joints were studied.

Under a low laser power condition, where decomposition of the plastic
was avoided and therefore the laser-induced bubble problem was not
encountered, the benefit of ultrasonic action was found to be in the promotion of
the formation of chemical bonds (TiO,, Ti,O;, Ti-O, and Ti-C) at the joint
interface. This was supported by the results of XPS analyses conducted across
the joint interface. As a result, the joint strength can be increased by as much as
seven times that produced by the conventional LAMP process. While joining at
high laser power, where laser-induced bubbles are present, the primary function
of ultrasonic vibration is to eliminate bubbles in the joint. With a proper
ultrasonic tool design to create a differential pressure field in the joint specimen,
bubbles in the molten plastic pool can be made to escape from the joint zone.
The effects of ultrasonic vibration on the bubble dynamics, bubble translation
path and bubble removal mechanism were analysed based on the ultrasonic
vibration induced pressure field. The bubble translation path in the molten pool
was also studied using a high speed camera, and the captured bubble movement
path agrees well with the predicted path of the pressure field analysis. In regard
to the mechanical properties, the joint strength of the U-LAMP specimens,
measured in terms of the fracture load, was significantly higher than that of the
LAMP specimens. Moreover, for the former, fracture occurred in the parent

plastic material, whereas for the latter, almost all fractures occurred at the
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metal-plastic interface. This shows that the metal-plastic interfacial bond
strength of U-LAMP specimens is higher than that of LAMP specimens. The
superiority of U-LAMP over the conventional LAMP is also evident by the
extended fatigue life of the U-LAMP specimens over that of the LAMP
specimens, at least one order of magnitude higher. The improvement in fatigue
life is due to the absence of porosity in the U-LAMP specimens which also
exhibit strong interfacial bonding. The different fatigue crack propagation paths

in both LAMP and U-LAMP joints were established.
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Chapter 1

Introduction

1.1 Background of research

In engineering and product design, especially in the automotive and
biomedical industries, there has always been great interest in joining dissimilar
materials using a variety of means, such as laser, ultrasound and friction
technologies [1-6]. The scope and demand of integrated material structures and
products are increasing sharply chiefly due to many breakthroughs in
fabrication technology. Indeed, many automobile and biomedical products are
made of multi-components where various types of materials are used and the
advantages of each material can be realised [7]. Frequently, the realisation of
high functionality by compounding two different kinds of materials requires a
reliable joining technique to produce reproducible high quality joints. Joining of
plastics to metals is not new; conventionally, joining methods consist of
adhesive bonding and mechanical fastening by screws or rivets [7, 8].
Nevertheless, these traditional techniques have their own drawbacks, mainly
due to the incompatible structural, physical and chemical properties between
these two types of materials. In the case of adhesive bonding, there are always
concerns on environmental issues about the restriction of volatile organic
compounds emissions. Other drawbacks include long processing times, high
production costs and the limitations of shape and size, with the process

requiring very stringent quality control. With regard to mechanical fastening,
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inflexible design and low productivity are the two major shortcomings. To
circumvent some of these problems, Katayama [9] developed a direct laser
bonding technique for joining metals to plastics, namely laser-assisted metals
and plastics (LAMP) joining. Indeed, LAMP has been employed to create
strong joints between engineering metals (for example aluminium alloys, steel,
stainless steel) and engineering plastics (for example polyethylene telephthalate
PET and polyamide PA) using a near Gaussian Nd:YAG laser beam or a line

shaped diode laser beam [9-12].

Notwithstanding the successes that have been achieved by a number of
research studies on laser joining of metals to plastics [13-15], the exact joining
mechanisms are still not fully understood. More importantly, the laser-induced
bubbles, although assisting in creating an intimate contact surface between the
metal and plastic parts by inducing high pressure in the molten plastic, they
themselves are defects by nature, and therefore have a counter effect on the joint
strength [16]. What is clear is that the presence of bubbles at the metal-plastic
interface can seriously undermine the joint performance, but unfortunately, thus
far, no in-depth study on methods of eliminating the bubbles, modelling and
predicting the bubble distribution at the interfacial region can be found in the
literature. With such a background in mind, this research is aiming at
developing a new ultrasound-aided LAMP (U-LAMP) joining method that can

address the bubble problem.

Ultrasound has been widely employed in cleaning [17-19], mixing
[20-21], drilling [22-24] and welding [25-27] to increase the efficiency of the
various processing technologies. In the present research on the U-LAMP joining

method, ultrasound serves the purposes of (i) reducing the size of the
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laser-generated bubbles and dispersing them in a discrete manner, or even
eliminating the bubbles entirely, and (ii) generating a high positive pressure on
the molten plastic and increasing its fluidity so as to cause it to have an intimate
contact with the joining surface of the metal part, resulting in an enhancement
of joint strength. Indeed, ultrasound has been found to be able to generate high
positive and negative pressures on molten plastic materials, resulting in
increased fluidity [28-31]. Moreover, an acoustic field can have a significant
effect on the bubbles’ trajectories as well as on the configuration and structure
of the bubbles [32-36]. It is therefore envisaged that ultrasound is a promising

aid that can be employed to address the bubble issue of LAMP.

1.2 Research objectives

The primary objective of this research is to develop a new
ultrasound-aided laser method for joining metals to plastics with the ultimate
aim of eliminating the laser-induced bubbles and achieving a significant
improvement in joint strength. For the new joining process, an integrated system
composed of an ultrasonic generator and a specimen clamping device have been
designed and fabricated. The system allows the specimen to be vibrated under a
longitudinal mode. The clamping system is so designed that a uniform force is
applied to the specimen, with the force being adjustable. Moreover, different
surface profiles of the ultrasonic transducer were used to study their effects on
the acoustic pressure field of the molten plastic and the movement of bubbles in

the joint.

With the new U-LAMP process, due to the acoustic energy, it is

envisaged that the bubbles would be broken up and become smaller and
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distributed more evenly in the joint, or even be eliminated with a well-designed
ultrasonic transducer tool. As a result, the shear strength as well as the fatigue
strength of the joint should be improved. However, before the full benefit of this
new U-LAMP process can be realised, the theoretical aspects of the effects of
the acoustic field on controlling the trajectories of the bubbles as well as an
in-depth understanding of the joining mechanism must be gained. With this in

mind, the following project objectives were defined:

(1) to design an ultrasonic system for the U-LAMP process that can resolve
the bubble problem which is inherent with the conventional LAMP

Process;

(i1) to analyse and model the acoustic field in relation to the dynamic

movement of bubbles in the joint;

(i11) to understand the joining mechanisms of metals to plastics under the

combined actions of a laser and ultrasound;

(iv) to improve the mechanical properties of laser fabricated metal-plastic joints

with the aid of ultrasound.
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Chapter 2

Literature Review

U-LAMP joining is a new process developed in this project, which
combines two seemingly unrelated techniques: laser welding and ultrasonic
vibration. In this chapter, a literature review on some of the related aspects of
laser welding, joining of metals to plastics and the application of ultrasonic

vibration for material processing is presented.

2.1 Laser welding

Laser welding is an attractive method for joining plastics, metals, and
plastics-to-metal because a laser beam is capable of focusing onto a relatively
small area and reach a high power density, thus enabling materials to be easily
melted even under a high processing speed. In order to achieve a satisfactory
joint, the proper selection of beam power density, focal spot size, welding
velocity and pulse duration is required. In this section, some background on
laser joining is presented, including aspects such as laser output parameters,
laser-material interaction, and in particularly the subject of laser-assisted joining

of metals to plastics.

In pulse laser joining, the critical parameters for controlling the process

and the quality of the joint are considered to be [37-38]:

(1) laser beam characteristics: wavelength, mode and polarisation, spot size,

power intensity, pulse duration;
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(i) material properties: surface condition, composition, physical and thermal

properties, etc.

(i11) welding setting: focal position, speed, dwell time and gap tolerance;

(iv) shielding gas protection: shroud design, composition, gas

pressure/velocity.

In this study, the main variables in the joining experiment were the
laser output parameters and the welding speed since they directly affect the

melting and vaporisation of the plastic material.

2.1.1 Laser materials interaction

All the phenomena and events of heating, absorption, melting,
evaporation, plasma formation, recoil pressure, Marangoni convection, and
Kelvin-Helmholtz instabilities play a significant interrelated role in the complex
laser-material interaction process [39]. In many cases, the complex interaction
can be simplified and represented by a block diagram, as shown in Fig. 2.1 [40].
For the LAMP joining process, laser absorption at the metal surface and the
melting and vaporisation of the plastic material are critical factors affecting the

quality of the joint.

With regard to the application of the various lasers, sometimes it is
convenient to present the information in the form of a relationship between laser
intensity and interaction time, as shown in Fig. 2.2 [39]. For laser welding, the
laser-material interaction falls into the categories of thermal effect or keyhole
and plasma effects [41, 42]. In the case of the LAMP joining process, due to its

nature, the keyhole and plasma effects can be ignored.
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2.1.2  Laser-assisted joining of metals to plastics

Since Gower et al. [1] successfully achieved the joining of a metal to
polymer sandwich materials using laser technology, many researchers have paid
serious attention to this emerging technology. In this section, the effects of
bubbles formation, material properties, chemical bonds, joining parameters and

surface preparation on joint properties and characteristics are summarised.

The laser joining mechanism between metals and plastics was first



Chapter 2 Literature Review

studied by Katayama et al. [9] and Kawahito et al. [10] and they named this
technique as the laser-assisted metal and plastic joining (LAMP). The principle
of LAMP is simple; it uses laser light to heat up the metal-plastic interface,
either by transmitting the laser through the plastic to generate heat at the
interface or having the laser to heat up the metal part, and through thermal
conduction causes the plastic at the interface to be heated up (Fig. 2.3 [43]). In
both cases, the plastic at the interface is melted and partly decomposed; this
results in the formation of bubbles in the molten plastic, which will stay in the
solidified plastic zone. It has been proposed that the high pressure developed
within laser-induced bubbles caused by rapid expansion would induce the
molten plastic to have intimate contact with the metal surface and as a result, a
strong mechanical anchor effect is attained. In addition, the interactive force of
the chemical bond and Van der Waals forces are also thought to play an

important role in securing a strong joint [44].

Laser beam
Bubble High vapor pressure
| \ due to rapid expansion
Mejt transfer ly -
Metal ‘ 4 Flow
i
Molten area Laser heated %
Heat transfe; zone
Plasic nsfegy 2\ ¥ | Bubble
Metal m ‘ Bubble (Higher magnification)
|
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High Bubbles High Melt flows to
temperature ' formation ' pressure ' bond tightly

Fig. 2.3 A schematic diagram showing the LAMP joining process [43]
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2.1.2.1 Laser induced bubbles

Kawahito et al. [11], Wahba et al. [16] and Katayama et al. [43]
attributed the strong bond formed between the metal and the plastic materials
partly to the formation of bubbles in the molten plastic during laser irradiation.
They considered that the laser induced bubbles could induce high pressure in
the molten plastic and force it into intimate contact with the metal surface, thus
enabling the molten plastic to enter the concavities to accomplish anchoring
effects, as illustrated in Fig. 2.3 [43]. Nevertheless, the bubbles are defects by
nature. In order to further understand the laser joining mechanism, Wahba et al.
[16] compared two lap joint configurations identified as an AZ91D
thixo-moulded Mg specimen residing on top of a PET specimen and vice versa.
Interestingly, the joint strength produced utilizing the second setup was
two-third lower than that of the first one. The result was considered to be due to
the difference in the bubble distribution. In the case where discrete bubbles are
generated near the metal-plastic interface (Fig. 2.4a), a greater joint strength can
be achieved because, unlike the networked bubble structure (Fig. 2.4b), the
bubbles do not form a continuous line of weakness and also a relatively larger
joint area is present between the bubbles. On the other hand, the lower bond
strength of the second configuration is due to the formation of a networked
bubble structure, so interfacial fracture can readily occur across the bubble

network.

In addition, Tan et al. [45] studied the characteristics and formation
mechanism of porosity during laser joining of steel and a carbon fibre
reinforced polymer (CFRP). Two types of porosity morphologies were

identified. Type I porosity had a smooth inner wall and a more cylindrical shape.
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This kind of porosity appeared when the heat input was relatively high; it was
located close to the bonding interface where the plastic part was in contact with
the heated metal part. Its formation was due to decomposition of the CFRP and
the generation of gaseous products of H,O, NHs, CO, and hydrocarbons. This
kind of porosity can be completely suppressed by preventing decomposition of
the plastic via controlling the processing parameters. On the other hand, type 11
porosity has a rough inner wall and can be found for all joining conditions. The
porosity was normally located further away from the bonding interface, and was
mainly confined to the regions where the polymer was solidified. This kind of
porosity was a result of shrinkage of the molten polymer during solidification. It
is possible to eliminate the porosity by exerting external pressure during
solidification. Obviously, a low laser energy input can avoid the decomposition
of plastic, but at the same time, the amount of molten plastic is reduced which

can weaken the joint strength.

Turning to the effects of other laser processing parameters on bubble
formation, a low welding speed with a high power input would result in large
bubble sizes, with the joint strength decreaseing. Such a welding condition also
leads to the formation of a connected bubble structure near the metal-plastic
interface [46]. Tillmann et al. [46] also showed that the amount of bubbles
formed in the joint has a significant impact on joint strength, which is in
agreement with the findings of Cheon et al. [47]. The research results thus far
have shown that the size, amount and distribution morphology of the bubbles

are the key factors that affect the joint performance directly.

11
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Fig 2.4 Tllustrations of (a) individual bubbles morphology and (b) networked
bubbles morphology [16].

2.1.2.2 Material properties

The joint strength of Cu/PET, A5052/PET and SUS304/PET, and the
temperature field of the laser joint have been investigated by Farazila et al. [48].
The results showed that using the same laser output parameters, melting had
obviously occurred to the aluminium alloy A5052 and stainless steel SUS304,
while for the PET/Cu joint, no melting of the Cu metal was detected. This is due
to the high melting point and high thermal conductivity of Cu, such that the
temperature of the metal surface did not reach its melting point. While for the
case of Al and stainless steel, due to the relatively low melting point of the
aluminium alloy and the relatively low thermal conductivity of the steel,
melting of the metals occurred with the latter metal to a much less extent. The
study also showed that more scattered results in the joint strength were obtained
if the metal did not melt. Obviously, any metal melting is undesirable in LAMP
joining because this can cause severe decomposition and distortion of the plastic

material, with a large amount of bubbles produced.

On the effect of polymer properties on joint strength when joining

plastics to stainless steel. Miyashita et al. [49] reported that there was a large
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difference in joint strength between PC/SUS304 and PET/SUS304, with values
2.1MPa and 6.5MPa, respectively. This can be contributed by the large
difference in glass transition temperature of the two polymers [49], where PC
can be melted more readily than PET when using the same laser energy. As a
result, the PET/SUS304 joint has a greater bonding area, thus improving the
failure load [49]. Surface tension is also an important property; polymers with
high surface tension have large intermolecular forces exerted on the metal

surface [50].

2.1.2.3 Chemical bonds

The chemical bonding created between the metal-plastic pair at the
joint interface is also recognised as contributing to the overall joint strength.
The research groups at Wayne State University and Fraunhofer [51-53] studied
the interfacial bonding of Ti-coated glass/polyimide (TiG/PI) and Ti/PI) pairs
quite extensively. Newaz et al. [52] showed that the tensile shear load of TiG/PI
is approximately 1.5 times greater than that of Ti/PL. It was found that the
failure of the Ti/PI joint occurred within the polyimide, while for TiG/PI,
fracture occurred in the glass substrate [52]. This result implied that polyimide
was firmly bonded to the Ti surface, resulting from the generation of strong
Ti-C and Ti-O chemical bonds for both cases [52]. The induced bond strength
appears to be comparable to that of a Ti-glass joint which is produced by the
metal-coating process. On the contrary, while these joints have been immersed
in an artificial cerebrospinal fluid (CSF) for 28 days, the Ti/Pi joint seems to be
1.2 times stronger than the TiG /PI joint, and both show strength reductions of
25% and 57%, respectively (Fig. 2.5). It has been reported that polyimide has a

high water uptake (about 1% on average) and relatively high water transmission
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rate (about 1.350 g-mm/m*-day) [54]. This implies that water absorption via
polyimide could promote oxidation at the interface [52, 55]. Since Ti-O bonds
are generally unstable, they can be oxidized to generate a stable TiO,, which

contributes to a slight stronger bond in Ti/PI joints.

Bond strength
(N/mm)

Weeks in CSF solutions at 37°C

Fig. 2.5  The relationship between bond strength of titanium/polyimide and
glass/polyimide micro-joints as a function of exposure time in CSF

[52].

The evidence of the formation of new chemical bonds in the LAMP
joining of metals to plastics was also studied by Katayama et al. [9], kawahito et
al. [10] and Georgiev et al. [56, 57], who discovered the Ti-F and Ti-O bonds in
the joining of Teflon FEP to Ti. Fig. 2.6 shows the Ti side of a Ti-Teflon FEP
joined sample upon removing the polymer side. It illustrates that the Ti-F bond
only exists within the interfacial region and the residual Teflon FEP indicates
that a strong bond is established between these two materials [56]. As a
consequence, the cohesive failure of the joint occurred in the plastic base
material. However, if the joints are to be employed in a fluid, further studies on
bond strength under a wet environment are required. Moreover, Kawahito et al.

[10] also acquired a strong joint strength between a glassy metal
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(ZrssAljoNisCuzg) and PET. They reported two essential features which could
promote a strong joint. Firstly, the formation of chemical bonds on the
pre-existing zirconium oxide film is accompanied by the growth of an oxide
film [10]. Secondly, the microstructure of the metal base near and in the joint
area was in the state of amorphousness (disordered lattice structure); this was
confirmed by X-ray diffraction (XRD) results [10]. In other words, the joint

retains its amorphous characteristics even after being heated.

TeflonFEP residue

(¢) Ti-F

(@) Ti

Fig. 2.6 A cross-section view of the titanium side of a bulk Ti/Teflon FEP

sample after removing the polymer side [56].

2.1.2.4 Joining parameters

Formation of a sufficiently strong bond requires optimum laser energy
with an appropriate scanning speed. Sufficient melting and wetting of the
polymer to the metal part is crucial for achieving a high joint strength [46].
However, excessive heat input initiates overheating and pyrolysis of the
polymer [2, 46], which leads to excessive bubble formation [46]. On the
contrary, using a high scanning speed would result in insufficient laser-material
interaction and would lead to weak joint strength [2, 46]. Normally, strong joint
strength can be obtained when a moderate laser power and scanning speed are

used [2, 46]. Figure 2.7 shows the effect of laser power on joint strength at
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various scanning speeds [2].
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Fig. 2.7 Effect of laser power on joint strength at various scanning speeds [2].

2.1.2.5 Sample preparation

Metal Surface Patterning

It is predicted that surface patterning of the metal surface can increase
the overall contact area of the join as well as to enhance the mechanical keying
effect. To this end, Roesner et al. [50] pre-treated the metal surface using laser
structuring. A groove pattern was created on the surface of a stainless steel
specimen using a pulsed Nd:YAG laser. The results showed that the strength of
the joint was dependent on the number of undercut structures as well as the
width and distance between them. Taking a different approach, Wahba et al. [16]
produced many pores on the surface of a Mg specimen prior to laser joining. As
a result, an increase in tensile shear strength was obtained which was attributed
to the mechanical anchor interlocking of the solidified plastic inside the pores.
Recently, the effects of micro-patterning of the metal surface on failure

behaviour have been studied in-depth. The pattern parameters studied include

16



Chapter 2 Literature Review

the groove width and depth, and the space between the grooves, the focus angle
of the laser beam and the direction with respect to the joint (Fig. 2.8) [58]. It
was found that the space between the grooves was the key factor governing joint
performance. On the other hand, the groove orientation did not show any
noticeable effect on joint strength, but the alignment angle of grooves caused

different failure modes.
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Fig. 2.8 Various metal microstructure patterns [58].

Surface treatment

The effects of sample surface pre-modification, including anodizing
[44], and pre-oxidation [59], on joint mechanical performance have been
studied. Yusof et al. [44] has investigated the effect of anodizing on the joint
shear strength between an aluminium alloy (A5052) and PET film. The joint
strength of the anodized A5052/PET was about 36% greater than that of the

joint without any pre-treatment. The A5052 specimen was first cleaned in an
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ultrasonic bath of acetone solution and then dipped into an electrolytic bath of
sulphuric acid [44]. After cleaning with distilled water, the anodized sheet was
immersed in a chemical solution for sealing the pores and, after the treatment,
the reflectivity of the metal was reduced. This means that more laser energy is
absorbed by the metal surface and results in a larger joint area, and this

increases the shear failure resistance [44].

