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Abstract / Keywords

Abstract

Microfluidic systems are being used in more and more areas and the demand
for such systems is growing every day. To meet such high volume market
needs, a cheap and rapid method for sealing these microfluidic platforms which

is viable for mass manufacture is highly desirable.

In this work low frequency induction heating (LFIH) is introduced as the
potential basis of a cost-effective, rapid production method for polymer
microfluidic device sealing. Thin metal layers or structured metal features are
introduced between the device’'s substrates and heated inductively. The

surrounding material melts and forms a bond when cooling.

During the bonding process it is important to effectively manage the heat
dissipation to prevent distortion of the microfluidic platform. The size of the heat
affected zone (HAZ), and the area melted, must be controlled to avoid blockage
of the microfluidic channels or altering the channels’ wall characteristics. The
effects of susceptor shape and area, bonding pressure, heating time, etc, on the
heating rate have been investigated to provide a basis for process optimisation
and design rules. It was found that the maximum temperature is proportional to
the square of the susceptor area and that round shaped susceptors heat most
efficiently. As a result of the investigations higher bonding pressure was
identified as increasing bond strength and allowing the reduction of heating time
and thus the reduction of melt zone width. The use of heating pulses instead of
continuous heating also reduced the dimensions of melt zones while
maintaining good bond strength. The size of the HAZ was found to be

negligible.

An analytical model, which can be used to predict the heating rate, was derived.
In validating the model by numeric models and experiments it was found that it
cannot be used to calculate exact temperatures but it does correctly describe
the effect of different heating parameters. Over the temperature range needed
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to bond polymer substrates, cooling effects were found not to have a significant
impact on the heating rate.

The two susceptor concepts — using thin metal layers (metal-plastic bonds) or
structured metal features (plastic-plastic bonds) — were tested and compared.
While the metal-plastic bonds turned out to be too weak to be useful, the bonds
formed using structured susceptors showed good strength and high leakage

pressure.

Based on the knowledge gained during the investigations a microfluidic device
was designed. Different samples were manufactured and tested. During the
tests minor leaks were observed but it was found that this was mainly due to
debris which occurred during laser machining of the channels. It was concluded
that induction bonding can be used to seal plastic microfluidic devices.

The following guidelines can be drawn up for the design of susceptors and
process optimisation:

» Materials with low resistivity perform better;

» For very thin susceptors the effect of permeability on the heating rate is
negligible;

» The cross-sectional area of the susceptor should be as large as possible
to reduce resistance;

* The thickness of the susceptor should be of similar dimensions to the
penetration depth or smaller to increase homogeneity of heat dissipation;

» The shape of the susceptor should follow the shape of the inductor caoill,
or vice-versa, to increase homogeneity of heat dissipation;

* The susceptor should form a closed circuit;

» Higher bonding pressure leads to stronger bonds and allows reduced
heating times;

* Pulsed heating performs better than continuous heating in terms of

limited melt area and good bond strength.
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The drawbacks of the technique are explained as well: introducing additional
materials leads to additional process steps. Also the structuring and placement
of the susceptor was identified to be problematic. In this project the structured
susceptor was placed manually but that is not feasible for mass manufacture.
To be able to use the technique efficiently a concept of manufacturing the
susceptor has to be found to allow precise alignment of complex designs

Keywords

Microfluidic Systems, Induction heating, Plastic bonding, Packaging, Sealing,
Susceptor design
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1 Introduction

As micro systems are getting smaller and smaller and the environments they
are used in are sometimes very harsh, the requirements of the packaging are
growing. The packaging must protect the system against dirt, humidity,
stresses, etc and, depending on the application, provide electrical, fluidic or

optical interconnection and thermal management.

A special task is the packaging of microfluidic systems. Microfluidic systems are
networks of channels with width and depth in the micron scale, designed to do
continuous flow chemistry with small volumes of fluid. Microfluidic devices are
also referred to as lab-on-a-chip (LOC) or, if they are more complex, micro total
analysis systems (UTAS). They not only have to be protected against external

influences, but also have to withstand internal pressures.

The demands on a world-to-chip interface, i.e. the interconnection scaling the
fluid channels from macro down to micro dimensions and bringing them into the
microfluidic system, are also different to those of “normal” MEMS. These
interfaces have to be strong and flexible; they have to be sealed and must
connect reservoirs of millilitres or litres to systems with a capacity of micro or

even nanolitres.

Microfluidic systems are used for many different purposes and the materials
being used depend on the demands of the applications. Glass is chemically
inert but it is expensive and difficult to process. Silicon can be used to make
active parts like micro valves or pumps but it is expensive. Polymers are
capable only of passive channel networks, but due to being cheap in acquisition
and easy to process, they are suited to mass manufacture.

Typically microfluidic systems are composed of platforms containing open
microfluidic channel networks and/or functional parts with a lid sealing those
channels, as shown in Figure 1-1a. Lid and platform have a thickness of a few
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mm while the channels in the platform can have a width and depth smaller than
100um. To be able to access the microfluidic channels holes with a diameter of
about 500pm or more are formed into the lid working typically as ports for micro
tubing as shown in Figure 1-1b.

Tubes
‘ - / \
Lid |:|

‘ ‘ (a) (h)

el

Figure 1-1. Principle of the assembly of microfluitt devices with wl = channel width and w2 = port
width

Depending on the material used, these systems can be sealed using different
processes, such as anodic bonding, thermal bonding, laser bonding, and so on.
The world-to-chip interface is realised by techniques that use adhesive, clamps,
and interlocking structures to fix the tubes.

The processes and techniques used have differing drawbacks, such as using
high temperatures and pressures, needing laboratories or microwave
chambers, and changing the characteristics of the microfluidic channels. Most
of the processes are cost-intensive and slow compared to other manufacturing
steps, so the sealing and interfacing of microfluidic systems is the bottleneck in
mass production. Hence, rapid and cheap techniques to seal and interconnect
microfluidic chips are needed. A single technique able to do both sealing and
interconnecting, sequentially or even at the same time, would be the optimum

solution.

The focus of this project was the sealing and interconnecting of thermoplastic

polymer based microfluidic systems. Thermoplastics were chosen because they
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pose the best choice for large-scale production of microfluidics as they are

cheap and easy to process.

Although there are few reports concerning the use of induction heating for micro
manufacture, there are several reasons to believe it would make a good
alternative to the common techniques for microfluidic packaging. Induction
heating has been used commercially for about 60 years. The largest use is in
the steel industry for hardening, melting, soldering, welding, and annealing, but
more and more it is also used in other areas such as heating fillings in dental
medicine, cap sealing, MEMS packaging, etc. The advantages of this technique
are manifold. It is a very rapid heating process with a small scaling loss, the
start-up is very fast, it is energy saving, and the technique is capable of high
production rates. The most important advantages for the use of induction
heating in this project are its selectivity and the reproducibility of the results.

Since polymers are non-conductive a susceptor is needed. A susceptor in this
case is a material with the ability to absorb electromagnetic energy, i.e. a
conductive material, such as nickel or steel. The idea is to use a few microns
thick (structured) metallic susceptor as an intermediate layer between two
substrates of the microfluidic system. The susceptor is heated inductively
causing the surrounding material to melt. While cooling a bond should be
created between the two substrates. Two main concepts of using susceptors
can be conceived. The material can cover the whole plastic substrate, which
leads to bonds between plastic and susceptor material, or the susceptor can be
structured into thin metal tracks following the microfluidic channels on both
sides. The latter would lead to direct bonds between the polymer substrates.

So far, either thick susceptor layers or high frequency induction heating
generators have been used (see sections 2.1.2.5 and 2.2.1), but low frequency
induction heating might be powerful enough to heat thin film susceptors or even
structured, small area susceptors, to the forming temperature of polymers
(<250C). There are several advantages of using thi s method. Induction heating
is a rapid, reproducible and highly selective heating technique. Low frequency
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generators (f < 1MHz) fit into 19” racks, which makes them suitable for the use
in the field, provided that access to cooling water is available, and using
structured thin susceptor layers keeps the quantity of additional material in the
microfluidic device as low as possible. Low frequency induction heating (LFIH)
is not only a potential basis of a cost-effective, rapid production method for
polymer microfluidic device lidding, it could also be used for connecting

microfluidic chips to the macro world.

The aim of this project was to analyse and test the possibilities and limitations of
induction heating for the sealing and packaging of polymer microfluidic systems.
It was evaluated whether it was possible to heat thin film susceptors using low
frequency induction heating. An analytical model to predict the heating rate in
dependency of different heating parameters was derived and the functionality of
small feature susceptors and the effect of small areas and different susceptor

shapes and materials on the heating rate were investigated.

There were three major objectives:

1. Understanding and optimising the heating rate of the susceptor.

2. Determining whether the analytical equation is a good model for the
heating rate of the susceptor

3. Understanding and optimising the formation of polymer bonds.

First a literature review was undertaken (Chapter 2) to gain some knowledge of
common techniques for sealing and interconnecting of microfluidic devices.
Their advantages and disadvantages were investigated to establish how this
technique is used at the moment and to evaluate if induction bonding poses an
appropriate alternative. Also, the functional principles of induction heating were
reviewed to identify the parameters likely to affect the efficacy of the process.

In Chapter 3 the experimental techniques, materials and equipment used during
this project are presented. The decision to use nickel as susceptor and PMMA
as substrate material is explained and the two concepts of using susceptors —
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whole layer vs. structured features — and the techniques to obtain them are
described. Some results of this work could not be easily obtained by
experiment. Hence, numeric modelling was used as a supporting technique.
The last section of the chapter describes the model parameters, constitutive
equations and boundary conditions.

The experimental work is described in Chapters 4-7: Chapter 4 feasibility —
Chapter 5 process parameters — Chapter 6 susceptor design — Chapter 7

bonding mechanisms.

In order to undertake the work it was necessary to determine which equipment
was fit for the purpose. Low frequency induction heating equipment (< 1MHz) is
the most desirable from the point of view of cost but it was not clear that thin
susceptors would heat adequately at this frequency range. In sections 4.1 and
4.2 the results of initial trials and feasibility testing with low and high frequency
equipment and different susceptors is reported. As a result of the trials the use
of low frequency induction equipment was judged to be feasible.

In Chapter 5 the experimental, numerical and theoretical investigations of the
effects of LFIH process parameters, such as heating time, working distance and
output current on the heating rate are reported. In a first approach to describing
those effects, basic physical equations were used to estimate the dependence
of the heating rate on the different process parameters (Section 5.1). The
assumptions were first compared with the results of numeric models and then
validated experimentally. But knowing the basic dependencies is not enough, as
there are also interdependencies between the parameters. An analytical model
including all variable parameters was needed. Such a model could not be found
in the literature hence it had to be derived and validated by experiments (see
Section 5.2). In Section 5.3 the temperature dependency of resistivity is
discussed and added to the model. Also, it had to be considered if high
resistivity leads to higher temperatures. This is examined in Section 5.4. The
last section of Chapter 5 deals with cooling effects, as they were not considered
in the model.
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The analytical model could be used to estimate the behaviour of the heating
rate when certain parameters were altered but the model ignored a very
important ‘external’ parameter: the susceptor design. The effects of susceptor
area and shape had to be investigated in order to optimise the heating process.
In Section 6.1 the dependence of heating rate on susceptor area was compared
with the predictions of the analytical model. Then experiments were made,
heating round, square and triangular shaped susceptors and susceptors of
different sizes and the heating rates were also compared. In Section 6.2 the
assumption that cooling effects do not have an impact for the temperatures
used for polymer bonding was confirmed by analysing the previous

experiments.

