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Abstract

Abstract

Ultrasonic welding (UW) is not only a well-known industrial process but it has also been an
active research area. Materials ranging from metals to non-metals e.g. polymers and from
virgin materials to non-virgin materials e.g. composites are easily welded using this welding
technique. Some research has already been carried out but more thorough analysis is

needed on ultrasonic welding of thermoplastics.

Two thermoplastics selected for this research are commercially known as Acrylo-nitrile-
Butadiene Styrene (ABS) and Polypropylene (PP). ABS belongs to amorphous type of
thermoplastic, whereas PP is semi-crystalline thermoplastic. Owing to this dissimilarity in
their molecular structure, ultrasonic welding of these two plastics has already been
considered to be different. Energy director (ED) is usually protruded on anyone of the
samples to be welded. Ultrasonic energy is uniformly driven in the presence of energy

director at a localized area between the samples.

In this research, triangular (TRI) and semi-circular (SEMI) energy directors (ED) were
protruded on the surface of specimen by designing and manufacturing injection molds.
Tensile testing in shear was performed for measuring lap shear strength of joints after being
welded ultrasonically at constant strain rate of 3.24 mm/minute. Maximum LSS (lap shear
strength) of 17 MPa and 6 MPa were found for ABS with TRI ED and PP with SEMI ED
respectively. In other words, these LSSs (lap shear strengths) were 34% and 14.63% of base

material strength for ABS and PP respectively.

In this work, a statistical analysis (General Linear Model) was also used to deduce
meaningful information from experimentation for both materials. For different factor
settings, percent change in LSS was also calculated. Maximum percent change in LSS was
found for weld time e.g. 2682 and 76.67 from low to high level was computed for ABS and
PP respectively. Similarly, 55 & 47.2 for amplitude and 41 & 6 for static force were
calculated with ABS & PP respectively. Percent change in LSS of 409 and 47 was also
evaluated from SEMI to TRI and TRI to SEMI EDs for ABS and PP respectively. All the factors
appeared to be significant to affect the LSS but weld time was found to be the most

significant to achieve the higher bond strength.
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After doing the GLM (General Linear Model) analysis, some interesting results were also
highlighted. Experimental techniques were used to investigate the main reasons for these
findings. Difference in softening temperatures, viscosities, temperature spreads, ED
collapses, heat affected zones (HAZ) and fractured surfaces for both materials were used to
determine the reasons for interesting effects. For example, low static force was required for
ABS in gaining higher LSS due to its lower softening temperature and viscosity drop at weld
zone. Thus this work presented new and deeper understanding of the ultrasonic welding of

thermoplastics.

Various hypotheses were also made after having gone through the literature. Experimental
tools were also used to test these hypotheses. These technical tools included differential
scanning calorimeter (DSC), melt flow index (MFI) tests, finite element analysis (FEA), high
speed video camera (HSVC) and microscopy (optical and scanning electron). These tools

helped approve or disapprove the hypotheses.

Viscoelastic heating was considered to be crucial mechanism in joining thermoplastics
ultrasonically. Viscoelastic heating was depending mainly upon loss modulus, applied
frequency and strain amplitude. Weld strength further depended upon the temperature

development at weld interface.

Apart from above description, simulation based on FEA was also validated for its accuracy

and precision. A good match was found between experimental and simulated results.
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CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION

Ultrasonic welding has first been used in 1963 after being employed in electronic industry in
1960’s for joining wires [1]. Ultrasonic plastic welding consists of imposing ultrasonic
vibrations to thermoplastics in the presence of a vertical force/pressure simultaneously for
certain time period thereby resulting in a weld. The whole process takes either less than a

second or few to finish depending upon material configurations.

Ultrasonic welding has now been recognized as an excellent industrial joining technique.
Ultrasonic welding process is equally used for metals as well, with an only difference of
solid-state of metals during welding. On contrary, phase change occurs from glassy to

rubbery while welding thermoplastics ultrasonically.

Non-ferrous metals and their alloys are easily welded ultrasonically e.g. Aluminium, brass,
copper, and nickel alloys etc. Moreover, dissimilar material has easily been welded in

industry [2].

From industrial standpoint, joint design is an important aspect of ultrasonic welding. Energy
directors (EDs) are usually utilized for welding thermoplastics. These EDs really help in
concentrating the ultrasonic energy at localized areas. Furthermore, these EDs are those
places where the heat affected zone is developed. Shear joints are proposed for leak-tight

joints [2].

Thermoplastics are classified into two major groups;

1. Crystalline or Semicrystalline

2. Amorphous

Industrially acceptable thermoplastics for welding ultrasonically is presented in Table 1.1

[2]:
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Table 1.1 Thermoplastic Types

THERMOPLASTICS

AMORPHOUS

SEMICRYSTALLINE

Polycarbonate

Polyethylene

Polyphenylene Oxide

Polypropylene

ABS

Thermoplastic Polyester

Polystyrene

Nylon

Polyetherimide

Polyphenylene Sulphide

Acrylic

Acetal

Polysulfone

Poly-ether-ether-ketone

Despite its application to metals and plastics, ultrasonic welding is found to be harmoniously
successful in textile industry. At this point the ultrasonic welding appears to have
continuous mode of joining instead of spot welding. Continuous ultrasonic welding needs a

roller and horn. Fabric is passed between the roller and horn thereby resulting in perfect

continuous seal [2]. Ultrasonic fabric welder is exhibited in Figure 1.1.

Figure 1.1 Ultrasonic fabric welder [3]
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Ultrasonic welders are easily converted into hand welders for special applications e.g. fabric
repairs and joining, conveyor belt repair, intricate areas which has difficulty in assessing
them, reworking operation, and automotive industry. Ultrasonic hand pistol welder is well
suited to those premises where automation is having little importance and production rate

is quite small [4]. Ultrasonic hand pistol welder is illustrated in Figure 1.2.

Figure 1.2 Ultrasonic hand pistol welder [5]

Ultrasonic welding process is used flexibly to various applications e.g. apparel, appliance,

automotive, electronics, filtration, home furnishings, medical, and packaging [2].

Hence ultrasonic welding has an excellent standing in industry. Although ultrasonic welding
has already been accepted as a promising process in industry, it is, still, needed to fully
understand this process in terms of weld mechanics, weld morphology, heating mechanism,

suitable materials etc.
In this work, a comprehensive study on ultrasonic welding process was endeavoured in

order to develop a vast understanding of this welding process.

1.1. Thesis Layout
This thesis is structured as follows:
Chapter 2 deals with introduction to polymers and various plastic welding processes

including ultrasonic welding of thermoplastics. Thesis structure diagram is shown in Figure

1.3.
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Chapter 3 presents extensive literature review on plastic welding and ultrasonic welding
processes. Main topics of literature review include UWP, materials for UWP, viscoelastic
behaviour of polymers, factors for UWP, joining effects of thermoplastics, EDs, and methods

in assessing UWP. Methods in assessing UWP further consist of FEA, DSC and microscopy.

Chapter 4 describes the methodology to perform ultrasonic welding. It starts with the weld
factors selection, material selection, planning for experimentation, manufacturing of moulds

& samples, equipment used and LSS measurement of welded samples.

Chapter 5 presents the GLM statistical analysis results of ABS and PP.. This statistical analysis
comprises descriptive statistics to obtain a general idea about data for both ABS and PP,
transformation of data for PP in order to meet the condition of normality and GLM (General

Linear Model) as an analysis method for both materials.

Chapter 6 discusses the GLM results in detail. Effects of weld factors and their interactions
on LSS are determined and quantified for both materials. And reasons for these effects are
determined. Most significant levels of factors are tabulated then for their maximum
contribution in acquiring higher LSS for both materials. Interesting effects are also deduced.

Hypotheses based on literature are made by considering these effects.

Chapter 7 addresses the first experimental technique (DSC) to test some hypotheses. DSC is
used to find the softening temperature for both materials. It has been found that softening
temperature of ABS is lower than that of PP. This chapter also includes the MFI tests in an
effort to understand the fluidity of materials under investigation. Results from MFI tests are

also used to test hypotheses.

Chapter 8 defines another experimental tool (HSVC) in testing a hypothesis again. HSVC is

utilized to analyse the ED collapse and its effect on LSS for both materials.

Chapter 9 presents the temperature spread at weld interface by using FEA. Simulated
results are used to test again certain hypotheses. Numerical results are also validated with

the experimental results and a good match has been found.

Chapter 10 addresses the HAZ and fractography by using microscopic tools. Causes of

ductile and brittle fractures are explained with help of fractography. Various fractured
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surface features have also been found after testing LSS. Moreover, microscopic results are

also employed to test some hypotheses in this chapter.

Chapter 11 is summarising the hypotheses testing which leads to their approval or

disapproval. Finally chapter 12 concludes this present work and recommends the future

work.

{ Chapter 1:
Introduction

Chapter 2: Welding
Processes

Chapter 3:
Ultrasonic Welding

Process

Inclusive summary and conclusion
with future work

Thesis Structure

Chapter 7:
Differential Scanning
Calorimeter & Melt
Flow Index

Chapter4: Methodology,
Variables & Description
Of Procedure

Chapter 5: Results

Discussion

Chapter 8: Finite i
Element Analysis P

Chapter 9: High

Scientific understanding of reasons
for these effects

Speed Video Camera

Chapter 10:
Microscopy

Chapter 11: General
Summary of
Hypotheses Testing

Chapter 12:
Conclusion

X

Figure 1.3 Thesis structure diagram




CHAPTER 2 WELDING PROCESSES

CHAPTER 2 WELDING PROCESSES

2.1. Al

Having presented a brief introduction on ultrasonic welding process (UWP), this chapter is
intended to present basic definitions of various technical terms and possible plastic welding
processes. Advantages, limitations and application of these welding processes have also

been provided with a Table 2.2.

2.2. Polymers

Polymer and plastics are synonymously used for one another. Polymer is a Greek word
consisting of ‘poly’ meaning ‘many’ and ‘meros’ meaning ‘part’. Hence a polymer is a long
chain molecule based on small interconnected monomer unit. Many polymers are organic in
chemistry and consist of covalent compounds of carbon. Hydrogen, oxygen, fluorine,
chlorine, sulphur, etc. are those elements in polymers forming covalent bond with carbon
atom. In addition to primary covalent bonding, a polymer molecule has also secondary

intermolecular forces comprising dipole forces and hydrogen bonding [6].

The discovery of plastics is among the most amazing accidents in history of science and
technology. In 1931, Fawcett and Gibson at Imperial Chemicals Industries (ICl) Australia
discovered polyethylene after having observed a waxy solid produced in small amount
during their high-pressure gas experiments which used ethylene. It was made properly later
as polyethylene and was invented as one of the great commodity polymers. In the same
fashion, PTFE (Polytetrafluoroethylene) was discovered by Roy Plunkett at DuPont during an

activity that found white residue in the cut cylinder under observation [7].

Since then, various polymers have been made based on the possible combinations of atoms
and the way of arranging them in a particular order. This has led to build up many

innovative schemes of making polymers [7].

Until now, polymers have captured a huge amount of market share as compared to metals.

This is owing to the reason that polymers have high strength to weight ratio, excellent
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toughness, corrosion and abrasion resistance, lower friction and outstanding electrical

insulation. These attractive features of polymers are advantageous over other materials [8].

The most important area of application of plastics is in automobile and aerospace industries.
Plastics are also being used in medical, agricultural, pharmacy, furniture, electrical
appliances, food packaging, printed circuit boards, insulation, golf-ball covers and artificial

joints [6]. Application of plastics in furniture manufacturing is illustrated in Figure 2.1.

Figure 2.1 Application of plastics in furniture manufacturing [9]

Polymers can broadly be categorized into two major groups by considering their exposure to

thermal phenomena [6]:

1. Thermoplastics
2. Thermosets
Thermoplastics are large group of polymers. Thermoplastics are easily heated repeatedly

and reversibly resulting in softening and hardening on cooling properly [6]. All

7
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thermoplastics cannot be listed here owing to their large number except some of them e.g.

polypropylene, nylon, polyethylene, polystyrene, polycarbonate etc.

Thermosets are that group of polymers needing to be cured to get the intended function.
They do not allow any further change after getting cured once. They have the cross-linked
structure so heating and shaping cannot be done repeatedly. If thermosets are heated
excessively then they will get decomposed [6]. Basic structures for thermoplastics and

thermosets are exhibited in Figure 2.2.

Figure 2.2 Basic structures of thermoplastics and thermosets [10]

Thermoplastics have also been classified into two further types i.e. Linear and Branched. On
the other hand, when thermo-sets are heated, a chemical reaction takes place preventing
further chemical change in them [6]. Linear, branched and cross-linked plastics respectively

are shown in Figure 2.3.
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Figure 2.3 Linear, branched and cross-linked plastics [11]

Thermoplastics can further be divided into two major groups based on molecular structures.

1. Semi-crystalline

2. Amorphous

In case of semi-crystalline thermoplastics, molecules arrange themselves in proper order of
crystals. On the other hand, amorphous thermoplastics have no proper order for arranging
their molecules or in other words, they have random orientation of their molecules [6].
Difference in these two thermoplastics is shown in Table 2.1. Moreover, basic chain

structures for these two types of thermoplastics are illustrated in Figure 2.4.

Figure 2.4 Basic chain structures of amorphous and semicrystalline thermoplastics [12]

In fact, the list of thermoplastics is far from complete, but the aim is to present some

examples of thermoplastics. Polypropylene, polyethylene, and nylon are some examples of
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semi-crystalline thermoplastics. And in the same fashion polycarbonate, polystyrene, and

ABS are few examples of amorphous thermoplastics.

Thermally, a thermoplastic undergoes majorly two transitions i.e. melting (T.,) and glass
transition (Tg). Melting transition is also called as the first order transition, whereas latter is
known as the second order transition. Change in polymer properties can easily be observed
at T for amorphous and amorphous portions of semi-crystalline thermoplastics including
coefficient of thermal expansion, refractive index, electrical properties, heat capacity and
mechanical damping. A significant drop in Young’s modulus is also observed around the

glass transition temperature [6].

Table 2.1 Difference between semicrystalline and amorphous thermoplastics

THERMOPLASTICS [13]

SEMICRYSTALLINE AMORPHOUS
Distinctive Properties Distinctive Properties
Sharp Melting Point i.e. T, No Melting Pointi.e. Ty
Orderly Molecular Structure Random Molecular Structure
Excellent Chemical Resistance Tough, Rigid, Good Creep and Chemical
Resistance
Modulus remained until temperature Modulus reduced gradually near T,
reached the melting point
It gave opaque look It gave transparent look
Resilient -

2.3. Welding Processes for plastics

Welding plastics has emerged as an active area of research from increasing development of
various kinds of plastics. As lot of research has been done on plastics for their efficient usage
in various applications, in the same way, an optimum joining technique is needed to

assemble plastics. Various joining techniques for plastics are shown in Figure 2.5.

10
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Plastic Joining Methods
¥ ¥ y

— Bolting (Temporary) — Hot Plate »Solvent

L—» Riveting (Permanent) —» Resistance —»etc.
— Hot Gas

— Radio Frequency
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— Infrared
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—* Spin

* V\ibration

» Ultrasonic

Figure 2.5 Different joining methods for plastics [14]

As a matter of fact, a lot of options are available for joining plastic materials but each option

has its own advantages and limitations.

For instance, adhesive bonding is found difficult when it comes to handle and introduce a
foreign material in parent materials joining. Configuration of an adhesive bond is exhibited
in Figure 2.6. Mechanical fastening has problems regarding increased stress concentration,
increased weight of the final assembly, and variation in coefficient of thermal expansion.
Above all, these fasteners (temporary or permanent) need holes in parent materials to join

them [14].

11
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Figure 2.6 Configuration of adhesive bond [15]

Plastic welding replaces above difficulties in a good manner by considering various crucial

aspects e.g. time and money etc. These difficulties are [16]:

1. As compared to welding processes, the final strength of adhesive bond cannot be
achieved immediately. It takes some time depending further on the type of adhesive.
In an effort to reduce this time of proper adhesive joining, chemicals are used to
increase the curing time of adhesive bonding.

2. Adhesive bonding is susceptible to various environmental conditions while observing
a long curing time. It includes the interaction with moisture, chemicals and
ultraviolet light.

3. It involves a time consuming activity of surface preparation that depends on the
materials to be bonded and type of adhesives.

4. Adhesives are known as chemical compounds and these need proper safety of
operator while bonding. Also wastage is problematic after adhesive bonding due to
the requirement for its proper disposal and recycling.

5. In order to achieve a good adhesive bond, it always requires a competent operator

for avoiding wrong consumptions of chemicals.

Before discussing ultrasonic welding for thermoplastics, it is imperative to discuss some of

welding techniques which are mentioned in Figure 2.5.

Different ways of fusing plastics lay the foundations for further classification of welding

processes including [14]:

1. Electromagnetic Welding
2. Thermal Welding

12
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3. Friction Welding

2.3.1. Electromagnetic Welding

Microwave Welding

Microwave welding is deemed be a quick and neat process. All it needs an electromagnetic
absorbent material that is placed between the materials to be joined and an application of
suitable pressure along with microwave energy in GHz. As a result of this procedure, a
temperature develops due to electromagnetic absorbent material at the interface of
materials melting the two materials, finally developing the bond or weld. Microwave heat

effect is shown in Figure 2.7.

Electromagnetic absorbent materials usually consist of materials and solvents with OH, CO,
NO and NH. While welding, some of these materials leave interface via evaporation and

some other remain in the weld zone [14].

Figure 2.7 Microwave heating effect [17]

Resistance Welding

Resistance welding is also known as implant resistance welding. Implant is a term used for
an electrically resistive material. Resistance welding involves efficient utilization of implant
in the form of copper strip or metal mesh between the materials to be joined. Resistance
heating is produced due to the application of electric current to the implant. After having
developed a suitable temperature for melting plastic, a bond is produced. A typical

resistance welding set up is shown in Figure 2.8.

Several thermoplastics are welded by using this method. Materials to be welded may have

larger sizes. In order to control the quality of weld, a proper control on producing resistance

13
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is required between the two materials by adjusting the input power level during the welding

process [14].

Figure 2.8 Resistance welding [18]

2.3.2. Thermal Welding

Thermal welding has two prominent stages to consolidate the materials which are: external
heating and application of pressure i.e. forging. Let us discuss some of thermal welding

processes:

Hot Plate Welding

During hot plate welding, a hot plate (heated externally) is placed between the materials to
be joined for melting the interfaces of two materials. Hot plate is removed after having
melted plastic materials. Plastic materials are kept together under the application of
pressure until the plastic material again hardens on cooling. Hot plate welding equipment is

shown in Figure 2.9.

Thermal conductivity and geometry of the parts decide the time for welding. This welding
process is used to weld two different thermoplastics. Exposure of hot plate to materials
produces sticking which is a problem in this type of welding. Non sticking materials can be
used for eliminating sticking problem but even these materials will not resolve the said issue

in extremely high temperature conditions.

Hot plate welding has its special application in automotive industry and it is extensively used
in infrastructural applications. Hot plate welding is a slow process, albeit simplicity of

equipment is one of its advantages [14].

14
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Figure 2.9 Hot plate welding [19]

Infrared welding

Infrared welding is a thermal welding in which heating is provided to the interfaces of parts
to be welded by infrared radiations which come out of infrared heaters. This is a non-
contact type of welding in contrast to hot plate welding which is a contact type of thermal
welding. Method of giving heat to plastics is also different for both hot plate and infrared
welding i.e. former applies heat due to conduction, whereas later transfers heat through
radiations. Once the plastic melts or more precisely when temperature of plastic reaches to
its optimum processing temperature, the infrared lamps or heaters are withdrawn. Parts are
brought together by applying pressure until solidification of molten plastic, producing a
good quality and strong weld. An infrared welding set up is shown in Figure 2.10. This
process is fast and has the ability of providing the user with an opportunity for automating it

[14].

Figure 2.10 Infrared welding for plastics [20]
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Hot Gas Welding

Hot gas welding is a kind of thermal welding process for joining thermoplastics using
convection heat transfer. Hot gas welding is almost similar to gas welding for metals as it
uses filler rod of the same materials to be welded with a little difference i.e. instead of using
gas flame, hot gas welding utilizes stream of hot gas to heat the interface of materials. After
melting the materials, the application of hot gas is turned off and parts are kept together in
the presence of pressure to get a weld. Hot gas welding of plastic is illustrated in Figure

2.11.

Hot gas welding is comparatively slow process. Moreover, operator skills are essential
during the process to achieve a quality weld making it difficult to automate. Resultantly the

process is not suitable for high production rates [14].

Figure 2.11 Hot gas welding of plastics [21]

Laser Welding

Laser welding has good capability of welding metals but it can also be used for
thermoplastics and even for welding thermoplastic composites materials. In laser welding,
parts are pressed together by applying suitable pressure and a laser beam is passed through
the interface of two materials to be joined. The material is softened which results in

obtaining a weld. Laser welding is shown in Figure 2.12.

A good quality Laser weld depends upon the weld time, laser characteristics and material
properties. Laser welding is an expensive process and it requires careful control as laser
beams usually have high density to avoid material degradation. This type of welding is

avoided when other cheap alternatives are present. It is a fast, neat and non-contact type of
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thermal welding. Polymer laser welding is extensively used in automotive industries and

where high concentrated energy is required over small areas [14].

Figure 2.12 Laser welding [22]

2.3.3. Friction Welding

Friction Welding is another category of welding in which heat for welding takes place due to
friction at the interface of joining parts. Molten materials are held together under the action
of pressure followed by solidification and consolidation of parts. Ultrasonic welding,

vibration welding, spin welding, and stir welding are examples of friction welding.

Vibration Welding

Vibration welding is frequently used for joining thermoplastics and it has the ability to weld
thermoplastic composites accurately. In vibration welding, two parts to be consolidated are
held together with pressure. One part is kept stationary by fixing it on some suitable place
and the other part takes the vibrations at a particular frequency & amplitude and transfers
these vibrations at the interface. Vibrations are given parallel to the interface. Owing to
friction and viscous dissipation (in case of thermoplastic welding), heat is developed up to a
certain value. After that vibrations are stopped and parts are aligned under pressure giving

rise to a quality weld on cooling. Linear vibration welding set up is illustrated in Figure 2.13.

This process is easily automated by controlling properly important factors e.g. frequency,
amplitude of vibrations, welding time, welding penetration, hold time with pressure etc.
This welding process is, still, under development and offers many researches to make it as

efficient as possible.
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Vibration welding is used for high production rates especially due to short cycle times, its
ability of welding many parts at the same time, welding parts that have size small to
medium, and its capability of joining all thermoplastics i.e. amorphous, semi-crystalline and
crystalline. This process is preferred in automotive industry for assembling various parts

[14].

Figure 2.13 Linear vibration welding [23]

Spin Welding

Spin welding is another type of friction welding used to weld thermoplastics and its
composites. In this welding process, one part is revolved with a certain angular velocity
against the other fixed part under the action of pressure. Heat is developed due to friction
melting the interface of two parts to be joined together. After melting stage, part is stopped
rotating followed by cooling and consolidation of two materials. Spin welding of circular

plastic part is shown in Figure 2.14.

Simple machines e.g. drill or lathe can be used to make this process possible. In an effort to
get good quality weld, sufficient input energy is ensured at the interface by controlling
angular velocity of the rotational part. Also in order to carry out this process successfully,
some important factors are properly taken care of i.e. angular velocity, weld time, weld

pressure etc.

This process has short cycle time, capability of getting good weld and process simplicity.
Circular parts are welded without any trouble but due to uncontrollable distribution of

temperature at the interface, there may be chances of having residual stresses. As a result
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of this, hollow circular parts with thin walls are the good customers of this process. This

process is used in producing float and aerosol bottles [14].

Figure 2.14 Spin welding of plastics [24]

Stir Welding

Stir welding is a friction welding process used to weld thermoplastics and even light metal
such as aluminium. In this welding, a rotating drill tool is used having a small diameter pin
that is protruded out of drill tool face towards the parts. This type of tool rotates along the
interface line in such a fashion that the tool pin immerses itself into the interface line. The
height of pin is evaluated by considering the thickness of joining parts. Owing to rotation of
the tool and application of pressure, friction is produced and parts are joined immediately
on cooling after the tool leaves the part. Stir welding has found its lot of applications in
composites. This is due to this reason that a lot of room is available for an active research on

this process [14]. Stir welding is illustrated in Figure 2.15.

19



CHAPTER 2 WELDING PROCESSES

Figure 2.15 Stir welding [25]

Ultrasonic Welding

Ultrasonic welding is categorised as the friction welding type used for joining plastics,
metals and their respective composites. It utilizes ultrasonic waves at 20 KHz frequency with
other vibration characteristics such as amplitude etc. A static force or weld pressure is also
introduced at the same time with ultrasonic waves causing the material to join owing to
intermolecular friction (for plastics) and surface friction (for metals). A typical ultrasonic

welding machine is shown in Figure 2.16.

Figure 2.16 Ultrasonic welding machine [26]

Specimens are usually prepared with energy directors (EDs) via injection moulding. These
EDs help the ultrasonic vibrations concentrate at localized area which soften ED at interface
thereby resulting in weld on cooling. Ultrasonic welding is efficiently applied to amorphous

and semicrystalline type of thermoplastics rather than to crystalline [14].

Of the above discussed plastic welding processes, a perfect welding process must tackle

difficulties in welding small & large bond areas, readily automating it, welding strong,
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reliable & repeatable bonds, acquiring surface preparation before welding, reducing costs

and testing weld strength [14].

Table 2.2 is intended to present some of the advantages, limitations and applications of

earlier discussed joining processes.
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Main Welding Category

Table 2.2 Advantages, limitations and applications of plastic welding processes

Welding Processes

Advantages/Benefits

Disadvantages/Limitations

Applications

Electromagnetic

Microwave Welding

-Fast and clean [14]
-Shorter Weld Times [27]
-Overall low capital cost [27]
-Suitable for complex geometries [27]
-Disassembly is possible in the presence of

absorbent material [14]

-Specimen Size Limits [14]
-Incomplete removal of absorbent material
after welding [14]

-A controlled environment is required i.e.

shielded container [14]

-Automotive Industry [27]

Resistance Welding

-Fast, simple, cheap and clean [14]
-It is easily made sequential in welding large
structures [14]
-Easily automated [28]
-Suitable for high production rate [28]

-Suitable for flat and curved areas [14]

-Initial equipment cost [28]
-Low tensile and fatigue strengths [28]

-Lap joints adds weight and material [28]

-Aerospace, Medical
Devices, and Automotive

(14

Thermal

Hot Plate Welding

-Dissimilar thermoplastics are easily welded [14]
-Accurate temperature control at molten interfaces
[14]

-It handles the complex geometries [14]

-Sticking tendency of molten plastic to hot plate
[14]

-Application of non-sticking materials generates
the temperature limitations [14]

-Specimen Size Limits [14]

-Automotive, plastic battery
cases, fuel tanks, fuel pipes,
infrastructure applications

e.g. water and gas
distributions, sewage and

effluent disposal pipes [14]

Infrared Welding

-Fast Process [14]
-It joins a combination of flat and curved parts [14]
-It results strong welds [14]

-It is easily automated [14]

-Deconsolidation and warpage of substrate

during heating process [14]

-Instrument Panels [29]
-Door Trims [29]

-Centre Consoles [29]

Hot Gas Welding

-Simple and portable equipment [14]

-Itis used for large and complex parts [14]

-Not suitable for lap shear joints [14]
-Slow Process [14]
-Difficult to control [14]

-Not suitable for high production rate [14]

-Welding polyolefin tanks
[14]
-Repairing thermoplastic

containers [14]

Laser Welding

-It is used for thermoplastics [14]
-Fast and clean [14]
-Availability of high concentrated energy at small

localized area [14]

-Limited to metals for its most applications [14]
-High intensity of laser beams can burn the

thermoplastics [14]

-Automotive Industry [14]

Vibration Welding

-High equipment cost [14]

-It is better than adhesive and riveted joints [14]
-Suitable for high production rates [14]
-Short cycle times [14]

-Ability to join a number of components
simultaneously [14]

-Advantage of welding small to medium parts [14]

-Ease in controlling process [14]

-No requirement of surface preparation [14]

-Not suitable for non-flat seamed parts [14]

-Automotive [14]

-Domestic Appliances [14]

Friction

Spin Welding

-Ability to achieve high weld quality [14]
-Simple, Fast and Repeatable [14]
-Suitable for circular parts [14]
-Suitable for hollow circular parts with thin walls

[14]

-Non uniform heat distribution [14]
-Introducing residual stresses at the weld zone

[14]

-Aerosol bottles, floats [14]

Stir Welding

-Ability to impart superior mechanical
characteristics [30]
-Requirement of low energy [30]
-Lack of generating fumes [30]
-Advantage of joining dissimilar materials [30]

-Fast, clean, simple [14]

-Suitable for circular parts [31]
-Requirement of proper alignment before
welding [31]

-High initial capital cost [31]

-Automotive [32]

-Drilling pipes [31]

Ultrasonic Welding

-Suitable for high production rates [14]
-Ability to be easily automated [14]
-Ability to weld dissimilar materials [33]

-Flash free welds [14]

-Surface preparation e.g. EDs [14]

-Automotive parts [14]
-Medical Devices [14]
-Floppy disks [14]
-Battery housing [14]
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After having highlighted the short summaries of plastic welding processes and their

capabilities, our main focus will be on ultrasonic welding throughout the thesis.
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CHAPTER 3 ULTRASONIC WELDING PROCESS (UWP)

3.1. Al

Having identified ultrasonic welding process (UWP) as a good process, it is desired to
conduct more research to gain a deeper understanding of this process. Whilst there has
been conducted some research in this area, this work provides with a comprehensive
understanding of the link between processing factors, weld features, and joint strength for
the first time. The purpose of this chapter is to provide with an extensive background
familiarity regarding ultrasonic welding process (UWP). In an attempt to do so, various

facets of UWP have been explored. These facets are being discussed hereby.

3.2. Introduction

Ultrasonics is a special branch of acoustics dealing with sound waves in gases, liquids and
solids at a frequency greater than the upper limit of human hearing, that is, at frequency
above 20 KHz. Pythagoras and Aristotle were the earliest contributors in the field of
ultrasonics. Pythagoras worked on stringed instruments mathematically in sixth century BC,
while Aristotle, supposed that sound wave resonated in air due to the air motion in fourth
century BC. Nevertheless, when observing in nature, bats are found to be a kind of
mammals who produce these ultrasonic waves in an attempt to hunt and travel in the dusk,
night, and dawn. In general, this natural navigation system in bats is known as echolocation.
Dolphins are also understood for using this principle of echolocation for their navigation,
hunting and communication with each other. Hence ultrasonic vibrations are commonly
found in nature. Ultrasonic waves are being used in various applications such as medical,
imaging, nondestructive testing, accelerating a chemical process, and detecting submarines
etc. Scientific and engineering areas overlapping with ultrasonics are illustrated in Figure
3.1. Many applications are strongly dependent on ultrasonic transducer which acts as the
electromechanical conversion device. Ultrasonic transducer has emerged to be the heart of

various uses of ultrasonics [34, 35].
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Figure 3.1 Scientific and engineering areas overlapping with ultrasonics [34]

In ultrasonic welding, parts to be welded are held together on an anvil under a compressive
force which is static in nature. Ultrasonic vibrations are applied on these compressed parts.
As a result of applying the static force and mechanical vibrations simultaneously, heat is
developed. It is deemed a good practice to have man-made energy directors at the mating
surface of one of the parts to be welded that give rise to uniform and concentrated heat
development. As the temperature approaches and finally reaches the melting point of the
material (i.e. thermoplastic) at the weld interface, material starts flowing in the presence of
applied pressure, thereby, resulting in a weld. Ultrasonic welding is used for plastics and
metals along with their respective composites. In case of metals, under the same processing
conditions, material remains in solid-state and a weld is obtained finally. In this research,
our focus remained mainly towards thermoplastics as input materials for ultrasonic welding

[34]. Ultrasonic welding setup for thermoplastics is shown in Figure 3.2.
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Figure 3.2 Ultrasonic welding for plastics [1]

3.3. Ultrasonic Welding of Thermoplastics

Development of plastics and its composites has opened new doors for extensive researches.
In fact, welding thermoplastics has been identified to be the most important production
process. Ultrasonic welding is believed to be an attractive thermoplastic joining process. A
significant number of people uses the ultrasonically welded products every day in the

United States [34].

Based on the position of ultrasonic horn from the joining interface of samples to be welded,

ultrasonic welding of thermoplastics can be divided into two types [34]:

a. Near-Field Welding
b. Far-Field Welding

Near field welding is that type of ultrasonic welding in which the distance (d), between
ultrasonic horn and joining interface of two parts, is less than 6 or 6.35 mm. On the other
hand, far field welding is an ultrasonic welding process in which the distance (d) is greater
than 6 or 6.35 mm. Near field welding is suggested for soft and porous thermoplastics,
whereas far field welding is preferably utilized for rigid and amorphous thermoplastics. Near

field and far field welding set-ups are shown respectively in Figure 3.3 [34].
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Figure 3.3 Near and far-field ultrasonic welding [36]

In ultrasonic welding of thermoplastics, development of heat is taken as an important
parameter which is more involved. Viscoelastic heating is a main heating mechanism which
does not only depend upon material under study but also on surface asperities (EDs). These
energy directors (EDs) are the protruding parts which are moulded on specimens by
injection moulding process. Energy directors may consist of semi-circular and triangular
shapes. TRI and SEMI EDs are exhibited in Figure 3.4. Energy directors are designed in
accordance with overall part geometry, part material and shape of sonotrode etc. In fact,
energy director is expected to have maximum energy during the ultrasonic welding of

thermoplastics [37].
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Figure 3.4 (A&B) TRl and SEMI EDs

Amorphous and semi-crystalline thermoplastics are thought to be better raw materials for
ultrasonic welding than that of crystalline thermoplastics. But thermosets are found hard to
be welded ultrasonically. Thermoplastics are neither purely elastic nor purely viscous but
they show an attitude between elastic and viscous behaviour. So, complex modulus is
utilized consisting of two components i.e. storage modulus and loss modulus instead of
using young’s modulus. Further, storage modulus is called as in-phase component, whereas

loss modulus is called as out-of-phase component of complex modulus [14].

3.4. Ultrasonic Welding Equipment [38-40]

Ultrasonic welding equipment is used to impart mechanical vibration at high frequency of
20 KHz. A static compressive force is also introduced at the same time while holding the
parts to be welded with the assistance of suitable fixtures. Owing to simultaneous
application of compressive static force and dynamic ultrasonic vibrations, fusion occurs

thereby resulting in a weld after cooling.
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An ultrasonic welding equipment (UWE) consists of five components regardless of material
(e.g. plastics or metals) to be bonded i.e. power supply or ultrasonic generator, transducer
(or converter), booster, horn (or sonotrode) and an anvil on which specimens rest during

and after welding. Ultrasonic welding equipment is depicted in Figure 3.5.

Figure 3.5 Ultrasonic welding equipment [41]

3.4.1. Ultrasonic Generator

An ultrasonic generator is used to convert a source of electrical power (5000 W (watts)) at
50-60Hz into electrical energy at high frequency of 20 to 40 KHz. To date, 20 KHz is the most
desirable operating frequency in many ultrasonic welding applications. Old power supplies
have used open loop control for various weld factors, whereas today’s power supplies are
equipped with close loop control for frequency and amplitude of vibrations as an input for

ultrasonic welding.

3.4.2. Converter

Converter or transducer converts high frequency electrical pulses from the generator into

mechanical vibrations. Old transducers comprise materials of magnetostrictive
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characteristics but due to many disadvantages of using it, piezo-ceramics are being used in

new converters which expand and contract on exposing to alternating voltage.

3.4.3. Booster

After having obtained mechanical vibrations from the transducer, vibrations now face a
device of particular design and geometry that is called as booster. A booster is used to
increase or decrease the amplitude of vibrations by adjusting the geometry of it. For
instance, booster having larger entry, attached to converter, than its exit, attached to horn

or sonotrode, results in increment in amplitude and vice versa.

3.4.4. Horn

Horn has been used in ultrasonic welder whose function is to transfer mechanical
oscillations to the parts to be welded. Horns come in different shapes and sizes requiring a
lot of designing efforts to deliver right vibrations to the work piece. As horns are available in
various shapes so, it is possible to vary amplitude of vibrations by using them in the same
fashion as boosters do. Titanium and aluminium are frequently used for making horn. In
fact, selection of a particular horn depends upon the particular application under

considerations.

In addition to these four components, an UWE requires a number of other components e.g.
main frame or structure to hold all components together, fixture, air compressor, and plc

(programmable logic controller).

3.5. Benefits in using UWP [14]

The ultrasonic welding is preferred to other plastic welding processes due to following

advantages:

It is a fast process requiring fraction of a second to weld.
Ultrasonic welding is a good option to weld neat, clean and aesthetically good welds.
It is flash/spark less process.

No external heat is required for this type of welding.

ik wNne

Parts remain free of any external material after getting welded e.g. adhesives, filler

rod etc.
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L 0 N O

11.
12.
13.

Part strength improves after welding ultrasonically.
Dissimilar materials are certainly welded by ultrasonic welding process.
It is used for mass production.

It is easily automated.

. Protective equipment is not required during this welding process except in severe

case where personal protective equipment, like ear muffs, is needed to attenuate
further infrasonic waves.

Ultrasonic welding is a fumeless welding process.

It is economical with regards to both time and cost.

Ultrasonic welding is a pollution free process.

3.6. Limitations of UWP [14]

Although UWP for thermoplastics has many benefits, it has also few disadvantages which

need to be considered for the samples before being welded ultrasonically;

1.

It needs weld surface preparation e.g. energy directors. These EDs are produced by
injection molding process. And a considerable time is required to manufacture
molds.

For welding graphite composites, the fibers sitting away from the bonded area may

have heat conduction problems.

3.7. Applications [14]

Though UWP has so many applications, some of them are worthy of contemplation:

A W N

Automotive parts such as door panels, headlamps and engine covers
Medical Devices such as sealed bags
Floppy disks

Battery housing

A substantial amount of research is available for ultrasonic welding of thermoplastics,

metals, and their composites. A detailed review of literature is given hereby:

Yousefpour et al. [14] provided a review of various joining techniques for thermoplastics.

They have pronounced various fusion bonding techniques along with relevant equipment,
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production methodologies, technical factors’ effects on welded joint, and their applications.
Although this review presents the description of different welding techniques, this
description is short. Hence more work is needed to add further understanding of each
welding technique.

Nonhof and Luiten[42] have suggested four steps to perform ultrasonic welding which are
based on penetration of specimens. These steps have given rise to various phenomena
during ultrasonic welding of plastics. Step | (softening of ED), Step Il (Development of weld
zone), Step Il (Steady state achieved by molten plastic) and Step IV (Turning off the
ultrasonic generator) have clearly been stated. These four distinct phases are presented in
Figure 3.6. They have also found that sonotrode hammers on the specimens which produce
poor repeatability of welding process. This behaviour is also named as chaotic behaviour. A
little work has been done to resolve this issue so; more research is required to fix this

problem.

Figure 3.6 Four distinct phases of ultrasonic welding [42]

Tsujino et al. [43] reconfirmed the effectiveness of using high frequency welding system for
plastics. They have studied the welding properties from 40 KHz ultrasonic welding system
with two PZT (Piezoelectric ceramic longitudinal Transducer) and four PZT rings for PP
sample sheets. Welding characteristics improve on using such a high frequency welding rig.
Effectiveness of frequency has been addressed very well by authors but effect of other weld
factors e.g. amplitude, weld time etc. is also needed to be explored for their impact on bond
strength.

Khmelev et al. [44] found the basic problem which restricted UW technology from further

development. This problem includes the correct choice of optimum way or variant to realize
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the right potential of this technology and manufacturing of new specialized equipment.
They have observed that the more is force of initial static pressure on a welded material, the
less will be initial current of a welding.

Although a principle of energy batching has been introduced, it is hard to understand.
Hence a simplistic way of affecting bond strength needs to be utilized by using different
welding conditions.

Villegas & Bersee[45] studied the effects of orientation and configuration of various energy
directors upon carbon fiber/polyetherimide (CF/PEl) by using the near-field ultrasonic
welding. Triangular EDs have been made on surface of consolidated composite laminates by
utilizing hot platen press. Single lap-shear-welded samples have been joined ultrasonically
to determine the effect of orientation and configuration of EDs with respect to load
direction.

This work has presented a good effort in finding the effect of triangular ED on weld quality
but this is limited to only TRI ED and one material type.

Tsujino et al.[46] studied the welding characteristics from ultrasonic welding systems by
using various frequency levels e.g. 20, 40 and 67 KHz. They have observed that weld
characteristics can be improved by utilizing high frequency ultrasonic vibrations which result
in considerable vibration loss in plastics. Weld strength achieves its larger value by using 67
KHz welding equipment differing from those of 20 and 40 KHz.

Again, effects of other weld factors have not been considered in this research except effect
of different frequency levels is studied on weld strength.

Barsukov et al.[47] recommended the installation of an ultrasonic facility in the production
lines for continuously joining and cutting the polymeric materials. Polymeric materials, with
thickness from 20 microns to 5 mm, speed from 20 to 200 mm/sec, and width from 0.5 to
15 mm, have been welded and cut by using continuous, dot or step by step ultrasonic
welding and cutting facilities.

Though this work involves a good study on continuous ultrasonic welding and cutting but it
is lacking a deeper focus on spot ultrasonic welding type which has a proper industrial
prospective. A production line consisting of ultrasonic welding equipment is illustrated in

Figure 3.7.
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Figure 3.7 Production line of ultrasonic welding [48]

Tsujino et al.[49] studied various ultrasonic welding techniques for both plastics and metals.
Complex ways of similar and dissimilar frequency for ultrasonic vibrations have been
identified along with numerous vibration systems. These ultrasonic methods are considered
effective in welding plastic and metallic samples which are found difficult to weld by using

conventional ultrasonic welding process.

Although this study gives sufficient information on different welding scenarios for plastics,

this work fails to present thorough account of effect of weld factors on ultrasonic weld.

Khmelve et al.[50] modelled the energy at the weld zone while welding thermoplastics
ultrasonically. This calculation of ultrasonic energy for certain time period is deemed to have
great role in managing the overall ultrasonic welding process and imparting the optimized

quality to the final welds.

This work presents a better control on welding thermoplastics ultrasonically for attaining
quality joint with a different approach of energy estimation. Effect of each weld factor on
ultrasonic welding of thermoplastic is also required in order to obtain greater insight into

UWP.

Tsujino and Ueoka[51] discussed the ultrasonic butt welding of metals such as aluminum,
anticorrosive aluminum and copper with thickness up to 6 mm. They have found that dry
specimens give better weld strength than that of wet specimens with grease. Micro-Vickers
hardness tester has been used to measure strength. Burrs have also been observed above
and below surfaces of the welded specimens. High vibration amplitudes and shorter weld

times remove the formation of these burrs. A butt joint is shown in Figure 3.8.
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This work can be considered good for butt type of welded joint for metals. Ultrasonic

welding of thermoplastics has not been investigated in this research.

Figure 3.8 Various welded joints [52]

Tsujino [53] discussed the recent developments of ultrasonic welding process (UWP).
Different orientation of the basic parts of UWP has been used to welding different materials
e.g. metals i.e. aluminum, anticorrosive aluminum, steel, copper, and plastics. To join thick
as much as 10 mm and large metal samples, ultrasonic butt welding has been implemented
and suggested with large capacity vibration sources and power amplifiers of 50 and 100kW.
Two vibration systems have also been used crossing at right angle for welding medium to
large metal specimens. For medium size metal specimens, complex vibration welding tips
vibrating in different loci such as elliptical to circular and rectangular to square, have been
considered effective.

Though plastic welding has been done in this study by using different ultrasonic welding
systems but thickness of specimens seems to be very small i.e. less than 1 mm. Also energy
director has not been used for welding thermoplastics. Hence proper considerations of all
weld factors are required to have better understanding of UWP for plastics.

Ling et al.[54] worked for acquiring more understanding of the ultrasonic welding of
thermoplastics. This work has emphasized on mechanical impedance and force vs.

displacement curves used to divide the ultrasonic welding into four distinct phases;
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viscoelastic-plastic phase, phase of melting energy director, completion of melting phase
and coupling phase of upper & lower samples. In an effort to optimize this process, over
welding phase should be avoided as much as possible.

Although authors have presented an excellent method to understand the UWP for plastics,
a deeper insight in to UWP, still, needs to be attained for welding thermoplastics by using
various experimental techniques e.g. FEA etc.

Shoh[55] discussed that ultrasonic welding made a considerable progress over the past
years. Complex weld designs have already made the ultrasonic welding, a process that it can
easily accommodate intricate weld geometries. Acceptance of ultrasonic welding as an
industrial process is the most crucial development in assembling thermoplastics. Ultrasonic
welding appears to have new uses in plenty of ways based on original process.

Huang [56]focused on designing aspect of ultrasonic welding process in detail. According to
the author, many thermoplastics can be conveniently welded ultrasonically without adding
any solvent or adhesives. Various crucial factors need to be implemented for ultrasonic
welding including joint design and welding structure with great care.

Author has provided with design guidelines for ultrasonic welding. But when it comes to
introducing energy director, this study fails to present design requirements for semicircular

energy director.

3.8. Materials for UWP

For welding thermoplastics or metals or both ultrasonically, right selection of a particular
thermoplastic or metal is essential. Having discussed earlier, thermoplastics can be divided
into various types i.e. amorphous, semicrystalline or even crystalline. Ultrasonic welding is
best suited to amorphous and semicrystalline types of thermoplastics owing to the fact that
ultrasonic bond appears to be developed between glass transitions and melting
temperatures. As far as crystalline material is concerned, the bond is hardly achieved before

attaining its melting temperature [14].

Metals are also joined by ultrasonic welding. In case of welding metals, ultrasonic welding

has already been believed to maintain the solid state of metals while joining [57].

Moreover, composites from metals and polymers have also been welded successfully [14].
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Wu et al.[58] employed an ultrasonic welding technique for welding plastics with various
geometries. A new ultrasonic welding facility has been designed and manufactured. Effect of
different welding conditions is found on welding zone and tensile strength of the weld.
Shorter welding time has also been proposed with high level of normal pressure in an effort
to achieve higher weld strengths.

In this work, a good procedure is developed for welding and testing thermoplastics.
However, using ED at joint interface can definitely result in better weld quality.

Shu et al.[59] explained the ultrasonic spin welding of thermoplastics by using various weld
factors. Weld strength has been optimized by using the Taguchi method. Analysis of
variance shows that hardening time is the most dominant weld factor that affects the
welding quality.

This work has only analysed the spin welding considering relevant weld factors. It can also
be extended to weld thermoplastics ultrasonically.

Wu et al.[60] used the design of experiments in an effort to get a proper understanding of
ultrasonic welding and vibration welding of thermoplastic polyolefin (TPO). Standard
samples have been used for both ultrasonic welding as well as vibration welding according
to American Welding Society (AWS). For both welding processes, amplitude of vibrations
has been observed to be the dominant factor for affecting the weld strength. Maximum
weld strength obtained by utilizing ultrasonic welding, is 40% of the base material strength,
whereas 66% for vibration welding. Standard deviation for vibration weld is significantly
lower than that for ultrasonic weld. Vibration welding setup is represented in Figure 3.9.
Although current work presents a good comparison of two welding processes, this work is

limited to only one material type.
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Figure 3.9 Vibration welding process [61]

Haddadi [62]has welded the dissimilar metals ultrasonically. Aluminium has been welded
with steel. Intermolecular islands can be found to nucleate at interface containing mainly
FeAl3 and Fe2AI5 for shorter weld times. For 1.5 sec of weld time and 1.4 KN of axial
pressure, 1.0 um of intermetallic layer thickness can be obtained.

Author has developed a better understanding of ultrasonic spot welding for dissimilar
metals. But this study is confined to metals. Ultrasonic welding of thermoplastics can be
explored for getting more insight into this process.

Shakil et al. [63]studied the ultrasonic spot welding of Aluminium and stainless steel alloy at
various weld parameters. Over, under and good welds have been recognized as function of
different weld parameters. It is revealed by lap shear tensile test that under weld is
achieved at weld energies 75 and 100 J due to cold worked. Weld obtained with energy
values 125 and 150 J is named as good weld. Over welds are obtained owing to
recrystallization at energy values 175 and 200 J. Good weld results in higher strength than
that from under and over welds.

Effect of ultrasonic weld parameters has been addressed by authors on dissimilar metals.
This effect may also be investigated for thermoplastics leading to identification of different
levels of weld quality e.g. good, over and under weld.