The positive effect of surface oxidation on the tensile shear strength of
zinc-coated steel/ABS joints has been verified by Jung et al. [59]. The zinc
oxide layer thickness produced was proportional to the joint strength as long as
the strength of the oxide layer was greater than that of the jointed layer. The
zinc oxide layer promoted reaction with the carbon of the ABS material

(Zn-0O-C), which was verified by means of SEM and XPS.

2.1.3  Summary

The literature review shows that laser-assisted joining is a potential
method to join metals to plastic and can produce a strong bond. Different
aspects of the joining process have been studied with an aim of improving joint
strength, including process parameters, material properties and surface
treatment. The joint’s bubble and bonding characteristics for some widely
studied metal-plastic pairs are summarised in Table 2.1, and it was found that
the main concern of how to get rid of laser-induced bubbles has not been

addressed.

It was suggested that the laser-induced bubbles serve as a means to
create an intimate contact surface between the metal and plastic parts. However,

it is apparent that the bubbles themselves are defects by nature. Until now, there
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1s still no effective method that can be used to eliminate the bubbles, or to

model and predict the bubble distribution in the joint. What is also known is that

the chemical bonds formed at the interface can enhance the joint strength, but

few studies can be found as how to promote the generation of beneficial

chemical bonds. Thus, in the light of these challenges, this research study seeks

to address two critical issues, i.e. the elimination of bubbles and enhancing the

chemical bonds in LAMP joining.

Table 2.1  Joint characteristics of some commonly studied metal-plastic pairs

Materials

Joint characteristics

Titanium and plastics

The chemical bonds of Ti-C and Ti-O
were found in all types of polymers [60],
except the cases of joining of Ti to
TeflonFEP [56, 57] and KaptonFN [57]
that resulted in the generation of Ti-O and

Ti-F bonds.

Stainless steel (SUS304) and

plastics

Formation of bubbles with optimum size
and quantity were responsible for strong

bonds in all joints [48].

Copper and plastics

Strong bond strength was attributed to the
increment in surface roughness and heat
absorptive by oxidation of cooper surface

[48, 61].

Mg alloy and plastics

Formation of individual bubbles at the
interfacial region produced higher bond
strength than that of chains of
interconnected bubbles morphology [16].
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2.2 Other joining methods

2.2.1  Metal-plastic adhesion

Adhesive bonding is often employed in industrial applications.
Generally, this process involves the following actions: (1) surface preparation
by means of degreasing, chemical/plasma etching, sand blasting and sometimes
the application of a primer under layer to increase adhesion; (2) an adhesive is
spread over the joint and the bonding pairs are tightly gripped; (3) the bonding
interfaces are kept under a sufficiently high clamping force; (4) the adhesive is
cured and forms a bond; this process can be completed at elevated or room
temperatures. The main benefits of this method are low stress concentrations,
often resulting in an increase in fatigue resistance; however, the disadvantages
are obvious: temperature sensitivity, high disposal costs and environmental
concerns [62]. Therefore, bonding of metals to plastics by adhesion is rarely

undertaken.

2.2.2  Friction joining of metals to plastics

Friction welding is a solid state joining technique, which can be
considered to be an eco-joining method and has the advantages of reducing
material waste as well as the elimination of harmful gas emissions that are
normally associated with the fusion welding methods [63]. However, due the
vast differences in the physical and thermal properties of metals and plastics,
these two groups of dissimilar materials are not easy to be joined by the
conventional friction joining process. In recent years, a specific friction stir
welding (FSW) method, namely friction lap welding (FLW), has been

developed for joining metal parts to plastic parts. This process differs from FSW
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in that the non-consumable rotation probe of the former does not penetrate into
the plastic part. Instead, the hard rotation probe only penetrates the top metal
part and the heat generated by the friction action causes melting and
decomposition of the underlying plastic part (Fig. 2.9) [63]. Upon the
solidification of the molten plastic on the metal part, a joint is produced. This
process has been successfully applied to join a number of metal-plastic pairs
(AA6061/MC Nylon-6 [63], AS5052/PET [64], AZ31/PPS-GF and
AZ31/PPS-CF  [65], Mg/PE [66], AA2024/carbon-fibre-reinforced
polyphenylene sulfide [67]. These studies found that the key factors affecting
joint properties were rotation rate [63-64], joining time [65, 67], joining

pressure [63, 67], joining speed [66] and surface treatments [66].

For the FLW, which is similar to the LAMP joining process, due to the
decomposition of the plastic material; some bubbles are produced, as shown in
Fig. 2.10 and Fig. 2.11. Although, these studies considered that the generation
of bubbles caused the molten plastic to have an intimate contact with the metal
surface due to the high pressure of the bubble [9-11, 16, 64], it was also found
that the bubble itself is a defect by nature and it can reduce the shear strength of
the joint depending on the size of the bubbles and their orientation [64].
Unfortunately, it is not easy to control the size and the orientation of the bubbles

formed in the joining area.
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Fig. 2.10 Fracture surface of an A5052/PET specimen, showing the bubbles

formed in the plastic material [64].
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Fig. 2.11 A cross-sectional view of an AS5052/PET specimen, showing the
bubbles formed in the plastic material [64].
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2.2.3  Ultrasonic joining of metals to plastics

Balle et al. [68, 69] used the ultrasonic lap joining technique to form
strong joints between aluminium alloys and carbon fibre reinforced
plastics/carbon fabrics without a plastic matrix (Fig. 2.12 (a), (b)), with the
tensile shear strength of the joint reaching a level of over 30 MPa. A cross
section of a joint formed between Al and the carbon fabric shows that ultrasonic
energy can actually deform the Al and to have the carbon fibre engulfed without
melting the Al (Fig. 2.12(c), (d)); moreover, no obvious damage of the carbon
fibre reinforcement was observed. It is believed that the bonding between the
two materials is mainly of a mechanical interlocking nature since no evidence of
chemical bonds was presented. In order to improve the interlocking effect, Yeh
et al. [70] employed the process of ultrasonic direct joining of laser
surface-structured metal to thermoplastic. AA5052 sheets were structured by
laser irradiation before joining. The results showed that the creation of
micro-structure geometries on metal surfaces can enhance the long-term
durability of metal/plastic hybrid joints. Although ultrasonic lap joining is a
potential technique that can be used to join metal and plastic parts with a good
joint strength, it should be noted that the shape of the joint often needs to be
specifically designed in order to ensure that the ultrasonic energy is effectively

directed to the jointing area.
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Fig. 2.12 Metal/carbon fibre textile-joint: (a) specimen, (b) back view of a

aranLaggEgnen

prepared joint, (c) focused ion beam cut through the welding zone,

and (d) SEM micrograph of the welding zone [68].

2.3 Effects of ultrasound on processing of molten polymers

As early as the 1950s, it was found that ultrasound can change the
rheological properties of polymer melts [71], and since then the subject of
ultrasound-assisted polymer processing has become an important field of
research. The main applications of applying ultrasound in polymer processing
are (i) improving the processing ability of polymers, (ii) assisting rubber
devulcanization, and (iii) for developing new polymer materials. The main
development stages of using ultrasound in polymer processing are summarised

in Fig. 2.13.
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Fig. 2.13 The various development stages of using ultrasound in polymer

processing.

The main physical effects of ultrasound on polymer melts are the
creation of acoustic pressure and cavitation in the melt as well as the induction
of molecular chain vibration. One of the major consequences of these effects is

the degradation and fragmentation of the polymer molecular structure.

2.3.1  Acoustic cavitation

Ultrasound propagating in a liquid can cause pressure fluctuations,
which leads to the generation of acoustic fields. Under the rarefaction phase of
the acoustic field, cavities or voids, i.e. cavitation bubbles, are formed and each
of them may grow until a maximum size is reached. The bubbles finally

collapse violently in the form of certain stable and transient cavitational events
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[72] during the compression phase, and is known as acoustic cavitation. If this
happens in a Newtonian fluid, huge heat (~5000 K) and pressure (~500 atm) are
created as well as micro-jets of fluid being generated during the collapse of the
transient cavities, which leads to acoustic streaming flow and the introduction of

shear forces to the melt [77].

Since the 1960s, Hughes and others [78] have made use of the acoustic
cavitation phenomenon for medical applications (where the biological fluids or
tissues are non-Newtonian fluids), and motivated many researchers to study the
physics of the acoustic cavitation phenomenon. However, most of the analyses
were still based on the properties of Newtonian fluids because of the difficulties
encountered with non-Newtonian fluids. Similarly, in the study of ultrasonic
treatment effects on polymer melts, the Newtonian fluid assumption has been
widely employed despite the fact that the melts are actually non-Newtonian
fluids [72]. Many researchers suggested that the acoustic streaming flow and
shear forces created would impose a huge heat and pressure load on the polymer
melt and could lead to the breaking up of the polymer chains/reduction of the
polymer aggregates [79]. In addition, the ultrasonic input energy can even
promote chemical reactions in some cases (mechanochemistry effect) [78].
Nonetheless, doubts were expressed on having acoustic cavitation occurring in
all non-Newtonian fluids. Studies have found that by adding a water-soluble
polymer in water can cause a reduction of the growth rate and a decrease in the
size of the cavitation bubbles. This has a strong effect on the dynamic behaviour
of the bubbles. In other words, a change in the elastic properties of a Newtonian
fluid can delay bubble collapse occurring and can even suppress the formation

of cavitation [80-83]. Indeed, Brujan et al. [84, 85] found that the dynamic
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behaviour of cavitation bubbles was considerably different in polymer solutions
and in water. This can be illustrated by the schematic diagram shown in Fig.2.14.
In the case of a non-Newtonian polymer fluid, most of the potential energy is
used up to provide an additional resistance to the extensional-lateral flow, which
is conferred by the surrounding polymer molecules solution. As a result, the
bubble collapse will therefore be suppressed in polymer solutions. Moreover, if
a transient bubble contains a high level of gas content it may collapse and then
rebound, and this action confers a significant change in pressure on the
surrounding liquid. Such a phenomenon, if occurring in the LAMP joining
process, can assist the molten plastic to have a more intimate contact with the

metal part.

Having reviewed the phenomenon of acoustic cavitation, it is
considered that cavitation is unlikely to occur in the U-LAMP joining process
because the ultrasonic device would not create a strong acoustic field in the
molten plastic. However, it will cause the melt as a whole to experience a
change in pressure with time. This effect is elaborated in Section 7.4.2.
Nonetheless, vapour bubbles will still be formed during U-LAMP joining due to

the boiling of the molten plastic by the laser light.
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Fig. 2.14 A schematic diagram showing the dynamics behaviour of
ultrasound-induced cavitation in (a) a Newtonian fluid, and (b) in a

non-Newtonian fluid near a solid boundary [85].

2.3.2  Vibration of molecular chains

A few studies [86-89] claimed that the effects of ultrasound on the
physical and chemical properties of polymers are through molecular
chain/segment vibration rather than the result of acoustic cavitation. When
ultrasonic fields propagate in a polymer melt, the relaxation time of the molten
polymer is much longer than an oscillation cycle of the field. In other words,
when polymer molecules are subjected to high frequency acoustic waves or
loading, they are unable to relax in time. Therefore, random scission of the
polymer chain can occur. The higher the molecular weight of the polymer, the
easier will the chain scission occur. Normally, this degradation process is more
pronounced at the beginning of the application of the ultrasound since there are

more long chains present initially.
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2.3.3  Acoustic pressure

In U-LAMP joining, one of the consequences of the ultrasonic
vibration effect is the exertion of extra pressure on the molten plastic [90]. The
induced pressure change in the molten plastic has an effect on the movement of
the laser-induced vapour bubbles and this is an important subject matter covered
in this research study. To study this, the ultrasonic transducer tools with

different surface profiles were used.

2.4 Bubbles behaviour under ultrasonic standing wave

The acoustic radiation force together with hydrodynamic forces is
known to be capable of causing gas bubbles in a fluid to expand and contract in
a nonlinear manner, eventually resulting in a net displacement of the bubble in
the wave propagation direction. Indeed, bubble movement/translation under the
influence of an acoustic radiation force has been widely used for many medical
applications, in particular drug delivery with the bubble being a substance
carrier, where drugs can be transported to the target site via the radiation force

[91, 92].

The acoustic radiation force known as the Bjerknes force acting on
bubbles was first reported by Bjerknes [93], which is caused by a spatial
acoustic pressure gradient and is classified into primary and secondary Bjerknes
forces. The primary Bjerknes force results from the “primary” external wave
that covers the acoustic pressure gradient as well as the average oscillation of
one bubble within one cycle. The secondary Bjerknes force is the result of the

“secondary” wave emited by the vibration of the bubbles. Some years later,
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Eller [94] derived a mathematical expression for evaluating the average force
acting on a sphere-shaped bubble under the action of a standing wave, and the
theory was supported by experimental results. Based on the analysis, it was
found that if the radius of a bubble is larger than the resonant radius, then the
primary Bjerknes force can cause the bubble to travel towards a pressure node.
On the contrary, if the radius is smaller than the resonant value, the bubbles will
travel towards a pressure anti-node. The pressure amplitude of the sound
emitted by a bubble decreases inversely proportional to the distance from
another bubble since a bubble acts as a point-sound-source. This acoustic
pressure gradient leads to the secondary Bjerknes force and many early studies
have examined this force. Other studies showed that the secondary Bjerknes
force can cause the phenomenon associated with acoustic cavitation,

specifically the mutual attraction and coalescence of bubbles [95, 96].

In classical theory concerning bubble dynamics, the direction of the
Bjerknes force for two interacting bubbles is determined based on the
relationship between the resonance frequency of the bubbles and the driving
frequency. If the driving frequency does fall between the resonance frequencies
of the two interacting bubbles, the force will be repulsive; otherwise, it will be
attractive. It was noted that the interacting bubbles under the influence of
acoustic waves exhibit rather complicated dynamics that cannot simply be
explained by classical theories. Indeed, it was found that many factors, such as
viscous effects [97], nonlinear vibration of the bubbles [98, 99], and variations

of resonance frequencies [100, 101] also affect the bubble dynamics.

In order to understand the translational movement of bubbles in an

acoustic field, various models have been developed. Crum [102] presented a
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simple model to determine the secondary Bjerknes force between two vibrating
bubbles with the aid of photography, assuming that the bubble’s radius only
changed linearly with small amplitudes of pulsation. The study also found that
the relative velocity of two approaching bubbles underwent a secondary
Bjerknes force and demonstrated that the experimental results were in good
agreement with the theoretical analysis. A few years after Kornfeld’s publication
[95], Doinikov [103] derived a refined mathematical expression to express the
secondary Bjerknes force between two vibrating bubbles in a viscous
incompressible fluid. This was an advancement over previous theories, since
Doinikov studied the phenomenon in a more realistic manner and took acoustic
streaming into account as well as treating the Bjerknes secondary forces to be
unequal and unopposed. Further improvement has been made by permitting
bubble translational oscillations and vertical motion of the liquid. With these
considerations, it was found that small bubbles are capable of repelling each
other even when driven below the resonance frequency due to viscous effects;
this is not in agreement with the classical Bjerknes theory [97]. On the other
hand, Parlitz et al. [104] employed a particle model to study the structures of the
bubbles, in that an individual bubble could be treated as a moving particle and
all the forces acting on bubbles, namely, acoustic radiation forces, drag forces
and mass, could be maintained in balance. This particle model can be used to
simulate the structure of bubbles and the trajectory of a pair of interacting
bubbles in both travelling and standing wave fields. However, the changes in
volume of the bubbles during oscillations have not been taken into account in

this model, which leads to errors in the translational motion of the bubbles.

Moreover, other studies have been conducted to examine the resonance
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response in multi-bubble systems [105] and in compressible liquids [106].
Doinikov [107] applied Lagrangian mechanics to derive a mathematical formula
that coupled the radial and translational motions to express the secondary
Bjerknes force for a vibrating spherical bubble in a viscous compressible fluid
under strong acoustic fields. In addition, the effect of viscosity on the mutual
force was also studied. Recently, based on Doinikov’s model, Xi et al. [108]
analysed the movements of bubbles close to a solid boundary in a weak standing
wave field, which could be used to explain the translations of multi-bubble
through considering a balance of all the forces acting on the bubbles in a liquid.
More recently, Jiao et al. [109] applied the coupled model established by
Doinikov [107] to simulate the trajectory of bubbles in water, which was in

good agreement with the experiment.

With regard to the study of bubble dynamics in viscous fluids, thus far,
there is a need to find an established model for describing bubble behaviour in a
viscous compressible polymer melt. Nonetheless, Doinikov’s coupled model
[107] for determining the secondary Bjerknes force between two vibrating
bubbles in a viscous compressible fluid, which has been verified by
experimental studies, is considered to be acceptable for the study of the

translation path of bubbles in the U-LAMP joining process.
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Chapter 3

Experimental Details

3.1 Ultrasound-aided laser joining system

The ultrasound-aided laser joining system (Fig. 3.1) consists of a 300
W Nd:YAG pulsed laser which has a multi-mode beam distribution, an
ultrasonic vibration system with longitudinal mode of vibration which is
capable of vibrating at a frequency of 28 kHz and an apparatus clamping system.

Some of the major specifications for this equipment are listed in Tables 3.1 and

3.2.

Optical fiber transmission

Transformer

Vibration generator

[eleXe]

o

Quartz plate

PET\L |

Ti— oo —
Support plate ﬁ

Clamping cylinder —|

Transformer /"/F

(b)
Fig.3.1 (a) The ultrasound-aided laser joining system; (b) more details of A-A.
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Table 3.1  The specifications of the laser welding machine

Parameter Value

Beam wavelength 1064 nm

Output Average Power 300 W

Pulse energy <901J]

Pulse duration 0.01 ~50 ms
Pulse frequency 1~200 Hz
Minimum beam diameter 0.6 mm

Working stroke of workbench 300x300%300 mm

Table 3.2 The specifications of the ultrasonic system

Parameter Value
Vibration frequency 28 kHz
Output Power 500 W
Transducer Piezoelectric

Vibration Amplitude of transducer <30 pm

3.2 The ultrasonic device

Ultrasonic devices range from small table-top-sized applications to
machines with large capacity. In addition to the physical size, the level of power
for a particular machine tool is also an important consideration. All ultrasonic
devices have similar major elements regardless of the geometry and power
rating. The most important elements are the power supply, the transducer, the

transformer (horn) and the tool [110].
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3.2.1  The ultrasonic generator and transducer

An ultrasonic generator is used to convert low frequency (about 50 Hz)
electrical signals to high frequency electrical signal (approx. 28 kHz). The
transducer then converts the electrical energy into mechanical vibration. The
power supplied depends on the size of the transducer [111]. Generally, based on
different principles of operation, the transducers can be divided into two types:
magnetostrictive and piezoelectric [112]. The magnetostrictive transducer
allows oscillations to be transmitted through a wide frequency band due to its
lower mechanical quality factor Q (m) value that is a measurement of the
sharpness of the energy peak value [113]. In addition, it allows tool wear and
improves the design flexibility of the transformer. However, its energy
convection efficiency is low with high electrical losses (about 55-60%). The
piezoelectric transducer has higher energy efficiency (90-96%), and also can
generate higher vibration intensities than the magnetostrictive transducer [114].
Therefore, a piezoelectric transducer is used for the construction of the
U-LAMP joining system in this project. In order to transfer the vibration energy
from the transducer to the workpiece, an appropriate coupler, a transformer, is

mounted between the transducer and the workpiece.

3.2.2  The transformer (transducer tool)

The velocity transformer (or the transducer tool) is used to transmit the
ultrasonic waves to the workpiece with a reasonable high ultrasonic intensity
and suitable displacement amplitude. One of the most popular velocity
transformers, the double quarter-wave cylindrical step transformer, was used in

this research. Its configuration is simple and can be conveniently produced.
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Basically, it consists of two cylinders; each of which is a quarter of a wave
length of the sound wave travelling in the transformer material. The two
cylinders are joined together to form a transformer, as shown in Fig. 3.2. One
end of the transformer, i.e. the input end, is rigidly attached to the transducer,
whereas the other end, i.e. the output end, has the tool firmly attached on it, as
shown in Fig. 3.3. During laser joining, the ultrasonic system excites the metal
sheet at a frequency of 28 kHz, and the vibration amplitude of the workpiece is
of the order of 2~10 um. Since the workpiece is vibrating at exactly the

frequency of the system, the workpiece can be regarded as a waveguide [115].