Investigations of the mechanisms of polymer bond formation are reported in
Chapter 7. First it was investigated how the flatness and cleanness of the
substrates might affect the heating and bonding process by creating thermal
barriers. Bond strength, melt zone, bond area and HAZ then were measured
and compared. In previous experiments the susceptors were found to reach
temperatures above 200 rather quickly. The proces s was optimised by using
heating pulses instead of continuous heating, to avoid burning the polymer
while supplying a temperature above the glass transition point throughout the
bonding process. The concept of using a whole layer susceptor was then
tested. PMMA substrates were bonded with different parameters. Having
established the effects of different bond parameters and knowing that a
structured susceptor was needed to gain proper bond strengths, a microfluidic
device was designed, manufactured and tested.

In the final chapter (Chapter 8) conclusions are drawn as to the optimisation,
and to the advantages and disadvantages of the low frequency induction
heating for thermoplastic microfluidic packaging. The technique is also
compared to current alternatives and an outlook of what further development is

required to make the technique fit for industrial use is provided.
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2 Literature Review / Technical Background

In order to develop a new technique for the bonding of microfluidic systems it is
critical to know the background of the subject. In this chapter it is reported
where microfluidic systems are being used and how they are manufactured.
Common techniques for sealing and interconnecting of microfluidic devices are
described and their advantages and disadvantages are investigated to establish
if induction bonding presents an appropriate alternative and how this technique
is used at the moment. Also, the principles of induction heating are reviewed to
establish what variables had to be considered in its application.

2.1 Microfluidic Systems

Nowadays microfluidic systems can be found everywhere. Ink-jet printers rely
on the technology as well as micro fuel cells and many applications in
biotechnology, such as chips for environmental monitoring [1], for analysing
DNA, proteins, cells [2], and so on. In the automotive industry microfluidics find
their application in fuel injection, oil quality monitoring, exhaust gas analysis,
and they can be used for local cooling of electronics. Microfluidics are used in
analytical chemistry for chemical monitoring [3], micro reactors and mixers.
They are used for drug delivery and diagnostic systems (e.g. blood sugar or
alcohol tests) in medical applications and even agriculture benefits from the
technology, with micro lubrication devices for instance. High pressure systems
are used in micro engine and micro rocket devices [4] and for high precision

spacecraft thrusters.

As micro system technology becomes more and more sophisticated, more
functions can be integrated in microfluidic systems. They are no longer
designed for single tasks, like mixing liquids, but contain mixers, micro pumps,
valves, reaction chambers, opto-electrical analysis systems [5], micro
dispensers, heaters, filters, and are able to do complete analysis or processing
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(micro separation, mixing, etc.) of a liquid. These systems are referred to as a
lab-on-a-chip (LOC) or micro total analysis system (UTAS). For instance, the
“smart pill” is such a highly integrated system, analysing the environment and

dispensing drugs at appropriate times in appropriate volume.

2.1.1 Manufacturing of Microfluidic Systems

Most of the manufacturing principles of microfluidic systems are similar, no
matter which material they are made of. One or more microfluidic platforms
containing channels and/or functioning parts, e.g. piezoelectric materials, are
sealed with lids. The manufacturing processes depend on the material and the
function of the microfluidic platform. As this is not the main topic of this report
only a brief review is given here for context. Although it is easy enough to
make/interconnect microfluidics, the difficulty is to do it cheaply in mass
manufacture. Also, it is difficult to find reports of commercial
manufacturing/interconnecting of microfluidic systems so almost all of the

papers mentioned in this report are academic.

For Silicon/glass based systems etching is the method of choice for creating
microfluidic channels and structures. All bulk etching processes, such as
buffered oxide etching [6], HF etching [7], dry etching [8], deep reactive ion
etching [9] and many more can be used showing different advantages (like high

aspect ratio) and disadvantages (e.g. isotropic etch distribution).
Polymer based systems are easier to process. Depending on the application

there are plenty of polymers that can be used. As shown in Figure 2-1, S. Garst
et al. provide a good overview of the properties of polymers [10].
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Figure 2-1. Properties of polymers [10]

As polymers have a low forming temperature, hot embossing is a good method
to create microstructures, e.g. channels, in the substrate [11]. First, a negative
stamp has to be manufactured. With application of heat this stamp is pressed
into the polymer forming the structures as shown in Figure 2-2.

Figure 2-2. Hot embossing process [11]

As the most time consuming step is the machining of the stamp this method is
appropriate for mass production.

Casting polymers over a master, as described by D.C. Duffy et al., is also a
method for fabricating microfluidic platforms [12]. First a master is made by

rapid prototyping and prepolymer is poured over it. After curing the prepolymer
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the master can be removed and the microfluidic platform can be sealed (see
Figure 2-3).

Figure 2-3. Process steps of the polymer castingctenique [12]

This method is good for manufacturing single systems for test issues but as the
whole process takes about 24 hours it is only fit for limited service in mass
production.

A similar procedure that can be used for mass production is injection moulding.
The master is put into a chamber and polymer is injected as shown in Figure

2-4. After cooling the ready-made microfluidic platform can be released and the
process can start again.

Figure 2-4. Principle of injection moulding [13]
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Despite these replication techniques there are many other methods to create
structures in polymer microfluidic platforms. Laser ablation [14], oxygen plasma

etching, and liquid photo polymerization [13] are only three to mention.

SU-8, an epoxy polymer that is not listed in Figure 2-1, was used by S.
Tuomikoski to manufacture microfluidic systems [13]. SU-8 was patterned

lithographically and even multilevel structures were possible.

To get more complex channels J.R. Anderson et al. developed a procedure they
called the “membrane sandwich” method [15]: a membrane with channel
structures was sandwiched between two thicker slabs providing structural
support. To demonstrate the capability of this method Anderson et al. created
“basket weave” structures (see Figure 2-5) by filling the channels and removing

the top slab and the membrane.

Figure 2-5. "Basket weave" structures [15]

Again, this is a method for rapid prototyping single systems. It is not capable of

being used for mass production.

In this project the focus is put on polymer based systems. Polymers are taking
an increasing market share of microfluidics for many reasons. Polymers are
easier to process and cheaper than glass or Silicon and many of them are

transparent to white light, that makes them attractive for analytical applications.
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They are benign to most of the liquids used in medical applications and as there
are many methods for low cost mass production of microfluidic platforms the

financial aspect is a major reason for this trend [16].

2.1.2 Sealing of Microfluidic Systems

Sealing of microfluidic systems can be regarded as first level packaging. Hence,
many common packaging methods of MEMS can be used for that purpose.

A requirement for this packaging is to make the microfluidic system leak-proof
and protect it from the outside world’s influences. The method must not cause a
blockage of the microfluidic channels or change their wall properties. If an
additional material is used, it must be benign to the fluids/materials used in the

system'’s application.

2.1.2.1 Adhesive / Thermal Bonding

Thermal bonding uses heat and pressure to create a bond between the same or
different material. As the name implies, adhesive bonding uses adhesives as
the bonding agent. Pressure, heat, UV light etc. may be needed to create the
bond. If adhesive bonding is used to seal microfluidic devices the main issue is
to prevent the adhesive from blocking the channels.

Both bonding techniques are presented together in this section as it is often not
possible to distinguish whether a method should be categorised as adhesive or
thermal bonding.

C.H. Lin et al. developed a method for sealing PMMA based microfluidic
systems in 7 minutes at room temperature [17]. First the substrates’ surfaces
were cleaned using acetone. Then a few drops of the bonding solvent (DE-20;
20% 1.2-dichloroethane and 80% ethanol) were applied to the contact surfaces

of the substrates. The layers were clamped between two glass slides to keep
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them parallel and a pressure of approximately 10 N/cm? was applied, as shown
in Figure 2-6. After 5 minutes the clamp was removed and the remaining

solvent was removed from the micro channels using vacuum suction.

Figure 2-6. Schematic illustration of solvent bondig process [17]

According to the authors the bond withstood pressures, on average, of 3.8MPa.
This bonding method is rapid, provides good bond strength and as it can be
carried out at room temperature there is no thermal stress occurring. The major

drawback is the limitation to PMMA based systems.

S. Lai et al. presented a bonding technique for microfluidic devices called resin
— gas injection [18]. Both layers of the system were clamped together before the
bonding agent was injected to fill all channels, reservoirs and the gap between
top and bottom layers. Nitrogen gas was then pumped into the microfluidic
channels and reservoirs to replace most of the resin. The residual resin was

cured using UV light.
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Figure 2-7. Schematic of resin - gas injection borag [18]

As shown in Figure 2-7b, the bonding agent could also be cured locally for wall
modification/functionalisation. The uncured resin then had to be flushed out.

Lai did not mention the resultant bond strength but several biomedical
experiments were performed, for which the microfluidic chip did not show any
leakage.

J. Oberhammer and G. Stemme used benzocyclobutene (BCB) contact printing
for full-wafer adhesive bonds [19]. Soft cured BCB spacers slightly larger than
the MEMS structure were fabricated on a substrate. Liquid BCB was put on top
of the spacers using an auxiliary substrate and a Pyrex slide was used as a lid.
After curing the BCB with application of pressure and temperature (250C) the
overlapping Pyrex was cut (see Figure 2-8).
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Figure 2-8. Process flow of the packaging techniqyé9]

When performing tensile strength measurements the average bond strength
was able to withstand 11.34MPa. This is a very good result for an adhesive
bonding process but due to the high temperatures used during curing the
method cannot be used for polymer based microfluidic systems.

SU-8 and PMMA can be used as intermediate layers to seal microfluidic
systems, as reported by B. Bilenberg et al. [20] (see Figure 2-9). The
microfluidic platform was composed of structured SU-8 on a Pyrex glass slide.
SU-8 / PMMA was spun onto Pyrex lids working as intermediate layers. The
substrates were brought together and several bond processes were carried out
using a temperature between 50C and 150C and a bo nding load between
1000N and 2000N.
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Figure 2-9. Assembly with intermediate layer: (a) MIMA and (b) SU-8 [20]

The maximum bond strength for the system with an SU-8 intermediate layer
was determined to be approximately 14MPa — thereby a bonding pressure of
1000N was used at a bonding temperature of 90C. Using PMMA as the
intermediate layer the maximum bond strength was achieved at application of a
bonding pressure of 2000N and a temperature between 110C and 120TC
during the bonding process. The system withstood pressures of up to 16MPa.

K.W. Oh et al. spun Teflon-like polymer onto silicon and glass slides to use it as
bonding agent [21]. The bond was created at a pressure of 4MPa and a
bonding temperature of 160C and was made for silic on-silicon, silicon-glass
and glass-glass constructions. The method could be used for modular assembly
of microfluidic systems as shown in Figure 2-10.