Zhang et al. [64]investigated the possibility of welding aluminium and titanium by using high
power ultrasonic spot welding. Authors have found that 0.93 mm thick aluminium can

successfully be welded ultrasonically with 1 mm thick titanium. Two different modes of
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failures have also been found called as interfacial failure and pull out. Lack of formation of
brittle intermetallic layer has resulted in better strength of aluminium-titanium joint. The
pull out mode transfers to the interfacial failure mode after natural aging.

Although ultrasonic welding of different thermoplastics has not been conducted in this
work, the authors established the basic foundation for welding ultrasonically a new metallic
combination.

Corre et al. [65]modelled the heating phenomenon in ultrasonic welding of thermoplastic
composite (carbon fibre fabric/polyetherimide) with flat energy directors. Neat PEI film has
been acted as a flat ED between two samples to be welded. Local heating with progressive
adhesion has been produced by flat ED. Heating based on friction is confirmed by simulated
results between ED and composite adherends. Viscoelastic heating is developed then after
the adhesion has occurred and friction drops. Heating phase has been found to be finished
when the interface temperature reaches the glass transition temperature. At this stage, flow
of resin has been started. A comparison has been investigated between predicted and
experimental electric power. The apparatus is found to deliver a global efficiency of 13%.

An excellent modelling approach for thermoplastic composites has been identified by
authors. But this approach is limited to composite materials only. It does not address the
virgin materials especially thermoplastics.

Stoehr et al. [66]investigated the ultrasonic welding of neat and plasticized PLA (polylactic
acid). Effect of material composition has been examined on processing window and weld
quality. It is revealed that plasticizer addition affects greatly the processing window and
weld quality. A wider process window is achieved by welding plasticized PLA, as shown by
experimental results. Weld parameters are not influenced by multiple processing stages for
PLA films. Moreover, weld quality has been improved due to the addition of plasticizer.
Ultrasonic welding of PLA has been done successfully. Ultrasonic welding of different

thermoplastics may also be achieved with/without plasticizing the material.

3.8.1. Viscoelastic Behavior of Polymers

On imposing the ultrasonic vibrations to thermoplastic samples in the presence of static
force, heat is produced. This heat is majorly thought of coming from viscoelastic
phenomenon in thermoplastics. Hence viscoselasticity of thermoplastics must be considered

properly in an attempt to explore the capacities of ultrasonic welding process. Various
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viscoelastic and viscoplastic models have been presented in order to understand behaviour
of polymers. Polymers have also general mechanical properties e.g. tensile strength,
stiffness, etc. Various viscoelastic and viscoplastic properties have been addressed in
following literature i.e. storage modulus, loss modulus, creep behaviour, stress-strain curve,
and relaxation behaviour. Most of these properties are function of time and frequency. In
this work, various mechanical and viscoelastic properties of thermoplastics have been
considered to attain research oriented objectives. In an effort to understand the viscoelastic
behaviour of polymers, a considerable amount of literature has been studied. A basic
representation of polymer viscoelasticity in the form of spring and dashpot is exhibited in

Figure 3.10.

Figure 3.10 Polymer viscoelasticity with an elastic spring and a viscous dashpot [67]

Lee[68] discussed the problems with stress analysis for linear viscoelastic materials. He has
explained three fundamental features of stress analysis; a) quantifying material properties,
b) evaluating the operators functions between stress and strain leading to have viscoelastic
model and c) employing previous two features for determining the stress distribution. He
has concluded that quasi-static analysis is quite general and it is beneficial to evaluate the
transient solution over limited time span in order to escape from using Fourier integrals. F.
Bueche[69] presented a simplified model of molecule. The model has been employed to
understand the viscoelastic behaviour of cross linked polymers under the action of
sinusoidal forces. Theoretical data have been seemed to be agreed with experimental data.
Dilute solution has also been considered good for the presented method. Improvement in
this theory needs to consider two aspects; a) chain segments are neglected due to short
time situation and b) friction factor should not be considered as a true constant.

Gates et al.[70] discussed the elastic and viscoelastic response of the advanced

thermoplastic polyimide by testing mechanically and having known the molecular weight
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(MW) over a range of temperatures below the glass transition temperature. Tensile strength
is found to be a strong function of molecular weight and temperature. But stiffness is
observed to be the only function of temperature. Low molecular weight materials fail in a
brittle fashion, whereas the materials of high MW have shown ductile failure. On the other
hand, low MW materials have high creep compliance and creep compliance rate as
compared to those of high MW materials. Elastic properties are measured by monotonic
tensile loading i.e. uniaxial tensile loading by using 22.2 KN, servo hydraulic testing system,
and heated chamber. It has also been found that movement of the polymer chains increases
thus creep decreases at high temperature.

Janowski et al.[71] studied the long fibre thermoplastic (LFT) composites experimentally for
flexural creep behaviour. It has commonly been observed for thermoplastics and their
composites that they lose dimensional accuracy due to the combined effect of average to
high stress and temperature conditions during their service life. This viscoelastic behaviour
of LFTs brings attentions towards their performance under various working conditions. An
empirical model based on four parameters provides a brilliant fit to experimental data for
short fibre thermoplastics (SFT). Long term creep strength of neat and reinforced polymers
has also been performed with the help of time temperature stress superposition method.
Picken et al.[72] studied the linear viscoelastic properties of two olefinic thermoplastic
elastomer blends i.e. Blend1 or TPE (Thermoplastic Elastomer) (PP, SEBS (KRATON® G 1651,
KRATON Polymers) (elastomer) and OIL) and Blend2 or TPV (Thermoplastic Vulacanisates)
(Vulcanized EPDM (ethylene propylene-diene monomer)particles dispersed in PP matrix).
Storage modulus has been found to be reduced at low frequencies on increasing the PP
content, whereas both storage and loss moduli have been observed to be reduced on
increasing the oil content. This is found to be true for both blends. Composition and
morphology of blends have the relationship with the model parameters.

Lyons[73] attempted to discuss the effect of stress and material type on long term creep
behaviour of six glass reinforced thermoplastics. This long term creep behaviour is
important for plastic materials because designers need to select right materials and develop
optimum design. In order to investigate the strain for time greater than 1000h, Maxwell
linear viscoelastic model has been used as it consists of one linear elastic spring in series

with one linear viscous dashpot. Experimental data have been utilized to acquire design
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properties, isochronous stress strain diagrams, creep modulus charts and material
constants.

Lee-Sullivan et al.[74] worked on making a model for estimating creep in random glass mat
thermoplastics (GMT) composites. GMT materials of two distinct thicknesses were utilized in
this research. Based on short period, a non-linear viscoelastic model has been established by
using the creep data. He has also [75] extended the work on short term tensile creep of a 3
mm continuous long fiber glass mat thermoplastics (GMT). This additional work has been
intended to characterize and model longer term creep and recovery in the 3 mm composite
for stresses up to near failure. Data up to stress range of 70 MPa are deemed to be
employed for modelling. In order to separate viscoelastic component from the visco-plastic
part of non-linear model, an estimation of parameter has been made. A good agreement is
found between experimental curves and model estimates.

Govaert et al.[76] predicted the yield and long term failure of PP tape. PP strapping tape is
illustrated in Figure 3.11. An anisotropic visco-plastic model has been used to define the
short term and long term behaviour. The vyield stress of anisotropic PP is found to be

depended upon draw ratio, strain rate and loading angle.

Figure 3.11 Polypropylene (PP) strapping Tape [77]

Maffezzoli and Lionetto [78] worked on determining the behaviour of polymers by finding
their basic properties with ultrasonic wave propagation. The velocity of sound has been
found to have relevance with polymer storage modulus and density, whereas absorption of
ultrasonic waves has been found to have relationship with loss modulus. UDMA (Ultrasonic

Dynamic Mechanical Analysis) can be used to provide information about the viscoelastic
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behaviour of polymers. The acoustic characteristics have been determined by ultrasonic
velocity and ultrasonic attenuation coefficient. Longitudinal waves are preferred to shear
waves for more controllable and measurable attenuation conditions. UDMA is able to
provide online monitoring of production of polymeric matrix composites and manufacturing
operations.

Lu[79] used the small scale dynamic mechanical analysis for evaluating the storage modulus
and loss tangent from force amplitude and phase angle. Atactic polystyrene, high density
polyethylene and polyisobutylene have been used for evaluating their temperature
dependent viscoelastic properties. A power supply was used to supply current for heating
thermal chamber and this heating rate was controlled precisely by using the LabView
program.

Wang et al.[80] determined the viscoelastic properties of co-polymers by using dynamic
mechanical analysis (DMA). A typical DMA setup is portrayed in Figure 3.12. Addition of E51
(an epoxy) in the co-polymers has resulted in improving the toughness of DCPDCE
(dicyclopentadiene bisphenol cyanate Esters) resin and reducing the thermal stability. Data
from thermo gravimetric analysis (TGA) have been found to be in good agreement with T,
values from DMA. Mechanical properties of co-polymers were also improved with the
addition of E51 in controlled amount. Brostow and Lobland[81] established a connection
between the tribological (wear) and mechanical properties of polymer based materials
(PBMs). Authors have presented a model which is suitable for ten thermoplastics which

have different mechanical properties and chemical structures.

Figure 3.12 A DMA setup [82]
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Gauthier et al.[83] addressed the comparison between the viscoelastic and viscoplastic
properties of bulk metallic glass, oxide glasses, and amorphous polymers. Authors have
found two main responses from metallic glasses i) linear viscoelastic response with a
decrease in storage modulus ii) yield occurrence in stress strain curve preceding the
viscoplastic flow. Isono et al.[84] have explained that in linear and nonlinear regions, the
viscoelastic properties of well entangled polymers can be denoted by two factors i.e.
plateau modulus (i.e. a measure of entanglement structure) and the longest relaxation time
(i.e. independent of magnitude of strain). Change in the height of rubbery plateau has been
found to be crucial for nonlinear viscoelasticity of well entangled polymers.

Horio et al.[85] explained the vibrating reed method to measure the viscoelastic properties
of viscose monofils with different degree of orientation and a range of frequency from 20 to
100 cps. Modulus and viscosity coefficient have been found to be frequency and orientation
dependent and related to relaxation mechanism. Anomalous dispersion has been expected
to be occurred at different low and high frequencies due to chain slip and segmental
motion. Measurements have also been stretched to films of synthetic high polymers such as
polycaprolactam and polyvinyl chloride. Mocellini et al.[86] worked for relating the low
frequency dielectric properties with the viscoelastic properties by applying the electro
rheological model to the results from electromechanical study i.e. DMA. EPDM (ethylene
propylene-diene monomer) has been used in order to apply the model on it. This rubber has
two phases i.e. amorphous and semi-crystalline with polar groups that are rooted in the
amorphous phase. In other words, amorphous phase is generally considered as more polar
than that of semi-crystalline. An accord has been noted for calculated and measured
dielectric spectra. Keunings et al.[87] established and verified a model appropriate for the
estimation of linear viscoelasticity for blends of poly-disperse star and linear entangled
molecules. The model has been reported to superbly predict if the constraint release solvent

is treated consistently by applying the extension of “Graessley Criterion”.

3.8.2. Joining Effects of Thermoplastics

When thermoplastics are welded with any suitable welding type e.g. ultrasonic welding, the
quality of welded joint can never be compromised. Every effort must logically be needed to
obtain the intended excellence of weld. Weld quality normally includes the bond strength

improvement with the help of appropriate plastic welding technique using different welding
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conditions. A good weld is also obtained not only by changing specimen design but also by
using different materials. Numerous studies have been attempted to describe joining effects
of thermoplastics, a brief account of which is being presented here.

Stokes[88] studied the joining of three dissimilar thermoplastics by using hot plate welding.
Hot plate welding is displayed in Figure 3.13. Polycarbonate (PC), polyetherimide (PEl), and
polybutyleneterephthalate (PBT) have been employed in this research. To determine the
joining effect, authors have worked on butt welds. Results have also been registered based

on joint strengths for different hot tool temperatures and heating times.

Figure 3.13 Hot plate welding [89]

Yarlagadda and Chai [90] worked on a novel welding process for thermoplastics i.e.
microwave welding. Three thermoplastics have been utilized in this research i.e. PC, ABS and
ultra-high molecular weight polyethylene (UHMWPE). To measure the bond strength,
tensile tests have also been conducted. Authors have also carried out microscopic analysis
in order to develop more understanding about weld zone. Joining of these three
thermoplastics is found to be improved with the addition of primers except the PE due to its
lower dielectric loss factor which has resulted in insufficient absorption of microwave
energy for fusion to occur.

Though this work gives a good idea of utilizing microwave welding in joining thermoplastics
but ultrasonic welding of plastics has been considered to be fast and simple. Hence
ultrasonic welding of above thermoplastics may give better quality.

In 2008, Bates and Dai [91] found that weld strength appeared to significantly increase with

the degree of glass fibres on using vibration welding. Materials having 40 % long/short glass
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fibres have showed lower bond strength as compared to materials with 30 % glass fibres. On
increasing the weld pressure, the strength of short glass fibre reinforced polypropylene
compounds has been decreased slightly and vice versa for long fibre reinforced compounds.
As a result, different material and processing conditions have affected the weld strength to
higher extent. Strand[92] has presented an assessment of various joining techniques for
plastic materials. Various factors have comparatively been considered vital including
different costs, sample preparation, weld time, welding efficiency, joining proficiency, and
repeatability. Friction stir welding has been observed to be a valued contestant among

these assembling methods for plastics. Friction stir welding in action is shown in Figure 3.14.

Figure 3.14 Friction stir welding [93]

Kagan [94, 95]observed the likenesses and dissimilarities at local area (knit lines and welds)
to analyse the mechanical performance as a result of moulding and welding conditions.
These local areas can result in crack origination leading to ultimate failure of specimens.
Authors suggest that surfaces subjected to high loads should not have knit and weld lines.
Mechanical performance of non-reinforced and reinforced nylon has been noted to be
equal to that of matrix material at local areas.

Moulding defects which may affect the subsequent welding process have been discussed.
Moulding defects are not limited to just only knit lines. These defects include air bubbles
and unfilled cavities. Hence a comprehensive consideration of moulding defects is required

to attain the desired mechanical performance.
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Sanchez et al.[96] studied the high frequency plastic (HFPW) welding, welding defects and
their detection by using SCADA (supervisory control and data acquisition) System. An
equipment of HFPW is depicted in Figure 3.15. HFPW is usually employed to join PVC
(polyvinyl chloride) for medical applications. In this research the weld strength of medical

bag has been analysed by autoclave and excess air influence.

Figure 3.15 HFPW Equipment [97]

Gillespie et al.[98] studied the resistance welding of large scale thermoplastic composites
samples. Two methodologies have been used in this work for resistance welding i.e. single
step and multiple step (sequential) welding. A considerable variation in LSS has also been
observed for resistance welded CF/PEEK with a co-molded PEI polymer interlayer. Based on
various experimental techniques, it has been confirmed that sequential type of resistance
welding has resulted in superior bond. Authors have reported higher weld consistency and
LSS for multiple step welds instead of single step weld. Lower value of lap shear strengths
has indicated either the presence of higher void content or incomplete fusion of the

polymer interlayer.
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3.9. Factors for UWP

Ultrasonic welding is successfully implemented by manipulating various factors in an
attempt to study their importance and effects on the final weld strength. Much of the
current literature on welding materials ultrasonically pays particular attention to weld
factors and standard sample design. Different sample design and changes in ED geometry
are required to find the effect of these changes on bond strength. Following weld factors

have been identified for welding various materials ultrasonically [99]:

1. ED Geometry
Static force
Amplitude

2

3

4. Welding Time
5. Hold Time
6

Frequency

Khmelve et al.[100] examined the influence of various ultrasonic weld factors on weld
strength. Polypropylene (PP) and Poly-Vinyl Chloride (PVC) have been used in this research.
Strength of PVC weld connections is found to be higher than that of PP at same weld
factors.

Author has used a fixed combination of ultrasonic weld factors in an attempt to find their
effect on LSS. A series of planned experimentation must be utilized with different
combinations of welding factors. This enhanced experimentation can help better
understand the UWP for various thermoplastics at large scale.

Seven years ago, Khmelve et al. (2008) [101] worked on the distribution of ultrasonic energy
in the weld zone that was defined by the time interval, the ultrasonic oscillation energy and
the acoustical properties of the materials to be welded. They have observed that the
ultrasonic energy to the weld zone softened the materials as the energy gets absorbed by
the materials. Due to which, the amplitude, frequency of the UOS (ultrasonic oscillatory
system) welding tool and area of the welded polymeric materials have been changed. A
decrease in the ultrasonic energy has resulted in incomplete melting of the material at weld
zone and poor bond strength. On the other hand, if the ultrasonic energy is intended to

increase then an excessive warming up and destruction of thermoplastic materials have
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again been resulted in perceivably poor joint strength. As a whole, ultrasonic welding lasts
for a fraction of second so it is necessary to introduce exact amount of energy and various
factors in order to get tight control over this welding process. Mathematical models can be
used to calculate energy and time required to obtain desired weld strength. Experimental
researches have shown that actual time for ultrasonic influence should be more than that of
the time obtained by theoretical calculations.

This paper provides with good analysis of weld factors and ultrasonic energy which has great
impact on weld strength. However, a simple way of attaining weld strength is required as a
function of various weld factors.

Daniels[102] conducted a survey on various factors of ultrasonic metal welding e.g. power,
pressure, welding time and their interdependence. According to the author, dissimilar
metals can be welded. Surface states i.e. roughness vs. polished have been recommended. A
weld can be generated between metals and non-metals e.g. metals to silicon or germanium.
Antonevich[103] emphasized on various aspects of ultrasonic welding equipment. According
to him, ultrasonic welding equipment should generally have a vibrating device, a method for
controlling various times, clamping, and coupling tools. General relationships between weld
strength and various weld factors have also been established for welding monel sphere with
copper plate.

Tsujino et al.[104] studied new methods of metal welding ultrasonically. Ultrasonic welding
has been used for welding small and medium sized samples by using different settings of
welding variables. For welding big samples, authors have employed ultrasonic butt welding
methods. Mallick[105] worked on vibration welding of the continuous fibre reinforced
thermoplastic composites. Various factors have been found to affect the lap shear strength
of joined samples from glass and carbon fibres reinforced thermoplastics. Clamping pressure
and vibration time are noted to have great impact on LSS, whereas effect of direction of
vibrations does not appear substantial. Matrix has been observed to be softened on
subjecting to high temperature resulting eventually in considerable reduction of LSS.

Balle and Eifler [106]investigated the joining of AlI/CFRP via ultrasonic welding process. A
statistical model named “central composite design circumscribed” (CCC) has been used to
evaluate the appropriate process parameters. CCC model is best suited for describing the
mutual dependence of three weld factors; amplitude, energy and weld force concerning the

mechanical properties of joints. Hence CCC model may be used to optimize joints of Al
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alloys. Microstructural analysis is also attained in an effort to understand in detail the
mechanical behaviour of ultrasonically welded hybrid joints.

A good statistical approach has been established for understanding the ultrasonic welding.
But this approach is limited to describe mutual dependence of only three weld factors on
the joint behaviour. More insight into this welding process can be achieved by adopting a

more stable statistical method with due considerations to all possible process factors.

3.9.1. Energy Directors (ED)

Energy directors (EDs) are considered essential for ultrasonic welding of thermoplastics
successfully. Their main objective is to make sure the availability of consistent and
concentrated viscoelastic heating during welding. Energy directors are designed in various
shapes e.g. triangular, semicircular, and rectangular. An enormous and growing body of
literature has also investigated this aspect of ultrasonic welding:

Chuah [et al][107] studied the improvement in speed and weld strength by using different
EDs e.g. triangular, rectangular, and semicircular ED. The most efficient among these three
EDs has been found to be semicircular, next rectangular, and then triangular. Liu and
Chang[99] worked on optimization of weld strength for ultrasonically welded nylon
composites. Optimization essentially depends on trial and error process. Maximization of
weld strength has been identified to be the goal of optimization. Maximization of S/N ratio
has resulted in minimization of any property which is sensitive to noise. In this study, an L18
orthogonal array design has been used based on Taguchi method. EDs having semicircular
geometry have been found to give highest weld strength. The weld strength of samples has
been found to increase with fibre content in composites and reduce with moisture content
within materials.

Liu and Chang[108] studied again optimization of joint strength of ultrasonically welded
polypropylene and its composite. Triangular ED has been found to join samples with highest
strength for virgin polypropylene and 10% glass-fibre filled polypropylene composites,
whereas a semi-circular energy director has been found to acquire highest strength for 30%
glass-fibre filled composites. Rani et al.[109] studied various ultrasonically welded joints by
using semi-crystalline thermoplastics. According to the author, textured joint should be
considered as the best to achieve highest strength for welding semi-crystalline

thermoplastics. TRI ED has more collapse. Saw tooth joint’s volume has been found to be
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proportional to the energy supplied at the weld interface. Textured joint has accommodated
higher temperature among all non ED joints. Textured joint has also been observed to utilize
low energy in delivering highest strength.

Liu et al. [110] again worked on optimizing the bond strength for thermoplastics. They have
found that amorphous plastics need less energy to be successfully welded than those of
semicrystalline thermoplastics. SEMI ED has been observed to impart the highest weld
strength. Rani et al. [111] implemented fractional factorial design to ultrasonic welding of
thermoplastics. They have found that welding time and welding pressure significantly affect
the joint strength. Holding time does not contribute a lot to welding results. ABS is easier to
weld than that of HDPE (High-density Polyethylene). ABS has been welded by using both ED
and shear joint but joining of HDPE is only feasible in near field orientation of samples along
with high levels of welding time and pressure. Far field welding of HDPE is found to be
possible with shear joint. Joint strengths for ABS have been observed to be higher than
those for HDPE with same testing conditions.

Villegas [112]investigated the bond strength development for ultrasonic welding of carbon
fibre fabric/polyetherimide (PEI) with flat energy director. Five stages of welding process
have been identified, as shown in Figure 3.16, as a function of weld parameters for
analysing the weld strength, weld morphology and failure modes. Stage 1 involves heating
of ED without any physical change at weld zone. In this stage, power dissipation is increased
continuously until a maximum is reached. In stage 2, ED starts melting locally and nucleation
of hot spot is controlled by heating from surface friction. Power decrease is observed at this
stage while the sonotrode displacement remains constant. Stage 3 is identified by complete
melting of ED. An increase in power and sonotrode displacement is found at this stage. Flow
of energy director is obtained in stage 4. Upper layers of composite matrix are also found to
start melting at stage 4. A power drop is again observed at stage 5 due to predominant

melting of composite matrix in the adherends.
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Figure 3.16 Five stages of welding process [112]

A brilliant effort has been made for ultrasonic welding of thermoplastic composites with flat
energy director. But this research is lacking the focus on welding thermoplastics
ultrasonically with different shapes of energy directors.

Villegas et al. [113]presented a comparative study of ultrasonic, induction and resistance
welding of carbon fibre reinforced Polyphenylene sulphide samples. TRI ED has been used
for ultrasonic welding. For ultrasonic and induction welding, static single lap shear strengths
have been found to be alike. Static mechanical properties of resistance welded joints have
been reduced by 15%. These three types of welds have shown the similar fatigue
performance. The shortest welding time for welding small areas has been observed for
ultrasonic welding process.

Although an excellent comparative investigation has been evaluated for ultrasonic,
induction and resistance welding processes, an in depth study of ultrasonic welding is still

lacking.

3.10. METHODS OF ASSESSING UWP
3.10.1. FEA For Ultrasonic Welding Process

FEA (finite element analysis) has been identified as an influential computational tool for
analysing and predicting the performance of a real product which is subjected to real loads
relevant to structural, thermal, fluid dynamics etc. In other words, FEA involves controlling

accurately the product development process by investigating the behaviour of a product in
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real world situations. A specific FEA is demonstrated in Figure 3.17. Designing specimens is a
crucial part of ultrasonic welding involving time and money to reach a final design. FEA is a
powerful tool helping the engineers in reducing the lead time of product to market. To
reduce time and money, researchers have undertaken various finite element (FE) analyses

to optimize ultrasonic welding process:

Figure 3.17 FEA for sonotrode [114]

In 1972, Aloisio et al. [33] presented a simple thermo-viscoelastic analysis for ultrasonic
welding of thermoplastics. According to authors, possibility of ultrasonic bond depends
upon the processing temperature of the material to be welded. Dissimilar materials are also
deemed to get ultrasonically bonded. In an effort to calculate the heating rate, various
mechanical and thermal properties of material are required. Temperature increases at the
ED owing to internal dissipation which is calculated by E” (loss modulus). Once melt flow has
occurred, this increment in temperature has been observed to decrease in an attempt to
avoid thermal degradation. This approach has now motivated the researchers to try various
combinations of materials for welding ultrasonically e.g. TEFLON-FEP (fluorinated ethylene
propylene) is one successful welding example. Moreover, ultrasonic curing of epoxy
cements has also been investigated. Thirty five years later, Prakasan et al. (2007) [37]

attempted to simulate the ultrasonic welding of thermoplastics. They have described the
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viscoelastic heating as the main heating mechanism while welding thermoplastics
ultrasonically. This viscoelastic heating depends on frequency, square of the amplitude and
loss modulus of thermoplastic under investigation. Amorphous thermoplastics have been
found to be successfully welded in both near and far field welding scenarios. Simulated
results agree with the measured temperatures during ultrasonic welding. TRI ED is found to
have high temperature regions and high ultimate tensile strengths (UTS) as compared to
other EDs. UTS has been found to increase up to a certain temperature for amorphous
thermoplastic and then it decreases for both types of thermoplastics.

Aloisio and Prakasan have provided with excellent approaches in conducting FEA for
ultrasonic welding of thermoplastics. But their work is limited to 2D FEA needing to be
tested with 3D FEA.

Zhang et al. [115]presented a finite element model via ANSYS to evaluate the temperature
profile in glass fibre reinforced polypropylene composites joint during ultrasonic welding.
Temperature has been increased by increasing weld time. More heat is dissipated due to
interfacial friction and melting temperature of polypropylene may be reached in shorter
time by increasing the weld pressure. Interpolation method has been used to acquire the
weld map. This weld map derived from FEA results has been found to be in agreement with
experimental results.

In this study, authors have found the transient temperature profile for composite materials.
Likewise, temperature profiles can be found for virgin thermoplastics.

Rani and Rudramoorthy [116]worked on the computational modelling for vibration
performance of five different horns. Five horn profiles used are cylindrical, Gaussian,
catenoidal, stepped ad Bezier. Authors have found that stepped and Bezier horns have high
amplitude displacement with higher temperature development at weld interface. The
displacement amplitude of cylindrical, Gaussian and catenoidal horns is suitable to join ABS
in far field region. Bezier horn has produced stronger joints which are 3 and 1.5 times
stronger than that of Gaussian and catenoidal horns respectively. The energy utilization of
stepped horn is lower than that of Bezier horn. Authors have concluded that cylindrical,
Gaussian and catenoidal horns may be used to weld amorphous thermoplastics, whereas
stepped and Bezier horn may be utilized for welding semicrystalline thermoplastics and

joining samples in far field regions. Simulated results have also been validated in this study.

54



CHAPTER 3 ULTRASONIC WELDING PROCESS (UWP)

In this research, authors have clearly identified the performance of different horn profiles
for an ultrasonic welding system. Stepped horn may also be checked for welding different
semicrystalline thermoplastics.

Wang et al. [117] worked on exploring ultrasonic welding of continuous carbon fibre
reinforced PEEK composites by using finite element modelling. Viscoelastic dissipation
theory has also been used in this work. In particular, effects of size and apex angle of ED
have been explained.

Nevertheless, authors have presented an excellent approach to model ultrasonic welding of
thermoplastic based composite with the help of FEA. But simulated results have not been
validated.

Wang et al. [118]studied the new horn design for high displacement amplification.
Optimization algorithm and FEA have been used to optimize the displacement amplification
of horn. Horn prototypes have also been produced and tested for validating the design
procedure. The experimental results agree with the design specifications. The Bezier horn is
found to be more suitable than the stepped and catenoidal horns for those applications
where higher displacement amplification and lower stress concentration are required.
Although FEA is utilized for optimizing the horn performance, a thorough analysis can also
be achieved which encompasses the temperature distribution at weld zone during
ultrasonic welding.

Andoh and Kagawa[119] have found that vibratory behaviour of a large sized vibrator is
always a problem for researchers. Various ultrasonic vibrators are exhibited in Figure 3.18.
Vibration simulation has been applied by using a two dimensional model with negligible or
minimum thickness as compared to other dimensions in X and Y axes. Simulated results
have also been compared with experimental results. A good agreement has been found

between experimental and numerical results.

55



CHAPTER 3 ULTRASONIC WELDING PROCESS (UWP)

Figure 3.18 Ultrasonic vibrators [120]

Prakasan et al.[121] suggested a model for temperature distribution and stress distribution
in horn and welded joints during welding. According to authors, with knowledge of forces at
weld interface, it is possible to control weld strength and sticking of sonotrode. The FE
model is capable of predicting interface temperature, stress distribution and their influences
on work piece, sonotrode and anvil. Ming et al.[122] wrote a report on optimizing the horn
designs for ultrasonic welding systems. According to them, more accurate predictions are
required to achieve good horn performance and efficient energy delivery. An FEA for horn
design is shown in Figure 3.19. Working at the resonance frequency, Ultrasonic welding
system will significantly result in reducing power delivery if any deviation occurs from
resonance frequency. In order to design the horn efficiently, the effects of the work pieces
should not be overlooked. Modal & Harmonic analyses have been performed to optimize
the horn design by using ANSYS. The harmonic analysis has given more accurate predictions

than the modal analysis in optimization of design.

Figure 3.19 Horn design via FEA [123]
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Zhang and Li[124] addressed a complicated phenomenon of bond formation due to the
ultrasonic consolidation for metals. Bond interface in metals has been developed between
the two mating surfaces purely due to the friction. Two phenomena are found to be vital i.e.
temperature distribution and plastic deformation. The friction has resulted in shearing
effect on bonding, whereas bond formation occurs due to plastic deformation. This paper
describes what has actually happened during the ultrasonic consolidation process? The roles
of heat generation due to friction and heat dissipation due to heat loss via conduction have
also been discussed.

The phenomenon of bond formation is crucial in welding both metals and thermoplastics.
Both intermolecular and surface frictions remain present on welding thermoplastics.
Ultrasonic welding of thermoplastics requires the phase change of thermoplastic material,
whereas metals generally maintain their solid state while welding ultrasonically.

Zhao et al.[125] elaborated the advantages of ultrasonic consolidation over traditional
autoclave laminated consolidation and repair. According to author, ultrasonic heating is a
complex phenomenon requiring various factors to be considered such as horn angle,
frequency, young’s modulus, density, Poisson’s ratio, specific heats, thermal conductivity
and thickness of the materials. FEA has given an accurate optimization of the ultrasonic
consolidation.

Ando and Kagawa[126] have discussed that bolt clamped langevin type transducers have
extensively been used in ultrasonic plastic welding systems due to their high
electromechanical conversion efficiency and production of large amplitude vibrations. In
this study, finite element formulation comprising two internal heating sources has been
used. One is due to mechanical vibration loss in elastic materials which is proportional to
the square of the vibration strain and second is owing to dielectric loss in ferroelectric
materials (FM) that is proportional to the vibration frequency and square of the impressed
electric field i.e. electric potential. It has been established that the numerical (FE) analysis
should be taken into account for design consideration of vibrators. Siddiq and
Ghassemieh[127] explained the thermomechanical aspect of ultrasonic welding of
aluminium alloy. Surface and volume effects have properly been taken into account for
doing current FEA. Friction is found to play secondary role in heating weld interface. The

numerical results have been verified with the experimental results and a good agreement is
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found. In order to further understand the deformation during ultrasonic welding, micro
structure as well as FEA at submicron level needs to be performed in future.

Gao and Doumanidis [57] analysed the ultrasonic welding of thin foils for rapid
manufacturing process. A 2D quasi-static/dynamic finite element analysis has been
performed and validated. This type of mechanical analysis is considered suitable for multi-
joint rapid prototyping that has ultrasonic phenomenon. Hong-Jun[128] presented the
numerical simulation FVM (finite volume method) study to attain an improvement in
polymer flooding by viscoelastic effect. Viscoelasticity of polymer solutions has been found
to be the main parameter manipulating sweep efficiency. Higher weissenberg number is
crucial in obtaining stable solutions.

Roopa et al.[129] studied the ultrasonic welding of HDPE in far field state. Authors have
suggested that selection of amplitude is an important aspect of far field ultrasonic welding
of semi-crystalline thermoplastic. Higher weld strengths have been found at the
displacement antinodes. Temperature spikes have also been determined for various
geometries of specimens by using ANSYS.

Authors have suggested using FEA but the analysis is confined to only semicrystalline type of
thermoplastics. A good analysis can be investigated by using amorphous type of
thermoplastics as well.

Hubert et al.[130] studied the failure mechanism of resistance welded composite specimens
i.e. stringer/skin CF/PEEK composites. Effect of heating element (HE) TiO, on fatigue
performance of resistance welds has also been investigated. In this work two heating
elements (HE) were used i.e. stainless steel mesh HE and TiO, (titanium oxide) HE. According
to authors, FEA can be used as a next step in predicting the fatigue life of resistance welded
stringer/skin composites.

Levy et al. [131]studied the time homogenized multiphysical modelling of ED flow at
mesoscopic scale. Parametric study of the process is also offered with 2D approach using
numerical software. Effect of various parameters has also been studied. The equivalent
stiffness analysis, healing degree and risk of porosity entrapment are used for evaluating
process efficiency and weld quality. Although current study can be used for ED design at
mesoscopic scale, additional work is also required in terms of investigating cooling phase,

validating the numerical tool and extending the analysis to three dimensional domains.
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A good effort based on numerical approach has been established for designing ED. But this
study does not provide validation of current modelling. Moreover, a good numerical study
may also be developed for welding a range of virgin materials ultrasonically.

Levy et al. [132]proposed a model and simulation for polymer flow at the interface. A
simulation tool has been developed involving a level set method for handling large
geometry change and an iterative solver to deal with multiphysical facets. Code predictions
have been qualitatively validated. A tool for automatic mesh refinement is decided to be
added in the code.

This work presents a modelling and simulation approach at the weld interface. An FEA with
proper validation and 3D capabilities must be used for understanding the temperature

development at weld interface.

Selection of Material Model: A Special Case of FEA

A material model involves deducing the material response to stress and strain for both
elastic and plastic regions. Thermoplastics are defined as the viscoelastic materials and their
response to stress-strain is different than that of metals. Selection of material model is an
important aspect of FEA. For this purpose, there is a large volume of published studies
describing the material models for thermoplastics.

Dahoun et al.[133] used the monoclinic polypropylene samples to investigate stress-strain
relationships under tension and shear. Viscoelastic analysis, densitometry and X-ray
scattering have been used for characterization. An example of X-ray scattering is shown in
Figure 3.20. It has been found that stress hardening is approximately equal to zero in shear,
whereas it is high in tension. Structural damage is found to take place via plastic
deformation in tension but it is observed to be little in shear. A viscoplastic model has then
been established taking various slip mechanisms into account. Strain hardening in tension as
well as in shear has been reproduced properly by simulations with present model. Brusselle-
Dupend et al.[134] characterized PP in pre-necking area. Viscoelastic and viscoplastic
behaviours have been determined by conducting mechanical testing. Relation between
crystalline lamellae and amorphous phases has also been considered by dividing the

macroscopic stress into back and effective stresses.
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Figure 3.20 X-Ray Scattering [135]

Brusselle-Dupend et al.[136] developed a model for PP in order to forecast the behaviour of
PP by using their previous work. Total strain has been divided into viscoelastic and
viscoplastic strains for modelling viscoelastoplastic behaviour of PP. Data, based on tests of
loading-unloading, loading-relaxation-unloading, and unloading from the punctual re-
evaluation, have agreed with the prediction of viscoelastoplastic model for PP. Dean and
Broughton[137, 138] modelled the creep behaviour of PP under uniaxial tension by
employing an exponential function with four factors. Creep behaviour has then been
formulated for multiaxial stress state. An assumption relevant to time independent
Poisson’s ratio has been validated. According to authors, little variations are found between
measured and calculated results. It is not clear whether these variations are owing to error
in experimentation or due to model limitation. Further work has finally been suggested for
multiaxial loading. This type of loading has been considered essential when using current
model in FEA for stress analysis of long term deformation behaviour. Drozdov and
Christiansen[138] established the constitutive equations for time dependent attitude of
semi-crystalline polymers with small strains at isothermal loading. Semi-crystalline network
is considered to be inhomogeneous. This network has been modelled as a collection of
mesoregions (MRs). MRs are expected to have two types i.e. Passive and Active.
Restructuring of strands in active MRs has represented the viscoelastic phenomenon and
sliding of junctions has connected with viscoplastic behaviour. Observed data have been
found to have good agreement with results from numerical simulation.

Takahashi et al.[139] predicted the fracture for polymers by using a simulation. In this

research, the constitutive equation considering craze effects was thermodynamically
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developed. An evolution equation has been derived addressing propagation and growth
termination for craze. A new material model is recognized for ductile polymers. This
material model has finally been introduced in a 3D FE solver i.e. Radioss with the help of
user subroutine. An FE simulation for PP plate has been conducted ultimately having
uniaxial tension. Based on craze build-up and fibril strength, failure estimation has also been
achieved for validating the material model.

Louche et al.[140] studied the thermomechanical behaviour of a structural component i.e.
heel of woman’s shoe (made of ABS) during impact testing. Stress-strain relationship
considering necking has been developed by tensile and impact testing with kinematic field.
High temperature variation (a few K to 25 K) has been measured in localized strain field
during two testing methods representing the thermal field. Johnson cook material model
has been employed owing to its considerations for strain rate, strain and thermal effects. A
thermomechanical simulation has been run eventually. Sudduth[141] described the
efficiency of yield energy dissipation i.e. “n”. From Scott-Blair’s explanation for material
viscoelasticity, n has been supposed to have a range between 0 (solid) and 1 (liquid). In this
study, the account of Scott-Blair was established to be stable with generalized model for
viscoelasticity which was presented by the current author in his earlier publication. It has
also been observed numerically and empirically that n has found its range between 0 and
0.2.

Hummel and Nied[142] designed the tensile testing apparatus at raised temperatures. This
apparatus has been used to obtain large strain deformation of polymers by using uniaxial
and biaxial loading at high temperatures. One of the main objectives of this study was to
improve the FEA for thermoforming or blow moulding practices by using a comprehensive
material model in Abaqus. A typical thermoforming process is exhibited in Figure 3.21. The
results can be used to recuperate the nonlinear response of heated ABS at limited strains.
Sudduth[143] presented a universal viscoelastic model in his another paper. In order to
clarify the features of failure principle, the universal viscoelastic model has been
authenticated for two ABS materials. The Tresca failure principle has been observed to be
better than that of Von-Mises when fitting the pipe burst data for ABS-A. Contradictory to
this, Von-Mises failure burst principle has found its better prediction from extrapolated
creep failure principle. Based on the findings in this work, universal viscoelastic model has

well been employed in FEA for various design uses. Wang et al.[144] employed ABS for
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uniaxial tensile testing. A new model has been developed after considering the strain rate
sensitivity, strain hardening, temperature change, and variation in the hardening index. A
good agreement has also been found between the results from new model and uniaxial

tensile testing.

Figure 3.21 Thermoforming process [145]

Sudduth[146] strived, once again in his another publication, to relate stress relaxation,
creep, and constant strain rate for viscoelastic polymeric compounds. This relationship has
then resulted in formulating a mathematical model considering all phases of creep. This
type of approach has been expected to help design plastic products for short term as well as
long term applications. Chen[147] introduced a method of obtaining prony series with the
help of loading, unloading and relaxation data. Deformation history is needed to have the
time dependent stress and strain for a linear viscoelastic material. Based on time dependent
loading by using hereditary integral method, material response has also been analytically

represented.

3.10.2. Role of Differential Scanning Calorimeter (DSC)

Differential scanning calorimeter (DSC) and other useful tools have also been studied with
their applications for thermoplastics. Basic arrangement for DSC is shown in Figure 3.22. In

recent years, there has been a growing amount of literature on usefulness of DSC.
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Figure 3.22 The DSC Set up [148]

Blom et al. [149] addressed the correct performance of ABS in medical applications. It is
desired that ABS should preserve its properties while processing, fabricating and actually
using it. They have studied the mechanical loss in properties of ABS with thermal analysis
and mechanical testing. DSC and oxidation onset temperature (OOT) testing have resulted in
higher glass transition temperature and lower onset temperature respectively for those
specimens that show loss in mechanical properties. DSC has appeared to be a sensitive and
beneficial tool for observing the degradation of butadiene phase of ABS. A DSC with
dedicated PC (Personal Computer) is presented in Figure 3.23. It has also been found that
the degradation of ABS occurs at substantial rate in the presence of oxygen. Relationship
between rubber phase and mechanical properties has also been illustrated.

Authors have presented a detailed analysis for ABS performance. Most of the crucial
properties of ABS are expected to be changed at T,. Hence DSC can be considered to be an
adequate tool in determining the performance of ABS at weld interface.

Bandeira et al. [150] described the sol-gel method as a route of coating on the 3D rapid
prototyping parts. The coated part has affected the base material properties. Sol-gel metal
oxides have been coated on ABS and Nylon substrates which are further characterized with
the help of thermal analysis and scanning electron microscope (SEM). On thermally
analysing via DSC and TA (thermal analysis), it has been found that this sort of coating has
improved effects on substrate’s properties e.g. physical, thermal, and chemical. Degradation

temperature has also been found to be increased to considerable degrees centigrade.
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Zimmermann et al. [151] worked on combined thermal device (TGA/DSC) for various
samples with the aid of soft photo ionization mass spectrometry (EBEL-SPI-MS) (electron
beam pumped rare gas excimer lamp- single photon ionisation-mass spectrometry).
Decomposition of ABS has happened between 400 and 450 °C with greater rate of mass loss
at about 420 °C due to emission of organic compounds. Hence ABS has been found to be
highly susceptible to mass degradation at high temperatures.

A good analysis has been done addressing the degradation of ABS at high temperatures.
Glass transition temperature is found to be lower than that of degradation for ABS. Hence
thermal analysis has provided the first guidelines in setting the right weld factors for

welding ABS ultrasonically.

Figure 3.23 DSC with a dedicated PC [152]

Shapi [153] described the biochemical effects of thermal-oxidative fumes for various
thermoplastics. Author has concluded that these fumes are toxic. He has also studied the
thermal stability of these polymers via DSC and TG (thermogravimetry) in air and nitrogen.
Thermal degradation of plastics varies in the presence or absence of oxygen. Results from
thermal analyses have shown that no substantial chemical changes have been observed
below 200 °C for materials under investigation. Duh et al. [154] conducted thermal analysis
to study the oxidative decomposition of ABS resin powder. Unsteadiness of ABS has been
investigated for different polybutadiene (PB) contents using DSC. Exothermic peaks relevant
to auto-oxidation, degradation and oxidative decomposition have also been investigated.
Unsaturated PB has been found to be possible reactive hazards for ABS powders instead of

SAN (polystyrene-acrylonitrile). DSC results have shown that degradation of ABS has
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occurred owing to oxidation of PB component in ABS. Authors have also commented on
vitality of process control in preventing thermal hazards of ABS powder plant despite unsafe
materials.

Parikh and Zlatkevich [155] studied the chemiluminescence in thermal oxidation of ABS.
They have compared the results with those from DSC. According to the authors, DSC has
depicted the improvement of ABS stability in the presence of antioxidants but the
chemiluminescence is better in showing the differences in durability. Moreover, resistance
to oxidation during processing is relevant to DSC thermal oxidative constancy results,
whereas results from chemiluminescence are beneficial in addressing the material’s lifetime
at service temperatures. Tarantili et al. [156] utilized DSC, MFI, and tensile testing for the
characterization of pure plastics and their blends. This research has been aimed at providing
with waste plastic management from electrical and electronic devices. ABS blend with PC
(polycarbonate) has appeared to have plasticizer effect at blending concentration of 20%
due to the distribution of PB phase in blend matrix. A decrease in tensile strength has been
noted for both blends ABS/PC and ABS/HIPS (high impact polystyrene). Modulus of elasticity
has been improved for both blends.

Kang et al. [157] studied the concentration of B-NA (nucleating agent i.e. TMB-5) on the
crystallization and polymorphic attitude of two iPP (isotactic polypropylene). These iPP have
been affected differently by concentration of B-NA. Also the polymorphic behaviour and
crystallization of iPP (nucleated by TMB-5) have significantly been varied with uniformity of
stereo defect distribution.

Liu et al. [158] investigated comparatively the injection moulded iPP macro and micro parts.
These parts have been manufactured with same processing conditions for their
microstructure and mechanical properties. Authors have used different tools in doing so
and DSC is one of them. DSC results have shown that macro parts have lower orientation
degree and crystallinity than that of micro parts. This is owing to this reason that the tensile
strength and modulus for micro parts are considerably higher. This work has been ended
with a better understanding of relationship between processing structure and property.
Authors have presented a relationship between structure and property for iPP. DSC results
can also be useful in various processing steps for PP. These processes consist of sampling

and welding PP ultrasonically.
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Shashidhara et al. [159] studied the homoploymer (PP) and copolymer (PP-g-GMA)
(polypropylene grafted with glycidyl methacrylate) for their melting behaviour and
isothermal crystallization kinetics with the aid of DSC. Copolymers have been found to have
higher degree of crystallinity and overall crystallization as compared to homoploymer (PP).
Moreover, the MFI value of graft copolymers is found to be greater than that of virgin PP
showing reduction in molecular weight. The melting temperature of graft copolymer has
appeared to be slightly less than that of virgin PP owing to again reduction in molecular
weight.

Impact of both DSC and MFI results has been studied in order to better understand the
melting behaviour of different types of PP. However, DSC and MFI results can also be used
in determining the softening temperature and fluidity of PP respectively. Softening
temperature and fluidity of PP has substantial effect on bond strength during ultrasonic
welding.

Luijsterburg and Goossens [160] worked on the post-consumer polyolefin recyclates i.e. PP,
PE etc. They have used different tools e.g. DSC for assessing the composition of materials
prior to reprocess. They have found that the 96% pure PP is easily obtained from post-
consumer PP recyclates. Various steps e.g. hot washing, manual screening, and
centrifugation have depicted improvement in mechanical properties and purity of
recyclates. Ha [161] performed a thermal analysis for post-consumer PP on recycling it in
open loop. He has used DSC and thermogravimetry derivative thermogravimetry (TG-DTG)
for the said thermal analysis. He has found that both impact-PP that has cacos filler in small
amount and mixed impact-PP can be used in refrigerator plastics for its good impact

properties without downgrading for open loop recycling.

3.10.3. Microscopy

Microscopic studies were often related to biological/medical field years ago without being
realized for their numerous applications in engineering and technology. A compound light
microscope is illustrated in Figure 3.24. It is worth mentioning here that technical
microscopy in various fields of engineering is aimed at providing qualitative as well as
guantitative relationships between microscopic images and physical engineering

phenomena. A typical engineering microscope is shown in Figure 3.25. For instance,
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metallurgical microscopist has to look at plastics, metals, ceramics, and grease etc. And

many types of dirt are observed by textile microscopist [162].

Figure 3.24 Compound light microscope [163]

Understanding of various features on captured images with technical microscopy consists of
general and unexpected information about the sample. These unexpected features may

have crucial meanings to the microscopist [162].

Figure 3.25 Typical engineering microscope [164]
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Morphology is the organization and form on a size scale above atomic but smaller than the
size and shape of the whole sample. Polymer morphology consists of the size, distribution
and relationship of structural units within the macrostructure. Structure usually deals with
details about atoms and molecules. Moreover, morphology and microstructure are
observed to investigate the relationships between structure, property and process using

characterization tools [8].

Morphological studies are designed in such a manner that right microscopic tools are used
in answering various questions e.g. whether does a relationship between material’s
structure and material’s performance exit? Hence microscopic studies play a vital role in

exposing several interesting features [162].

Various phenomena relevant to physical chemistry are well addressed with the assistance of
microscopes by directly witnessing the applications of basic principles. Having observed
these phenomena, one may have the convincing bases for structural changes which take

place in various materials [162].

Engineers from many disciplines are trained for microscopic studies in an effort to reveal
material’s structure. Pictographic illustrations are of great interest for pictorial minded
researchers who do not acquire instant information from tables and curves. Moreover,
these illustrative ways of communicating scientific ideas appear to be great recipes for the
material engineers. A technical microscopist is thought of preaching various fields of science
and engineering at micro level to engineers and scientists solving definitely many technical

problems in the physical world [162].