S56mm

25.6mm
N <

106.25mm

53.13mm

51.2mm

Fig. 3.2 Sketch of a double quarter wave cylinder transformer.
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Tool surface

Transformer

(transducer tool)

Transducer

Power inlet

Fig. 3.3 The ultrasonic transformer is attached to the transducer.

If the input end diameter of the transformer is D; and its output end
diameter is D,, then the diameter D of the transformer along the z-axis is given

by [115, 116]:

D=p, (0<z<%,)

D=D, (%<z<%)

Also, the velocity u of the transformer can be expressed by the

3.1)

following equations (Fig.3.4):
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u:uicos% (0<zs%)
D. ’ nz y) y) (3'2)
uz[;’j uic057 (A<Z<A)

u, = (%} u, (33)

where u; and u, are the velocities at the input and output end surfaces of the
transformer, respectively; and A is equal to the wavelength of the sound

propagating in the material. Hence, for a half-wave transformer the velocity

transformation ratio R, is equal to:
DY
u .
R =—%=|—+ 3.4
Yo (D J B4

to:

Rgz_ozu_oz[&j (3.5)

where & and &, are the displacement amplitudes at the input and output end

surfaces of the transformer, respectively.
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Velocity distribution

1742 1/4).

YU

Fig. 3.4 The double quarter wave cylinder transformer and its velocity.

3.2.3  Longitudinal mode of vibration

As the output surface of the transformer is larger than that of the
joining area, in this case, the velocity equation for the workpiece described

previously can also be used, i.e. Eq. (3.2) [115].

u:uicos% (O<ZS%)

(3.6)

In this study, the thickness of the workpiece is 1 mm, which is much
less than the wavelength, therefore the velocity of the workpiece u,, can be
considered as uniform and can be determined by applying the following

equation:
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u, = [%j u, 3.7

3.3 The coupling between ultrasonic device and specimen

A sufficient clamping force between the metal and plastic parts is
necessary in order to achieve a good contact surface. To perform U-LAMP
joining, a plastic sheet is placed on top of the metal sheet, and ultrasonic
vibration is required to transmit to this metal-plastic coupled specimen through
the output end of the transformer. Two coupling approaches for transmitting the
vibration to the specimen have been considered; they are the fixed structure

design and the detached structure design.
3.3.1 Ultrasonic-specimen fixed design

The ultrasonic-specimen fixed design is a clamping system which
behaves as a forced vibration system (Fig. 3.5). The design consists of a loading
plate, an upper fixture plate and four fixing screws. The loading plate is firmly
inserted into the top surface of the transformer by a screw. The loading plate
would normally be larger than the workpiece. In this study, the diameter is ¢100
mm with a thickness of 10 mm. The workpiece is placed between the loading
and the fixture plates which are fixed by four screws. Although this coupling
design is simple, its disadvantage is that it is a forced vibration system, which
means that the vibration amplitude is very small, generally less than 3 um. This
can lead to an uneven clamping force acting on the specimen. Moreover, the
geometry of the loading plate affects the vibration amplitude. If the size of the

loading plate increases, the vibration amplitude of the workpiece decreases.
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A

Fig. 3.5 The ultrasonic-specimen fixed design.

(1. fixture screws 2. fixture plate 3. workpiece 4. loading plate 5. transformer 6.

transducer)

3.3.2  Ultrasonic-specimen detached design

The ultrasonic-specimen detached design works as a resonance system,
and is shown in Fig. 3.1(b). In this design, the transformer is used to intensify
the vibration with its tool surface covering the entire joining area. The clamping
apparatus consist of a covering plate which is made of quartz glass, a clamping
plate which is moveable, two cylinders, two supporting plates and a PLC
controller (Fig. 3.6). Such a clamping system provides an effective means to
control the clamping force acting on the workpiece to be joined. The workpiece
is placed between the covering and clamping plates. There is enough space
between the two supporting plates for the transformer to travel upwards and

apply vibration onto the workpiece. Since the top end of the transformer is not
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rigidly fixed onto the workpiece, this ultrasonic-specimen coupling design is
regarded as a detached structure design. During the U-LAMP joining process,
the two cylinders drive the clamping plate upwards till it is locked in with the
workpiece. Then, the central cylinder drives the transducer upwards and brings
the transformer in touch with the workpiece (i.e. the upper face of the metal
sheet that is to be laser joined). Compared to the ultrasonic-specimen fixed

clamping system, this detached structure design has the following advantages.

(1) A larger vibration amplitude can be achieved.

(i1) An even clamping force between the metal and plastic sheets (i.e. the

workpiece) can be obtained and is easily controlled.

(111) There is no specific geometry limitation on the workpiece.

A weakness of this design is that it works well for plastics that have
high transmittances to the laser. However, the advantages outweigh the
disadvantage. Based on above analysis, the ultrasonic-specimen detached
clamping design was adopted in this study. The ultrasonic duration with sine

wave and the clamping force of 0.6 MPa were employed.
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Detail of A-A

1. quartz plate; 2. plastic sheet; 3. metal sheet; 4. chute; 5. clamping plate; 6.
clamping cylinders; 7. transformer; 8. support plate; 9. cylinder bracket; 10.
cylinder; 11. pressure regulating valves; 12. solenoid valves; 13. PLC controller

(a)
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High speed camera

(©

Fig. 3.6 (a) A schematic diagram showing the ultrasonic detached structure

design, (b) front view of the design set-up, (c) the set up with a high

speed camera.
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3.4 Materials

In the present study, both LAMP and U-LAMP joining are conducted
for a Titanium (Ti)/Polyethylene Terephthalate (PET) pair. Since there have
been some detailed studies on the chemical bond nature of laser joined
Ti/plastics pairs, it is convenient to compare the results of this study to those
found in the open literature. Both Ti and PET materials used in this study were

purchased from Goodfellow Ltd..

Titanium and its alloys are widely applied in aerospace equipment and
medical applications (e.g. replacement hip joints) due to their excellent
properties, such as lightness, high strength and excellent corrosion resistance. In
this study, Ti sheet (ASTM B265 Grade 1) was selected as one of the metallic
materials to be joined to plastic. The nominal composition and some of its
physical, thermal and mechanical properties are given in Table 3.3 and Table

3.4, respectively.

Table 3.3  Nominal composition of the Ti sheet

Element wt %
Aluminium 0.5
Cobalt 0.002
Copper 0.2
Chromium 0.5
Nickel 0.5
Iron 0.3
Magnesium 0.02
Manganese 0.5
Silicon 0.2
Tin 0.2
Vanadium 0.5
Tantalum 0.01
Titanium Balance
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Table 3.4  Titanium properties

Properties Notation Value

Melting point T, 1933 K
Boiling point Ty 3560 K

Latent heat of fusion L, 3.65x10° J/kg
Latent heat of evapouration L, 8.893x10° J/kg
Density Pm 4.5x10° kg/m3
Thermal conductivity K, 21.9 WmK
Specific heat Cpsm 523 J/kgK
Coefficient of thermal expansion K., 8.9x10°6 K!
Tensile strength O im 230-460 MPa

PET is the plastic material to be joined to Ti. It is a stiff, hard and
strong dimensionally stable material with low water absorption rate. It also has
good gas permeable resistance properties and good chemical resistance, and is
an important material for medical devices. The material can be tailored made to
exhibit different percentages of crystallinity, i.e., the material can be produced
with an amorphous structure or with a fairly high crystalline structure. It can
therefore be highly transparent or opaque. Its chemical formula is
-OCH,-CH20COC6H4CO-, which contains the ester carbonyl group. Since the
carbon atoms in ester carbonyl are active, chemical reactions should readily
occur between PET and the metal part to be joined. Some of its physical,

thermal, optical, chemical, mechanical properties are listed in Table 3.5.

The joining face of the titanium specimens was ground finished with
emery paper (#320 and #1200) to remove oxide films from the surface, and all
the Ti and PET specimens were cleaned in an ultrasonic bath in ethanol for 10

minutes prior to joining.
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Table 3.5  PET properties

Properties Notation ~ Value
Density op 1.3-1.4x10° kg/m’
Thermal conductivity Kp 0.15-04 W/m K
Specific heat Cpsp 1200-1350 J/kg K
Coefficient of thermal expansion K.p 20-60x10°K!
Tensile strength oir 80 MPa
Transmission index K 92-95%
Water absorption equilibrium K, <0.7%
Lower working temperature T, 213-233 K
Upper working temperature T, 388-443 K
gfe(l)t.-fsetl‘\lzgt;;)n temperature Tunes 388 K
ii? ;if[lf):;lon temperature Tus 353 K

35 Design of experiments

The main objective of the experiment design is to demonstrate the
advantages of U-LAMP over LAMP. Firstly, some experiments were
conducted for LAMP to establish a baseline to use as a starting point for
comparison. Previous studies showed that the most influential parameter
affecting the amount of laser-induced bubbles produced was the laser power
[45, 46]. With this in mind, the first set of experiments was employed to
determine the level of laser power that initiates extensive decomposition of
PET with widespread formation of bubbles. Having determined these laser

power levels, two more sets of experiments, one at a lower and one at a higher
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power level than this, were conducted. The former aims to study the effect of
ultrasonic vibration on joint performance without the influence of
laser-induced bubble. The main attention was focused on the chemical
bonding of the joint interface. The latter was intended to study the possibilities
of using ultrasonic vibration to eliminate bubbles in the joint with an aim to
further improve joint performance. To this end, transducer tools with different

surface profiles were used.

3.5.1 The LAMP process

A transmission joining configuration of the LAMP process together
with the dimensions of the specimen is shown in Fig. 3.7. The joining
parameters and the designation of specimens are listed in Table 3.6 and Table
3.7, respectively. During the joining process, the laser beam passed through
the covering plate (quartz glass) and the PET sheet, which has a high
transmittance of about 92% at Aj.ser = 1064 nm, before reaching the surface of

the Ti sheet.
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Fig. 3.7 A schematic diagram showing the transmission joining configuration

of the Ti-PET pair.

Table 3.6 LAMP Joining Parameters

Parameters Value

Laser beam focal length 25 mm

Laser power 35/45/60/80 W
Pulse duration 8 ms

Welding speed 4 mm/s
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Table 3.7 Designation of Specimens

Sample 1
] o Sample 2

LAMP (Without ultrasonic vibration)
Sample 3

Sample 4

LP 35W
LP 45W
LP 60W
LP 80W

LP = laser power (W)

3.5.2  Ultrasound-aided laser joining

To perform U-LAMP joining, the plastic sheet is placed on top of the
metal sheet. During the joining process, the two cylinders drive the clamping
plate to firmly hold the metal and plastic parts together. Then the cylinder drives
the transformer to pass through the hole of the clamping plate, which is in
contact with the bottom surface of the titanium sheet. The laser beam passes
through the quartz plate and the plastic sheet, and when it reaches the metal
surface, heat is absorbed by the metal, and as a result, the contact surface of the
plastic sheet is melted. When ultrasonic vibration is applied, an extra pressure
with an oscillation effect acts on the molten plastic and forcing it to have an

intimate contact with the Ti sheet. A schematic diagram of the U-LAMP process

is presented in Fig. 3.8.
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Laser beam

Clamping force

¥
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Fig. 3.8 A schematic diagram showing the ultrasound-aided laser joining

process.

3.5.2.1 U-LAMP joining with low laser power

Previous studies showed that for the LAMP joining process, if the laser
energy input was too low, the joint strength would also be low. On the other
hand, if the laser energy input was increased, the joint strength would be
increased [2, 46], but this could cause the formation of numerous bubbles to be

formed in the joint.

It is envisaged that by the conjoint action of the laser and ultrasound, a
better contact between the metal surface and molten plastic can be achieved.
This means that a low laser power can be used to avoid decomposition of the
polymer and the formation of bubbles, and due to better surface contact, the
mechanical locking effect is enhanced. As a result, high joint strength can be
obtained. Moreover, the vibration energy input to the joint enhances the
chemical reactions between the molten plastic and the metal surface due to the

more vigorous molecular chain vibration. This also leads to a stronger joint
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interface with a higher failure load. It is therefore believed that with the aid of
ultrasonic vibration, a strong interface can be formed between the metal and
plastic parts, even without the assistance from laser induced bubbles to create

intimate contact.

In this phase of the study, an ultrasonic tool with a smooth surface was
used (Fig. 3.9); the ultrasonic device was operated at a duty cycle of 30% (Fig.
3.10). The tool was made of Crl2 steel. The joining parameters used in the
experiment are given in Table 3.8. Based on some preliminary results of the
LAMP joining experiment, the laser power was kept to below 30 W to avoid
decomposition of the polymer and the formation of excessive laser-induced
bubbles, which are detrimental to joint strength [46, 48-49]. The joint was
created by using one pass of the laser beam only. This produced a lap-joint
length of about 15 mm. The designations of the specimens are listed in Table

3.9.

/)

PET
/
’ Ti

Transducer tool

Fig. 3.9 The ultrasonic transducer with a smooth flat tool surface.
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Ultrasonic amplitude (um)

O P B L P B L P B L .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0
Welding time (s)

Fig.3.10  The ultrasonic pulse operation mode (duty cycle of 30%).

Table 3.8 U-LAMP joining parameters

Parameters Value
Laser beam focal length 25 mm
Laser power 30 W
Pulse duration 8 ms
Welding speed 4 mm/s
Ultrasonic vibration amplitude 0/2/4/6 um

Table 3.9  Designation of specimens

Specimen Al LP 30W _UA 0

LAMP (Without ultrasonic vibration) )
Specimen A2 LP 45W UA 0

Specimen B LP 30W UA 2
U-LAMP (With ultrasonic vibration) Specimen C LP 30W_UA 4
Specimen D LP 30W UA 6

LP = laser power (W)
UA = Ultrasonic vibration amplitude (um)
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3.5.2.2 Using a three holes transducer tool

A three-blind-holes transducer tool (Fig. 3.11) was used to study the
effect of the pressure field on the movement of bubbles in the molten pool
during U-LAMP joining. The purpose of having cavities in the transducer tool
is to create a relatively low pressure region in the molten plastic zone above the
location of the cavities when ultrasonic vibration is applied. It is considered that
the differential pressure effect would cause bubbles to move to the low pressure
regions in the molten plastic pool. During laser joining, the ultrasonic device
operates at a duty cycle of 20% (Fig. 3.12). Other joining parameters used are

listed in Table 3.10.
%76Omm—+
/ PET
Ti

N
1 Transducer tool

z
' l
y
- 1

(a)

25mm

A <>—Smm B _~ PET
Ti

Blind hole
@dImm, § 15mm (depth)

Transducer tool

(b)

Fig. 3.11  Ultrasonic transducer tool with circular blind holes.
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Ultrasonic amplitude (um)

0 1 1 1 " 1 1 1 "
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 45 5.0
Welding time (s)

Fig.3.12  The ultrasonic pulse operation mode (duty cycle of 20%).

Table 3.10 Joining parameters

Parameters Value
Laser focal length 25 mm
Laser power S55W
Welding speed 4 mm/s
Laser pulse frequency 20 Hz
Pulse duration 8 ms
Laser spot diameter 2.5 mm
Transducer vibration amplitude 4 um

3.5.2.3 Using an open channel transducer tool

A tool with an open channel was designed (Fig. 3.13), aimed at
creating a low pressure path for the laser induced bubbles to escape from the
molten pool when ultrasonic vibration is applied. The ultrasonic device was
operated at a duty cycle of 20%. Other joining parameters used are listed in

Table 3.11. The analysis of the influence of the pressure field on the
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movement of bubbles is presented in Section 8.4.

1 7 PET
e

— Open channel
width Imm, J 15mm

-
»
¥ Transducer tool

Fig. 3.13  Ultrasonic transducer tool with an open channel.

5]

-

Table 3.11 Joining parameters

Parameters Value

Laser focal length 25 mm

Laser power 45/55/65/75 W

Welding speed 2/4/6 mm/s

Laser pulse frequency 15/20/25 Hz

Pulse duration 8 ms

Laser spot diameter 2.5 mm

Transducer vibration amplitude 4 pm

Ultrasonic duty cycle 20%

Channel offset 0/0.5/1.5 mm
3.6 Joint properties evaluation

3.6.1 Microstructural characterization

Both optical microscopy and scanning electron microscopy (SEM)
were used to study the characteristics of the bubbles formed in the joint. For the

SEM study, the longitudinal sections of the specimens were examined (Fig.
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3.14). The section of the specimen was prepared by mechanical grinding and

polishing with 1 um diamond paste.

Bubbles

PET

Ti

Fig. 3.14 A schematic diagram showing a longitudinal section of a joint.

3.6.2  Chemical bonding analysis

X-ray photoelectron spectroscopy (XPS) was utilized to obtain
information on the chemical bonds at the Ti/PET interface. For the XPS analysis,
the Ti/PET joined samples were separated at the interface by means of a shear
test, and analysis was performed on the Ti part of the joint. To reveal the nature
of the chemical bonding across the interface, ion milling was used to gradually
thin the solidified PET layer till reaching the Ti substrate. This was
accomplished using XPS analysis after each layer of plastic was removed, until
Ti was detected. This level was designated d=0. The distances referred to in this
research are measured from d=0. Then the Ti side of the sample was loaded
onto the UHV chamber (pressure = 107° Pa) of the XPS analyser (ULVAC-PHI
1800) with an achromatic Al Ka X-ray source. Low-resolution spectra were
recorded by using a pass energy of 187.85 eV; for high-resolution spectra, the
pass energy was 58.7 eV. The analysis was conducted in a semi-quantitative
mode, and the XPS data were fitted by using the curve-fitting program of the
XPSPEAK software. The following constraints have been used for optimal

fitting:
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*  The value of each peak position of the various compounds referred to the
data in the published reference. However, since the uncertainty inherent in
data obtained from experiment, an adjustment of + 0.15 eV to each peak

position, following the reference [2,117-118] was used.

* At all depths, the position of each peak was kept constant for various
specimens. For example, for all depths, the Ti-C position was set to ~454.8

+0.15 eV for all specimens.

*  The optimal spectral baseline as well as the peaks was described by the

Shirley background.

* A Gaussian (80%)—Lorentzian (20%) combination function was applied to

determine the curve-resolved shape.

3.6.3  Tensile shear test

An Instron testing machine with a load cell of 2 kN was applied to
measure the tensile shear load of the joints at room temperature. Testing was
conducted with a crosshead speed of 0.5 mm/min; the tensile shear load and
displacement were measured. In order to ensure the reliability of the results, five
samples were tested for each joining condition. The set-up for both the tensile

test and the fatigue test is shown in Fig. 3.15.
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Fig.3.15 A schematic diagram showing the set-up of the tensile test and

the fatigue test.

3.6.4  Fatigue test

To compare the fatigue properties of the LAMP and U-LAMP joined
specimens at room temperature conditions, load-controlled fatigue tests were
performed using a servo-hydraulic MTS machine. The specimens were
produced using laser powers of 30 W and 55 W (Tables 3.11), while other
joining parameters were kept constant (pulsed frequency 20 Hz, pulsed duration
8 ms, welding speed 4 mm/s). These two laser power conditions were chosen
because the fatigue properties of the specimens, with porosity and without
obvious porosity, can be compared. The specimens were fatigue-tested using a
tensile sinusoidal load with mean stress 200 N, load ratio (Rjp.d) 0.25 and
frequency (f) 2 Hz. The test was stopped when the specimen failed or if a
specimen survived more than six hundred thousand cycles. Five samples were

tested for each joining condition.
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Chapter 4

Joining Titanium to PET Using LAMP

4.1 Introduction

Before a full study of joining Ti to PET using U-LAMP was conducted,
a pilot study on LAMP was performed to establish the effects of laser power on
joint performance, including bubble appearance, joint strength and interfacial
chemical bonds. This information, in particular, the level of laser power that
initiates bubble formation, is important for designing experimental conditions

for the U-LAMP process.

4.2 Joint appearance as a function of laser power

The LAMP joined samples were examined using an optical microscope.
Fig. 4.1 shows the joint appearance as a function of laser power. For Sample 1,
which was processed using a laser power of 35 W, no sizeable porosity was
observed in the joint. It was found that if a laser power higher than 45 W was
used, a large amount of bubbles developed in the weld zone. The development
of bubbles is due to the excessive laser energy causing decomposition of the
polymer. It was noticed that the distribution of bubbles was also altered as the
laser power was increased. It was observed that when a relatively low laser
power was used, most of the bubbles formed along the centreline of the weld
where the laser energy was concentrated, and the bubbles appeared in a

somewhat discrete manner (Sample 2). When the laser power increased, more
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bubbles were produced and would agglomerate and were connected (Sample 3).
However, when the laser power was further increased, the bubbles became
somewhat broken up (Sample 4). This could be due to the violent
decomposition effect that occurs at high laser energies, causing the break up of
the bubbles. The amount of bubbles (projected area) measured for samples, 2, 3

and 4, were 6.2 mm®, 12.5 mm” and 34.8 mm” respectively.

