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Abstract
Ultrasonic Welding (USW) is a rapidly upcoming technology for joining high performance
Thermoplastic Composite (TPC) structures in the automotive industry. With the focus shift-
ing from metals to composites for primary structures, USW process is seen as a fast, clean
and efficient alternative for the conventional joining methods. Continuous Ultrasonic Weld-
ing (CUW) is an innovative, upscaled version of the USW process, where the weld is made
over a moving part to create a weld line instead of a single spot.
Currently, there has been very limited research done in this field and the technology is in
very early stages. The key to success of this technology lies in creating a uniform weld of
an acceptable lap shear strength (LSS). Recent research has suggested that using a woven
mesh as an energy director (ED) at the interface provides a good uniformity along the weld
line, along with an acceptable LSS value. The research shows how the mesh deforms prior to
the melting process, creating an intimate contact between the adherends and how this has
a positive effect on the weld uniformity.
This study uses this data to design and manufacture a new ED that has these beneficial
features incorporated in it. The study also uses an expanded mesh as an ED to study the
effect of open areas in the weld uniformity. The EDs are used in the CUW process and com-
pared based on their different features. Through this study, a deeper understanding of the
behaviour of EDs during a CUW process is established which will be useful for developing
new means of optimizing this process.
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1
Introduction

Air traffic is on a constant rise, with air travel being the preferred means of travel for both
short and long distances. To make air travel economical and environment-friendly, it is vital
for the aircrafts to operate efficiently. One way of improving the efficiency of aircrafts is by
making them lighter, which would, in turn reduce their fuel consumption.
Fibre reinforced composites (FRC) offer a solution to this problem because of their high spe-
cific strength and stiffness compared to the existing options. FRCs are being increasingly
used in the automotive and aerospace industries for structural applications because of this
reason, and there is extensive research being done to implement them in a variety of appli-
cations. One of the factors that majorly affects their implementation in the industry is their
manufacturability: realizing FRCs into actual structures can be tedious because of their het-
erogeneity when compared to their metal counterparts. It is hence necessary to investigate
the optimization of the manufacturing processes to achieve perfect composite structures with
the least possible effort.
Carbon fibres (CF), Glass fibres (GF) and Aramid fibres are commonly used to reinforce a
polymer resin base. The polymeric resins are classified into thermoplastics (TP) and ther-
mosets (TS), which based on the ability of the polymer chains to form physical bonds among
themselves. The physical bonds in thermoplastics are breakable, meaning they can be re-
consolidated into different shapes by applying the right amount of energy while maintaining
their initial mechanical properties. This opens up options for manufacturing processes like
fusion bonding, and welding which is not possible in heavily cross-linked polymeric chains
of thermosets. Combined with their comparatively superior mechanical properties and ease
of storage, thermoplastic composites (TPCs) offer many prospective solutions for upcoming
structural requirements of the industry.
Fusion bonding techniques involves heating the polymeric resin at the interface to a molten
state, and then allowing for the chains to diffuse from one side to the other resulting in a
seamless joint. This process can be classified on the basis of the mechanism used to generate
the heat at the interface: thermal, friction or electromagnetic[29].
Ultrasonic welding (USW) is a fusion bonding technique that has been used in the industry to
join plastics since the 1980s after it was patented by Robert Soloff and Seymour Linsley[16]
in 1965. The process uses the friction at the interface due to vibrations at ultrasonic fre-
quency to generate heat and form a fusion bond. The process is quick, neat and has a lot
of scope for automation[15], [21] and the resulting welds are seen to have a strengths and
qualities analogous to compression moulded structures[9].
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2 1. Introduction

Figure 1.1: A possible application of an upscaled USW process is the skin-flange interface of a skin stiffened structure

By nature, USW is a spot welding process and is analogous to a mechanically fastened
joint. USW spot welded joints in TPCs are found to be very effective, with their strengths
comparable to riveted joints when loaded in-plane[30]. The spot welding process can be
upscaled to cover larger areas,as shown in Fig.1.1 in two ways: a sequential way and a
continuous way. As the name suggests, sequential USW involves multiple spot welds one
next to the other to form a continuous weld line.
Continuous Ultrasonic Welding (CUW) for TPCs on the other hand is relatively new and there
is a lot of research yet to be done before it can be applied in the industry. This process is
carried out by moving a sonotrode on the overlap at a constant speed to generate heat along
the weldline and hence promote a fusion bond. Continuous welds are needed at locations
where having stress concentrations and local buckling are undesirable, such as the case of
a skin-stiffened structure.
At the current state of art, CUW is not ready to be applied at an industrial level because
of the lack of research. The process is complex to understand, with some of the data being
generated from the process being difficult to comprehend. This opens up a lot of opportunities
for research by trial and error, by understanding what the ”good” parameters for the process
are and how they affect the process. There has been very limited research on improving the
quality of the continuous weld by altering the features of the interface. This study tries to
build on these available data by extrapolating their results and applying them in a different
way.
In this study, the quality of a continuous weld is monitored by altering the structure of an
energy director at the interface of the joint and the results are used to find a correlation
between them.



2
Literature Study

The first step towards the research was to get acquainted with field and familiarized with the
research that has been done so far in the field. A literature study was hence performed, and
is summarized in this chapter.

2.1. Ultrasonic Welding
Ultrasonic welding is a fusion bonding process that uses friction to generate the heat required
to carry out the fusion process between the two substrates. The friction is induced by a
sonotrode vibrating at an ultrasonic frequency while applying a certain amount of force on
the overlap. A schematic diagram of the working of an USW machine is shown in Fig.2.1,
and the setup of the substrates is shown in Fig.2.2

Figure 2.1: The principle behind the working of a ultra-
sonic welding machine[22]

Figure 2.2: A layer of neat resin is used between the sub-
strates to initiate the melting process

The amount of force exerted by the sonotrode has an effect on the energy transmission
of through the material[15], which in turn affects the weld quality of a plastic joint. When
it comes to a composite joint, there is limited literature available and some trials required
to determine the ideal welding force. Hence, for this research, forces that have already been
tried in previous research were used to keep the focus on ED behaviour.
As for the welding process itself, it can be divided into two phases: the vibration phase and
the solidification phase. The vibration phase is characterized by the motion of the surfaces
already under the joining pressure, in order to generate heat by friction. The weld frequency

3
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is usually in the range of 20kHz to 50kHz and the amplitudes vary between 2.5μm to 250μm
[3]. The resulting molten resin at the interface then wets the joint surface and facilitates the
intermolecular diffusion to form a joint between both the substrate surfaces. The following
solidification phase primarily consists of the resting of the moving polymer chains in the
molten resin at the interface at the constant joining pressure, resulting in a welded joint.
The whole process can be broken down into five different subprocesses:

1. Mechanics and vibration
This subprocess relates to the joining pressure and the vibrations exerted by the sonotrode
over the surfaces. The strain distribution among the energy directors can be usually
predicted by creating an equivalent mechanical model using a lumped parameter sys-
tem which considers all the inertial effects of the moving parts as well as the effects of
the static joining pressure.

2. Viscoelastic heating
Viscoelasticity is the property of a material which allows it to exhibit both viscous and
elastic properties when undergoing deformation. The vibrations from the sonotrode
cause cyclic strains in the energy directors, which then gets converted into heat because
of the intermolecular friction. The viscoelastic heating rate is given by the following
equation[3]:

̇𝑄፯ =
𝜔.𝜖ኼፎ .𝐸ᖥ
2 (2.1)

where ̇𝑄፯ is the viscoelastic heating rate; 𝜔 is the frequency of vibration; 𝜖ፎ is the cyclic
strain of the energy directors and E” is the loss modulus of the polymeric resin. Given
its dependence on the loss modulus, the viscoelastic heating is only significant once
the temperatures have reached the glass transition (𝑇፠) of the polymeric resin. This
temperature is reached with the help of interfacial friction between the surfaces, which
generates the necessary heat[3].

3. Heat transfer
This process relates to the transfer of the heat generated by the energy directors to the
substrate surfaces. The thermal conductivity of the composite also plays an important
role in the heat transfer, since most of the heat is transferred through conduction. This
means that a carbon fibre composite will exhibit better heat transfer compared to a
glass fiber composite, which would in turn lead to quicker heating of the resin and
hence shorten the total weld time.

4. Flow of molten polymer
Once the polymeric resin at the interface is molten, it needs to wet the entire surface to
form a good quality weld. The wetting of the joint strongly depends on the squeeze force
since the viscosity of the melt is very high. The flow can be modelled by treating it as a
spring system where the molten resin is first analogous to a spring that starts getting
stiffer as the flow progresses and covers the entire surface. After this point, the entire
substrate system starts vibrating along with the sonotrode.

5. Intermolecular diffusion
A continuous joint is created when molecular chains from both the substrates and the
energy directors diffuse into their counterparts. For amorphous polymers, the diffusion
time depends on the respective polymer’s glass transition temperature. The higher the
temperature, the quicker the diffusion takes place. The diffusion time of semi-crystalline
polymers is noted to be of the order of 10-7 seconds[11], which is around a 6th of the
order of magnitude of the welding times, meaning that diffusion is not limited by the
welding time.
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2.1.1. Process monitoring
Process monitoring for ultrasonic welding in composites is slightly challenging since there is
no foreign material allowed at the interface. This eliminates the use of devices such as ther-
mocouples, where in the probes get left behind at the interface. A study performed by Irene
Villegas and Genevieve Palardy found a relation between the transformations at the inteface
and the dissipated power (and the displacement of the sonotrode)[25]. This relationship can
be used to define the optimal processing parameters for a particular welding setup.
The power and displacement variation of the sonotrode can be plotted against time, and the
resulting curve is often referred to as the ’power-displacement curve’. A typical example of
such a curve is shown in Fig. 2.3.