Textile industry has extensively used the light microscopy in exploring many scientific
phenomena within textile materials. Textile industries have also focused greatly on research
and development by establishing a microscopic section along with production & control
sections. In short owing to general gratitude for the role of microscopy, technical
microscopy has resulted in perceiving the nature of various textiles and contributing
towards advancement & manufacturing of various adequate products in textile industry

[162]. A video textile microscope is exhibited in Figure 3.26.
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Figure 3.26 A video textile microscope [165]

Fractography is used to explore the welding, loading and environmental conditions which

generate fracture by interpreting the visual appearance of fractured parts [166].

Heat affected zone (HAZ) can critically be examined microscopically in an effort to compare

bond features for various weld factors which result in high LSS.

Weld Morphology, Heat Affected Zone (HAZ) And Fractography

Kamal and Chung[167] have explored the HAZ and fractography of polyamide-6 that is
welded by vibration welding. Authors have addressed two types of HAZES i.e. deformed and
recrystallized. They have found that the thickness of different HAZ surfaces and the size of

spherulites in HAZ depend upon weld factors such as weld pressure and amplitude.

Welding factors have great impact on development of HAZ and ultimately on LSS. Thickness

of HAZ is an important cause of bond effectiveness needing to be properly considered.

Oliveira et al.[168] have found that microscopy and mechanical tests are essential for
analysing polypropylene tensile bars which are prepared by using hot plate welding. The hot
plate welding has produced significant changes to the microstructure and shape of the bars
at weld area. Weld morphology has been influenced majorly by both thermal history and
welding conditions. The key morphological factors affecting the weld quality include
oriented textures, coarse spherulites, voids or sharp notches that happen at the beads. As
far as quality of weld is concerned, tensile impact test is found to be better in addressing the
morphology which affects the fracture behaviour. Authors have also concluded that

optimum welds are free of voids and oriented at central zone.
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Balkan et al.[169]examined morphology and mechanical properties of polyvinyl chloride
(PVC), polyethylene (PE), and polypropylene (PP) after welding them with hot gas butt
welding. Four welding methodologies have been employed i.e. double V welds, single V
welds, with welding shoe and without welding shoe. Rheological techniques have been
followed for evaluating the weld-abilities of base materials. Weld-abilities of PE and PP are
found to be superior to that of PVC. Weld quality has been determined by taking welding
energy into considerations. Based on the results from various tests, weld strength of PVC
sheets has been found to be lower than those of PE and PP sheets. By using welding shoe,
weld quality has been improved for three materials owing to sufficient welding pressure and
exposure of effective heating. Scanning electron, polarized light, and stereo microscopy
have been utilized for investigating the morphology of welded regions. Heat affected zone
(HAZ) has been revealed by polarized light microscopic studies comprising welding rod core,

deformed spherulitic zone, and molten zone.

Cakmak et al.[170] have found that the weld interface and planes of naphthalene have been
observed to be parallel and similar to graphitic structure owing to shearing action. This has
imparted a detrimental effect on mechanical properties of specimens which are joined by
utilizing amorphous precursors. Traditional HAZ structure has been determined for those
parts which are joined by using crystalline precursors. Hubert et al.[171] have found that
quality of weld remains good along the weld zone. Presence of voids and porosities at edges
of samples has reduced weld quality when observing by ultrasonic C-Scan and optical
microscopy. This is due to the fact that pressure has been decreased at the edges during

resistance welding.

Carboni [172]investigated the premature failure of two aluminium alloy sonotrodes which
are used for welding thermoplastics. Fatigue cracks at stress concentrations are found to be
the one reason of premature failure by using NDT (Non-destructive testing) method.
Optically dark areas and metallurgical defects are found to be two distinct crack initiation
modes, as exhibited from SEM observations. Chemical composition of aluminium is
demonstrated by metallurgical analyses. As far as optically dark areas are concerned,

segregation defects and oxygen trapped inside may be thought of playing a basic role.
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Author has presented the failure analysis of aluminium alloy sonotrodes by using SEM. SEM

may also be used for analysing the failure of ultrasonic bond.

Balle et al. [173]investigated the bonding mechanism of Al/CFRP (Aluminium/Carbon fibre
reinforced polymer) joints microscopically. Authors have detected the mechanically
deformed areas due to reorientation of crystal structure after welding. It has been found
that not only the surface enlargement owing to higher roughness but also the sub-
microscopic oxide structure generation is crucial to improve the mechanical properties of

ultrasonically welded Al/CFRP.

A better microscopic investigation has been achieved for ultrasonically welded joints. Effect
of different weld and geometrical factors may also be investigated on mechanical

performance of welded samples.

Modes Of Fracture [166]

A fractured surface is developed just after the fracture when the applied stress at some local
region dominates the strength of material. Fractured surface also depends on complex

interaction between material type, environmental conditions, loading conditions, and time.

There are two well-known modes of fracture in thermoplastics i.e. ductile and brittle.

Microscopic observations can also help us determine the presence of mode of fracture.

Ductile Fracture [166]

Ductile fractures are found with plastic deformation before fracture. Before failure, ductile
fracture encounters with yielding, tearing, plastic deformation, necking, and shear. These all

come one after another with certain shape changes and distortions to some extent.

Following are some examples of commercial polymeric systems which reveal ductile

behaviour before fracturing;

e Acrylo-nitrile Butadiene Styrene (ABS)
® Polypropylene (PP)
e Polyethylene (PE)

e Polycarbonate (PC)
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e Polyvinyl Chloride(PVC)

Brittle Fracture [166]

Little or no plastic deformation is found before brittle fracture. This fracture mode happens on macroscopic level with no shape changes and

distortions. Polymeric systems showing this type of fracture behaviour are listed below;

® Polymethyl Methacrylate (PMMA)
e Styrene Acrylonitrile(SAN)
e Polystyrene (PS)

e Thermosetting resins e.g. epoxy and polyester

3.11. Research Space

Several efforts have been made to join thermoplastics by using other welding processes. For example, vibration, resistance, and microwave
welding have been reported as plastic welding techniques. Hence ultrasonic welding may also be used to reveal and understand its various

hidden benefits. A comparison between ultrasonic and other welding processes has been presented at the end of chapter 2.

There is a large amount of published studies which emphasizes on various aspects of ultrasonic welding. Many researchers have delivered
state of the art efforts in order to collect sufficient scientific information in this area. Most of the work, still, needs to be addressed due to the
presence of room for research on UW of thermoplastics. This section is intended to mention explicitly the overall novelties in the thesis by

identifying the research space.
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Research gaps/spaces are being highlighted, as shown in Table 3.1. Ultrasonic welding has extensively been researched by using metals and

plastics but thorough research on thermoplastics is necessary for the sake of understanding this process.

Table 3.1 Research gaps/spaces

Main References Topic Area Covered Research Space/Gap Current Research to fill gap

Effect of few weld factors has frequently been found
on the bond strength in literature without giving due To fill this gap, all possible weld factors have been

importance to other ultrasonic welding factors e.g. planned and implemented including material type,
amplitude, weld time, ED etc. weld time, hold time, static force, amplitude of
43, 46, 49, 106, 63, Effect of welding Few agthors have. also attempted to use.only one uItrasoniF vibrations and different geometries of
. material type during UW of thermoplastics. A better energy directors (EDs).
60, 45, 66, 53, 58, 56, | factors on ultrasonic L . . . .
. insight into this process can also be obtained by In this study, ABS and PP were also welded
65, 112 welding of . . . . .
thermonplastics welding experiments for two different thermoplastics. | ultrasonically.

P Ultrasonic welding has also joined thermoplastics TRl and SEMI EDs were used in this work.
without preparing surface of samples. In fact, one Hence effect of various ED geometries on
geometrical shape of energy director (ED) e.g. ultrasonic bond can also be investigated.

triangular (TRI) or semicircular (SEMI) must be utilized
at least to achieve better weld strength.

Previous research has shown the use of 2D model in
FEA for UW. Therefore, a 3D approach has been
desired to optimize FE analysis without compromising
Modelling of UWP on the computational costs that are associated with

To better understand the FEA approach and its
effect on the temperature distribution at weld

33,37,121, 174, 131, zone, different combinations of weld factors were

132 d for three di ional finite el t
FEA. Moreover, in an analysis of FE (by Wang [174]), use O.r .ree . imensiona ”?I e.e eme?n
. . e S . modelling in this research. This simulation has also
FEA is lacking the validation which is considered the .
. . . been validated.
essential part of computational studies.
Fewest research articles have been found on Hence a broad microscopic analysis was achieved,
investigation of heat affected zone (HAZ) and in this work, to address sufficiently HAZ and
fractured surfaces (fractography) which result from fractography leading to acquire various hints of
167 to 173 Microscopy and ultrasonic welding. physical phenomena that occur during welding and
visualization for UWP Collapse of ED can also affect bond strength during testing. HAZ depending on levels of weld factors
UW of thermoplastics. High speed video camera has also been investigated to predict the amount
(HSVC) has the capability of recording and playing of LSS after welding thermoplastics ultrasonically.
back various phenomena that occur at high speed. In this study, HSVC was also used to find degree of
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Main References

Topic Area Covered

Research Space/Gap

Current Research to fill gap

There are no comprehensive studies using HSVC to
find the effect of ED collapse on bond strength.

ED collapse during ultrasonic welding of ABS and
PP.

59, 99, 108, 110,111

Statistical Analyses

Some authors have mentioned the experimental
design procedures (e.g. by Taguchi) in determining the
significance of various weld factors. This type of
experimentation is short at its length and breadth for
understanding UW of thermoplastics. An overall
statistical method must be set forth to provide an in-
depth analysis of the effects of each weld factor on
bond strength.

A statistical method called “General Linear Model
(GLM)” was used in this research owing to many
benefits which were associated with this method.

149, 151, 158, 159

Material analyses

DSC and MFI tests have rarely been conducted for
gaining thermal and flow characteristics of materials
before sampling and welding. DSC and MFI tools can
be innovatively used to investigate melting behaviour
of thermoplastics, degradation of thermoplastics
under severe heating during sampling and UW, and
viscosity of thermoplastics that may affect the
ultrasonic bond strength.

In this study, DSC and MFI tools were used to know
the thermal and flow characteristics of ABS and PP.

50, 101

Energy calculations
while welding
thermoplastics
ultrasonically

Estimation of ultrasonic energy has also been done
but this appears to be complicated. In other words, a
simple way of calculating this energy needs to
consider for finding out its effect on bond strength.

Welding energy was calculated by using basic
physics.

E = F*f*A*t

Where, E = Energy

F = Force

A = Peak to peak amplitude

t = Weld Time

f = frequency

74




CHAPTER 4 Methodology, Variables and Description of Procedure

CHAPTER 4 Methodology, Variables and Description of Procedure

It has been clearly demonstrated that there is a lack of understanding of the factors
influencing the UWP. This work presents an in-depth study into this area, through the

following aim and objectives.

4.1. AIM AND OBJECTIVES
4.1.1. AIM

Aim of this research is to gain a deeper understanding of factors which influence the UW of

thermoplastics in an attempt to improve the weld strength.

4.1.2. OBJECTIVES

In undertaking the aim so, following objectives were planned and achieved;

e Determining the bond strength experimentally for a definite range of factors by
using both amorphous and semi-crystalline type of thermoplastics

e |dentifying a suitable statistical analysis in determining the effect of weld factors on
joint strength and the most effective weld factors

¢ Hypotheses development based on literature review and interesting effects from
experimentation.

e Utilizing several experimental techniques in order to identify the reasons for various
effects. These experimental techniques include:
1. DSC (Differential Scanning Calorimeter)
2. MFI (Melt Flow Index)
3. FEA (Finite Element Analysis)
4. HSVC (High Speed Video Camera)
5. Microscopy

4.2. Aim of current chapter

This chapter presents a detailed introduction to various factors/independent variables and
their possible ranges for current ultrasonic welding rig, manufacturing of samples,

description of procedures for welding thermoplastics and testing bond strength. At the end,
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experimental procedure in the form of a matrix has also been established after including

calibration data of ultrasonic welding rig.

4.3. Variables selected for investigation

Having been discussed in literature review, ultrasonic welding is only possible accurately by
considering certain process factors e.g. frequency and amplitude of ultrasonic vibrations,
weld and hold time, energy director (ED) with certain geometry, material selection and
static force. These factors are identified by investigating the available literature on
ultrasonic welding process. It can be said with great confidence that ultrasonic welding is
totally impossible without imparting frequency and amplitude of vibrations, weld time, and
static force. Let us see why we need to introduce above process factors one by one and

their threshold values during actual ultrasonic welding process.

According to literature, certain factors appear to be crucial but others affect the weld
strength minimally. For example, amplitude, weld time and ED are found to be crucial to
obtain optimum weld strength [10]. Based on previous literature, the ultrasonic welding

process factors can be listed below:

® Material Selection

e Geometry of Energy Director (ED)
® frequency of Vibrations

e  Amplitude of Vibrations

e Static Force

e Weld Time

® Hold Time

4.3.1. Material Selection

The first factor is the selection of thermoplastic materials to be investigated. Holistically
explaining, based on difference in their molecular structure, thermoplastics can be divided
into two parts i.e. amorphous and semi-crystalline and these are expected to behave
differently on welding them ultrasonically [37]. In an effort to understand and explore the
ultrasonic welding of thermoplastics, ABS (Acrylo-Nitrile-Butadiene-Styrene) and PP

(Polypropylene) have been selected with former as amorphous and later as semi-crystalline
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thermoplastic. These are well known standard manufacturing materials for their numerous
applications. Ultrasonic welding of these two selected materials is beneficial [33, 37, 43, 46,

111, 175].

Polypropylene (PP)

PP was manufactured by Natta in Spain for the very first time in 1954. Since then it has
achieved sufficient popularity as a good industrial product. PP is classified as a member of
polymer systems having linear hydrocarbon configuration. It is also nominated as polyolefin.
The chemical formula of PP is shown in Figure 4.1. Due to its versatility, it easily finds its
application in various areas directly. Main properties making it attractive for many
manufacturing processes and applications are its semi-crystalline molecular structure,
translucence, toughness, chemical resistance, good fatigue, electrical, and heat resistance.
As compared to Polyethylene (PE), PP is rigid having higher softening point, higher hardness

and lower density [176].

Figure 4.1 Chemical Formula of Polypropylene [177]

Processing compatibility of polypropylene with all thermoplastic-processing methods makes
PP even more desirable for manufacturers. Owing to its suitability (because of its low melt
viscosity and pseudo plastic nature i.e. fast filling rates) for injection moulding, it is a good
selection as a raw material to be welded ultrasonically. Due to high filling rates, surface
finish remains better resulting in strong mouldings with lower moulding defects. Thanks to
these superb material properties, PP has been selected to make samples from injection

moulding [176].
PP is an acceptable commercial commodity having its major use in following areas [176]:

1. Flexible Packaging e.g. Foods, confectionaries, tobacco, and clothing.

2. Rigid Packaging e.g. CD Casings, Reusable, and stackable crates.
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3. Automotive e.g. interiors, PP film cushioning, bumpers, cladding, and paint-less
manufacturing.
4. Consumer Products e.g. toys, housewares, furniture, appliances, luggage, and

battery case.

Acrylo-Nitrile-Butadiene-Styrene (ABS)

ABS is a mixture of two polymer phases i.e. SAN (Styrene acrylonitrile) and Polybutadiene
(PB). Former gives the necessary rigidity, hardness, and heat resistance but latter is

responsible for toughness in ABS. Chemical formula of ABS is presented in Figure 4.2.

Figure 4.2 Chemical Formula of ABS [178]

Many grades of ABS are available in order to meet customer requirements. Modifications in
ABS are easily made by controlling the ratio of three monomers i.e. Acrylonitrile, Butadiene,
and Styrene. In an attempt to increase the stiffness of ABS, fibre reinforcement is made with

additional advantage of having dimensional stability.

Various desired properties are also obtained in ABS by alloying different polymers in
controlled amount with ABS e.g. fire retardancy is included within ABS by either blending
PVC with ABS or fire retardant additives with ABS.

ABS is naturally found colourless and opaque. However, coloured and transparent ABS

grades have also been discovered. ABS is conveniently moulded making it suitable to
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produce samples for ultrasonic welding. Owing to its splendid properties, ABS has a wide

range of applications. Following are some of its applications [179]:

Domestic Appliances
Telephone handsets

Office equipment housings

1.

2

3

4. Lawn mower covers
5. Safety Helmets

6. Pipes and fittings
7

Automotive exterior and interior trim components.

PP and ABS have been supplied in granules form by SABIC and AZELIS Plastics respectively.
PP is homopolymer for injection moulding with its trade name as SABIC® PP 579S, whereas
ABS, supplied by AZELIS Plastics, has its trade name as ABS KUMHO 750 SW. Please see the
datasheets for these materials in appendix B. Moreover, due to difference in molecular
structure of both ABS and PP [37], ultrasonic welding may appear to be dissimilar for both

materials.

4.3.2. Geometry of Energy Director/s (ED/EDs)

Type of ED has a great influence on strength of ultrasonic weld i.e. Lap Shear Strength (LSS).

Various ED geometries were employed in the past [99, 107, 108].

In relation to literature, two geometries of ED were utilized in this research. Two different

geometries for EDs are exhibited in Figure 4.3:

i Triangular (TRI)

ii. Semi-circular (SEMI)
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Figure 4.3 Geometries of EDs

Effect of two different geometries of ED on bond strength has also been expected to be
different. In this work, tolerances were associated with geometries of each ED for both ABS

and PP separately according to BS 7010:1988.

In line with the accessible literature, geometrical factors and their dimension for above EDs
are found to be small. So, in this study, it was decided to increase the available dimensions
to some multiples. For instance, base of triangular ED and diameter of semi-circular ED are
found to be equal to 2mm in literature but here these have been made equal to 6mm i.e.
three times greater value [99, 107, 108]. Bigger dimension of ED has been proposed in order
to supply more molten material improving weld strength. Also in order to introduce novelty
in the sample design, a difference is thought to be necessary between geometries available

in literature and the geometries of EDs for this research.

4.3.3. Frequency of Vibrations

For ultrasonic welding, frequency of vibrations should remain either equal to 20 KHz or
greater than 20 KHz [37]. So, every effort must be made to keep this frequency of
vibrations, which is produced by ultrasonic generator, equal to or above 20 KHz. In case of
current rig, the operating frequency is 20 KHz similar to value of frequency in literature [99,

107, 108].
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4.3.4. Amplitude of Vibrations

Amplitude of vibrations is an important characteristic of vibrations. In an attempt to assess
the influence of amplitude, four possible amplitudes of vibrations are present from
ultrasonic generator i.e. 21, 18.9, 16.8, and 14.7 um for current rig. In addition, these four

amplitudes of ultrasonic vibrations are set manually to 100%, 90%, 80% and 70% of 21 um.

4.3.5. Static Force

A range of static forces was used during present ultrasonic welding: 500, 750, 1000, 1250,
1500 and 1750 N. Static force is applied on perpetual basis during one complete cycle of
ultrasonic welding. Once applied, static force remains constant during the whole ultrasonic

welding process i.e. during whole weld time and hold time.

4.3.6. Weld Time

Weld time is the magnitude of time for which ultrasonic vibrations with certain amplitude
are kept ON. Careful selection of this time is necessary in order to get optimal weld
strength. In current study, a general range of weld times was utilized for both PP and ABS:
0.4-1.7sec with an interval of 0.1 sec. The selection of this range agrees with the literature

[110].

4.3.7. Hold Time

Hold time is that time for which welded samples, that are constrained by fixtures, are
caused to be held between sonotrode and anvil under the action of static force (which has
already been used for welding just a fraction of second ago) after ultrasonic vibrations are
turned OFF. It is introduced because it helps crush the ED (softened while welding) and it
also makes the ED spread evenly thereby resulting in good bonding [110]. Constant but
different values of hold time were used for both PP and ABS in this work i.e. 3 and 0.2 sec
respectively. According to literature, hold time for semi-crystalline type of thermoplastic has

been found to be higher than that of amorphous thermoplastic [111].
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4.4. Manufacturing of samples

In this work, Injection moulds were designed for making samples with EDs (Energy
Directors). Outer shape of moulds was produced and cut into two halves within University
of Sheffield’s premises. Outer shape and two halves of moulds are shown in Figure 4.4. The
cavities with a provision of EDs were planned to be eroded and finished by Cheshire Wire

Erosion Limited, UK. Cavities with and without ED are illustrated in Figure 4.5.

Figure 4.4 Outer shape and two halves of moulds

Figure 4.5 Cavities with and without a provision of ED
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HAAKE Minilet Piston Injection Moulding System was intensively used for production of

samples and this is shown in Figure 4.6.

An ASTM Standard i.e. D3641-97(08.02) and a British Standard i.e. EN ISO 294-1:1998
(article 5 Procedure except 5.2.2), which addressed a standard practice for injection

moulding test specimens of thermoplastics moulding and extrusion materials, were

followed during sample preparation.

Table 4.1 shows the parametric settings for injection moulding system which were observed

constantly during sample preparation.

Table 4.1 Injection moulder’s factor settings before preparing samples

Temperature Injection Melting
Material po J Post Pressure (bar) Time
(°C) Pressure (bar) .
(minutes)
ABS 200 660 500 3-5
PP 200-230 200—1;;:)(()M|N- 150-500 (MIN-MAX) 4-7
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Figure 4.6 HAAKE* Minilet Piston Injection Molding System [180]

Following cares were adopted to get the desired quality of samples moulded:

e Air bubbles were prevented from being penetrated in the samples without letting
the molten thermoplastic expose to air for long time.

e (Cleaning of cylinder was done by running PP or ABS molten material through cylinder
prior to make parts.

® Good surface finish was obtained by rejecting samples with rough surface through
visual inspection.

® Removing useless flashes by a cutter.

Small sandwich plastic sealable bags were repeatedly used to store the samples with clear
labels on them to be recognized on welding ultrasonically. Moulded samples in plastic
sealable bags are shown in Figure 4.7. Welded samples were written with codes according

to the matrix’s history and put in a carton. Coded sample in tensile tester is exhibited in
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Figure 4.15. These samples were placed in steel cabinet at room temperature. Table 4.2

shows the room conditions at which samples were stored.

Figure 4.7 Moulded samples in plastic sealable bags

Table 4.2 Room Conditions

Room Room
Temperature (°C) | Humidity (%)
21.03 54.63

4.5. Welding

After producing the samples, next step was to properly orient them between two fixtures on
anvil before welding. Orientation of thermoplastic samples before welding them
ultrasonically is shown in Figure 4.8 and Figure 4.9. Drawings of fixtures and anvil are

provided with appendix E.
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SONOTRODE
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I nergy Director / : l
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590 Lower Specimen

59.0

Figure 4.8 Orientation of upper and lower specimens

Figure 4.9 Orientation of real samples

After orienting properly upper and lower parts, next step was to identify and set basic

factors for welding them ultrasonically by following the matrix of experiments.

4.6. Equipment Used

Ultrasonic welding setup needs an ultrasonic generator and sonotrode in delivering

ultrasonic vibrations to the specimens. Static force is also required to weld specimens
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ultrasonically. In an ultrasonic welding, both ultrasonic vibrations and static force are
applied simultaneously. In this study, ultrasonic welding rig was made by utilizing the
Mayes structure in an effort to assemble its necessary parts. For availability of static force in
ultrasonic rig, air compressor was used. A pneumatic circuit has been presented in appendix
E. Weld time and hold time were set with the help of a PLC and a dedicated computer. Parts

of ultrasonic welding rig are shown in Figures 4.10 to 4.12.

4.6.1. Description of procedure

Ultrasonic welding factors were set by utilizing a combination of PLC, pneumatics and a
dedicated computer. First of all, weld and hold time were decided and finally set using a PLC

programme.

Next stages involved turning the ultrasonic generator on, setting static force by using the air
compressor, and setting the proper amplitude of ultrasonic vibrations. In present ultrasonic
rig, transducer of sonotrode was used to convert electrical energy at 20 KHz into mechanical
energy giving peak to peak amplitude i.e. 14 um. This amplitude was amplified by a booster

up to a value of 21 um as maximum amplitude.

SONOTRODE <

Mayes~
Structure

Anvil <
Dedicated PC*

Pneumatic . —
Circuit

Alr <1
Compressor

Figure 4.10 Ultrasonic welding rig with a dedicated computer
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Pressure Regulator

PLC 4+——

WaterTrap 4——

Flow Control valve <4

Solencid Valve <—

Pressure Regulator #—

Air Compressor

Figure 4.11 Real pneumatic circuit

Ultrasonic welding was initiated with a set static force raising the anvil against sonotrode
before locating samples between anvil and sonotrode. The value of static force on the PLC
can be seen clearly by using a pressure transducer. Bambi air compressor was used to
provide the necessary static forces during welding. Samples to be welded were then loaded
and fixed manually between fixtures on an anvil. Ultrasonic welding was finally started by
pressing a programmed button on PLC. After ensuring and allowing some time to apply the
set static force, ultrasonic vibrations with set characteristics were turned on for certain weld
time and turned off for certain hold time as per instructions of PLC programme resulting in
welding samples. Anvil was then lowered ultimately by releasing the static force again via
PLC programme. Welded samples were lastly removed from the fixtures and anvil. Proper
code was written on welded specimens with the permanent marker and brought to

Hounsfield Tensometer where it was tested for getting LSS (Lap Shear Strength) measured.
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SONOTRODE <

Fixture S

Specimens €———

Anvil <

Figure 4.12 Compressed and held samples via fixtures, anvil and sonotrode

4.7. Measurement of Lap Shear Strength (LSS)

For various weld factors, LSS of ultrasonic bond was measured by Hounsfield Tensometer

and Motorised Hounsfield Tensometer is illustrated in Figure 4.13.

Figure 4.13 Motorized Hounsfield Tensometer

Each welded joint was clamped and sheared by motorized shear tester at a constant shear

strain rate of 3.24 mm/minute throughout. This is due to the reason that different LSS may
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be obtained by different shear strain rates for the same welding conditions. A particular
state of welded ABS specimens is exhibited in Figure 4.14 under severe shear force at

constant strain rate.

Sample

under shear
Force

Figure 4.14 Tensometer applying shear strain at weld interface

Moreover, shear clamps were designed considering the configuration of the welded joint
and a special care was taken for concurrence of line of action of shear force with centreline
of the weld zone. This concurrence of lines is illustrated in Figure 4.15. Moveable and
stationary jaws are included by each shear clamp. Moveable jaw can be moved up and down
for achieving the coincidence of lines accurately. Furthermore, the right hand side clamp is

the inverted image of the left hand side clamp.

Left Hand Side Clam i
: _Upper Specimen p. 1t Hand Side Clamp
x/_' [T ] .\\
Py Stationary Jaw -
.-/f 4 7
— A / Weld Zeone
T [
]
| | | - | L
- [ ]
— + - |F | | Moveable Jaw

Line of Action of Shear Force /

Figure 4.15 Coincidence of line of action of force and centreline of weld zone
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4.7.1. Description of Procedure

It consisted of holding a welded sample between two clamps. A pulling force was then
applied in order to increase the distance between the jaws resulting in shearing the sample
and fracture at the welded zone. Value of force was monitored and noted running on digital
force meter for constant strain rate. Fractured area was calculated by means of vernier

callipers. Hence a numerical value of lap shear strength was obtained in tensile fashion.

A term defined at this stage was called welding efficiency. Welding efficiency is the ratio of
strength of ultrasonic bond and strength of parent material i.e. PP or ABS to be welded.
When achieving ‘welding efficiency’ greater than one, ultrasonic bond between parent
materials was practically impossible to measure due to the primary failure of parent

component away from the weld zone. This is represented in Figure 4.16 (A&B).

. . A
A. Failure of parent material .
instead of bond Fracture

7

B. Failure of parent material
instead of bond Fracture

Figure 4.16 (A&B) Fractured sample with welding efficiency
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Following equation was used to calculate the LSS of each welded sample:

Lap Shear Strength = Force required to break the welded joint /

Calculated resisting area directly from the fractured samples

Force required to break the ultrasonic bond was measured instantaneously from the
Hounsfield Tensometer, whereas fractured area was measured by using vernier callipers.
This area was approximated to be rectangle or circular depending upon measured values as

appropriate.

Drawings of stationary and moveable jaws of clamps can be found in appendix E.

4.8. Calibration of Ultrasonic Welding Rig
4.8.1. Detailed Aim

In this section of chapter 4, calibration data are presented to provide the reader with an
idea of reliability of subsequent results from ultrasonic welding of thermoplastics.
Calibration of current ultrasonic welder has been done using a reference ultrasonic welder

from literature.

4.8.2. Methodology

After designing and manufacturing ultrasonic welding rig, the next stage was to ensure that
this rig could deliver the desired results in terms of weld strengths accurately. Calibration
covers not only this phase of ensuring accurate strength data but it is also a way of

validating the design of new samples and manufacturing of samples.

Hence in context of current research, calibration can be defined as, “It is a method to verify
the UW rig for its actual performance with the help of available performance data in

literature from an accurate UW rig”.

In this work, the actual performance meant how good the assemblage of samples was after
welding i.e. bond strength. ABS samples were manufactured for calibration of current UW
rig. Therefore, current UW rig and tensometer were used to obtain bond strength and

match it with bond strength data of literature by using the same weld factors.
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4.8.3. Description of procedure

Ultrasonic welding rig must provide an opportunity to the operator with accurate
measurements in the form of weld results. For this purpose, a reference ultrasonic welder
(ultrasonic plastic machine) manufactured by M/s National Indosonic was selected from
literature [37] to calibrate current welding rig. Weld strength data were collected for

referenced equipment and present welding rig for same set of weld factors.

Variables used

Following weld factors were set for ABS with both TRl and SEMI EDs producing maximum

LSS. These factors were same for both referenced equipment and present welding rig.

Material Type

ABS was used for calibrating the ultrasonic welding rig.

Geometry of ED

Two geometries of ED were utilized in this calibration, as can be seen in section 4.2.2.

Frequency of Vibrations

Frequency of ultrasonic vibrations was 20 KHz.

Weld Time

For TRI ED, the weld time (0.4 Sec) used for current welder is almost similar to the weld time

(0.3 Sec) for referenced welder.

In addition to above factors, there are levels of some weld factors fixed for current welder
which may be different from that of the referenced welder. The reason for having different
levels of factors is the lack of information on them in published work. For instance,
amplitude of vibrations, hold time and static force are not clearly mentioned for the
referenced welder. Hence those levels of these three weld factors have been selected

contributing to achieve maximum LSS. Therefore, weld time was set to 0.9 sec for SEMI ED.
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Amplitude of Vibrations
Amplitude of vibrations set was equal to 21 pum.
Hold Time
Hold time was equal to 0.2 sec.
Static Force
Static force was set to 500 N and 1500 N for TRl and SEMI EDs respectively.
These factors are presented in Table 4.3.

Table 4.3 Near field ultrasonic welding

Hold Weld Static
Sr. Materia | Amplitude Frequency
ED Time Time Force
No. | (um) (KHz)
(sec) (sec) (N)
1 | TRI ABS 21 0.2 0.4 500 20
2 | SEMI ABS 21 0.2 0.9 1500 20

Procedure for preparing samples, using ultrasonic welding rig, sample orientation,
measuring LSS was same to calibrate the current rig, as can be read in sections 4.3 to 4.6.
Ten samples were produced for this calibration. Moreover, ultrasonic welding scenario was
near field. There were present commonalities between the results from two welders which

guaranteed the soundness of current welding rig.

A. Maximum weld strength was obtained with ABS and TRI ED
B. Maximum bond strength was found within an acceptable margin of error. This is

shown in Figure 4.17.
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Comparison of Maximum Bond Strength
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Figure 4.17 Calibration of current UW rig from referenced UW rig

A very little difference in values of bond strengths was noted for ABS with TRI ED and SEMI
EDs respectively, as shown in Table 4.4. These minute differences in values of bond
strengths show a little drift of current welding rig from giving accurate performance which

cannot appear to influence the subsequent results significantly. Hence weld strength data

from two welders have been found to be close to each other.

Table 4.4 Extension of table 4.3

Max. Strength (MPa)
Max. Strength (MPa)
Sr.No. from
from Current_Rig
Referenced_Rig
1 15.5 16.94
2 8 8.93

4.8.4. Conclusion

In this investigation, present ultrasonic welder has been calibrated by an ultrasonic welder
from literature in an effort to validate all subsequent results. It can be seen that the weld
strength values obtained with the UW equipment which is used in this research are
consistent with those from the published literature. Since sampling method before welding

and LSS testing method after welding are also main contributors to eventually achieve LSS,
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this agreement between strength data from two welders also delivers satisfactory reliance
on sampling and testing methods. Hence this calibration of welding rig provides additional
evidence with respect to methods for sampling ABS and testing LSS. This, therefore,
provides sufficient confidence that this ultrasonic welder can be utilized to provide the

researcher with accurate results throughout the rest of this thesis.

4.9. Matrix of experiments

In this research, a matrix was made for various combinations of basic factors welding ABS
and PP ultrasonically in order to investigate the effect of weld factors on weld strength. In
short, this matrix, having cluster of various ultrasonic welding factors, was established to

explore ultrasonic welding of thermoplastics (i.e. ABS and PP).

Let us present the way of structuring the matrix for ABS and PP:

Based on initial welding tests, matrix was arranged for both ABS and PP by keeping EDs,
material, hold time, and amplitude constant firstly. Although some ranges of factors were
different for each material, the structure of experiments was the same. Now for ABS, weld
time was decreased from maximum (0.9 sec) to minimum (0.4 sec) with an interval of 0.1
sec and static force was increased from minimum (500 N) to maximum (1500 N) with an
interval of 250 N. Similarly for PP, weld time was decreased from maximum (1.7 sec) to
minimum (0.6 sec) with the same interval of 0.1 sec or greater and static force was
increased from minimum (500 N) to maximum (1750N) with the same interval of 250 N. For
both materials, ED was then changed alternatively i.e. SEMI or TRI after having set weld time
and static force. Finally amplitude was set from maximum (21 pum) to minimum (14.7 um)
with a decreasing interval of 2.1 um again for both materials. A flow chart is representing
this way of setting weld factors in Figure 4.18. Intervals and ranges for ultrasonic weld

factors are also mentioned in Table 4.5.

In order to make results consistent, reliable and uniform throughout the testing conditions,
10 samples were produced for each test condition. Matrix of experiments for each

thermoplastic is available in appendix A.
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el WG s, For both materials, ED was changed

ol e 2 alternatively i.e. SEMI or TRI for set

Slmjplivee &9 o configuration of weld time and

constant static force

Finally amplitude was changed

Decreasing weld time from Static force was increased
maximum to minimum for from 500 to 1500 N for

each static force both materials

from maximum to minimum
level for both materials

Figure 4. 18 Flow chart for weld factors

Table 4.5 Ultrasonic welding factors

Material Factor Factor Interval Range of Factor
Amplitude 2.1um 14.7-21
Weld
ABS Time 0.1sec 0.4-0.9
tatic 250N 500-1500
Force
Amplitude 2.1um 14.7-21
Weld
pp Time 0.1sec 0.6-1.7
tatic 250N 500-1750
Force

This arrangement of factors covers sufficient set of experiments to achieve the aim of this
research. This set of experiments is a representation of holistic paradigm of experiments

rather a complete set of experiments.
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CHAPTER 5 RESULTS

5.1. Statistical Terms

To begin with, it is necessary to explain some statistical terms which will be used throughout

the following sections:

5.1.1. Descriptive Statistics

Descriptive statistics involve using graphs, charts, and tables and calculating several

statistical measures to organize and condense the information.

5.1.2. Parametric Methods

Those statistical methods wanting the data to first meet the assumptions of normality and
equality of variance, as described in sections 5.2.1 and 5.2.2 respectively are called

parametric methods.

5.1.3. Non-parametric Methods

Statistical methods which do not want the data to meet the assumptions of normality and

equality of variance are called non-parametric methods.

5.1.4. Dependent Variable

A dependent variable is a variable affected by one or more than one independent variables.

In this analysis, lap shear strength (LSS) is a dependent variable.

LSS (Dependent and Quantitative)

5.1.5. Independent Variable

An independent variable is that type of variable manipulated by the researcher in an
attempt to observe the effect of independent variable on dependent variable. So,
collectively five independent variables/factors have affected the LSS excluding constant hold

time and constant frequency, as introduced in chapter 4.
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5.1.6. Population

A complete collection of items or data under investigation in a statistical study is called a

population

5.1.7. Sample

A fragment of population selected for analysis is called a sample.

5.1.8. Mean/Average

Researchers are usually interested in a typical numerical value to describe a data set. This
numerical value is known as mean value or measure of central tendency. Mean/average
value (X) of a data set is obtained when the sum of results or observations (X) is divided by

number (n) of observations.

X =X
n

5.1.9. Variance and Standard Deviation

Besides the mean value, numerical values are often desired to measure the spread or
dispersion of data about the mean of data set. These numerical values are called variance

and standard deviation. Variance (Sz) of a sample size is given by

_Ix-X

52
n—1

Moreover, square root of the variance is called the standard deviation (S).

s=.s?

5.2. Basic Approach

A researcher should adopt two step approach in getting statistically analysed the observed

data:

Step I: Using the descriptive statistics to acquire general idea about the data.

Step II: Adopting the parametric or non-parametric statistical methods in interpreting the

data from step I.
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5.3. Descriptive Statistics

A univariate analysis was used for obtaining meaningful information from results after
welding ABS and PP ultrasonically. In order to perform a univariate analysis, the following

conditions must be met by data:

1. Normality

2. Equality of Variance

Test of normality was performed by looking at the distribution of data. If data followed the
normal distribution then it would be succeeded in passing the test of normality. Following

section discussed briefly the normal distribution.

Equality of variance was tested by spread (standard deviation) vs. level (mean) plot. If the SL
(spread vs. level) plot did not show any particular relationship or trend then data would

again be succeeded in passing the test for equality of variance.

The procedure used to analysing the weld strength data, is shown in the form of a flow chart

in figure 5.1 and has been explained more thoroughly in the following sections.
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Data based on LSS from ultrasonic
welding of ABS & PP

Descriptive statistics of LSS data

Test for normality of LSS data

A

Parametric Transformation Non-parametric

methods e.g. (non-linear) e.g. log, methods e.g. Kruskal-
GLM sgrt etc. Wallis Test

Testing LSS data for
equality of variance

Results & Dicussions

Figure 5.1 Flow chart for selection of suitable statistical analysis

5.3.1. Normal Distribution

Normal distribution is extensively used in statistical research analyses. It is also known as
bell shape curve or Gaussian distribution. Normal distribution has its hard roots on the
mean and the standard deviation. By changing these two parameters, large number of

normal distributions comes across, as exhibited in Figure 5.2.
A normal distribution has following properties/characteristics in general;
1. Itis found to be symmetric about its mean.

101



CHAPTER 5 RESULTS

2. Mean and standard deviation define the Gaussian distribution.

3. Bell curve distribution is found to be thicker in the middle and less thick at the ends.

Another term needed to be briefly explained here is the transformation of data. Data are
required to be transformed if it is observed to be non-normal. There are present few
options in doing so e.g. square root transformation, logarithmic transformation, square
transformation etc. After being transformed, data are again desired to meet above two

conditions i.e. normality and equality of variance [181, 182].

Figure 5.2 Normal distributions [183]

5.3.2. Equality of Variance

One of the conditions needing to be met by data is to have constant variance. If data do not
appear to meet this condition, a researcher will find it hard to interpret the data. In order to
check or test for constant variance, spread vs. level plot is used. Spread or variance must not
show any relationship with level or mean of data in an attempt to provide sufficient
evidence that the data are passing the test for equality of variance. For instance, ultrasonic
welding data for ABS result in spread vs. level plot that is illustrated in Figure 5.3 after

having met the test for equality of variance.

102



CHAPTER 5 RESULTS
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Figure 5.3 An example of spread vs. level plot

5.4. Results of descriptive statistics

5.4.1. ABS

Normality Test

In this research, LSS showed a normal distribution with long histogram at left that

represented the number of zero values without having any transformation on data points

for ABS. So, the data have already met the condition of normality by ignoring the big column

of no weld/zero values of LSS. Normality test of LSS data for ABS is shown in Figure 5.4. This

zero value column represented low level of weld conditions (e.g. low level of weld time and

amplitude etc.) which resulted in no weld situations.
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Figure 5.4 Normality of data for ABS
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Spread VS Level (SL) Plot

Equality of variance was also tested by plotting spread and level of LSS data. In this
statistical analysis, a good distribution of data for ABS was found from SL plot without
having any relationship between spread and level. So, another condition has also been met
by LSS data for ABS during a procedure of selecting right statistical method
(parametric/Non-parametric methods). SL plot for ABS data is demonstrated in Figure 5.5.
This SL plot was considered good because it did not show any particular trend between

standard deviation and mean.

Spread vs. Level Plot of LSS in MPa
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Figure 5.5 Spread VS level plot for ABS

5.4.2. pp

Normality Test

Without having any transformation on LSS data for PP, a non-normal distribution was
obtained, as shown in Figure 5.6, with long histogram at left which represented the number

of zero values. So, the data for PP could not meet the condition of normality.
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Figure 5.6 Normality Test

After having square root transformation done, a good pattern of normal distribution of data

was obtained for PP passing the condition of normality. Transformed data are exhibited in

Figure 5.7.

Note: After acquiring the predicted results, the results needed to be squared to properly

and correctly interpret them. It has also been accomplished and presented in appendix D.
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Figure 5.7 Normality Test after square root transformation
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Spread VS Level Plot

So a good distribution of data for PP was again shown by SL plot passing the second

condition that was equality of variance. SL plot for PP data is shown in Figure 5.8.
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Figure 5.8 Spread VS level plot for PP

Hence LSS data after welding ABS and PP ultrasonically have passed the essential conditions
to select a parametric method for subsequent and thorough analysis. Main analysis can be

undertaken now.

5.5. Analysis Method-General Linear Model (GLM)

To analyse the results, a suitable statistical analysis is required. Analysis based on
experimental conditions deals with various terms that are evaluated after experiments. The
mathematical and statistical calculations using the empirical results are obtained to support
the observations, recommendations and conclusions. Based on complexities in calculating
several expressions, an analysis can be divided into two types. An analysis requiring a simple
arithmetic calculator (multiplication, subtraction etc.) for getting means/averages of various
terms is called a simple analysis. There exists a common problem conducting simple
analysis, that is, the averages of two different data sets may result in same values. For

example, average heights of five persons are given in Table 5.1. This type of analysis is only
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restricted to determine average of results. On the other hand, analysis of variance (ANOVA)
does not only deal with averages but it has also the ability of precisely handling the
variances which are associated with many data sets. Likewise, regression analysis provides a
best fit line for a given scatterplot using least squares i.e. sum of squared residuals. Various
calculations involved in ANOVA and regression analysis are not evaluated conveniently.
These statistical derivations involve taking squares and square root of several terms in order
to interpret the results in a better way. ANOVA additionally supports the interaction effects,
test of significance of a factor and error terms which comprise the effect of those factors

which are not included in the experiments.

Table 5.1 Average heights of five persons

Data Sets Heights of Persons Mean of Data Set
1 11 12 8 10 9 10
2 15 18 6 4 7 10

In this statistical analysis, a statistical technique called General Linear Model (GLM) with
Univariate Analysis was used by employing SPSS software. GLM is a parametric method
analysing the results which have passed the tests of normality and equality of variance. GLM
Univariate Analysis has the ability to perform regression analysis along with analysis of
variance (ANOVA) for one dependent variable (e.g. LSS) by considering one or more than
one factors or variables [184]. Since lap shear strength (LSS) is the only one dependent

variable in this research, current GLM analysis can generally be called a univariate analysis.

Moreover, the word “General” in GLM shows the capability of GLM to accommodate various
variables suitable for regression analysis and ANOVA. Similarly, the next two words “Linear
Model” simply refer to the regression analysis. Hence GLM also involves predicting a linear
model for dependent variable utilizing independent variables. In this research, predicted
models have been obtained for results from ultrasonic welding of both ABS and PP and are

available in appendix D.
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Based on the common pattern, regression and ANOVA may be explained in a similar way.
This conception of common pattern is called GLM. For instance, GLM conception involves

accommodating the data in terms of a model and some error.

Data = Model + Error

Regression analysis endeavours to describe the data (dependent variables) in terms of a
model (predictors or independent variables) and error (residuals). Likewise, ANOVA also
attempts to explain data (dependent variables) with the help of a model (optimum
experimental conditions) and error (the part of data that is not accommodated by the
model). Error term for ANOVA indicates that there are some other factors affecting the
data. These factors are considered to be unique for each area and consist of anything and

everything not controlled in the experiment such as sudden fluctuations in a machine.

Note: Various GLM (regression analysis) results have not been included in the main body of
thesis and are presented in appendix D. These include the parameter estimates and
prediction of LSS in the form of general linear models by considering all the factors of
ultrasonic welding for both ABS and PP. These models must be validated before including
them in the current results section. Henceforth, results based on ANOVA will clearly be

presented and discussed in this chapter.

5.6. Preface to GLM Results

An introduction to GLM results is presented to understand actual meaning of various
tabulated terminologies associated with various statistical tests and the exemplary
interpretation of results in context of ultrasonic welding of ABS only. Based on this
preamble to GLM results, detailed GLM results will be provided with their complete
interpretation afterwards, as can be gone through under sections 5.6 and 5.7 for both ABS

and PP respectively.

In this statistical analysis, GLM results consist of following consecutive steps to be

performed for fresh LSS data from ultrasonic welding of both ABS and PP:

1. ANOVA (analysis of variance) resulting in detecting the significance of a factor

2. Post Hoc Tests
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3. Profile Plots

All univariate statistical procedures are the special cases of multiple regressions (a statistical
technique predicting the dependent variable by considering one or more than one
independent variables which are known as predictors). In short researchers consider the
univariate analysis focusing on a single dependent variable as the first procedure to analyse
their data. In other words, effect of each independent variable on LSS will be identified

during univariate analysis.

Following are the main reasons for identifying GLM method as an appropriate method for

analyses ahead;

1. Statistical analyses using GLM Method are considered suitable for research
community with little statistical background e.g. normal distribution, variance, mean,
etc.

2. It mainly deals with frequency distributions of dependent variable. So, if a data
distribution appears to have non-normal form then a quick transformation is made
in an effort to attain normal distribution.

3. A GLM has the possibility of testing null hypothesis (for effects of each variable on
the mean of dependent variable) which leads to post hoc tests and profile plots.

4. Along range variable can be categorised in order to make analysis more explicit e.g.

categories of static force and weld time in this analysis.

In this analysis, the dichotomisation of weld time and static force was necessary in order
to simplify the analysis because higher the number of levels of an independent variable
was, more it would make the analysis complex and difficult to understand and interpret.
So, the weld time and the static force were categorised/dichotomised into following

categories:

Categorisation/Dichotomisation of Weld Time:
For complete data of PP:

1=0.8thru1.0

2=1.1thrul.3
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3=1.4thrul.7

For complete data of ABS:

1=0.4thru0.5
2=0.6thru0.7
3=0.8thru0.9

Categorisation/Dichotomisation of Static Force:
For both ABS and PP,

1= 500 thru 750

2 =1000 thru 1250

3 =1500 thru 1750

Therefore, weld time and static force have three levels (categories) which have different

meaning from the meaning of level (mean) in SL plot, as discussed earlier in Figure 5.3.

5.6.1. ANOVA (Analysis of Variance)

ANOVA is desired in those circumstances which intend to determine the influence of a
factor or different factors on results. ANOVA is also overviewed as a picture of
process/product performance similar to an X-Ray of a person’s body which is taken to
acquire an understanding of his health’s condition. When visualizing the normal distribution
of a population, the spread or width of the distribution is directly linked with the total
variation in the data. In order to determine the deviational effect of each factor on this total

variation, ANOVA is thought of being the best option [185].

ANOVA is deemed to assume that probability distribution of dependent variable must have
Normality and Equality Of Variance i.e. variance of data in groups should be same. In this
research, idea of performing ANOVA was actually to assess the variation due to each
individual factor which was associated with total variation within the results. In other words,

significance of weld factors was determined after performing ANOVA.

110



CHAPTER 5 RESULTS

Effects of factors on LSS were intended to be analysed separately for ABS and PP in this

analysis by using:

1. Complete LSS Data with ABS
2. Complete LSS Data with PP

In an effort to understand the GLM procedure for current analysis, few ANOVA results from

ultrasonic welding of ABS are presented in Table 5.6.