Sample 1 (35 W) Sample 2 (45 W) Sample 3 (60 W) Sample 4 (80 W)

Fig. 4.1 Typical joint appearances as a function of laser power.

4.3 Effect of laser power on chemical bonds

43.1 C1s XPS spectra

The XPS analysis was performed in the centre of the joint. Fig. 4.2
shows a typical high-resolution XPS spectrum of the Cls lines of a laser joined
sample which was ion milled to a depth just before reaching the chemically
reacted PET/Ti interface zone (designated d=0). The Cls peak at ~284.8 eV,
likely caused by the C—C bond [2], [117], and the peaks at approximately 286.6
eV and 289.2 eV correspond to —O—CH,— and —C=0 which originate from the
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PET chain [117]. No new peak was detected, which suggests that some residual

PET covered the Ti side after mechanical separation.

Fig. 4.3 shows the high-resolution Cls XPS spectra obtained from the
Ti side of the four joined samples, produced by using different laser powers,
after further ion-milling from (d=0) to different depths across the Ti/PET
interface. After ion-milling to a further depth of 60 nm, a new weak peak at a
binding energy of ~281.7 eV, believed to be the Ti—C bond [2], appeared in the
spectra of the four samples. Mian [53] discovered that Ti atoms reacted with
both five and six-fold rings of polyimide when laser welding polyimide to Ti
sheets. It is likely that titanium atoms can react with the phenyl carbons of PET,
just as in the case of polyimide/Ti produced by laser joining [53]. The areas of
the C—C and Ti—C peaks decreased with increasing the ion milling depth (Fig.
4.3). The peaks at 284.8 eV and 281.7 eV disappeared at sputtering depths of
480 nm and 750 nm, respectively (Fig. 4.3 (a)). This suggests that the thickness
of the interface containing the laser generated Ti—C bonds is between 720 nm
and 750 nm. The data shown in Fig. 4.3 indicate that the thickness of the
interface containing the new Ti—C chemical bond is ~1230 nm in Sample 2,
~1500 nm in Sample 3, and ~1710 nm in Sample 4. This indicates that more Ti
atoms react with the phenyl carbons when the laser input energy is increased.
Fig. 4.4 shows the relationship between laser power and the estimated Ti-C

boned interface thickness.
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Fig. 4.2 Curve fitting of the Cls high resolution XPS spectra obtained from

the Ti side of a laser joined sample.
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Fig. 4.3 High resolution of Cls XPS spectra obtained from the Ti side of the
joined samples: (a) Sample 1, (b) Sample 2, (¢) Sample 3, (d) Sample 4.
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Fig. 4.4 The relationship between the laser power input and the thickness of

the interface containing the chemical bond of Ti-C.

4.3.2  Ti2p XPS spectra

Fig. 4.5 shows the high-resolution Ti2p XPS spectra of the four
samples at various sputtering depths (measuring from d=0). New chemical
bonds (Ti—C, Ti—O and Ti»O3) were found in the joining process. At d=0, only
the TiO, peak with a Ti2p3/2 binding energy of 459.3 eV was present; this
phase is believed to be the naturally formed oxide at the Ti surface. After further
ion milling to a depth 60 nm, a broad binding energy peak (453.7-456.5 eV)
was obtained, which can be attributed to the formation of new Ti—C, Ti—O and
Ti,03 bonds. The peaks at 454.8 eV, 455.1 eV, and 456.8 eV were most likely
due to the Ti—C bond [2], the Ti—O bond [2] and the formation of Ti,O3; [118],

respectively.
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Fig. 4.5 High resolution of Ti2p XPS spectra taken from the Ti side of the
joined samples after ion milling to the indicated depths: (a) Sample 1;

(b) Sample 2; (¢) Sample 3; (d) Sample 4.

4.3.3 Comparison of bond intensity

The Ti2p XPS curve-fitted spectra of the four samples measured at the
Ti side, at various ion-milling depths, are given in Appendix A. A comparison of
these spectra reveals that the chemical bonds in the four samples are identical.
In other words, apart from Ti—O, Ti—C and Ti,Os3, increasing the laser energy did
not create any new chemical bonds. The area under each peak represents the
bond intensity. The relative amounts of Ti—O, Ti—C, and Ti,O; in the four
samples at various sputtering depths are summarised in Table 4.1. The data
show that the intensities of both the Ti—O and Ti—C bonds generated during the
joining process increased noticeably with increasing laser power. Moreover, as
the laser input energy increased, the thickness of the interface containing the
Ti—O and Ti—C bonds also increased, as shown in Figure 4.4 and Table 4.1. On
the other hand, the energy input effect on the intensity of Ti,O3; was relatively

weak. This suggests that increasing the laser energy input mainly promotes the
67



Chapter 4 Joining Titanium to PET Using LAMP

generation of Ti—O and Ti—C bonds to a greater depth at the joint interface. It is
reasonable because increased laser power raises the joint zone temperature and
extends the heating time for chemical reaction. This promotes chemical reaction

between titanium atoms and phenyl carbons and —C=0 of PET chains.
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Table 4.1 A comparison of the chemical bonds counts for different sputtering depths

Chemical bonds
Sputtering ‘ ' '
Ti-C Ti-O Ti,03 TiO, Ti
Sample depth
B.E. |Peak | B.E. |Peak| B.E. |Peak| B.E. Peak B.E. Peak
(nm)
position | area | position | area | position | area | position | area | position | area
60 454,8 | 3541 | 455.1 | 4744 | 456.78 | 2539 | 460.37 | 8241 | 453.96 | 8399
480 454.78 | 2489 | 455.13 | 5755 | 456.8 | 1019 | 460.35 | 8681 | 453.93 | 10168
Sample 1
720 454.82 | 2698 | 455.12 | 5052 | 456.83 | 587 | 460.29 | 10499 | 453.92 | 12756
750 - - - - - - 460.25 | 12335 | 454.02 | 22180
60 45478 | 1861 | 455.1 | 770 | 456.8 | 221 | 459.73 | 6507 | 453.8 | 5191
480 454.8 | 609 | 455.08 | 1971 | 456.78 | 1098 | 460.32 | 7160 | 453.79 | 6042
Sample 2 720 454.82 | 1158 | 455.12 | 2767 | 456.79 | 819 | 460.25 | 7529 | 453.85 | 12039
1200 454.83 | 2235 | 455.16 | 1535 | 456.83 | 860 | 460.03 | 6863 | 453.83 | 14743
1230 45479 | 630 | 4552 | 648 - - 459.94 | 6122 | 453.87 | 17860
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60 454.8 | 332 | 455.1 | 2113 | 456.8 | 694 | 460.27 | 10771 | 453.96 | 3975
480 454.8 | 1589 | 455.13 | 3086 | 456.83 | 1335 | 460.33 | 10582 | 453.98 | 7141
720 454.8 | 2703 | 455.1 | 6110 | 456.87 | 2391 | 460.21 | 11398 | 453.96 | 9441
Sample 3
1200 45479 | 2358 | 455.1 | 5439 | 456.860 | 1712 | 460.2 | 9634 | 453.98 | 13424
1440 454.8 | 2473 | 455.12 | 4265 | 456.82 | 102 | 460.19 | 8871 | 453.96 | 13725
1500 45483 | 814 | 455.09 | 872 | 456.78 0 | 460.04 | 8303 | 453.95 | 14316
60 455.8 | 1241 | 455.12 | 2278 | 456.8 | 1435 | 460.23 | 6080 | 453.94 | 3987
480 45483 | 1644 | 455.1 | 3601 | 456.84 | 1435 | 460.23 | 8697 | 454.04 | 5752
720 454.8 | 3219 | 455.1 | 3876 | 456.83 | 500 | 460.17 | 11801 | 453.91 | 8419
Sample 4 1200 454.8 | 4065 | 455.16 | 3657 | 456.78 | 943 | 460.03 | 10327 | 453.94 | 10537
1560 45479 | 2564 | 455.1 | 3129 | 456.83 | 1028 | 460.1 | 9267 | 453.92 | 14974
1680 454.85 | 1302 | 455.08 | 2031 | 456.87 0 | 460.19 | 8355 | 453.86 | 17723
1710 45483 | 511 | 455.13 | 610 | 456.81 0 | 460.16 | 11280 | 453.93 | 19671
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4.4 Tensile shear force

Typical tensile load-displacement curves of the four samples are shown
in Fig. 4.6, with the average failure load presented in Fig. 4.7. Despite the fact
that the amount of porosity in the joint increased as the laser power was
increased, the failure load increased from 310 N to 823 N when the laser power
increased from 35 W to 60 W. The failure load encountered a decrease when the
laser power was raised to 80 W. This indicates that although the chemical
bonding intensity at the interface was increased as the laser energy was
increased, and this should enhance the joint strength, the amount of porosity in
the joint also increased. The results thus show that when the amount of bubbles
reaches a certain value, the bubble weakening effect would outweigh the

strengthening effect obtained from a higher chemical bonding intensity.
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Fig. 4.6 Typical load-displacement curves of the LAMP samples.
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Fig. 4.7 Tensile failure load as a function of laser power.

Chapter summary

Laser energy has a considerable effect on the formation of bubbles in
the joint. A somewhat discrete distribution of bubbles was obtained
when a relatively low laser energy was used, which in this study was
45 W. When the energy was raised to 60 W, large connected bubbles
were formed along the centreline of the joint. Further increase of the
energy to 80 W, produced more bubbles, although they became more

dispersed and occupied a larger area of the weld.

The results of the XPS analysis demonstrated that the Ti-PET interface
contained Ti—C, Ti—O and Ti,O; bonds after laser irradiation, and the
thickness of the interface, in general, increased with increasing laser
energy input. Increasing the laser energy input also increased the

intensity count of the chemical bonds.

Both the characteristics of the bubbles and the chemical bond

intensities of the Ti—C and Ti—O species have pronounced effects on
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the tensile failure load of the joints. When the amount of bubbles was
high, the weakening effect of the bubbles outweighed the strengthening

effect of the high chemical bonding intensity.
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Chapter 5

U-LAMP Joining Titanium to PET Using a Low Laser Power

5.1 Introduction

In this chapter, a comparison of the joint appearance, chemical bonds at
the interface, and failure load of the specimens produced by LAMP and
U-LAMP at a low laser power is made. Based on the results of the study of the

LAMP process in Chapter 4, the laser power used in the study described in this

chapter was kept at 30 W to avoid decomposition of the polymer and the
formation of laser-induced bubbles. In this case, the effects of ultrasonic
vibration on joint performance can be studied, without the complication of the
bubble effect. In this study, the only variable is the vibration amplitude, ranging

from 0 to 6 um.

5.2 Joint performance

Fig. 5.1 shows the joint appearance as a function of vibration amplitude.
For all specimens which were processed using a laser power of 30 W, virtually
no porosity was observed in the joint under an optical microscope at a
magnification of 1000, except for two specimens (one LAMP and one U-LAMP)
in which a few cases (less than four) of small porosity < 80 pm were found (Fig.
5.2). It is believed that these small bubbles may have come from trapped air at
the metal-plastic interface. This result thus shows that a laser power of 30 W

will melt the plastic but not cause decomposition of the polymer or forming gas
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products due to pyrolysis reactions. If a laser power higher than 45 W is used,
bubbles will develop in the joint as shown in Fig. 4.1. The development of
bubbles is due to excessive laser power which causes decomposition of the

polymer and the formation of some gas products [119].

u\li/;l;}slgrlllitc With vibration With vibration With vibration
Vibration Amplitude =2 pm  Amplitude =4 pum  Amplitude = 6 um
(Specimen A1) (Specimen B) (Specimen C) (Specimen D)

Fig. 5.1 Typical joints formed by the LAMP and U-LAMP processes with the
fractured specimens shown at the bottom row.
(All specimens processed at laser power of 30 W; refer to Table 3.9

for designation of specimens)
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Fig. 5.2 Only very few relatively small bubbles appear in the joints produced
using a laser power of 30 W: (a) a LAMP specimen, (b) a U-LAMP

specimen.

5.3 Chemical bonds

5.3.1 C1s XPS spectra

XPS analysis was performed in the centre of the joint. Typical
high-resolution XPS spectra of the Cls lines of the U-LAMP specimen without

ion-milling are shown in Fig. 5.3. The spectra are similar to the LAMP
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specimens (Fig. 4.2), with all the peaks originated from the PET chains [2, 117].
This means that the Ti surface of both the LAMP and U-LAMP specimens were
covered with some residue of PET after mechanical separation. This suggests
that the metal and plastic parts in the central area were not simply bonded

together by mechanical keying.
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Fig. 5.3 Curve fitting conducted for Cls high resolution XPS spectra taken

from the Ti side of the PET/Ti specimen produced by U-LAMP
(Specimen C).

To investigate the nature of the bonding across the joint interface, XPS
was performed by further ion-milling to different depths from the Ti surface (i.e.
d=0) for both the LAMP and U-LAMP specimens. At a milling depth of 60 nm,
the carbonyl group (at 289.2 eV) entirely disappeared for both LAMP and
U-LAMP specimens (Fig. 5.4). On the other hand, the Cls line of Ti-C (at
approximately 281.7 eV) was observed for all specimens. Such a peak was

reported by Georgiev [56] and Wang [2]. Fig. 5.4 also shows that the areas of
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the C-C peak and Ti-C peak both decreased as the ion-milling depth increased.
For the LAMP specimen, the peaks at 284.8 eV and 281.7 eV disappeared when
milling depth reached 660 nm. This suggests that the thickness of the interface
containing the new chemical bond of Ti-C was about 600 nm. However, for all
U-LAMP specimens, the Ti-C peak can still be clearly seen at a depth of 600 nm.
The data shown in Fig. 5.4 suggest that the thickness of the interface containing
the new Ti—C chemical bond is ~1230 nm in Sample B (amplitude = 2 um),
~1710 nm in Sample C (amplitude = 4 pum), and ~1980 nm in Sample
D(amplitude = 6 pm). These indicate that the thickness of the interface
containing the new chemical bond of Ti-C was at least two times thicker than
that of the LAMP joint. This result suggests that more titanium atoms reacted
with the phenyl carbons of the PET chain in U-LAMP than in LAMP, and this
activity becomes more pronounced as the vibration amplitude is increased. Fig.
5.5 shows the relationship between vibration amplitude and the estimated Ti-C

boned interface thickness.
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Fig. 5.4 High resolution Cls XPS spectra taken from the Ti side at different
ion-milling depths of LAMP and U-LAMP specimens: (a) LAMP
specimen; (b) U-LAMP specimen with amplitude = 2 um; (c)
U-LAMP specimen with amplitude = 4 um; (d) U-LAMP specimen
with amplitude = 6 pm.
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Fig. 5.5 The relationship between vibration amplitude and thickness of the

interface containing the chemical bond of Ti-C.
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5.3.2 Ti2p XPS spectra

In addition to the high resolution of the Cls XPS spectra, the results of
high-resolution XPS spectra of the Ti2p lines were also obtained for the LAMP
and U-LAMP specimens at various sputtering depths (measuring from d=0) (Fig.
5.6). Both the LAMP and U-LAMP joints have similar chemical bonds consists
of Ti-C, Ti-O, TiO,, Ti;0Os. The XPS binding energy peak values of these

bonding species were obtained from [2, 56, 57, 118].
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Fig. 5.6
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High resolution Ti2p XPS spectra taken from the Ti side at different
ion-milling depths of LAMP and U-LAMP specimens: (a) LAMP
specimen; (b) ULAMP specimen with amplitude = 2 pm; (c)
U-LAMP specimen with amplitude = 4 um; (d) U-LAMP specimen

with amplitude = 6 um.

Comparison of chemical bond intensity

The Ti2p XPS curve-fitted spectra of the joint interfaces of the LAMP

and U-LAMP specimens were obtained from the Ti side, at various ion-milling
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depths. The XPS spectra obtained for the LAMP and U-LAMP specimens are
given in Appendixes A and B. A comparison of these spectra reveals that the
nature of the chemical bonds of all samples is similar; the bonds found at the
interface were: Ti—O, Ti—C and Ti,Os, and increasing the ultrasonic vibration
amplitude did not create any new chemical bonds. The relative amounts of Ti—O,
Ti—C, and Ti,O3 for the LAMP and U-LAMP specimens at various sputtering
depths are summarised in Table 5.1. The intensities of the Ti—O, Ti—C and Ti,O3
bonds generated during joining increased noticeably with increasing vibration
amplitude. The thickness of the interface containing these three chemical bonds
also increased, as shown in Figure 5.5 and Table 5.1. It is concluded that an
increasing of vibration amplitude promotes the formation of Ti—O, Ti—C and
Ti,0; bonds. The main reason why a thicker bond interface and large amounts
of chemical bonds were obtained for the U-LAMP specimens is believed to be
due to a more intimate contact between Ti and the molten polymer being
obtained because ultrasound exerts an extra pressure with an oscillation effect
on the molten polymer. This can facilitate chemical reactions at the interface.
On the other hand, ultrasonic vibration generates extra energy and this could
raise the temperature of the joint zone as well as prolonging the heating time for
the chemical reactions between the titanium atoms and phenyl carbons, and the
oxygen double bonded carbon in the carbonyl groups -C=0O of the PET chain.
Thermal analyses of the LAMP and U-LAMP processes and the changes of joint
zone temperature as a result of ultrasonic vibration are presented in the

following chapter.
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Table 5.1 A comparison of the chemical bonds counts for different sputtering depths

Chemical bonds
Sputtering
Ti-C Ti-O Ti,0; TiO, Ti
Sample depth
B.E. |Peak | B.E. Peak B.E. | Peak | B.E. Peak B.E. Peak
(nm)
position | area | position | area | position | area | position | area | position | area
60 454.8 5296 | 455.1 | 4349 | 456.8 | 3909 | 460.2 | 9998 | 454.0 | 8272
480 454.8 | 4496 | 455.1 | 7444 | 456.8 | 5761 | 460.2 | 16982 | 453.9 | 15635
LAMP(30 W)
600 454.8 | 3764 | 455.1 | 3438 - - 460.1 | 11331 | 453.9 | 19902
660 454.8 | 818 | 455.1 937 - - 460 13583 | 453.9 | 33409
60 454.8 2612 | 455.1 | 4112 | 456.8 | 784 | 460.1 8090 | 453.9 | 14968
480 454.8 12749 | 455.1 | 10178 | 456.8 | 6468 | 460.1 | 18161 | 4539 | 21794
U-LAMP 720 454.8 13029 | 455.1 | 8397 | 456.8 |5836| 460.1 | 10401 | 4539 | 19526
(amplitude=2 um) 960 454.8 14607 | 455.1 | 7676 | 456.8 |2645| 460.1 | 16709 | 4539 | 21054
1200 454.8 11910 | 4552 | 6047 | 456.8 | 1260 | 460.1 | 16210 | 453.9 | 19745
1230 454.8 | 300 | 455.1 519 - - 460 15157 | 453.9 | 25187

84




Chapter 5 U-LAMP Joining Titanium to PET Using a Low Laser Power

60 454.8 | 4663 | 455.1 | 5024 | 456.8 |3492 | 460.2 | 12409 | 453.9 | 12449

480 454.8 | 4911 | 455.1 | 11012 | 456.8 | 7161 | 460.2 | 19955 | 4539 | 14384

960 454.8 | 5306 | 455.1 | 9983 | 456.8 | 5671 | 460.2 | 17066 | 453.9 | 15138

U-LAMP
1200 454.8 | 4563 | 455.1 | 7180 | 456.8 |3875| 460.1 | 11933 | 4539 | 15576

(amplitude=4 um)
1440 4548 | 3246 | 455.1 | 7016 | 456.8 |2396| 460.1 | 15335 | 453.9 | 17006

1680 454.8 | 2578 | 455.1 | 6418 | 456.8 | 557 | 460.1 | 14371 | 453.9 | 20525

1710 - - 455.1 566 - - 460.1 | 12888 | 453.9 | 12888

60 454.8 | 2903 | 455.2 | 4739 | 4569 |4021 | 460.3 | 11004 | 453.9 | 10356

480 454.8 | 6166 | 455.1 | 4309 | 456.8 | 3538 | 460.2 | 12702 | 453.9 | 13395

960 454.8 | 3366 | 455.1 | 4466 | 456.8 | 2285 | 460.2 | 14149 | 4539 | 15830

U-LAMP
1440 454.8 | 1704 | 455.1 | 4980 | 456.8 | 2489 | 460.1 | 13785 | 453.9 | 19379

(amplitude=6 pm)
1680 454.8 16629 | 455.1 | 6730 | 456.8 |2674| 460.1 | 18887 | 4539 | 18067