Figure 2.3: A typical example of the power displacement curve obtained for a lap joint of CF/PEI composite panels. Positive
displacement values indicate downward movement of the sonotrode[25]

The curve can be demarcated into 5 different stages as shown in the figure, based on the
process taking place at the interface:

1. In the first stage, the power is increased in a ramped manner, and the sonotrode retracts
slightly to accommodate the vibration. There is no noticeable change to the shape of
the energy directors in this phase.

2. During the second stage, a decrease in the power is noticed, which is attributed to the
fact that the solid contact area reduces due to melting in isolated spots over the energy
directors. The displacement of the sonotrode however does not vary much because of
the presence of unmolten areas along the weld lines.

3. The third stage begins with all the energy directors molten, and is characterized by
the squeeze flow of the melt between the substrates. This results in an increase in
the sonotrode displacement and an increase in the power dissipated because once the
molten flow fronts meet, the mechanical impedance of the joint increases.

4. During the fourth stage, the squeeze flow of the resin continues with the weld line
thickness approaching zero. The heat transfer from the molten resin also causes some
of the resin from the substrates to melt.

5. The fifth and the final stage is characterized by the melting of the resin beyond the
first few layers of the substrates which causes a slight dip in the power dissipation
as observed in the second stage. Distortion of the shape of the fibre bundles is also
observed in this stage.
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2.2. Energy directors
So far, it has been established that energy directors are needed to initiate the melting process
at the beginning of the weld. This subsection is elaborates a bit more about this based on
the available literature.
Energy directors are resin rich asperities placed on the welding interface, to induce the melt-
ing process at the interface. Because of their lower stiffness, they have a higher cyclic strain
and hence melt much faster than the rest of the overlap. The partially molten resin has an
even lower stiffness and further creates heat to melt the interface through visco-elastic fric-
tion. The resulting weld is seen to have a better quality.[2]
Energy directors can be manufactured in different shapes, and there has been studies relat-
ing the shape and the weld quality achieved as a result of having that shape. An example of
the effect of geometry of an energy director’s contact point is shown in Fig.2.4.

Figure 2.4: The effect of having a sharp and a rounded energy director on the weld quality of the joint.
(Copyright: Dukane Corporation [6])

The shape of the energy director has an effect on how quickly the melting process is
initiated. For example, a study found that a rounded ED requires a larger vibrating amplitude
than a sharp ED to achieve the highest joint strength[18]. This implies that a design that
has a higher contact pressure will need a lower welding amplitude. Another study[4] carried
out on the shape of the energy directors identifies the most efficient geometry. A comparison
is carried out between three geometries: triangular, rectangular and semi-circular.

Figure 2.5: The energy director shapes as compared by Chuah et al. [4]
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Figure 2.6: Welding eficiency versus weld time(ABS: Acrylonitrile buta- diene styrene, amourphous and PE: Polyester,
amorphous [4]

Looking at the graph shown in Fig.2.6, when compared on the basis of welding efficiency
(defined as the strength of the weld divided by the strength of the parent material), the semi-
circular contact surface was found to be the best, followed by the rectangular one and the
least efficiency was attained by having triangular energy directors.
However, it has to be taken into consideration that these results are only valid for plates
thicker than 6mm. This means that the plates are quite stiff and rigid during the welding
process, and do not deform much. Hence, the validity of these results to thinner plates is
questionable, and needs to be evaluated.
A study using Finite Element Modeling for the energy directors found that for triangular
energy directors, the apex angle has a significant effect on the heating at the interface. It was
found that with an increase in the apex angle, the glass transition temperature was reached
quicker, with the most efficient angle being at 90o. [28].

Figure 2.7: Time to reach the ፓᑘ of the energy directors with different energy director cross-section areas and apex angles. (S
being the initial areal width of the contact area, set to constant for this study) [28]

Another interesting aspect of this study was the dependence on the cross-sectional area of
the energy director. A larger cross-section implies a longer welding time, whereas a smaller
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cross-section can cause too much heat to be dissipated into the laminates. Hence an opti-
mum cross-section area has to be calculated, which in this case was found to be 0.25𝑚𝑚ኼ for
an apex angle of 90፨.[28]

2.3. Manufacturing options for energy directors
This part of the literature study was aimed at gathering information on different ways to
manufacture an energy directing surface for USWs. Two approaches were explored and im-
plemented:

• Fused Deposition Modeling

• Moulding

2.3.1. Fused Deposition Modeling
Since the energy directors are also made of thermoplastic polymers, FDM can be implemented
to apply them on to composite surfaces.

Figure 2.8: A schematic depicting the working principle of an FDM process.[13]

The use of FDM for making energy directors has been explored by M.A.P. Kerssemakers
et al. It was noted that when using a PEEK ED on a CF/PPS substrate, there was no further
steps required to fixate the ED, however this was not the case with a CF/PEEK substrate
which showed insufficient adhesion[12]. Another challenge faced during this process was
the inconsistency in the thickness of the extruded EDs, which could have significant effects
on the final weld quality.

2.3.2. Moulding
The required energy directors could be manufactured on the surface using a custom-made
mould that can heat up to temperatures above the 𝑇፠ of the polymeric resin to allow reshaping
but lower than the 𝑇፦ to prevent excess flow. A similar process was used to manufacture
triangular energy directors in a study by Avraham Benatar [3] and Irene Villegas [26], and was
found to be effective. A metallic mould can be manufactured using a machining operations
or a CNC mill depending on the level of complexity of the design. Fig.2.9 shows an example
of moulded triangular energy directors created on the surface using two thick aluminium
plates with triangular grooves machined onto them[27].
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Figure 2.9: Moulded triangular energy directors[27]

2.4. Continuous Ultrasonic Welding
Continuous Ultrasonic Welding (CUW) is a relatively new technology for thermoplastic com-
posites, which still needs a lot of research before it can be effectively applied in the aerospace
industry. The techniques used for this process have largely been developed in-house at
DASML. The first welding fixture in DASML for CUW was developed in 2015, and was capa-
ble of moving the sonotrode horizontally over a fixed table[23]. Using this fixture, research
was conducted to check the feasibility of the CUW process by minimising the squeeze force
of the molten resin to zero[19]. The squeeze force was minimized by making the net displace-
ment (travel) of the sonotrode to zero, meaning the sonotrode vibrates at the same vertical
position throughout the welding process. A zero-travel USW takes into account the unmolten
ED lying ahead of the molten ED, which is usually thicker, as shown in Fig.2.10.

Figure 2.10: Unmolten resin in front of the weld during a CUW process[20]

The research uses laminates made of Carbon-fiber/Polyphenylene sulfide (CF/PPS) and
a flat ED made of PPS to make the weld. Although the resulting fracture surfaces showed
areas of intact resin, the zero-travel concept showed that a CUW process in fact feasible
for thermoplastic composites. A later research went on to show that using a mesh-type ED
resulted in CUWs of with better weld uniformity compared to a flat ED of the same resin
volume[10]. It was concluded that the filament crossings in the mesh resulted in a better
contact between the substrates which in turn resulted in a more uniform heat generation.
Fig.2.11 shows how the meshes deform before melting to create an intimate contact between
the substrates.
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Figure 2.11: The mesh deforms under the welding force to create a uniform contact between the substrates[10]

2.5. Conclusions from the literature survey
The aim of the literature study was to get familiar with the field of ultrasonic welding of
thermoplastic composites. Firstly, a deeper understanding of the process was gained by
studying the different stages of the power-displacement curves and correlating them with
the changes happening at the interface. Then, the role of energy directors was studied and
the effect of the shape on the welding process was understood. The next step was to explore
the different ways in which the EDs could be manufactured at the DASML. Two options were
set up: a fused deposition model and a moulded option. The final part was to go through the
previous researches to determine which features are beneficial for a CUW. It was concluded
that to get a good weld-line uniformity, the ED should have features similar to that of a woven
mesh, which are:

• Small contact points

• Homogeneous spread of these contact points

• Some displacement prior to melting, to create an intimate contact between the sub-
strates(preforming)

The design of the EDs in the upcoming chapters is made keeping these factors in mind.
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2.6. Research goals and objectives
The primary aim of this research is to design and manufacture an energy director interface
that can produce better quality continuous ultrasonic welds by aiding uniform heat genera-
tion and a high lap shear strength. The main research question that needs to be answered
through this study is:

”What are the physical features of an energy director that affect continuous ultrasonic
welding of thermoplastic composites? And what is their effect?”

The answer to this question will be attained by using the existing data on continuous ultra-
sonic welding of thermoplastic composites to identify the features that have an effect on the
process, and then manufacture an energy director that incorporates these features. These
energy directors need to be welded at different speeds to understand their behaviour. Hence,
the research objective can be formulated as:

”The objective of this research is to understand the behaviour of an energy director during
continuous ultrasonic welding process and manufacture a design that results in a weld with

uniform heat generation throughout the weld.”

This objective can be broken down into the following subquestions:

• What are the desirable features of an energy director that result in a good continuous
ultrasonic weld?

• How can these features be incorporated into a new design?

• How can this design be manufactured?

• What is the relation between the physical features of an energy director and the final
weld quality?