Table 5.6 is a demonstration of main terms in ANOVA table (Complete table is presented in
Appendix C); this table is quite revealing in several ways. In fact, ANOVA utilizes various
terms which are column headings of Table 5.6. The objective of presenting Table 5.6 is to

deliver an ease for interpreting the ANOVA results.

First Column: Source

First column shows the effects of main factors and their possible interactions on LSS. Main
effects simply refer to the mean effects of weld factors on results e.g. mean effects of ED,
amplitude, static force and weld time on LSS. Each weld factor is expected to have some
influence on results. Moreover, a factor is an independent variable. A plot of these main

effects may have parallel lines if these main effects are fully independent of each other.

In order to arrive at good analysis of experimental results, it is a good idea to expect an
interaction between various factors in terms of their effects on results. Interaction
technically implies interdependence. It is frequently noted that factors behave in a different
manner in the presence of some other factors such as the effect of a factor changes when
levels of other factors are altered. This interdependence of effects of two factors is known
as interaction effect. The interaction between the factors affects the way the factors
influence the results. If an interaction is present, main effects interacting will be interpreted
carefully. Hence interaction is more an effect than a result. Since Interaction has an effect
on results, it is not a factor that can be controlled. In other words, an interaction cannot be

controlled making us more vigilant when results are interpreted.

Since four weld factors have been used in this analysis, six two way/two factors interactions

(i.e. interaction between two factors at a time) are studied, as can be calculated by a
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formula N*(N-1)/2. N represents the number of factors. When two factors are known as Y
and Z, the interaction is identified as Y*Z interaction. Hence interaction of factors refers to
ED*Amplitude_of Vibrations, ED*Weld categories etc., as mentioned in Table 5.6.
Interaction effects of main factors imply that the effects of main factors on LSS are not
independent of each other. For instance, effect of ED is not independently different from
the effect of static force on LSS and these both factors may have some interdependence.
Unlike interpretation of effects of a factor levels on results, levels of an interaction effect
don’t have any physical interpretation. Finally, analysis of two way interaction is included in
present ANOVA because it can give vital clues for different levels of factors in achieving the

optimal and desired results.

Second Column: Type lll sum of squares

Second column named as type Ill sum of squares has been set as default before running
univariate analysis and this is the most useful for ANOVA as well. Type Il sum of squares is
used for unbalanced data. Data will be unbalanced if data have been acquired by setting
unequal number of levels of a factor within experimental matrix or array for each
experiment and opposite is true for balanced data. In other words, if columns of
experimental matrix are not balanced with equal number of levels for each factor, the
experimental matrix will be known as unbalanced. In this analysis, an unbalanced
experimental matrix was utilized. For example, three 2-levels factors are presented here in
Table 5.2. Balanced and unbalanced experimental matrices are shown in Tables (5.3/5.4)
and (5.5) respectively. From Table 5.2, factors (A, B and C) are represented by first column
and factor levels are mentioned in next two columns. From Table 5.3, four experiments are
represented by Runs column with experimental conditions of factors (A, B and C) in rows.
For instance, first experimental run consists of A1B1C1 conditions. Likewise, factors with

their original names and actual levels are shown in Table 5.4.

Table 5.2 Three 2-levels factors

Factors Level 1 | Level 2
A. Weld Time (sec) 1 0.8
B. Amplitude (um) 21 18.9
C. Static Force (N) 1500 1250
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Table 5.3 Balanced Matrix

Runs

HW|IN

NIN|(R R[>

NIRIN|PI®

RININFRO

Table 5.4 Extension of Table 5.3

Runs | Weld Time (sec) | Amplitude (um) | Static Force (N)
1 1 21 1500
2 1 18.9 1250
3 0.8 21 1250
4 0.8 18.9 1500

Table 5.5 Unbalanced Matrix

Runs A B C
1 1 1 1
2 1 2 2
3 2 1 2
4 2 2 1
5 1 2 2

Sum of squares is calculated for each factor and two way interactions between factors
compelling any negative values to be positive. The sum of squares for ANOVA may have
comprehensive formulae containing sample size, sample mean, sample variance, total
sample size and overall mean for all samples in it. ANOVA uses this sum of squares as a
basis for calculating other terms in ANOVA table. In fact, there exists an interrelationship
among the various ANOVA terms. Hence sum of squares for each factor and interaction
between factors was finally evaluated by using average values of LSS with regard to each

level of factors.

In the context of linear regression, the residuals are squared to convert all negative values
into positive values because average of both positive and negative residuals is zero. The

squared values are then added to find out the sum of squares. In order to determine the
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best fit line for a scatterplot, the sum of squared residuals must be smaller i.e. least squares

line.

Third Column: Degree of freedom (df)

Next column is the ‘df’ i.e. degree of freedom that is calculated by subtracting the number
of levels of a factor from one. As far as the interaction of factors is concerned, degree of
freedom is calculated by multiplying the ‘df’ of individual factors. Hence ‘df’ is a crucial
number for scientific data analyses. ‘df’ is commonly used in engineering applications. For
instance, in vibration analysis, a mass spring system with two degrees of freedom has two
vibration modes which can be investigated under suitable excitation. But in case of
experimental data analyses, the interpretation of ‘df’ is slightly different. For statistical
analyses of experimental data, ‘df’ represents the amount of information enclosed in a data
set. In order to further explain it, an example of four people can be taken. For these four

people, three comparisons need to be evaluated in an effort to determine who is the tallest.

Fourth Column: Mean square

Fourth column illustrates the mean square which is evaluated when the sum of squares of a
particular factor is divided by its ‘df’. Moreover, mean square is also called the variance. In
other words, sums of squares can be changed into variances when they are divided by their
‘df’. There can be two sources of variations in a data set; between samples variation and
within samples variation. Between samples variations are tackled by mean squares, whereas
within samples variations may be quantified by mean square error, as can be seen at the
end of fourth column. Hence a significant amount of variations can easily be accommodated

by ANOVA.

Fifth Column: F-Ratio/F-test statistic/F-Value

Fifth column represents the F-Ratio that is determined when the mean square or variance of
each factor or its interaction is divided by mean square error or variance for the error term.
The values of F-Ratio are also used to find the degree of significance for a particular weld
factor. Based on F-Value, significance of weld time categories/levels has been found to be

the maximum, as can be seen in Table 5.6. In fact, ANOVA utilizes a statistical F Distribution
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in order to identify the statistical significance of a particular effect at a predefined

significance level (e.g. 0.05 or 0.01) using F Tables [186, 187].

Sixth Column: P-Value/Significance Tester

Finally, the sixth column denotes the P-Value giving the significance of F-Ratios for individual
as well as interaction of factors. The p-value is defined as the possibility of getting a test
statistic at least as extreme as the F-test statistic if the null hypothesis is true. It is also the
possibility of rejecting the null hypothesis. This null hypothesis asks whether mean LSS for a
particular welding factor is different for each category of the same welding factor. In the
same way, rejecting the null hypothesis means the presence of difference of mean LSS
between two categories that belong to same welding factor. Likewise, null hypothesis for an
interaction effect indicates that mean LSS value for the category of one factor does not

depend upon the mean LSS value for other factor category.

An example for understanding the role of P-value

“Two types of engine oil are supplied to a random sample of four owners of different
automobiles. Type S is the brand of manufacturer who is interested in conducting this
statistical research. Type H is the competitor’s brand. The manufacturer intends to detect

any preference for his engine oil if it exists.

The null hypothesis emphasizing on ‘no difference’, is HO : m = %. Proportion of owners, in
the general population who prefer type S, is denoted by n. The second statistical hypothesis,
which is often called the alternative hypothesis, states that there is a preference for engine

oil S, Ha : > %.

Suppose four owners are asked to choose between the engine oils. Following 16 outcomes
are possible with equal probability if there is no preference:

SSSS, SSSH, SSHH, SHHH

HSSH, HSHS. SHSH, SHHS

HHSS, SHSS, HSSS, SSHS

HHHS, HHSH, HSHH, HHHH
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Only one outcome out of 16 is felt very different from what has been expected to occur
under random sampling if the null hypothesis is true. Since the unlikely case has appeared
once if the null hypothesis is true, the significance level (P-value) is set equal to 1/16 <

0.0625.

In other words, if the outcome is the four choices of type S, then P = P (SSSS) = 1/16, and the
manufacturer can say that the results are significant, and the null hypothesis is rejected.
However, if the outcome is three choices of type S, then P = P (SSSH, SHSS, SSSS, HSSS, SSHS)

=5/16 >1/16, and null hypothesis is not rejected”.

Moreover, any effect of factor is judged to be significant if it has p-value less than 0.05. If all
the effects appear to be significant, profile plots will be made to get clearer visualization and
understanding of effect of weld factors on LSS, as will be discussed later in section 5.5.3.
Table 5.6 also shows that each source element/effect is significant for LSS data of ABS with
P-value less than 0.05 i.e. significance level. Hence effects of main factors and their
interactions are significant at P=0.05 level. A significance level of 0.05 implies a 5% risk of
concluding that an effect exists when there is no effect in reality. This indicates that profile
plots are essential to be looked at. Moreover, significance of main and interaction effects

based on ANOVA calculations is exhibited in the last column of Table 5.6.
Table 5.6 ANOVA RESULTS

Dependent Variable: LSS in MPa

Type lll Mean
Source Sum of df Square F P-Value Significant
Squares q
ED 2970.80 1 2970.80 477.72 0 Yes
Static_Force_Categories 679.23 2 339.62 54.61 0 Yes
Amplitude_of Vibrations 3064.81 3 1021.60 164.28 0 Yes
Weld_Categories 7768.73 2 3884.37 624.62 0 Yes
ED” 417.11 3 139.04 22.36 0 Yes
Amplitude_of_Vibrations ’ : .
Static_Force_Categories
* 190.07 6 31.68 5.09 0 Yes
Amplitude_of_Vibrations
Amplitude_of_Vibrations
*Weld_Categories 1138.76 6 189.79 30.52 0 Yes
ED” 1625.74 2 812.87 130.71 0 Yes
Static_Force_Categories ) . :
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Dependent Variable: LSS in MPa

Type lll
Source Sum of df SMlejzl:e F P-Value Significant
Squares q
ED * Weld_Categories 148.76 2 74.38 11.96 0 Yes
Static_Force_Categories
*Weld_Categories 492.75 4 123.19 19.81 0 Yes
Mean Square Error 6.22

Therefore, ANOVA attempts to investigate the significance of main and interaction effects
using several conceptual, statistical and mathematical calculations for various terms present

in first six columns of Table 5.6.

Hence ANOVA results show that each main and interaction effects of factors are statistically
significant. However, further investigations are also needed to identify the importance of

each weld factors to the LSS.

5.6.2. Post Hoc Tests

Post hoc tests are conducted after finding the significant weld factors via ANOVA. In other
words, it needs to be isolated exactly where significant differences lie. Post hoc tests are
necessary in those situations that have dire need to make comparison among various means
of dependent variable (e.g. LSS) in an effort to justify significance of factors in detail. If a
factor has only two levels then the significant F-Ratio is sufficient to explain that two levels
are significantly different from each other for affecting the dependent variable. Hence post
hoc tests have not been performed for two levels of EDs i.e. SEMI and TRl in this research.
However, when there are more than two levels for a factor (e.g. weld time, static force and
amplitude), post hoc tests will be needed to tell the significant difference among the levels
in addition to significant F-Ratio. Post hoc test will also be considered essential for a

significant interaction.

In other words, p-value is used to identifying whether significant difference between at least
one pair of means exists or not for a particular factor. But it does not, still, suggest us which

means are significantly different from which other means specifically for the same weld
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factor. Owing to this reason, post hoc tests are employed. Although there are present
various kinds of post hoc tests, Tukey’s HSD or Tukey’s Honestly Significant Difference has
been used in this analysis, as accepted post hoc test for many analyses. Tukey’s HSD is
extensively used and easily calculated test permitting the researcher to obtain more
understanding of ANOVA. Furthermore, post hoc test must not be used if ANOVA finds any

non-significant effects [188].

Note: In this study, post hoc tests were conducted for each weld factor except for ED

because ED included fewer than three levels.

Table 5.7 shows the results after conducting the post hoc tests for amplitude of vibrations.

First Column: (1) Amplitude

First column (1) shows the each value/category/level of amplitude which has been used
during ultrasonic welding. Furthermore, each level of amplitude or any other weld factor
along with other necessary factor levels utilized for welding ABS and PP can result in some
value of LSS. Therefore, LSS value for a particular level of a weld factor will frequently be

identified in subsequent analysis.

Second Column: (J) Amplitude

Second column (J) exhibits all other amplitudes (three amplitudes) to be compared with the

single amplitude value present in first column.

Third Column: Mean LSS Difference for (I-J)

Third column (I-J) represents the mathematical difference between mean LSS for amplitudes
in first and second column respectively. Negative value of mean difference presents a larger
mean LSS for any amplitude in ‘)’ column than that in ‘I’ column and opposite is true for the
positive value. Furthermore, a very little difference of 0.28 has been found between mean
LSS for amplitudes 21 and 18.9 um. This little difference implies that mean LSS values for
amplitudes 21 and 18.9 um are closer to each other. Hence these comparisons deliver first-
hand information about numeric difference among mean LSS which corresponds to more

than two different categories of weld factors.
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Fourth Column: Confidence Interval

Last column, having two sub-divided columns that are named lower and upper bounds,
illustrates that there is 95% confidence that difference of means between two amplitudes is
expected to be in between lower and upper bounds. Moreover, interval estimation is
calculated when a researcher wishes to be impartially sure that a true value of mean is
bounded within the estimated interval. If a probability is attached to an estimated interval,
a confidence interval (Cl) is acquired. Cl may also be evaluated by subtracting the P-value or
significance level from one. For instance, a P-value of 0.05 means a confidence interval of
95%. In other words, when a Cl of 95% is set, there is a 95% certainty that a population
mean will be covered by the interval. Consequently, there is also a 5% chance of being

wrong for a Cl of 95%. Lower and upper bounds for Cl can be calculated by

X+ Za X 0/\n
2

Where X is the sample mean, a is the significance level i.e. 0.05. @ is the standard deviation
and n is the sample size. The value of Z at a/2 can be found from standard normal
distribution table. Hence Z at 0.025 is 1.96. Therefore, the Cl can now be calculated

conveniently [187].

Table 5.8 is an addition to Table 5.7 showing the actual values of mean LSS that are

associated with all amplitudes.

First Column: Amplitude

First column of Table 5.8 is similar to that of Table 5.7 showing a set of four possible

amplitudes for welding thermoplastics ultrasonically.

Second Column: Number (No.) of Samples

Second column represents the number of samples which have been welded by setting four

amplitudes one by one.

Third Column: Subset
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Third column shows the mean LSS values for each of four amplitudes in the form of three

subsets. The two values of mean LSS in the third subset imply that these two values are

almost equal.

Moreover, from Table 5.7, small difference of 0.28 between mean LSS noted for amplitudes
21 and 18.9 um is due to the similar values of mean LSS (8.04 & 8.32) for both amplitudes,

as shown in Table 5.8.

Table 5.7 Post-Hoc Test

95% Confidence Interval

(I) Amplitude (J) Amplitude Mean Difference (I-J) ower Bound Upper
Bound

16.8 -1.15 -1.74 -0.55

14.7 18.9 -3.13 -3.72 -2.53
21 -2.85 -3.44 -2.26

14.7 1.15 0.55 1.74

16.8 18.9 -1.98 -2.44 -1.52
21 -1.70 -2.16 -1.25

14.7 3.13 2.53 3.72

18.9 16.8 1.98 1.52 2.44
21 0.28 -0.18 0.73

14.7 2.85 2.26 3.44

21 16.8 1.70 1.25 2.16
18.9 -0.28 -0.73 0.18

Table 5.8 An extension of Table 5.7

Subset
Amplitude No. of Samples (N)
1 2 3
14.7 166 5.19
16.8 376 6.34
21 413 8.04
18.9 391 8.32

Hence ANOVA results suggest the significance of a weld factor but they don’t give any
information regarding the significance of different categories of that factor. Therefore, post

hoc tests are performed to investigate profoundly the ANOVA results.
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In general, post hoc tests help determine deeply the significance of levels of a factor e.g.
identifying the levels of amplitude which result drastically in optimal values of the
dependent variable i.e. LSS. For instance, mean LSS resulted from amplitudes 21 and 18.9
um indicates that both amplitudes can better contribute in achieving optimal weld
strengths. Similar to amplitude, these post hoc tests have been performed for remaining
main factors e.g. weld time, static force etc., as can be seen in sections 5.6.1 & 5.7.1 for

both ABS and PP respectively.

Analogous to amplitude, results have been found for the effect of other factors on LSS in the
form of tables, as presented in appendix C. And the way of understanding these tabulated

results is similar to what has been discussed for Tables 5.7 & 5.8.

5.6.3. Profile Plots

Profile plots can also be obtained during GLM analysis to compare graphically means of LSS
as a function of main factors. Profile plot is a multiline plot indicating a relationship between
mean of dependent variable and levels of more than one weld factors. Profile plots may be
used to find the presence/absence of an interaction between various factors when all
possible interaction effects seem to be statistically significant. From these line plots, a

researcher also predicts whether there is an increasing or decreasing trend of mean LSS.

A graph is the most efficient way of interpreting and understanding an interaction. To
understand the method of graphing these profile plots, an example of Figure 5.9 has been
presented here. A profile plot between three categories of static force and two EDs is shown
in Figure 5.9 to find the presence or absence of an interaction. To create this profile plot,
three categories of static force have been plotted along x-axis exhibiting three separate
locations on x-axis. Effect of each category of static force on mean LSS may now be plotted
for fixed levels of EDs i.e. TRI and SEMI. A profile plot of this kind may be composed of two
straight line segments. To decide whether or not an interaction exists in Figure 5.9, two lines
plotted will be investigated for being parallel or nonparallel. If these two lines are found to
be parallel then there will be no interaction between categories of static force and EDs and
reverse is true for presence of interaction. In other words, interaction exists if two lines are

nonparallel, as can be seen in Figure 5.9.
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Categories of Static Force and Energy Directors
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Figure 5.9 Profile Plot (ED and Static Force)

Even though each interaction effect can appear to be significant, two questions must be
answered before proceeding ahead with analysis. First, are interactions actually present
there? Second, which interactions are more severe or significant than the others? A profile

plot can intensely help us answer these two questions.

The judgement about presence of an interaction is achieved by rigorously comparing the
slopes of lines in the interaction plot. The magnitude of angle is usually used to compare the
slope of lines ranging from 0 to 90 degrees. The term severity is used to express the degree
of presence of an interaction. Severity Index (SI) is deemed to be 0% and 100% if the angle
between lines becomes equal to 0 and 90 degrees. In this analysis, interaction effects will be
neglected if Sl is found to be less than 11.67% because the lines are almost similar to
parallel lines. For example, SI for two lines in Figure 5.9 is 53.33% identifying a severe

interaction between static force and EDs.

If an interaction between factors is found to be statistically and graphically (after
investigating a profile plot) significant, levels of factors interacted must thoroughly be

investigated to acquire their physical interpretation and their effect on the ultimate results.
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For instance, for Figure 5.9, combined effect of both static force and EDs must be discussed

in detail to attain optimal results, as will be discussed in discussion chapter.

If all the factors and interactions between factors are found to be statistically significant,
levels of interacting factors must be analysed by profile plot in an attempt to find optimum
levels or conditions of interacting factors. In fact, analysis of interaction between factors is
mainly a thorough study of factors leading to determine the most appropriate

levels/conditions of factors if the interaction is not only significant but also present.

In this analysis, profile plots were also gathered after having analysed the post hoc results.
These plots provide more insight into the relationships between ultrasonic weld factors and
mean LSS graphically. Moreover, some profile plots show negative value for mean LSS at Y
axis as a graphical requirement. The SPSS software covers all levels of weld factors in a
graph between mean LSS and weld factors even by extending the trend line beyond the zero
value of LSS. Hence a negative value of mean LSS represents zero value of LSS. Profile plots

will be presented and discussed in sections 5.6.2 & 5.7.2 for both ABS and PP respectively.

5.7. Detailed Results of GLM Analysis for ABS

A simple statistical analysis known as GLM-UNIVARIATE was used to analyse LSS data for
ABS. After running the GLM-UNIVARIATE Analysis for ABS, effects of main factors and their
interactions were found to be significant, as shown in Table 5.6. This uniformity of

significance guided us to consider both post hoc analysis and profile plots.

All the tabulated results are present in appendix C.

5.7.1. Main Factors

Post hoc analysis revealed the effect of each level of weld factors on mean LSS. Therefore, a
comprehensive study is presented in this section to understand deeply the effect of

ultrasonic welding factors on mean LSS.
Static Force
Effect of each category of static force on mean LSS is shown in Table 5.9 in the form of three

subsets/means. And ‘N’ represents the number of welded samples.
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Table 5.9 Mean LSS in MPa

Tukey HSD
Categories Subset
of Static N
Force 1 2 3
1500 thru
1750 281 5.84
1000 thru
1250 536 7.14
500 thru
750 529 8.23

Table 5.9 shows that means of LSS are placed in three columns separately and different to
each other. Mean LSS for category of static force 500 thru 750 is the highest one and 1000
thru 1250 is having the second highest mean LSS. LSS goes up by 41 % with a decrease in
static force of 71.42 %. Mean LSS values in Table 5.9 are plotted in Figure 5.10. Figure 5.10
shows the decreasing trend of mean LSS on increasing the static force. This trend will be

elaborated in discussion section later on.
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Figure 5.10 Effect of static force categories on mean LSS

Amplitude

Means of LSS related to 21 and 18.9 amplitudes are almost similar as can be seen from
Table 5.10. But 14.7 and 16.8 result in different mean LSS. Mean LSS for amplitude 18.9 is
the highest and then 21, 16.8 & 14.7 respectively. LSS is found to be increased by 60.3 % on
increasing the amplitude from 14.7 to 18.9 and it decreases by 3.5 % with an increase of

amplitude from 18.9 to 21. Mean LSS values in Table 5.10 have also been plotted in Figure
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5.11. Graph in Figure 5.11 shows an increasing tendency of mean LSS by increasing

amplitude of ultrasonic vibrations.

Table 5.10 Mean LSS in MPa

Tukey HSD
Subset
Amplitude N
1 2 3
14.7 166 5.19
16.8 376 6.34
21 413 8.04
18.9 391 8.32
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Figure 5.11 Effect of amplitude on mean LSS

ED

In this analysis, post hoc tests were not performed for energy directors because ED
consisted of two levels i.e. TRI and SEMI (less than three levels/categories). It is apparent
from the Table 5.11 that mean LSS for TRI ED is much higher than that of SEMI ED. A bar

graph based on Table 5.11 is illustrated in Figure 5.12.

Table 5.11 Comparison based on Mean LSS

95% Confidence Interval
Energy Mean
Director Lower Upper
Bound Bound
SEMI 1.44 0.93 1.94
TRI 7.34 7.13 7.55
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Figure 5.12 Effect of EDs on mean LSS

Weld Time

Mean LSS for category of weld time 0.8 thru 0.9 is the highest and then for 0.6 thru 0.7 is
the second highest. And the lowest mean LSS is found for category 0.4 thru 0.5. Mean LSS
values are presented in Table 5.12 for three categories of weld time. From Table 5.12, on
increasing the weld time by 125%, LSS increases by 226%. Mean LSS values in Table 5.12 are
represented in Figure 5.13 for categories of weld time. Bar graph in Figure 5.13 shows an

overall increasing trend for mean LSS by increasing weld time.

Table 5.12 Mean LSS in MPa

Tukey HSD
Subset
Weld Time N
1 2 3
0.4 thru 0.5 274 2.82
0.6 thru 0.7 360 6.98
0.8 thru 0.9 712 9.18
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Figure 5.13 Effect of weld time categories on mean LSS

5.7.2. Profile Plots

ED and Static Force

Profile plot in Figure 5.14 shows that there is a 920 % increase of mean LSS from SEMI ED to
TRI ED at lowest static force and 150% increase at highest static force. Obviously, maximum
increment in LSS is found at lowest static force. But later, the distance between values of
average LSS reduces on increasing static force as shown in Figure 5.14. In other words, on
increasing static force, means for LSS increase for SEMI ED and decrease drastically for TRI
ED. Mean LSS for TRI ED is found to be higher than that for SEMI ED. Trend of mean LSS for

TRI ED appears to decrease and vice versa in case of SEMI ED.

As exemplified earlier in section 5.5.3, the severity index (Sl) for this profile plot is 53.33%.
Therefore, what is the most interesting in this profile plot is that, there exists a severe
interaction between high level of static force and EDs. Hence this profile plot will thoroughly

be discussed in discussion chapter later.
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Figure 5.14 Profile Plot (ED and Static Force)
ED and Weld Time

Profile plot of Figure 5.15 explores that there is no particular difference between values of
average LSS for weld time categories with SEMI and TRI ED. Also mean LSS for TRI ED
remains greater than that for SEMI ED. Percentage increase of 111% at highest weld time is
noted from SEMI to TRI ED. Overall there are increasing trends for both EDs with no notable

differences

Moreover; both lines in current profile plot are parallel. Therefore, there are almost 0%
chances of interaction between ED and weld time owing to SI = 0%. In this situation, effects
of ED and weld time may independently be interpreted because there is no interaction

between these two factors.
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Figure 5.15 Profile Plot (ED and Weld Time)

Amplitude and Weld Time

Profile plot of Figure 5.16 shows relationship between weld time categories and means of
LSS at various levels of amplitudes of vibrations. For weld time category 0.4 to 0.5, the
difference of mean LSS is higher at all levels of amplitude of vibrations. This difference of
mean LSS increases for weld time category 0.6 to 0.7 and finally the differences of mean LSS
seem to be merged for weld time category 0.8 to 0.9 at all levels of amplitude of vibrations.
Overall, these relationships between weld time and mean LSS are showing increasing trends

for all levels of amplitude of vibrations.

Severity Index (SlI) for current profile plot is only negligibly present i.e. 8% for amplitudes 21
and 18.9 between weld time categories 0.6 thru 0.7 and 0.8 thru 0.9. Hence interaction

between amplitude and weld time will be concluded to be negligible.
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Figure 5.16 Profile Plot (Amplitude and Weld Time)

Amplitude and Static Force

Profile plot of Figure 5.17 shows the means of LSS for various categories of static force at
four levels of amplitude of vibrations. Higher values of mean LSS are noted for amplitude 21
that decrease gradually on increasing the static force. Largest difference between values of
mean LSS is found for static force category 1500 to 1750N at all amplitudes except for 18.9
and 21 and smallest difference is found for static force category 1000 to 1250 at 18.9 and 21
amplitudes. In fact, little difference of mean LSS is observed for amplitudes 18.9 and 21

overall. At each amplitude, trend is more or less the same.

From Figure 5.17, negligible interaction has been found between amplitude and static force
because of lower value of SI. The same interaction is even insignificant for SEMI and TRI EDs,

as can be seen in Figure 5.18 and Figure 5.19 respectively.
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Categories of Static Force and Amplitude
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Figure 5.17 Profile Plot (Amplitude and Static Force)

Profile plot in Figure 5.18 shows relationship between different categories of static force
and mean LSS for SEMI ED. It gives largest difference of mean LSS for categories of static
force 1500 to 1750 at all levels of amplitude of vibrations. At amplitudes 16.8 and 21, the

mean LSS increases for all categories of static forces and trends of means LSS are varying at

all other amplitudes.

Categories of Static Force and Amplitude at SEMI ED
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Figure 5.18 Profile Plot (Amplitude and Static Force) at SEMI ED
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Profile plot in Figure 5.19 for TRI ED predicts the relationship between categories of static
force and means of LSS at various levels of amplitude again. All the trends are decreasing

with large difference of mean LSS between amplitude 14.7 and all other amplitudes of

vibrations.

Categories of Static Force and Amplitude at TRI ED
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Figure 5.19 Profile Plot (Amplitude and Static Force) at TRI ED

Amplitude and ED

Profile plot in Figure 5.20 presents a relationship between amplitude of vibrations and
means of LSS for SEMI and TRI EDs. Again these relationships show overall increasing trends
for both EDs with values of means greater for TRI ED. Also from Figure 5.20, for amplitudes
21 and 18.9 um, mean LSS achieves its highest value for both EDs because of straightening
of trends after having gradually increased. This is another interesting finding and will be

discussed later.

Sl is found to be equal to approximately 0% for Figure 5.20. Hence the interaction between

amplitude and ED is insignificant after investigating the corresponding profile plot.
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Amplitude and EDs
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Figure 5.20 Profile Plot (Amplitude and ED)

Static Force and Weld Time

Profile plot in Figure 5.21 presents the relationship between categories of static force and
means of LSS at three weld time categories. Highest LSS is found to be at weld time category
0.8 thru 0.9 sec i.e. maximum weld time which has been used for ABS. LSS decreases on
increasing the weld time at all categories of static forces except for weld time category 0.8
thru 0.9, LSS rises slightly up to 1250N. Similarly, mean LSS is found to be the highest for
static force category of 500 thru 750N at all categories of weld time. At category of static
force 500 thru 750 N, the gap between mean LSS for all categories of weld time is smaller
but this gap increases gradually on increasing the static force which results in maximum gap

at 1500 thru 1750N.

Moreover, interaction between static force and weld time is absent due to the presence of

nearly parallel lines in Figure 5.21.

133



CHAPTER 5 RESULTS
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Figure 5.21 Profile Plot (Static Force and Weld Time)

5.8. Detailed Results of GLM Analysis for PP

As discussed in section 5.3.2 under the heading “Normality Test”, LSS data for PP have been
transformed using square root (Sgrt) transformation before running GLM-Univariate
Analysis. Therefore, the mean/average LSS (if it appears in the lines) implies the mean of

square root of LSS (Sqrt_LSS) throughout this analysis for PP.

After running the GLM-Univariate Analysis for PP, all the factors and their interactions were
again found to be significant. Consistency of significance for effects of main factors and their

interactions has directed us to investigate again both post hoc analysis and profile plots.

Owing to variability in PP-Data, it has been tough to assess the effect of static force on mean

LSS and hence this effect cannot be interpreted confidently for PP.
All the tabulated results are present in appendix C.

5.8.1. Main Factors
Static Force

Post hoc analysis shows that means of LSS, as exhibited in Table 5.13, for categories 500

thru 750 & 1500 thru 1750 are close to each other and higher than that for remaining
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category i.e. 0.97. Means of LSS for categories of static force can be ordered as 1500 thru
1750>>500 thru 750>>1000 thru 1250. LSS is increased by 36.08% with a decrease of static
force by 60 % and increased by 6% with an increase of static force by 250%. Means of LSS
from Table 5.13 are plotted in Figure 5.22. Declining and then growing trend of mean LSS is
shown in Figure 5.22 on increasing the static force. Reason of this type of trend will be

revealed in discussion section.

Table 5.13 Mean Sqrt_LSS

Tukey HSD
Categories Subset
of Static N
Force 1 2
1000 thru
1250 385 0.97
500 thru
750 152 1.32
1500 thru
1750 240 1.40

Mean LSS in MPa

500 thru 750
1000 thru 1250

1500 thru 1750

Static Forcein N

Figure 5.22 Effect of static force categories on mean LSS

Amplitude

It can be seen from the data in Table 5.14 that means of LSS for amplitudes 21 and 18.9 are
close to each other and higher than that for 16.8. Means of LSS for amplitudes are ordered
as 21>>18.9>>16.8. On increasing the amplitude by 25 %, LSS is observed to be amplified by
47.2%. Mean LSS from Table 5.14 is shown graphically in Figure 5.23. The graph in Figure
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5.23 shows an increasing tendency of mean LSS on increasing the amplitude of ultrasonic

vibrations until it flattens out.

Table 5.14 Mean Sqrt_LSS

Tukey HSD
Subset
Amplitude N
1 2
16.8 240 0.89
18.9 275 1.28
21 262 1.31
1.6 -
1.4 A e A
1.2 A
§ ——— w1=1638
o 1 A 2=18.9
208 - 3=21
§ 0.6 ¥
204
0.2 ¢
0
1 2 3
Amplitude in pm

Figure 5.23 Effect of amplitude on mean LSS

ED

It is apparent from the Table 5.15 that means of LSS for both EDs can be ordered as
SEMI>>TRI. A graph based on Table 5.15 is illustrated in Figure 5.24. The bar graph of Figure
5.24 shows that mean LSS is higher for SEMI ED than that for TRI ED.

Table 5.15 Comparison based on mean Sqrt_LSS

Energy Moan 95% Confidence Interval
Director Lower Upper
Bound Bound
SEMI 1.22 1.15 1.28
TRI 0.83 0.64 1.01
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Figure 5.24 Effect of EDs on Mean LSS
Weld Time

The Table 5.16 illustrates that means of LSS for categories of weld time i.e. 1.1 thru 1.3 & 0.8
thru 1.0 are smaller and closer to each other as compared to that for weld category 1.4 thru
1.7. Means of LSS for categories of weld time are ordered as 1.4 thru 1.7>>0.8 thru 1.0 >>1.1
thru 1.3. LSS increases by 76.67% with an increase of weld time by 112.5%. Mean LSS from
Table 5.16 has been represented in Figure 5.25. An increasing trend of mean LSS is observed

in Figure 5.25 when weld time is increased.

Table 5.16 Mean Sqrt_LSS

Tukey HSD
Subset
Weld Time N
1 2
1.1 thru
13 269 0.84
0.8 thru
1.0 180 0.90
1.4 thru
17 328 1.59
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Figure 5.25 Effect of weld time categories on mean LSS

5.8.2. Profile Plots

ED and Weld Time

To assess the relationships between mean LSS and various weld factors, profile plots have
been acquired from the preliminary analysis. Profile plot in Figure 5.26 shows relationships
between weld time categories and means of LSS at two EDs. Again for SEMI and TRI EDs,
these relationships increase with increase in welding time. Largest values of mean LSS are
found for SEMI ED. Trend for PP&SEMI ED is similar to what has been observed for
ABS&SEMI ED. Percent increase in mean LSS from TRI to SEMI ED at highest weld time is
12.5%.

Sl for two lines in Figure 5.26 is 13.33%. Hence there is a probability of having an interaction
between ED and weld time. This is also an interesting interaction effect and will sufficiently

be interpreted in discussion chapter.

138



CHAPTER 5 RESULTS

Weld Time and EDs

2 00 — SEMI
TRI

1.507

1.007

Mean Sqrt_LSS in MPa

.50

.00

I T T
0&8thru1.0 11thru1.3 14thru1.7
Weld Time

Figure 5.26 Profile Plot (ED and Weld Time)

Amplitude and Weld Time

Profile plot in Figure 5.27 illustrates the relationship between weld time categories and
means of LSS at three amplitudes of ultrasonic vibrations. At weld categories 0.8 thru 1.0,
mean LSS for all amplitudes is noted to be far away from each other. At 1.1 thru 1.3, means
are observed to be closer to each other. This relationship for PP is also similar to that for
ABS. Means of LSS are interestingly observed to achieve their maximum and same
contribution at highest weld time for amplitudes 18.9&21. Hence percent increase from

16.8 to 18.9 or 21 at highest weld time is 25%.

In addition, an interaction between amplitudes and weld time categories cannot be

expected due to the presence of parallel lines.
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Figure 5.27 Profile Plot (Amplitude and Weld Time)

Amplitude and ED

Profile plot in Figure 5.28 explains the relationship between amplitude of ultrasonic
vibrations and means of LSS at two EDs. Relationships of SEMI and TRI EDs both have trend
of increasing LSS consistently. At 21 amplitude, means of LSS have huge difference in values
for SEMI and TRI EDs. But at 18.9, considerable difference in values of means exists for SEMI
and TRI EDs and small difference of means at 16.8. This trend for PP is also analogous to that
for ABS. From Figure 5.28, the percent increase is also calculated to be 33.33% and 55.8%

from TRI to SEMI ED at lowest and highest amplitudes respectively.

Profile plot in Figure 5.28 shows almost parallel lines as per two intervals of amplitudes.

Therefore, interaction between amplitude and ED is absent here.
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Figure 5.28 Profile Plot (Amplitude and ED)
5.9. Summary

A statistical method called GLM has been performed for ultrasonic weld strength data.
Significance of main and interaction effects has been tested by ANOVA results. All factors

and interactions between factors have been found to be significant for both ABS and PP.

Also statistical significance of a particular factor does not mean for its practical
significance.Hence post hoc tests and profile plots have been employed to provide with
better insight into significant effects particularly for those factors that have more than two

levels/categories.

In current interaction analysis, static forces and EDs were found to have interdependence
for ABS, whereas EDs, weld times and amplitudes were also found to have interdependence
for PP, as shown in Table 5.17. Therefore, combined effect of interacting factors on LSS must

be interpreted.
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Table 5.17 Interaction analysis

Severity
Materials | Factors Interacting Index
(%)
ABS ED*Static Force 53.33
Amplitude*Weld
PP i Time 21.11
ED*Weld Time 13.33

Moreover, weld time based on F-values has been found to be the most significant weld

factor for both ABS and PP, as can be seen from ANOVA Tables in Appendix C.

For ABS, profile plots (Figure 5.14 to 5.21) have shown some common tendencies which
need to be addressed seriously in discussion section later on. Some of the findings are
intended to note down here. For example, means of LSS have been found greater for TRI ED
than those for SEMI ED in all profile plots. Higher values of mean LSS are observed for
amplitudes 21 and 18.9 in all profile plots. Profile plot between categories of static force and
ED is interestingly crucial because of decreasing trend of mean LSS for TRI ED and increasing
trend of mean LSS for SEMI ED. An overall increasing trend of mean LSS has been found for
relationship between weld time and ED or amplitude and ED. On plotting profiles separately
for EDs, plot between categories of static force and amplitude shows the increasing and

fluctuating trends of mean LSS for TRI ED and SEMI ED respectively.

For PP, the weld factors and their interactions have also been found to be significant. There
are present some common and the most important tendencies in all profile plots for PP.
Means of LSS are always found greater for SEMI ED than those for TRI ED. In the same
fashion, mean LSS has been found higher for amplitudes 21 and 18.9. Profile plots between
welding time and ED for mean LSS are found to be continuously increasing. Similarly, means
of LSS increase uninterruptedly for profile plots between amplitude and ED. Profile plots
have been observed between categories of static forces and ED or Amplitude for sudden
rise and fall of mean LSS. These trends will be explained critically in discussion section in

terms of their effects on LSS.

The most important commonality among profile plots for ABS and PP is the highest values of

mean LSS for amplitudes 21 and 18.9 which have resulted in flattening of trends. The
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biggest difference among profile plots for ABS and PP is again the highest values of mean
LSS that are associated with TRI ED and SEMI ED respectively. Likewise, means of LSS
increase continuously for profile plots between weld time and ED for both materials. For
both materials, profile plots between categories of static force and amplitude or ED are
largely inconsistent in terms of sudden drops and increments of means. These brief
summaries of trends for both materials at this stage have made the basic foundations for

the discussion section.

Most of the trends have been explained initially but these trends need to be elaborated

later on in discussion section in order to make them clearer.

Prediction of GLM Univariate Model is available for ABS and PP in appendix D.
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CHAPTER 6 DISCUSSION

As mentioned in the literature, weld strength can be affected by various ultrasonic weld
factors. Therefore, this study set out with the aim to gain a deeper understanding of factors
which influence the UW of thermoplastics in an attempt to improve the weld strength. The
current study was also designed to determine the effect of weld factors on ultrasonic bond

strength.

6.1. Overall Lap Shear Strength

In this study, highest LSSs of 17 MPa and 6 MPa were measured for ABS and PP respectively.
According to datasheet of ABS, the tensile strength of ABS is 50 MPa. Hence the highest LSS
was found to be 34 % of original material strength for ABS. In the same fashion, the tensile
strength for PP is 41 MPa from its datasheet. So, the highest LSS was 14.63 % of material
strength for PP. Above percentages of LSS suggest us that the resulting weld from ABS
seems to be stronger than that from PP. Weld strength may further be improved if following

options are used:

1. Specimen design including geometry of ED must be improved to attain more weld
strength.

2. Current sonotrode has a circular tip contacting with the upper specimen.
Rectangular tip of sonotrode can progress the weld strength which is beyond the
scope of this research.

3. On using different materials from two major groups of thermoplastics i.e.
amorphous e.g. PVC, PEI, PS and semi-crystalline e.g. PEEK, PPS, High or Low density
PE etc.

4. With the hindsight, bond strength can furthest be improved by crossing the current
limits of weld factors.

5. Heat affected zone and its spread must be controlled firmly to improve the overall

joint strength. This will be discussed later in microscopy section (chapter 10).

6.2. Effect of molecular structure on results

In this research, ABS and PP were welded ultrasonically. There exists a clear difference

between the molecular structure of ABS and PP. ABS has a randomly oriented molecular
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structure, whereas PP has a definite order for its molecular structure. Former one is known
as amorphous thermoplastic and later as semi-crystalline thermoplastic. This will be
explored further in the DSC (Differential Scanning Calorimeter) section (7.1). Owing to this
difference in molecular structure, ultrasonic welding of ABS and PP was found to be
different from every aspect e.g. bond formation for these polymers was different, LSS was
different, statistical analysis was different, factor settings were different during sampling

and welding as well.

6.3. Effect of weld factors on mean LSS

Effect of weld factors on mean LSS needs to be discussed here in detail after identifying the

results from GLM-Univariate analysis.

6.3.1. Acrylo-nitrile Butadiene Styrene (ABS)

Effect of Categories of Static Force

Figure 6.1 illustrates that the static force has a different effect on mean LSS for both EDs.
Surprisingly; difference of means is larger between TRI and SEMI EDs for minimum value of
static force i.e. 500 or 750N and the same mean gap is reduced to a greater extent on
increasing the static force. In fact, there exists a severe interaction between high level of

static force and EDs with a severity index (Sl) of 53.33%.

The practical implications of these findings from Figure 6.1 suggest that it is not beneficial to
utilize SEMI ED instead of TRI ED if highest LSS is desired. This is owing to the minimum
value of mean LSS that is found at all categories of static force for SEMI ED. Decreasing trend
of TRI ED on increasing static force approves of using 500 thru 750N static force range in
order to have maximum value of mean LSS. This finding may help select the optimal level of

static force and type of ED in achieving better weld.
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Figure 6.1 Effect of categories of static force

A possible reason for using low level of static force is the smallest volume of TRI ED as
compared to volume of SEMI ED which implies that larger concentration of ultrasonic
energy in case of TRI ED. Due to this reason, larger portion of a TRI ED has been melted
quickly as compared to SEMI ED. As ABS is an amorphous thermoplastic so, it is having glass
transition temperature (103 °C). As temperature goes above its glass transition
temperature, the viscosity of the ABS drops down and molten ABS starts flowing. It is that
point where the role of static force comes in. On increasing the static force to its high level
for TRI ED, molten material has been pressed severely out of the expected bond area
resulting in low LSS. This is why; high static force is thought of a major reason for observing
the decreasing trend of LSS in case of TRI ED for ABS. Crushing and spreading of the molten
TRI ED are shown in Figure 6.2 when high level of static force is used. This will further be
addressed later in chapters on HSVC (High Speed Video Camera) (chapter 9), FEA (chapter 8)
and MFI (Melt Flow Index) (section 7.2).

Ubper Specimen

TRI EDr having molten tip

Molten Material Being Pressed Qut
Lower Specimen
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Figure 6.2 (A, B, C, &D) The red molten ABS pressed out of the weld zone
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As far as SEMI ED is concerned, the situation has been found to be opposite of TRI ED from
Figure 6.1. This result can be explained by the fact that complete crushing of SEMI ED has
not been found even for a single case. And molten portion of SEMI ED distributes itself really
well at weld zone by increasing the static force contributing ultimately in achieving higher
LSS. This is also the possible reason that a continuous increase of LSS is observed on

increasing the static force for SEMI ED.

These findings from Figure 6.1 are in agreement with Figure 6.3 and Figure 6.4. Moreover,
minimum values of mean LSS have been found for SEMI ED for all static forces which do not
suggest us to utilize SEMI ED that is illustrated in Figure 6.1 & 6.3. On the other hand, higher
values of mean LSS have been found from Figure 6.1 & 6.4 at low level of static force (500

thru 750) which strongly recommends us to use TRI ED for ultrasonic welding of ABS.

Categories of Static Force and Amplitude at SEMI ED
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Figure 6.3 Effect of categories of static force at SEMI ED

Categories of Static Force and Amplitude at TRI ED
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Figure 6.4 Effect of categories of static force at TRI ED
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Utilization of TRI ED is also confirmed from Table 6.1 because mean LSS for TRI ED is

higher than that for SEMI ED.

Table 6.1 Mean LSS for EDs

Energy Mean 95% Confidence Interval
Director Lower Upper
Bound Bound
SEMI 1.44 0.93 1.94
TRI 7.34 7.13 755

On increasing the welding pressure, the welding efficiency tends to decrease for ABS.
Although increasing welding pressure up to 4 bars, this efficiency is observed to increase for
PE. By further increasing the welding pressure beyond 4 bars, welding efficiency for even PE

has been decreased [107].

According to literature on statistical analyses of ultrasonic welding, weld pressure does not
appear to be effective in attaining optimal weld. This explains why overall increasing trend

for both EDs throughout all categories of static force has not been obtained [110].

According to Eswaran, on increasing, weld pressure does not appear to improve weld

strength for both types of thermoplastics [189].

Note; welding pressure from previous studies refers to static force for present work.

Effect of Amplitude of Ultrasonic Vibrations

The relationship between amplitude of vibrations and means of LSS in Figure 6.5 shows an
overall increasing trend for both EDs. Values of means shown in Figure 6.5 are greater for

TRI ED than those for SEMI ED.

It is also noted that maximum value of LSS has been again obtained for TRI ED. Also from
Figure 6.5, for amplitudes 21 and 18.9 um, mean LSS seems to achieve its highest value
because of straightening of line after gradually increasing. It seems possible that this result

is due to the stable effect of high amplitudes on bond formation.
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Amplitude and EDs
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Figure 6.5 Effect of amplitude of ultrasonic vibrations

A likely explanation is that an ultrasonic vibration consists of frequency, amplitude and time
period. It is known very well for an ultrasonic vibration that frequency and time period
remain constant (20 KHz and 50 psec respectively). In this work, it was then only amplitude
that was varied at constant intervals of 2.1 um. For an optimized value of LSS, a proper and
stable supply of molten material is required at expected interface of weld. This is owing to
the presence of high level of amplitudes that a sufficient supply of molten material is
originated by utilizing the collapse of ED. This stable or uniform availability of molten
material is further spread evenly under the action of static force hence resulting in proper
HAZ and optimized LSS. Therefore, a tight control over the supply of molten material (ABS or
PP) from both EDs (SEMI or TRI) can be ensured by employing high levels of amplitudes. This
is because of this reason, a highest value of LSS is observed in Figure 6.5 which results in
levelling of trend eventually at higher amplitudes. At higher amplitude, a portion of bonded
material contributes unvaryingly to provide resistance to bond failure on shear testing in

tension.

This will also be explained later in FEA (Finite Element Analysis) (chapter 8) and HSVC
(chapter 9).

According to literature on statistical analyses of ultrasonic welding for thermoplastics,
amplitude of ultrasonic vibrations is also believed to be significant to give optimized

ultrasonic weld [110].
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Similarly, increasing both weld time and amplitude contribute significantly to achieve the

final joint strength for both types of thermoplastics [189].

Percent Variations in LSS after welding ABS ultrasonically

Percent variations in mean LSS resulted from weld factors were also analysed in this
research. TRI ED with its specific geometry has been preferred for securing better LSS. It can
be seen from Table 6.1 that a higher value of mean LSS i.e. 7.34 MPa has been noted
through GLM analysis for TRI ED as compared to that for SEMI ED i.e. 1.44 MPa. A percent

increase from SEMI to TRI ED is found, therefore, to be almost 409%.

In this analysis, static force was divided into three categories. 500 thru 750N has been found
to be the best range of static forces for ABS in achieving better weld strength. As Table 6.2
shows mean LSS from these static forces is found to be 8.23MPa and similarly 7.14, 5.84
from categories of static forces 1000 thru 1250N, 1500 thru 1750N respectively. Percent

change from 500 thru 750 to 1500 thru 1750 reaches to its maximum value of 41%.

Table 6.2 Mean LSS in MPa

Tukey HSD
Categories Subset
of Static N
Force 1 2 3
1500 thru
1750 281 5.84
1000 thru
1950 536 7.14
500 thru
750 529 8.23

Four types of amplitudes were chosen in this work. The Table 6.3 shows that means of LSS
are 8.04 and 8.32MPa for 21 and 18.9um respectively. A little percent increase is observed
from 21 to 18.9um but the percent increase becomes considerable from 14.7 to 21um or

14.7 to 18.9um guiding us to preferably use 21 and 18.9um as one of the welding factors.