Figure 2-10. Modular assembly of microfluidic systes using Teflon bonding [21]
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The best result was achieved with Silicon-Silicon systems which could
withstand pressures of up to 4.3MPa.

Z. Chen at al. used thermal bonding to build up a PMMA based microfluidic
system [22]. A PMMA sheet on a glass layer was put onto an imprinted PMMA
slide and the whole assembly was put into a 112C o ven at a vacuum pressure
of 10mbar. This led to a tight bond between the two PMMA sheets (see Figure
2-11).

Figure 2-11. Bonded PMMA micro device [22]

The bond strength was determined to be 153kPa.

To lower the temperature during bonding G. Chen et al. used in situ
polymerization to join two PMMA layers [23]. A PMMA layer was coated with
MMA and clamped onto another PMMA slide with micro channels. The
assembly was put into a convection oven and the bond was created at a
temperature of 95T which is lower than the glass transition temperature of
PMMA (105%).

Another approach to lower temperature was made by R.T. Kelly and A.T.
Woolley [24]. They clamped a blank PMMA layer and one with micro channels
together and put the setup into boiling water for about one hour. The so bonded
system had a failure pressure of 130kPa and had the advantage to stay
hydrated throughout the assembly process, which might be useful for

permanent incorporation of membranes into microfluidic systems.
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D. Sparks et al. used a metal ring around a micro machine and a congruent
solder layer on a cap wafer to create a vacuum seal for MEMS [25] (see Figure

2-12). Cap and device wafer were brought together and heated up (oven or

heat plate) causing the solder to reflow.

Figure 2-12. Cross section of the solder bondeddee [25]

After cooling down, the solder bond sealed the MEMS hermetically and was

able to sustain a vacuum pressure of about 200Pa inside the cavity.
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2.1.2.2 Laser Welding

In laser welding two layers are brought together and compressed with a certain
pressure (~ 0.5-10MPa). A laser beam goes through the first, transparent, layer
and gets absorbed at the junction to the second, opaque layer. This causes
local fusion bonding or creates a bond between the layers by melting their
surfaces as shown in Figure 2-13.

Laser =

‘I*Transparent plate

— Plastic A

Fusion zone —_

z
t 14

— Plastic B

Figure 2-13. Principle of laser welding, re-drawnfom [26]

According to J. Lai at al. heat influence on the peripheral zone can be ignored
due to the laser dwell time being very short [26]. They bonded two PMMA layers
— the bottom one was coloured to be opaque to the laser — using laser welding
and found their system to be able to withstand pressures of up to 32MPa,
depending on surface status, bonding velocity, laser power, and applied

pressure.

Laser welding can be used for packaging of microfluidic systems constructed
from different materials like polymers, glass, and metal [27; 28].
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2.1.2.3 Ultrasonic Welding

The principle of ultrasonic welding is the transmission of high frequency sound
vibrations to the bond area. This melts the plastic just enough to create a bond.
[29, p.8].

H. Kuckert et al. used this method to bond a 0.5mm thick metal sheet onto a
glass substrate [30]. The joining partners were positioned on an anvil with a
static pressure of 20 to 60MPa. The sonotrode, oscillating because of the
movement of the converters (20kHz piezoelectric effect), was brought into
contact with the metal sheet bonding it to the glass layer (Figure 2-14).

Converter

Bearing i ; Booster
Sonotrode Oscillation

/ Joining partners
_____ I

<«—— Anvil

Figure 2-14. Arrangement of the oscillation generan and the positioning of the joining partners,

re-drawn from [30]

The bond thus created was able to withstand pressures of up to 20MPa.

2.1.2.4 Microwave Bonding

Microwaves can be used in various ways for packaging microfluidic systems.
They can create a plasma, cleaning and activating the surfaces of polymer
substrates, or heat up conductive parts of the system making the surrounding

material melt and creating a bonding area.
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A.Y.N. Hui et al. activated the surfaces of two PDMS slabs in a microwave
plasma chamber [31]. The surfaces were brought together directly after plasma

treatment to form an irreversible seal (Figure 2-15).

Figure 2-15. Schematic diagram of the plasma chamb{81]

The microfluidic devices manufactured with this method had a maximum
leakage pressure of 290kPa. This method was also mentioned by P. Miller et al.
[32]. They had already conducted some experiments with microwave
conductive powder and polymer, but decided instead to focus on plasma
activation of surfaces to create bonds.

N.K. Budraa et al. used microwave heating to bond 5mm x 5mm MEMS test
pieces [33]. The test pieces were silicon dies with gold frames and every bond
was made with two of them. The gold frames were put together and melted due
to absorption of the microwave energy. The bonds so created withstood a
pressure of more than 410kPa without showing leakage.
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Gold as a susceptor was also used by K.F. Lei et al. [34]. They bonded PMMA
to PMMA and Silicon by covering the material with gold as shown in Figure
2-16. The gold layers were melted and formed a bond during cool down. As
there were problems with the flatness of the PMMA substrates a tin-lead

preform was used for the PMMA-Silicon bond.

Figure 2-16. lllustration of die stack: (a) PMMA-PMMA bond and (b) Si-PMMA bond [34]

The bonded microfluidic systems were able to withstand a pressure of more
than 685kPa.

A similar method was used by A.A. Yussuf et al. [35]. They did not use a
conductive layer but channels adjacent to the microfluidic channels filled with a

conductive polymer (Polyaniline) as shown in Figure 2-17.

Figure 2-17. Cross-section of the setup: (11) midtaidic channel, (15) channels filled with

Polyaniline [35]

Yussuf improved this method by using a screen printing technique to deposit
the Polyaniline [36]. This removed the need for channels containing the
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conductive polymer as it could be printed along the microfluidic channels
directly (see Figure 2-18).

Figure 2-18. SEM images of the sealed channels (ssasection view) [36]

Bond strength tests were made for PMMA and PC substrates. Average bond
strength of PMMA substrates was about 1.918MPa and 1.43MPa for PC.

2.1.2.5 Induction Bonding

Induction heating has already been used for packaging of MEMS. The
drawbacks of the methods used so far were the requirement for either thick

susceptor layers or high frequencies.

H.A. Yang et al. used Ni/Co spacers and a Sn/Pb solder to bond Silicon to
Silicon or glass [37]. Spacers with a height of more than 40um were
manufactured and a 10um thick solder was electroplated on top of them. A coll
generated an alternating magnetic field of 100kHz which caused the spacer to
heat up and melt the solder as shown in Figure 2-19. During cooling down the
solder created a bond between spacer and lid.
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Figure 2-19. Packaging of MEMS using induction heatg [37]

The maximum bond strength achieved between Silicon and Silicon wafer was
higher than 18MPa.

W. Suwanwatana et al. al used induction heating to bond thermoplastic
composites [38]. A 250um thick matrix of polymer and nickel granules was used

as the susceptor and was heated and melted by an alternating magnetic field
with a frequency of 2.25MHz (Figure 2-20).

Figure 2-20. Experimental setup for induction bondag process [38]
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Only vacuum pressure was applied to the work piece. The generated bond
strengths were comparable to autoclave welded systems that had bond

strengths of more than 20MPa.

As well as the use of induction heating for packaging MEMS there has been
some work done to characterise the behaviour of MEMS and micro/nano

particles in an alternating magnetic field.

Suwanwatana’s group, for instance, studied the influence of particle size [39]
and oxidation effects [40] on hysteresis heating. They found a matrix with nano
scale nickel particles exhibited a better heating rate than a matrix composed of
the same volume of nickel but with micro scale particles. The effect of oxidation
seemed to be significant for all particles, with diameters between 0.7um and
79nm being the worst.

H.A. Yang et al. investigated the heating rate for microstructures with different
shapes and thicknesses [41]. As expected, the heating was more efficient for
thicker structures in a round shape. This design allowed the current to flow

more efficiently.

A means of using metallic particles shaped like flakes to heat up non-conductive
materials inductively was patented by Y.A. Monovoukas [42]. He recommended
using different materials for every application so that the Curie temperature of
the particle material controls the maximum temperature of the compound. This
should prevent overheating of the non-conductive material.
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2.1.3 Interconnecting of Microfluidic Systems

Another packaging challenge for microfluidic systems is fluidic interconnect.
This covers both the “World-to-Chip interface” and interconnections between
different parts/modules of the system. However, this only applies to continuous
flow systems. Many microfluidic applications such as lab-on-a-chip type
diagnostic systems rely on capillary forces to draw in droplets of analyte fluid

placed in an inlet reservoir.

For applications where the liquid is brought into the microfluidic system by a
pipette, there has been some work done to optimise the system to reduce the
pipette steps [43] or to simplify the sealing of unused ports in multi inlet systems
[44]. However there are many implementations of microfluidics where these
manual steps are not suitable or even impossible, so alternative methods are
required. A connection to the outer world — a world-to-chip interface — is

needed, which can feed and discharge the microfluidic system directly.

The world-to-chip interface has to be capable of scaling the fluids from the
reservoir volume (ml or I) down to the capacity of the microfluidic system, which
is in the range of pl, nl or even smaller. Hence it must withstand pressures from
a few kPa to up to several MPa, depending on the application. It should have as
little dead volume as possible and should be removable without destroying the

microfluidic system.

Interconnections between different microfluidic modules are important for
building up complete systems. For connection of different functions like micro
pumps, valves, mixers, etc., the main issue is to have the least dead volume
and a good seal between the modules to prevent contamination and the loss of

pressure.

Currently available methods of interconnecting microfluidic systems are
manifold and fit for many different applications and materials.
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2.1.3.1 Interlocking Structures

Interlocking structures are used for interconnecting individual microfluidic
components or modules. The shapes of these interlocking structures can vary

and there are different solutions for sealing the junction.

C. Gonzéles et al. reported a silicon based system using fins for interlocking

and Silicone O-rings for sealing [45] as shown in Figure 2-21.

Figure 2-21. Interlocking of parts with interposedO-ring [45]

The system was tested up to 140kPa when the glued connections of tubing
failed.
According to Gonzéles the parts could be separated and reassembled several

times.

B.L. Gray et al. did some similar work but varied the shape of the interlocking
structures [46]. They did not only use fins but also notched cylinder — hole
structures (see Figure 2-22). The junction of the microfluidic modules was

sealed using gasketing material (wax) being coated onto one component.
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Figure 2-22. Interconnecting microfluidic componens: (a) fins and (b) cylinder - hole structures
[46]

The system with fins was tested with a pressure up to 100kPa, the cylinder —
hole interconnect structures withstood a pressure of about 70kPa.

Gray reported that although the interlocking structures were damaged often
during disassembling, the systems showed no leakage for about three
exchanges. Due to being less brittle than silicon Gray et al. also fabricated
some plastic interconnects, suggesting that these would perform better than the
Silicon interconnects and seal without any gasketing material. They have not
reported any trials so far.

The method of using interlocking structures allows a quick exchange of
microfluidic modules and components and there is no adhesive used that might
block the channels.