These questions are answered as per the methodology explained in the next section.

2.7. Methodology
This section explains the path followed during the course of the research to answer the re-
search question. Fig.2.12 shows a general overview of the steps taken to do this.

Figure 2.12: The research methodology followed throughout this study

The first step is to conduct a literature survey to identify the physical features of an ED
that seemingly have a positive effect on the weld quality, and to gain a deep understanding of
the process itself. The literature also provides some good information about the processing
parameters that could be used for this research.
Once there is a good idea about the beneficial features for an ED for CUW, the next step is into
a design that is manufacturable at the DASML. This design is then manufactured after some
trials to get a proof of concept for the manufacturing method. After this, an accurate version
of the design is manufactured and used for spot welds. The spot welds give information about
the power-displacement behaviour of the spot welds and provide reference for the lap shear
strengths.



12 2. Literature Study

The next step is to use this ED in a CUW process after figuring out a range of welding
speeds that would work on PEEK EDs. This is done by carrying out smaller welds of 101.6mm
length over a wide range of speeds. Once there is an idea about the welding speeds, longer
welds of 220mm are made to have a clear picture of the EDs behaviour under CUW.
To see the results, the weld needs to be tested for its LSS and for its fracture surface. The
fracture surface gives vital information about the heat generation at the interface and the
resin cover in the overlap. The LSS is an indication of the strength of the joint for each ED
type and welding speed. With this information, conclusions are drawn from the results and
some recommendations are given for the future research.



3
Experimental Setup

The aim of this chapter is to provide a summary of the materials, techniques and equip-
ment available at the Delft Aerospace Structures and Materials Laboratory(DASML) used for
carrying out this research.

3.1. Materials
3.1.1. Substrates for spot welds and CUW
The substrates for welding were cut from two different types of laminates: a [0/90]3s 5-
harness satin weave carbon fibres embedded in a polyether ether ketone matrix (CF/PEEK)
and a [0/90]3s 5-harness satin weave carbon fibres embedded in a polyphenylene sulfide ma-
trix (CF/PPS) supplied by TenCate Advanced Composites. For both the laminates a hot-platen
press was used for consolidation as per the press cycles shown in Table 3.1.The thickness of
both the CF/PEEK and the CF/PPS laminates was around 1.9mm.

CF/PEEK CF/PPS
Temperature [°C] 385 320

Consolidation Time [min] 20 20
Pressure [MPa] 2 1

Table 3.1: The consolidation scheme used to prepare the laminates

The laminates were then cut into the final dimensions using a water-cooled a surface
grinding machine manufactured by Proth Industrial Co. Ltd., with a 100µm depth of cut.
For spot welds, the laminates were cut into samples of 101.6 x 25.4mm. For the CUW,
samples were cut into dimensions of 101.6 x 101.6mm for estimating the welding speed, and
101.6 x 220mm for longer welds that were used for comparison.

3.1.2. Energy directors
PEEK and PPS EDs were used for this research. The use of PPS EDs was limited to the ini-
tial validation of the conical design, that is, to make a proof of concept for the mould and to
check for a relation between the cone height and the preforming. For the woven mesh option,
a PEEK mesh provided by PVF Mesh & Screen Technology GmbH was used as an energy di-
rector at the interface. The mesh has a thickness of 0.2mm and a mesh count(warp/weft)[17]
of 155/37 per square cm. The mesh has a 37% open area.
An expanded PEEK mesh of 0.14mm thickness provided by Dexmet Corporation was later
used as an ED. The expanded mesh is manufactured by simultaneously slitting and stretch-
ing a thin film[5] of PEEK resin, as shown in Fig.3.1. Compared to the woven mesh, this
option has an open area of 62%.

13
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Figure 3.1: The manufacturing process of a PEEK expanded mesh[5]

A conical design was manufactured at the laboratory using an Aluminium mould with
resin films of PEEK and PPS in a hot platen press. The mould was made using a bench drill
on a 3mm thick Aluminium sheet. The PEEK films used for this purpose were 0.05mm thick
and supplied by Victrex Plc, UK. The PPS films used here were 0.08mm thick and supplied
by TenCate. More details about the manufacturing process are explained in the following
chapters.
Fused Deposition Modelling (FDM) was used to create strips of PEEK on the beforemen-
tioned PEEK film of 0.05mm thickness. The FDM process was carried out using an Indmatec
HPP155, designed by Apium Additive Technologies GmbH in Germany. The machine uses
1.75mm diameter filaments as raw material which is pushed out through a nozzle at 400°C.
The bed can be heated up to a temperature of 100°C and offers an effective build volume of
140 x 135 x 148mm.

Figure 3.2: The PEEK 3-D printer used for the extrusion process

3.2. Ultrasonic Welding - Spot welds
For the spot welds made during the course of this research, Hermann Ultraschall HiQ Dialog
machine welding machine was used, which has a maximum output of 6200W. An in-house
built fixture was used to hold the specimens in place, which is shown in Fig.3.3. Throughout
this research, a 30mm x 15mm rectangular sonotrode was used for making the spot welds,
and the parameters shown in Table 3.2 were used.
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Figure 3.3: The welding fixture used for making the spot welds (left) and the loading of the specimen (right)

Parameter Setting
Frequency [kHz] 20

Peak-to-peak Amplitude [µm] 86.6
Weld Force [N] 500

Solidification Force [N] 1000
Solidification Time [ms] 4000

Table 3.2: The welding parameters used to make the spot welds

The optimum welding parameters are determined using the in situ data from the ultra-
sonic welder. The spot weld is first done using a displacement controlled method, wherein the
sonotrode is allowed to travel a distance equal to 80% of the thickness of the ED. Using the
data from this welding, the different stages of the welding are identified. Prior research with
a CF/PEI laminate and a flat PEI ED revealed that the optimum welds are obtained at the
end of the 4th stage of welding[24] which is characterized by a simultaneous flow of molten
ED and melting of the first surfaces of the substrates. This occurs when the sonotrode has
travelled roughly 20% of the thickness of the ED, and can be identified in the power curve
when the second peak has been crossed.
Fig. 3.4 (left) shows an example power-displacement curve of a USW of CF/PEI using a flat
PEI ED, along with the position of the second power peak[14]. Identification of an analogous
spot in the graph of a weld with a mesh-type ED is slightly different, since the second power
peak is not as prominent. A typical power-displacement graph is shown in Fig.3.4 on the
right, by welding a CF/PPS laminates with a PPS mesh as an ED.

Figure 3.4: A typical power-displacement curve of a spot weld with a flat ED at the interface(CF/PEI with a 0.06mm thick flat PEI
ED)[14](left) and A typical power-displacement curve of a spot weld with a mesh ED at the interface (curves for three different
thicknesses are shown, CF/PPS substrate and PPS mesh)[10] (right)
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Research suggests that the optimum weld for a mesh-type ED is at the point where the
displacement starts to increase after the plateau, as marked in the figure.Once the optimum
points have been found in the curve, the time is noted down and used to carry out time-
controlled welds using the same other parameters. When welded for the optimum time, the
resulting welds should ideally have the highest possible LSS for the case and hence can be
used as a reference.

3.3. Continuous Ultrasonic Welding
For CUWs, an in-house built welding setup is used along with an in-house built fixture to
hold the specimens. The setup is loaded with a Hermann Ultraschall Dialog 6200, which has
a maximum output of 6200W. The welding setup and the fixture used for all of the continuous
welds is shown in Fig.3.5

Figure 3.5: The CUW machine used for the making the continuous welds(left) and the fixture used to hold the specimens(right)

The fixture holds the substrates in place with the help of bar clamps, while being fixed to a
table that moves at a constant speed. While the table is in motion, the sonotrode drops down
and starts vibrating, hence creating a weld along the overlap of the plates. the maximum
length of the plates that can be fixed into the fixture is 220mm. The speed of the table can
be varied from 1mm/s to 100mm/s.

3.4. Optical Microscopy
The optical microscopy involved in this research was done mainly using two microscopes:
a Leica optical microscope to do the cross-sectional microscopy and a Keyence VHX-2000
digital microscope for studying the deformations.

Figure 3.6: A sample image from the Keyence VHX-2000 microscope, showing the structure of a woven mesh
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3.5. Mechanical Testing
The resulting joints have an overlap length of 12.7mm and are tested using a Zwick/Roell
250kN universal tensile testingmachine with hydraulic grips and a loading rate of 1.3mm/min
as per the ASTM 1002 D standard. In case of the CUWs, the specimens are cut into coupons
of 25.4mm width to conform with the standard. The specimen dimensions are shown in
Fig.3.8

Figure 3.7: The setup of the specimen in the UTM for LSS
testing

Figure 3.8: The dimensions of the specimens used for
LSS testing
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Manufacturing of energy directors

This chapter deals with the part of the research where different manufacturing options for the
energy directors were explored. The objective of this part of the research was to manufacture
an energy director that would satisfy the two requirements concluded from the literature
survey: small contact points, an even spread of these contact points and some preforming.

4.1. Fused Deposition Modelling (FDM)
The first attempt to manufacture the energy director was done through FDM. The parameters
mentioned in Table 4.1 were used for extruding the PEEK filament. The extrusion was done
on PEEK foils of two thicknesses: 0.05mm and 0.5mm taped to the top of the build platform.
The Z-offset of the printer was set in a way to make sure the nozzle did not touch the PEEK foil.
The temperature of the nozzle was set to 400°C, which is higher than the melting temperature
of PEEK (343°C), in order to ensure a smooth flow of the material.