Table 6.3 Mean LSS in MPa

Tukey HSD

Amplitude N - S”Tet -
147 166 5.19
16.8 376 6.34
21 413 8.04
18.9 391 8.32
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Weld time was divided into three categories in this study. From the Table 6.4; 9.18, 6.98 and
2.82MPa are the mean LSS values from categories of weld time 0.8 thru 0.9, 0.6 thru 0.7 and
0.4 thru 0.5sec respectively. Percent increase in mean LSS from category 0.6 thru 0.7 to 0.8
thru 0.9 is detected to be almost 31.5%. Similarly, a significant increase in percentage from
category 0.4 thru 0.5 to 0.6 thru 0.7 has been emerged to be almost 148 and almost 226,
from 0.4 thru 0.5 to 0.8 thru 0.9. Percent increase related to all three categories of weld
time suggests recommending categories 0.8 thru 0.9 and 0.6 thru 0.7sec in obtaining

optimum results from ultrasonic welding.

Table 6.4 Mean LSS in MPa

Tukey HSD
Subset
Weld Time N
1 2 3
0.4 thru 0.5 274 2.82
0.6 thru 0.7 360 6.98
0.8 thru 0.9 712 9.18

Additional Interesting Effects

In addition, some interesting effects have also been observed after analysing the results.

These effects are listed below.

1. ABS s easier to weld (chapter 7 & chapter 8)
2. Lower collapse of ED is found for ABS than that for PP (chapter 9)
3. Both fracture modes i.e. ductile and brittle are observed on testing weld strength

(section 10.5)

6.3.2. Polypropylene (PP)

Effect of welding time on LSS

Combined effect of ED and weld time can properly be interpreted by acquiring the profile
plots from the preliminary analysis. Profile plot in Figure 6.6 shows relationships between
weld time categories and means of LSS at two EDs. For both SEMI and TRI EDs, these
relationships increase with increase in welding time. Largest values of mean LSS are found

for SEMI ED. Trend for PP&SEMI ED is similar to what has been observed for ABS&SEMI ED.
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Severity Index for two lines in Figure 6.6 is 13.33%. Hence there is a high probability of
having an interaction between ED and weld time. This is essentially an interesting

interaction effect and needs to be interpreted in this chapter.

Weld Time and EDs

2004 — SEMI
TRI

1.507

1.00

Mean Sqrt_LSS in MPa

50+

T T T
0&thru1.0 14thru1.3 14thru17
Weld Time

Figure 6.6 Profile Plot (ED and Weld Time)

Weld time is that factor attaining the highest significance with F-Value (103.27) from ANOVA
results for PP, as mentioned in Appendix C. One second of weld time means the supply of
20,000 cycles of ultrasonic vibrations to the samples. Slight variation in LSS may be observed
if low level of weld time is used because of using two different geometries of ED. SEMI ED
has been completely collapsed and melted to a greater extent at low level of weld time as
compared to TRI ED owing to its higher volume (140.13 mm?) than that of TRI ED (90 mm?).
Bond spread and bond formation are also found better using semicircular geometry of ED at
low level of weld time because bigger heat affected zone is acquired by higher volume of

semicircular energy directors.

Moreover, higher weld time implies that more cycles of vibrations will be imposed on the
samples to be welded. Furthermore, PP has lower loss modulus and heat distortion
temperature which mean that ED will severely be crushed if high level of weld time will be
set before welding. Loss modulus is related to the energy dissipated as heat when ultrasonic
vibrations are applied to the specimens. Loss modulus is also called as out-of-phase

component of complex modulus. Moreover, heat distortion temperature (HDT) is defined as
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the distortion rate of a material at a particular temperature. This is also a likely reason for
obtaining same resisting weld area after welding and same weld strength after testing the
ultrasonic weld. Hence at high level of welding time, a complete collapse of both EDs is
expected which may result in almost similar LSS. These are additional and plausible reasons
for achieving approximately equal mean LSS at higher weld times. Hence optimal LSS can
absolutely be attained when high level of welding time is set for welding PP. In general, role

of any ED may be neglected if high level of weld time is utilized to weld PP.

Effect of Amplitude of Ultrasonic Vibrations

The relationship between amplitude of ultrasonic vibrations and means of LSS is exhibited in
Figure 6.7 for two EDs. These relationships of SEMI and TRI EDs are found to increase
consistently. At 21um amplitude, means of LSS have huge difference in values for SEMI and
TRI EDs. But at amplitude 18.9um, considerable difference in values of means exists for
SEMI and TRI EDs and the lowest difference of means is found for 16.8um. The highest value
for mean LSS is noted at amplitudes 18.9 and 21um for both TRI and SEMI EDs. On
increasing the amplitude from 18.9 to 21um, LSS appears to attain its maximum value after
being gradually increased. Reasons for achieving this LSS are similar to those for ABS but the

maximum value of mean LSS for PP here is less than that for ABS.

One of the likely reasons that mean LSS is comparable for both EDs at low level of amplitude
is, amplitude is attenuated or decreased when an ultrasonic vibration is propagated through
PP. Hence lower LSS is obtained with PP as compared to ABS. For PP, the attenuation rate
of vibrations is higher with TRl ED rather with SEMI ED because higher concentration of
ultrasonic energy is attained with TRI ED. Therefore, higher LSS is achieved with SEMI ED
after welding PP. Moreover, amplitude and decay rate of ultrasonic oscillations are also
affected by the ratio of energy stored to energy dissipated which is higher for PP i.e. 12.09,

as shown in Table 6.5.
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Table 6.5 [189] Complex moduli for both materials

Complex Moduli (GPa) | Frequency (KHz) ABS PP
Storage Modulus (GPa) 20 2.75 3.87
Loss Modulus (GPa) 20 0.42 0.32
Storage Modulus /Loss 20 6.55 12.09
Modulus
Amplitude and EDs
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Figure 6.7 Effect of amplitude of ultrasonic vibrations

Following account of basic concepts and experimental observations are intended to help

explain the above reasons in order to justify the selection of high levels of weld factors

especially amplitude for PP.

Behaviour of thermoplastic has been modelled with the help of a dashpot and a spring. A
basic model known as Voigt model is shown in Figure 6.8 in an attempt to gain basic
understanding of thermoplastic materials.

implementing it practically. This model is considered as a guide for qualitative thinking

about thermoplastics.
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DASHPOT SPRING

Figure 6.8 Voigt model

For instance, according to literature and Voigt model, PP is found to be more elastic like a
spring than that of ABS. Due to this fact, it is expected that a portion of supplied ultrasonic

energy is recovered after being stored properly on welding PP that is problematic [189].

Polypropylene (PP) is a semi-crystalline thermoplastic and it has definitely sharp melting
point of 170.55 °C. In order to melt ED during ultrasonic welding, sufficient amount of
ultrasonic energy needs to be supplied to PP specimens. A specific portion of ultrasonic
energy always returns back owing to the higher spring content i.e. storage modulus for PP.
And high ultrasonic energy is only possible through utilizing high levels of weld factors. This
is also deduced on later pages showing percent variation in LSS for PP. This energy is also
necessary due to the sharp melting point of PP. Melting point of PP has been tested in DSC

section of chapter 7.
Area of Cross Section of bond vs bond strength: Experimental Observations

In this research, the area of cross section obtained after getting the ultrasonic bond
fractured was supposed to be circular in most of the cases because of using high level of
ultrasonic welding factors. Fewer cases were also observed with rectangular cross sections
of the bond resulting from either low weld time or low amplitude or in general low level of
ultrasonic welding factors. For acquiring greater LSS or higher welding efficiency with PP,
production of circular bond cross section or considerably large rectangular cross section was

necessary after welding. This finding is somewhat surprising and suggests us to use high
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level of ultrasonic welding factors. Also the volume of SEMI ED is higher than that of TRI ED
meaning the availability of sufficient molten material on welding PP ultrasonically. The Table

6.10 suggests using the high level of weld factors to acquire strong bond for PP.

Similarly, increasing weld time and amplitude contribute significantly to achieve the final
joint strength. But the joint strength has been levelled off (i.e. no further improvement in

bond strength) by increasing the weld time up to greater than 1.5 sec for PP [189].

In conclusion, higher amplitude, higher weld time and SEMI ED are preferred to other
amplitudes, weld times and EDs respectively for welding PP ultrasonically. Suitable

considerations will also be paid to other weld factors for their selection.

Percent Variations in LSS after welding PP ultrasonically

In this research, SEMI ED was selected as the best welding factor for polypropylene after
scrutinizing the results. From Table 6.6, mean LSS from SEMI ED is determined to be
1.22MPa, whereas from TRI ED, it is 0.83MPa. The percent increase from TRI to SEMI ED is

witnessed to be almost 47% approving SEMI ED to achieve better welds.

Table 6.6 Comparison based on mean Sqrt_LSS

95% Confidence Interval
E_nergy Mean
Director Lower Upper
Bound Bound
SEMI 1.22 1.15 1.28
TRI 0.83 0.64 1.01

In this study, static force was divided into three categories. From Table 6.7; 1.40, 1.32 and
0.97MPa are noted to be the mean LSS values from categories of static force 1500 thru
1750, 500 thru 750 and 1000 thru 1250N respectively. The percent increase from 1000 thru
1250N to 1500 thru 1750 and from 1000 thru 1250N to 500 thru750 is found to be almost
44.33 and 36.08 respectively recommending 1500 thru 1750N for getting better bond

strength.
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Table 6.7 Mean Sqrt_LSS
Tukey HSD

Categories Subset

of Static N
Force 1 2

1000 thru
1250
500 thru
750
1500 thru
1750

385 0.97

152 1.32

240 1.40

For welding PP, three amplitudes were considered i.e. 21, 18.9 and 16.8um with the fact
that 14.7um was that value of amplitude of ultrasonic vibrations which resulted in no weld
situations. Means of LSS from three amplitudes are 1.31, 1.28 and 0.89 respectively, as can
be seen from Table 6.8. The percent increase from 18.9 to 21um is the lowest i.e. almost
2%, from 16.8 to 21 and 18.9um is closer to each other i.e. round about 47.2 and 44
respectively. This recommends the utilization of 21 or 18.9um as a crucial amplitude level in

welding PP ultrasonically.

Table 6.8 Mean Sqrt_LSS

Weld time for PP was divided into three categories i.e. 0.8 thru 1.0, 1.1 thru 1.3 and 1.4 thru

1.7sec in this analysis. From Table 6.9, weld time category 1.4 thru 1.7sec is the best with

Tukey HSD
Subset
Amplitude N
1 2
16.8 240 0.89
18.9 275 1.28
21 262 1.31

the highest mean LSS i.e. 1.59MPa.

Tukey HSD

Table 6.9 Mean Sqgrt_LSS

Weld Time

Subset

1.1 thru
1.3

269

0.8 thru
1.0

180

1.4 thru
1.7

328

1.59
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Further Interesting Effects

In addition to earlier discussed effects, some effects are also worth mentioning here which

will be discussed in detail later. These effects are mentioned below.

1. PP is difficult to weld (chapter 8)
2. Higher collapse of ED is found for PP than that for ABS (chapter 9)
3. Both fracture modes i.e. ductile and brittle are observed on testing weld strength

(section 10.5)

6.4. Overall Summary

From Table 6.10, it has already been known that levels of main weld factors are quite similar
for both thermoplastics except choice of ED. Another exception found here is the difference
in setting the levels of static forces. This is one of the unanticipated finding examined in this
research. Low level of static force for ABS is logically necessary in order to stabilize the flow
of molten ABS into flat molten form with ED collapse. But as far as PP is concerned, another
aspect of static force needs to be considered here that is to counterbalance the return of
some ultrasonic energy during welding. As high ultrasonic energy is required to break
orderly structure of PP hence high level of static force needs also to be ensured before

setting high levels of other welding factors.

Table 6.10 Factors’ level in gaining quality weld for both materials

Material Static Force (N) Weld Time Amplitude of Vibration ED
(sec) (nm)
ABS Low High High TRI
PP High High High SEMI

Table 6.11 is representing a comparison of percent changes in LSS between both ABS and
PP. Overall, percent changes are the highest for ABS as far as all ranges of factors are
concerned [37]. Welding time, static force, and ED have higher percent change in mean LSS

for ABS than that for PP. Additionally; percent change from amplitude range for ABS is
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almost similar to that for PP. This finding confirms that the stability of bond strength is

associated with amplitudes for both thermoplastics.

Table 6.11 Percent change in LSS for both materials

Factors Range % change in LSS

Material ABS PP ABS PP

Energy SEMI to TRI to 409

Director TRI SEMI 47
Weld Time min-max min-max 226 76.67
Static Force min-max min-max 41 6
Amplitude min-max min-max 55 47.2

6.5. Comprehensive Discussion
6.5.1. Areas for further investigation

Carey [190] defines the aim of science in his book “A Beginner’s Guide to Scientific Method”
that Science is that activity which aims to further our understanding of why things happen as
they do in the natural world. It accomplishes this goal by applications of scientific method-
process of observing, proposing explanations and testing these explanations. Hence
scientists investigate that why things happen as they do in the natural world. And the
method by which a scientist studies these things is called the scientific method. This very

scientific method is fully acquainted with the predefined domain of research field.

Therefore, scientific method is generally a way of acquiring knowledge with three basic

steps after having defined the research aim i.e. observation, speculation and testing [190].

Observation/ldentifying interesting effects

Before exploring something scientifically, it must be made sure that proper sense of the
facts surrounding the phenomenon has been investigated at first place. In fact, an explicit
research aim needs to be stated even before actually starting this observation. At very basic
level, this research aim can be exemplified as “Why do we not see the moon every night on
the sky?” or “What is the natural phenomenon behind sunrise and sunset every day?” etc.
Background knowledge of phenomenon/process under investigation is necessary in order to
get more understanding of the process because it may lay basic foundations for correct and

accurate implementation of next stages of scientific method.
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In this research, the aim of current work was mentioned clearly at the end of chapter 3.
Background knowledge was achieved by going through literature. Research spaces were
identified in an effort to establish a need for acquiring new perspective of UWP. Facts about
UWP were also extensively obtained by primary but considerable experimentation. Hence in
present context, the observation for scientific method consists of literature review and

findings from initial experimentation using ultrasonic welding.

Whilst some of the results obtained were as expected, there were several effects identified
warranting further investigation. This observation step of scientific method was also

devoted to briefly describing these interesting effects, as mentioned in Table 6.13.

First interesting effect indicates that weld strength in terms of LSS is mostly found to be
higher for ABS than that for PP. This reveals that dissimilar bond strengths may be produced
by welding different thermoplastics ultrasonically. Therefore, difference in molecular
structure and material strength of both ABS and PP is thought to be a reason for first

interesting effect.

Second effect is related to ED geometry. Two ED geometries were used in this research
named as TRl and SEMI. Effect of ED geometries was found to be alternatively effective
when both ABS and PP were welded ultrasonically. Hence the likely reason for this
interesting effect is the difference in the volumes of TRI and SEMI EDs. In other words,

volume of TRI ED is lower than that of SEMI ED.

Levels of weld factors must be carefully selected for welding both ABS and PP, as mentioned
in third interesting effect. In this work, some weld factors were set at their low levels in
acquiring better weld strength for ABS. The plausible reason for setting low levels of weld

factors is the higher value of loss modulus that is associated with ABS.

Effect of ED collapse is stated by fourth interesting effect in Table 6.13. When ultrasonic
vibrations are imposed on samples with ED, distortion of ED is significantly expected while
the samples are welded. Degree of LSS is also associated with this ED collapse for both ABS
and PP. The expected reason for this interesting effect is the difference in thermal (Heat
Distortion Temperature), as shown in Table 6.12, and dynamic properties (Loss Modulus) of

both ABS and PP.
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Table 6.12 Heat distortion temperature for both materials

Material Type HDT (°C)
ABS 85
PP 56

In this study, weld strength (LSS) was tested and measured by tensometer after welding
both ABS and PP. Bond fracture was obtained by testing LSS. Both types of fracture modes
(ductile or brittle) were observed during LSS measurement, as can be seen in 5t interesting
effect. The probable reason for the bond fracture is crazing, as will be discussed in section

10.5 of chapter 10. However, fracture modes must not be affected by crazing.

Heedful selection of static force was also needed to weld both ABS and PP, as mentioned in
6" interesting effect. As observed from experimental results, low level of this force was
required for efficiently welding ABS but this was not true for welding PP. The feasible reason
for this interesting effect is the higher viscosity and lower glass transition temperature of

ABS.

In this research, LSS was evaluated after welding ABS and PP. For last interesting effect, LSS
was found to be higher and uniform at higher amplitudes of ultrasonic vibrations. This was
not only observed for ABS but also for PP. The anticipated reason for this effect is the

possibility of attaining the similar resisting area at weld zone after welding both ABS and PP.

Speculation/Hypothesis Development

A number of explanatory factors is introduced in getting fully explained the answer of the
research question that why does this phenomenon occur in that way. For instance, why
does the sun appear to rise and set every day? The answer of this question is the way earth
rotates about its own axis in twenty four hours of the full sunny day. If the answer of a
scientific question is not fully understood then the explanation usually results in implicit
implications of apparent description. Hence in order for a process/question to get
sufficiently understood and challenge the best explanations of the day, some
conjectures/hypotheses are associated with the problem which, if true, can help better

explain answer of question.
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Having reviewed and looked back the literature on UWP after experimentation, reasons of
various interesting results were pondered for their accuracy and precision. In fact, various
descriptive statements were hypothesized in order to answer a question that involves why
do rudimentary experimental results appear like this way from UW of thermoplastics by
setting fair factors in a matrix? Table 6.13 is a complete representation of interesting
results/effects of certain causes leading to proposed explanations/hypotheses which have
the potential of either supporting existing explanations or disproving the existing prevailing
views about existing reasons. Hence these hypotheses were finally tested with appropriate

testing methods in this work.

For example, from Table 6.13, hypothesis A presents a reason for first interesting effect that
higher LSS for ABS may be related to its different molecular structure and higher base
material strength. On the other hand, PP is a semicrystalline type of thermoplastics with
lower base material strength. Hence hypothesis A is defined as “ABS is an amorphous
thermoplastic with higher tensile strength than that of PP”. Various testing methods can be
employed in order to check empirically whether hypotheses predicted are right. If the
proposed hypothesis is right then a good reason will be there to accept the assumed
description for its correctness. If experimental results fail to prove the tentative speculation
then hunch/educated guess/hypothesis will either be rejected or modified. In this research,
DSC, MFI and FEA were used to test hypothesis A, as stated in Table 6.13. In general, Table
6.13 intends to make a comprehensive assessment of effects of weld factors on weld
strength by introducing various interesting effects along with their observational findings.
Each hypothesis deduced will be tested with the help of certain testing methods which are
linked with different sections of thesis. In fact, this Table 6.13 is quite revealing and involved

in many ways unlike other tables in this thesis.

Hypothesis B has also been deduced to find out the probable reason for 2" interesting
effect. Proposed reason states that volume of TRI ED is actually lower than that of SEMI ED.
And low volume of any ED may result in higher concentration of ultrasonic energy during
welding ABS. But for welding PP, higher ED volume will be needed due to the fact that
sufficient molten material at weld interface may help attain a good bond. Therefore,

hypothesis B is stated as “Volume of TRI ED is less than that of SEMI ED resulting in high
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concentration of ultrasonic energy”. To test this hypothesis, MFI and FEA were utilized in

this study.

Hypothesis C attempts to describe the possible reason for setting low level of weld factors
for ABS. The likely reason declares that welding temperature may easily be obtained for ABS
owing to its higher loss modulus as compared to PP. Hence hypothesis C is suggested that
“Welding temperature is more conveniently attainable for ABS owing to its higher loss
modulus as compared to PP”. In order to assess the hypothesis C, DSC, MFI and FEA were

again employed in this work.

Hypothesis D has been deduced to introduce the likely explanation for the 4" interesting
effect. Higher ED collapse leading to higher LSS is detected due to higher heat distortion
temperature and higher loss modulus for ABS and opposite is true for PP. Moreover, the
heat distortion temperature (HDT) of ABS is also higher than that of PP implying that
distortion rate of ED under ultrasonic vibration is not higher for ABS than that for PP.
Henceforth hypothesis D is recommended as “EDs made of ABS have higher heat distortion
temperature (HDT) & higher loss modulus than those for PP” In this study, HSVC,

microscopy and FEA were used to check hypothesis D for its approval/disapproval.

Hypothesis E addresses the likely reason for 5t interesting effect. When the ultrasonic bond
is tested for measuring LSS, both ductile and brittle fracture modes are found. Crazing is
expected to affect generally the bond fracture without having any effect on fracture mode.
Application of load on lap shear joint results in formation of crazes. Crazes are crack
predecessors. A detailed explanation of crazing is presented in section 10.5.1. Hence
hypothesis E is hypothesized as “Crazing affects bond fracture without influencing fracture
mode for ABS and PP” In this research, fractography or fracture analysis was used to test the

hypothesis E.

Hypothesis F suggests setting the static force at its lower and higher level for ABS and PP
respectively. Observational results hint that higher force will cause the molten material at
weld zone to leave the weld zone. To control supply of molten material at weld zone, static
force is required to be lower for ABS and vice versa for PP. Hence the possible explanation
for 6" interesting effect is relevant to setting differently the static force for both ABS and

PP. Therefore, hypothesis F has been defined as “Role of static force is different for ABS due
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to its higher viscosity and lower glass transition temperature”. In this work, this Hypothesis

was tested by DSC, MFI and FEA.

Similarly, the stable effect of setting higher amplitude on LSS is obtained for both materials.
The plausible reason for 7" interesting effect is the formation of similar resisting area during
ultrasonic welding of both ABS and PP at higher amplitudes. Hence hypothesis G is formed
by a statement “Almost same resisting area is expected to be produced at weld interface by
using higher amplitudes”. To investigate hypothesis G, DSC, MFI and FEA were used once

more in this study.
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Table 6.13 Hypotheses Development and Testing using Scientific Method

Material

Interesting Effects

Hypotheses

Testing Method

Thesis Section

ABS & PP

1. Higher LSS for ABS as
compared to LSS for PP
at same welding

conditions

A. ABS is an amorphous
thermoplastic with higher
tensile strength than that

of PP

DSC, FEA & MFI

7.1, chapter 8 & 7.2

2. TRIED is better in
getting higher LSS with
ABS as contrary to SEMI
ED with PP

B. Volume of TRI ED is
less than that of SEMI ED
resulting in high
concentration of

ultrasonic energy

MFI & FEA

7.2 & Chapter 8

3. ABS requires lower
level of weld factors
than that for PP to
attain higher LSS

C. Welding temperature
is more conveniently
attainable for ABS owing
to its higher loss modulus

as compared to PP

MFI, FEA & DSC

7.2, Chapter 8 & 7.1

4. Higher ED collapse
leads to higher LSS for

D. EDs made of ABS have
higher heat distortion

temperature (HDT) &

HSVC, Microscopy &

Chapter 9, chapter

higher LSS for ABS

lower glass transition

temperature

ABS but opposite for PP FEA 10 & chapter 8
higher loss modulus than
at similar weld factors
those for PP
E. Crazing affects bond
5. Brittle and ductile
fracture without
fractures affecting LSS Fractography 10.5
influencing fracture mode
for both ABS and PP
for ABS and PP
F. Role of static force is
6. Lower static force is different for ABS due to
required to achieve its higher viscosity and MFI & FEA 7.2 & chapter 8

7. LSS is found to be
stable at higher
amplitudes for both
ABS and PP

G. Almost same resisting
area is expected to be
produced at weld
interface by using higher

amplitudes

DSC, FEA & MFI

7.1, chapter 8 & 7.2
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CHAPTER 7 Differential Scanning Calorimeter (DSC) and Melt Flow Index (MFI)

7.1. DSC

7.1.1. AIM
In this section of chapter 7, thermal properties of ABS and PP were measured with the help
of DSC. For both materials, a considerable difference of softening temperature was
expected. Hypotheses deduced were tested with the assistance of DSC results. Hypotheses
A, C&G were checked for both ABS and PP. These hypotheses were pointed out; (A) ABS is
an amorphous thermoplastic with higher tensile strength than that of PP, (C) Welding
temperature is more conveniently attainable for ABS owing to its higher loss modulus as
compared to PP and (G) Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes.

7.1.2. Methodology

Differential scanning calorimeter is an effective facility to deliver reliable thermal
examination. DSC is widely available and has been used in many investigational studies. It is
one of the most practical ways of measuring the softening temperatures for thermoplastics.
Many industries have used it and accepted its power of analysis. These industries include
pharmaceutical, food, polymers etc. DSC produces an accurate and precise set of thermal
information about a material under investigation in order to understand crystallinity and
amorphous content in a material. Moreover, DSC can also be used for determining specific
heat, reaction kinetics, percent crystallinity and purity. These results are really helpful in
obtaining both qualitative and quantitative information about different types of changes in
a material involving endothermic and exothermic processes. DSC 8500 supplied by
PerkinElImer was utilized in this research in an effort to identify the glass transition
temperature for ABS and melting point of PP. A distinctive DSC with a dedicated computer is

illustrated in Figure 7.1.
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Figure 7.1 DSC with a dedicated computer [152]
Ultrasonic welding involves phase change (solid to liquid) of thermoplastic samples to be
welded. In this research, the bond strength was greatly affected by thermal properties
particularly softening temperature of thermoplastics. Weld factors were varied as an input

in order to achieve sufficient melting of samples for formation of desired bond.

7.1.3. Variables used

In a DSC analysis, a set of variables is used, as shown in Table 7.1, comprising sample weight,
heating range, cooling rate, heating rate and hold time at a temperature. Sample weight is
the weight of sample measured during sample preparation. Heating range involves the
range of set temperatures during one complete cycle of DSC programme at a specific
heating or cooling rate. Heating range can be seen at the baseline of Figure 7.3. Heating rate
is the quantity of heat absorbed (endothermic) per unit time. Cooling rate is the quantity of
heat released (exothermic) per unit time. Hold time is the time for which the sample is held
at a temperature. In this DSC analysis, dependent variable measured was softening

temperature of ABS and PP.

7.1.4. Description of Procedure

Softening temperatures for both ABS and PP were intended to be measured hereby using a
DSC. These temperatures were then used for approving or disapproving some of derived

hypotheses.

DSC 8500 set up mainly consists of provisions for sample pan, nitrogen cylinder and a chiller.

In this work, polymers under investigation were cut and placed in the aluminium pan after
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weighing them. A thin aluminium cover was then placed carefully on aluminium pan and
finally pressed gently by using a small hand press. This sample pan was then placed in the
DSC chamber. The insertion of a sample pan in DSC is shown in Figure 7.2. A DSC program
was written by using Pyris software including heating range, heating and cooling rates,
sample weight, sampling rate and holding time at certain temperature. For example, Table
7.1 and Table 7.2 show the same programs to run thermal analyses for ABS and PP
respectively except the different lower limits of heating range. Lower limit of heating range
for PP starts with negative temperature (-50 °C) to observe the glass transition temperature
of PP which is difficult to capture at a starting temperature of 20 °C[191]. The glass
transition temperature of PP is the best indicator for its material properties. Physical
properties e.g. coefficient of thermal expansion, heat capacity etc. are modified by changing
the glass transition temperature owing to different degree of polymerization. Moreover, T,
for ABS can easily be seen by setting the lower limit of heating range at 20 °C. Upper limit of
heating range is 200 °C, same for both ABS and PP, in an attempt to achieve the melting
point of PP which is expected to be higher. A sample weight of 15mg is chosen, in

accordance with standard laboratory protocols.

Figure 7.2 Placing a sample pan in DSC chamber [192]
Table 7.1 DSC programme for ABS

Crucial Factors Set
Values
Sample Weight (mg) 15
. 20 to
Heating Range 200°C
Cooling rate (°C/min) 10
Heating rate (°C/min) 10
Hold Time at 200 °C (min) 1
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Table 7.2 DSC programme for PP

Crucial Factors Set
Values
Sample Weight (mg) 15
Heating Range -0 E‘é 200
Cooling rate (°C/min) 10
Heating rate (°C/min) 10
Hold Time at 200 °C (min) 1

7.1.5. Results

For ABS, the glass transition or softening temperature was found to be 103 °C from DSC
results, as shown in Figure 7.3. There was a proper signal of phase change at 103 °C during
endothermic processes. Moreover, endothermic processes consist of endothermic events of
material where the energy is absorbed by the material i.e. melting, whereas exothermic

events of material imply that energy is released by the material.

Hypotheses A, C&G were tested later by using this DSC result for ABS.
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Figure 7.3 DSC result for ABS
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From Figure 7.4, the melting or softening temperature for PP was found to be 170.55 °C
which was deemed essential to weld PP properly. There was found a sharp peak of
endothermic process during DSC testing for PP which suggested its melting point. In this DSC
analysis, a weak signal was observed during endothermic events between 0 and 20 °C for
glass transition temperature representing a difficulty in identifying the value of T, for PP.

Even though lower limit of heating range was set at -50 °C, T, could not be quantified for PP.

Hypotheses A, C&G were tested afterward by employing this DSC result for PP.
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Figure 7.4 DSC result for PP

7.1.6. Effect of softening temperatures on LSS

ABS
Hypothesis A

Hypothesis A has been stated as “ABS is an amorphous thermoplastic with higher tensile

strength than that of PP”

Amorphous thermoplastic does not have a sharp melting point and can be melted over a

range of temperatures. That is why; amorphous materials are well recognized by
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mentioning their glass transition temperatures. From DSC results, it was found that the glass
transition or softening temperature of ABS (103 °C) was lower than that of PP (170.55 °C). In
a welding process, the most important parameter is the welding temperature required to
make bond. In other words, phase change was easily achievable during conduction of
ultrasonic vibrations through ABS. Base material strength for ABS (50 MPa) is also higher
than that for PP (41 MPa). In contrast to PP, a better ultrasonic bond can be expected,

therefore, for ABS. Hence hypothesis A is partially proved hereby.
Hypothesis C

Hypothesis C states that “Welding temperature is more conveniently attainable for ABS

owing to its higher loss modulus as compared to PP”

Lower softening temperature and higher loss modulus suggest keeping the weld factors
lower for ABS in order to achieve better bonds. This was due to this reason that the weld
factors were different for both ABS and PP in acquiring good ultrasonic bond. Temperature
up to 103 °C is expected to be easily achieved owing to amorphous structure of ABS as well.
In this study, ABS took less than one second of weld time for welding completely and
successfully in obtaining good weld ultimately. Value of softening temperature is certainly a
valid reason for selecting proper level of weld factors for ABS and PP. Thus, hypothesis C

seems to be somewhat proved.
Hypothesis G

Hypothesis G proposes that “Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes”

Having already been welded ultrasonically in this work, ABS was easier to weld due to its
lower softening or glass transition temperature. Softening temperature is always important
in making a good bond with proper resisting area. Also from FEA results (chapter 8), higher
temperatures at weld zones for ABS helped back the idea of selecting proper welding
factors. On setting higher amplitudes, ultrasonic weld resulted in higher LSS along with
similar resisting area i.e. rectangular resisting area of almost equal dimensions. This resisting

area also resulted in nearly similar shear force merely before fracture during tensile testing
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in shear. The LSS was ultimately evaluated to be stable. Hence hypothesis G appears to be

partially proved here with the aid of DSC results.

PP

Hypothesis A

Hypothesis A again specifies that “ABS is an amorphous thermoplastic with higher tensile

strength than that of PP”

From the DSC results, PP was found to have a sharp melting point i.e. 170.55 °C. In order to
weld PP ultrasonically, this melting point must be attained and exceeded. Any temperature
that was lower than this softening temperature of PP contributed towards collapse of ED
without melting it properly resulting in low bond strength. During ultrasonic welding, PP
took greater than one second of weld time i.e. high level of weld time for welding
successfully. Comparatively smaller resisting area was also found by setting low levels of
weld factors thereby resulting in lower LSS. Due to higher storage modulus and
semicrystalline structure of PP, it is usually hard to weld PP. In present welding of PP, higher
bond strength was only possible by setting high level of weld factors after breaking the

orderly structure of PP. Hence hypothesis A seems to work partly here.
Hypothesis C

Hypothesis C states that “Welding temperature is more conveniently attainable for ABS

owing to its higher loss modulus as compared to PP”

Softening temperature of PP was observed to be higher than that of ABS. On using low level
of weld factors, there was a problem welding PP completely. This was due to the reason for
not attaining the melting point of PP or the temperature more than the softening
temperature for PP. Low weld factors either resulted in partial bonding or no weld at all.
This difficulty in reaching the softening temperature of PP was due to its lower loss modulus
and higher storage modulus causing a portion of applied ultrasonic energy to return back.

Hence hypothesis C seems somehow good for its approval.
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Hypothesis G

Hypothesis G suggests that “Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes”

Only high levels of weld factors were successful in getting good bond achieved. FEA results
(chapter 8) also show that low level of weld factors finds trouble in acquiring the melting
point of PP at weld interface thereby resulting in low bond strength. 18.9 & 21 were
considered as high levels of amplitude helping reach the softening temperature of PP.
Adequate molten PP supply leading to similar resisting area is also guaranteed at weld
interface in making better bond by using high level of weld factors. According to
literature[189], bond strength is observed to be unstable for PP. In this work, the bond
strength was found to be stable by using high level of amplitudes. This finding based on
literature for PP is opposing the current hypothesis G. Hence hypothesis G is disapproved

for PP.

7.2. Measurement of Melt Flow Index (MFI)
7.2.1. AIM

This section presents the measurement of viscosity for two thermoplastics under
investigation by using melt flow indexer (MFI). Furthermore, this section was also presented
to test certain hypotheses with the help of results from a melt flow indexer (MFI-10). In
other words, hypotheses A&F for ABS and C, G&B for PP were checked. These hypotheses
are; (A) ABS is an amorphous thermoplastic with higher tensile strength than that of PP, (B)
Volume of TRI ED is less than that of SEMI ED resulting in high concentration of ultrasonic
energy, (C) Welding temperature is more conveniently attainable for ABS owing to its higher
loss modulus as compared to PP, (F) Role of static force is different for ABS due to its higher
viscosity and lower glass transition temperature and (G) Almost same resisting area is

expected to be produced at weld interface by using higher amplitudes.

7.2.2. Methodology

Melt flow index determines the viscosity of the material with a numerical value showing the
melt flow rate. The fluidity of a molten thermoplastic is known as its melt flow rate. Molten

thermoplastic is extruded through a calibrated die by specifying its melt temperature and
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force with available weights. In this study, a melt flow indexer (MFI-10) was used
encompassing a heated barrel with proper temperature controls, a calibrated die, a piston
with graduated marks and different types of weights. MFI-10 set up is illustrated in Figure
7.5.

Calibrated Weight ——__ o «———  Tools

Control

Console \
\ Barrel

External Device
Connections

Tool Tray

Figure 7.5 MFI-10 set up

Moreover, ultrasonic welding involves melting of thermoplastic material. This melted
thermoplastic results in a definite spread at weld zone depending significantly on viscosity
of the material. A proper molten material flow is essential in securing better bond strength.
In this research, the difference in welding ABS and PP was also thought of having
relationship with fluidity of these two thermoplastics. If the thermoplastic was more fluid to
overcome high viscosity issue then ultrasonic welding ensured a good spread of material at
the weld interface which resulted in better bond. Hence results from MFI test were used to
understand the bond development phenomenon during ultrasonic welding of

thermoplastics. These results also help support or oppose the hypotheses.

7.2.3. Variables used

In an MFI test, various variables are used including cut off weight, cut off time intervals,
testing temperature for material. Cut off weight is the weight of extruded and cut sample

after a time interval that is called the cut off time interval. The testing temperature is the
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temperature of the extrusion barrel depending upon the typical thermoplastic under

investigation. Melt flow index is eventually the dependent variable and the result desired.

7.2.4. Description of procedure

The Melt Flow Rate (MFR) is generally the mass in grams extruded in 10 minutes (grams per
10 minutes) and can be calculated by one of two methods which are defined as method A
and method B in the standards. In this research, method A was used with MFI-10. Method A
is called the manual method and is suitable for polymers with an MFR below 25 grams per
10 minutes. Method A involves cutting the extruded polymer at accurate time intervals and

testing temperature then weighing cut polymer to an accuracy of 0.1g by using a balance.

Having used in injection moulding for producing samples (section 4.3 and Table 4.1), testing
temperatures for ABS and PP (i.e. 200 and 200-230 °C respectively) were kept the same in
MFI tester. Same temperature worked well for ABS but for PP it resulted in a molten
material of lower viscosity generating difficulty in performing MFI test. Testing temperature
was then reduced to 190 °C using control console, as shown in Figure 7.6, in order to get
viscous molten PP necessary for MFI test. Hence thermal knowledge (i.e. melting
temperature) of material was necessary before performing MFI Test as it might badly affect

the barrel and piston.

Display
Menu Soft
Keys
Barrel Temperature
Barrel Heating
Keypad Status

Test Temperature

Figure 7.6 Control Console

In this work, Method A considered following important steps which were carefully observed

to measure MFI for PP and ABS, as can be visualized with simple diagram in Figure 7.8:

1. Entering the cut-off time in sec via control console. For ABS it was 90 sec and for PP

it was 5 sec.
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2. Entering the testing temperature value in control console of MFI tester. 200 °C & 190
°C were the values of set temperatures for ABS and PP respectively.
3. Feeding the ABS/PP (test samples) into the heated barrel.

4. Putting the piston and piston support. Piston support is exhibited in Figure 7.7.

|'

1 Piston Support .

Figure 7.7 Piston and piston support

5. Placing the weight on the top of piston.

6. Removing the piston support.

7. Cutting off the waste material before starting the actual test according to above
settings.

8. The measurements were taken between two scribe marks on the piston.
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Figure 7.8 Simple Diagram showing that how MFI test works[193]
9. Cutting off the samples that were extruded through a die after observing the cut off
time. In this study, the polymer was manually cut by using a cut-off knife. Manual
cutting is shown in Figure 7.9. The polymer was also cut at three equal time intervals

during the test and each of the cut-off extrusions was weighed.

Figure 7.9 Manual Cutting with cut-off knife

10. Accepting or rejecting the sample due to immediate contamination in it e.g. air
bubbles etc.

11. Labelling the cut off samples as 1, 2 & so on.
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12. Weighing the samples in grams.
13. Using the numerical keypad in control console for entering the sample weights.
14. Pressing finish key after entering the weights. Machine now showed the MFI for

material under investigation in g/mins.

7.2.5. Results

Table 7.3 and Table 7.4 show the results from MFI tests for both ABS and PP respectively.
Three samples were cut and weighed to determine the MFI for both ABS and PP. It is
apparent from these tables that MFI of ABS is lower than that of PP. These results show that

ABS has been found to be substantially more viscous than that of PP.

Table 7.3 MFI for ABS

*Weight Mass Flow Index (g/10
Sr. No. (g)g mins) (e/
1 0.141
0.139 0.92
3 0.136
Table 7.4 MFI for PP
*Weight Mass Flow Index (g/10
Sr. No. (g)g mins) (e/
1 0.1235
2 0.1232 14.81
3 0.1237

Table 7.5 is a summary table showing the thermal properties of ABS and PP respectively that

have been obtained by differential scanning calorimeter and melt flow indexer.

Table 7.5 Softening Temperatures and MFI for both materials

Material Type Softening Temperatures | Melt Flow Indices (g/10 min)
ABS *Tg: 103 °C 0.92 @ 200 °C
PP *Tm:170.55 °C 14.81 @ 190 °C

*Glass Transition Temperature for ABS, * Melting Point of PP
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7.2.6. Effect of viscosity on bond strength

ABS

Hypothesis A

Hypothesis A detects that “ABS is an amorphous thermoplastic with higher tensile strength

than that of PP”

From MFI tests, ABS was found to be more viscous than that of PP. Higher loss modulus of
ABS is an important property to damp the ultrasonic vibrations without letting them return
back. These damped vibrations are then dispersed within the samples in the form of
viscoelastic heating. This internal heating is considered providing with an opportunity of
dropping the high viscosity of ABS. After attaining sufficient fluidity of molten ABS,
ultrasonic welding resulted in best bond formation. Hence hypothesis A appears to be

approved partly again.
Hypothesis F

Hypothesis F notices that “Role of static force is different for ABS due to its higher viscosity

and lower glass transition temperature”

In fact, viscosity drop for liquids is directly proportional to the supplied temperature. In this
study, softening temperature for ABS was just 103 °C contributing a lot to reduce the
viscosity of molten ABS during welding. This softened ABS with viscosity drop should not be
allowed to be forced out of the weld zone until a higher static force was applied. Hence low
level of static force is required to acquire higher LSS which proves somehow the hypothesis

F here.

PP

Hypothesis B

Hypothesis B proposes that “Volume of TRI ED is less than that of SEMI ED resulting in high

concentration of ultrasonic energy”

From MFI results, PP was found to have lower viscosity. SEMI ED has already been identified

for its higher volume (140.13 mm?) than that of TRI ED (90 mm?). Although TRI ED was found
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to be better in concentrating the ultrasonic energy at weld zone but the supply of molten
material was poorer with TRI ED during welding PP. On welding PP with high level of weld
factors, sufficient supply of molten PP along with proper fluidity was achieved with SEMI ED.
Hence possibility of attaining higher LSS with SEMI ED was superior to that with TRI ED.
Current ultrasonic welding of PP with SEMI ED was having near field welding scenario. Thus
MFI test seems to approve this hypothesis B to some extent even in near field welding

situation.
Hypothesis C

Hypothesis C declares that “Welding temperature is more conveniently attainable for ABS

owing to its higher loss modulus as compared to PP”

For PP, the viscosity was found to be lower than that of ABS from MFI results. In this
research, it was hard to melt PP due to its lower loss modulus by using low level of weld
factors. On utilizing high levels of weld factors, a better bond was expected for PP which
meant that chances of softening/melting were higher. This molten PP delivered higher
spread owing to its lower viscosity over a larger weld zone thus resulting in higher LSS.

Hypothesis C seems to be appropriate hereby to some extent.
Hypothesis G

Hypothesis G suggests that “Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes”

Achieving uniform LSS at high levels of weld factors suggested us that there was a uniform
outcome with both EDs. This stable outcome/LSS provided with comparatively bigger HAZ.
Bigger HAZ was directly associated with lower viscosity of PP and higher weld factors with
any ED. Also the higher storage modulus for PP needed higher static force in order to
prevent the ultrasonic energy from returning back. This modulus always caused a portion of
ultrasonic vibrations to return back on welding PP. But according to literature[189], bond
strength for PP was found to be uneven disagreeing with the bond stability from current

work. This hypothesis G is again partially disproved.
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7.3. Summary

Softening temperatures and melt flow indices were evaluated by DSC and MFI tests for both
ABS and PP. Softening temperature for ABS was found to be lower than that for PP. On the
other hand, viscosity of PP was found to be higher than that of ABS. Hypotheses A, C, F&G
for ABS and A, B, C&G for PP were also tested with the help of both DSC and MFI. These
hypotheses were somewhat approved convincingly with the assistance of DSC and MFI

results except hypothesis G.
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CHAPTER 8 FINITE ELEMENT ANALYSIS (FEA)

8.1. AIM

In this chapter, temperature spread was registered with the help of FEA at the weld
interface. Distribution of numerical/simulated temperatures obtained was also utilized to
test hypotheses. Previous chapter 6 recognized the facts that several hypotheses (section
6.5.1 and Table 6.13) could be affected by the temperature distribution at the weld region.
This chapter was also aimed at presenting FEA to test those hypotheses. These hypotheses
were stated;(A) ABS is an amorphous thermoplastic with higher tensile strength than that of
PP, (B) Volume of TRI ED is less than that of SEMI ED resulting in high concentration of
ultrasonic energy, (C) Welding temperature is more conveniently attainable for ABS owing
to its higher loss modulus as compared to PP, (D) EDs made of ABS have higher heat
distortion temperature (HDT) & higher loss modulus than those for PP, (F) Role of static
force is different for ABS due to its higher viscosity and lower glass transition temperature
and (G) Almost same resisting area is expected to be produced at weld interface by using

higher amplitudes

8.2. Methodology

Prediction of temperature was also desired as a function of various weld factors at the weld
zone in an attempt to obtain optimized bond strength. An FEA approach was developed to

attain a thorough investigation of temperature at weld interface.

Finite element analysis is a great computational technique to evaluate the approximate
solution of various tangible engineering world problems. These problems may have intricate
domain with certain boundary conditions. FEA involves dividing the complex domain into
subdomains for finding an approximate solution with the aid of variational or weighted
residual methods. After getting the approximated solution for each subdomain, next and
final step of FEA is to assemble solution of each subdomain into solution of whole domain.
Based on discretizing the complicated domains into finite elements, FEA has been used in
solving number of different problems e.g. eigenvalue, initial and boundary value problems
which arise from various physical and natural processes. Several technical papers and books

have been published so far after marvellous commencement of FEA.
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For ultrasonic welding process, FEA has covered various aspects so far:

Designing of optimal horn [122]
Studying the stress distributions in horn [121]
Studying the vibratory behaviour of large sized vibrator [119]

1.

2

3

4. Studying the heating mechanism [117,37]

5. Finding out the temperature distribution during ultrasonic welding [37]
6

Analysing the thermo-viscoelastic phenomenon in plastics during welding [33].

In fact, FEA has been utilized as an effective computational technique in determining
numerous facets of ultrasonic welding process before actually assembling the

parts/specimens.

In this FEA, simulation was planned and implemented by selecting suitable analysis type,
element type, material properties, approximations, mesh size, boundary and initial
conditions. Mathematical relationship for viscoelastic heating was used to calculate the heat
generation at the weld interface. Simulations were run in an effort to acquire maximum
temperature at the weld zone. Simulation results were required to be validated by utilizing
the ultrasonic welding equipment in an attempt to check the accuracy of simulation. Hence
these simulated temperatures were validated by using data acquisition system,

thermocouples, and labview software.

8.3. Variables Used

In this analysis, temperature is the dependent variable. In order to make this study more
explicit, this temperature was desired throughout the analysis. The output temperature
may result from the simulation/FEA and experiments/validation of simulation. The
governing differential equation is:

k 9°T/9x* + k 9°T/dy” + k 9°T/d2° + Q - pcdT/dt = 0 [174]
Where,
T = Temperature, °C
K = Isotropic Thermal Conductivity, W/m. °C
p = Density of the material, Kg/m®

¢ = Specific Heat Capacity of the material, J/Kg. °C
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Q = Volumetric Heat Generation Rate, W/m3. °C
K, p and c are the material properties that are shown in Table 8.1 for both ABS and PP. And
Q can be calculated by an equation:

Quvg = W €4° E" /2 [37]

Where, w = Angular velocity
€a = Strain amplitude
E" = Loss modulus
w = 2rtf and f = 20 KHz
Angular velocity and strain amplitude strongly depend on weld factors and geometry of

specimens. Loss modulus is the material property, as shown in Table 8.1.

8.4. Description of Procedure

Description of procedure is presented for simulation and validation of simulation one by one

respectively.

8.4.1. Simulation

FEA Set Up

In this research, simplified thermoviscoelastic analysis [33] was used. This analysis was
chosen because it could be used for any thermoplastic which might be processed by
standard methods (e.g. injection moulding). Any shape of ED could easily be accommodated
by this thermoviscoelastic analysis. Moreover, this simplified analysis was suitable for lap
type of weld joints. Temperature variations were modelled in FEA by considering the
viscoelastic heating as a key heating mechanism. Transient thermal analysis was simulated
via ANSYS software package leading to its validation later via empirical results. At the end, a

good harmony between numerical and validation results was expected.

Analysis Type

Thermal (Full Transient)
A transient thermal analysis is defined as an analysis used to evaluating the temperature
and various thermal quantities which fluctuate as a function of time. Also the imposed loads

in transient analysis always vary with time. In this analysis, the localized viscoelastic heating
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was produced as a strong function of ultrasonic vibration i.e. dynamic load and static force

i.e. static load. Hence transient thermal analysis seemed to be logical to cover these loads.

Element Type

Thermal Solid (Solid70)

Since 3D geometry was decided to be used throughout the thermal analyses, 3D thermal
element was needed to perform these analyses. Solid70 has been utilized for its 3D thermal
conduction capability. This element is applicable to a 3D transient thermal analysis. This
element consists of eight nodes with single temperature for each node. This element also

takes convection, heat flux and radiation as surface loads.

Material Properties

Material properties for ABS and PP are given in Table 8.1.
In this analysis, all the unreferenced material properties were used by going through the
respective datasheets of both materials in Appendix B.