1920 454.8 | 5082 | 455.1 | 6060 | 456.8 | 1887 | 460.1 | 16240 | 4539 | 21251

1980 454.8 | 696 | 455.2 918 - - 460.1 | 18951 | 453.9 | 32579

85




Chapter 5 U-LAMP Joining Titanium to PET Using a Low Laser Power

5.4 Tensile shear strength

Figs. 5.7 and 5.8 show the results of the tensile shear tests of the joints
formed with and without ultrasonic vibration. The various test specimens’
designations are given in Table 3.8. The results clearly illustrate that the failure
load increases significantly when ultrasonic vibration is applied (Fig. 5.7).
Moreover, within the range of this study, the improvement can be as high as
fourfold (comparing Specimen Al and Specimen B). It was interesting to find
that high vibration amplitudes greater than 2 um yield a low failure loads. One
possible reason for this is because high vibration amplitudes can induce
mechanical activation of the covalent bonds and result in some degree of
degradation of the polymer. The difference in failure load between the joints
formed with and without ultrasonic vibration becomes apparent when their
failure modes are considered. The one without vibration failed at the interface
between the metal and plastic parts; while for the specimens with ultrasonic aid,
failure always occurred in the plastic part (Fig. 5.1). To make a comparison on
the joint strength of the specimens produced by the conventional LAMP (i.e. a
relatively high laser power is used to cause some decomposition of the polymer
in use), some joints were prepared using a laser power of 45 W and without
ultrasonic vibration. Fig. 5.7 shows that the joint formed using a laser power of
45 W (Fig. 4.1) which contained bubbles, has an average failure load of 563 N
(Specimen A2). Although the load is double that of Specimen (A1) (272 N)
(which has no bubbles and was produced without ultrasonic vibration), when
compared to the joints formed with ultrasonic vibration and containing no

bubbles, the latter’s failure stress (Specimen B) was double that of Specimen A2.
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The ductility of the U-LAMP specimens was also much higher than that of the
LAMP specimens (Fig. 5.8). These results clearly demonstrate the superiority of
the new U-LAMP method over the conventional LAMP method. The main
reason for this is believed to be due to the absence of bubbles in the joint as a
result of the low laser power used. In addition, the stronger interface formed
between the Ti and PET due to ultrasonic vibration is also a key element that

contributes to the improvement of joint strength.
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Fig. 5.7 A comparison of fracture stress for the LAMP and U-LAMP

specimens.
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Fig. 5.8 Typical load-displacement curves obtained for the LAMP and
U-LAMP specimens.
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5.5

@

(i)

Chapter summary

For specimens joined at 30 W (no bubbles were observed), the strength of
the joint produced using ultrasonic aiding, in terms of tensile failure load,
was always higher than that of the joint formed without any ultrasound aid.
This improvement can be as high as three times. When compared to the
joint produced using a higher laser power (45 W) and without any
ultrasonic aid, and where bubbles had formed, the joint strength of the

ultrasonic-aid specimen (laser power 30 W) was nearly doubles the former.

Ultrasonic vibration promotes chemical reaction between molten PET and
Ti metal. The XPS results showed that the U-LAMP specimens have higher
bond intensities of Ti-C, at the joint interface, than the LAMP specimens.
This is considered to be primarily due to a more intimate contact being

obtained between molten PET and Ti metal under the action of vibration.
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Chapter 6

Temperature field simulation of the molten pool

For both LAMP and U-LAMP joining, the formation of bubbles in the
joint depends greatly on the temperature of the molten polymer pool, which also
affects the size of the bonding area. The XPS results presented in Section 5.2
show that the application of ultrasonic vibration did facilitate chemical reactions
at the joint interface. This could, to a degree, be due to the vibration energy
causing the temperature of the molten polymer to increase, thus promoting the
chemical reaction. To determine the degree of the effect, this chapter presents
analyses of the thermal fields of the joints in the LAMP and U-LAMP

processes.

6.1 Description of the thermal field model

Laser rapid heating followed by rapid cooling, is a typical thermal
cycle in the analysis of a nonlinear transition heat conduction process. When the
laser heat source moves, the temperature of the joint changes significantly as a
function of time and space, and this can result in a drastic change of the
thermophysical properties of the material. The governing equation of a
nonlinear transient heat conduction event based on the law of conservation of

energy and the Fourier thermal conductivity law can be expressed as [120],

pe(T)

2 2 2
k()| Gt ot o
ot ox~ oy~ 0Oz

]+Q(x,y,z,t) 6.1)

where (x, y, z) represents the coordinate system of the moving heat source, 7 is
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the temperature (K) of the field of the study, 7 is the time (s), p is the density of
the working material (kg/m®), ¢ is the material’s specific heat capacity (J/(kg'K)),
k is the material’s thermal conductivity (W/(m'K)), and Q is the power of the

heat source/unit volume (W/m®).
6.1.1  Material properties

During the temperature field simulation, the thermo-physical properties
of the joining material change with temperature, however, very limited
thermal-physical data as a function of temperature are available for PET. For
simplicity, the phase change of PET in this study is not considered and the
thermal and physical properties of PET are assumed to be constant. The
properties of Ti and PET used in the model are given in Tables 3.5 and 3.6,
respectively. The absorption of laser light at the surface of the Ti sheet is an
important factor in calculating the temperature field during laser joining. The

absorption coefficient (#) at the Ti sheet surface can be determined using [121]:

n=0.365{p,[1+5(T~20)/ 4, ]}~ (6.2)

where ppis the resistivity of Ti sheet at 25 °C, f is the temperature coefficient of

resistance, 7 is the temperature, and Ajuser 1S the wavelength of the laser beam.
6.1.2  The heat source

During LAMP joining, the laser light will pass through the PET sheet
which is placed on top of the Ti sheet. When the laser beam strikes the surface
of the bottom Ti sheet, a temperature field is generated at the laser-metal
interacting spot. Some of the heat energy generated at the Ti surface is

conducted back to the top PET sheet through the metal-plastic interface. Based
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on the work of Wu [122], the total heat energy generated at the material can be
determined and is equal to the effective power of the laser beam, thus:
— 3’7}?[1587'
4, = R (6.3)

laser

where gm is the highest heat-flow density in the centre of the laser, 7 is the
absorption coefficient of the material, Pjase; 1S the power of the laser, and Rjase; 1S

the laser spot size.

A number of heat source models have been put forward, such as the
half ball model, the ellipsoid model, the Gaussian model and the Rosonthal
model. As the thickness of the PET and Ti sheets are only 1mm, the temperature
variation in the thickness direction can be ignored. Therefore, in this study, the
surface heat source adopts the Gaussian model, which has the heat flux
characteristics as shown in Fig. 6.1, and can be represented by the Gaussian
function [123]:

2

(6.4)

2
laser

q(l”) — {qm exp(_3r]aser2 /Rlaxerz)’ rlaxer < Rlaser

’ r'lllS(’" > R

where ¢(7) is heat-flow density, 7aser 18 the distance from the centre of the heat
source, ¢, is the maximum heat flux in the laser centre, and Ry, is the radius of

the laser spot.
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qm

Fig. 6.1 The Gaussian model of the heat flux.

6.1.3  Moving of the heat source

The thermal field analysis uses ANSYS software that considers a

moving Gaussian heat source along the joint seam (y-axis):

3nP, 3
41,0 = L exp (== [ + (= =)V} Ty < R
CI(x> y; t) = ﬂ-Rlaser Rlaser (6. 5)

2
0, Naser > R

laser

2

where 7 is light absorption coefficient of the material, Py, is the power of the
laser, Rjaser 1S the radius of laser spot, ¢ is joining time, v is the moving speed of
the heat source, and 7y, 1S the distance from any point of the material to the

centre of the light spot.

The APDL programming language of ANSY'S is applied to describe the
moving Gaussian laser heat source. A node in the joint is identified as the centre
of the Gaussian laser heat source; the load is defined using the APDL
programming language after all the nodes have been determined around the
laser source centre. With the moving laser heat source, the node is redefined
with its load updated continuously. The loop statement of *DO—*ENDDO is

applied to redefine the load.
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6.1.4 Initial and boundary conditions

The geometry and the properties of the materials, the initial condition
and the boundary condition of the joint are all required for conducting the
simulation. The initial condition of the nonlinear heating event is the
temperature field of the initial status. The boundary condition is the temperature

and the thermal conduction condition of the target boundary.

In this analysis, the initial condition is:

T(x,y,2 =T(x,,2), (x,y,z)€D (6.6)

where 7)) (K) is ambient temperature, 7 (K) is the surface temperature of the

material.
The boundary condition can be defined as

k%_QHl(T_TO) +oe(T*-T,) =0, (x,y,z)e€S,t>0 (6.7)
n

where k is thermal conductivity, / is heat transfer coefficient for convection
(W/(m*K)), o is Stefan-Boltzmann constant for radiation, and ¢ is the

emissivity.
6.2 Simulation results

The temperature field of the joint was simulated for different laser
processing powers with a laser travel speed of 4 mm/s and pulsed duration 8 ms.
The results showed that after a processing time of 2 s, the temperature field
reached a quasi-steady state. Fig. 6.2 shows the temperature field at the interface

between the PET and Ti sheets as a function of time under the joining condition
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of a laser processing power of 55 W. A greater temperature gradient was found
in front of the moving laser spot. The join temperature increases gradually as the
joining process proceeds from 0.5 s to 2 s. After 2 s, the thermal profile reaches

a quasi-steady state on which the temperature rises slowly.
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25 25
61.5673 62.389
98.1345 89.7781
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171.269 174.556
207.836 211.945
244,404 249.334
280.971 286.723
317.538 324,112
354.105. 361_501l

=25 t=3 s
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Fig. 6.2 The temperature field of at the PET-Ti interface of a LAMP joint as a
function of time (laser power 55 W, laser travel speed 4 mm/s, pulsed

duration 8 ms).

An example of the temperature profile of the joins formed using
different laser power outputs at a processing time of 3 s is shown in Fig. 6.3.
The maximum temperatures at the centre of the join line for laser powers of 30
W, 45 W, 55 W, 65 W and 75 W were 268 °C, 321 °C, 362 °C, 383 °C, and
416 °C, respectively. Given that the melting point of PET is about 260 °C [49]
and the pyrolysis temperature is about 300 °C [124], it is apparent that a laser
power of 30 W is sufficient to melt the PET material. To verify the simulated
temperature of the join, a thermal infrared imager was used to capture the
temperature of the join. Fig. 6.4 compares the temperature recorded by the
imager and the simulated temperature obtained at the centre of the join. The
results show that the two set of data compared satisfactorily. The cause of the

temperature peak at the end of a laser scan is at present unsure. This may be due
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to the low thermal conductivity of Ti at about 600K (327°C) [125] as well as the

increase in laser absorption coefficient when the surface temperature increases.
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Fig. 6.3 The temperature profile across the centre of the join line for different

laser processing powers at a joining time of 3 s.
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Fig. 6.4 A comparison of the simulated and measured temperatures of the
centre of the join (laser power 55 W, travel speed 4 mm/s and pulsed

duration 8 ms).
Using the results of Fig. 6.3 and assuming that a bond starts to form at
a temperature of 260 °C (i.e. the melting point of PET), the join width can be

determined. Fig. 6.5 shows the predicted bond width using the simulated
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temperature data and the measured width from the experimental results. The two
set of data compare well. The results presented in Figs. 6.4 and 6.5 indicate that
the ANSYS thermal analysis is acceptable for the simulation of the temperature

profile of the joint in the LAMP process.
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Fig.6.5 The predicted and the measured bond width for various laser

processing powers.

6.3 Simulation of joint temperature profile for U-LAMP

For the U-LAMP joining process, both the laser source and ultrasound
are the energy providers. Since the applied laser energy, other material
properties and initial boundary conditions remain unchanged for both LAMP
and U-LAMP, the study therefore just focued on the effect of ultrasound on the
temperature changes. The established models for ultrasonic plastic joining
[126-132] were used as the basis of this analysis, in which interfacial friction

and volumetric viscoelastic heating mechanism both play a key role.

With regard to friction, the difference in stiffness between plastic and
metal will cause a difference in longitudinal deformation between the two

materials and leads to slippage and friction at the interfaces during ultrasonic
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joining [133]. However, this effect is considered important when the plastic is in
a solid state. Once the plastic melts, friction becomes insignificant. Therefore,
the effect of ultrasonic vibration on temperature change only applies to areas of
the joint where the temperature is below the melting point of the plastic, which

in this case is 260 °C.

Pertaining to volumetric viscoelastic heating, it is caused by
deformation of the plastic at relatively high temperatures due to ultrasonic
vibration. Viscoelastic heat is generated because a hysteresis loop forms in the
loading and unloading of the plastic material at elevated temperatures. The work
done by the ultrasonic sonotrode is to overcome the internal friction of

macromolecular segments of the polymer [134].

To study the effect of friction and viscoelastic heating on thermal
behaviour, a coupled structural-thermal model was proposed with the following

assumptions:

(1) Ultrasound absorption in plastic is considered to be uniform and is

independent of temperature.

(1)) The shape of the polymer sheet is considered to be unchanged during

vibration.

(iii) The energy for bubble formation and subsequent changes are not

considered.

Both the friction and viscoelastic induced-heating effects originate
from deformation of the plastic material. The following section examines the

deformation behaviour of the material.
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6.4 Numerical analysis of deformation behaviour

Under the condition of ultrasonic vibration, deformation of the polymer
sheet can be determined using the following wave-motion equation in solids

[135]:

62
(]/lame + zﬂlame )V(V u) + /ulamevzu = a_tl;t (68)

where yame and pame are Lame constants, p is the material density. This

wave-motion can be solved using the equation:

Mii (¢)+ Cui (1) +Ku (1) = F (1) (6.9)

where M, K and C represent the structural mass, stiffness, and damping matrixes,

respectively.

Excitation of ultrasound (F(¢)) can be expressed as:

i W,F,sin (27 ft), %(n—%jﬁtﬁ%
F,(1)= | e (6.10)
0, —(n—l)été—(n——j
f VA

where f'is the ultrasonic frequency, n stands for the cycle numbers, W; is the
ultrasonic wave transmission coefficient of the transducer tool (including the Ti
and PET sheets), Fyrepresents the amplitude of the excitation force, which can

be expressed as :
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E,=2pfS (6.11)

where & is the amplitude along the ultrasonic transverse direction.

When the vibration of the ultrasonic horn is in the vertical direction, a
compressive force is produced in the workpiece; this induced compressive force
will only be active when the horn is in contact with the specimen (i.e. only
during half-period of each vibration cycle Fig. 6.6). Therefore, the compressive

force appears in the form of a half-sinusoidal wave of frequency 28 kHz.

140+

— —

S [\

o S
1 1

A
oS O
L

Ultrasonic force (N)
0
<

[\
(=]
L

o

20 40 60 80 100
Times (us)

]

Fig. 6.6 Measured force signal during ultrasonic excitation.

Based on Eqns. (6.8) — (6.10), transient structural analysis can be
achieved under a given cyclic excitation condition. The analysis was simplified
by applying a 2-dimensional model. The physical properties of the PET sheet
are presented in Table 3.5. ANSYS software was used to simulate ultrasound
propagation and was employed for transient structural analysis. The changes of
strain of the polymer due to vibration produce viscoelastic and friction

induced-heating effects which are studied in the following sections.
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6.5 Numerical analysis of the heating effects

6.5.1  Viscoelastic heating

Polymer deformation at elevated temperatures caused by ultrasonic
vibration will generates viscoelastic heat. Based on the generalised Maxwell
model, the Arrhenius and semi-empirical WLF models [129-130, 136-137], a

model to study viscoelastic heating was established.

It is assumed that each unit cell inside the polymer experiences a
uniaxial normal stress (o(?)) that is in the form of sine function with the same
frequency of an ultrasound (Fig. 6.7). Also, the polymer material does not
contain any internal imperfections and the ultrasound does not introduce any to
the polymer either, during processing. The frequency and the amplitude of

vibration are the same as the sonotrode.

Fig. 6.7 Simplified loading conditions for one-unit cell of the polymer sheet

[134].

Mathematical Modelling

Figure 6.8 shows an illustrative stress—strain curve of plastic materials
in one cycle of vibration. Since, the loading curve and the unloading curve do

not follow each other, a hysteresis loop is formed. The area of the hysteresis
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loop relates to the work done by the ultrasonic sonotrode to overcome the
internal friction of the macromolecular segments during one cycle of vibration.
Thus, the heat induced via the micro unit cell in each unit time is calculated as
[134]:

27w

Qbu,kaCﬁO'(t)dg(t)=f0'0€0a) I sinwtcos(wt—5)dt=f7r0050 sino (6.12)

0

in which f'is the vibration frequency, &) and oy are strain and stress, respectively;
o0 is the strain loss angle (from the result of rotational rheometer analysis, the
loss angle (0) of PET film was determined to be 0.559); @ is the sonotrode’s

angular frequency.

Loading

Unloading

—£

Fig. 6.8 Illustrative stress-strain curve of a polymeric material in one cycle of

vibration.

The complex modulus of the plastic can be simplified through
describing the stress and strain in a form of complex number, which is given as

[134]:

E*:[ﬁJ(coséﬂ'siné):E’ﬂ‘E” (6.13)
€
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where the storage modulus (£’) and the loss modulus (£”) can be written as

[134]:

E'=0,c0s0 /¢, (6.14)
E"=0,sino /¢, (6.15)

By substituting Eqn (6.15) into Eqn (6.12), the heat generation rate

(Obuic ) can be rewritten [134] as:

Oy = [ 78, E" (6.16)

According to Eqn 6.16, it is clear that viscoelastic heating is correlated
to the frequency and amplitude of vibration, and the polymer loss modulus (£ 7).
Given that the thickness of both the Ti and PET sheets are just 1 mm, amplitude
attenuation of vibration in the propagation direction of ultrasound can be
ignored. Both loading frequency and temperature affect the loss modulus of the
plastic. At high-frequency loading conditions (e.g. ultrasonic vibration), the loss
modulus can be obtained by the method of Time-Temperature-Superposition
[138-140]. Therefore, the complex modulus as a function of frequency and
temperature can be expressed using the generalized Maxell model:
» Ew’t? & Eor,

E*=Z +’Z

J-1 =

(6.17)

1+a)2rj2 1+a)2rj2

in which j represents the order number of the model, Ej and 7;are the relaxation
time and static relaxation modulus of relevant Maxwell unit. Q represents the
angular frequency of the applied loading.

The time of relaxation can be determined by applying the
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semi-empirical WLF [136, 137] and the Arrhenius equations [129]:

H [1 1]
Tj(T)=102'303R° ris xrj(TS)

. (6.18)
~G(T-T5)
7,(T)=10“"" xz (Ty) T>T

in which 7/(7) is the relaxation time, 7/(7) is the relaxation time under a relevant

reference temperature 75, Ry is the gas molar constant, H is the activation energy,

and C;and C; are constants.

Using Eqns 6.16)—(6.18), the viscoelastic heating rate as a function of

temperature and frequency can be written as:

H 1 1
2 EwlOM(TKjxr. T
Oyt (va’z):fﬂgozz - 2H (i_i] j( 0) T<T,
14+ @’ 10208\ T T ijz (%)
-G(T-Ty) (6 1 9)
n E.wl0%" s o (T
O (Tsw’z):f”‘%zz_;‘ j 26,(1-Ty) ]( O) T>T,
" 1+a)210 Gty osz (T('))

6.5.2  Friction

Since the stiffness of the PET sheet is significantly lower than that of
the Ti sheet, deformation of the plastic is greater than that of the Ti sheet. This
leads to slippage and friction occurring at the PET-Ti interface. The heat
generation by friction under an ultrasonic cycle can be expressed as [133]:

Qo) =t} = o, (x)3u’ () (6.20)
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where u is the coefficient of friction, a is an empirical hammering correction
factor. If no hammering occurs, ay=1, with 5u*(x) the horizontal displacement
discontinuity at the interface and oy, (x) the vertical stress at the interface. These
two values can be obtained by using the deformation analysis presented in

Section 6.4, which can be expressed as [133]:

. ou(x)
b} =
u () sin(wt) (621)
G:y (x)= 0*(x)-ey e, (6.22)
6.6 Results and discussion

Fig. 6.9 shows the temperature field of a U-LAMP join at the PET-Ti
interface as a function of time under the condition of a laser processing power of
55 W. Comparing the results with those of a LAMP joint (Fig. 6.2), the
temperature increase caused by ultrasound was insignificant, a maximum
increase of about 2% in temperature was obtained at any position of the bonded
area. The results reveal that the influence of ultrasonic vibration on temperature
rise due to friction and viscoelastic heating effects is negligible. This is
considered to be reasonable, when considering the friction effect, since the
simulation results show that the temperature of the un-melted plastic ahead of
the laser source reaches the melting point very quickly (less than 0.11 s). The
slippage and friction at the interface virtually disappear once the plastic is
melted. Therefore, the temperature increase due to friction heat is very limited.
For viscoelastic heating, when the temperature reaches the glass transition

temperature (Tg), the viscoelastic effect is at its maximum [133]. In U-LAMP,
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the length of time dwell around Tg is very short (less than 0.06 s), and in this
case, the ultrasonic vibration application time spent is too brief. Thus, the total

heat input caused by viscoelastic dissipation is also limited.