At the moment the materials being used are limited to Silicon and glass. There
is presently no example for systems based on polymers, and due to the area
requirement of the interlock, it is only feasible for modules, not for single

interconnections to the macro world.
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2.1.3.2 Modular Approaches

Modular assembly is desirable for integrated systems like micro total analysis
systems (UTAS) or Lab-on-a-Chip (LOC) as it saves space (planar solution) and
time (all connections are made in one step). Apart from interlocking structures
many other approaches have been taken to interconnect microfluidic

components and modules.

T.S.J. Lammerink et al. built a mixed circuit board (MCB) to which modules
such as sensors, mixers, pumps etc. could be connected [47]. The modules
were bonded to the board as shown in Figure 2-23, whereas the bonding
technique (anodic bonding, glue, soldering etc.) depended on the material of the
module. The mixed circuit board contained electric connections to which the

modules could be connected.

Figure 2-23. (a) Flow sensor on top of a Siliconglass MCB, (b) MCB made of plastics [47]

This concept can be used for many different materials and provides an easy
and quick solution for interconnecting different microfluidic components.
The main drawback of this method is that it is a difficult task to remove the

bonded module without destroying the mixed circuit board.
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A planar solution to connect separate fluidic chips was presented by P.F. Man
et al. [48]. They manufactured flexible plastic connectors with large access

holes on both ends that contained one or more capillaries (Figure 2-24).

Figure 2-24. Multi-channel connector bonded onto te microfluidic chips [48]

The connectors were bonded onto the microfluidic chips using epoxy and the
systems were tested with a pressure up to 200kPa without showing leakage.
Using flat connectors is a good way to save space and due to being flexible the

step height between chip modules could be overcome.

Although it is possible to manufacture the connectors in batch processes it is a

time consuming operation (see Figure 2-25).

Figure 2-25. Fabrication of microfluidic connector[48]
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T. Liu et al. proposed a similar connector but it should be made of three plastic
layers [49] as shown in Figure 2-26. At the time of writing this connector has not
been manufactured, but it would be feasible for mass production as the layers

are easy to fabricate.

Figure 2-26. Multichannel connector [49]

A totally different approach is to connect different modules and seal the
microfluidic channels in one step, as E. lgata et al. reported [50]. In this case
each module consists of a substrate with open channels / trenches, possibly
containing functional parts such as a micro mixer. During bonding small parts of
each substrate’s micro channels are overlapping, creating the junction.
Substrate 1 now seals the channels of Substrate 2 and vice versa (see Figure
2-27).
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Figure 2-27. Schematic diagram of the interconnectg principle and photo of the microfluidic
modules [50]

The modules were bonded in 15min using a UV crosslinkable polymer adhesive
and could be disassembled in 5min by the use of a dichloromethane bath.

This method shows different advantages. It can be used for many materials and
microfluidic components, different bonding techniques can be adopted, and the
system can be disassembled easily without damaging the modules. For small
microfluidic systems or for more than three layers the alignment might be

critical.

A solution for stacks of interchangeable modules was proposed by T.
Hasegawa and K. lkuta [51]. They contained the modules in a holder unit using
Silicone rubber films as intermediate layers. To seal the joints a pressure was
applied (spring) as shown in Figure 2-28.
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Figure 2-28. Stack of microfluidic modules [51]

P.C. Galambos and G.L. Benavides came up with a system using two scales of
packaging [52]: A microfluidic chip is put into an Electro-Microfluidic Dual Inline
Package (EMDIP) which could be manufactured as a moulded plastic part. The
fluidic connections are realized by holes in the EMDIP coinciding with extended
openings of the microfluidic chip; potential electrical connections are made by
bonding (wire bonding, flip-chip bonding etc.). Then the EMDIP is plugged into a
Fluidic Printed Wiring Board (FPWB), which contains sockets for the leads and
fluid ports of the EMDIP (Figure 2-29).

Figure 2-29. Electro-Microfluidic packaging architecture [52]
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The idea of Galambos and Benavides has not been realized yet, but it seems to
be a good idea to use standardised parts in the design of microfluidic-electrical

connectors.

All methods mentioned in this section so far are for the use of interconnecting
microfluidic components / modules, only. They are not applicable for connecting
the microfluidic system to the outer world - on the contrary they need a world-to-
chip interface themselves.

C.K. Fredrickson and Z.H. Fan made an overview of macro-to-micro interfaces
of microfluidic devices [53]. In their report they showed a modular solution by de
Mello et al. which contains interconnections to the outer world. This concept is
included to illustrate how complex modular solutions can be (see Figure 2-30).

Figure 2-30. Exploded view of the interconnect pag [53]
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To quote from Fredrickson and Fan'’s report:

“Two halves (parts 4 and 5) are brought together to form a main body using
rods and screws (parts 3 and 6). Capillaries (part 1) are passed through the
connectors (part 2), the sealing membrane (part 7), three portholes of the chip
(part 8), and protrude from the bottom surface of the main body. The spacer
(part 9), the glass back-plate (part 10), and the base with the observation
window (part 11) are assembled together with the main body using plastic
screws (part 12), while pushing the capillaries back a little to have the right
depth relative to the chip.”

2.1.3.3 Clamps / Frames

Another class of solutions for connecting the microfluidic chip to the outer world
is to use clamps or frames that fix the chip while pressing interconnecting tubes
onto the openings of the microfluidic system.

A.A.S. Bhagat et al. [54] built a simple frame to contain a microfluidic chip. Port
clamps with openings for the tubing were fixed with Nylon screws using O-rings

to form compression seals as shown in Figure 2-31.

Figure 2-31. Schematic illustration of the microfludic interconnect concept [54]
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According to Bhagat, the system could withstand pressures of more than

1.5MPa at temperatures between 20 and 80<C.

Z. Yang and R. Maeda reported a similar system but with more interconnection
options [55]. They used a socket with 28 pins integrated for the connection of
electric signals and power (see Figure 2-32). The fluid connectors in the hinged

lid were equipped with built-in valves to control the flow rates.

Figure 2-32. Schematic drawing of the cross-secti@nd photo of the socket [55]

This pressure limit of this system was 0.2MPa and the current was limited to 1A.

Both systems allow easy and quick mounting and dismounting of microfluidic
chips. No adhesive that might block the channels is used and it is compatible
with every material. The main disadvantage is the size of the frame. It was
designed for single chip use, not for integrated applications. Manufacturing the
frame, especially the one from Yang and Maeda, takes time, so it is no solution
for the bottleneck problem in mass production either.
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2.1.3.4 Adhesive

A very common way of connecting a microfluidic chip to the outer world is to put
capillaries into the opening of the chip and fix it with adhesive. To get non-
permanent interconnections it is also possible to glue a Teflon tube, instead,
and use it as ferrule for the capillaries as shown in Figure 2-33.

Figure 2-33. Teflon tubes glued onto microfluidic kip [56]

J.H. Tsai and L. Lin improved this method by using a polymer sealant before
applying the adhesive [57] as shown in Figure 2-34. This prevented adhesive
blocking the microfluidic channels — a major drawback of this interconnecting
technique.
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Figure 2-34. Demonstration of the concept: (a) disete processing and (b) integrated processing
[57]

Tsai and Lin reported the maximum pressure to be at 190kPa. The pull-out test

proved the connection could withstand a pulling force of 2N.

A method with minimal dead-volume was presented by C.H. Chiou and G.B.
Lee [56]. A metal wire was inserted into a capillary and both were brought into
position at the microfluidic chip. PDMS was moulded between capillary/wire and
micro channel. After curing the mould the wire was pulled out and exchanged
with silica based capillary to connect the system to the outer world (see Figure
2-35).
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Figure 2-35. Schematic of the PDMS casting technigy56]

To form a parabolic shape inside the channel, a pulling force was applied to the
wire during curing of the PDMS. The maximum leakage pressure of the
microfluidic system was tested with 565kPa but the capillary — PDMS interface
was tested up to 1MPa without showing leakage. That suggests that the
connector might withstand high pressures if the connection PDMS — microfluidic
chip is enhanced. Depending on the contact area between capillaries and
connector the maximum pull-out force was about 13N.

The major drawback of this reusable method is the relatively large moulding

area. The possible connection density is very poor.

Using adhesive is an easy and rapid method for connecting microfluidic
systems to the outer world but the drawbacks of this method are obvious. The
glue needs a certain sticking area so the connection density is poor (low pitch).
Also the adhesive might block the channels or change the wall properties of the
microfluidic system. Using sealants as reported above is a possible solution to
that problem but it means additional steps in the process flow and might cause

dead volumes.
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2.1.3.5 Couplers

Couplers are a widely used method to connect microfluidic systems to the outer
world. They can either be designed directly on the top layer of the microfluidic
chip or be manufactured separately and bonded onto the chip afterwards. The
shape and the materials being used can also vary, depending on the application
and the requirements to the interface. The possibilities of fixing microfluidic
tubes/capillaries in these ports are manifold — some attachments are

permanent, others are easy to remove.

S. Li and S. Chen presented a through-hole type and L-type PDMS
interconnector, which could be bonded onto glass and PDMS microfluidic
devices [58]. The bond was made with oxygen reactive ion etching (RIE) and
UV curable epoxy - the latter could also be broken to detach the connector.
Glass and plastic tubing could easily be attached by putting it into the holes of

the connector (Figure 2-36).

Figure 2-36. Schematic of the PDMS interconnect: J@ahrough-hole type and (b) L-type [58]

This method showed low dead volume and had a maximum leakage pressure of
510kPa. The maximum pull-out force of the tubing was about 800mN.
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To enhance maximum leakage pressure and pull-out force, both PDMS
interconnect and tubing could be reinforced with epoxy as shown in Figure 2-37.

If the tubing was fixed with epoxy the interconnection was non-reusable.

Figure 2-37. Schematic for epoxy glued PDMS intercmect: (a) reusable and (b) non-reusable [58]

Now the maximum leakage pressure was found to be 683kPa and the pull-out

force of the glued tubing was 2N.

E. Meng et al. designed several couplers for Silicon based microfluidic
applications [59]. They were fabricated using bulk micromachining techniques,
moulding, or deep reactive ion etching (DRIE) and were designed with a certain
shape or with a collar to fit into openings in the microfluidic chip (see Figure
2-38).

Figure 2-38. (a) Bulk, (b) moulded, and (c) DRIE agplers with capillarie tubing [59]
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Since attaching every coupler to fluidic ports individually was very time-
consuming a batch process was developed. Thermoplastic adhesive was spray
coated onto the wafer before the couplers were separated and aligned to the
ports. Then the microfluidic chip was heated up and cooled down to form the
bond (Figure 2-39).

Figure 2-39. Process flow for the thermoplastic spty-coating technique [59]

The tubing was connected to the couplers using adhesive or by cryogenic
insertion. In cryogenic insertion the end of the tubing is put into liquid Nitrogen
to make it shrink. The shrunk part is led into the coupler and while warming up
to room temperature it regains its old diameter and creates a press fitting (see
Figure 2-40).