Parameter Setting
Build material PEEK

Nozzle temperature [°C] 400
Build platform temperature [°C] 25

Extrusion width [mm] 0.4
Nozzle speed [mm/s] 130
Extrusion multiplier [-] 0.85

Table 4.1: The settings of the parameters used for printing

A simple design shown in Fig.4.1 which would theoretically offer some deformation prior to
melting was chosen. The contact points were chosen to be toroidal in order to provide a
large contact surface with a lower resin content and a lower extrusion time compared to a
solid cylindrical contact point. As an approximation, the radius of the toroid was chosen
to be twice that of the extruded thickness of 0.4mm to prevent overlapping of the deposited
material, and the distance between the center of the toroids was set to 5mm.

Figure 4.1: The geometry of the printed over the PEEK
film on the bed Figure 4.2: A cross-sectional view of the printed geometry

19
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The extrusions were made on films of two thicknesses: 0.5mm and 0.05mm. The films
were secured using a Kapton tape from all sides to prevent any movement of the film during
the extrusion process. The build platform was not heated, and maintained at room temper-
ature to avoid any warpage because of the heat.
On the film with a 0.05mm thickness, the heat from the nozzle caused a lot of warpage which
led to the film coming in contact with the nozzle and hence causing it to stick. This resulted
in a lot of holes in the film, and hence a poor quality energy director.
In case of the 0.5mm thick film, a lack of adhesion was noticed between the extruded PEEK
and the PEEK film. This was probably due to the lower temperature of the build platform.
An increase in the build platform temperature however caused warpage in the film, and the
problems similar to those in the previous case were encountered. The end product of both
the cases is shown in Fig.4.3 and Fig.4.4 respectively.
To overcome this problem, a more continuous extrusion solution was preferred: printing

Figure 4.3: PEEK extrusion on a 0.05mm thick PEEK film,
with the build platform at room temperature

Figure 4.4: PEEK extrusion on a 0.5mm thick PEEK film,
with the build platform at room temperature

continuous PEEK strips on top of the film in place of the toroids. Theoretically, this would
provide better adhesion with the base film because of a larger contact area over the strip for
every extrusion. Moreover, an extra offset to increase the distance between the nozzle and
the build platform was set to 0.2mm in order to prevent any warpage from the heated nozzle.
The end result is shown in Fig.4.5

Figure 4.5: Extruded PEEK strips on a 0.05 mm thick film
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The extrusions showed much better adhesion to the base film, although a few holes and
warpages were observed at some locations, the end product was more intact and usable as
an energy director.
Cross-sectional microscopy was performed to have a closer look at the extruded geometry of
the extruded PEEK on the PEEK film, as seen in Fig.4.6

Figure 4.6: The dimensions of the extrusions made on the 0.08mm thick PEEK film.

It was observed that there was a difference of a maximum 15% in the thickness among
the individual extruded PEEK strips.

4.2. Moulded energy directors
The next approach to manufacture the energy directors was through moulding PEEK films
to have some conical protrusions. A conical shape was chosen to ease the removal of the
ED from the mould. A conceptual design of the ED is shown in Fig.4.7 The moulds were

Figure 4.7: A top view of the 3-D model of the conical ED
Figure 4.8: A side view of the 3-D model of the conical

ED showing the dimensions

made on Aluminium sheets using a bench drill to make conical depressions, evenly spaced
at every 5mm center to center. Although a bench drill is not the best solution for cases with
such small dimensions such as this one, this part of the experiment was meant rather as
a proof of concept for the mould. Three moulds with different cone depths were prepared
to create a relation between the height of the cones and the preforming. The three different
depths resulted in cone heights of 0.148mm. 0.266mm and 0.306mm respectively, with a
constant base thickness of 0.12mm in all the cases when measured over 5 points using a
screw gauge. The angles of the cones in the moulds were measured using the cross-section
microscopic image of the cone as shown in Fig.4.11, and was found to be equal to the drill
angle (135°).The energy directors were consolidated in a hot platen press as per the scheme
shown in Table4.2 and Fig.4.9
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CF/PEEK CF/PPS
Temperature [°C] 385 320

Consolidation Time [min] 10 10
Pressure [MPa] 2 2

Table 4.2: The processing parameters for manufacturing the conical energy directors

Figure 4.9: The layout of the moulding scheme used for the conical energy directors

The resulting energy director was structurally intact and had a uniform base thickness.
However, due to the inaccuracies of the drilled depressions in the mould, the cones were not
of a uniform height throughout and the geometry of the protrusions was rather spherical than
conical. The non-uniformity in the cone heights was expected because of the human factor
involved in the bench drill and the spherical geometry was attributed to the air trapped inside
the depressions during the melting of the resin film. Nonetheless, this experiment served as
a good proof of concept for the mould and the resulting energy directors were deemed worthy
enough of providing a rough estimate of the behaviour of this design. The resulting ED is
shown in Fig.4.10

Figure 4.10: The conical ED manufactured through
moulding

Figure 4.11: Cross-sectional image of this ED showing
the angle of the cone
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4.3. Conclusions
This part of the research was aimed at exploring different manufacturing methods for the
energy directors that would help create an intimate and uniform contact between the sub-
strates. Using FDM can be a bit tricky, given the high temperatures that causes warping in
the thin PEEK film at the base. A thick PEEK film showed poor adhesion with the extruded
PEEK and hence was not seen as a viable option. In order to use a thin sheet (0.08mm thick),
the build platform temperature has to be kept as low as possible to prevent any warpage from
the heat. These warpage can cause the film to come in contact with the nozzle of the 3-D
printer. Moreover, it was observed that the heat from the nozzle also caused local warpage,
which again caused the film to come in contact resulting in holes because of burning. To
combat this problem, a simpler design with just strips was chosen. When printing strips,
the nozzle does not remain at the same spot over the film for a long time, hence reducing the
possibility of warpage. However, this problem could not be eradicated completely as at some
parts of the film, the same problem was still observed.
In case of the conical energy directors, the manufactured EDs were seen to have a good
structural integrity and uniformity in terms of the base thickness. The experiments showed
promising results for manufacturing the EDs using moulding. However, since the conical
depressions were done using a less accurate bench drill, the cone heights showed higher
variations. To overcome this problem, a CNC controlled drill was used after evaluating other
aspects of this design, which is explained in the next chapter.





5
Characterization of the energy directors

through spot welds
In this chapter, four ED options were studied by using them for spot welds. The power-
displacement curves from each of these ED options gives information about the location of
the displacement plateau and the corresponding time and displacement value. The power-
displacement curves also serve the purpose of identifying the optimum weld time for highest
LSS value, as discussed in the literature review. Firstly, spot welds are performed on the four
ED options under the same conditions to obtain their power-displacement data and impor-
tant characteristics of these curves are studied in detail. This is then followed by determining
their optimum LSS for use as a reference for CUWs.

5.1. Spot welding
Spot welds were used to determine whether the different energy directors showed a plateau
in the displacement curves, and to find out the value at which they showed this plateau. For
every ED option, 3 specimens were welded.

5.1.1. Woven mesh - PEEK
The power displacement curves when using a 0.20mm thick woven PEEK mesh as an ED are
shown in Fig.5.1

Figure 5.1: The power-displacement curve for the 3D-printed PEEK strips
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The displacement plateau was observed at a depth of 0.02mm, and it was reached roughly
200ms into the welding process. This likely pre-forming is lower than what was observed by
Jongbloed et al. when using a PPS mesh as an ED for CF/PPS laminates(d=0.065mm) and is
reached comparatively slower (t=120ms)[10]. This is possibly due to the fact that PEEK has a
higher glass-transition temperature(around 143oC) compared to PPS(around 85oC)[1], which
means that PPS starts losing its modulus earlier compared to PEEK when the temperature
at the interface is increasing.

5.1.2. FDM - PEEK Strips
The power-displacement curves when using 3-D extruded PEEK strips on 0.05mm thick
PEEK film as an ED are shown in Fig.5.2

Figure 5.2: The power-displacement curve for the 3D-printed PEEK strips

The plateau was observed at a depth of 0.45mm, which is almost equal to the thickness
of the extruded PEEK strips (roughly 0.44mm).
Although the the PEEK FDM ED showed the desirable plateau in the displacement curve, it
was not considered for further research due to three reasons:

• The extruded filament from the printer had a minimum layer height of 0.25mm, which
meant that the dimension of the strips can be modified only in multiples of 0.25, with
0.25mm being the minimum possible height. This limits the flexibility of the design
when dealing with very small dimensions.

• Despite the fact that the extruded strips showed good adhesion to the film, there were a
lot of inconsistencies in the final ED in terms of the base layer. Due to local warpages,
the nozzle came in contact with the film, causing burnt areas with no resin under the
strips. This brings in other factors into the play, which are out of scope of this study.

• Lastly, the 3-D printer available at DASML has a build volume of 140 x 135 x 148 mm
which is not enough to create longer energy directors needed for the CUW welding.

Nevertheless, this part of the study acts as a proof of concept that FDM can be used to
manufacture loose EDs using films as a base layer, and with more research this can be used
as an effective tool to manufacture EDs with complex geometries.
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5.1.3. Conical moulded ED - PPS
In case of the conical moulded energy directors, three cone heights were used to check if there
was an empirical relation between the cone height and the preforming distance observed in
the power-displacement curve. For clarity, the three heights are assigned an letter in relation
to their sizes as follows:

Cone height(h_c) Reference letter
0.148mm S
0.266mm M
0.414mm L

Table 5.1: The cone heights tested in the ED to determine a relation between the cone height and preforming

An analytical approach was first taken to estimate the preforming of the cones assuming that
the cones melt completely to form another layer of molten resin on top of the base film as
shown in Fig.A.4.