25 25
54,7756 59,981
84.5512 94,962
114.327 129,943
144.102 164.924
173.878 199,905
203.654 234,886
233.429 269.867
263.205 304.848
292.981. 339.829.

t=0.5s t=1s

25 25
62.544 63.247
100.088 101.494
137.632 139.741
175.176 177.988
212.72 216.235
250.264 254,482
287.808 292,728
325.352 330.976
362.896. 369.223.
t=2s t=3s
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25 25.0003
£3.5998 71.483%
102.2 117.967
140.798 164.451
179.398 210.935
217.999' 257.418'
256.599 303.902
295,199 350.385
333.799 396.860
372.398. 443.352.
t=4 s t=5s

Fig. 6.9 The temperature field of at the PET-Ti interface of a U-LAMP joint as a
function of time (laser power 55 W, laser travel speed 4 mm/s, pulsed

duration 8 ms).

6.7 Chapter summary

(1) The ANSYS thermal analysis is acceptable for the simulation of the joint

temperature profile of the LAMP and U-LAMP processes.

(i1) The effect of ultrasonic vibration on raising the joint temperature due to

friction and viscoelastic heating effects is insignificant.
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Chapter 7

Ultrasound-Aided Laser Joining with a Three Holes Transducer
Tool

7.1 Introduction

The new ultrasound-aided laser joining method (U-LAMP) has been
demonstrated in the previous chapter through a study of joining polyethylene
terephthalate (PET) to pure titanium (Ti) under a low laser power condition.
U-LAMP has been shown to be superior to LAMP in terms of failure load. The
formation of bubbles was prevented as a low laser power was used to avoid
decomposition of the plastic, and therefore the laser-induced bubble problem
was not encountered. Under a low laser power condition, the benefit of
ultrasonic action is to obtain a better contact between the metal surface and

molten plastic.

Building on the realisation of the low laser power study, the present
chapter presents a further development of U-LAMP to address the laser-induced
bubble problem, with the aim of controlling the movement of bubbles at the
plastic-metal join interface when a relatively high laser power is used. A
three-blind-holes transducer tool was employed to prove the idea that under
ultrasonic vibration, bubbles will move and be collected in low pressure regions
above the location of the cavities during the joining process. The effect of the
surface profiles of the ultrasonic tools, including a flat surface tool and a
three-blind-holes tool, on joint appearance is firstly presented. The movement of

the bubbles is described in Section 7.3.4 and is based on consideration of the
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secondary Bjerknes forces.

7.2 Joint appearance

Examples of the joint appearance of the LAMP and U-LAMP samples
are shown in Fig. 7.1. Both specimens were joined using the same laser
conditions as shown in Table 3.10, but with the latter, ultrasound (28 kHz) was
employed. One of the transducer tools used for the experiment has a flat and
smooth surface configuration (Fig. 3.9), and with such an arrangement, it is
expected that the join area will experience a uniform pressure induced by
ultrasound vibration. An optical examination of the LAMP joints, i.e. without
ultrasonic aid, found that networks of bubbles were developed and remained in
the centre of the joint, after the plastic had solidified, where the laser power is
considerably higher. This happened because decomposition of the polymer
occurred (Fig. 7.1(a)). On the other hand, though bubbles were still found in the

U-LAMP joints, they were in a dispersed fashion (Figs. 7.1(b), (¢)).
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(b) (c) An enlargement of (b)

Fig. 7.1 Joint appearance of the (a) LAMP and (b, ¢) U-LAMP joined samples.

Fig. 7.1 shows that using an ultrasonic-aid tool with a flat surface can
disperse the bubbles in the joint area. This may help to improve the strength of
the joint. It is envisaged that if bubbles can be removed from the join, then a
significant improvement in joint strength can be attained. With this in mind, a
flat surface ultrasonic tool with circular blind holes was designed (Fig. 3.11),
which was based on the concept that a cavity in the tool surface will cause a low
pressure region to develop in the molten plastic, and this may cause bubbles to
be collected in the designated region. This concept can be used to manipulate
the movement of bubbles in the molten plastic before the polymer is solidified.
The experimental results obtained for the blind-hole-design tool agree well with
our expectation in which most of the bubbles were collected and coalesced into
pockets of voids (Fig. 7.2). The locations of these pockets match the positions
of the holes in the tool surface. The processing parameters of this specimen
were exactly the same as those used for the LAMP specimen (Fig. 7.1). The
following section examines the effect of the ultrasonic induced pressure in the

workpiece on bubble movement.
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Fig. 7.2 Joint appearance of the sample produced using a tool surface with 3
circular holes, (L) showing the bubbles collected at regions above the
holes; (R) an enlargement of one of these regions (laser power 55 W,

frequency 20 Hz and joining speed 4 mm/s).

7.3 Mathematical model for bubble movement

In order to analyse the effect of the surface features of the ultrasonic
tool on the movement of bubbles, it is necessary to study the pressure generated
in the molten plastic by the ultrasonic tool. Applications of ultrasonic waves
often require the transmission from one medium to another where their effects
are to be realised. Considering the case of an ultrasonic transducer tool with a
surface structure having 3-blind holes (Fig. 3.11), at position A of the workpiece,
which is relatively far from a location of a surface hole, and position B, which is
located above a surface blind hole. The transmission and reflection of ultrasonic
waves from the transducer to the workpiece at these two locations are different,

causing a pressure difference between these two locations.

7.3.1  Pressure at position A

At position A, the effects of transmission and reflection of ultrasonic
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waves take place at the interface between the transducer tool and the metal
specimen, where the transducer is sending out a plane pressure wave towards
the Ti sheet. Since the acoustic properties of the transducer tool and Ti sheet are
different, partial reflection at the interface is expected with a certain degree

transmitted through to the Ti sheet (Fig. 7.3).

z
P,
Metal (T1)

Tool (Cr12)

Fig.7.3  Reflection and transmission at the interface between transducer tool

and Ti sheet.

The incident waveform (P;), the reflected waveform (P,), and the

transmitted waveform (P;), can be represented as [141]

P = Eexp j(wt - kx) (7.1)
Pr = (:Rtool—Ti eXp .](a)t + klx) (72)
f)t = §Ttool—Ti exXp j(Wt_kzx) (73)

where & is the vibration amplitude, j=+/-1, z is displacement, k| and k, are the

stiffness coefficients of the transducer tool and the Ti sheet, respectively. w is
the angular frequency, Riorti and Tiorti are the pressure reflection and
transmission coefficients between the transducer tool and the Ti sheet,

respectively.
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It is assumed that the transducer tool and Ti sheet are in intimate
contact and the boundary conditions of pressure and velocity (displacement) at
7z=0 at the interface between the tool and the Ti sheet remain the same. Based on

the definition of acoustic impedance:

1+ RtoolfTi = TtoolfTi (74)
1 Too =Ti
(1 - Rlool—Ti ) = tZl L (75)

tool Ti

where Zi,o1 and Zr; are the characteristic acoustic impedances of the transducer
tool and the concerned Ti sheet. Using Eqns. (7.4) and (7.5), the pressure

transmission coefficient and the reflection coefficient can be determined:

27 ..
T = Ti
tool-Ti ZTZ- + Zmo[ (76)
. —7
R = Ti tool
tool-Ti ZTI' + Zm()l (77)

where Ziol = pitt1, Z1i = pauz; and p1, p» and uy, u,, are the densities and sound
propagation velocities of the transducer tool and the Ti sheet, respectively,

which are given in Table 7.1.

Table 7.1  Density and sound velocity of the media

ed e
Cr12 steel 7870 5948
Ti 4500 6069
air 1.19 330
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At normal incidence, the intensity of the sound wave travelling in a

material can be expressed as [141]:

1=P,’ /22 (7.8)

Prax 1s the maximum pressure and can be expressed as [140]:

Py =27 f puu (79

where f is the vibration frequency, p is the density of the material, u is the
velocity of the ultrasound. In the case of U-LAMP, the transducer sends out a
plane pressure wave towards the Ti sheet, and the maximum incident pressure at

the transducer tool surface (Pmax t001) can be written as:

Pmaxtool = 27[§fplul (710)

The acoustic intensity of transmission between the transducer tool and
Ti sheet can be conveniently determined based on the definition of acoustic

intensity [141],

Z

tool

Ti_Z I

|2

tool (711)

tool-Ti
Ti

By Eqgns (7.8), (7.10) and (7.11), the maximum transmission pressure

that is transmitted to the Ti sheet (Puax 1i) 1S given by:

max7Ti —

tool-Ti % Pmaxtool (712)

Since the thickness of the Ti sheet (1 mm) is much smaller than the

length of the transducer, the thickness of the Ti sheet can be ignored. Therefore,
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the Ti sheet can be considered to be vibrated in phase with the transducer.
Combining equations (7.10) and (7.11), the maximum pressure exerted on the

molten plastic through the Ti sheet at position A can be expressed as:

P

max A

=P

max Ti

=T

tool-Ti

x P

maxtool

= 27Z.TtoolfTi§fplul (713)

7.3.2  Pressure at position B

Consider position B, which is located above a blind hole in the
transducer tool. In this case, the ultrasonic wave is transmitted from the

transducer, through the air, to the Ti sheet (Fig.7.4).

Metal (Ti)

Gas (air)

Tool (Cr12)

Fig. 7.4 Reflection and transmission at the interfaces of the compounded layer

(the transducer tool, air and Ti sheet).

The multiple reflection and transmission of acoustic waves in the
transducer tool, air and the Ti sheet can be treated as occurring in a compound
layer (Fig. 7.4). The transmission coefficient of the compounded layer can be

expressed as [141]:
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Ti* air

_| 47,7, (cosy —isiny) |
‘(ZTI _Zair)(Zair _Zfool)+(ZTi +Zair)(Zair +Zt001)(cosy/ _iSinl//)z‘

(7.14)

T;oolfairfTi

where Z,; is the characteristic acoustic impedance of air, and y is the phase
advance of the plane wave passing through the air, which can be determined by

[141]:

v = 27Z.fdhole /uair (715)

where dhoie =15 mm is the depth of the holes (air) in the transducer tool, uy; 1s
the sound velocity in air, and in this case, y = 7/2. (Substitute /=28 kHz, d=15
mm, ;= 330 m/s into equation (7.15) yields y=2.5xn. The cycle function of cos
x and sin x is 2m, then, in this case, y = m/2). Substituting y = 7/2 into equation

(7.14) yields

) i 47,7 7.16
tool—air—Ti ZTi2 + Zairz +27.7 ( . )

Ti* tool

By Eqns (7.10) and (7.16), the maximum pressure exerted on the

molten plastic through the Ti sheet at position B can be expressed as:

PmaxB = Ttool—air—Ti X Pmaxtool = 27z.Ttool—air—Ti§fplul (717)
Substituting the data given in Table 7.1 into Eqns (7.6) and (7.16)
yields:
T; [-Ti
> (7.18)
ﬂool—air—Ti
Hence,
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PmaxA > PmaxB (719)

The above analysis shows that a surface cavity in the transducer tool
causes a corresponding low pressure region to be developed in the molten
plastic. This induced pressure change in the molten plastic has an effect on the
movement of the laser-induced vapour bubbles. In the case of the 3-blind holes
ultrasonic tool, the pressure acting at a position away from the hole (position A)
is greater than that acting above the hole (position B). The pressure difference
between these two regions can be determined using equations (7.13) and (7.17).
The pressure difference in the molten plastic in turn creates an extra force acting
on the bubbles which are located at high pressure regions. Therefore, under the
influence of pressure difference, bubbles in the relatively high pressure regions
(away from the hole) will migrate to the relatively low pressure regions (above

the hole) and form a relatively large bubble there (Fig. 7.2).
7.3.3  Verification of pressure change due to surface cavities

To verify that the surface holes in the transducer tool can change the
pressure acting on the molten plastic, the vibration amplitude at the two
locations, position A and position B, were measured using a laser Doppler
vibrometer (Polytec, PSV-400) (Fig. 7.5) (pressure is proportional to vibration
amplitude, Eqn 7.9). The displacement measurements for these two positions
are given in Fig. 7.6. The measured vibration amplitude of position A was about
two times that of position B. This means that the pressure acting at position A
should be greater than that acting at position B, i.e. Pyax4 > Puax 3, Which is in
agreement with the pressure analysis results presented in sections 7.3.1 and

7.3.2.
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Laser doppler vibrometer
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Fig. 7.5 The laser doppler vibrometer set up.
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Fig. 7.6  Vibration amplitude of position A (away from the hole), and position

B (just above a blind hole).
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7.3.4  Bubble movement due to secondary Bjerknes force

In addition to the pressure difference effect, Bjerknes forces also play a
part in causing bubbles to migrate to low pressure regions (position B). It has
been recognised that the position and size of a bubble which is travelling in an

acoustic field are mainly governed by the primary Bjerknes force (£),) [34]:

F,=—4/37Fk,sin(k,d)R (t)sin(wt) (7.20)

where £, is the wave number, F is amplitude of the acoustic pressure at the
pressure antinodes, R is the time-dependent radius, o is the angular frequency, ¢
is time, and d is the distance between the bubble centre and the closest pressure
antinodes. In U-LAMP joining, since the thickness of the PET sheet used is only
1 mm, and this dimension is relatively small when compared to the acoustic
wavelength (212.5 mm), the bubbles in the joint are considered to be at the
same plane, and therefore the primary Bjerknes force () can be ignored. Also,
since the movement of the bubbles is confined to two dimensions, i.e. in the x
and y directions, therefore the buoyancy force can also be ignored. With these
conditions applied, the relative position of any two bubbles and the external
forces acting on them can be illustrated with the schematic diagram shown in

Fig. 7.7.

The secondary Bjerknes force between two adjacent bubbles travelling

in an acoustic field is considered important, and is expressed as [142]:

Fy = pr— <V1Vz> (7.21)

where ( ) denotes the time average, p is the liquid density, V1 and V2 are
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the derivatives of the volume of bubble 1 and bubble 2 respectively, and 7y, is

the space between two adjacent bubbles.

In an acoustic field, a bubble also experiences hydrodynamic forces, of
which the drag forces acting along the x and y axes can be, respectively,

expressed as [143]:

ce+r, (2u+340)

F_=6nuRx
. =6mu et 3 (ﬂ+3ﬂ,) (7.22)
F = bRy S (244 3H) (7.23)
v e+3n, (u+34) '

where u is the liquid viscosity, e is surface viscosity coefficient, r is the bubble’s
radius (assuming a sphere), u is the gas viscosity within the bubble, and y is the
bubble centre co-ordinate on the y axis. Since the bubble is drifting in an
acoustic field, the bubble radius 7, > e and ¢ > u', equations (7.22) and (7.23)

can be, respectively, shortened to:

F, =4muRx (7.24)

F, =4muRy (7.25)

According to Eqns (7.24) and (7.25), it can be deduced that the drag
forces acting on a bubble are related to the liquid viscosity and the bubble’s
radius, which means that the larger the bubble is, the greater will be the drag

force.

In the case of the 3-blind holes tool, the relatively large bubble

produced at position B due to the pressure difference effect experiences a
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greater drag force than the small bubbles under the action of the secondary
Bjerknes force (Fp) (a mutual force). As a result, small bubbles will move

towards the large bubble (Fig. 7.8).

The results obtained so far have shown that under the influence of
ultrasonic vibration, a cavity in the transducer tool creates a low pressure region
in the specimen above the location of a cavity. An analysis for the feature of an
open channel in the ultrasonic tool also shows that a low pressure region is

present above the channel, and is discussed in the Section 7.4.2.

Transducer with smooth tool surface Bubble 2

Bubble_| Bubble 2 Fyy
F‘Zﬂ% Fix
workpiece F.. Fa
Fy
b |

FVY
Bubble_1
(@) (b)

Fig. 7.7 (a) Relative position of the two bubbles in the molten plastic; (b)

different external forces acting on bubble 1 and bubble 2 (of the same

size).
Transducer tool Bubble small
Bubble_big Fay
Bubble small
FB Fdx
Workpiece Fg
Fpg
y Fdx
Bubble big
X

Fay

Fig. 7.8 Various external forces acting between a large bubble and a small

bubble.
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7.4 Chapter summary

Using ultrasonic-aid tools with a flat surface enable dispersion of the
bubbles in the joint area. In order to investigate the movement of bubbles in the
molten plastic, a three-blind-holes transducer tool was employed to test the idea
that under ultrasonic vibration, bubbles would move to a low pressure region
above the location of a cavity. A mathematical model has been established to
describe the movement of laser-induced bubbles under the effect of ultrasonic
vibration. The locations of pockets of bubbles found in the joint zone coincided
with the positions above the blind holes of the transducer tool, where pressure is

relatively low, and this result agrees well with the theoretical predictions.
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Chapter 8

Ultrasound-Aided Laser Joining with an Open Channel Transducer
Tool

8.1 Introduction

Given the promising results of being able to move bubbles in the
molten plastic pool using an ultrasonic tool with three-blind-holes, it was
envisaged that it may be possible to “drain” away bubbles in the joint by an
appropriate transducer tool. With this in mind, the transducer tool with an open
channel, which aims to provide a low pressure region for the bubbles to escape

from the molten pool, was explored for U-LAMP.

The effects of the temperature field and the pressure field of the molten
plastic on bubble movement were studied and analysed using finite element
simulation, and the predicted results were validated with high speed camera

images.

8.2 Joint appearance of U-LAMP joints

When the centre of the channel aligned with the joint centreline,
laser-induced bubbles were developed along the centreline region of the joint
where the laser power is at its peak (Fig. 8.1a). Based on the analysis
presented in Chapter 7 for the blind hole transducer tool, accordingly, if the
open channel is placed offset from the centreline of the joint, the bubbles
could migrate from the central region of high pressure to the region of low

pressure where the channel is lying underneath (Fig. 8.2).
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Welding centerline Welding centerline
(laser propagation path) (laser propagation path)
% %

Channel position Channel position
(a) (b)

Welding centerline
(laser propagation path)

Y

Channel position

(©

Fig. 8.1 Appearance of the joints produced using an open channel transducer
with different offset to the left of the joint centreline (a) offset=0; (b)
offset=0.5 mm; (c) offset=1.5 mm. (laser power 55 W, joining speed 4
mm/s, pulsed duration 8 ms)
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Pressure
A
Pmax

Centre of the molten pool

Bubble movement Gap

Channel Transducer tool

Transducer tool

Bubble

PET

Fig. 8.2 A schematic diagram showing the effect of pressure difference on

the movement of bubbles.

Fig. 8.1 shows the appearance of the joints produced by using an open
channel transducer with different offsets to the left of the centreline of the weld,
while the processing parameters remain the same as the joints shown in Fig.
8.1(a). In the case where there is no offset (0 mm) (Fig. 8.1a) or a relatively
large offset (i.e. 1.5 mm (Fig. 8.1c), there are bubbles trapped in the joint. Fig.
8.3 shows the balance of forces for these two cases. On the contrary, if the edge
of the open channel is in line with the centreline of the joint (offset = 0.5 mm),
no large bubbles were found (Fig. 8.1b), and only few small pores were
observed (Fig. 8.4). This demonstrates the effects of the induced pressure
difference in driving bubbles away and escaping from the molten pool of the
joint (Fig. 8.2). A detailed analysis on the combined effects of pressure field due
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to transducer offset and thermal profile in laser joining on bubble motion is

presented in section 8.4.

Transducer tool
PET

Transducer tool

(a) (b)
Fig.8.3 A schematic diagram showing the pressure acting on a bubble (a)
without offset of the transducer; (b) with a large offset of the

transducer.