Table 8.1 Properties for both materials

Thermal Loss Storage Specific
Density Softening
Material 3 Conductivity | Modulus Modulus | Heat (J/Kg.
(Kg/m°) Temperature (°C)
(W/m.°C) | (GPa)[189] | (GPa)[189] °C)
PP 905 0.2 [194] 0.32 3.87 1800 [195] 170.55
ABS 1040 0.15 [37] 0.42 2.75 2000 [37] 103

Approximations used

In this analysis, following approximations were set.

1. Each cross section (Triangular and Semi-circular) of EDs is approximated to be
rectangular ED of equal cross sectional area [37]. For instance, SEMI ED_Area is
equal to 3.5%*4 mm? and TRI ED_Area is equal to 2.5%3.5 mm?®. Prakasan et al. [37]
has performed a similar analysis with 2D geometry and element.

2. Amplitude of ultrasonic vibrations is given to the top part and the ED [37].

3. Heat loss due to convection is considered negligible for very short periods of
welding. To be more precise, up to 1.5 Sec of weld time, convection is neglected.

4. Loss modulus of material is not dependent on temperature [37].
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Mesh Size

ANSYS Mechanical APDL uses a way of meshing the geometrical model that is called the
smart sizing (10 to 1). Literature has suggested a mesh smart size of 2 for this type of
analysis that is a finer mesh size [37]. In this analysis, smart sizes 10 (coarsest) to 1 (finest)
were selected to verify the suitability of mesh size 2 for the present geometry, thermal
simulations were run for these mesh sizes, and numerical results in terms of temperature
distribution were compared between two consecutive mesh sizes e.g. 10 & 9. An

approximated geometry with mesh is exhibited in Figure 8.1.

Figure 8.1 Mesh generated after approximating the symmetric geometry

An example of mesh verification is shown in Table 8.2 before deciding proper mesh size for
simulation runs. From Table 8.2, after mesh size 6, maximum temperature values were
highly fluctuated because these mesh sizes were coarser. Although temperature values
were found to be almost same for finer mesh sizes before mesh size 6, mesh size 2 was
frequently used to run simulations, as used in literature [37]. Due to this reason, finer
meshes were considered more reliable than coarser meshes for current analysis. Therefore,

mesh sizes 1&2 were finally decided to be used alternatively.
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Table 8.2 Mesh Verification

Mesl.r Smart Material ED Static Force Weld Time | Frequency | Max. Te:np. value
Sizes Type (N) (Sec) (Hz) ('C)
1 ABS SEMI 750 0.9 20000 27.64
2 ABS SEMI 750 0.9 20000 27.79
3 ABS SEMI 750 0.9 20000 27.79
4 ABS SEMI 750 0.9 20000 27.73
5 ABS SEMI 750 0.9 20000 27.73
6 ABS SEMI 750 0.9 20000 27.73
7 ABS SEMI 750 0.9 20000 27.68
8 ABS SEMI 750 0.9 20000 31.22
9 ABS SEMI 750 0.9 20000 27.07
10 ABS SEMI 750 0.9 20000 27.07

Boundary and Loading Conditions

In this FEA, initial temperature was specified to be 21 °C as initial conditions. Initial
conditions were indicated for the room temperature before and after welding the
thermoplastic specimens ultrasonically.

Generation of heat comprises intermolecular friction and viscoelastic heating when
thermoplastics are welded ultrasonically. Following equation is held responsible for
calculation of heat generation at weld zone due to ultrasonic vibrations.

Quvg = w €  E' /2[37]

This relationship was used to calculate viscoelastic heating for current simulation at ED
during ultrasonic welding. Temperatures were then obtained owing to viscoelastic heating.
To simulate ultrasonic welding of thermoplastics, viscoelastic heating due to intermolecular

friction was given as Heat Flux (thermal surface load).

Crucial Weld Factors

In this FEA, thermal simulations were run for various ranges of weld factors to investigate
the spread of temperatures. Weld time ranging from 0.1 to 1.5 sec and static force ranging
from 250 to 2000N were used. Specifically for ABS, weld time was varied from 0.1 to 1 sec
and static force from 250 to 2000N. For PP, weld time (up to 1.5 sec) was higher than that

(up to 1 sec) of ABS but static force’s range was same. These ranges of weld time and static
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force were established to encompass the same range of these factors that was used in
experimentation, as discussed earlier in chapter 4.

Nodal temperatures (temperatures at nodes of an element) were obtained after running
simulations to study their effects on heat affected zone and shear strength. For each
material e.g. ABS and anyone ED, all static forces (8 in number) were used one by one at a
constant weld time to acquire a numerical temperature. Then this was again repeated for
different but constant weld time and so on, as shown in Figure 8.7. Hence a detailed FEA

was achieved by using a comprehensive set of weld factors.

8.4.2. Vvalidation of simulation

Equipment Utilized

In this analysis, ultrasonic welding rig was used to validate the simulation with the

assistance of lab view software. An interface of lab view software is shown in Figure 8.2.

Record data  Weld bime Hold time Extra recording time Elapsed Time

[on | 3l = oo 00:00:18,65
Laft Time
Temperatures ﬂ 6.0 DegC

Templ (Mean) m [o1.8
Temp2 (Mean) n -94.6
Temp3 (Mean) m -95.0
Termp4 (Maan) m [-o4.6

Deg

Time

Figure 8.2 Lab view software screen shot for particular validation case
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Thermocouples and Their Positioning

To validate the simulated results, thermocouples (K-Type-0.005” Dia-12” Length-Bare
Insulation) were inserted at the interface of energy director and flat surface of lower
specimen, as illustrated in Figure 8.3. Likewise, thermocouples were repeatedly inserted, as

shown in Figure 8.3 and Figure 8.3(A), to validate all simulation results. This thermocouple

grade is able to measure temperature range between -270 to 1372 °C.

Flat Surface of lower
Specimen

Thermocouple

Thermocouple

Interface of ED and
Flat surface ~

Figure 8.3 Insertion of thermocouple
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F——20mm ——™

/ Flat Sample

Thermocouple Position

Fy

Y

59mm

Figure 8.3(A) Thermocouple Position

A sticky tape was utilized in order to prevent the thermocouple from misplacing its desired
position during up and down movement of anvil. Thermocouple’s two terminals were fixed
by a connecting electric cable with the help of small screws. Cable’s other end was attached
with the data acquisition box, as shown in Figure 8.6. Finally data acquisition black box was
attached with the dedicated PC by using USB interface, as exhibited in Figure 8.5. Before
welding ABS and PP for validation, thermocouples were initially calibrated by measuring the
room temperature from both thermocouple and room thermometer. A good agreement

was found for a room temperature of 22 °C, as shown in Figures (8.15 to 8.26).

Temperature Measurement

In order to validate simulated results, a proper data acquisition system was made and put
into a black box in an effort to register temperatures at the weld interface, as shown in
Figure 8.5. Fine bead is a term representing small thermal mass for dynamic temperature
measurement. Mini K-Type thermocouple was used to get an electrical signal owing to
temperature development at HAZ. The value of this electrical signal was 2uv needing to be
amplified. For this purpose, an amplifier AD595 was used to amplify the lowest value of
signal up to a value of 5uv. This signal was filtered by using low pass filter and sent to lab-

view software via NI USB 6008 later. A detailed diagram of USB DAQ is shown in Figure 8.4.
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Mini K-Type

Thermocouple

&,\_ AD595
- NI USB 6008
Fine Bead Amplifier -

with CIC

DAQ Box

Lab-view Software

Figure 8.4 Details of USB DAQ

Figure 8.5 DAQ in black box as a part of UW rig
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NI USB 6008

PCB having
amplifier

and filter

Two ends of
thermocoup
le and DAQ,
interface
cable

Figure 8.6 UWP with USB DAQ

8.5. Results

In this section, results from both simulation and validation of simulation are investigated for

their useful interpretation.

8.5.1. Simulation Results

Crucial Weld Factors

In this FEA, thermal simulations were run for various ranges of weld factors to investigate
the spread of temperatures. Weld time ranging from 0.1 to 1.5 sec and static force ranging
from 250 to 2000N were used. Specifically for ABS, weld time was varied from 0.1 to 1 sec
and static force from 250 to 2000N. For PP, weld time was little higher than that of ABS but

static force’s range was same.
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Nodal temperatures (temperatures at nodes of an element) were obtained after running
simulations to study their effects on heat affected zone and shear strength. For each
material e.g. ABS and anyone ED, all static forces (8 in number) were used one by one at a
constant weld time to acquire a numerical temperature. Then this was again repeated for

different but constant weld time and so on, as shown in Figure 8.7.

Temperature Spread for TRI ED having PP and ABS respectively

Relationship between temperature and static force is shown in Figure 8.7 and Figure 8.8 for
a constant weld time with triangular ED by using PP and ABS respectively. Similarly,
temperature variations as a function of weld time at constant static forces are illustrated in
Figure 8.9 and Figure 8.10. Please note that these relationships are straight lines or linear.
In fact, a critical temperature is required to get intended function achieved i.e. assembly of
parts using right levels of weld factors.

From Figure 8.7 and Figure 8.8, desired critical temperatures can be obtained with the fact
that some levels of weld factors may result in unnecessary higher temperature which is not
desired. For instance, static force of 1500 N and higher weld time up to 1.2 sec seem to be
essential to attain or exceed sufficiently the softening temperature of PP, as shown in Figure
8.7 and Figure 8.9. Likewise, lower static force of 500 N with an appropriate weld time can
easily reach the softening temperature of ABS, as shown in Figure 8.8 and Figure 8.10.
Hence static force of 2000 N and weld time of 1 sec may produce enormous heating at weld

interface for ABS preventing us from using them in actual welding scenario.
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Relationship between Static Force and Temperature at 0.3 to
1.2Sec Weld Time
400
=0==0.3 Sec
350
9 300 0.4 Sec
@ 250 =——=(0.5 Sec
>
® 200 0.6 Sec
)]
g— 150 =@-0.7 Sec
[J]
= 100 —3¥=0.8 Sec
50
0 =>¢=(.9 Sec
0 500 1000 1500 2000 2500 ~*—1.05ec
Static Force, N =fi—1.1 Sec

Figure 8.7 Temperature spread Vs Static Force for polypropylene with triangular ED

Relationship between Static Force and Temperature at 0.1 to
1.0Sec Weld Time (For ABS)

1400

°. 1000 0.2 Sec

Q
% 800 == (.3 Sec
g 600 e 0.4 SeC
E 400 =®=0.5 Sec
200 —4=0.6 Sec
0 =é=().7 Sec

0 500 1000 1500 2000 2500

==fe=0.8 Sec

Static Force, N

Figure 8.8 Temperature Distribution Vs Static Force for ABS with TRI ED
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Relationship between Temperatures and Weld Time at constant
Static Forces i.e. 250-2000N
400
350
=250 N
o 300
S e=t==500 N
g 250
2 =®-750N
T 200
g ==}=1000 N
£ 150
2 =3é=1250 N
100
===1500 N
50
== 1750 N
0
o 02 04 06 08 1 12 14 —*2000N
Weld Time, Sec

Figure 8.9 Relationship between weld time and Temperature for PP and TRI ED

Relationship between Temperatures and Weld Time at constant
Static Forces i.e. 250-2000N

1400
1200 .
§ 1000 ——500 N
[J]
S 800 —~®=750 N
©
g 600 4—1000 N
£
2 100 —=>e=1250 N
w1500 N
200
—@—-1750 N
0
——2000 N

0 0.2 0.4 0.6 0.8 1 1.2
Weld Time, Sec

Figure 8.10 Relationship between weld time and Temperature for ABS and TRI ED

Temperature Spread for SEMI ED having ABS and PP respectively

Relationship between temperature distributions and static forces with constant weld times
is exhibited in Figure 8.11. From Figures 8.7, 8.8, 8.11 and 8.12, maximum values for
temperatures developed at weld interface are greater for any plastic with TRI EDs than
those with SEMI EDs. This is due to the reason that volume of TRI ED is less than that of

SEMI ED pointing towards large concentration of ultrasonic energy with TRI ED.
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Relationships between temperature distribution and weld time at constant static forces are
also illustrated in Figure 8.13 and Figure 8.14. Again, lower static force with higher weld
time and higher static force with higher weld time may be needed to acquire sufficient

temperature at weld interface for welding ABS and PP respectively.

Relationship between Static Force and Temperature at 0.1 to
1.0Sec Weld Time (For ABS)
600
===0.1 Sec
500 0.2 Sec
o
° 400 0.3 Sec
g
3 0.4 Sec
& 300
g =@0-0.5 Sec
§ 200 —3=0.6 Sec
100 =é=().7 Sec
=fe=0.8 Sec
0
=i=0.9 S
0 500 1000 1500 2000 2500 ec
Static Force, N ¢—1.0 Sec

Figure 8.11 Temperature Distribution for ABS with SEMI ED Vs Static Force

Relationship between Static Force and Temperature at 1 to 1.9Sec
Weld Time (For PP)
250
200
(O]
°. =@®=-1.0 Sec
()
E 150 —==1.1 Sec
@®
S
g 100 =>=1.2 Sec
qE) =fe=1.3 Sec
[
50 =fi=1.4 Sec
=4—1.5 Sec
0
0 500 1000 1500 2000 2500
Static Force, N

Figure 8.12 Temperature Distribution for PP with SEMI ED Vs Static Force
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Relationship between Temperatures and Weld Time at constant
600 Static Forces i.e. 250-2000N
500
O 400 =250 N
o “=500 N
‘E 300 ~=@=750 N
é‘ =5#=1000 N
® 200 —==1250 N
«=fe=1500 N
100
: =—1750 N
0 =4—2000 N
0 0.2 0.4 0.6 0.8 1 1.2
Weld Time, Sec

Figure 8.13 Relationship between weld time and Temperature for ABS and SEMI ED

Relationship between Temperatures and Weld Time at constant
Static Forces i.e. 250-2000N
250
200 250N
2 / ——soon
()]
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©
cé,a_ 100 KM‘ =3#=1000 N
3 M —<=1250 N
|—
== 1750 N
0
0 0.5 1 15 p —¢—2000N
Weld Time, Sec

Figure 8.14 Relationship between weld time and Temperature for PP and SEMI ED

For ABS, temperature values are found to be higher than those for PP. This is due to
difference in molecular structure for these materials. PP is a semi-crystalline thermoplastic
having molecular chains in proper order. Higher energy is required to break these chains for

PP than that for ABS which comprises random molecular chains.
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Neither of these materials is purely viscous nor purely elastic. For ABS, value of loss modulus
is greater than that for PP resulting in highest temperature regions. As far as storage
modulus is concerned, PP has slightly greater storage modulus value than that for ABS [189].
Hence first guidelines for selecting right weld factors may be provided by these simulation

results in an effort to weld ABS and PP in real world of ultrasonic welding.

8.5.2. Vvalidation Results

In this study, twelve validation attempts were made to check the accuracy of simulated
results, as can be seen from Table 8.3 to Table 8.14. Thermocouples and their positioning
were kept same for each validation attempt, as described with the help of Figures 8.3 and

8.3(A) under section 8.4.2. Let us discuss these in detail.

Selection of Weld Factors for validation

In this study, six numerical results were endeavoured to match with experimental results for
each ABS & PP, as shown in Table 8.15 . Experimental conditions were selected in such a

way that a good range of weld factors was covered which led to better temperature spread.
1°" Attempt

First experimental trial was attempted to match the empirical result with numerical result,
as illustrated in Figure 8.15. An account of weld factors resulting in experimental and

numerical results with percentage error is shown in Table 8.3.

Table 8.3 First Attempt

Static | Weld Hold Predicted/

Material ED Experimenta % age
Force | Time Time Numerical

Type Type | |Value (°C) Error
(N) (sec) | (sec) Value (°C)

ABS 500 0.5 0.2 TRI 61.26 62.24 1.60

! Table 8.15 is mentioned at page 212.
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Temperature VS Time
70
O 60 ~
£ 50 I \
2 [\
s 40
§ 30 / \
g' 20 / \ Room Temperature 20.41
P 10
0
6.2 6.4 6.6 6.8 7 7.2
Time in sec
Figure 8.15 Experimental results for 1st attempt
2" Attempt

On increasing the weld time from 0.5 to 0.7, it was noted that the experimental value of
temperature was increased abruptly which left behind the numerical value. Percentage
error this time was found to be 33.47. Validation result for this attempt is shown in Table
8.4 and Figure 8.16. The reason for having this big error might be due to various factors e.g.
untidy thermocouples at micro level with debris, discoloration, oxidization and corrosion. In
order to clean the bare wires of thermocouples, various cleaning solutions can be used e.g.
alcohol etc. In addition to this, thermocouple should not be contaminated with moisture
which results in erratic reading at the end. Fine plastic gloves should be worn before setting

the thermocouples at the desired place.

Another cause suspected for this big error was the temperature difference between room
and thermocouple wires before welding. This temperature difference can develop
temperature gradients resulting in troubles in sensing temperature. This problem needs to
be solved by conducting the dummy checks with thermocouple for its room temperature

measurement [196].
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Table 8.4 Second Attempt

ic | Weld | Hol 9
Material Static _ed .Od ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
P (N) | (sec) | (sec) yp Error
ABS 500 0.7 0.2 TRI 122.81 81.70 33.47
Temperature VS Time

140

120
o
e 100
,95: 80
g_ 60 Room Temperature
E 40 \ 22.6
-

0
0 5 10 15 20
Time in sec
Figure 8.16 Experimental results for 2nd attempt
rd
3" Attempt

In this case, again both experimental and numerical results remained matchless because of
setting higher weld time for SEMI ED. Experimental temperature resulting from weld factors
in Table 8.5 was initially predicted to match with 76.02 due to higher volume of SEMI ED
than that of TRI ED. In fact, lower concentration of ultrasonic vibrations producing lower
temperature was expected at weld interface due to higher volume of SEMI ED. But later it
was found that the percentage error was noted to be 37.8. Maximum experimental value of
temperature is shown in Figure 8.17. The possible reason allowing this error to occur was
the excessive movement of upper specimen with SEMI ED on thermocouple that generates
some extra heating due to friction. Such movement is expected to happen for a short period
of time. But ultrasonic vibration is recognized to develop high temperature region even for

such a tiny time on using ABS.
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Table 8.5 Third Attempt

ic | Weld | Hol 9
Material Static _ed .Od ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) ase
yp (N) | (sec) | (sec) yp Error
ABS 750 0.9 0.2 | SEMI 122.23 76.02 37.80
Temperature VS Time
140
120
(@)
¢ 100
S 80
g 60
g \ Room Temp 23
§ 40
g \
20
0
0 5 10 15 20
Time in sec
Figure 8.17 Experimental results for 3rd attempt
4™ Attempt

In this trial, experimental result was found to be closer to numerical counterpart.

Percentage error was found to be 1.07, as shown in Table 8.6. Notably, this time the weld

time is 1 sec which is considered large for welding ABS. It is also noted that static force has

been increased this time from 750 to 1000N. Experimental result is also shown in Figure

8.18.
Table 8.6 Fourth Attempt
1 0,
Material Static V\{eld H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) ase
P (N) | (sec) | (sec) yp Error
ABS 1000 1 0.2 | SEMI 122.44 123.75 1.07
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Temperature VS Time
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Temperature in °C

Figure 8.18 Experimental results for 4th attempt

5" Attempt

In this trial, both results were again found to match with each other. From Table 8.7,
percentage error remained 5.95. Again static force was kept same i.e. 1000N. This shows
that each weld factor has its own contribution in delivering true temperature data during

welding. Experimental temperature for this attempt is illustrated in Figure 8.19.

Table 8.7 Fifth Attempt

H 0,
Material Static V\{eld H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) ase
yp (N) | (sec) | (sec) yp Error
ABS 1000 | 0.7 0.2 | SEMI 99.60 93.67 5.95
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Temperature VS Time
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Figure 8.19 Experimental results for 5th attempt

6" Attempt

In this trial, the numerical value was found to be higher than that of experimental. Please
note that the static force is 750N, as can be seen in Table 8.8. At start, it was thought that
the experimental temperature should go beyond 150.13 °C i.e. numerical/predicted value
but later it was not observed on validating, as shown in Figure 8.20. The likely reason for

getting this error is the poor placement of thermocouple.

Table 8.8 Sixth Attempt

H [V)
Material Static VYeId H,Old ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
yp (N) | (sec) | (sec) yp Error
ABS 750 0.9 0.2 TRI 121.25 150.13 23.82
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Temperature VS Time
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Figure 8.20 Experimental results for 6th attempt

For PP, all the validation attempts resulted in close match between experimental and
simulation results.

7" Attempt

In this case the experimental and numerical results were almost found to be similar with a

percentage error of 2.94, as shown in Table 8.9. Experimental result for this attempt is

shown in Figure 8.21.

Table 8.9 Seventh Attempt

H )
Material Static VYeId H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
yp (N) | (sec) | (sec) yp Error
PP 1000 | 1.2 1 TRI 120.72 117.17 2.94
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Temperature VS Time
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Figure 8.21 Experimental results for 7th attempt

8" Attempt

In current case, there was less difference between experimental and numerical results with

a percentage error of 11.18, as illustrated in Table 8.10 and Figure 8.22.

Table 8.10 Eighth Attempt

1 o,
Material Static Weld H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
yp (N) | (sec) | (sec) yp Error
PP 1000 1.1 1 TRI 122.79 109.06 11.18
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9" Attempt

Experimental result in this case nearly agreed with numerical one with a percentage error of
3.55, as exhibited in Table 8.11. Increasing static force and decreasing weld time resulted in
increment in both experimental and numerical values of temperatures. Overall for TRI ED,
experimental values of temperatures were found to be higher than those of their numerical
counterparts for PP, as shown in Table 8.11 and previous Tables 8.9&8.10. Sudden variation
in temperature before reaching its maximum value of 122.81 degree C is shown in Figure
8.23. It seems possible that the TRI ED with upper specimen has lost the contact several

times with thermocouple for a while and then again made the contact owing to the

Figure 8.22 Experimental results for 8th attempt

presence of static force.

Table 8.11 Ninth Attempt

H o,
Material Static VYeId H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
yp (N) | (sec) | (sec) yp Error
PP 1250 1 1 TRI 122.81 118.45 3.55
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Temperature VS Time
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Figure 8.23 Experimental results for 9th attempt

10" Attempt

In this case, a minor difference was observed between experimental and numerical values

with percentage error of 9.86, as can be seen in Table 8.12. Experimental result is illustrated

in Figure 8.24.

Table 8.12 Tenth Attempt

H 0,
Material Static V\{eld H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
yp (N) | (sec) | (sec) yp Error
PP 1500 | 1.4 1 SEMI 117.16 105.61 9.86
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Temperature VS Time
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Figure 8.24 Experimental results for 10th attempt
11" Attempt

In this case, the experimental value of temperature was found to be lower than that of its

numerical counterpart with a negligible percentage error of 1.4, as shown in Table 8.13.

Experimental value of temperature is exhibited in Figure 8.25.

Table 8.13 Eleventh Attempt

H 0,
Material Static V\{eld H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) age
yp (N) | (sec) | (sec) yp Error
PP 1750 | 1.1 0.2 | SEMI 109.75 111.28 1.4
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12" Attempt

In this case, experimental value of temperature was again found matching with numerical
value with percentage error of 2.32, as shown in Table 8.14. From previous case, on

increasing the weld time and hold time, a considerable increment in both results was noted.

Figure 8.25 Experimental results for 11th attempt

Experimental result is illustrated in Figure 8.26.

Table 8.14 Twelfth Attempt

H 0,
Material Static V\{eld H.OId ED | Experimental | Predicted/Numerical %
Type Force | Time | Time Type | Value (°C) Value (°C) ase
yp (N) | (sec) | (sec) yp Error
PP 1750 1.3 1 SEMI 122.81 125.67 2.32
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Temperature VS Time
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Figure 8.26 Experimental results for 12th attempt

Holistically, this simulation proves itself to be used for future in order to predict the
temperature at weld zone and to make some quick comparisons of numerical temperature
with the empirical temperature. From Table 8.15, there are few cases which present
considerable percentage errors. These errors can be avoided by using good fixtures in
preventing the specimens from displacing, by fixing the thermocouples in a better way and
by carefully observing the shooting up nature of ultrasonic welding that depends upon
various weld factors. By shooting up nature of ultrasonic welding process, it is meant that
temperature jumps quickly in most of the cases with ABS, in general, and TRI ED of both

materials.
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Table 8.15 Results from validation of simulation

) (N) (sec) (sec) ype Value (°C) Value (°C) Error
1 500 0.5 ABS 0.2 TRI 61.26 62.24 1.6
2 500 0.7 ABS 0.2 TRI 122.81 81.70 33.47
3 750 0.9 ABS 0.2 SEMI 122.23 76.02 37.8
4 1000 1 ABS 0.2 SEMI 122.44 123.75 1.07
5 1000 0.7 ABS 0.2 SEMI 99.6 93.67 5.95
6 750 0.9 ABS 0.2 TRI 121.25 150.13 23.82
7 1000 1.2 PP 1 TRI 120.72 117.17 2.94
8 1000 1.1 PP 1 TRI 122.8 109.06 11.18
9 1250 1 PP 1 TRI 122.81 118.45 3.55
10 1500 1.4 PP 1 SEMI 117.16 105.61 9.86
11 1750 1.1 PP 0.2 SEMI 109.75 111.28 1.4
12 1750 1.3 PP 1 SEMI 122.81 125.67 2.32

8.6. Hypotheses Testing
8.6.1. ABS

Hypothesis A

Hypothesis A vocalizes as “ABS is an amorphous thermoplastic with higher tensile strength

than that of PP”

In this research, higher LSS was observed for whole ranges of weld factors e.g. weld time
(0.4-0.9 sec) & static force (500-1500 N). This was due to the reason that high temperature
was guaranteed by FEA results for ABS. For instance, temperature up to 280 degree C is
achieved by using high levels of weld time and static force for SEMI ED. In the same manner,
temperature up to 590 degree C is achievable on using high levels of weld time and static
force for TRI ED. These temperature values for both EDs are really sufficient in reaching the
glass transition temperature of ABS thereby resulting in higher LSS, as shown in Figure 8.27.
Hence hypothesis A seems to be again considered for its approval in this way after proving it

partly from DSC & MFI results.
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Relationship between temperature and LSS at
1s 1250N & TRIED (A)

¢

Q.

S /

£ 10

[%2]

) /

& 5 Weld time

(4]

§ (0.4-0.9)

<

0
0 200 400 600
Simulated Temperature in Degree C
Relationship between temperature and LSS at 1250N
& SEMI ED (B)
© 8
a. /
S 6
£ /
a4
4 / Weld time
go 2 (0.4-0.9)
/
z 0
0 50 100 150 200

Simulated Temperature in Degree C

Figure 8.27(A&B) Relationship between simulated temperature and LSS for TRl and SEMI

EDs respectively

Hypothesis B

Hypothesis B expresses that “Volume of TRI ED is less than that of SEMI ED resulting in high

concentration of ultrasonic energy”

Temperature value up to 590 degree C is easily attainable by using high levels of weld time
and static force for TRI ED from FEA results. Therefore, TRI ED appears to be a better heating
source which contrasts with that of SEMI ED according to FEA results. So, in current
ultrasonic welding, higher LSS was expected to be delivered conveniently. Since the chances
of uniformly heating weld interface are possibly better for TRI ED due to its lower volume,

hence hypothesis B also appears to be accepted again somehow hereby after having proved

from MFI results.

Hypothesis C
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Hypothesis C discusses that “Welding temperature is more conveniently attainable for ABS

owing to its higher loss modulus as compared to PP”

The relationship for viscoelastic heating [37] requires the value of loss modulus which is
higher for ABS than that for PP. This high value of loss modulus always assures the
consistent supply of heat at the weld interface. There is almost no chance of returning back
for vibrations during welding ABS owing to its higher loss modulus. Therefore, vibrations are
dissipated as heat owing to damping. This higher loss modulus also makes ABS a better
conductor of ultrasonic waves. Hence higher LSS was easily achieved for ABS by using even
low level of weld factors. Abrupt drop in LSS can be possible with high level of weld factors
because of heating too much above glass transition temperature of ABS. Therefore, FEA
results cover the hypothesis C for its sanction after having already checked it from DSC and

MFI results.

Hypothesis D

Hypothesis D states that “EDs made of ABS have higher heat distortion temperature (HDT) &

higher loss modulus than those for PP”

Although FEA results suggest achieving higher temperature values for ABS with both EDs,
molten ABS has higher viscosity. Also high viscosity of ABS can result in lower collapse of ED
except for very few cases where the welded joint has shown complete ED collapse. High loss
modulus does not ensure high collapse of ED for ABS as loss modulus is not dependent on
the temperature and it is a material property. The heat distortion temperature (HDT) of ABS
is also higher than that of PP implying that distortion rate of ED under ultrasonic vibration is
not higher for ABS than that for PP. Hence higher HDT and higher viscosity can yield lower
ED collapse finally for ABS unless high level of weld factors is used which further proves the

hypothesis D from FEA results to some extent.

Hypothesis F

Hypothesis F states that “Role of static force is different for ABS due to its higher viscosity

and lower glass transition temperature.”
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MFI tests have evaluated a higher viscosity for ABS. From the FEA results it is clear that
higher temperature zones are possible at the weld interface for ABS. Viscosity drop is, in
fact, directly proportional to the temperature. On using the high level of static force, molten
ABS is expected to be pushed out of weld interface which is detrimental to bond strength.
Hence the bond strength is controlled by lowering the static force to ensure bond
improvement offering a better resisting area. Henceforth FEA proves partially the

hypothesis F once again after having proved it from MFI results.

Hypothesis G

Hypothesis G states that “Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes”

In this study, high temperature regions were observed for ABS from FEA results. At high
amplitudes, high temperature is confidently expected to exceed the softening temperature
of ABS. Hence good bond strength is expected at higher amplitudes first of all. But this LSS
seems to be flattened at high amplitudes. One of the possible reasons of this smoothness is
development of nearly same temperature at weld interface by using high amplitudes. This
temperature results in similar flow of molten ABS and similar resisting area. Same shear
force is also required to break bond area thereby resulting in almost similar LSS. Hence this
hypothesis is again somehow approved after being partially sanctioned by DSC and MFI

results.

8.6.2. pp

Hypothesis A

Hypothesis A puts forward that “ABS is an amorphous thermoplastic with higher tensile

strength than that of PP”

From FEA results, it is easily observed that temperature is lower for PP than that for ABS by
using both TRI and SEMI ED with high levels of weld time and static forces. For instance,
with SEMI ED and high levels of weld factors (2000N and 1.5 sec), the possibility of acquiring
the highest temperature is 200 degree C. But this is not true for lower levels of weld factors

e.g. 1500N and 1sec etc. Hence resulting temperature almost struggles to reach the sharp
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melting point of PP i.e. 165 degree C which results in an overall lower LSS by using SEMI ED.
This difficulty in reaching the melting point of PP suggests setting different weld factors for
this semicrystalline material. In this work, SEMI ED was found to contribute its utmost
empirically to obtain higher LSS for PP. But an overall lower LSS is also expected for lower
level of weld factors from simulation’s results which again proves the hypothesis A to some

extent after its partial approval from DSC and MFI results.

Hypothesis C

Hypothesis C declares that “Welding temperature is more conveniently attainable for ABS

owing to its higher loss modulus as compared to PP”

In this research, an overall difficulty in welding PP was observed with low levels of weld
factors. Low levels of weld factors for PP always struggle to reach the melting point of PP
leading to no or little melting of PP. Even at high levels of weld factors, most of the
ultrasonic energy is expected to return back owing to higher storage modulus of PP resulting
in acquiring low bonding temperature. Hence this again proves somewhat the hypothesis C

from FEA results.

Hypothesis D

Hypothesis D states that “EDs made of ABS have higher heat distortion temperature (HDT) &

higher loss modulus than those for PP”

It is found that numerical/predicted temperatures are hardly touching the melting point of
PP. When reaching near the melting temperature, numerical temperature contributes in
sudden softening of material further flattening the ED without actually melting PP,
therefore, resulting in lower LSS. Heat distortion temperature (HDT) is the distortion rate of
a material at a particular temperature. It has already been known that the HDT is lower for
PP. So, higher collapse of ED is achieved ultimately with lower LSS. Henceforth hypothesis D

is also working well again for FEA results.

Hypothesis G

Hypothesis G suggests that “Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes”
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In this study, high levels of weld factors were necessary to obtain comparatively bigger
welded area and higher temperature regions for PP. At higher amplitudes, same shear force
for similar resisting area is found after testing bond strength acquiring ultimately the
stability of LSS. This is against the finding from literature[189]. So, hypothesis G seems to be

disproved here as well after having disproved from DSC and MFI results.

8.7. Summary

Thermal simulations were run in this chapter for registering temperatures at weld zone.
These simulated temperatures were finally validated by utilizing the ultrasonic welding rig.
Current FEA approach has a great potential to be used in future for ultrasonic welding of
thermoplastics. FEA results were also utilized to test a set of hypotheses for both ABS and
PP. Most of the hypotheses for both materials were partly proved with the aid of simulated

results hereby.
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CHAPTER 9 HIGH SPEED VIDEO CAMERA (HSVC)

9.1. AIM

This chapter presents an application of high speed video camera for measuring collapse of
energy director (ED). HSVC was also utilized to test few hypotheses relevant to the collapses
of EDs from both ABS and PP. Hypothesis D for both ABS and PP was tested hereby stating
that “EDs made of ABS have higher heat distortion temperature (HDT) & higher loss

modulus than those for PP”.

9.2. Methodology

High speed video camera is extensively used to record fast/high-speed phenomena in order
to analyse those events that occur too fast. A series of images are recorded at high frame
rate and played back in slow motion to permit the researcher to find interesting results.
When the images are played back in slow motion or stopped for investigation, amazing
details can be seen that remain unnoticed at ordinary speed. In fact, high speed video
cameras provide the researcher with motion analysis for various applications e.g. research
facilities, automotive industry, machine tools, etc. Likewise, ultrasonic welding is also a fast
welding process which takes less than a second to weld thermoplastic. In this work, HSVC
was used to record ultrasonic welding of both ABS & PP for different weld factors leading to

the measurement of ED collapse. Accessories of HSVC are shown in Figure 9.1.

In this work, it was expected that weld strength could be largely influenced by collapse of
ED. Various weld factors were employed in order to investigate the way ED collapses for
both ABS and PP during UWP, as shown in Table 9.3%, Collapse of different EDs was
measured with the help of Richmas software. Finally the relationship between LSS and ED

collapse was observed for both materials.

9.3. Variables used

Quality of recorded images can be affected by various factors. These factors involve setting
zoom, exposure time, depth of field, aperture, focus, window size and frame rate properly.

Size of objects is maximized to increase accuracy by using zoom. Moreover, the amount of

’Table 9.3 is shown at page 223.
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light entering the camera is reduced by using zoom. Higher exposure time increases the
brightness of images and produces better contrast of images. The amount of light entering
the camera is controlled by the aperture. Depth of field is the distance at which objects do
not lose focus. It is frequently convenient to zoom in an area and focus. Aperture setting is
usually a compromise between depth of field and exposure time. Window size limits the
number of images that may be stored. It is usually better to keep the window size as large as
possible. Frame rate is the number of frames that is recorded per second. A proper frame
rate strongly depends on the purpose of recording events. In this research, frame rate was
set equal to 1000 frames per second (fps) with window size equal to 512*256, as shown in
Table 9.1. Finally, the ED collapse is the dependent variable defined as distance between
specimens to be welded before and after welding. ED collapse will thoroughly be discussed

in current chapter.

Table 9.1 Variables Setting

Variable Numerical
Description
Frame Rate (fps) 1000
Window Size 512*256
Zoom, Focus, Depth of Field, Aperture, and Exposure Time .
. As appropriate
Settings

9.4. Description of procedure

In this research, Phantom 1 & 2 high speed cameras were employed to observe ultrasonic
welding for thermoplastics and to measure ED collapse. Photographic images could be
stored and played back for current analysis. It started working by fixing it on tripod and
placing floodlights to get fine details of images. Equipment and accessories required for
recording events are shown in Figure 9.1. An interface between physical camera and
especially designed laptop was made via Ethernet connection to acquire quick interaction of
ultrasonic vibrations on samples. Camera was fixed with lenses requiring aperture, zoom
and focus setting. After having set the lens, interface software, between physical camera
and laptop, was opened and rest of control was feasible through laptop. Window size was
kept large to get proper frame rate and good storage of recorded frames. Exposure time

was set to get considerable brightness of images and good contrast ultimately. Continuous
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recording was accomplished by triggering camera after the event happened. After capturing

event, cine files were converted into AVI files and finally into MPEG files.

To measure ED collapse, ultrasonic welding factors were also chosen for both ABS and PP
after setting variables for HSVC. For ABS, high level of weld factors was selected which
resulted in higher LSS and higher collapse. With PP, both high and low level of weld factors

were selected because of expecting higher collapse on utilizing them, as can be seen in

- Floodlight(s) P e, -';;‘4:"!-_

= o ' T a
. \
" . ’ Power Pack -
Loy {laptop) o

Table 9.3.

I » Power Pack
s {camera)

Ethernet Connection

Figure 9.1 Equipment and accessories required for filming

The way of measuring ED collapse, as shown in Figure 9.2, requires a reference on any frame

to convert pixels into millimetres (mm) by using MPEG analyser i.e. Richmas software.
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Sonotrode

Figure 9.2 Method of calculating ED Collapse

The point R represents any random reference e.g. sonotrode diameter, on a particular
frame. This gives the pixels’ information in X or Y direction. For instance, it is known that the
base of TRl or SEMI ED is equal to 6 mm, as exhibited earlier in Figure 4.3. To convert pixels
into mm, it is needed to measure the pixels for two ends of base line of TRI ED in X axis. An
energy director collapsed is separately shown in Figure 9.3. Suppose, the reference R is
represented by a base line of TRI ED with vertices X1 and X2, as shown in Figure 9.3. From
Table 9.2, it is found that length of base line in pixels is 7.14. Since the actual distance
between X1 and X2 is 6 mm, it can easily be evaluated that what value of pixel is equal to 1
mm. Hence ED Collapse in mm is then calculated by evaluating the difference between
upper (U) and lower (L) points of ED. From Figure 9.2 and Figure 9.3, U is the half of the base
line of TRI ED, whereas L is in line with the apex of TRI ED. As far as U and L are concerned,

measurements of ED collapse will now be in Y axis.

X1 X2

Figure 9.3 Base line of TRI ED with vertices X1 and X2
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Table 9.2 Pixels to mm conversion

. . Length of base
Vertices Pixels line in Pixels
X1 263.81
X2 270.95 714

Hence collapse is generally the arithmetic difference between U and L in Y axis after
welding. Therefore, a state of full collapse is expected to occur if difference between points
U and L is nearly zero. A flow chart showing the steps for measuring ED collapse is shown in

Figure 9.4.

Selecting the particular 2D frame

from a video

Selecting geometrical segment in
the same frame e.g. Line

Measurement of pixels by a

specific software e.g. at two ends

of line

Converting pixels in to mm e.g.

by using known length of line

Ultimately, Measuring ED

Collapse in mm

Figure 9.4 Flow chart for measuring ED Collapse
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9.5. Results

In this HSVC analysis, effect of amplitude of ultrasonic vibrations on ED collapse was studied
due to its uniform impact on LSS for both ABS and PP, as discussed in sections 6.3.1 and
6.3.2. The relationship between amplitude and ED collapse is shown in Figure 9.5. The
highest collapse is not consistent with the high level of amplitude for SEMI ED, as illustrated
in Figure 9.5. From the data in Figure 9.5, consistently increasing trend of ED collapse is
found for TRI ED on increasing the amplitude. Moreover, welding energy associated with

each set of weld factors is also exhibited in Table 9.3. Relationship for calculating weld

energy has been shown in Table 3.1 under section 3.11.

Table 9.3 Weld factors which were used for HSVC analysis

Static Weld H.OId Material ED Amplitude *Weld
Sr.No. Force Time Time Type Type (um) Energy
(N) (sec) (sec) (J)
1 a 750 0.9 0.2 ABS SEMI 21 a(283.5)
1b 750 0.9 0.2 ABS SEMI 18.9 b(255.2)
1c 750 0.9 0.2 ABS SEMI 14.7 c(198.5)
2 a 1500 0.9 0.2 ABS TRI 21 a(567)
2 b 1500 0.9 0.2 ABS TRI 18.9 b(510.3)
2 ¢ 1500 0.9 0.2 ABS TRI 14.7 c(397)
3 a 1250 1.4 1 PP TRI 21 a(735),
3 b 1250 1.4 1 PP TRI 18.9 b(662)
3 ¢ 1250 1.4 1 PP TRI 14.7 c(515)
4 a 1500 1 1 PP SEMI 21 a(630)
4 b 1500 1 1 PP SEMI 18.9 b(567)
4 c 1500 1 1 PP SEMI 14.7 c(441)

*weld energy was calculated for each of three amplitudes i.e. a=21um, b=18.9um, c= 14.7um

Collapse, mm

Relationship between amplitude of vibrations and

N
o

o =
ok N

collapse at specified weld conditions

5 10 15 20
Amplitude of Vibrations, um

PP_4
——PP_3

———ABS_2
——ABS_1

Figure 9.5 Relationship between amplitude and ED Collapse
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9.6. Effect of ED collapse on LSS

9.6.1. ABS
Hypothesis D

Hypothesis D proposes that “EDs made of ABS have higher heat distortion temperature
(HDT) & higher loss modulus than those for PP”

From Figure 9.6, the relationship between ED collapse and LSS suggests that higher the
collapse, the greater will be the LSS for both types of EDs. The possible reasons for achieving
higher ED collapse are utilization of high level of weld factors and higher loss modulus for

ABS. Hence hypothesis D seems to be proved somehow here after having approved it by FEA

results.
Relationship between collapse and LSS
12.00
10.00 /
S 8.00
2
E 6.00 —®
4 ® ABS
2.00
0.00 ® ; . .
0.00 0.50 1.00 1.50 2.00
ED Collapse in mm
Figure 9.6 Relationship between ED Collapse and LSS for ABS
9.6.2. PP
Hypothesis D

Hypothesis D specifies that “EDs made of ABS have higher heat distortion temperature
(HDT) & higher loss modulus than those for PP”

In this work, full collapse was frequently observed for PP by employing even low levels of
weld factors. On increasing amplitude from low to high level, a uniformly increasing trend of

collapse was obtained for both types of EDs. By plotting the relationship between LSS and
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ED collapse, it was again found rising consistently on increasing the collapse which was

further a function of amplitude, as shown in Figure 9.7.

Relationship between collapse and LSS

3.50
3.00
2.50
2.00 ¥

1.50
1.00 L 2 ¢ PP

0.50
0.00 T . 040 T .
0.00 0.50 1.00 1.50 2.00 2.50
ED Collapse in mm

g 2

LSS in MPa

Figure 9.7 Relationship between ED Collapse and LSS for PP

The overall LSS was found to be lower because of setting low levels of weld factors. Various
reasons needed to mention here for lower LSS e.g. lower heat distortion temperature for
PP, lower loss modulus, orderly molecular structure of PP and under melt situation at weld
interface by using low levels of weld factors. These findings do not only prove partially our
hypothesis D for PP but also indirectly insist us to set high levels of factors in order to get

higher LSS with higher collapse of ED. Hence hypothesis D is moderately validated by HSVC.

9.7. Summary

ED collapse was calculated by HSVC. Hypothesis D for ABS and PP was tested with the help
of HSVC. This hypothesis was proved somehow for both ABS and PP.
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10.1.AIM

In this chapter, microscopic study of weld zone is presented before and after breaking the
ultrasonic bond through tensile testing in shear. Chapter 6 also identified that various
hypotheses could be affected by weld morphology and microscopic studies. Current
microscopic study was performed to test those hypotheses i.e. D & E for both ABS and PP.
These hypotheses are presented as; (D) EDs made of ABS have higher heat distortion
temperature (HDT) & higher loss modulus than those for PP and (E) Crazing affects bond

fracture without influencing fracture mode for ABS and PP.

10.2.Methodology

A general account of microscopy can be seen in section 3.10.3. Optical microscopy (OM)
entails an object that is illuminated and the scattered light is collected by different lenses to
produce an image. Fine details can be revealed in the samples at a range of magnifications
2X to 2000X. The possibility of resolution is about 0.5 um depending upon the nature of
sample, the objective lens and the light wavelength. Information based on size, shape and
relative arrangement of visible features is obtained by optical microscope. A high quality
digital camera is typically used for recording images connected to a computer system for

image processing and analysis. A typical optical microscope is shown in Figure 10.1(B).

Moreover, a scanning probe and a focused electron beam are used by scanning electron
microscope (SEM) to form an image of the sample under investigation. If a sample is
impinged by an electron beam, the electrons are scattered through the sample within a
well-defined area that is called interaction volume. When interaction between electron
beam and sample is occurred, secondary electrons (of low energy) are often produced.
Development of these secondary electrons is usually used to form a SEM image. SEM can
result in higher resolution and much larger depth of field as compared to incident light
optical microscope. The specimen chamber is larger in SEM and larger samples can be used.
Conductive coating is required by non-conductive materials during sample preparation. SEM
images are interpreted conveniently and qualitatively. A simple diagram of SEM is illustrated

in Figure 10.1(A).
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Figure 10.1(A) Simple diagram of SEM[197]

In this research, the study of heat affected zone (HAZ) was done by optical microscope
before getting bond fractured. And the microscopic study of fractured surface was
accomplished by both optical microscope and SEM after the bond ruptured i.e.

fractography.

Moreover, this chapter is divided into two sections i.e. study of HAZ and fractography owing

to difference in description of procedure for these two sections.

10.3.Variables used

An optical microscope is utilized to study the small samples. Quality of image examined
depends upon three main factors which include magnification, resolution and amount of
light. Magnification is usually associated with lens making the object under investigation
appear bigger. If the magnification is lower, the sample will look smaller and more features
of it can easily be viewed. On the other hand, if the magnification is higher, the sample will
appear larger and less features of it may be seen. Magnification can be varied by using a
particular lens type. Resolution is a variable on which fine details of a sample depends. High
magnification does not yield high resolution. Resolution can be improved by fine and coarse
adjustments (4-5 in Figure 10.1(B)) that are used to bring the image into focus. Resolution
can also be modified by adjusting the contrast which distinguishes the sample from the
background. A diaphragm (8) is also employed by optical light microscopes in order to

control the light which comes in.
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Figure 10.1(B) Optical Microscope[198]

As far as SEM is concerned, a better SEM image may often be attained by understanding the
effect of various variables. Some crucial variables comprise condenser lens current (CLC),
stigmatism, working distance and accelerating voltage. In practice, adjustments can be
made in order to achieve a balance between these SEM variables. Condenser lens current
varies the diameter of electrons beam or spot size which is used to scan the sample. When a
CLC is increased, smaller spot size and better resolution are achieved. However, beam
current will be reduced by increasing CLC. In other words, lower beam current means that
fewer electrons interact with sample thereby resulting in fewer secondary electrons which
are used to form an image. Therefore, a correct tradeoff between CLC and beam current is
needed to obtain. Distortions in spot roundness are controlled by stigmator knob. In Latin,
Stigme implies ‘mark’ or ‘spot’. When electron beam is not round e.g. elliptical,
unimportant information may be obtained which is called the astigmatism. Working
distance is the distance between final condenser lens and the sample. Effect on spherical
aberration and resolution of image is expected by changing the working distance. Spherical

aberration is associated with the geometry of electromagnetic lenses.
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When working distance is reduced, effect of spherical aberration will be less and resolution
will finally be improved. Accelerating voltage is a higher voltage applied to the filament.
When this voltage is applied with a small current, the electrons will be caused to leave the
filament. The accelerating voltage often set in SEM varies between 5KV and 20KV.
Holistically, if accelerating voltage is increased, the spherical aberration is reduced to give
optimal resolution. However, interaction between electron beam and sample may badly be
affected by this increase in accelerating voltage. This effect needs to be properly adjusted
for samples with low atomic number e.g. biological samples. Hence an appropriate balance
among SEM variables is needed to form the best image. Moreover, some of these SEM
variables can also be generated on SEM images while SEM has been utilizing. From Figure
10.2, 20mm is the working distance, 20KV is the accelerating voltage, bar is 10um and

magnification is x600.