Figure 5.3: The power-displacement curve for the conical-S ED

For an overlap of 25.4mm x 12.7mm, the following equation was obtained(the derivation
is showed in the appendix):

𝑝 = ℎ፜–0.017 ∗ 𝑛 ∗ ℎኽ፜ (5.1)

With p = preforming distance; and hc = height of the cone from the top surface of base film.
The calculated values for S, M and L are summarised in Table5.2
The forthcoming welds using the S, M and L EDs were performed to validate this equation.
The power displacement curves and the preforming depth are shown in Fig.5.4, Fig.5.5 and
Fig.5.6 respectively.

Figure 5.4: The power-displacement curve for the conical-S ED
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Figure 5.5: The power-displacement curve for the conical-M ED

Figure 5.6: The power-displacement curve for the conical-L ED

The pre-forming distances are summarised in table 5.2.

Cone height(h_c) Calculated pre-forming Observed pre-forming
0.148mm (S) 0.147 [mm] 0.04 [mm]
0.266mm (M) 0.263[mm] 0.15 [mm]
0.414mm (L) 0.41[mm] 0.3 [mm]

Table 5.2: The cone heights and their corresponding pre-forming distances
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It was observed that the data from the experiments did not fit into the equation derived
analytically (Equation 5.1). To investigate this, the welding process was first stopped at three
points when welding a size ’S’ ED as shown in Fig.5.7

Figure 5.7: The welding process was stopped at welding time of 45ms, 70ms and 90ms to study the interface

Figure 5.8: The interface at the corresponding weld times

From the images shown in Fig.5.8 it was could be seen that the cones do not melt com-
pletely to form a layer of molten resin on top of the base layer. The cones melt locally and
the molten resin from adjacent cones do not meet to create a uniform layer, resulting in air
gaps between them.
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Hence, a trend line was generated from the experimental results to establish a relationship
between the height of the cones and its corresponding preforming, as shown in Fig.5.9.

Figure 5.9: Cone height vs the pre-forming from the experiments

Using curve-fitting technique, the linear relation between the height of the cones and the
pre-forming is shown in equation 5.2:

ℎ፜ = 1.021𝑝 + 0.109 (5.2)

This equation can be useful in determining the cone height that is needed to reach a certain
amount of preforming when using this ED. It is important to note that this equation only
considers 10 cones, 5mm apart at the interface on 0.12mm thick base, and it only applies
for PPS EDs since PEEK EDs were not used in this set of experiments.
Themotivation behind deriving this relation was to manufacture a conical ED that would have
the same preforming as that of the PPS mesh used in prior research[10], which is 0.065mm
under similar conditions. In order to achieve this preforming through the conical ED made of
PPS, the height of the cones as per equation5.2 should be 0.17mm. The next part describes
how automated manufacturing techniques are used to manufacture a precise version of the
conical ED.
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5.1.4. Precision controlled conical energy directors - PEEK
Once the relation between the cone height had been determined, a 3-D model of the mould
was created. The depth of the conical depression in the mould was set to 0.19mm, after
giving an allowance for the air pocket that gets created. The mould was then manufactured
using a CNC drilling machine at the DASML to have a consistent cone height. To gather more
data about the EDs behaviour, two options were evaluated, as shown in Fig.5.11. The two
ED options are herafter referred to as Con2.5(Cones 2.5mm apart) and Con5(Cones 5mm
apart).

Figure 5.10: The 3-D model of the mould that was
converted into a STEP file for manufacturing

Figure 5.11: The manufactured mould with the two
distinct sections of Con5 and Con2.5

The resulting ED from this mould however showed a higher cone height than the in-
tended value. The heights of the cones were observed to be approximately 0.21mm, instead
of 0.19mm. This was possibly due to the thermal expansion of the aluminium(between 21-24
x 10-6 /K [7]) mould at the higher temperature, which was not taken into account during the
design.

Switching to conical PEEK ED from PPS:
The decision to use a conical PPS ED was driven by the existence of PPS CUW data from
prior research. However, with the deviation from the intended design of the conical ED and
the introduction of a PEEK expanded mesh midway through the scope of the research was
shifted an all-PEEK ED comparison instead of an all-PPS comparison.
The mould however, was not remade because of the time and effort involved. The same mould
was used to manufacture PEEK EDs and it was evaluated and characterized through spot
welds. The resulting PEEK EDs showed a consistent cone height of roughly 0.2mm and a
base height of around 0.1mm, resulting in a total ED height of approximately 0.3mm from
the bottom side to the tip of the cone. These measurements were made using a screw gauge
over the corners of the ED, as mentioned in Chapter 3.
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The power-displacement behaviour of Con5 is shown in Fig.5.12 and of Con2.5 is shown
in Fig.5.13

Figure 5.12: The power-displacement curve for the Con5 ED

Figure 5.13: The power-displacement curve for the Con2.5 ED

The displacement plateau was observed roughly at a depth of 0.065mm in case of the
Con5 ED and at a depth of 0.14mm in case of the Con2.5 ED.
To understand the difference in the pre-forming depth between Con5 and Con2.5, cross-
sectional microscopy was performed at different points along the displacement curve. In
case of the Con5, the welding was stopped just before the plateau was reached, at 60ms.
The analogous spot for Con2.5 was at 75ms. The cones prior to deformation are shown as a
reference in Fig.5.14 and the deformed cones are shown in Fig.5.15.
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Figure 5.14: The surface of the ED (Con2.5) prior to the welding process

Figure 5.15: The surface of the Con5 ED at t=60ms (left) and Con2.5 at t=75ms (right)

The main observation among the two cases is the melting of the cones that is seen in the
case of Con5 and is absent in Con2.5. The displacement plateau observed in the Con5 case
seems to be a result of melting of the cones, whereas the preforming in the case of Con2.5
seems to be a result of the plastic deformation of the cones. This could likely be because of
the fact that the force from the sonotrode is distributed among a comparatively lesser number
of cones in the Con5 case.
To gain a better understanding of this ED, the welds were stopped a bit further into the
displacement plateau: 130ms into the welding of the Con5 ED and 140ms into the welding
of the Con2.5 ED. The resulting cross-sections are shown in Fig.5.16.

Figure 5.16: The cross-section of the Con5 ED at t=130ms (left) and Con2.5 at t=140ms (right)

Although the ED surface prior to the displacement plateau showed some melting in case
of the Con5, this melting process doesn’t seem to have reached the base film of the ED
effectively. Whereas the Con2.5 case showed comparatively better melting of the ED, with
bondline less visible. This is likely because of a higher number heat generation points in
the Con2.5 ED, which transmits the melting process to the base film more uniformly. This
probably results in a quicker melting process, once it has been initiated in the cones.
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5.1.5. Expanded mesh - PEEK
An expanded mesh was also evaluated as an energy director option because of its similarity to
a thin film while having open areas like wovenmeshes. The power-displacement curve for this
is shown in Fig.5.17 The displacement curve showed two plateaus: one after roughly 30ms

Figure 5.17: The power-displacement curve for the 0.14mm thick expanded PEEK mesh

and the other one after around 100ms. The second displacement peak coincided with a peak
in the power peak as well, indicating a possible melting occurring at the interface. In order
to better understand this, the welds were stopped along different points in the displacement
curve: after 50ms of weld and 110ms of weld. The status of the interface at these time points
are shown in Fig.5.18

Figure 5.18: The progression of the ED over the weld time

Through these images, it was observed that at the first plateau the ED only showed de-
formation and negligible melting since the two substrates could be separated easily by hand.
At the second plateau, however, there was some melting as the joint showed some strength.
Some portions of the interface showed completely filled overlap while the others, as shown in
Fig.5.18 showed some gaps which were likely closing in because of the molten flow of resin.
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5.2. Lap Shear Strengths
From the power-displacement graphs of the EDs, the optimum weld time is noted down for
each ED. Experience with using PPS woven meshes as EDs has indicated that the weld time
for meshes is right at the end of the plateau, where the displacement starts increasing. Since
expanded meshes and conical EDs have not been used before, it is assumed that the same
trend follows for these as well. Hence, the same method is used to determine the optimum
time for the highest possible LSS for each ED type. The assumed optimum weld times found
from the power-displacement graphs are shown in Table 5.3. Three welds were performed
for each type of ED to attain the average LSS.

Assumed optimum weld time Mean LSS
Woven mesh 500ms 40.23±1.85 MPa

Expanded mesh 400ms 36.75±3.18MPa
Conical 5mm 400ms 28.37±2.2MPa
Conical 2.5mm 500ms 38.43±2.27 MPa

Table 5.3: The optimum weld time and LSS values

It was observed that while the LSS of the woven mesh, expanded mesh and the Con2.5
were in a comparable range, the LSS of the Con5 ED was lower by roughly 10MPa.