Fig. 8.4 Only few small bubbles can be found in the U-LAMP specimens
produced by an open-channel tool with offset 0.5 mm to the left of

the joint centreline.
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8.3 Comparison of joint appearance produced by LAMP and U-LAMP

A series of experiments were conducted at different processing
parameters using an open channel transducer with an offset 0.5 mm. Figs.
8.5-8.7 show the results of the joint appearance as a function of laser power,
laser travel speed and laser pulsed frequency, respectively. These figures also
compare the samples produced using LAMP, i.e. without ultrasound applied but
using the same laser processing parameters.

In comparing the U-LAMP and the LAMP specimens, very encouraging
results were obtained for the U-LAMP process. With the new ultrasound-aided
laser joining method — using the conjoint action of a laser and ultrasound — and
the offset technique, the amount of bubbles was significantly reduced and in
most cases no sizable bubbles could be observed under an optical microscope.
An examination of the cross-sections of the joined specimens showed that many
bubbles were trapped at the interfaces of the joints of the LAMP specimens,
while hardly any were found in the U-LAMP joined specimens (Fig. 8.8). The

elimination of bubbles at the joint zone increases the joint strength.

The results also show that for both the U-LAMP and LAMP joints, the
amount of bubbles appearing increases when the laser power and frequency
increase; while increases in laser travel speed reduces the amount of bubbles.
This is considered to be reasonable, since any increases in the energy absorbed
by the metal part, either by increasing the laser power or frequency or by

reducing the laser travel speed, can cause more polymer to be decomposed and

form bubbles.
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Pulsed frequency: f'= 20 Hz; Welding speed: v =4 mm/s

Power 45W 55W 65 W msw
Welding centerline Welding centerline Welding centerline Welding centerline
(laser propagation path)  (laser propagation path) (laser propagation path) (laser propagation path)
| | | |
v/

LAMP

U-LAMP

i i |

Channel position Channel position Channel position Channel position

Fig. 8.5 Typical joint appearance as a function of laser power for both the

LAMP and U-LAMP joining processes.
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Average power: P=55 W; Pulsed frequency: /=20 Hz

speed 6 mm/s 4 mm/s 2 mm/s
Welding centerline Welding centerline Welding centerline
(laser propagation path) (laser propagation path) (laser propagation path)
v v v

LAMP

U-LAMP

i

Channel position Channel position Channel position

Fig.8.6  Typical joint appearance as a function of laser speed for both the
LAMP and U-LAMP joining processes.
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Average power: P=55 W; Welding speed: v=4 mm/s

Frequency 15 Hz 20 Hz 25 Hz
Welding centerline Welding centerline Welding centerline
(laser propagation path) (laser propagation path) (laser propagation path)
v v '

LAMP

U-LAMP

u 1mm

Channel position Channel position Channel position

i

Fig. 8.7 Typical joint appearance as a function of laser frequency for both

the LAMP and U-LAMP joining processes.
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Bubbles

K188 188mm X1E8 188 Mm

(a) (b)
Fig. 8.8 Cross-sections of the joins, showing the join interfaces of the (a)
LAMP specimen and (b) the U-LAMP joined specimen (laser
power 55 W, frequency 20 Hz and joining speed 4 mm/s).

8.4 Bubble trajectory

8.4.1  Effect of temperature field on bubble motion

The movement of bubbles in a fluid is affected by the temperature field.
Under the condition of a temperature gradient, the evaporation momentum force
becomes an important element in directing the trajectories of bubbles [144]. The
evaporation momentum force (vapour recoil) is a force acting at the
vapour-liquid interface caused by liquid to vapour phase transformation due to a
rapid expansion of the evaporating liquid. Since the density of a vapour is much
smaller than that of liquid, the evaporation momentum force acts on the
interface in the form of equal and opposite reactions resulting from the

increasing momentum of the evaporation mass on the interface [144].

When the bubble is growing, it expands outwards in all directions by
the evaporation momentum force; if the temperature around the bubble is

uniform, no resultant force will be present. However, if the temperature around
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the sides of the bubble is not uniform, a higher evaporation rate occurs on the
higher temperature side. This leads to a greater evaporation momentum force
acting on the higher temperature side of the bubble compared to the lower
temperature side. In this case, a resultant force is generated [144]. Kandlikar
[145] proposed that such an effect can be used to control the trajectory of

bubbles.

The temperature field analyses of LAMP and U-LAMP presented in
Chapter 6 show that there is a temperature gradient in the molten plastic pool
along the laser travelling direction. In this case, bubbles will move from a
relatively cold zone towards a relatively high temperature region due to

unbalanced evaporation momentum force.
8.4.1.1 Evaporation momentum force and pressure

The component force in the horizontal direction of the evaporation

momentum force (F)y) can be expressed as [146]

2
., 9, 4, |4q | 4,
=L b v A H, (8.1)

hfg hfg Py hfg Py

F

M

where ¢g; can be treated as the flux of interfacial heat, /g, is the latent heat of
vaporisation, p, are the densities of vapour phases, H, and H,, represent the

height and width of the bubble, respectively.

Consider a vapour—liquid interface at which the liquid moves towards
the interface at a rate v; and the vapour travels away from the interface at a rate
vy (Fig. 8.9). The mass balance equation for an infinitesimal region (dA) at the

interface can be written as [144]
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pv,d4d=p,v dA (8.2)
where p; is the density of the liquid phase.

Since the densities of the liquid and vapour phases are different, the
vapour phase leaves the interface with a much greater velocity than that of the
approaching liquid. The consequence is that the momentum of the evaporation
mass on the interface is increased. The relationship between mass transfer along
the bubble interface, the expansion speed of bubble, and the relevant

evaporation momentum pressure (Py) can be written as [144]:

.
p, =t 7R Rva{V—V—lj (8.3)

" Area 4nR’ v,
where Fy;is the evaporation momentum force acting on the interface, which
equals to the momentum variation rate of the evaporating mass; R is the radius

of the bubble.

Based on the mass conservation equation (Eqn 8.2), the velocity ratio
in Eqn (8.3) can be expressed in terms of the densities of the liquid and the
vapour. Also, the velocity of the liquid can be related to the bubble growth rate.

Thus, Eqn (8.3) can be written as [144]:

P, =Rp, (%} [& E lj (8.4)
IOI pv

The density of the liquid is significantly larger than that of the vapour

by several orders of magnitude. The term (&—1] can be simplified to %

v v
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This approximation has been widely employed in bubble growth models (such
as Mikic et al. [147]). Thus, the pressure of the evaporation momentum can be

expressed as:

(8.5)

Vapor
Liquid

Fig. 8.9 A schematic diagram showing mass transfer of liquid and vapour on

the interface of a bubble [147].

8.4.1.2 Temperature dependence of evaporation momentum pressure

The temperature profile of the molten plastic in laser joining is
considered to influence the mass evaporation rate of the bubble, which is
proportional to the evaporation momentum pressure [144]. Nikolayev et al. [148]
found that the evaporation momentum pressure (Py) (vapour recoil

force/interface area) is related to the mass evaporation rate (flux) ¢ as:

P, =9 (p,' - p") (8.6)
where ¢ represents the mass evaporation rate along the liquid—vapour interface.

The relationship between mass evaporation rate and the local liquid

superheating can be expressed [144] as:
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Q= cpAT (8.7)

where ¢, is the proportionality coefficient, AT represents the liquid superheat.
The rate of change of the bubble mass can be calculated by integrating the flux

of the mass of the interface [144]:

. 2.[90—06

-90

cpAT;rR2 cos@do (8.8)

Also, the rate of change of bubble mass is related to the bubble growth

rate as:

m=47R’Rp, (8.9)

The proportionality constant (¢) can be calculated by equating Eqns.

(8.8) and (8.9).

Now, the evaporation momentum force in the horizontal direction can

be determined [144]:

F, = ro_gc(c AT)2 (,ov_1 —,ol_l)ﬁR2 cos’ 0d 6 (8.10)

8.4.1.3 Bubble encountered with asymmetric temperature distribution

To evaluate the effect of the resultant force of the evaporation
momentum on the movement of a bubble as a result of uneven temperature
distributions, the forces acting on a bubble were considered (Fig. 8.10), in

which T1>T,. Apart from the changes of liquid temperature in the vicinity of the
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bubble, the thickness of the boundary layer as well as the temperature changes
inside the layer are considered. The resultant force in the horizontal direction
can be determined from the corresponding force on either side of the bubble (i.e.
Fui and Fyp), which can be calculated using Eqn 8.10.

Liquid

] F:M 1 EM 2 [
T T

T,>T,

Fig. 8.10 A bubble presents in a temperature gradient, with the evaporation
momentum forces acting on the bubble (T,> T,) [147].

The difference between the horizontal forces (Fy; and Fip) is the
resultant force. The Marangoni force is ignored since the difference in surface

tension is exceedingly small across the bubble.

8.4.1.4 Effect of evaporation momentum force on bubble in LAMP

The experimental results showed that many gas bubbles were produced
during laser joining of PET to Ti when the laser power was higher than 45 W. It
is believed that when the temperature of the molten plastic is higher than the

pyrolysis temperature of PET (about 300 °C), gaseous products are produced.

To demonstrate the effect of bubble movement due to the temperature
difference in the molten plastic, the case of laser joining using a power of 55 W
(welding speed 4 mm/s, pulsed frequency 20 Hz) was analysed. The

temperature profile of the joint was simulated based on the thermal analysis
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model presented in section 6.1, using ANSYS. The Fig. 8.12 shows the
temperature obtained for Point (A) in Fig. 8.11 (x =0 mm, y = 12 mm, z = 1 mm)
as a function of time. At ¢ = 2.2 s, the temperature of point A reaches 300 °C, and
assumed that a bubble is formed. The temperature of Point A will further
increase to above 350 °C before starting to decrease at time 3 s. The temperature
profile of the joint at # = 2.2 s is shown in Fig. 8.13. The bubble is positioned in
a temperature gradient along the welding direction, with temperature on the left
higher than that on the right. Based on the analysis presented in sections 8.4.1.2
and 8.4.1.3, the force of evaporation momentum (Fy) is higher than (Fv), and

as a result, the bubble will move to the left (Fig. 8.13).

Laser beam
z A PETS
y ]
| : 1 1 Point A
X ) (x=0,=12,z=1)
Clamping

Fig. 8.11 Point A in the weld (x=0 mm, y=12 mm, z=1 mm).

450
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0 1 2 3 4 5 6
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Fig. 8.12  The temperature of Point A in Fig. 8.11 as a function of time.
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ANSYS

//////// R16.2
JAN 20 2017
00:29:55

Welding direction
—

—
Bubble departure

direction

Fig. 8.13 Temperature profile of the joint at t = 2.2 s, also showing is the

evaporation momentum forces acting on the bubble.

8.4.2  Ultrasonic vibration induced pressure field

8.4.2.1 Simulation method

A schematic physical model of the finite element analysis of the
ultrasonic vibration induced pressure field is shown Fig. 8.14. The edge of the
open channel is in line with the centreline of the joint (offset = 0.5 mm). To
simplify the model, the roughness of the Ti and PET sheets is neglected. The
ultrasonic vibration effect operates on the mode of half of a sinusoidal wave

(Fig. 6.6).
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Fig. 8.14

The schematic diagram of the physical model.

The default Pressure Acoustics feature of ANSYS was used for
simulating the pressure profile in U-LAMP joining, which models harmonic

sound waves in a homogeneous liquid domain, with the sound pressure

determined using the Helmholtz equation [149]:

Vip(F)+ k] p(F)=0 (8.11)

in  which, p

= pee™ is the sound pressure, 7 is the spatial

variable7” =[x, y,z], and k, = w/u represents the wave number (w is the

angular frequency and u is the sound velocity).

The relationship between displacement of the workpiece and acoustic

pressure is [150]:
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0 o*U
ﬁ:—p " (8.12)

where 7 is a normal vector to the Ti sheet, p is the density of the molten PET, ¢
is the time, U,=¢ sin(wt) is the displacement of the Ti sheet in the direction
perpendicular to the boundary. In the case of using an open channel transducer
tool, the measured vibration amplitude (¢) of position A was about twice that of
position B (Fig. 7.6). The pressure-acoustic module of the finite element
commercial software ANSYS was employed to solve Eqns (8.11) and (8.12),
and was based on acoustic-piezoelectric coupling frequency domain analysis.
The boundary conditions are: (i) U (displacement) = U, at the ultrasonic tool/Ti
sheet interface, (i1) the top free surface of the quartz plate and the solid PET
around the molten PET are fixed constraints, i.e. U = 0, (iii) the vibration
velocity u = 0 at the free quartz plate surface. A triangular mesh generation
technique has been employed in this simulation. The physical parameters

employed in the simulation analysis are listed in Table 3.5.

8.4.2.2 Results and discussion

Figs. 8.15-8.17 display the pressure distribution that occurs in the
molten PET in one specific loading cycle (T/16~T/2) in U-LAMP joining when

an open channel tool with different amounts of offset are analysed.
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Fig. 8.15 (a) The pressure distribution in a loading cycle (T/16 ~ T/2) with 0.5 mm

offset, (b) showing an unbalanced pressure acting on the bubble.
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Fig. 8.16 The pressure distribution in a loading cycle (T/16 ~ T/2) with no offset.

142



Chapter 8 Ultrasound-Aided Laser Joining with an Open Channel Transducer Tool

AN IeT
2A0G3eT
FAMAET
I0TGeT
FAETeT
140996 T
187787

1412LeT

1/8T 3/16T 1/4T 5/16T 3/8T 7/16T 1/2T

131527
1.0344e7
ELEAck
bLEdLek
ALTTack
TLEETel
e

Fig. 8.17 The pressure distribution in a loading cycle (T/16 ~ T/2) with 1.5 mm offset.

Comparing these three situations, a large unbalanced pressure is
developed on the bubble along the x-axis, if the edge of the open channel is
aligned with the centreline of the joint, i.e. an offset of 0.5 mm (Fig. 8.15). The
pressure acting on the right hand wall (P,) is greater than that on the left hand
wall (Pg) of the bubble (Fig. 8.15b). In other words, a net force (£,) 1s created
as a result of the pressure difference, which forces the bubble to move to one
side of the molten zone and can cause the bubble to escape from the PET/Ti
interface. In the case where there is no offset (Fig. 8.16) or if the offset is too
large (Fig. 8.17), there is not such a large pressure difference around the bubble,
therefore, bubbles largely remain stagnant and are not likely to be able to escape

from the joined zone.
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8.4.3  Verification of bubble movement by high speed camera images

For the case of an open channel transducer tool with an appropriate
offset to the weld centreline, the external forces acting on a bubble (including
the evaporation momentum force (Fv) caused by temperature difference, and a
net force (Fpe) caused by pressure difference and drag forces (Fgc and Fygy)
dictate the direction of the bubble movement (Fig. 8.18a), the resultant force (F;)
acting on the bubble can be considered as the combined effects of /v and Fp.
Therefore, based on the above analyses of the temperature and ultrasonic
vibration induced pressure effects, the trajectory of bubbles in the molten PET
should follow the path shown in Fig. 8.18(b), and have the chance to escape

through the PET/Ti interface.
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X
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Fig. 8.18 (a) the various external forces acting on a bubble; (b) the predicted
trajectory of a bubble in the molten PET (offset = 0.5 mm).

In order to determine the movement track of the bubbles, a high-speed
camera (Phantom, Miro LAB320) operates at 23,000 frames/sec was employed
to capture the image of the entire bonded area (Fig. 8.19). Fig. 8.20 shows the
images of the positions of a bubble captured by the high-speed camera in a time
series in the molten PET. The trajectory is depicted in Fig. 8.21, which matches

with the predicted direction illustrated in Fig. 8.18(b).
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The theoretical analyses of the trajectory of the bubbles under the
influence of vibration induced pressure field and the thermal field in laser
joining, and by high-speed camera images are in good agreement with the
experimental results of U-LAMP (Figs. 8.5-8.7) is that ultrasonic vibration can
drive bubbles out of the joined zone during the laser joining of PET to Ti. Based
on the images captured by the high-speed camera, it was found that the time for
a bubble to escape from the molten pool is very short, and it will not experience
the next laser pulse. Therefore, there is no need to consider the overlap effect on

bubble motion.
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Fig. 8.19 A schematic diagram showing the set-up of the high-speed camera.
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Molten zone

bubble

Fig. 8.20 High speed camera images showing positions of a bubble in a time series in
molten PET. (joining conditions: laser power 55 W, laser speed 4 mm/s,
pulsed frequency 20 Hz, vibration amplitude=4 pum)
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Fig. 8.21  An illustration of the trajectory of a bubble in molten PET.

8.5 Shear test results and failure analysis of joints

Fig. 8.22a shows the effect of laser power on the failure load for both
LAMP and U-LAMP specimens. The area of bonded surface of the joint was
measured before the shear test, and the area increased as laser power increased
(Fig. 8.23). To better reflect joint performance, Fig. 8.22a was re-plotted in
terms of failure stress (Fig. 8.22b). Typical fracture appearances of the LAMP
and U-LAMP specimens are shown in Fig. 8.24. The former fractured at the
metal-plastic interface and resulted in separation of the metal and plastic parts,
while the latter fractured in the parent plastic part. It is clear that the fracture
stress of the U-LAMP specimen is significantly higher than that of the LAMP
specimens (at least four times higher) and their fracture mechanisms were
different. This is considered to be caused by a reduction of the bubbles and a
stronger metal-plastic interface obtained for the U-LAMP specimens. This
strong interface of the U-LAMP specimens is supported by a higher level of
Ti-C bond intensity and a greater depth of the reaction zone of the Ti-C bond

measured across the interface. The results obtained for some LAMP and
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U-LAMP specimens are given in Fig. 8.25. The XPS spectra obtained for the
LAMP and U-LAMP specimens are given in Appendix A and Appendix B; the
analysing technique for determining the reaction depth was the same as

described in Section 4.3.

For the LAMP specimens, the failure stress initially increased with
increase in laser power and reached a maximum at 55 W. It then decreased
when the power was increased further (Fig. 8.22b). The level of laser power is
considered to have a direct effect on the formation of the chemical bonds at
the joint interface, as well as on the polymer degradation. Too low a laser
power will reduce chemical bonding between the metal and plastic parts,
whereas, too high laser power will result in the formation of many bubbles, as
well as causing degradation of the polymer, thus resulting in a relatively weak
joint. Fig. 8.26 reveals that the final fracture area of LAMP 55W was much
larger than that of a LAMP specimen produced using lower laser power
(LAMP_30W) (cf. Fig. 8.26a & Fig. 8.27a), with a high degree of plastic
drawing (cf. Fig. 8.26b & Fig. 8.27b). This leads to the conclusion that
bubble-induced pressure acting on the molten plastic does help to form a
stronger bond at the interface. However, if too many bubbles are formed when
high laser powers are used, the counter-effect of the bubbles (themselves
defects) becomes significant.

Examining the results of the U-LAMP specimens, the failure stress
did not change significantly within the range of laser power used (i.e. 30 W to
75 W), except that when the laser power was above 55 W, where the fracture
strength slightly decreased. This indicates that when the laser-bonded joint is

largely free from porosity, increasing the laser power will not result in higher
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strength, and if the power is too high, it may even cause a reduction in
strength due to damage made to the plastic. Fig. 8.28 shows that fracture of
the U-LAMP specimens occurred in the parent plastic material (specimens
U-LAMP 30W and U-LAMP 55W), and the final bonded area between the
PET and the Ti sheets was larger for the latter. For U-LAMP 30W, a
relatively large part of the originally bonded surface had already debonded.
This indicates that, although the overall interfacial bond strength of
U-LAMP_55W was higher than that of U-LAMP 30 W, especially in regions
further away from the centre of the weld line, a high interfacial bond still
occurs near the joint centreline of U-LAMP_30W. This is reasonable because
the laser output has a Gaussian distribution and the highest power is
experienced at the centre of the weld. This means that towards the end of the
tensile shear test, the remaining bonded surface along the centreline has
sufficient interfacial strength to hold the PET and Ti parts together and
eventually the fracture occurrs in the plastic part. This is considered to be the

reason why the failure stress did not change considerably with laser power.
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Fig. 8.22  The effects of laser power on (a) failure load, (b) failure stress.
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Fig. 8.23  The relationship between laser power and bonded area.
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(b)

Fig. 8.24 Failure appearance of (a) a LAMP specimen (55 W), (b) a
U-LAMP specimen (55 W).
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Fig. 8.25 Ti-C intensity measured at different sputtering depths for some
LAMP and U-LAMP specimens.