Figure 2-40. Cryogenic insertion technique [59]
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Bulk and DRIE couplers were able to withstand a pressure of up to 8.9MPa,
which was the limitation of Meng’s experimental apparatus. The connection

between moulded couplers and capillaries failed at a pressure of 6.2MPa.

B.L. Gray et al. came up with two different approaches to connect microfluidic
systems to the macroscopic world using couplers [60]. In the first approach the
coupler was manufactured directly in the top layer of the microfluidic system
using deep reactive ion etching (DRIE). In essence it was a hole with a stop
position containing the tubing. The tubing was then fixed with adhesive.

To prevent the adhesive from blocking the microfluidic channels another design
of the coupler with a sleeve was used, as shown in Figure 2-41.

Figure 2-41. Schematic view of the couplers and SEMIctures of the coupler with sleeve [60]

The interconnection was tested with a pressure of 3.5MPa without showing any
leakage. The limitation of 3.5MPa was determined by the test setup.

The second idea was to design a plastic coupler, which was fixed to the
microfluidic chip with heat-staked pegs. The opening of the coupler was smaller
than the outer diameter of the capillary creating a press fitting. The tubing could
be attached and removed easily. G.T.A. Kovacs from Gray’s group patented a
method to manufacture these fluidic couplers [61] shown in Figure 2-42.
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Figure 2-42. Schematic view and picture of the prasfit type Silicon / plastic coupler [60]

The junction was not leak proof so a Silicone gasket, cut from a 500um thick
sheet, had to be introduced between plastic and Silicon. The system was tested
with a pressure of up to 414kPa and the maximum pull-out force of the
capillaries was ranged from 1 to 2N. Another method of sealing the joint is to
use a compliant seal inside the press fitting, as did C.R. Friedrich et al. [62].

E.S. Lee et al. drilled an hourglass shaped hole into a glass wafer and used it
as a coupler [63]. Two cones were drilled into the layer, one on each side, using
electro-chemical discharge machining (ECDM). Tubing with a diameter slightly
larger than the waist of the holes was put into them forming a reusable press

fitting (see Figure 2-43).

Figure 2-43. Hourglass fabrication process [63]

Using no adhesive to fix the capillaries the working pressure was limited.
Maximum leakage pressure was about 103kPa.

Page 70



2 Literature Review / Technical Background

Another idea is to integrate micromachined rubber O-rings in a Silicon
microfluidic system, as T.J. Yao et al. did [64; 65]. Silicone rubber is squeezed
into trenches, which are made by using deep reactive ion etching (DRIE). For
better adhesion the trenches are covered with Silicon Nitride and, after etching
the wafer from the backside, the O-ring is ready for use (see Figure 2-44).

Figure 2-44. Fabrication process for O-ring couples [64]

This solution is space-saving and provides the possibility of quick attachment
and detachment of tubing. Most of the O-rings showed no damage in a
repetition test (>200 times) and, depending on the inner diameter of the tubing
(all tested capillaries had an outer diameter of 500um), the system could
withstand pressures of about 550kPa. The maximum pull-out force was tested
with more than 300mN.

A. Puntambekar and C.H. Ahn designed couplers with cavities in the top layer
of a microfluidic system [66]. The system was heated up and tubing with an
insert was put into the couplers, melting and filling the cavities. Another capillary
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was then put into that tubing interconnecting the chip to the macroscopic world

as shown in Figure 2-45.

Figure 2-45. Schematic diagram of serial interconreting technique [66]

According to Puntambekar and Ahn the system could theoretically withstand a
pressure of 2.6MPa (pull-out force of about 15N) but it was tested only with
207kPa.

A parallel connection technique which also can be used for polymer based
systems was presented as well. The tubing was inserted in the top layer before

the layers were bonded (see Figure 2-46).

Figure 2-46. Schematic diagram of parallel interconecting technique [66]

The average pull-out force of about 39N led to a theoretical maximum leakage

pressure of 6.6MPa. Again the system only was tested 207kPa.

A similar interconnection was used by A.V. Pattekar and M.V. Kothare [67] as
shown in Figure 2-47. They placed a Silicon based microfluidic system on a hot

plate and put a capillary into the opening of the upper layer. The tip of the tubing
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was melted by holding it onto the hot bottom layer and then it was pulled back

until the melted end sealed the top layer’s opening. High temperature epoxy

was then used to fix the capillary.

Figure 2-47. Capillary insertion and deformation /bonding [67]

The system was able to withstand 2.17MPa, the maximum pressure of the test

setup. The maximum pull-out force of the interconnection was about 21.5N.

As the interconnect showed damages due to handling it was reinforced with

another Teflon capillary working as sleeve (see Figure 2-48).
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Figure 2-48. Reinforced interconnect [67]

This procedure prevented the tubing from getting damaged and increased the

maximum pull-out force to more than 40N.

V. Saarela et al. manufactured a coupler by casting PDMS onto an etched
Silicon mould [68] as shown in Figure 2-49. The Silicon mould was placed in a
Petri dish and dummy capillaries were placed to form channels in the coupler.
Then the PDMS was poured into the dish to a thickness of a few mm and the

setup was put on a 70T hot plate for curing.

Figure 2-49. PDMS coupler casting setup [68]

After curing the PDMS was separated from the Silicon mould and the dummy

capillaries were removed.
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The coupler now was aligned to a microfluidic chip with matching surface relief
and capillaries were aligned in the holes. The interconnection was effective but

support with a jig allowed it to withstand higher pressures (see Figure 2-50).

Figure 2-50. (a) Coupler usage and (b) coupler refarced with jig [68]

The normal setup was able to withstand pressures of up to 21kPa, if it was
compressed by a jig the maximum leakage pressure was about 220kPa.
The couplers were reusable, but according to the authors only as long as they

remained clean and did not suffer mechanical damage.

A fast interconnection method for polymer based microfluidic systems was
presented by A.M. Christensen et al. [69]. A modified needle with a steep tip
was used to core a PDMS layer. Unmodified needles then were pushed into the
holes forming a compression seal (see Figure 2-51).

Figure 2-51. Schematic of the interconnect fabric&tn and picture of a realised interconnection [69]
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Several setups of microfluidic systems were tested (PDMS bond, O, plasma
bond, additional clamping) to determine the maximum leakage pressure of the
interconnection rather than the bond strength. If the bond did not fail the
coupling withstood a pressure of 700kPa, which was the limit of the pressure
gauge.

This rapid and reusable interconnecting technique has the drawback of a low
connection density. The fabrication process itself might be enhanced by not
hand coring the holes as the authors did but to connect the tubing to the
needles a certain area is still needed as shown in Figure 2-51.

T. Pan et al. used heat shrink tubing to connect micro tubes to Silicon based
fluidic systems [70]. First a heat shrink tube sleeve was put onto the fluidic port
(Silicon flange). The system was placed on a hot plate to make the tube shrink
around the flange. After cooling down a capillary was put into the sleeve. Then
the complete heat shrink tube was made to shrink by the use of a heat gun
sealing the junction capillary — silicon flange (Figure 2-52).

Figure 2-52. Interconnecting using a heat shrink tbing [70]
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The system showed no leakage at the maximum test pressure of 200kPa. Due
to application of heat this easy to use method is not feasible for polymer-based

systems.

The designs for microfluidic couplers are as multi-faceted as the applications of
microfluidic systems. Many interesting designs are possible for Silicon and
some for plastic systems, showing different values in maximum pressure,

reliability, and number of manufacturing steps.

Most of the solutions presented in this section are either not easy to connect
outside a lab, or need many process steps during manufacturing. It would be
desirable to have a system-to-world interconnect solution for plastic
microfluidics that can also be rapidly manufactured.

2.1.3.6 Threaded Interconnections

A special case of couplers are threaded interconnections. These couplers are
designed with a thread and can be screwed into the fluidic ports. An attribute
that makes them easy to remove - while being able to provide a good
connection to the microfluidic chip.

E.S. Lee et al. drilled threaded holes into a glass substrate and used them to
mould plastic screws [63]. In the first step cones were machined using electro-
chemical discharge machining (ECDM). The glass slide was flipped over and
the cones were opened out to cylinders. After imprinting the threads, the screws
could be moulded (see Figure 2-53).
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Figure 2-53. Threaded interconnect fabrication proess [63]

The screws were now connected to capillaries and were ready to be used as
couplers as shown in Figure 2-54. The glass slide with the threaded holes was
used as top layer of the microfluidic system and a Silicone gasket was used

between the screws and the glass layer to enhance sealing.

Figure 2-54. Microfluidic device with threaded inteconnect [63]

All connections were tested satisfactorily at a pressure up to 206kPa, which was

the limitation of the test setup.

In their patent specification of the Electro-Microfluidic Dual Inline Package (see
Section 2.1.3.2 Modular Approaches) G.L. Benavides et al. also came up with
an idea for threaded couplers [71]. An O-ring seal is pressed onto a microfluidic
chip being held in place by a hollow screw. The screw is threaded into an

aluminium plate that is bonded to the chip (Figure 2-55).
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Figure 2-55. Hollow screw used as coupler [71]

The screw worked as a coupler and capillaries could be put into it and fixed with
epoxy.

To connect microfluidic chips to the outer world the capillaries don’t have to be
connected to the chip only, but also between each other or to fluidic ports of
wells or other macroscopic parts. Therefore Upchurch Scientific® offers different
solutions [72]. Many of them also use threaded connectors and receiving ports
as shown in Figure 2-56.

Figure 2-56. Upchurch threaded interconnect with pad [72]

Although threaded interconnections provide an easy and reusable coupling
there are some drawbacks of this method. Time-consuming process steps are
needed to manufacture the couplers and sometimes there is even an additional
layer required to hold the screws. There are no practicable solutions for polymer
based systems, yet, and the size of the connectors limits the connection
density. Low density of connections prevents further miniaturisation of the

microfluidic chips.
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2.1.3.7 Overmoulding

D.P. Webb et al. realised the packaging of microfluidic systems by
overmoulding them [73; 74]. Injection moulding was used to embed the
microfluidic device in plastic and the usage of pins during the mould process
provided access to the fluidic channels (see Figure 2-57).

Fluidic intercommect Locking

access channel feature
In-plane fluidic A/

interconmect access i -ﬂ +
chammel D.
\A 5 —10 mm

Embedded *
microfluidic
device

< 40-60 m p Overmould

Figure 2-57. Cross-section view of the overmouldetkvice [73]

Depending on the design of the cast the microfluidic device could be sealed and
equipped with features like couplers or locking structures (see Section 2.1.3
Interconnecting of Microfluidic Systems) for connecting the system to the outer
world in one step. The seal was tested with a pressure of 690kPa without
showing leakage.
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2.2 Induction Heating

The discovery of electromagnetic induction by Michael Faraday in 1831 led to
the development of electric motors, generators, transformers and wireless
communications devices. All the time heat loss was a major factor reducing the
efficiency of these systems and researchers sought to minimize it. In the early
20" century the heat loss was utilized for the first time. This utilization was
referred to as induction heating and nowadays it is used for many applications,
such as melting, hardening, and welding of metals, and many more. The main
benefits over other heating methods are the selectivity of the heated area, the

fast response time, and a good efficiency.