Figure 5.19: A comparison of the fracture surface of a Woven PEEK ED at the interface (left) vs Con5(right)

Fig.5.19 compares the fracture surfaces of weld using woven mesh ED with a Con5 ED, as
they represent the highest and the lowest LSS respectively. The fracture surface of the Con5
specimen shows unwelded areas with a lot of intact resin at the interface. This is probably
due to insufficient heat generated at the interface, indicating that probably a longer weld time
is needed for this ED.
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5.3. Conclusions
In this chapter, four types of EDs were evaluated: a woven mesh, extruded strips on a film,
conical moulded and an expanded mesh. It was observed that the a PEEK woven mesh of-
fered a lower pre-forming value compared to a PPS mesh of the same dimensions, probably
due to the comparatively higher stiffness of PEEK at high temperatures. The extruded PEEK
strip ED was used for spot welds, but was later discarded as an option for CUW because
of poor quality and the limitations of the extruding machine. Conical EDs were successfully
manufactured and an analytical relation was derived between the height of the cones and the
preforming. A CNC machine was used to manufacture an accurate version of the mould with
two variants in the same mould: Con5 and Con2.5. These two options were manufactured
with PEEK and used for studying the features of this design. The final ED option was an
expanded PEEK mesh that showed some preforming prior to the welding.

The next chapter deals with the CUW of the EDs evaluated in this chapter and analyzed
to find a link between the data generated in this section and the results observed in the next
part.



6
Behaviour of the energy directors in

continuous ultrasonic welding
In this part of the research, the 4 ED options are used for CUW of CF/PEEK laminates. It
is known through the literature [10] that for PPS mesh EDs, welding speeds of 45mm/s re-
sulted in a uniform weld line. Since PEEK has a higher melting temperature, lower welding
speeds of 25mm/s and 30mm/s were tried using the expanded mesh ED on smaller lami-
nates of 101.6mm length and tested see whether the ED was melting. The fracture surfaces
are shown in the Appendix section of the report. These results are not used for evaluation,
as smaller welds do not give a lot of information about the true nature of the ED. Based on
the observations, three welding speeds were chosen: 15mm/s; 20mm/s and 25mm/s for the
comparisons.
First it is perhaps important to mention that the welds for all the speeds showed some de-
laminations in the side in contact with the sonotrode. This was independent of the type of
the energy director being used. Fig.6.1 shows the top and bottom view of an example case.

Figure 6.1: The top view of the delamination when using a conical ED at a welding speed of 20mm/s(left), and the
cross-sectional view of the same with the delaminated portion in the circle (right)

This could possibly have an effect on the failure mode of the joint, when the joint fails along
the delaminated region instead of the bondline. But since this delamination was common for
all the cases, the forthcoming results produce a comparison with this defect present in all of
them.

37
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6.1. Results
6.1.1. Woven mesh - PEEK
Fig.6.2, Fig.6.3 and Fig.6.4 show the fracture surfaces of the 220mm long laminates welded
at 15mm/s, 20mm/s and 25mm/s with a 0.2mm thick PEEK woven mesh as an ED. The
corresponding LSS values are shown above each specimen.

Figure 6.2: The fracture surfaces at a welding speed of 15mm/s

Figure 6.3: The fracture surfaces at a welding speed of 20mm/s

Figure 6.4: The fracture surfaces at a welding speed of 25mm/s
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The single lap shear strengths of the woven mesh ED after discarding the edge specimens
(n=7) are shown in Fig.6.5 and Table6.1

Figure 6.5: LSS of the 0.2mm thick woven PEEK ED

Welding Speed Lap Shear Strength
15 [mm/s] 7.15 ±4.15 [MPa]
20 [mm/s] 13.01 ±7.48 [MPa]
25 [mm/s] 12.9 ±8.87 [MPa]

Table 6.1: The lap shear strengths of the CUW specimens with a PEEK Woven mesh as an ED

The primary observation at the speed of 15mm/s is the severe overheating of the interface
which is visible in the form of burnt areas where the surface shows dark spots when it is
moved under a light source. Due to overheating, the resin starts to burn, getting darker and
in extreme cases it starts to evaporate from the surface, leaving just dry fibers behind. This
is shown in Fig.6.6.

Figure 6.6: The overheating at the interface when using a Woven mesh

The burnt areas are also observed in the specimens welded at 20mm/s. However, at a
speed of 25mm/s there is a lot of intact ED, which is an indication of poor heat generation
at the interface.
The LSS of the specimens consistently showed a deviation of 50% across the three welding
speeds.
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6.1.2. Expanded mesh - PEEK
Fig.6.7, Fig.6.8 and Fig.6.9 show the fracture surfaces of the 220mm long laminates welded
at 15mm/s, 20mm/s and 25mm/s with a 0.14mm thick PEEK expanded mesh as an ED.
The corresponding LSS values are shown above each specimen.

Figure 6.7: The fracture surfaces at a welding speed of 15mm/s

Figure 6.8: The fracture surfaces at a welding speed of 20mm/s

Figure 6.9: The fracture surfaces at a welding speed of 25mm/s



6.1. Results 41

The single lap shear strengths of the expanded mesh ED after discarding the edge speci-
mens (n=7) are shown in Fig.6.10 and Table6.2

Figure 6.10: LSS of the 0.14mm thick expanded PEEK mesh ED

Welding Speed Lap Shear Strength
15 [mm/s] 11.54 ±7.2 [MPa]
20 [mm/s] 26.3 ±4.54 [MPa]
25 [mm/s] 21.27 ±8.13 [MPa]

Table 6.2: The lap shear strengths of the CUW specimens with a PEEK expanded mesh as an ED

Similar to the case of the woven mesh, the expanded mesh also showed overheating at
the interface which was visible in the form of burn marks. However, at a welding speed of
20mm/s some of the specimens showed a uniform heat generation, which is characterized
by an even melting and spreading of the resin across the overlap. A closer view of the fracture
surface that shows this phenomenon is shown in Fig.6.11

Figure 6.11: The fracture surfaces of specimens with an expanded mesh ED welded at a speed of 20mm/s that show a uniform
heat generation. There are still some small portions of intact ED at the interface.

At a speed of 25mm/s however, there is a lot of intact resin left at the interface, which is
an indication of insufficient heat generation.
The LSS strengths are in line with the weld quality observed at the interface, with the 20mm/s
showing the highest value along with a comparatively lower value of scatter.
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6.1.3. Conical moulded ED Con5 - PEEK
Fig.6.12, Fig.6.13 and Fig.6.14 show the fracture surfaces of the 220mm long laminates
welded at 15mm/s, 20mm/s and 25mm/s with a Con5 PEEK ED. The corresponding LSS
values are shown above each specimen.

Figure 6.12: The fracture surfaces at a welding speed of 15mm/s

Figure 6.13: The fracture surfaces at a welding speed of 20mm/s

Figure 6.14: The fracture surfaces at a welding speed of 25mm/s
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The single lap shear strengths of the Con5 ED after discarding the edge specimens (n=7)
are shown in Fig.6.15 and Table6.3

Figure 6.15: LSS of the Con5 PEEK ED

Welding Speed Lap Shear Strength
15 [mm/s] 28.36 ±7.94 [MPa]
20 [mm/s] 20.35 ±3.36 [MPa]
25 [mm/s] 9.35 ±8.55 [MPa]

Table 6.3: The lap shear strengths of the CUW specimens with a Con5 ED

At a speed of 15mm/s, the Con5 ED showed a uniform heat generation and resin flow at
the interface barring the end specimens. There was one burnt area observed at the start of
the weld line and some intact resin at the end of the weld line.
At 20mm/s, although the overall resin uniformity over the surface looked positive, the heat
generation towards the edge of the overlap looked insufficient to melt the ED in that region.
An example of this is shown in Fig.6.16

Figure 6.16: Fracture surface of the Con5 PEEK ED

When welded at a speed of 25mm/s. the EDs were found to be largely intact overall with
some melting observed at just the cones, with the base film almost completely intact.
The LSS values were the highest at a welding speed of 15mm/s, while the values showed the
lowest scatter at a speed of 20mm/s. At 15mm/s the LSS values were found to be the lowest,
with only the last specimen offering a value in double digits. The scatter at this speed was
close to a 100%.
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6.1.4. Conical moulded ED Con2.5 - PEEK
Fig.6.17, Fig.6.18 and Fig.6.19 show the fracture surfaces of the 220mm long laminates
welded at 15mm/s, 20mm/s and 25mm/s with a Con2.5 PEEK ED. The corresponding LSS
values are shown above each specimen.

Figure 6.17: The fracture surfaces at a welding speed of 15mm/s

Figure 6.18: The fracture surfaces at a welding speed of 20mm/s

Figure 6.19: The fracture surfaces at a welding speed of 25mm/s
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Figure 6.20: LSS of the Con2.5 PEEK ED

The single lap shear strengths of the Con2.5 ED after discarding the edge specimens (n=7)
are shown in Fig.6.20 and Table6.4

Welding Speed Lap Shear Strength
15 [mm/s] 22.72 ±5.01 [MPa]
20 [mm/s] 18.83 ±7.21 [MPa]
25 [mm/s] 8.15 ±4 [MPa]

Table 6.4: The lap shear strengths of the CUW specimens with a Con2.5 ED

Similar to the trend observed with the Con5 ED, the Con2.5 ED also showed an even heat
generation at the interface, with no intact ED parts or burn marks. However, at a speed of
20mm/s there were portions of intact EDs at the start of the weld. And when the speed was
increased to 25mm/s, this phenomenon was amplified, with majority of the ED remaining
intact. There was melting only at one edge of the overlap, as shown in Fig.6.21

Figure 6.21: Fracture surface of the Con2.5 PEEK ED

As for the LSS values, a similar trend to Con5 ED was observed: highest strength at
15mm/s and the lowest at 25mm/s.
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6.2. Data interpretation
From a general perspective, it was observed that different ED options showed a high LSS at
different speeds. An overall comparison with the reference spot welds is shown in Fig.6.22

Figure 6.22: Comparison between the reference spot weld and CUW

As a primary observation, while the woven mesh seems to produce good results for a PPS
to CF/PPS welding, for PEEK this does not seem to be the case. The resulting joints seemed
to be at the extremes, with the speeds of 15mm/s causing overheating and the other speeds
showing poor heat generation. The woven mesh also showed a lot of scatter across all the
welding speeds, indicating that further research is needed to understand why the there is a
mismatch when the material is changed from PPS to PEEK.
In order to find a trend between the obtained results and the properties of the EDs, the LSS
was plotted against different features of the ED that were identified in the spot welds. It was
assumed that during the CUW process, the conditions are similar to the spot welds.
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6.2.1. Pre-forming vs LSS
To check if the pre-forming value during the spot welds had a direct effect on the LSS of the
joint in CUW, the plot showed in Fig.6.23

Figure 6.23: Pre-forming distance vs LSS

It can be seen in from the graph that the plots do not follow a particular trend over the
different welding speeds. Two options that show a similar pre-forming value seem to show
widely varying values of LSS at different welding speeds. Hence, the pre-forming from the
spot welds does not seem to have a direct effect on the weld quality of at the interface, and
there seems to be other factors at play.