152



Chapter 8 Ultrasound-Aided Laser Joining with an Open Channel Transducer Tool

(b)

Fig. 8.26  Fracture surface of LAMP 55W, photos taken from the Ti side (a)
optical micrograph (the dotted line indicates the originally bonded
boundary), (b) SEM micrograph of point A.

(@) (b)

Fig. 8.27 Fracture surface of LAMP 30W, photos taken from the Ti side (a)

optical micrograph (the dotted line indicates the originally bonded
boundary), (b) SEM micrograph of point A.
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Fig. 8.28 Fracture occurred in the parent plastic material (a) U-LAMP_30W,
(b) U-LAMP_55W specimens; (the dotted line indicates the
originally bonded boundary).

The effects of laser travel speed and frequency on failure load are
similar, i.e. an increase followed by a decrease after reaching a maximum (Figs.
8.29, 8.30). This is somewhat expected because travel speed and frequency in
essence control the total amount of energy input into the joint. It is considered
that too high a travel speed or too low a pulse frequency results in low laser
energy input and this weakens the chemical bonding activity between the metal
and plastic parts. On the other hand, too low a travel speed or too high a pulse
frequency results in high laser energy input and may cause degradation of the

polymer, thus resulting in a drop in joint strength.
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Fig. 8.29 The effects of laser travel speed on tensile shear load and fracture

mode (laser pulse frequency 20 Hz, power 55 W).
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Fig. 8.30 The effects of laser pulse frequency on tensile shear load and

fracture mode (laser power 55 W, travel speed 4 mm/s).

8.6 Chapter summary

An open channel transducer tool was designed for the U-LAMP joining

process with the aim of driving the laser-induced bubbles out of the joined zone.

In addition, the effects of ultrasonic vibration on joint appearance, chemical

bonds across the joint interface and the failure load of the joint were also
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studied. The removal mechanism of bubbles from the molten plastic zone was
analysed based on the pressure and temperature profiles present in U-LAMP,

using the finite element method. The major findings are summarised as follows.

(1) For the conventional LAMP joining process, the formation of bubbles in the
joint zone is inevitable. On the other hand, with the new U-LAMP process
and using the offset technique, the amount of bubbles was significantly
reduced and in most cases no sizable bubbles could be observed under an

optical microscope.

(i1)) The combined effect of the pressure and thermal fields in the joint has an
important impact on the trajectory of the bubbles, and can drive bubbles out
of the joint zone. The experimental results of U-LAMP were supported by

the theoretical predictions and the high speed camera images.

(i11) Ultrasonic vibration causes a more intimate contact between molten PET

and the Ti metal which promotes chemical reactions between them.

(iv) Comparing the fracture load of the LAMP and U-LAMP specimens, the
failure load of the latter was significantly higher than that of the LAMP
specimen. With regard to the failure mode, the LAMP specimens mainly
fractured at the metal-plastic interface, while for the U-LAMP specimens,

the fractures generally occurred in the plastic part.
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Chapter 9

Fatigue Properties

9.1 Introduction

The objective of the study is to characterise and to compare the fatigue
performance, in terms of S-N curves, of the lap joined specimens produced by
LAMP and U-LAMP. Fatigue tests were conducted on both the LAMP and
U-LAMP specimens joined by using laser powers of 30 W and 55 W. The
condition of 55 W was chosen because this condition yielded the maximum
shear failure load, while for the case of 30 W, the LAMP and U-LAMP
specimens are largely free from porosity. Figs. 5.1 and 8.5 show the joints of
these four types of specimens for ease of reference. Fatigue test was conducted
at a constant mean load of 200 N. The S-N results obtained were correlated with
observations derived from light and scanning electron microscopy (SEM)

studies of the joints after fatigue testing.

9.2 Comparison of fatigue endurance

The fatigue endurance of the specimens (LAMP_30W, LAMP_55W,

U-LAMP_30W, U-LAMP_55W) are summarised in Table 9.1. The data are
presented in the form of S-N curves in Fig. 9.1. The results show that the fatigue
resistance of the specimens follows the sequence of U-LAMP 55W >
U-LAMP_30W > LAMP_55W > LAMP_30W. In the absence of porosity in the

U-LAMP joints, increasing the laser power from 30 W to 55 W results in a
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longer fatigue life. For the LAMP specimens, although LAMP_ 55W contains
porosity, its fatigue resistance is still better than that of LAMP 30W which is
largely free from porosity. This indicates that a stronger interface, in terms of
chemical bonds intensities, will give rise to a longer fatigue life. Comparing the
lives of U-LAMP 30W and LAMP_30W (both are virtually porosity free) also
shows that the former, which has higher chemical bond intensity at the PET/Ti
interface than the latter, exhibits superior resistance to fatigue. An improvement
in fatigue life of two orders of magnitude was obtained. Comparing the results
of U-LAMP_55W and LAMP_55W shows that with a similar chemical bonding
condition, an improvement of fatigue life of one order of magnitude was
obtained if most of the porosity is eliminated. The following section presents
some observations of the study of the LAMP and U-LAMP joints after fatigue

testing, explaining the differences in fatigue life between them.

Table 9.1 Fatigue endurance of the LAMP and U-LAMP specimens

Samples Specimen Test 1 Test 2 Test 3 Test 4 Test 5
designation  (cycles) (cycles) (cycles) (cycles) (cycles)

LAMP 30W Specimen A 3078 2856 2538 2246 1982
LAMP 55W Specimen B 186542 154896 102886 98652 46326
U-LAMP_30W Specimen C ~ >600000 567894 511836 386604 268956

U-LAMP_55W Specimen D 2177962  >600000  >600000 586184 548764
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Fig. 9.1 S—N curves of the LAMP and U-LAMP specimens.

9.3 Fatigue behaviour

For both the LAMP and U-LAMP specimens, fatigue cracks were
initiated at the outside periphery and propagated towards the centre of the
bonded zone. A typical example showing this behaviour is given in Fig. 9.2. The
crack started at the periphery due to the stress concentration along the bonding
boundary, and the chemical bond there is relatively weak. It is worth
remembering that the intensity of the chemical bonds decreases from a
maximum at the centre of the weld line to a minimum at the periphery because
of the Gaussian distribution of laser energy, where the centre receives the

highest laser power.
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(a) (b)
Fig. 9.2 The joined zone of a U-LAMP specimen (Specimen D) after testing

for (a) 1000 cycles, and (b) 6 x 10° cycles. (the dotted line outlines
the original bonding boundary).

For both the LAMP and U-LAMP specimens, although fatigue cracks
all started at the periphery of the bonded zone, a close examination of their
fracture surfaces (the Ti part) shows that their crack propagation behaviours are
different. Fig. 9.3(b) shows the fracture surface of a LAMP 55 W specimen; the
dotted line outlines the original periphery of the bonded area. The joint
appearance before testing is shown in Fig. 9.3(a). A fairly shiny surface (marked
A in Fig. 9.3b) can be observed in regions relatively far away from the
centreline region. In locations where there are bubbles (such as that marked B in

Fig. 9.3b), a tinted surface can be observed.
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(b)
Fig. 9.3 (a) joint appearance of Specimen B before fatigue testing, (b) fracture

surface of the Ti side.

The SEM examination of this fracture surface confirms that Zone A is
basically the bare surface of the Ti sheet with mechanical grinding marks clearly
seen on the surface, also only a small amount of PET adheres to the surface (Fig.
9.4a). The lack of strong chemical bonding between PET and Ti is evidenced
from the XPS results of Zone A. Figs. 9.5 and 9.6 show the high resolution Cls
and Ti2ps XPS spectra obtained for this region, respectively. The results reveal
that the chemical composition and the chemical state of this region are similar to
those of the original Ti sheet, i.e. only TiO; covered the surface. This means that
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for a Zone A type of area, the bonding is very weak in that the fatigue crack
actually debonded the Ti/PET interface. It is considered that the fatigue crack
advances at a fast pace in this region. This type of crack propagation mode was
also found to be dominant in Specimen A (LAMP_30W) (Fig. 9.7), and this

explains why Specimen A has a low fatigue life.

(b)
Fig. 9.4 SEM micrographs of the fracture surface of Specimen B: (a) Zone A,

and (b) Zone B (arrows pointing to possible fatigue crack growth

directions) of Fig. 9.3(b).
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Fig. 9.5 High resolution C1s XPS spectrum taken from Zone A of Fig. 9.3(a).
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Fig. 9.6 High resolution Ti2ps XPS spectrum taken from Zone A in Fig. 9.3(b).

Fig. 9.7 Fracture surface of Specimen A, most areas resemble that of Zone A of

Specimen B, and are bare metal surfaces.

In areas where there are bubbles, polymer residuals were found on the
surface with signs of fibrillar deformation of the plastic material (Fig. 9.4b). Fig.
9.8 shows the high resolution Cls XPS spectra taken from Zone B without
ion-milling and after ion-milling to a depth of 480 nm. The presence of a C-C

bond before ion-milling supports the idea of PET adhering to the Ti surface, and

163



Chapter 9 Fatigue Properties

the Ti-C bond found at the depth of 480 nm reveals that the PET/Ti interface
was bonded chemically. Fig. 9.4(b) also shows that at the edge of the bubble,
the crack propagated in a relatively brittle manner. This suggests that, due to the
stress concentration effect, a relatively fast propagating pace of the crack
occurred at bubbles locations, shortening the fatigue life of the joint. Although
bubbles in the joint can act as crack deflectors and could possibly reduce the
effective stress intensity at the crack fronts, such an effect is considered to be
small in this case because the bubbles are lying more or less in the same
horizontal plane and large crack deviation is not expected. It is likely that the
fatigue crack propagated in a fast manner by going through the bubbles. The
fatigue crack propagation path in Specimen B is proposed and illustrated in Fig.

9.9.
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Fig. 9.8  High resolution Cls XPS spectra taken from Zone B, without

ion-milling (d=0 nm) and after ion-milling to a depth of 480 nm.
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Fig. 9.9 Proposed fatigue crack propagation path in regions where there are

bubbles (Specimen B) (not to scale).

For the U-LAMP 55W specimen, which is free from observable
bubbles (Fig. 9.10a), fatigue cracks also started at the periphery of the bonded
area. The fracture surface can be broadly divided into two regions (Fig. 9.10b),
Zone A and Zone B. Zone A is a relatively flat region with some residuals of
PET adhering to the Ti surface (Fig. 9.11a). It is considered that the PET/Ti
interface at some spots in this region is chemically bonded. This is supported by
the high resolution Cls and Ti2ps XPS spectra taken from Zone A where
chemical bonds of Ti-C, Ti-O and Ti,Os were detected (Figs. 9.12 and 9.13).
Compared to the situation of Zone A of the LAMP_55W specimen, the stronger

interface of the U-LAMP_55W specimen should increase the fatigue resistance
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of the joint. When the crack advances to Zone B, it appears that the fatigue
growth mechanism changes, the cracks propagate in the plastic material and
“beachmarks” are observed on the fracture surface (Fig. 9.10b). In between the
beachmarks, discontinuous growth bands are found (Fig. 9.11b). These bands
resemble those of the striations observed in metal fatigue, but given the
relatively large spacing between two adjacent bands, it is unlikely that the
spacing represents the local fatigue crack growth (i.e. crack extension per cycle).
Some areas in Zone B also exhibit a kind of ductile fatigue crack growth (Fig.
9.11c), and the crack growth rate in these regions should be low. It is considered
that without the weakening effect of bubbles, fatigue crack growth mainly
follows a path in the plastic material (Fig. 9.14), and this is a relatively slow
process compared to that of the propagation mechanism of Specimen B (Fig.
9.9). The fatigue crack growth mechanism of Specimen C (U-LAMP_30W)
(Fig. 9.15) is found to be similar to that of Specimen D (U-LAMP_55W) (Fig.
9.11b), i.e. a mixed brittle and ductile growth mechanism. The slightly better
fatigue performance of the latter is considered to be due to a stronger bonded

interface.
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(b)
Fig. 9.10 (a) Joint appearance of specimen D; (b) optical micrograph of the

fracture surface taken from the Ti side.
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Fig.9.11 SEM fractographs of Specimen D: (a) Zone A with some residuals

of PET; (b) Zone B showing brittle type of “striations”, (c) Zone B

showing ductile fracture.
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Fig. 9.12 High resolution C1s XPS spectra taken from Zone A of Fig. 9.10(b).
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Fig. 9.13 High resolution Ti2ps XPS spectra taken from Zone A of Fig.
9.10(b).
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Fig.9.14  Proposed fatigue crack path in Specimen D (not to scale).
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(b)

Fig. 9.15 Fracture features of Specimen C are similar to those of Specimen D:

(a) brittle type of “striations”, (b) ductile fracture.

94 Chapter summary

The fatigue behaviour of the LAMP and U-LAMP joined specimens
have been studied. The major observations are summarised follows:
(i) The fatigue performance, in terms of fatigue life, of the U-LAMP
specimens was always better than that of the LAMP specimens.

(i1) For all the U-LAMP and LAMP specimens, the fatigue crack started from
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the outside boundary of the bonded zone and advanced towards the central
area of the joint.

(ii1) For the LAMP specimens, a relatively large portion of the fracture surface
exhibited a flat region due to weak interfacial bonding. This led to fast
fatigue crack growth.

(iv) The bubbles present in the LAMP specimens act as stress raisers and reduce
the fatigue life of the joint.

(v) For the U-LAMP specimens, a large proportion of the crack propagation
life takes place in the plastic material and this gives rise to a high fatigue

crack growth resistance.
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Chapter 10

Conclusions

A new laser joining technology, namely ultrasound-aided laser
joining (U-LAMP), has been developed to bond plastics to metals. The four

objectives set out for this research study have been accomplished. They are:

(1) to design an ultrasonic system for the U-LAMP process that can resolve

the bubble problem which is inherent in the conventional LAMP process;

(i) to analyse and model the acoustic field in relation to the dynamic

movement of bubbles in the joint;

(ii1) to understand the joining mechanisms of metals to plastics under the

combined actions of a laser and ultrasound;

(iv) to improve the mechanical properties of laser fabricated metal-plastic

joints with ultrasound aid.
The major findings of this research study are summarised as follows:
A. Conventional laser joining metal-to-plastic (LAMP)

(1) Laser energy has a significant effect on the amount and distribution of
bubbles. A somewhat discrete distribution of bubbles was obtained when
a relatively low laser energy was used, which in this study was 45 W.
When the energy was raised to 60 W, large connected bubbles were
formed along the centreline of the joint. Further increase of the energy to

80 W, produced more bubbles, however they become more dispersed and
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(i)

occupied a larger area of the joint.

The results of the XPS analysis revealed that the Ti/PET interface
contained new Ti—C, Ti—O and Ti,O3 bonds after laser irradiation, and the
thickness of the interface, in general, increased with increasing laser
energy input. Increasing the laser input energy also increased the intensity

count of the chemical bonds.

(ii1)) The chemical bond intensities of the Ti—-C and Ti—O species have

(@

(i)

pronounced effects on the tensile failure load of the joints. When the
amount of bubbles is high, the weakening effect of the bubbles outweighs

the strengthening effect of the high chemical bonding intensity.

Ultrasound-aid laser joining metal-to-plastic (U-LAMP)

Low laser energy input

For both the joints formed with and without ultrasonic vibration, no
bubbles were observed when the laser power used was below 30 W. A
higher laser power, such as 45 W, produced large quantities of bubbles in

the joint.

For specimens joined at 30 W, the strength of the joint produced using
ultrasonic aid, in terms of tensile failure load, was always higher than that
of the joint formed without ultrasonic aid. This improvement can be as
high as three times. When compared to the joint produced using a higher
laser power (45 W) and without ultrasonic aid, and where bubbles had
formed, the joint strength of the ultrasonic-aid specimen (laser power 30

W) was nearly double the former.
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(ii1) Ultrasonic vibration promotes chemical reactions between molten PET

(b)

@

(i)

and Ti metal. The XPS results showed that the U-LAMP specimens have
higher bond intensities of Ti-C, at the joint interface, than the LAMP

specimens.

High laser energy input

In order to take advantage of using ultrasonic vibration in the laser joining
of plastics to metals to drive laser-induced bubbles out of the molten
plastic zone, a transducer tool with a surface cavity is needed to create a

low pressure region in the molten plastic.

For the conventional LAMP joining process, the formation of bubbles in
the joint zone is inevitable and the amount increases when the laser power
is increased. On the other hand, with the new U-LAMP process and using
an offset technique, the amount of bubbles was significantly reduced, and
in most cases no sizable bubbles could be observed by optical microscopy.
It is believed that U-LAMP can be potentially applied to other

metal-plastic pairs to achieve similar outcomes.

(ii1) The theoretical basis on the combined effect of pressure and temperature

fields on the track movement of bubbles was studied, and the predicated
results were in good agreement with the experimental results together

with supporting evidence from high speed camera images.

(iv) Comparing the fracture load of the LAMP and U-LAMP specimens, the

failure load of the latter was significantly higher than that of the LAMP
specimen. With regard to the failure mode, the LAMP specimens mainly

fractured at the metal-plastic interface, while for the U-LAMP specimens,
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the fractures generally occurred in the plastic part.

(v) The improvement obtained for the joints formed with the aid of ultrasonic
vibration is believed to be due to the absence of bubbles in the joint and a

strong chemically bonded interface is formed.

(vi) The fatigue resistance of U-LAMP specimens is superior to that of LAMP

specimens.
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Chapter 11

Suggestions for Future Work

The new laser joining technology developed in this research study,

namely ultrasound-aided laser joining (U-LAMP), has been successfully applied

to bond plastics to metal, and the mechanical properties of the joints were

superior to those of the conventional laser joining metal-to-plastic (LAMP)

process. However, there are still some interesting subjects worthy of further

investigation; they are:

(@

(ii)

(iii)

(iv)

V)

This study used a longitudinal mode of vibration, and it is worth to
investigate another mode of vibration on bubble movement, i.e. the flexural

mode.

Having confirmed the superiority of the U-LAMP process in joining simple
rectangular coupons, larger joint surfaces and different shapes of joints

should be explored.

Transducer tools with different surface profiles to suit different joint

profiles need to be realised.

It is believed that U-LAMP should also be successfully applied to other
metal-plastic pairs with similar outcomes. To confirm this, more

experiments are needed.

In modelling bubble movements, many assumptions were made. The
influence of ultrasound on the viscosity of the molten PET and the

variation of density of molten polymer as a function of temperature were
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not taken into account. Therefore, the mathematical model of bubble

movement needs to be refined.

(vi) The fatigue test was only conducted at one load level, more tests are
required at different load levels in order to fully understand the fatigue

crack initiation and propagation behaviour.
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XPS Spectra for LAMP Samples
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Curve fitting conducted for Ti2p high resolution XPS spectra obtained from the
Ti side of the joined samples after ion-milling to various depths for Sample 1 in

Chapter 4 (laser power 35 W, laser speed 4 mm/s, laser frequency 20 Hz).
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Appendix A XPS Spectra for LAMP Samples
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Curve fitting conducted for Ti2p high resolution XPS spectra obtained from the
Ti side of the joined samples after ion-milling to various depths for Sample 2 in

Chapter 4 (laser power 45 W, laser speed 4 mm/s, laser frequency 20 Hz).
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Appendix A XPS Spectra for LAMP Samples
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Curve fitting conducted for Ti2p high resolution XPS spectra obtained from the

Ti side of the joined samples after ion-milling to various depths for Sample 3 in

Chapter 4 (laser power 60 W, laser speed 4 mm/s, laser frequency 20 Hz).
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Appendix A XPS Spectra for LAMP Samples
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Curve fitting conducted for Ti2p high resolution XPS spectra obtained from the
Ti side of the joined samples after ion-milling to various depths for Sample 4 in

Chapter 4 (laser power 80 W, laser speed 4 mm/s, laser frequency 20 Hz).
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Appendix A XPS Spectra for LAMP Samples
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Curve fitting of Ti2p high resolution XPS spectra obtained from the Ti side of

the joined samples after ion-milling to various depths of the LAMP specimen

(laser power 30 W, laser speed 4 mm/s, laser frequency 20 Hz).
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Curve fitting conducted for Ti2p high resolution XPS spectra taken from the Ti

side of LAMP sample for various depths (laser power 55 W, welding speed 4

mm/s, laser frequency 20 Hz) .
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Curve fitting conducted for Ti2p high resolution XPS spectra taken from the Ti

side of the U-LAMP sample with the ultrasonic duty cycle of 20% for various

depth (laser power 55 W, welding speed 4 mm/s, pulsed frequency 20 Hz, with

vibration amplitude = 4 um)
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