An induction heating unit consists of a power generator, a tank circuit and a

water cooling system as shown in Figure 2-58.

Figure 2-58. Induction Heating Unit [75]

The tank circuit consists of four or more capacitors in a housing and a coil. The
housing of the capacitors provides power and cooling connections for the coil.
During calibration the power generator checks the resonance frequency of this
circuit and generates an alternating current of the same frequency. Then the

work piece is put into the magnetic field of the coil to get heated.
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2.2.1 Applications

As induction heating has long history there are many applications. Especially in
the steel industry where it is commonly used. Induction heating is employed for
forging, extrusion, welding, and brazing, melting of metals, hardening of steel,
and annealing [76; 77; 78]. It can also be used for processing small parts, for
instance annealing copper crimp connectors or brazing diamond tips on cutting

tools as shown in Figure 2-59.

Figure 2-59. Diamond tips are brazed to steel shaskfor high-speed machine tools [75]

Induction heating is used for rapid temperature variations during micro injection
moulding to achieve structures with high aspect ratio [79]. It can also be used
for heat staking as shown in Figure 2-60.
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Figure 2-60. Inductive heat staking [80]

A metal thread is heated up inductively and inserted into a plastic part.

Induction heating can be used for fixing caps on cans with solder preforms [75]
or for joining thermoplastics [81].

Cap sealing as it is done for milk and oil cans etc. is a very interesting
application as well [82]. Polymer laminated aluminium foil is pressed onto the
neck of a plastic container and heated inductively by flat helix coils above the
setup. The polymer melts and bonds the foil to the container.

The effects of induction heating are not only adopted in industry but can also be
found in a kitchen. Inductive cookers are common as they are more convenient
and safer than electric or gas cookers [83]. Single devices like rice cookers also

use induction heating systems [84].
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A more experimental application is use with hinged microstructures [85]. Y.W.
Yi and C. Liu used a magnetic field to actuate these structures as shown in
Figure 2-61.

Figure 2-61. SEM picture and schematic view of hirgd microstructures [85]

H.A. Yang et al. optimised this method by using the heating effects of the
applied magnetic field [86]. The lifted microstructure was fixed by an inductively

melted solder bump (see Figure 2-62).

Figure 2-62. Concept of lifting and soldering micrstructures [86]

This concept could be used for the design of complex MEMS or micro mirror

arrays etc.

If very high frequencies are used Silicon can be heated directly. K. Thompson et
al. used a 13.57MHz generator for direct Si-Si boding [87]. During the process

the wafers were heated to temperatures around 1000°C.

High frequency induction heating is adopted for melting silicon and controlling

temperature in the melt during crystal growing.
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2.2.2 Physical Principles

The fundamental theory of induction heating is similar to that of a transformer.
The work coil used in induction heating is equivalent to the first colil, the load

functions as a short-wired second coil.

2.2.2.1 Electromagnetic Induction

The premise of induction is that a change in magnetic flux induces a current in a
circuit or conductor. The change in magnetic flux can be achieved by either
altering the magnetic field or moving the conductor in the magnetic field [88].

The principle is expressed by Faraday’s law:

dg
E=-N—% 2-1
it (2-1)
Where
E: Induced voltage [V]
N: Windings of the coll unitless

d: Magnetic flux through a single winding [Vs]
t: Time [s]

The minus sign means that the induced voltage E will cause a current to flow

that generates a magnetic field counteracting the change in the inducing field

(Lenz’s Law).
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Figure 2-63. Induction law of Faraday [76]

In Figure 2-63 the alternating magnetic field is generated by a coil connected to
an ac power supply unit. The alternating current I, induces a voltage E in the
secondary coil, which only has a single winding. The induced voltage would be

dg
E=-—* 2-2
it (2-2)

In Figure 2-63b the secondary coil is short-circuited so an alternating current I
can flow in opposite direction of I; generating a magnetic field counteracting the
magnetic field generated by the primary coil.

If a solid conductive load is placed inside the alternating magnetic field, eddy

currents will be induced in that load (see Figure 2-64). The eddy currents heat

the load according to the Joule effect.

Page 86



2 Literature Review / Technical Background

Figure 2-64. Induction of eddy currents [76]

2.2.2.2 The Joule Effect

Every conductor offers resistance to a flow of a current that causes loss of
power [89]. The loss of power is converted to heat energy and is described in

Joule’s law:

P=R0O? (2-3)

Where

P: Power dissipated in the conductor [W]
R: Resistance of the conductor [Q]
I: Current induced in the conductor [A]

This effect is also referred to as the Joule effect. For constant currents higher
resistivity leads to higher heating power. However, the amount of current
induced in the workpiece will also vary with resistivity, especially for a resistive
load. Therefore both effects must be considered together to determine the
optimum resistivity for greatest heating power. This aspect will be discussed

later in more detail.
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Table 2-1 presents some materials with their resistivity.

Table 2-1. Resistivity

Resistivity Resistivity
[Q-m] [Q-mm?/m]

Aluminium 2.64e-08 0.0264
Lead 2.20e-07 0.22
Iron le-07 to 1.5e-07 0.1t0 0.15
Gold 2.44e-08 0.0244
Graphite 8.00e-06 8
Carbon 3.50e-05 35
Copper 1.78e-08 0.0178
Nichrome (Nickel-Chromate alloy) 1.50e-06 1.5
Platinum 1.10e-07 0.11
Silver 1.59e-08 0.0159
Silicon 2,300 2,300,000,000
Steel 1le-07 to 2e-7 0.1t0 0.2
Tungsten 5.60e-08 0.056

2.2.2.3 Hysteresis Heating

For ferromagnetic materials in an alternating magnetic field a second heating
effect occurs. The magnetic orientation of the domains of the susceptor aligns
with and attempts to follow the rapidly varying field. The friction of this
movement in the crystal plane heats up the metal and is referred to as
hysteresis heating. If a ferromagnetic material is heated to its Curie temperature

it becomes paramagnetic and hysteresis heating ceases.
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2.2.2.4 The Skin - Effect

Alternating currents in a conductor generate a magnetic field. As the magnetic
field changes as well, currents are induced counteracting their cause. This
leads to an increase of currents on the conductor’s outside and a decrease in its
middle. This “skin-effect” is characterized by its penetration depth &. The
penetration depth is defined as the thickness of the layer, measured from the

outside, in which 87% of the power is developed [76] (see Figure 2-65).

Figure 2-65. Penetration depth [76]

For an alternating current of frequency f the penetration depth is given by

5= |22 (2-4)[90, p.310],  with « = 27
Y7
> =" (2-5)
7rCu Of
Where
0: Penetration depth [m]
p: Resistivity [Qm]
L Permeability [Vs/(Am)]
f: Frequency [Hz]

Permeability p is the product of the magnetic field constant py and the relative

permeability p, of the conductor
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M=y Ll (2-6) [91, p.441], with
B
=— 2-7
28 B, (2-7)
Where
B: Magnetic flux density in the conductor ~ [Vs/m?]
Bo:  Magnetic flux density in vacuum [Vs/m?]

K is less than 1 for diamagnetic materials, and slightly greater than 1 and many
times greater than 1 for paramagnetic and ferromagnetic materials,

respectively.

In appendix Al Penetration depth, two graphs are enclosed showing
penetration depth over frequency for different materials. The materials are Ni (l,
= 600), steel (i, = 1000), Ni above Curie temperature (T¢c = 360C, U, = 1), steel
above Curie temperature (T¢c = 770C, p, = 1), Cu (4, = 0.9999936), and Al (u, =
1.0000222).

2.2.3 Coll Design

The design of the coil is one of the most important aspects of induction heating.
It defines how the magnetic flux is coupled into the work piece, where the
hotspots are (if any), which areas are affected by induction heating, etc. Every
design has a different inductivity. The coil and capacitors in the tank circuit form
a resonant circuit in which an alternating current is driven at the resonant
frequency by the power supply. The voltage output from the power supply is
varied to attain a desired output power with a given coil/capacitors combination.

According to S. Zinn and S.L. Semiatin, coil design is generally based on
experience and empirical data rather than simulations [92]. This view was

confirmed by engineers at Huttinger Elektronik during the work described in
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Section 4.2 Experiments at Huttinger Elektronik. Some of the manifold varieties
of coil designs used are shown in Figure 2-66.

Figure 2-66. Different coil designs [92]

The coils can be designed with single or multi turns, for single and multi places.
In addition to these “standard” coils there are endless variations designed for

special purposes as shown in Figure 2-67.

Figure 2-67. Coil modifications for localised heatig [92]

Zinn and Semiatin determined some basic design considerations that should be
followed to reach best efficiency. The distance between the windings should be
kept as small as possible and the work piece should be as close as feasible to
the coil to assure maximum energy transfer. As the magnetic centre of the
inductor is not necessarily its geometric centre the work piece should be rotated
to gain more homogeneous heat distribution. The coil must also be designed to

prevent cancellation of the magnetic field. If two windings running in opposite
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directions are too close to each other, each magnetic field can be cancelled by
the other.

2.3 Implications for the Current Work

As shown in previous sections there are many different techniques used to seal
microfluidic systems. Not all of them are applicable for polymer based systems
and if they are, they are either slow or expensive, are often lab-based, or a
complex assembly is needed. As these assembly processes form a bottleneck
of mass production an alternative challenging the drawbacks of current
techniques is needed. With an easy setup, a reproducibility of results, high
selectivity and high throughput capability low frequency induction heating (LFIH)

was found to possibly be such an alternative.

There are many parameters affecting the heating rate during induction heating.
Application of high current in the work coil (high magnetic field strength) results
in a high current in the work piece which leads to a higher power loss by heat
generation. The design of the coil and its coupling to the load must be
considered for achieving best results as well.

Very important factors are the material characteristics of the load. The load
conductivity will have an effect on heating rate. Resistivity and permeability also
affect the penetration depth. High permeability and conductivity lower the depth
of penetration. The other factor controlling the skin-effect is the frequency of the
alternating magnetic field. The higher the frequency the higher the current
density on the outside of the load. To gain a more homogenous heat dissipation
the penetration depth should be in the order of the workpiece’s thickness.
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The following conditions can be identified for high heating rates in micro work
pieces:

* High magnetic field strength should be used

» Distance between windings of the inductor coil should be as small as
possible

» Distance between inductor and load should be as small as possible

* Penetration depth should be of the order of the workpiece’s thickness

An analytical model describing the heating parameters and their
interdependencies was missing in the literature about induction heating. As it is
essential for understanding and optimising the heating rate of the susceptor,
such a model had to be derived.
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3 Methodology & Experimental Details

In order to identify whether thin susceptor films can be heated adequately at low
frequencies and which equipment should be ordered for further experiments
some initial trials had to be carried out. During these trials thin nickel foils,
supported in air, were heated and temperatures were measured using a
pyrometer. Also thin layers of nickel evaporated and electroplated or aluminium
sputtered onto PMMA were tested to investigate the capabilities and limitations

of induction heating equipment.