6.2.2. Pre-forming time vs LSS
The next parameter that was checked was the pre-forming time observed in the spot welds,
which is the time taken to reach the displacement plateau for the design. The plot is shown
in Fig.6.24

Figure 6.24: Pre-forming time vs LSS

At speeds of 20mm/s and 25mm/s, the LSS seems to slightly follow an inverse trend with
the pre-forming time. This could possibly be an indication that if the ED is able to create
an intimate contact faster, the weld quality is better as a result. However, this trend does
not seem to apply in case of a welding speed of 15mm/s, with the expanded mesh showing a
really low LSS while having the shortest preforming time. Hence, this is an indication of the
fact that the pre-forming time alone does not have an effect on the weld quality.
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6.2.3. Discussion
The pre-forming data from the spot welds does not seem to have a direct correlation to the
observations made in the CUW process. This is probably due to the fact that when the
sonotrode starts applying force at the start of the specimen, the entire top laminate pushes
against the ED due to its stiffness. Hence, by the time the sonotrode reaches the unwelded
area, the ED is already pre-formed.
Moreover, it is quite possible that as soon as the sonotrode starts welding at one end of
the joint the vibrations also get transmitted throughout the weld line. This might increase
the temperature throughout the weldline even before the sonotrode reaches the spot. This
increase in temperature can possibly affect the stiffness of the ED, and in turn the preforming.
Hence, in order to use the pre-forming data from the spot welds there has to be a better
understanding of the actions taking place at the area around it.

6.2.4. Resin volume vs LSS
The volume of the resin in the ED could also probably contribute to the LSS. The plot in
Fig.6.26 was generated to check this.

Figure 6.25: Resin volume vs LSS

The volume calculations are carried out for a 25.4mm x 12.7mm overlap, and are shown
in the Appendix. It is observed that for all the welding speeds there seems to be a common
trend where the curve reaches a peak and starts going low again. This trend could possibly
imply that for every welding speed there exists a right volume of resin that gives the peak
LSS. For welding speeds of 20mm/s and 25mm/s, the optimum resin volume seems to be
around 33mm3, while for a lower speed of 15mm/s it is around 35mm3.
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6.2.5. Expanded mesh vs Con5 ED
The 0.14mm thick expanded mesh and the Con5 ED offer a good comparison because of
there almost similar volumes (32.86mm3 & 35.9mm3) and preforming values (0.07mm and
0.065mm).

Figure 6.26: The variation in the LSS of the two EDs with respect to the welding speeds

The Con5 ED seems to have its peak LSS value at a welding speed of 15mm/s, while the
expanded mesh peaks at a welding speed of 20mm/s. The structural aspect that differen-
tiates the expanded mesh from the Con5 is the total surface area of the ED. This expanded
mesh consists of a lot of thin strands connected to each other while the conical ED is a bit
bulkier and solid with a lower total surface area. The thin strands in the expanded mesh
probably create a higher welding pressure and are hence able to reach high temperatures
faster compared to the Con5 ED. Hence, an expanded mesh works better at a higher speed
than the Con5, which is capable of withstanding a higher amount of heat thanks to its bulkier
structure.

6.2.6. Effect of number of contact points
Although the higher welding speed of 25mm/s resulted in poor strength joints for the Con5
and Con2.5 ED, the fracture surfaces give a good picture about the heat generation at the
interface.

Figure 6.27: The fracture surfaces of Con5 (left) and Con2.5 (right) when welded at a speed of 25mm/s

Fig.6.27 shows that in case of Con5, only the cones of the ED start melting when the
sonotrode passes by, but in case of Con2.5 the heat is effectively transferred to the base
film due to which there is global melting. This is in accordance with the cross-sectional
microscopic images seen in the previous chapter for this type of ED. This possibly implies
that having more contact points in the ED will lead to a better heat generation at the interface.
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6.3. Conclusions from the CUW
In this chapter, CUWs were carried out using the EDs evaluated in the previous chapter at
three welding speeds: 15mm/s;20mm/s and 25mm/s. While the overall LSS of the speci-
mens was low compared to the reference values, they did provide in understanding which
features have an effect on the weld quality and which ones do not.
It was observed that the values of pre-forming distance and time in their own were not enough
to affect the weld quality. It was then observed that the resin volume of the ED could be fol-
lowing a trend where for every welding speed, there is an optimum resin volume.
Next the expanded mesh and the Con5 ED were compared based on their welding speeds,
and it was observed that although they have a similar volume and pre-forming, their LSS
values peak at different welding speeds. It was implied that the total surface area of the ED
could have a hand in this. Finally, it was shown that having more contact points leads to a
more even and effective heat generation at the interface.



7
Conclusions

The aim of this research was to create an understanding of the energy directing surfaces at
the interface and manufacture them for a continuous ultrasonic welding process.
Firstly the beneficial features for an energy directing surface for a CUWprocess were identified
from the literature as:

• Small contact points

• Homogeneosly spread contact points

• Some deformation prior to welding

Then, different manufacturing options were explored to create new designs of energy direc-
tors that would likely exhibit these beneficial features. The FDM option, although partially
successful in manufacturing EDs was later discarded owing to limited flexibility and build
size. The moulding process was then tried and was successfully used to manufacture a con-
ical ED. The conical ED seemed to incorporate the beneficial features discovered through
the literature. After the proof of concept stage of the manufacturing process, a more precise
version of the mould was made using CNC drill. In this new mould, two options could be
manufactured: one with the cones 5mm apart and cones 2.5mm apart.
The next step was to evaluate and characterize these EDs by using them for spot welds. The
power-displacement data from these tests gives information about the pre-forming and the
time taken to reach the pre-forming plateau. The power-displacement curves are also used
to identify the weld time for optimum LSS for each ED. The weld time for the conical EDs
was also identified using the same technique for meshes, and was found to be sub-optimal
as the fracture surface had intact ED, resulting in a lower than average LSS value for Con5.
For the continuous ultrasonic welding, the four EDs used were:

• Woven mesh

• Expanded mesh

• Con5

• Con2.5

For the sake of comparison, the material used in all the EDs was limited to PEEK. The welds
were performed at three different speeds: 15mm/s; 20mmm/s and 25mm/s over 220mm
long specimens. were evaluated at three different speeds. It was observed that different
energy directors produce desirable results at different welding speeds depending on their
physical features. Although a main criteria that decides the quality of a CUW could not be
established, some features like the resin volume and preforming time seemed to have a effect
that can be quantified with further research. Then, it was hypothesized that the surface area
of an ED has a positive effect in the melting time of the EDs.
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It was observed that two EDs (Expanded mesh and Con5), with similar volume and pre-
forming reached their best at different welding speeds. Finally, the positive effect of having
higher contact points on the heat generation was shown.
As a whole, this thesis creates an understanding of which features of an ED affect a CUW
process, and how the information from spot welds could be used to characterize an ED for
the process. It shows that with proper research, the process can be well controlled to create
high quality welds in the future.

7.1. Revisiting the research questions
It is perhaps a good idea to know how the research work fared in terms of the research
objectives that were set in the beginning.

• What are the desirable features in an ED for a CUW process?
It was identified from the literature that having small, homogeneously spread contact
areas are beneficial for a good weld uniformity. It was observed with the PEEK woven
mesh that the results seen for woven PPS EDs, do not translate exactly to a PEEK ED.

• How can these features be incorporated into a new design?
The beneficial features identified through literature were successfully applied into a new
design and manufactured at the laboratory. One of the resulting EDs(Con5) showed an
acceptable uniformity at a speed of 20mm/s.

• What are the relations between the physical features of an ED and the weld uniformity?
First, it was seen preforming, which is a result of the physical features of the ED, could
not be directly related to the weld quality as a numeric property. It was later observed
that for the same resin volume, the LSS can be different depending on the structural
properties of the ED. A higher total surface area showed a higher LSS at a faster speed,
where as a conical structure showed a higher LSS at a slower speed for a similar resin
volume

7.2. Recommendations for future research
During the course of this research, several areas that could be researched upon popped up:

• Although FDM process for manufacturing loose EDs sounds time consuming for the
manufacturers, this technique is quite handy for researchers who need to make a one-
off design for research. It could be interesting to see if this process could be optimized
further to improve the quality of the end product.