Figure 10.2 Variables used for a particular SEM image

Lap shear strength can be affected by several dependent variables e.g. HAZ thickness, weld
fracture features and pit depth. Optical and SEM microscopes can be utilized to find the

relationship between weld factors, dependent variables and LSS. Different welding
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conditions produce different properties of bonds having great impact on microstructure of
welded joints. Therefore, microscopic study of welded joints is crucial to understand the
links between weld factors and weld strength. Dissimilar weld factors generate different
sizes of HAZ in thickness direction of specimens that are called the HAZ thicknesses, as
shown in Figure 10.4(B). When testing in shear, the welded samples result in fracture
surfaces. Crazes are the main source of weld fracture. Microscopic study of fractured joints
is called fractography. Pit depth is the penetration of ED into the specimens during welding.

These pits can be analysed after testing bond strength of welded specimens.

10.4.HEAT AFFECTED ZONE (HAZ)
10.4.1. Description of procedure for studying HAZ

In this study, bond features were analysed before fracture (i.e. HAZ) resulting from weld
factors which produced high LSS. A microscopic investigation of weld zone was planned
using extensively POLYVAR MET Reichert-Jung optical microscope, as exhibited in Figure
10.3.

Figure 10.3 POLYVAR MET Reichert-Jung optical microscope

After welding PP and ABS ultrasonically, HAZ was identified either by examining the gap
between lower and upper specimen or by finding the molten material which came out of
the weld zone. In case of PP, HAZ was really obvious due to its transparent appearance.

Welded specimens were cut from four sides via two cutters, as shown in Figure 10.4 and
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Figure 10.4(A). HAZ was clearly exposed after properly cutting the welded samples. These

samples prepared were microscopically observed by using optical microscope.

First Cutter Second Cutter

Upper Specimen

Heat Affected Zone
Lower Specimen

Figure 10.4 Cutting procedure of welded joint for ABS

Heat Affected Zone

Figure 10.4(A) HAZ
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» i
HAZ Th‘;ckness

Figure 10.4(B) HAZ Thickness

A specimen is located on a stage (6 in Figure 10.1(B)), as shown in Figure 10.1(B), which
often has metal clips to hold the sample in place. Two types of lens are frequently used in
microscopes ocular lens (1) (that is looked through) and objective lens (3) that is usually
attached with the rotating nose piece (2). In general, two magnifications of lenses were
used throughout current optical microscopy i.e. 5 and 10 in an effort to attain better

understanding of HAZ, as written in Table 10.1.

Table 10.1 Variables for optical microscope

. N ical
Variables umerica
Description
Objective Lens 5& 10
Resolution As Appfoprlatg in
; accordance with
Setting : .
sample dimensions
Diaphragm As Appropriate in
; accordance with
Setting : .
sample dimensions

Various measurements related to HAZ thickness were obtained by using bar scale on
captured images and vernier callipers, as shown in Figure 10.5. Moreover, 5 and 10
magnifications of lenses are graphically presented by 200 um and 100 um bars respectively
on each captured image. In this optical microscopy, resolution and diaphragm settings were

made in accordance with the sample dimensions to acquire the best and detailed images.
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Vernier Callipers

HAZ on a sample side

Figure 10.5 Measurement of HAZ thickness with vernier callipers

After being cut, the samples were examined microscopically at four available sides, as
illustrated in Figure 10.6. Area of any parallel sides of prepared samples was almost equal

whereas the area of any adjacent perpendicular sides was always different.

Upper Specimen A
TRI_ED Collapse during welding

TRI?ED___before welding TRI_ED after welding

Lower Specimen

i
Upper Specimen B

TRI_ED Collapse during welding
/7 TRI_ED before welding

— v

L

/7 TRI_ED after welding

:” - :| |

Lower Specimen

|
y |
\_
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Microscopic Lens

HAZ after ED Collapse

Second Parent Sample

First Parent Sample

Sidel Sliced Welded Sample

\ Side3

Figure 10.6(A, B&C) Anatomy of Ultrasonic HAZ

10.4.2. Results

Table 10.2 shows effect of weld factors on HAZ thickness from four available sides for both

thermoplastics.

Effect of HAZ on LSS

Hypothesis D states that “EDs made of ABS have higher heat distortion temperature (HDT) &

higher loss modulus than those for PP”

From Table 10.2, it is quite clear that the LSS for ABS is much higher than that for PP. Higher
ED collapse implies the lower HAZ thickness. In this work, higher HAZ thickness was found
for PP instead of ABS because of using low level of weld factors. In fact, it was expected that
higher ED collapse would be obtained due to lower HDT and lower loss modulus for PP.
Higher LSS was observed for ABS with lower HAZ thickness (i.e. higher ED collapse) but

lower LSS was evaluated for PP with higher HAZ thickness (i.e. lower ED collapse) at same

234



CHAPTER 10 MICROSCOPY

amplitude and ED, as exhibited in Table 10.2. Hence hypothesis D seems to be approved for

ABS and disproved for PP.

Table 10.2 Weld factors and HAZ Thickness

Serial || Material ED Static V\.Ield Amplitude .HAZ SIL'naeI;r
No. Type Type F?Izc)e {;?ce) (um) Th(';:(r:?ss Strength

(MPa)

1 PP SEMI 1750 1 18.9 0.9 1.14

2 PP SEMI 1750 1 21 0.7 0.99

3 ABS TRI 500 0.9 14.7 0.4 12.3

4 ABS TRI 500 0.9 21 0.6 10.5

5 ABS TRI 500 0.9 18.9 0.61 8.85

6 ABS SEMI 1500 0.8 21 0.20 8.63

7 ABS SEMI 1500 0.8 18.9 0.25 7.97

The relationship between LSS and HAZ thicknesses for both PP and ABS is also plotted, as
depicted in Figures 10.7 to 10.9. From Figure 10.7, a direct relationship is found between

LSS and HAZ thickness for PP. An inverse relationship is observed between LSS and HAZ

thickness finally for ABS, as can be seen from Figure 10.8 and Figure 10.9.

LSS in MPa

Relationship between HAZ thinckness and LSS
(PP with SEMII ED)

1.15 -

1.05 A

0.95 -

0.9

0.9

0.7

HAZ Thickness in mm

Figure 10.7 Relationship between LSS and HAZ thickness for PP (Sr. No. 1 & 2 of Table 10.2)
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Relationship between HAZ thinckness and LSS
(ABS with TRI ED)

LSS in MPa

[ Sy
ORNWRARUIOANOWOLORNW

0.4 0.6 0.61
HAZ Thickness in mm

Figure 10.8 Relationship between LSS and HAZ thickness for ABS (Sr. No. 3, 4 & 5)

Relationship between HAZ thinckness and LSS
(ABS with SEMII ED)

LSS in MPa

ORLNWAUIONOO

0.2 0.25
HAZ Thickness in mm

Figure 10.9 Relationship between LSS and HAZ thickness for ABS (Sr. No. 6 & 7)

Heat affected zones (HAZES) for serials 1, 2, 3, 4, 5, 6 & 7 respectively of Table 10.2 are
shown in Figures 10.10 to 10.16.
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Figure 10.10(A&B) HAZES viewed from sidel for Serial No.1
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Figure 10.11 HAZ viewed from sidel for Serial No. 2
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Figure 10.12 HAZES viewed from side3 for Serial No. 3
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Figure 10.13(A&B) HAZES viewed from sidel for Serial No. 4
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Figure 10.14 HAZ viewed from side4 for Serial No. 5
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Figure 10.15(A&B) HAZES viewed from sidel for Serial No. 6
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Figure 10.16(A&B) HAZES viewed from sidel for Serial No. 7
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10.5.FRACTOGRAPHY

In this research, fracture analysis or fractography was achieved to test again a hypothesis for

both ABS and PP. Hypothesis E was checked for ABS and PP.

10.5.1. Brief Literature Review

The fractography of polymers depends upon material macrostructure, microstructure, stress
environment, time and temperature. Fracture of polymeric components is commonly a
macroscopic term emerging from sequences of microscopic and sub microscopic procedures
[166]. Fractography is studied to explore the welding, loading and environmental conditions

which produce fracture by interpreting the visual appearance of fractured parts [166].

Previous studies have reported that stress crazing, stress cracking, and stress whitening
have great impact on weld failure. Various features are observed on the fractured surfaces
e.g. mirror zone, mist region, hackle region, wallner lines, parabolic markings and rib

markings [166].

Fractography gives lot of hints about the causes of fracture. Fractography is not merely an
examination of fractured surface but it has the ability to give crucial clues about the state of

stress which causes crack initiation and growth to ultimate failure.

Structure, loading conditions and temperature affect the mechanisms of ductile fracture
(fracture with plastic deformation) and brittle fracture (fracture with little or no plastic
deformation) on loading. Deformation is generated by viscoplastic flow processes in
thermoplastic polymers. Thermoset plastics are usually brittle. Viscoplastic deformation is a
strong function of temperature and strain rate. Plastic flow in polymer leads to bond
rupture, shear sliding, chain straightening and chain alignment in the direction of load.
Strain rates may also affect plastic flow. Moreover, application of load on perpetual basis
results in formation of crazes. Crazes are crack predecessors. Formation of cavities in
polymers points to plastic deformation. Instead of coalescing into a crack, the micro voids
are stabilized by fibrils which comprise polymer. This region of voids and fibrils is collectively

called as a craze. Crazing is usually observed in polymers which have long chains. Crazing
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fibrils are shown in Figures 10.23 to 10.26°. In the absence of long chains, it is impossible to
have fibrils which surround the craze and to stop the exchange of crazes into crack-
formation. Amorphous polymers are considered to have crazing on stressing which leads to
their deformation. Semi-crystalline polymers have also been thought of getting crazing
found and even in thermosetting resins [166]. Crake formation from a craze is shown in
Figure 10.17. Resemblance to Figure 10.17 from current research is exhibited in Figure

10.22%,

Figure 10.17 Crack formation from a craze [166]

10.5.2. Description of procedure for fractography

After investigating the HAZ, fracture analysis was planned to be conducted for ABS and
Polypropylene. In this study, ABS and polypropylene were welded ultrasonically and tested
for their lap shear strength (LSS) which resulted in a complete fracture. Selection of
ultrasonic weld factors for fractography depended on their contribution to either make

necessarily good bond or acquire better weld strength.

In this fracture analysis, cutting procedure and anatomy for fractured samples were almost
similar to what were adopted in HAZ analysis except only one fracture side was under

investigation. Cutting procedure for fractured surface is illustrated in Figure 10.18.

3 Figures 10.23 to 10.26 are illustrated one by one from page 250 to page 252.
4 Figure 10.22 is available at page 249.
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Fractured Surface —
L3

N
N
“— Second Cutter

First Cutter —

Figure 10.18 Cutting of fractured surface for PP

The fractured surfaces after cutting were observed by using optical microscope (OM)
(POLYVAR MET Reichert-Jung) and scanning electron microscope (SEM) (JEOL JSM 6400), as

shown in Figure 10.19.

Figure 10.19 SEM (JEOL JSM 6400) [199]

Cracking in thermoplastics can be addressed to some extent by inspecting their visual
appearance. But micro crack may best be examined by using either optical microscope or

scanning electron microscope. In this research, optical microscope was extensively used
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because it was most appropriate for our studies. SEM was also used to gain additional

information where necessary.

In present fracture analysis, although procedure for optical microscopy of fractured surfaces
was the same, as discussed earlier in section 10.4.1, description of procedure for
fractography with SEM must be described here. For SEM, a necessary sample preparation
was done for fractured surfaces of ABS and PP. Moreover, polymer samples prepared were

coated by gold before utilizing SEM.

A brief account of coating gold on fractured sample has been presented here. In this SEM
imaging, samples and sample platform were cleaned using acetone after cutting the
samples. Any contamination on broken sample surface was removed by this cleaning
activity. Sample and its platform were then dried in a dryer. The neat samples were

pasted/stuck on the platforms by using sliver dag, as shown in Figure 10.20.

Figure 10.20 Gold Coated and Pasted Samples on SEM Sample Platform

Having been cleaned, stuck and placed on the platform, the sample was now ready to be
gold coated. Sample stuck was taken to the gold sputtering machine, as shown in Figure
10.21. Sample was gently and safely placed in coater. Gold coater was turned ON for coating

after switching ON the pump.
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Figure 10.21 Gold Sputtering Machine

JEOL JSM 6400 (SEM) was firstly turned ON. Gold coated sample was then placed heedfully
according to operating manual of SEM. After locating sample, a proper working distance
(that involves switching ON the TV monitor) and accelerating voltage were set. Digital
imaging was started after astigmatism correction as per instructions of manual. Sample was

removed after capturing the SEM images.

10.5.3. Results

In this research, welded samples were acquired by utilizing ultrasonic weld factors, as
shown in Table 10.3. Fractured surfaces were obtained after testing these welded samples

for LSS. Fractured surfaces were finally analysed by microscopes.

Table 10.3 Weld factors for fractography of welded specimens

Material ED Static \A{eld Amplitude Lap Shear
Sr. No. Type Type Force Time (um) Strength
(N) (Sec) (MPa)
1 ABS TRI 1500 0.9 21 11.4
2 ABS SEMI 1500 0.8 18.9 7.97
3 PP TRI 1000 1.5 21 1.23
4 PP SEMI 1750 1.0 18.9 1.14
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Figure 10.23(A&B) Microscopic pictures of crazing fibrils for ABS

100 pm

Figure 10.24 Microscopic pictures of crazing fibrils for PP
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Figure 10.25(A&B) SEM images showing crazing fibrils for Serial No.3
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Crazing Fibrils

BRa, "

12 mm

Figure 10.26 SEM image showing crazing fibrils for Serial No.4

Effect of fracture mode on LSS

Hypothesis E suggests that “Crazing affects bond fracture without influencing fracture mode

for ABS and PP”
In this work, three modes of fractures were possible during testing of bond strength.

1. Ductile Fracture [166]
2. Brittle Fracture [166]

3. No Fracture

When the specimens were fractured in ductile manner, higher LSS was expected for both
materials, whereas brittle fracture resulted in comparatively lower LSS. When achieving no

fracture/failure of ultrasonic bond, the highest LSS was termed as high welding efficiency.

When fracture was investigated microscopically, crazing was definitely found there without

having effect on the fracture mode. When delivering high welding efficiency, the crazing
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occurred at a region away from the weld zone. Because ultrasonic bond was unbreakable

and fracture occurred near the clamping points of lap shear joint, as shown in Figure 10.27.

Fracture near clamping point -

Unbreakable bond

Figure 10.27 Fracture for unbreakable bond

In this fractography, ABS and PP expected to show ductile fracture [166] were utilized. It
was also expected due to the shape of ultrasonic bond i.e. localized bonding at specific area
that both modes of fracture were possible on shear testing. That was why; there were some
cases relevant to both ABS and PP which showed sudden fracture i.e. brittle fracture. This
was due to the reason that fracture of virgin polymer having dog-bone shape may be

definitely different than that of welded joints.
Supportive findings to approve hypothesis E

In this work, following features on fractured surfaces were found helping support the

hypothesis E for ABS and PP.

1. Presence of more than one HAZES (Heat Affected Zones)
2. Sharp Edges’ Intervals
3. Blisters or bubbles in PP material

4. Beast mouth fractured site, rock like fractured location, and horn like shapes in PP

Presence of different HAZES was found owing to variation in temperature at weld zone as a

result of different weld factors, as exhibited in Figure 10.28.
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These HAZES are considered to be major causes of ductile fracture for both ABS and PP
because each HAZ contributes to shear when shear force is applied on a lap shear joint.
After failure of any HAZ, next HAZ comes in to resist facture which gives rise to a ductile

fracture.
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Figure 10.28(A&B) Two HAZES viewed from sidel for PP

As illustrated in Figure 10.29, sharp edges’ intervals were also observed microscopically

which were present due to the sudden fracture/brittle fracture.
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Figure 10.29 Sharp edges for PP
Presence of bubbles/blisters

Blisters and bubbles were observed in both ABS and PP owing to the interaction of molten
plastic with atmospheric air, as exhibited in Figure 10.30. Air was entrapped by molten
thermoplastic from atmosphere before and during welding. So, it is always good to properly
take care of preventing the atmospheric air from entering molten polymers. These blisters

and air bubbles can greatly turn the failure mode into brittle one.
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Figure 10.30 Bubbles and blisters

Presence of beast mouth fibril

Beast mouth micro fibril was the result of brittle fracture in case of PP, as depicted in Figure

10.31.
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Figure 10.31 Beast mouth micro fibril

Presence of rock like micro fibril

Rock like fractured micro fibril was due to again brittle fracture, as represented in Figure
10.32. And this form of micro fibrils might be due to that part of weld zone that showed

great resistance to shear forces in acquiring fracture.
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Figure 10.32(A,B&C) Rock like fractured micro fibril

Presence of horn like fibrils

Horn like fibrils (another form of micro fibrils) was again originated by brittle fracture, as

shown in Figure 10.33.
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=B mm

Figure 10.33(A&B) Horn like fibrils
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Hence hypothesis E for ABS and PP is moderately accepted with the support of

fractography.

Effect of pit depth on LSS

After testing the bond strength, another aspect of fractured surfaces was inspected with
unaided eyes for both materials. This was called the pit depth. Pit depth is the penetration

of ED into the specimen during welding.

In this study, pit depth at the weld zone was concluded to have direct relationship with the
LSS. In order to understand this, let us assume that 1 mm thickness of parent material is
equal to 1000 micro meter layers. Our each sample has 2 mm of overall thickness. So, 2 mm

will contain 2000 layers of thickness 1 micro meter.

In this research, range of pit depth was found out with vernier calliper using more than 5
samples for both materials. Pit depth of fractured surfaces was fluctuated from 0.00 to 0.80
mm and from 0.00 to 0.40 mm mostly uneven for ABS and PP respectively, as shown in
Figure 10.34 and Figure 10.35. In other words, maximum pith depth was acquired for ABS
after tearing away up to 800 micro layers by a set of weld factors. Maximum number for PP
reached up to 400 layers. Weld factors resulting in no weld were not able some times to
tear even a single micro layer properly. Hence for those factors, pit depth was assumed to

be zero for both ABS and PP.

Figure 10.34 Pit depth for ABS
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Figure 10.35 Pit depth for PP

10.6.Summary

HAZ and fracture analysis were performed to test the hypotheses D&E respectively for both
materials i.e. ABS and PP. Optical microscope (OM) and scanning electron microscope (SEM)
were used to study the HAZ and fracture surfaces. Ductile fracture resulted in higher LSS
than that of brittle fracture. Fractured surface features were also deliberately investigated
for their contribution towards fracture mode. These features included presence of more
than one HAZES, air bubbles, blisters, sharp edges, rock & horn like fractured edges etc.
Both hypotheses D&E were tested by microscopic results. Hypothesis E was verified for both

ABS and PP. Although hypothesis D was approved for ABS, it was disproved for PP.
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CHAPTER 11 GENERAL SUMMARY OF HYPOTHESES TESTING

11.1.AIM

Previous chapters involve hypothesizing various interesting results and testing these
hypotheses. In this section, a general summary is intended to amalgamate the results from
testing those hypotheses helping draw the inclusive picture of their approval or disapproval.

In this study, hypotheses A to G were checked for both ABS & PP.

11.2.Hypotheses Testing Methods

In current study, several state of the art tools were used in order to investigate the
hypotheses which were set out at the end of Chapter 6. Differential scanning calorimeter
(DSC) was used to obtain the thermal characteristics of ABS and PP and melt flow index
(MFI) was measured by MFI tests. High speed video camera (HSVC) was used to determine
the collapse of energy directors, finite element analyses were conducted to find out the
temperature information at weld interface for both materials and microscopy was used to
determine the thickness of heat affect zone (HAZ) and to study the various features on

fractured surfaces.

11.2.1. Hypothesis A

Hypothesis A declares that “ABS is an amorphous thermoplastic with higher tensile strength

than that of PP”

After welding ABS and PP ultrasonically, it was observed that the weld strength of ABS was
higher than that of PP at identical factors. Literature has also suggested this because of

following reasons:

Base material strengths for ABS and PP are 50 MPa and 41 MPa respectively. Literature
shows that bond strength has been found up to 25% and 11% of base material strengths for
both ABS and PP respectively. In present study, these percentages were observed to be 34%
of base ABS material and 14.63% for that of PP agreeing nearly with literature. Obtained

with higher strength of base material, higher LSS was expected for ABS rather than for PP.

However, as well as that, DSC (utilized in this work) showed that the lower softening

temperature of ABS was 103 °C which meant that ABS material started melting and flowing
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at a lower temperature during welding. From DSC results, a sharp and higher melting point

of PP was found i.e. 170.55 °C.

FEA results explored that higher temperature regions were obtained for ABS. These high
temperature zones achieved the glass transition temperature of ABS more quickly which
was necessary in acquiring sufficient bond strength. For PP, the results from FEA suggested
us that temperature reached the melting temperature slowly at weld interface resulting in

difficulty for PP to make a good joint.

As far as MFIl was concerned, this test showed higher value of viscosity for ABS at start i.e.
0.92 g/10 mins. But thanks to the higher temperature regions discovered by FEA, the ABS
fluidity was increased due to the viscosity drop at temperatures more than the softening
temperature of ABS, thereby resulting in better bond strength. Viscosity of PP was found to
be lower (i.e. 14.81 g/10 mins) differing from that of ABS and an advantage for PP until it

exceeded the under melt situation.

So, possibility of gaining high temperature at weld interface explored by FEA, lower
softening temperature of ABS which was determined by DSC and viscosity drop of higher

ABS viscosity from MFI proved that good bond strength could be obtained with ABS.

The danger of acquiring lower temperature states, sharp melting point and lower viscosity
for PP justified collectively that chances of difficulty in welding PP were higher until high
level of weld factors was utilized (this will be summarized in next paragraphs under
hypothesis C). DSC and MFI results backed well the results of FEA. So, MFI, FEA and DSC

altogether proved hypothesis A strongly for both ABS & PP.

11.2.2. Hypothesis B

Hypothesis B was deduced in an attempt to state the TRI ED as the best ED for ABS and SEMI
ED for PP in attaining higher LSS. It expresses “Volume of TRI ED is less than that of SEMI ED

resulting in high concentration of ultrasonic energy”

It was found that higher LSS was further likely with TRI ED for ABS and SEMI ED for PP.
Following possible reasons were found to use alternate ED from literature and current

experimental work:
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On comparing the TRI and SEMI EDs geometrically, the volume of TRI ED (90 mm?) is less
than that of SEMI ED (140.13 mm?). In ultrasonic welding of thermoplastics, heating
phenomenon occurs internally predominantly due to molecular friction rather than the
surface friction. An improvement in this heating source can increase the efficiency of
ultrasonic welding with minimum power input. TRl ED, therefore, is expected to produce

more concentrated heating at the weld zone due to its lower volume.

In this research, for ABS, this concentration of heat was good and beneficial in achieving
higher LSS owing to its amorphous structure, higher loss modulus and lower softening
temperature. Because heat concentration broke the random molecular bonds easily to

attain the molten state of ABS at weld interface.

However, in the case of PP, this heat concentration did not have a pronounced effect
because of its semi-crystalline structure, higher storage modulus and higher softening or
melting temperature. Heat concentration could not break the orderly chains of PP. Also
according to literature, storage modulus returns a portion of ultrasonic vibrations resulting

in lower heat development at weld zone.

In this study, heat affected zone was also analysed and results showed that this was higher
for SEMI ED than that for TRl ED using PP. HAZ was again higher for TRI ED than that for
SEMI ED after joining ABS i.e. opposite to PP. In other words, by delivering higher heat
concentration due to substantial supply of ultrasonic energy at EDs, higher HAZ was

obtained; this further resulted in higher LSS.

These results supported this hypothesis. Differences in material structure, viscoelastic and
thermal characteristics implied that highly concentrated energy produced a positive effect

on ABS and less influence on PP.

Concentrated energy also resulted in localized viscosity drop for ABS which was deemed to
be crucial in making a better joint. Lower volume of TRI ED did not generate concentrated

supply of heat for PP owing to different material properties and molecular structure of PP.

Based on FEA findings, higher temperature regions were further possible with TRI ED
contrasting with those of SEMI ED for ABS. This was again owing to the reason of lower

volume of TRI ED and concentrated supply of internal heating at a localized area.
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So, the flow requirements were fulfilled for molten ABS with the assistance of higher
temperature regions with TRI ED to develop a weld with higher LSS. From FEA results, high
temperature values up to 350 °C were possible for TRI ED than those for SEMI ED with PP

but these values were lower than those of ABS.

Also temperature at weld interface was striving to reach the softening temperature/sharp
melting point of PP at low level of weld factors. TRI ED was found to have good molten state
by utilizing high level of weld factors. But the heat affected zone was better for SEMI ED
than that for TRI ED thereby resulting in higher LSS for PP. Also TRI ED was achieving good
molten state for ABS unlike TRI ED for PP.

From literature, SEMI ED has been found to be the best option for ultrasonically welding
semi-crystalline thermoplastics in far field configurations [107]. In this research, the volume
of SEMI ED was higher than that of TRI ED, hence at high level of weld factors, better supply
of molten PP and better flow at weld interface were justifying the suitability of SEMI ED for
PP.

Hence FEA and MFI helped approve this hypothesis B for both ABS and PP to some extent.
Henceforth SEMI ED was declared the best ED option for PP even in near field ultrasonic

welding configurations.

11.2.3. Hypothesis C

Hypothesis C proposes that “Welding temperature is more conveniently attainable for ABS

owing to its higher loss modulus as compared to PP”

It was detected that welding temperature for ABS was more conveniently achievable than
that for PP which suggested us utilizing different factor settings for both ABS and PP. This

happened because of following reasons from literature and recent work:

FEA results for ABS displayed possibility of acquiring high temperature values at weld area.
Due to availability of higher temperatures for ABS, ABS was easier to weld. Accessibility of
right temperature was also guaranteed due to higher loss modulus of ABS. Hence FEA
discovered superior heating sections for ABS. Gaining welding temperature for PP was not
as easy as for ABS which was determined by FEA results. This was due to the crystalline

structure of PP, lower loss modulus of PP, higher sharp melting point of PP, and higher
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storage modulus of PP. As a result, there was also observed a struggle to reach the melting
temperature of PP where the phase change was expected to occur. This struggle was found
at its peak by setting low level of weld factors. Also from literature, the storage modulus of
PP is responsible for bouncing back a portion of ultrasonic vibrations without raising

temperature during welding.

On the other hand, DSC evaluated lower softening temperature for ABS. So, it was also
easier to change the phase for ABS at ED from glassy to rubbery during welding
ultrasonically. With low level of weld factors, it was difficult to weld PP because welding
temperature was not reaching the sharp melting point of PP at weld interface. In other
words, this was owing to the truth that softening temperature for PP was comparatively

higher than that for ABS.

MFI test found the higher viscosity for ABS than that for PP. Higher viscosity for ABS also
prevented the molten ABS from flowing properly on welding. But this problem was resolved
with the availability of high temperature values at weld area from FEA results. So, a better
bond strength was achieved finally. Fluidity of PP was better than that of ABS due to its
lower viscosity which was verified by MFI test. But this fluidity was expected to be lower if
PP was not melted properly on welding. After having attained the softening temperature of
PP with high level of weld factors, advantage of better flow of PP was always there to get a

better bond strength.

Henceforth by utilizing the high levels of weld factors for ABS, an over melt state was also
encountered leading to its detrimental effects on ultimate bond strength. This was due to
this reason that high level of weld factors for ABS was also considered to be low level of
weld factors for PP. In other words, a difference in setting dissimilar level of weld factors

was a distinguishing fact between ABS and PP.

This is the point where hypothesis C is different from hypothesis A. In other words,
hypothesis C justifies that why are different weld factors settings required for welding both
ABS and PP?, Whereas hypothesis A justifies that why does higher bond strength achieve

with ABS rather than with PP?
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At the end, this hypothesis C was checked by FEA, DSC and MFI. All three testing methods in

combination assisted somehow to approve this hypothesis C for both ABS and PP.

11.2.4. Hypothesis D

Hypothesis D states that “EDs made of ABS have higher heat distortion temperature (HDT) &

higher loss modulus than those for PP”

It was noticed that ED from ABS resulted in higher LSS than that from PP at same level of
weld factors. Following were the reasons of this difference in LSS values for both ABS and

PP:
In this work, FEA, HSVC and microscopy tested this hypothesis.

High speed video camera was used to quantify collapse. For ABS with TRI ED, it was found
that higher LSS of 11.34 MPa was achieved at high level of weld factors with collapse of 1.81
mm. Lower LSS of 3.6 MPa was obtained at lower level of weld conditions which gave a
collapse of 0.043 mm. For ABS with SEMI ED, LSS and collapse were found to be 7.36 MPa
and 0.471 mm at high level of weld factors & 6.41 MPa and 0.203 mm at low level of weld

factors respectively.

For PP with TRI ED, by using high level of weld conditions, a collapse of 1.93 mm was
obtained which delivered an LSS of 3.2 MPa and a collapse of 1.66 mm with no weld at low
level of weld factors. For PP with SEMI ED, collapse of 2.03 mm with 1.11 MPa was achieved

by using low level of welding factors.

Thus it could be noticed that at different factors, with TRI ED the collapse of PP was higher
than that of ABS by 6.6 % and for almost same weld factors with SEMI ED, the collapse of PP
was much higher than that of ABS by 330 %. But the relationship between the degree of ED

collapse and LSS was direct for ABS and vice versa for PP.

Microscopy showed the effect of HAZ thickness for ABS with both EDs. An inverse
relationship between HAZ thickness and LSS was perfectly found. It implied that lower the
HAZ thickness, higher would be the LSS. Furthermore, the lower HAZ thickness implied the

higher ED collapse. Hence microscopic results seemed to be tied with HSVC results for ABS.

269



CHAPTER 11 GENERAL SUMMARY OF HYPOTHESES TESTING

As far as PP was concerned, with SEMI ED, higher HAZ thickness (lower ED Collapse) was

resulted in lower LSS with moderate weld conditions.

Difference between values of collapse for both materials was due to the difference in their
material properties e.g. loss modulus and heat distortion temperature. Heat distortion
temperature (HDT) is associated with the distortion rate of a material at a particular
temperature. And loss modulus is related to the energy dissipated as heat by applying

ultrasonic vibrations to the specimens.

For ABS and PP, HDT is 85 °C and 56 °C respectively. Similarly, the loss moduli for ABS and PP
are 0.42 GPa and 0.32 GPa respectively. Hence these both properties are higher for ABS
than those for PP. In other words, energy dissipation as heat is supposed to be higher for
ABS creating the molten state of ABS and the viscosity drop simultaneously. Lower loss
modulus means lower energy dissipation as heat which is totally insufficient for gaining the
molten state of PP. But lower HDT means higher possibility of ED complete collapse for PP.
In this research, owing to possibility of not reaching the melting point of PP, the
temperature at weld interface was not sufficient to melt properly the ED for low level of
weld factors. On the other hand, the temperature near melting point of PP resulted in

flattening of ED without actually melting it.

Attainment of molten state of ABS was also guaranteed because of high temperature
predictions from FEA results. Hence better bond strength was achieved. But due to higher
HDT for ABS, ED needed more heat to acquire its complete collapse. As far as PP was
concerned low levels of weld factors were expected to flatten ED without achieving melting

point of PP.

Collapse for PP was found to be higher than that for ABS at same weld conditions. Hence
higher collapse of ED was observed for PP without having substantial effect on LSS with the

low level of weld factors. Thus, a lower LSS was obtained.

Hence the ED collapse was found to be lower for PP than that for ABS at same weld factors
which resulted in disproving the hypothesis D until high level of weld factors was used for

both materials.
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11.2.5. Hypothesis E

Hypothesis E proposes that “Crazing affects bond fracture without influencing fracture

mode for ABS and PP”

In this research, it was found that the failure mode (ductile or brittle) for several types of
thermoplastics was not dependent on various micro level occurrences e.g. crazing. Crazing
was the main reason for fracture in thermoplastics. The failure mode depended on how did
the weld interface develop itself on welding? If the weld interface was achieving or
approaching the original material properties then a ductile fracture was expected. But if this
interface was lacking parent material characteristics then brittle fracture was resulted. LSS

testing was required to get an idea of the failure mode.

Ductile type of fracture was deemed to be the failure mode contributing more to achieve
higher LSS. In ductile fracture, a clear yield point was observed before rupturing weld for

evaluating LSS.

On the other hand, brittle fracture did not result in any yielding and abrupt fracture was
achieved rather. This type of failure mode delivered higher LSS but lower than that of

ductile fracture.

Both ABS and PP are included in ductile type of thermoplastics. In this work, if a bond broke
in ductile manner, it was expected that bond strength was approaching the original material
strength. But as far as brittle fracture was concerned, weld looked quite strong apparently.
But after testing for LSS, bond strength was found to be lower than that of parent material
strength. In other words, brittle mode of fracture did not reveal characteristics of original

material.

Crazing was identified microscopically by various other features on the fractured surfaces.
These features resulted from either ductile or brittle fracture with crazing as main failure
mechanism. For instance, fractography showed the presence of more than one HAZES at the
weld interface which was one cause of ductile failure. The presence of sharp edge’s
intervals, blisters, bubbles, beast mouth micro fibrils, rock like micro fibrils and horn like

micro fibrils was produced by brittle fracture.

271



CHAPTER 11 GENERAL SUMMARY OF HYPOTHESES TESTING

In this research, for ABS, it was expected that the ductile fracture achieved LSS up to its
maximum value i.e. 17 MPa. Brittle fracture resulted in LSS of 10 MPa or less than 10 MPa.
Similarly for PP, 6 MPa of LSS was achieved by ductile fracture and 3 or less than 3 MPa

resulted from brittle fracture.
Detailed discussion on crazing could be found in chapter 10 (section 10.5.1).

Current experimental study showed that three modes of fracture were found for both ABS
and PP which affected the bond strength. When the specimens were fractured in ductile
manner, higher LSS was expected for both materials, whereas brittle fracture resulted in
comparatively lower LSS. When achieving no fracture/failure of ultrasonic bond, the highest
LSS was termed as high welding efficiency. When fracture was investigated microscopically,
crazing was definitely found there without having effect on the fracture mode. When
delivering high welding efficiency, the crazing occurred at a region away from the weld
zone. Because ultrasonic bond was unbreakable and fracture occurred near the clamping

points of lap shear joint.

So, the crazing was the main cause of fracture without affecting the fracture mode. Hence

hypothesis E was approved to a reasonable degree for both ABS and PP.

11.2.6. Hypothesis F

Hypothesis F states that “Role of static force is different for ABS due to its higher viscosity

and lower glass transition temperature.”

As discussed in Hypothesis A, it was easier to obtain required weld temperature for ABS due
to its amorphous molecular structure. But, once this temperature was acquired, the ABS
viscosity fell abruptly which implied that low static force was needed to squeeze it fairly to

form a uniform HAZ. So, higher LSS was ultimately gained by low level of static force.

However, for PP, the viscosity was found to be lower but weld temperature was not
obtained as easy as with ABS owing to its crystalline structure until high level of static force
was utilized. So, once the welding temperature was attained, molten material started
flowing. A comparatively bigger HAZ was obtained due to high level of static force resulting

sometimes in high welding efficiency.
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Viscosity of both ABS and PP was observed to be dropped down which leaded to improved
LSS because of obtaining higher temperature at weld interface. Hence the role of static
force was different for ABS due to its higher viscosity. Probable reasons behind this viscosity
drop and role of static force were presented here with the support of both literature and

current experimental work:

For ABS, softening temperature was found to be lower and viscosity was evaluated to be
higher by using DSC and MFI respectively. The viscosity of PP was found to be lower which
was beneficial in welding PP specimens. Softening temperature for PP was found to be
higher from DSC results. Higher viscosity for ABS could originate flow issues in attaining a
proper ultrasonic bond. In other words, after acquiring the softening temperature of ABS, a
phase change was occurred from glassy to rubbery. But at this particular stage, ABS was not
having proper flow necessary for good welding zone. Hence a decrement in viscosity was
required by any way to attain the proper flow of ABS. This was done by ensuring high
temperature at weld zone with high level of welding factors. Over melt condition must be
properly taken into considerations when high level of weld factors was used. In other words,
higher viscosity of ABS was expected to be reduced to a greater extent by setting high level
of weld factors which generated higher temperature regions (from FEA results). For PP, FEA
results predicted comparatively lower temperature values at weld interface. There was a
problem welding PP ultrasonically in this context. Melting point of PP was either not
reached or never exceeded using low level of weld factors. Hence high level of weld factors
must be used in order to attain the phase change and melting state of PP. Once the proper

molten state of PP was achieved, lower viscosity could result in making a reliable bond.

After achieving the viscosity drop for ABS, the next stage was to prevent the molten ABS
from leaving the weld zone. This molten ABS required low level of static force in order to
protect it from being forced out of the welding area. Hence low level of static force was
necessary for ABS. But for PP, high level of static force was, still, required in order to achieve

the molten state of PP first.

MFI, FEA and DSC results tested this hypothesis F for ABS and PP in the light of above

explanation. These tests seemed to verify the hypothesis F to an acceptable degree.
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11.2.7. Hypothesis G

Hypothesis G states that “Almost same resisting area is expected to be produced at weld

interface by using higher amplitudes”

In current study, it was observed for both materials that LSS was going to achieve a constant
value at higher amplitudes. In other words, both materials strength seemed to attain
uniformity at higher amplitudes. For both materials, percent increase in LSS was also found

to be lower at higher amplitudes meaning that further increase in LSS was stopped.

Based on literature, viscoelastic heating has a direct relationship with the square of the
amplitude (please see the relationship for viscoelastic heating under section 8.3). Hence
substantial amount of heat is gained at weld interface by using higher amplitudes. Also

amplitude is found to significantly contribute in attaining higher LSS.

For ABS, softening temperature was easily achieved at higher amplitudes and viscosity was
also expected to be dropped to make a good bond. Possibility of attaining necessary

temperature was also higher at weld interface. Hence a better weld was obtained.

For PP, melting point was easily reached by utilizing higher amplitudes. Lower viscosity of PP
was an advantage. And FEA results also backed the convenience of acquiring melting point

of PP at higher amplitudes. Therefore, better bond strength was also achieved ultimately.

Applications of higher amplitudes suggested gaining the bonding temperature for ABS and
PP, therefore, causing to achieve almost similar resisting area and the shear force for

breaking the bond. As a result, uniform bond strength appeared at high amplitude settings.

These results appeared to support this hypothesis G somehow. This hypothesis was tested
by DSC, MFI and FEA. DSC, MFI and FEA proved this hypothesis for ABS to an acceptable
degree but for PP, this hypothesis was disproved by finding instability of bond strength in

literature.
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CHAPTER 12 CONCLUSION

Knowledge on welding thermoplastics ultrasonically is fairly limited needing to be improved.
The present study involves a comprehensive understanding of the UWP for thermoplastics

and the weld factors which affect the weld strength.

Ultrasonic welding of thermoplastics (ABS and PP) has been achieved with new specimen
and rig design. A matrix of experimentation has been planned and implemented for UW
with various weld conditions. Bond strength can be largely affected by the strain rate. Hence
a constant strain rate has been applied to determine weld strength in an attempt to
minimize the variation in bond strength’s data as much as possible. SEMI and TRI EDs have
been used in an effort to find their effects on LSS. There exists a clear difference in setting
weld factors for both ABS and PP. ABS needs low level of weld factors differing from PP that
requires high level of weld factors. Highest LSS has been possible for ABS with TRI ED and PP
with SEMI ED. ABS is easier to weld contrasting with that of PP due to its amorphous type of
molecular structure. Owing to higher base material strength (50 MPa) for ABS, bond
strength has also been expected to be higher for this type of thermoplastic. Maximum LSS of
17 MPa has been evaluated with ABS i.e. 34% of the parent material strength. On the other

hand, 6 MPa has been calculated for PP that is 14.63% of the original PP strength.

A GLM statistical analysis has been utilized to acquire meaningful information from the
welding results. All weld factors and their possible interactions have been found to be
significant after running the GLM analysis for both types of thermoplastics. The degree of
significance, to achieve higher LSS, can be categorised by using the F-Ratio which is
associated with each weld factor. Based on F-Ratio, weld time has been found to be the
most significant factor then ED, amplitude and so on for ABS. Similarly for PP, the most
significant factor has again been weld time and then the amplitude etc. That is why; an
improved LSS has been achieved at higher weld times. Moreover, weld time has been that
weld factor requiring different settings for each ABS and PP. For ABS, this time is 0.9 sec as
the maximum owing to its higher effect on LSS and greater than one second for PP in an
effort to have good weld strength. This is also owing to different material behaviour
(softening temperature, fluidity of material, HDT and dynamic moduli), that different

settings of weld factors have been essential in welding both types of thermoplastics.

275



CHAPTER 12 CONCLUSION

Present study has been completed to arrive at deeper analysis on ultrasonic welding of
thermoplastics gathering various interesting results. Taken together, these interesting

results suggest following vital conclusions:

1. Higher LSS is obtained for ABS than that of PP at same weld conditions.

2. TRIED is better for getting higher LSS with ABS than that of SEMI ED with PP.

3. ABS requires lower level of weld factors than that of PP resulting in higher LSS.

4. Higher ED collapse leads to higher LSS for ABS but opposite for PP at similar weld
factors.

5. Brittle and ductile fractures are observed for welded joints from both ABS and PP.

6. Lower static force is required to achieve higher LSS for ABS.

7. LSS is found to be stable at higher amplitudes for both ABS and PP.

Literature on ultrasonic welding has extensively been reviewed in getting detailed idea of
existing knowledge. Then, a range of hypotheses tested has been developed by

experimentation.

These hypotheses have been tested by various state of the art experimental techniques e.g.
DSC, MFI, HSVC, FEA & microscopy. These techniques have been used to find the reasons for
interesting effects. During a UWP, various technical considerations are needed at the joint
interface. These considerations consist of attaining right weld temperature (FEA and DSC
cover this), fluidity of molten specimen (MFI determines this), ED collapse (HSVC and
microscopy address this), viscoelastic and thermal properties of specimens to be joined.
Hence main causes of strong or weak joint comprising low or high level of weld factors, EDs,
fracture mechanism and ED collapse etc. have actually been explained by using the above

techniques.

Hypothesis A has been verified for the fact that higher LSS is achieved with ABS rather than
with PP. Difference in the softening temperature and molecular structure have been the
reasons for having difference in LSS for ABS and PP. Lower softening temperature of ABS
provides with better chances of complete welding. Hypothesis A suggests that ultrasonic

welding must be recommended perfectly for ABS more than that for PP.

276



CHAPTER 12 CONCLUSION

Energy director must be used to obtain desired weld strength. Moreover, geometry of ED
has a great impact on bond strength which varies from one material to another material.
Hypothesis B focuses on the role of ED geometry in achieving good weld strength. To weld
PP, SEMI ED is found as the ideal ED configuration for both near (from current work) as well
as far field (from literature) arrangements of ultrasonic welding. Near field and far field
weldings must also be recommended with current rig settings. But according to literature,

some problems may appear from far field welding of thermoplastics.

Hypothesis C addresses different settings of weld factors for both ABS and PP owing to their
dissimilar mechanical (viscoelastic) and thermal properties. In this context, ABS has again
been preferred to the PP owing to lower glass transition temperature of ABS. By delivering
ultrasonic vibrations to the specimens to be welded, role of complex moduli must be taken
into account for its contribution to the bond strength. For instance, ultrasonic vibrations
applied to a viscoelastic material result in two components of modulus to be there i.e. in
phase and out of phase. In phase component is called as storage modulus and out of phase
component is known as loss modulus. Evaluation of these dynamic moduli has been
considered essential in a struggle to know the behaviour of thermoplastic material to be
welded ultrasonically. In this study, ABS has higher loss modulus than that of PP, whereas
ABS has lower storage modulus than that of PP. Joint strength depends largely on the weld
temperature development at the weld interface. Due to higher loss modulus and lower
softening temperature for ABS, low level of weld factors is set for ABS and opposite for PP.
Hence knowledge of various material properties must be acquired before setting the right

weld factors for welding the material.

Hypothesis D addresses the effect of ED collapse on LSS for both materials. A direct
relationship has been found between ED collapse and LSS for ABS. But ED collapse does not
affect LSS for PP when low level of weld factors is used until high level of weld factors is
utilized. Also the ED collapse has been found to be lower for PP than that for ABS at the
same weld conditions. The difference in the values of ED collapse is associated with the
different HDT values for both ABS and PP. Hence this hypothesis appeared to be disproved

at low level of weld factors.
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Hypothesis E covers the effect of fracture mode on LSS. Microscopic phenomena have
resulted the bond fracture either in ductile or in brittle manner if welded joint is tested for
its strength. For instance, crazing is the main cause of bond fracture in thermoplastics and it
results in either ductile or brittle fracture which depends upon the weld morphology.
Therefore, crazing does not have major impact on the occurrence of failure mode. Each

fracture mode has a definite impact on the bond strength.

Hypothesis F suggests that sometimes low level of static force must be required to weld
different thermoplastics. Fluidity of material must also be known well before welding in
order to decide the levels of factors which are required to join specimens. For instance, if a
thermoplastic material has lower viscosity at weld interface during welding then low level of
static force is required in an effort to prevent the material from forcing out of the weld

interface.

Hypothesis G covers the finding of previous studies with respect to stability of bond strength
for ABS as contrary to PP. Current study proves this hypothesis for ABS but stability of bond
strength has also been obtained for PP at higher amplitude. Hence this hypothesis has been

disproved for PP.

All the hypotheses proposed seem to work well for both materials except hypothesis D & G.

These hypotheses have been tested by microscopic, DSC, MFI, HSVC & FEA results.

Ultrasonic welding has been a better welding technique to join various thermoplastics.
Ultrasonic welding appears to be flexible in accommodating new specimen design, rig
design and range of materials. The mould making activity and welding new materials can be
difficult and time consuming. Also using a new thermoplastic material leading to initial
experimentation can take considerable time in acquiring desired weld strength.
Furthermore, hypotheses testing have produced more confidence and reliance on GLM
analysis for both materials. Overall this present work has made a substantial progress in

getting more understanding about UWP for thermoplastics.

12.1.FUTURE WORK AND RECOMMENDATIONS

Whilst this research has made considerable improvements in our understanding of the UWP

for thermoplastics, further investigation can also be recommended in following areas:
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Hypothesis D has been tested by HSVC, FEA and microscopy. These testing tools approve the
hypothesis D for ABS and PP except for PP with low level of weld factors. Hence hypothesis
D does not hold true at low level of weld factors for PP. Further work should investigate this.
Other tools must also be used to test this hypothesis e.g. thermal imaging camera can be

used to identify the temperature variation at weld zone.

In fact, ED region has been a vital part of specimen design. In this context, right factor
settings, important material properties e.g. HDT, complex moduli, ED geometry, specimen
design and shape of sonotrode have affected the ED collapse which leads to ultimately

affect the LSS. Future work can examine various ED sizes and geometries.

Thickness of HAZ must be further researched in order to develop a certain relationship
between HAZ thickness and LSS. In doing so, different weld factors with suitable sample size
must be utilized for microscopic examination. This microscopic study must not be restricted
to just optical and scanning electron microscopes. X-Ray analysis, atomic force microscope
and other similar microscopic tools may be used because these give information of

molecular orientation at HAZ and surface morphology.

Hypothesis G has also been disproved contradicting the stable LSS for PP at higher
amplitudes in present study. This hypothesis addresses an important characteristic of
ultrasonic vibration i.e. amplitude. Hence sophisticated tools must be used to appropriately

monitor the effect of higher amplitudes on LSS.

Also various GLM results have not been included in the main body of thesis and are
presented in appendices C&D at the end. These include the parameter estimates and
prediction of LSS in the form of a general linear equation (slope-intercept form of linear
equation) [200] by considering all the factors of ultrasonic welding, as presented in appendix
D. Hence a researcher has also been allowed to predict an LSS with the support of main as
well as interaction of main factors without actually doing ultrasonic welding. This linear
model for both ABS and PP may be validated in future. Henceforth a considerable
contribution has been ensured to the existing knowledge of joining thermoplastics

ultrasonically.
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Current work can be expanded to join wider range of polymers e.g. high performance
thermoplastics i.e. amorphous (PEI, PSU, PPSU, PPE, etc.) and semi crystalline (PEEK, PPS,
PA, PBT etc.). This will further help recognize the potentials of present welding scenario with

proper industrial prospective.