During the project it was essential to gain an understanding of how different
parameters like heating time, working distance and output current affect the
amount of generated heat. First the basic physical equations were identified
and, depending on those equations, the functional dependence of heating rate
on the parameters was hypothesised. Numeric models, simulating the current
density generated in the workpiece by a single coil, and the resulting
temperature change in the workpiece, were used to validate the hypotheses.
Similarly validation experiments were undertaken. Steel and nickel foils
supported in air were heated inductively and the temperature was measured
using a thermal imager. It was found that the functional dependencies were
mostly confirmed. However, there were some interdependencies between
parameters, which meant variation of heating rate with some single parameters
could not be determined (e.g. susceptor area, cross sectional area). Therefore it
was considered necessary to derive an analytical model to take account of
these interdependencies. This model was derived using the same basic
equations and its predictions compared with the experimental data already

obtained.

Then the effects of susceptor design were investigated. First the susceptor area
was varied in a numeric model while keeping all other parameters constant and
the corresponding temperature was simulated. A similar numerical model was
used to determine the importance of permeability for heating of thin film

susceptors.
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In order to draw conclusions of how the susceptor shape affects the heating
rate, different shapes with different sizes were etched out of thin nickel foil and
mounted onto glass substrates. The nickel features were heated inductively and

again the temperature was measured using a thermal imager.

Finally it was investigated which parameters might support or hinder the forming
of bonds. Firstly, substrates are never perfectly flat so the effect of thermal
barriers, i.e. small air gaps, between heat source and substrate was identified
using numeric modelling. Secondly, to draw conclusions of how heating time
and the amount of pressure applied during the bonding process affect the bond
quality stacks of PMMA substrates with intermediate nickel susceptor were
bonded. Pressure during heating was applied using non-conductive weights.
The bond strength of the bonded stacks was measured using tensile strength
tests. Size of bond area, melt zone and heat affected zone (HAZ) were
measured on the broken specimens using light microscopy. Thirdly, pulsed
heating was considered as alternative to continuous heating to reduce melt area
while maintaining good bond strength. A similar setup as for the bond pressure
experiments was used and again bond strength, bond area, melt zone and HAZ

were measured for the bonded samples.

Finally the functional capability of the technique for bonding microfluidic devices

was trialled with two test cases.
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3.1 Experimental Techniques

The different physical resources and experimental techniques applied are
described in the following sections.

3.1.1 Evaporation

In the evaporation coating method a carrier or basket containing the target
material is heated up conductively. As temperature reaches the boiling point of
the target material, the material melts and evaporates, coating every surface in
the evaporation chamber.

3.1.2 Electroplating

Electroplating is used to deposit metals or alloys onto a wafer surface. The
wafer surface must be conductive and is connected to the cathode. A Platinum
anode is connected to the material that has to be deposited. Both are put into
an electrolyte bath (Figure 3-1). On application of a current to the cathode the
metallic cations are deposited. Depending on the current density and the
formulation of the electrolyte bath the characteristics of the deposited layer
(growth rate, hardness, stress, uniformity) may vary.
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Anode

Cathode

Electrolyte bath

Figure 3-1. Electroplating setup

3.1.3 Sputtering

“During sputtering, the target (a disc of material to be deposited), at a high
negative potential, is bombarded with positive argon ions [...] created in a
plasma [...]. The target material is sputtered away mainly as neutral atoms by
momentum transfer and ejected surface atoms are deposited (condensed) onto
the substrate placed on the anode.” [93, p.138]

The adhesion of sputtered layers is generally good because the target material
hits the substrate with high energy, which causes a close connection between
substrate and coated layer. Due to high temperatures generated during the
process not every substrate can be coated.
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3.1.4 Laser Machining

Short pulses of coherent light are focused on the surface of a workpiece. The
workpiece absorbs the energy and heats up and the material around the laser
spots evaporates. This technique can be used to create small channels in
polymer substrates and to cut these substrates.

3.1.5 Shear Strength Test

To identify the strength of a bond each substrate is fixed in a clamp and pulled
apart as shown in Figure 3-2:

Bonded Area

Substrate 1 — S F

Figure 3-2. Tear strength test

The pulling force is measured during the process and the bond strength (or

shearing resistance) can be calculated with

F
P=— 3-1

S (3-1)
Where
P: Bond strength [Pa]
F: Maximum pulling force [N]
S:  Bonding area [m?]
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3.1.6 Micrographic Cross Sections

A cross section view helps to investigate the microstructure of bonded
substrates. A cut is made through the area of interest and the workpiece is
moulded in epoxy to increase stability and manageability. After curing the epoxy
the cutting marks are polished away and the cross section can be investigated

under a microscope.

3.1.7 Dry Film Lamination / Lithography

To be able to structure thin metal foils a combination of dry film lamination and
lithography/etching can be used. First the foils are laminated with a dry photo
resist film from both sides. Then the film is exposed through a mask and
developed. Unexposed film and adjacent foil are etched and finally the
structured foil can be released in an acetone bath.

3.2 Materials

To get the best results the materials used as susceptor and microfluidic platform
have to be chosen carefully. The susceptor material should perform well when
using low frequency induction heating while the substrate material should be

commonly used in the field of microsystems / microfluidics.

3.2.1 Susceptor

Susceptor materials must be conductive to absorb the electromagnetic energy.
The higher the conductivity the higher the eddy currents. As shown later in
Section 5.3 Change of Resistivity, susceptors with low resistivity and high
relative permeability perform best. Another demand is how easy and at which
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temperatures the material can be applied to the polymer platform. Table 3-1

shows resistivity and relative permeability of some materials:

Table 3-1. Susceptor properties

Resistivity p | Relative permeability p,
[Q-m] unitless
Aluminium 26.4e-9 1.0000222
Nickel 69.9e-9 100-600
Copper 17.8e-9 0.9999936
Steel le-9 to 2e-9 1000

Aluminium is slightly paramagnetic and copper slightly diamagnetic. Their
relative permeability is close to one and their resistivity is fair so these materials
could be heated inductively at low power. As aluminium and copper can be
coated onto plastic at low temperatures, and both materials are quite common

in microsystems, they form a possible choice as susceptor.

Steel has low resistivity and very high relative permeability. It can be used to
test the limitations of the induction heating technique but it is too complex to

create thin layers of steel to work as susceptor for bonding plastic substrates.

Nickel with its high relative permeability is a very good susceptor although the
conductivity is not best. As it is widely used in microsystems and can be coated
and structured easily it will be the material used as susceptor mostly in this
project. Nickel is harmful, so when designing a microfluidic chip not only the
polymer layers must be sealed but the nickel should be sealed from the fluid as

well.
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3.2.1.1 Susceptor design

There are two main considerations for the susceptor design. A complete layer
can be used as shown in Figure 3-3a or the susceptor can be structured
forming thin metal tracks that follow the microfluidic channel on both sides
(Figure 3-3b).

Channel

Susceptor

Lici

Suzceptar

Flatform

(a) (b)

Figure 3-3. (a) Cross section view of whole layend (b) Top view of structured susceptor

The whole layer approach is easy to realise. The susceptor material can be
coated onto the lid or onto the platform before manufacturing the channels to
provide transparency. Electroplating, electroless plating, sputtering, etc. are
common techniques and are capable of plating nickel, aluminium and copper.

A major drawback of this approach is the generally poor bond adhesion
between metals and plastics and the missing separation of susceptor and

tested liquids/gases.

To create a structured susceptor there are different solutions. A mask can be
used during plating or the whole layer can be structured afterwards using laser
machining or etching techniques. Ink jet or screen-printing could be feasible
techniques, as well as machining channels into the polymer and filling them with
conductive ink or metal powder. During this project the susceptor was etched

out of nickel foil and placed manually.
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The advantages of structured susceptors are clear: Less material is introduced
into the system and heat is only generated where it is needed. The bond will be
created directly between the plastic substrates and the susceptor can be design
in a way that it is enclosed during bonding.

For both approaches it has to be kept in mind that the susceptor design also
affects the heat dissipation (see Section 6.1 Susceptor Design for further

information).

3.2.2 Microfluidic Platform

The material options for plastic microfluidic systems are manifold. Many
different polymers like PMMA, PDMS, PA, PEEK, and so on are widely used.
Some of them are transparent, others opaque; some have a high melting
temperature, others a low. A common polymer with a low melting point that is
cheap and easy to obtain should be used. To facilitate monitoring of the
experiment and analysing the bonds it should be transparent to white light. As
medical applications were identified as a major application for polymer based
microfluidic systems the material should be benign to the fluids used in these
applications.

The decision was made to use Polymethyl methacrylate (PMMA), which is not
only commonly used for manufacturing microfluidic systems but also in a wide
range of other applications. PMMA is soluble only in a few solvents (e.qg.
acetone) and many companies offer custom size pieces of industrial PMMA
(e.g. Perspex®, Repsol Glass®).
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3.2.2.1 Pre-Treatment

During electroplating the adhesion between evaporated seed layers and the
polymer substrate turned out to be poor and the electroplated nickel peeled off.
A different recipe for the electrolyte bath was used to reduce stress in the
electroplated layer (see appendix A4 Recipes for Electrolyte Bath) and the
PMMA was also pre-treated to enhance adhesion.

The PMMA substrate that was to be coated was held into the flame of a Bunsen
burner for a few seconds. According to the Sabreen Group [94] this should
create a polarity on the polymer surface and increase adhesion between the
surface and coating material. The electroplated nickel layer no longer peeled
off. However, as a different electrolyte bath formulation was used for these pre-
treated substrates it is not clear whether the observed improvement in adhesion
was due to the flame treatment, reduced stress in the nickel layer or, most

probably, both.

Other techniques to increase adhesion can include activating the surface using
plasma etching or roughening the surface to provide more mechanical
adhesion. As PMMA contains water, which can contaminate the surface, pre-
baking the substrates could also be considered. Those techniques were not
tested during this project.

3.2.3 Preparation

To coat a substrate with susceptor material a thin layer (100-500nm) had to be
evaporated first. This layer was used as seed layer for electroplating. Another
technique to coat substrates was sputtering. No seed layer was needed, but
due to the use of plastic substrates only materials with low melting points such

as aluminium could be sputtered.
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To create channels in the microfluidic platform laser machining was used. The
channels were used as a microfluidic network or were filled with conductive ink /

metal powder working as susceptor.

3.2.3.1 Evaporation

This method was used to create nickel seed layers for electroplating. A tungsten
basket was connected to two electrical contacts and heated up conductively. As
shown in Figure 3-4 the evaporating equipment features connections for four
different baskets to prevent contamination if different target materials are used.
The tungsten basket in this picture has already been used so it is covered with

nickel.

Connector for
other baskets

Tungsten
basket

Figure 3-4. Installed Tungsten basket

Nickel wire then was put into the basket and three substrates at a time were
placed above as shown in Figure 3-5.
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Substrates facing the

nickel carrier

Support bar

Figure 3-5. Substrates placed above Tungsten basket

A vacuum jar was put over the setup (see Figure 3-6) before a vacuum

pressure of 10°mbar was applied.