• In this research, an attempt was made to estimate the preforming of the conical ED
through an analytical approach. If this kind of EDs ever start being used widely, it
would be good to have an approach that estimates the preforming

• During the CUW process, a lot of damage to the topmost layer was noticed because of
the moving sonotrode. This probably calls for a consolidation device that follows the
sonotrode and repairs the trail behind it.

• As of now, the power-displacement data from the CUW machine is not being evaluated
due to insufficient understanding of the process. If they can be decoded, this data could
add a lot of value to the knowledge in this field.
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Appendix

A.1. ED volume calculations
A.1.1. Woven mesh

Figure A.1: A cross-section of the woven mesh with all the dimensions shown

Fig.A.1 shows the dimensions used in the calculation of the volume of the woven mesh ED.
The mesh parameters are shown below:

𝜔 = Mesh opening = 154𝜇𝑚
𝑟 = Filament radius = 50𝜇𝑚

Mesh count = Warp/Weft = 39/39
The mesh section shown in Fig.A.1 is simplified into a right angled triangle with sides 4r, L
and M. The dimensions L and M are calculated as:

𝑀 = 𝜔 + 2𝑟 = 154 + 2 ∗ 50 = 254𝜇𝑚
𝐿 = √𝑀ኼ + (4𝑟)ኼ = √254ኼ + (4 ∗ 50)ኼ = 323.3𝜇𝑚

This basically means that between two adjacent threads, the filament length L is roughly
323.3μm. As per the mesh count, there are 39 threads per 1cm. This means that there are
38 Ls between the 39 threads along 1cm of the mesh. Hence, along 1cm of the mesh the
length of the filament is given by

𝐿ኻ፜፦ = 323.3 ∗ 38 = 12285.4𝜇𝑚
The volume of the filament over 1cm of length is then given by

𝑉ኻ፜፦ = 𝜋 ∗ 𝑟ኼ ∗ 𝐿ኻ፜፦ = 𝜋 ∗ 50ኼ ∗ 12285.4 = 96489305.97𝜇𝑚ኽ

The volume of 1 filament over a length of 2.54 cm and 1.27cm respectively, is then calculated
as:

𝑉ኼ.኿ኾ፜፦ = 96489305.97 ∗ 2.54 = 245082837.15𝜇𝑚ኽ = 0.245𝑚𝑚ኽ
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𝑉ኻ.ኼ዁፜፦ = 𝑉ኼ.኿ኾ፜፦/2 = 0.122𝑚𝑚ኽ

The number of filaments along the overlap can then be calculated for each side of the mesh.
Along the 2.54cm side of the overlap, there will be 39*2.54(=approx. 100) filaments of volume
V1.27 and similarly along the 1.27cm side of the overlap, there will be 39*1.27(=approx. 50)
filaments of volume V2.54. The total volume is therefore given by

𝑉፨፯፞፫፥ፚ፩ = 100 ∗ 0.122 + 50 ∗ 0.245 = 24.5𝑚𝑚ኽ

A.1.2. Expanded mesh

Figure A.2: The dimensions of an expanded mesh[8]

The different dimensions of an expanded mesh are shown in Fig.A.2. From the supplier data
sheet, the following data is obtained:

𝑆𝑊𝑂 = 0.008” = 0.20𝑚𝑚
𝐿𝑊𝑂 = 0.0185” = 0.47𝑚𝑚
𝑆𝑊𝐷 = 0.0185” = 0.47𝑚𝑚
𝐿𝑊𝐷 = 0.031” = 0.79𝑚𝑚

𝑀𝑒𝑠ℎ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 0.0055” = 0.1397𝑚𝑚

The area of the resin’s surface area is calculated by dividing every diamond into a separate
section and then calculating the amount of resin cover in every section. Every section is a
rectangle of dimensions LWD x SWD. The open area in every section is a rhombus of diagonals
SWO and LWO added with another rhombus of the same dimensions that has been split into
four equal parts. Hence, the total resin area is then calculated by subtracting the area of the
two rhombuses from the area of the main section.

𝐴፫፞፬።፧ = 𝑆𝑊𝐷 ∗ 𝐿𝑊𝐷 − (
1
2 ∗ 𝑆𝑊𝑂 ∗ 𝐿𝑊𝑂) ∗ 2 = (0.47 ∗ 0.787) − (0.20 ∗ 0.47) = 0.274𝑚𝑚

ኼ

Along a length of 25.4mm, there are 25.4/LWD number of sections and along the length
of 12.7, there are 12.7/SWD number of sections. (Assuming that the LWDs were placed
parallel to the 25.4mm side). This means there are total number of sections are:

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑎𝑙𝑜𝑛𝑔 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 25.4/0.787 = 32.25 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑎𝑙𝑜𝑛𝑔 𝑡ℎ𝑒 𝑤𝑖𝑑𝑡ℎ = 12.7/0.47 = 27.02 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑣𝑒𝑟𝑙𝑎𝑝 = 32.25 ∗ 27.02 = 871.4 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠

Hence, the total resin area is then given by

𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑠𝑖𝑛 𝑎𝑟𝑒𝑎 = 𝐴፫𝑒𝑠𝑖𝑛 ∗ 871.4 = 235.28𝑚𝑚ኼ
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The total resin volume is then given by multiplying it with the mesh thickness:

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 = 235.28 ∗ 0.1397 = 32.86𝑚𝑚ኽ

A.1.3. Conical ED
The volume calculation for the conical ED is carried out by adding the volume of the base
film and the volume of the cones.

Figure A.3: Con 5 ED for reference

The thickness of the base sheet is measured along 4 different points in the edges using
a screw gauge, and is found to be approximately 0.11mm. Similarly, the cone heights are
measured and the base sheet thickness is then subtracted to attain the value of the height
of the cone(=0.21mm). The cone radius is then calculated using trigonometric ratios, since
the cone angle is known(r=0.5067). The volume of the base film is calculated as:

𝑉፛ፚ፬፞ = 𝐴𝑟𝑒𝑎፨፯፞፫፥ፚ፩ ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 25.4 ∗ 12.7 ∗ 0.11 = 35.48𝑚𝑚ኽ

The heights of one cone is given by

𝑉፜፨፧፞ =
𝜋
3 ∗ 𝑟

ኼ ∗ ℎ = 𝜋
3 ∗ (0.5067)

ኼ ∗ 0.21 = 0.0565𝑚𝑚ኽ

In case of the Con5, there are 10 such cones in the overlap, and in case of the Con2.5, there
are 20.
Volume of the Con5 ED

𝑉፜፨፧኿ = 𝑉፛ፚ፬፞ + 10 ∗ 𝑉፜፨፧፞ = 35.48 + 10 ∗ 0.0565 = 35.9𝑚𝑚ኽ

Volume of the Con2.5 ED

𝑉፜፨፧ኼ.኿ = 𝑉፛ፚ፬፞ + 20 ∗ 𝑉፜፨፧፞ = 35.48 + 20 ∗ 0.0565 = 36.9𝑚𝑚ኽ
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A.2. Derivation for the analytical relation between the cone height
and preforming

Assuming that the resin flow fronts from the molten cones meet each other to form a new
layer while the base film layer stays intact as shown in Fig.A.4, an attempt was made to find
a relation between the pre-forming and the cone height.

Figure A.4: The cones melting to form a new layer at the interface

The total resin volume before and after the melting process remains the same. The fol-
lowing parameters are introduced:

ℎ፜ = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑒
𝑟፜ = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑒 = ℎ፜/𝑡𝑎𝑛(23.5) = ℎ፜/0.435

𝑝 = 𝑝𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔
ℎ፦ = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑙𝑡𝑒𝑛 𝑟𝑒𝑠𝑖𝑛 𝑙𝑎𝑦𝑒𝑟

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑒𝑠
𝑉፜ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 𝑐𝑜𝑛𝑒

𝑉፦ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑙𝑡𝑒𝑛 𝑟𝑒𝑠𝑖𝑛 𝑙𝑎𝑦𝑒𝑟

After the melting process, the following relation can be established:

ℎ፜ = 𝑝 + ℎ፜

Since it is assumed that only the cones melt and the base layer stays intact, the volume of
the cones gets converted into the new molten resin layer:

𝑛 ∗ 𝑉፜ = 𝑉፦
𝑛 ∗ 𝜋3 ∗ 𝑟

ኼ
፜ ∗ ℎ፜ = 25.4 ∗ 12.7 ∗ ℎ፦

𝑛 ∗ 𝜋3 (ℎ፜/0.435)
ኼ ∗ ℎ፜ = (322.6) ∗ (ℎ፜ − 𝑝)

𝑛 ∗ 5.534 ∗ ℎኽ፜ = 322.6(ℎ፜ − 𝑝)
𝑛(0.017)ℎኽ፜ = ℎ፜ − 𝑝

Thus, we arrive at the equation
𝑝 = ℎ፜ = 0.017 ∗ 𝑛 ∗ ℎኽ፜

A.2.1. Estimation of the welding speed
The fracture surfaces from two tests using a 0.14mm thick expanded mesh are shown in
Fig.A.5

Figure A.5: The fracture surface at a speed of 30mm/s(left) and the fracture speed of 25mm/s(right)
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In both the cases, there was a lot of intact resin visible, which was an indication that the
heat generation at the interface was not sufficient. To tackle this, 3 lower welding speeds
were tested for the main comparison: 15mm/s, 20mm/s and 25mm/s.
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