Further research can also examine the potential of present UWP for high performance

composites, thermoset composites and dissimilar materials.
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APPENDICES

Appendix A

Matrices of experiments have been presented here for welding ABS and PP ultrasonically, as

shown in Table A.1 and Table A.2;

Matrix of experiments for ABS

Table A.1
sr. No. ED | Material Static Force Weld Time Hold Time Amplitude
(N) (sec) (sec) (nm)
1 SEMI ABS 500 0.9 0.2 21
2 SEMI ABS 500 0.8 0.2 21
3 SEMI ABS 500 0.7 0.2 21
4 SEMI ABS 500 0.6 0.2 21
5 SEMI ABS 500 0.4 0.2 21
6 SEMI ABS 750 0.9 0.2 21
7 SEMI ABS 750 0.8 0.2 21
8 SEMI ABS 750 0.7 0.2 21
9 SEMI ABS 750 0.5 0.2 21
10 SEMI ABS 750 04 0.2 21
11 SEMI ABS 1250 0.9 0.2 21
12 SEMI ABS 1250 0.8 0.2 21
13 SEMI ABS 1250 0.7 0.2 21
14 SEMI ABS 1250 04 0.2 21
15 SEMI ABS 1000 0.9 0.2 21
16 SEMI ABS 1000 0.8 0.2 21
17 SEMI ABS 1000 0.7 0.2 21
18 SEMI ABS 1000 0.5 0.2 21
19 SEMI ABS 1000 0.4 0.2 21
20 SEMI ABS 1500 0.9 0.2 21
21 SEMI ABS 1500 0.8 0.2 21
22 SEMI ABS 1500 0.7 0.2 21
23 SEMI ABS 1500 0.5 0.2 21
24 SEMI ABS 1500 0.4 0.2 21
25 TRI ABS 500 0.9 0.2 21
26 TRI ABS 500 0.8 0.2 21
27 TRI ABS 500 0.6 0.2 21
28 TRI ABS 500 0.4 0.2 21
29 TRI ABS 1000 0.9 0.2 21
30 TRI ABS 1000 0.8 0.2 21
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Sr. No. ED | Material Static Force Weld Time Hold Time Amplitude
(N) (sec) (sec) (m)
31 TRI ABS 1000 0.6 0.2 21
32 TRI ABS 1000 0.4 0.2 21
33 TRI ABS 1250 0.9 0.2 21
34 TRI ABS 1250 0.8 0.2 21
35 TRI ABS 1250 0.6 0.2 21
36 TRI ABS 1250 0.4 0.2 21
37 TRI ABS 750 0.9 0.2 21
38 TRI ABS 750 0.8 0.2 21
39 TRI ABS 750 0.6 0.2 21
40 TRI ABS 750 0.4 0.2 21
41 TRI ABS 1500 0.9 0.2 21
42 TRI ABS 1500 0.8 0.2 21
43 TRI ABS 1500 0.6 0.2 21
44 TRI ABS 1500 0.4 0.2 21
45 SEMI ABS 500 0.9 0.2 18.9
46 SEMI ABS 500 0.8 0.2 18.9
47 SEMI ABS 500 0.7 0.2 18.9
48 SEMI ABS 500 0.6 0.2 18.9
49 SEMI ABS 500 04 0.2 18.9
50 SEMI ABS 750 0.9 0.2 18.9
51 SEMI ABS 750 0.8 0.2 18.9
52 SEMI ABS 750 0.7 0.2 18.9
53 SEMI ABS 750 0.5 0.2 18.9
54 SEMI ABS 1250 0.9 0.2 18.9
55 SEMI ABS 1250 0.8 0.2 18.9
56 SEMI ABS 1250 0.7 0.2 18.9
57 SEMI ABS 1000 0.9 0.2 18.9
58 SEMI ABS 1000 0.8 0.2 18.9
59 SEMI ABS 1000 0.7 0.2 18.9
60 SEMI ABS 1000 0.5 0.2 18.9
61 SEMI ABS 1500 0.9 0.2 18.9
62 SEMI ABS 1500 0.8 0.2 18.9
63 SEMI ABS 1500 0.7 0.2 18.9
64 SEMI ABS 1500 0.5 0.2 18.9
65 TRI ABS 500 0.9 0.2 18.9
66 TRI ABS 500 0.8 0.2 18.9
67 TRI ABS 500 0.6 0.2 18.9
68 TRI ABS 500 0.4 0.2 18.9
69 TRI ABS 1000 0.9 0.2 18.9
70 TRI ABS 1000 0.8 0.2 18.9
71 TRI ABS 1000 0.6 0.2 18.9
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Sr. No. ED | Material Static Force Weld Time Hold Time Amplitude

(N) (sec) (sec) (m)
72 TRI ABS 1000 04 0.2 18.9
73 TRI ABS 1250 0.9 0.2 18.9
74 TRI ABS 1250 0.8 0.2 18.9
75 TRI ABS 1250 0.6 0.2 18.9
76 TRI ABS 1250 0.4 0.2 18.9
77 TRI ABS 750 0.9 0.2 18.9
78 TRI ABS 750 0.8 0.2 18.9
79 TRI ABS 750 0.6 0.2 18.9
80 TRI ABS 750 0.4 0.2 18.9
81 TRI ABS 1500 0.9 0.2 18.9
82 TRI ABS 1500 0.8 0.2 18.9
83 TRI ABS 1500 0.6 0.2 18.9
84 TRI ABS 1500 0.4 0.2 18.9
85 SEMI ABS 500 0.9 0.2 16.8
86 SEMI ABS 500 0.8 0.2 16.8
87 SEMI ABS 500 0.7 0.2 16.8
88 SEMI ABS 750 0.9 0.2 16.8
89 SEMI ABS 750 0.8 0.2 16.8
90 SEMI ABS 750 0.7 0.2 16.8
91 SEMI ABS 750 0.5 0.2 16.8
92 SEMI ABS 1250 0.9 0.2 16.8
93 SEMI ABS 1250 0.8 0.2 16.8
94 SEMI ABS 1250 0.7 0.2 16.8
95 SEMI ABS 1250 0.6 0.2 16.8
96 SEMI ABS 1000 0.9 0.2 16.8
97 SEMI ABS 1000 0.8 0.2 16.8
98 SEMI ABS 1000 0.7 0.2 16.8
99 SEMI ABS 1000 0.5 0.2 16.8
100 SEMI ABS 1500 0.9 0.2 16.8
101 SEMI ABS 1500 0.8 0.2 16.8
102 SEMI ABS 1500 0.7 0.2 16.8
103 SEMI ABS 1500 0.5 0.2 16.8
104 TRI ABS 500 0.9 0.2 16.8
105 TRI ABS 500 0.8 0.2 16.8
106 TRI ABS 500 0.6 0.2 16.8
107 TRI ABS 500 0.4 0.2 16.8
108 TRI ABS 1000 0.9 0.2 16.8
109 TRI ABS 1000 0.8 0.2 16.8
110 TRI ABS 1000 0.6 0.2 16.8
111 TRI ABS 1000 0.4 0.2 16.8
112 TRI ABS 1250 0.9 0.2 16.8
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Sr. No. ED | Material Static Force Weld Time Hold Time Amplitude

(N) (sec) (sec) (m)
113 TRI ABS 1250 0.8 0.2 16.8
114 TRI ABS 1250 0.6 0.2 16.8
115 TRI ABS 1250 0.4 0.2 16.8
116 TRI ABS 750 0.9 0.2 16.8
117 TRI ABS 750 0.8 0.2 16.8
118 TRI ABS 750 0.6 0.2 16.8
119 TRI ABS 750 0.4 0.2 16.8
120 TRI ABS 1500 0.9 0.2 16.8
121 TRI ABS 1500 0.8 0.2 16.8
122 TRI ABS 1500 0.6 0.2 16.8
123 TRI ABS 1500 0.4 0.2 16.8
124 SEMI ABS 500 0.9 0.2 14.7
125 SEMI ABS 500 0.7 0.2 14.7
126 SEMI ABS 500 0.6 0.2 14.7
127 SEMI ABS 500 0.4 0.2 14.7
128 SEMI ABS 750 0.9 0.2 14.7
129 SEMI ABS 750 0.8 0.2 14.7
130 SEMI ABS 750 0.7 0.2 14.7
131 SEMI ABS 750 04 0.2 14.7
132 SEMI ABS 750 0.5 0.2 14.7
133 SEMI ABS 1250 0.9 0.2 14.7
134 SEMI ABS 1000 0.9 0.2 14.7
135 SEMI ABS 1500 0.9 0.2 14.7
136 TRI ABS 500 0.9 0.2 14.7
137 TRI ABS 500 0.8 0.2 14.7
138 TRI ABS 500 0.6 0.2 14.7
139 TRI ABS 500 0.4 0.2 14.7
140 TRI ABS 1000 0.9 0.2 14.7
141 TRI ABS 1000 0.8 0.2 14.7
142 TRI ABS 1000 0.6 0.2 14.7
143 TRI ABS 1000 0.4 0.2 14.7
144 TRI ABS 1250 0.9 0.2 14.7
145 TRI ABS 1250 0.8 0.2 14.7
146 TRI ABS 1250 0.6 0.2 14.7
147 TRI ABS 1250 0.4 0.2 14.7
148 TRI ABS 750 0.9 0.2 14.7
149 TRI ABS 750 0.8 0.2 14.7
150 TRI ABS 750 0.6 0.2 14.7
151 TRI ABS 750 0.4 0.2 14.7
152 TRI ABS 1500 0.9 0.2 14.7
153 TRI ABS 1500 0.8 0.2 14.7

295




APPENDICES

Sr. No. ED | Material Static Force Weld Time Hold Time Amplitude
(N) (sec) (sec) (pm)
154 TRI ABS 1500 0.6 0.2 14.7
155 TRI ABS 1500 0.4 0.2 14.7
156 TRI ABS 1500 0.4 0.2 14.7
Matrix of experiments for PP
Table A.2
Sr. . Static Force Weld Time Hold Time Amplitude
No. | EP [ Material (N) (sec) (sec) ()

1 TRI PP 750 15 3 21
2 TRI PP 750 13 3 21
3 TRI PP 750 1.2 3 21
4 TRI PP 750 1.1 3 21
5 TRI PP 1000 15 3 21
6 TRI PP 1000 13 3 21
7 TRI PP 1000 1.2 3 21
8 TRI PP 1000 1.1 3 21
9 TRI PP 1250 1.4 3 21
10 TRI PP 1250 13 3 21
11 TRI PP 1250 1.2 3 21
12 TRI PP 1250 1.1 3 21
13 TRI PP 1500 1.5 3 21
14 TRI PP 1500 1.4 3 21
15 TRI PP 1500 1.2 3 21
16 TRI PP 1500 1.1 3 21
17 SEMI PP 750 1.4 3 21
18 SEMI PP 750 1.2 3 21
19 SEMI PP 750 1 3 21
20 SEMI PP 750 0.8 3 21
21 SEMI PP 1250 1.5 3 21
22 SEMI PP 1250 14 3 21
23 SEMI PP 1250 1.1 3 21
24 SEMI PP 1250 0.8 3 21
25 SEMI PP 1000 1.5 3 21
26 SEMI PP 1000 1.4 3 21
27 SEMI PP 1000 1 3 21
28 SEMI PP 1000 0.8 3 21
29 SEMI PP 1500 1.4 3 21
30 SEMI PP 1500 13 3 21
31 SEMI PP 1500 1 3 21
32 SEMI PP 1500 0.8 3 21

296




APPENDICES

Sr. . Static Force Weld Time Hold Time Amplitude
No. ED | Material (N) (sec) (sec) (um)
40 TRI PP 750 1.5 3 18.9
41 TRI PP 750 1.3 3 18.9
42 TRI PP 750 1.2 3 18.9
43 TRI PP 750 1.1 3 18.9
44 TRI PP 1000 1.5 3 18.9
45 TRI PP 1000 13 3 18.9
46 TRI PP 1000 1.2 3 18.9
47 TRI PP 1000 1.1 3 18.9
48 TRI PP 1250 1.4 3 18.9
49 TRI PP 1250 13 3 18.9
50 TRI PP 1250 1.2 3 18.9
51 TRI PP 1250 1.1 3 18.9
52 TRI PP 1500 1.5 3 18.9
53 TRI PP 1500 1.4 3 18.9
54 TRI PP 1500 1.2 3 18.9
55 TRI PP 1500 1.1 3 18.9
56 TRI PP 1500 0.6 3 18.9
57 SEMI PP 750 14 3 18.9
58 | SEMI PP 750 1.2 3 18.9
59 SEMI PP 750 1 3 18.9
60 | SEMI PP 750 0.8 3 18.9
61 SEMI PP 1000 1.5 3 18.9
62 | SEMI PP 1000 1.4 3 18.9
63 | SEMI PP 1000 1 3 18.9
64 | SEMI PP 1000 0.8 3 18.9
65 | SEMI PP 1250 1.5 3 18.9
66 SEMI PP 1250 14 3 18.9
67 | SEMI PP 1250 1.1 3 18.9
68 | SEMI PP 1250 0.8 3 18.9
69 SEMI PP 1500 14 3 18.9
70 | SEMI PP 1500 1.3 3 18.9
71 SEMI PP 1500 3 18.9
72 | SEMI PP 1750 3 18.9
73 SEMI PP 1750 0.7 3 18.9
81 TRI PP 1000 1.7 3 16.8
82 TRI PP 1000 1.5 3 16.8
83 TRI PP 1000 1.3 3 16.8
84 TRI PP 1000 1.2 3 16.8
85 TRI PP 1000 1.1 3 16.8
86 TRI PP 1250 1.5 3 16.8
87 TRI PP 1250 1.4 3 16.8
88 TRI PP 1250 1.2 3 16.8
89 TRI PP 1250 1.1 3 16.8
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Sr. . Static Force Weld Time Hold Time Amplitude
No. ED | Material (N) (sec) (sec) (um)
90 TRI PP 1500 1.5 3 16.8
91 TRI PP 1500 1.4 3 16.8
92 TRI PP 1500 1.2 3 16.8
93 TRI PP 1500 1.1 3 16.8
94 | SEMI PP 750 1.4 3 16.8
95 SEMI PP 750 1.2 3 16.8
96 | SEMI PP 750 1 3 16.8
97 SEMI PP 750 0.8 3 16.8
98 | SEMI PP 1000 1.5 3 16.8
99 | SEMI PP 1000 1.4 3 16.8
100 | SEMI PP 1000 14 3 16.8
101 | SEMI PP 1000 1 3 16.8
102 | SEMI PP 1000 0.8 3 16.8
103 | SEMI PP 1250 1.5 3 16.8
104 | SEMI PP 1250 14 3 16.8
105 | SEMI PP 1250 1.2 3 16.8
106 | SEMI PP 1250 1.1 3 16.8
107 | SEMI PP 1500 14 3 16.8
108 | SEMI PP 1500 1.3 3 16.8
109 | SEMI PP 1500 1.1 3 16.8
110 | SEMI PP 1500 1 3 16.8
111 | SEMI PP 1500 0.8 3 16.8
120 TRI PP 500 13 3 14.7
121 | TRI PP 500 1.5 3 14.7
122 TRI PP 500 1.7 3 14.7
123 | TRI PP 750 1.1 3 14.7
124 TRI PP 750 13 3 14.7
125 | TRI PP 750 1.5 3 14.7
126 | TRI PP 750 1.7 3 14.7
127 TRI PP 1000 1.7 3 14.7
128 | TRI PP 1000 1.5 3 14.7
129 TRI PP 1000 13 3 14.7
130 | TRI PP 1000 1.1 3 14.7
131 TRI PP 1250 1.1 3 14.7
132 TRI PP 1250 13 3 14.7
133 | TRI PP 1250 1.5 3 14.7
134 TRI PP 1250 1.7 3 14.7
135 | TRI PP 1500 0.6 3 14.7
136 TRI PP 1250 14 3 14.7
137 | TRI PP 1500 1.4 3 14.7
138 | TRI PP 1500 1.5 3 14.7
139 TRI PP 1500 1.2 3 14.7
140 | TRI PP 1250 1.2 3 14.7
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Sr. . Static Force Weld Time Hold Time Amplitude
No. ED | Material (N) (sec) (sec) (um)
141 TRI PP 1000 1.2 3 14.7
142 | TRI PP 1500 1.1 3 14.7
143 | SEMI PP 1250 1.5 3 14.7
144 | SEMI PP 1250 1.4 3 14.7
145 | SEMI PP 1250 1.4 3 14.7
146 | SEMI PP 1250 1.1 3 14.7
147 | SEMI PP 1250 0.8 3 14.7
148 | SEMI PP 1500 13 3 14.7
149 | SEMI PP 1500 1 3 14.7
150 | SEMI PP 1500 0.8 3 14.7
151 | SEMI PP 1500 0.6 3 14.7
152 | SEMI PP 1000 1.4 3 14.7
153 | SEMI PP 750 14 3 14.7
154 | SEMI PP 750 1.2 3 14.7
155 | SEMI PP 750 1 3 14.7
156 | SEMI PP 750 0.8 3 14.7
157 | SEMI PP 1500 1.4 3 14.7
158 | SEMI PP 1750 1 3 14.7
159 | SEMI PP 1000 0.8 3 14.7
160 | SEMI PP 1000 1 3 14.7
161 | SEMI PP 1000 1.4 3 14.7
162 | SEMI PP 1000 1.5 3 14.7
163 | SEMI PP 1250 1.2 3 14.7
164 | SEMI PP 1750 0.7 3 14.7
165 | SEMI PP 1500 0.6 3 14.7
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Datasheets have been presented for both ABS and PP, as can be seen in Table B.1 and Table

Appendix B

B.2;
Datasheet for ABS
Table B.1
Test
Test Item Unit Method Test Condition Properties
(ASTM)
i A
Tensile Strength {Kg/cmA2 D638 23 Degreg C, 510 (7240)
(psi}} 50mm/min
Elongation (%) D638 50mm/min 30
Flexural Strength { D790 23 Degree C 720 (10,220)
Kg/cm”2 (psi} } & '
Flexural Modulus {
Kg/cmA2 (psi} } D790 23 Degree C 24000 (340,800)
Rckwell Hardness D785 R Scale 110
D?(;.zrr:;n C’ |(\17(;’>tT3heedr'ezeSF) 25(4.5)
Izod Impad Strength D256 & &
6.4mm, Notched, 23 22(4.1)
Degree C (73 Degree F) )
Heat Distortion
A .
Temperature { Degree C, D648 18.6.kgf/cm"2, (264psi), 85
unannealed (185)
Degree F
Vicat Softening Temp
{Degree C, Degree F)} D1525 i i
200 Degree C, 5.0kg 4.2
Melt Flow Index (g/10 min) D1238 220 Degree C,10.0kg 35
200Degree C, 21.6kg 48
Moulding Shrinkage (%) D955 - 0.4-0.7
Specific Gravity D792 23 Degree C 1.04
Flammability (Rating) uL94 Class HB

300




APPENDICES

Datasheet for PP

Table B.2
. . Test
Properties Unit (SI) || Values methods
Polymer properties
Melt flow rate (MFR) ISO 1133
at230°Cand 2.16 kg g/10 47
min
at230°Cand 5 kg g/10 158
min
Density kg/m3 905 ISO 1183
Mechanical properties
Tensile test ISO 527
stress at yield MPa 41
stress at break MPa 22
strain at break % 500
Flexural test ASTM D
790
Flexural modulus MPa 1900
Izod impact notched ISO 180/4A
at 23 °C kJ/m? 2
Charpy impact notched ISO 179
at 23 °C kl/m? 2
Hardness Shore D - 72 ISO 868
Thermal properties
Heat deflection temperature
at 1.80 MPa (HDT/A) °C 56 ISO 75/A
at 0.45 MPa (HDT/B) °C 108 ISO 75/B
Vicat softening temperature
at 10 N (VST/A) °C 152 ISO 306/A
at 50 N (VST/B) °C 90 ISO 306/B
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Appendix C

GLM Results

Results from ANOVA and post hoc tests have been shown here in form of tables for both
ABS and PP respectively;

ABS

Table C.1 ANOVA Results

Dependent Variable: LSS in MPa

Type lll
Mean P-
Source Sum of df F
Squares Square Value
Corrected Model 25727.9112 31.00 829.93 133.46 0.00
Intercept 5811.96 1.00 5811.96 934.58 0.00
ED 2970.80 1.00 2970.80 477.72 0.00
Static_Force_Categories 679.23 2.00 339.62 54.61 0.00
Amplitude_of_Vibrations 3064.81 3.00 1021.60 164.28 0.00
Weld_Categories 7768.73 2.00 3884.37 624.62 0.00
ED* 417.11 3.00 139.04 22.36 0.00
Amplitude_of_Vibrations . ’ ’ ’ ’
Static_Force_Categories
* 190.07 6.00 31.68 5.09 0.00
Amplitude_of_Vibrations
Amplitude_of_Vibrations
*Weld Categories 1138.76 6.00 189.79 30.52 0.00
ED” 1625.74 2.00 812.87 | 13071 | 0.00
Static_Force_Categories . : : . ’
ED * Weld_Categories 148.76 2.00 74.38 11.96 0.00
Static_Force_Categories | 44, 75 4.00 12319 | 19.81 0.00
Weld_Categories
Error 8171.48 1314.00 6.22
Total 105573.11 1346.00
Corrected Total 33899.39 1345.00

Table C.3 is the extension of Table C.2 for categories of static forces. It shows that all means

of LSS are different from each other.
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Table C.2 Results from post hoc tests

O ) Mean 95% Confidence Interval
ot Satio. | ot Statie” orrance [~ Lover | upper
Force Force
500 thru 10? gstg " 1.09 073 1.45
™ 15:);)5tgru 239 1.96 2.82
1000 thru 50;);8 " -1.09 -1.45 -0.73
1250 15?%3“ 1 30 087 7
1500 thru 50%8 " -2.39 -2.82 1.96
1750 10?g5tgru 130 s Py

Table C.3 LSS in MPa

Tukey HSD

Categories Subset
of Static N
Force 1 2 3

1500 thru
1750
1000 thru
1250
500 thru
750

281.00 5.84

536.00 7.14

529.00 8.23

Table C.5 is the extension of Table C.4 for amplitude of vibrations showing that subset 3 of
mean LSS is related to 21 and 18.9 amplitudes and their means are almost similar. But 14.7
and 16.8 have different mean LSS. Likewise, Table C.6 and Table C.7 can be easily

interpreted now.

Table C.4 Results from post hoc tests

0 W) . Mean 95% Confidence Interval

Amplitude || Amplitude Difference Lower Upper
(I-J) Bound Bound

16.8 -1.15 -1.74 -0.55

14.7 18.9 -3.13 -3.72 -2.53
21 -2.85 -3.44 -2.26

14.7 1.15 0.55 1.74

16.8 18.9 -1.98 -2.44 -1.52
21 1.7 216 -1.25

14.7 3.13 2.53 3.72

18.9 16.8 1.98 1.52 2.44
21 0.28 -0.18 0.73

14.7 2.85 2.26 3.44

21 16.8 1.7 1.25 2.16
18.9 -0.28 -0.73 0.18
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Table C.5 LSS in MPa

Tukey HSD
Subset
Amplitude N
1 2 3
14.7 166 5.19
16.8 376 6.34
21 413 8.04
18.9 391 8.32

Table C.6 Results from post hoc tests
Dependent Variable: LSS in MPa

Tukey HSD
95% Confidence Interval
() Weld Time || (J) Weld Time . Mean
Difference (I-J) Lower Bound Upper Bound
0.6 thru 0.7 -4.16 -4.63 -3.69
0.4 thru 0.5
0.8 thru 0.9 -6.37 -6.78 -5.95
0.4 thru 0.5 4.16 3.69 4.63
0.6 thru 0.7
0.8 thru 0.9 -2.21 -2.59 -1.83
0.4 thru 0.5 6.37 5.95 6.78
0.8 thru 0.9
0.6 thru 0.7 2.21 1.83 2.59

Table C.7 LSS in MPa

Tukey HSD
Subset
Weld Time N
1 2 3
0.4 thru 0.5 274 2.82
0.6 thru 0.7 360 6.98
0.8 thru 0.9 712 9.18

Mean LSS for TRI ED is much higher than that for SEMI ED, as can be seen in Table C.8.
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Table C.8 Energy Director

Dependent Variable: LSS in MPa

95% Confidence Interval
E_nergy Mean
Director Lower Upper
Bound Bound
SEMI 1.44 0.93 1.94
TRI 7.34 713 7.55

Mean LSS for category of static force 500 thru 750 is the highest one and 1000 thru 1250 is

having the second highest mean LSS, as presented in Table C.9.

Table C.9 Categories of Static Force
Dependent Variable: LSS in MPa

Categories 95% Confidence Interval
of Static Mean
Force Lower Upper
Bound Bound
500 thru 5.6 5.24 5.95
10? 35‘3 " 429 3.97 46
1510;)5%“” 3.28 2.83 3.72

Mean LSS for amplitude 21 is the highest and then 18.9, 16.8 & 14.7 respectively, as
exhibited in Table C.10.

Table C.10 Amplitude

Dependent Variable: LSS in MPa

95% Confidence Interval
Amplitude Mean Lower Upper
Bound Bound
14.7 -1.34 -2.35 -0.32
16.8 4.35 4.06 4.64
18.9 711 6.84 7.39
21 7.42 7.16 7.68

Mean LSS for category of weld time 0.8 thru 0.9 is the highest and then for 0.6 thru 0.7 is

the second highest. And the lowest is for category 0.4 thru 0.5, as can be seen in Table C.11.
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Table C.11 Weld Time
Dependent Variable: LSS in MPa

95% Confidence Interval
Weld Time Mean
Lower Upper
Bound Bound
0.4 thru 0.5 0.29 -0.17 0.75
0.6 thru 0.7 4.8 4.42 5.19
0.8 thru 0.9 8.07 7.79 8.35

Post hoc tests have not been performed for Energy Directors because there are fewer than

three levels of ED.

Table C.12 ANOVA Results

Dependent Variable: Sqrt_LSS

Type lll
Source Sum of df sMean F P-Value
s quare
quares
Corrected Model 265.41 25.00 10.62 37.73 0.00
Intercept 121.43 1.00 121.43 431.57 0.00
ED 4.01 1.00 4.01 14.24 0.00
Static_Force_Categories 30.60 2.00 15.30 54.37 0.00
Amplitude_of_Vibrations 19.88 2.00 9.94 35.32 0.00
Weld_Categories 58.12 2.00 29.06 103.27 0.00
ED” 3.88 2.00 1.94 6.89 0.00
Amplitude_of_Vibrations ’ . : ) ’
Static_Force_Categories
* 10.62 4.00 2.66 9.44 0.00
Amplitude_of_Vibrations
Amplitude_of_Vibrations
*Weld_Categories 3.43 4.00 0.86 3.04 0.02
ED” 5.07 2.00 2.54 9.02 0.00
Static_Force_Categories ’ . ’ ’ ’
ED * Weld_Categories 3.46 2.00 1.73 6.14 0.00
Static_Force_Categories
* Weld_Categories 15.39 4.00 3.85 13.68 0.00
Error 211.31 751.00 0.28
Total 1541.32 777.00
Corrected Total 476.72 776.00
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Now, again all main and interaction effects are significant.

Table C.14 is the extension of Table C.13. Now means of LSS for amplitudes 21 and 18.9 are

close to each other and higher than that for 16.8.

Table C.13 Results from post hoc tests

95% Confidence Interval
n W) Mean
Amplitude || Amplitude || Difference (I-J) Lower Bound Upper Bound
18.9 -0.40 -0.51 -0.29
16.8
21 -0.42 -0.53 -0.31
16.8 0.40 0.29 0.51
18.9
21 -0.03 -0.13 0.08
16.8 0.42 0.31 0.53
21
18.9 0.03 -0.08 0.13

Table C.14 Sqgrt_LSS

Tukey HSD
Subset
Amplitude N
1 2
16.8 240 0.89
18.9 275 1.28
21 262 1.31

Table C.16 is the extension of Table C.15 for categories of static forces. It shows that means
of LSS for categories 500 thru 750 & 1500 thru 1750 are close to each other and higher than

that for remaining category i.e. 0.97.

Table C.15 Results from post hoc tests

U ) Mean 95% Confidence Interval
Categories || Categories Difference
of Static of Static - Lower Upper
Force Force (-9 Bound Bound
! O?gstgr“ 0.35 0.23 0.47
500 thru 750 500 o
1750 -0.08 -0.20 0.05
1000 thru 5‘:‘;;2“}1750 -0.35 -0.47 -0.23
1250 thru . . N
1750 0.43 0.53 0.33
1500 thru 5‘:%;'2)“;50 0.08 -0.05 0.20
1750 thru
1250 0.43 0.33 0.53

307



APPENDICES

Table C.16 Sgrt_LSS

Tukey HSD

Categories Subset
of Static N
Force 1 2

1000 thru
1250
500 thru
750
1500 thru
1750

385 0.97

152 1.32

240 1.40

Table C.18 is the extension of Table C.17 showing that the means of LSS for categories of
weld timei.e. 1.1 thru 1.3 & 0.8 thru 1.0 are smaller and closer to each other as compared

to that for weld category 1.4 thru 1.7.

Table C.17 Results from post hoc tests

Dependent Variable: Sqrt_LSS

Tukey HSD
Mean 95% Confidence Interval
(1) Weld (J) Weld .
Time Time D|ff((-|>-r§)nce Std. Error Lower Upper
Bound Bound
1.1 thru 1.3 0.06 0.05 -0.06 0.18
0.8 thru 1.0
1.4 thru 1.7 -0.68 0.05 -0.80 -0.57
0.8 thru 1.0 -0.06 0.05 -0.18 0.06
1.1thru1.3
1.4 thru1.7 -0.75 0.04 -0.85 -0.64
0.8 thru 1.0 0.68 0.05 0.57 0.80
1.4 thru1.7
1.1thru1.3 0.75 0.04 0.64 0.85

Table C.18 Sqrt_LSS

Tukey HSD
Subset
Weld Time N
1 2
1.1 thru 1.3 269 0.84
0.8 thru 1.0 180 0.90
1.4 thru1.7 328 1.59

Means of LSS for the EDs can be ordered as: SEMI>>TRI, as shown in Table C.19.
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Table C.19 Energy Director

Dependent Variable: Sqrt_LSS

Means of LSS for the categories of static force can be ordered as: 1500 thru 1750>>500 thru

750>>1000 thru 1250, as can be seen in Table C.20.

Means of LSS for the amplitudes can be ordered as: 21>>18.9>>16.8, as shown in Table

C.21.

Means of LSS for the categories of weld time may be ordered as: 1.4 thru 1.7>>1.1 thru

Energy Moan St Error 95% Confidence Interval
Director ’ Lower Upper
Bound Bound
SEMI 1.22 0.03 1.15 1.28
TRI 0.83 0.10 0.64 1.01

Table C.20 Categories of Static Force

Dependent Variable: Sqrt_LSS

Categories 95% Confidence Interval
of Static Mean Std. Error
Force Lower Upper
Bound Bound
500 thru
750 1.17 0.07 1.04 1.31
1000 thru
1250 0.72 0.06 0.61 0.83
1500 thru
1750 1.18 0.05 1.07 1.28

Table C.21 Amplitude

Dependent Variable: Sqrt_LSS

95% Confidence Interval
Amplitude Mean Std. Error
Lower Upper
Bound Bound
16.8 0.73 0.07 0.60 0.85
18.9 1.16 0.05 1.06 1.26
21 1.18 0.06 1.07 1.30

1.3>>0.8 thru 1.0, as exhibited in Table C.22.
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Table C.22 Weld Time

Dependent Variable: Sqrt_LSS

95% Confidence Interval

Weld Time Mean Std. Error
Lower Upper
Bound Bound
0.8 thru 1.0 0.42 0.14 0.15 0.68
1.1 thru 1.3 0.99 0.04 0.91 1.07
1.4 thru1.7 1.66 0.04 1.59 1.73
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Appendix D

A general linear model results in an equation using the LSS data. This equation may help the
analyser predict the parameters (e.g. LSS or Sqrt_LSS) which are linearly dependent on weld
factors and their interaction. This may be understood by presenting the concept of slope-

intercept form of linear equation, as shown in Figure D.1.

Figure D.1 Slope-intercept form of linear equation [200]

Where, LSS or Sqgrt_LSS is represented by Y-axis. Weld factors and their interactions are
represented by X-axis. Although slope is usually represented by ‘m’, slope relevant to each
level of weld factor is being represented by B particularly for appendix D, as mentioned in
second column of Table D.1 and Table D.2, except intercept which is shown in second row of
Table D.1 and Table D.2. Hence the slope-intercept equation resulting from GLM may be

given as;
LSS or Sqrt_LSS = Intercept + B1X; + BoXo + BaXs + cvvevveeviecveveee e, + B Xn

Where, B; is the slope for a particular level of a weld factor (X;) and so on. Therefore,
equations D1 and D2 can be developed by using Table D.1 and Table D.2 respectively.
Equations D1 and D2 for ABS and PP respectively show how different parameters are
predicted, estimated and associated with weld factors. The numbers (1/0) imply that

whether a level of weld factor or an interaction between factors has been (1)/has not been
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(0) used for welding a thermoplastic. These numbers (1/0) have frequently been used in

both equations D1 and D2.

ABS

By looking at the parameter estimates’ Table D.1, the predicted model for ABS may be

written as;

Predicted LSS = 9.78-5.01*%(14.7*(1/0))+1.24*(16.8*(1/0)) + 0.32*(18.9*(1/0))-
1.36*(SEMI*(1/0))+3.64*(500 thru 750%*(1/0))+2.07*(1000 thru 1250%*(1/0))-6.69*(0.8 thru
1.0*(1/0))-1.05*(1.1 thru 1.3*(1/0))-2.66*((14.7*SEMI)*(1/0))-2.42*((16.8*SEMI)*(1/0))+

0.20%((18.9*SEMI)*(1/0)) ))+1.53*((14.7*500 thru 750)*(1/0))-0.15*((14.7*1000 thru 1250*(1/0))-
1.10%((16.8*500 thru 750)*(1/0))-0.55*((16.8*1000 thru 1250)*(1/0))-0.27*((18.9*500 thru
750)*(1/0))+0.54*((18.9%1000 thru 1250)*(1/0))-2.82*((14.7*0.8 thru 1.0%(1/0))-5.81*((14.7*1.1
thru 1.3)*(1/0))-4.30*((16.8*0.8 thru 1.0)*(1/0))-3.36*((16.8*1.1 thru 1.3)*(1/0))-1.67*((18.9*0.8
thru  1.0)%(1/0))-0.79%((18.9*1.1  thru  1.3)*(1/0))-6.16*((SEMI*500  thru  750)*(1/0))-
2.60*((SEMI*1000 thru 1250))*(1/0))+0.31*((SEMI)*(0.8 thru 1.0))*(1/0))-1.51*((SEMI)*(1.1 thru
1.3))*(1/0))+3.06*(((500 thru 750)*( 0.8 thru 1.0))*(1/0))+2.09%(((S00 thru 750)*( 1.1 thru
1.3))*(1/0))-0.18*(((1000 thru 1250)*( 0.8 thru 1.0))*(1/0))+0.99*(((1000 thru 1250)*( 1.1 thru

Parameter Estimate’s Table D.1 for ABS;

Table D.1 Parameter Estimates
Dependent Variable: LSS in MPa

95% Confidence
Parameter B Lowerlnterval;pper
Bound Bound
Intercept 9.78 9.02 10.53
[Amplitude_of_Vibrations=14.7] -5.01 -6.23 -3.79
[Amplitude_of_Vibrations=16.8] 1.24 0.33 2.16
[Amplitude_of_Vibrations=18.9] 0.32 -0.58 1.23
[Amplitude_of_Vibrations=21.0] 0*
[ED=1] -1.36 -2.16 -0.57
[ED=2] 0*
[Static_Force_Categories=1.00] 3.64 2.79 4.49
[Static_Force_Categories=2.00] 2.07 1.22 2.92
[Static_Force_Categories=3.00] 0*
[Weld_Categories=1.00] -6.69 -7.66 -5.72
[Weld_Categories=2.00] -1.05 -1.99 -0.11
[Weld_Categories=3.00] 0*
[Amplitude_of_Vibrations=14.7] * [ED=1] -2.66 -4.49 -0.84
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Table D.1 Parameter Estimates

Dependent Variable: LSS in MPa

95% Confidence
| 1
Parameter B nterva
Lower Upper
Bound Bound
[Amplitude_of_Vibrations=14.7] * [ED=2] 0*
[Amplitude_of_Vibrations=16.8] * [ED=1] -2.42 -3.13 -1.71
[Amplitude_of_Vibrations=16.8] * [ED=2] 0*
[Amplitude_of_Vibrations=18.9] * [ED=1] 0.20 -0.50 0.89
[Amplitude_of_Vibrations=18.9] * [ED=2] 0*
[Amplitude_of_Vibrations=21.0] * [ED=1] 0?
[Amplitude_of_Vibrations=21.0] * [ED=2] 0?
[Amplitude_of Vibrations=14.7] *
[Static_Force_Categories=1.00] 1.53 0.14 291
[Amplitude_of_Vibrations=14.7] * : }
[Static_Force_Categories=2.00] 0.15 1.55 1.25
[Amplitude_of_Vibrations=14.7] * 0
[Static_Force_Categories=3.00]
[Amplitude_of_Vibrations=16.8] * : } :
[Static_Force_Categories=1.00] 1.10 2.04 0.15
[Amplitude_of_Vibrations=16.8] * : }
[Static_Force_Categories=2.00] 0.55 1.48 039
[Amplitude_of_Vibrations=16.8] * 0
[Static_Force_Categories=3.00]
[Amplitude_of_Vibrations=18.9] * } ;
[Static_Force_Categories=1.00] 0.27 1.20 0.66
[Amplitude_of_Vibrations=18.9] * .
[Static_Force_Categories=2.00] 0.54 0.39 1.47
[Amplitude_of_Vibrations=18.9] * 0
[Static_Force_Categories=3.00]
[Amplitude_of_Vibrations=21.0] * 0
[Static_Force_Categories=1.00]
[Amplitude_of_Vibrations=21.0] * 0
[Static_Force_Categories=2.00]
[Amplitude_of_Vibrations=21.0] * 0
[Static_Force_Categories=3.00]
[Amplitude_of_Vibrations=14.7] * [Weld_Categories=1.00] -2.82 -4.21 -1.44
[Amplitude_of_Vibrations=14.7] * [Weld_Categories=2.00] -5.81 -7.00 -4.62
[Amplitude_of_Vibrations=14.7] * [Weld_Categories=3.00] 0*
[Amplitude_of_Vibrations=16.8] * [Weld_Categories=1.00] -4.30 -5.23 -3.38
[Amplitude_of_Vibrations=16.8] * [Weld_Categories=2.00] -3.36 -4.20 -2.53
[Amplitude_of_Vibrations=16.8] * [Weld_Categories=3.00] 0*
[Amplitude_of_Vibrations=18.9] * [Weld_Categories=1.00] -1.67 -2.55 -0.78
[Amplitude_of_Vibrations=18.9] * [Weld_Categories=2.00] -0.79 -1.61 0.04
[Amplitude_of_Vibrations=18.9] * [Weld_Categories=3.00] 0*
[Amplitude_of_Vibrations=21.0] * [Weld_Categories=1.00] 0*
[Amplitude_of_Vibrations=21.0] * [Weld_Categories=2.00] 0*
[Amplitude_of_Vibrations=21.0] * [Weld_Categories=3.00] 0*
[ED=1] * [Static_Force_Categories=1.00] -6.16 -6.94 -5.38
[ED=1] * [Static_Force_Categories=2.00] -2.60 -3.36 -1.83
[ED=1] * [Static_Force_Categories=3.00] 0*
[ED=2] * [Static_Force_Categories=1.00] 0*
[ED=2] * [Static_Force_Categories=2.00] 0*
[ED=2] * [Static_Force_Categories=3.00] 0*
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Table D.1 Parameter Estimates
Dependent Variable: LSS in MPa

95% Confidence
Parameter B Lowerlnterval;pper
Bound Bound

[ED=1] * [Weld_Categories=1.00] 0.31 -0.47 1.08

[ED=1] * [Weld_Categories=2.00] -1.51 -2.18 -0.83

[ED=1] * [Weld_Categories=3.00] 0*

[ED=2] * [Weld_Categories=1.00] 0*

[ED=2] * [Weld_Categories=2.00] 0*

[ED=2] * [Weld_Categories=3.00] 0?
[Static_Force_Categories=1.00] * [Weld_Categories=1.00] 3.06 212 4.01
[Static_Force_Categories=1.00] * [Weld_Categories=2.00] 2.09 1.20 2.98
[Static_Force_Categories=1.00] * [Weld_Categories=3.00] 0?
[Static_Force_Categories=2.00] * [Weld_Categories=1.00] -0.18 -1.11 0.74
[Static_Force_Categories=2.00] * [Weld_Categories=2.00] 0.99 0.10 1.89
[Static_Force_Categories=2.00] * [Weld_Categories=3.00] 0?
[Static_Force_Categories=3.00] * [Weld_Categories=1.00] 0?
[Static_Force_Categories=3.00] * [Weld_Categories=2.00] 0*
[Static_Force_Categories=3.00] * [Weld_Categories=3.00] 0?

a. This parameter is set to zero because it is redundant.

PP

By looking at the parameter estimates’ Table D.2, the predicted model for PP can be written

as;

Predicted Square Root (LSS) = 2.34-0.31*(16.8*(1/0)) - 0.09*(18.9*(1/0))-0.16*(SEMI*(1/0))-
1.08*(500 thru 750%*(1/0))-0.71*(1000 thru 1250%*(1/0))-2.03*(0.8 thru 1.0*(1/0))-1.15*(1.1 thru
1.3*(1/0))-0.33*((16.8*SEMI)*(1/0))+0.08*((18.9*SEMI)*(1/0))+0.39*((16.8*500 thru 750)*(1/0))-
0.33*((16.8*1000 thru 1250)*(1/0))-0.07*((18.9*500 thru 750)*(1/0))+0.14*((18.9*1000 thru
1250)*(1/0))-0.27*((16.8*0.8 thru 1.0)*(1/0))+0.26*((16.8*1.1 thru 1.3)*(1/0))-0.21*((18.9*0.8 thru
1.0)*(1/0))+0.08*((18.9*1.1 thru 1.3)*(1/0))+0.71*((SEMI*500 thru 750)*(1/0))+0.15*((SEMI*1000
thru 1250))*(1/0))+0.74*((SEMI)*(0.8 thru 1.0))*(1/0))+0.27*((SEMI)*(1.1 thru
1.3))*(1/0))+1.13*(((500 thru 750)*( 0.8 thru 1.0))*(1/0))+0.55*(((500 thru 750)*( 1.1 thru
1.3))*(1/0))+0.60*(((1000 thru 1250)*( 0.8 thru 1.0))*(1/0))+0.12*(((1000 thru 1250)*( 1.1 thru

After predicting square root LSS value, it must be squared immediately e.g. if;

Predicted Square Root (LSS) = X MPa
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Then
Predicted LSS = X* MPa

Parameter Estimates’ Table D.2 for PP;

Table D.2 Parameter Estimates

Dependent Variable: Sqrt_LSS

Parameter

95% Confidence Interval

Lower Upper
Bound Bound

Intercept 2.34 2.15 2.52

[Amplitude_of_Vibrations=16.8] -0.31 -0.54 -0.07

[Amplitude_of_Vibrations=18.9] -0.09 -0.32 0.15
[Amplitude_of_Vibrations=21.0] 0*

[ED=1] -0.16 -0.39 0.08
[ED=2] 0*

[Static_Force_Categories=1.00] -1.08 -1.35 -0.80

[Static_Force_Categories=2.00] -0.71 -0.92 -0.50
[Static_Force_Categories=3.00] 0*

[Weld_Categories=1.00] -2.03 -2.59 -1.48

[Weld_Categories=2.00] -1.15 -1.36 -0.94
[Weld_Categories=3.00] 0*

[Amplitude_of_Vibrations=16.8] * [ED=1] -0.33 -0.55 -0.10
[Amplitude_of_Vibrations=16.8] * [ED=2] 0?

[Amplitude_of_Vibrations=18.9] * [ED=1] 0.08 -0.15 0.31
[Amplitude_of_Vibrations=18.9] * [ED=2] 0*
[Amplitude_of_Vibrations=21.0] * [ED=1] 0*
[Amplitude_of_Vibrations=21.0] * [ED=2] 0*

[Amplitude_of_Vibrations=16.8] * [Static_Force_Categories=1.00] 0.39 0.06 0.71
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Table D.2 Parameter Estimates

Dependent Variable: Sqrt_LSS

95% Confidence Interval

Parameter B Lower Upper
Bound Bound
[Amplitude_of_Vibrations=16.8] * [Static_Force_Categories=2.00] -0.33 -0.55 -0.12
[Amplitude_of_Vibrations=16.8] * [Static_Force_Categories=3.00] 0*
[Amplitude_of_Vibrations=18.9] * [Static_Force_Categories=1.00] 0.07 -0.19 0.33
[Amplitude_of_Vibrations=18.9] * [Static_Force_Categories=2.00] 0.14 -0.07 0.35
[Amplitude_of_Vibrations=18.9] * [Static_Force_Categories=3.00] 0*
[Amplitude_of_Vibrations=21.0] * [Static_Force_Categories=1.00] 0*
[Amplitude_of_Vibrations=21.0] * [Static_Force_Categories=2.00] 0?
[Amplitude_of_Vibrations=21.0] * [Static_Force_Categories=3.00] 0*
[Amplitude_of_Vibrations=16.8] * [Weld_Categories=1.00] -0.27 -0.56 0.02
[Amplitude_of_Vibrations=16.8] * [Weld_Categories=2.00] 0.26 0.04 0.48
[Amplitude_of_Vibrations=16.8] * [Weld_Categories=3.00] 0*
[Amplitude_of_Vibrations=18.9] * [Weld_Categories=1.00] -0.21 -0.46 0.04
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Table D.2 Parameter Estimates

Dependent Variable: Sqrt_LSS

95% Confidence Interval

Parameter B
Lower Upper
Bound Bound

[Amplitude_of_Vibrations=18.9] * [Weld_Categories=2.00] 0.08 -0.14 0.30
[Amplitude_of_Vibrations=18.9] * [Weld_Categories=3.00] 0?
[Amplitude_of_Vibrations=21.0] * [Weld_Categories=1.00] 0*
[Amplitude_of_Vibrations=21.0] * [Weld_Categories=2.00] 0?
[Amplitude_of_Vibrations=21.0] * [Weld_Categories=3.00] 0?

[ED=1] * [Static_Force_Categories=1.00] 0.71 0.38 1.04

[ED=1] * [Static_Force_Categories=2.00] 0.15 -0.05 0.36
[ED=1] * [Static_Force_Categories=3.00] 0®
[ED=2] * [Static_Force_Categories=1.00] 0*
[ED=2] * [Static_Force_Categories=2.00] 0*
[ED=2] * [Static_Force_Categories=3.00] 0?

[ED=1] * [Weld_Categories=1.00] 0.74 0.19 1.29

[ED=1] * [Weld_Categories=2.00] 0.27 0.08 0.46
[ED=1] * [Weld_Categories=3.00] 0*
[ED=2] * [Weld_Categories=1.00] 0?
[ED=2] * [Weld_Categories=2.00] 0*
[ED=2] * [Weld_Categories=3.00] 0*
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Table D.2 Parameter Estimates

Dependent Variable: Sqrt_LSS

95% Confidence Interval

Parameter B
Lower Upper
Bound Bound
[Static_Force_Categories=1.00] * [Weld_Categories=1.00] 1.13 0.82 1.45
[Static_Force_Categories=1.00] * [Weld_Categories=2.00] 0.55 0.26 0.84
[Static_Force_Categories=1.00] * [Weld_Categories=3.00] 0*
[Static_Force_Categories=2.00] * [Weld_Categories=1.00] 0.60 0.32 0.87
[Static_Force_Categories=2.00] * [Weld_Categories=2.00] 0.12 -0.09 0.32
[Static_Force_Categories=2.00] * [Weld_Categories=3.00] 0*
[Static_Force_Categories=3.00] * [Weld_Categories=1.00] 0?
[Static_Force_Categories=3.00] * [Weld_Categories=2.00] 0?
[Static_Force_Categories=3.00] * [Weld_Categories=3.00] 0*

a. This parameter is set to zero because it is redundant.
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Appendix E

Various drawings and a pneumatic circuit used for manufacturing and assembling ultrasonic

welding rig have been presented in this appendix;

Drawings of Clamps
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Figure E.1 Upper/stationary Jaw of Shear Clamp
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Figure E.2 Lower/moveable Jaw of Shear Clamp
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Drawing of Anvil
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Figure E.3 Anvil for ultrasonic welding rig
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Drawing of Fixtures
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Figure E.4 Fixture to hold samples to be welded

Pneumatic Circuit used in Ultrasonic Welding Rig
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Freumatic Circuit for Ultrasonic Welding Rig

Figure E.5 Pneumatic Circuit
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