Figure 3-6. Evaporation chamber with jar and proteding cylinder
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At a current of 15 to 20A the basket was hot enough to evaporate the nickel
wire. The evaporated layer (Figure 3-7) had a thickness of about 50 to 100nm,
as estimated from previous experience. It can be seen that at the corners of the
substrate that were lying on the support bar were not coated.

- R 9

Uncoated corner

Figure 3-7. Coated PMMA substrate

3.2.3.2 Electroplating

The evaporated nickel seed layers were connected to the cathode and a 5um
thick layer was electroplated as shown in Figure 3-8.

S\

Wrinkles

Figure 3-8. Electroplated nickel
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The wrinkles are due to the different coefficient of thermal expansion (CTE) of
nickel and PMMA. At 20T the CTE of nickel is 13 x 10K and 85 x 10°/K for
PMMA. During electroplating the electrolyte bath had a temperature of 50C.
Assuming a constant CTE the shrinkage over 36mm of PMMA was about 92um

while the shrinkage of nickel only was 14um.

To avoid the wrinkles the same electrolyte was used at room temperature,

which led to smooth surfaces.

3.2.3.3 Sputtering

Sputtering was used to coat substrates with a 7um thick aluminium layer. The
work was carried by the Centre for Renewable Energy Systems Technology
(CREST) in Loughborough.

3.2.3.4 Laser Machining

To cut the PMMA substrates or to machine channels into their surface a CO»
Laser with 10W maximum power and a wavelength of 10.6pum was used. By
varying power and velocity the size of the channels was controlled (see Figure
3-9).
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Figure 3-9. Laser machined channels with differentvidth and depth, profiled with Talysurf CLI
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The quality of the channels was not an issue in this project as they were only
used to prove the concept.

3.2.3.5 Lithography / Dry Film Lamination

In order to obtain structured susceptors a 7.5um thick nickel foil was etched.
The foil was first laminated at 115C with a dry film photoresist supplied by
Mega Electronics (part No 500-024). Exposure of the negative resist was done
with 8s of UV light before it was developed with 1% potassium carbonate. To
remove the undeveloped resist ferric chloride was used, which also etched the
underlying nickel foil. To remove the remaining resist the parts were put in an

acetone bath.

3.3 Equipment

To be able to carry out experiments at Loughborough University special
equipment had to be organised. An induction heater was needed and a special
workbench had to be designed as well. Also some equipment had to be
organised for non-contact measurements of the generated heat.

3.3.1 Induction Heater

According to the requirements identified during experiments in Freiburg (see
Section 4.2 Experiments at Huttinger Elektronik) an invitation to tender was
published. The decision was made to purchase the AXIO 10/450 from Huttinger
Elektronik. Figure 3-10 shows the generator, which is controlled by software

running on a laptop.
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Figure 3-10. AXIO 10/450 Generator

The AXIO 10/450 has a maximum output power of 10kW and a nominal
maximum frequency of 450kHz which can be increased to 900kHz if the
distance between generator and tank circuit is less than 1.8m.

The tank circuit consists of a set of four capacitors connected to an inductor coil
to form a resonant circuit as shown in Figure 3-11. The capacitors are arranged
in a parallel circuit of two series connections, the latter consisting of two

capacitors:

O

Figure 3-11. Circuit diagram of tank circuit

This way the main capacitance can be changed over a wide range with just a
few different capacitors. Only one set of capacitors with a capacitance of 0.66
MF each was ordered. The inductor was a pancake shaped coil with five
windings as shown in Figure 3-12.
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Figure 3-12. Schematic view of inductor coil, imagsupplied by Huttinger Elektronik, Freiburg

With a diameter of 80mm and a wire diameter of 5mm the coil has an
inductance of 3.2uH. The setup runs at a resonant frequency of 220kHz.

3.3.2 Workbench

Knowing the dimensions of the tank circuit the workbench could be designed.
The workbench should consist of two parts — a height adjustable worktop with
some sort of press to fix the workpiece and to apply pressure during bonding
and a frame containing the tank circuit and worktop.

For the worktop a plastic board was fixed on an ordinary lab jack. At the end of
the board a leaf-press construction was proposed, using transparent acrylic
slides and threaded plastic rods. Weights can be put onto the bottom slide to
increase pressure. A part of the worktop’s bottom side was countersunk to
decrease the minimum working distance. The whole design is shown in Figure
3-13:
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Plastic board Press - Top

Lab jack

Figure 3-13. Schematic view of worktop with pressesigned with CATIA

The frame then was made using metal profiles and aluminium boards at two
levels. The first board was to fix the tank circuit the second to fix a camera or
any other instrument. Two “legs” were included to be able to fix the worktop
(see Figure 3-14).

Tank circuit _| Worktop

uLegn

Frame

Figure 3-14. Schematic view of workbench designedtiv CATIA

The whole design was realised by the University’s workshop. The construction
is shown in Figure 3-15.
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Workpiece

Tank circuit

Weights

Figure 3-15. Worktop with press and inductor coll

3.3.3 Temperature Measurements

For contactless measurements of the workpiece’s temperature a thermal imager
was used. Three different types of thermal cameras were used dependent on

availability.

A FLIR SC3000 ThermaCAM (temperature range: -20C — 1500<C; accuracy: +
1) was used for initial trials, a FLIR ThermaCAM EA45 (temperature range: -
20T — 250%C; accuracy: = 2C) for planning and des igning new experiments,
and a FLIR ThermaCAM PM695 (temperature range: 0C — 500C; accuracy: *
2%C) for later experiments.

Each imager was mounted on a tripod and placed above the workpiece
focussing on the susceptor’'s surface. Depending on the camera model the
emissivity was set manually to that of the susceptor material or the material in
the camera software, so that the right emissivity was chosen automatically.

To verify the use of an emissivity of 0.37 for nickel, a piece of nickel foil was put
on a heat plate and heated to a given temperature. A FLIR ThermaCAM E45
was used to measure the temperature. With the emissivity set to 0.37 the

measured temperature was identical to the temperature set at the heat plate.
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3.4 Numeric Modelling

Before ordering equipment and running experiments the effect of different
parameters on the heating rate first was investigated using numeric models.
Those models also proved valuable when the effect of a single parameter like
the workpiece’s resistivity had to be investigated without altering its other
properties or when the object being investigated was hard to realise
experimentally, e.g. thermal barriers of different sizes. For the modelling
COMSOL Multiphysics software was used.

Three model setups were used to represent different aspects of the system
under investigation, and the dimensions of the geometry modelled in each case
were adjusted to suit the different tasks. All models were meshed automatically

with a triangular mesh.

3.4.1 Induced Eddy Currents

The first model was designed to solve for the vector potential as a function of
position. The current density in the workpiece then could be extracted from the
vector potential. According to COMSOL Multiphysics the domain equation was

as follows:
(jao —ate)A, +Ox (U OxA) =5 (3-2)

Where

w: Angular frequency
o Electric conductivity
L Permeability

€ Permittivity

J; . Current density due to an external source (i.e. inductor coil)

Ay:  Vector potential
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The model required boundary conditions for the exterior boundaries as shown in
Figure 3-16.

Axial symmetry _,

_ Zero magnetic
Workpiece — | flux

Point source /
/

representing

coil

Figure 3-16. COMSOL model for simulating eddy curreats with boundary conditions

The left border was set to be the symmetry axis while for the other three a
condition corresponding to zero magnetic flux was set. The schematic in Figure
3-16 is only to illustrate the boundary conditions and is not to scale.

3.4.2 Coupled Model of Induced Currents, Workpiece  Heating &
Conductivity Change

In a second model the temperature field in the workpiece due to joule heating
by eddy currents was solved for. The model was run with and without

temperature dependence of conductivity.

Two domain equations were used to simulate inductive heating:

jao(MA+Ox(u*O%xA) =0 (3-3)
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pc, S -0KT =Q(T, A) (3-4)
Where

o: Electrical conductivity

p: Density

Cp:  Specific heat capacity

k: Thermal conductivity

Q: Power of inductive heating

A: Vector potential

The electrical conductivity of the workpiece was given by the expression

1
o= (3-5)
los 1+ a(T - T,))]
Where
po. Density at reference temperature To = 293 K
a: Temperature coefficient of the resistivity
T: Actual temperature in the domain
And the heating power is given by
1 2
Q= wE| (3-6)
Where
E: Electric field obtained from the vector potential

In addition to the zero magnetic flux condition the exterior boundaries were set

to be thermal insulators. To simplify the model the air surrounding the

workpiece was assumed to be not moving. Hence the heat transfer from

workpiece to air was simulated as heat conduction, not convection. Heat
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radiation from the workpiece was ignored. In the simulations the temperature at
exterior boundaries was not seen to increase, so the simulation domain was

judged to be large enough.

3.4.3 Effect of Thermal Barrier (Air Gap)

The third model was designed to examine the temperature profile in the sample,
where there is an air gap between the sample and the heat source. This time a
simple two dimensional model without symmetries was used. The domain

equation for the heat conduction model was
Ol(-kOT)=0 (3-7)

Where

k: Thermal conductivity

The model consisted of two layers, one with the effective thermal conductivity of
air and the other with the thermal conductivity of PMMA at room temperature

(see Figure 3-17).

Thermal insulator

v
<« T
e

PMMA — |+

Temperature

Ar — |
—>

Figure 3-17. COMSOL model for simulating heat condation with boundary conditions

The bottom border of the model was set to a chosen temperature representing
a heater while the other three borders were set to be thermal insulators. The air
gap could be varied and the temperature profile through the model extracted.
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4 Initial Trials & Heating Investigation

At the beginning of the study it was not clear that low frequency magnetic fields
would heat thin susceptor materials sufficiently to seal and interconnect
microfluidic devices. Initial trials were therefore conducted to determine the
suitability of the process. The trials had the additional aims of qualifying
equipment for purchase, identifying suitable susceptor materials and carrying
out an outline investigation of how different process parameters such as heating
time, working distance, etc. would affect the heating rates achieved.

4.1 Initial Trials

In order to confirm that induction heating is capable of sufficiently heating thin
susceptors, metal foils were purchased to be tested by suppliers of induction
heating equipment. To design a test setup it was critical to know the
temperature needed to melt/bond polymers. Table 4-1 shows the melting
temperature and glass transition point (the softening temperature) of selected
thermoplastic polymers.
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Table 4-1. Properties of Selected Thermoplastic Bahers

Polymer Melt Temperature | Glass Trans. Point
T T

Polyamide PA 220-260 50-75

Polybutylene terephthalate PBT 60

Polycarbonate PC 267 150

Polyethylene PE 130-145

Polyetheretherketone PEEK | 350 130-150 / 260-290

Polyethylene terephthalate PET 260 75

Polymethyl methacrylate PMMA | 130-140 105

Polypropylene PP 165

Polystyrene PS 240 95

Polytetrafluoroethylene PTFE | 327

Polyvinyl chloride PVC 212 87

250C was decided to be an appropriate target tempe rature to be attained in the
first trials as it is in the higher range of the melting temperatures listed and
higher than all the glass transition points.

To establish an operating window for the process two different materials with
two different thicknesses were used. Nickel and steel were chosen as materials
to be tested as they are good susceptors and widely used. For the application it
is desirable to use very thin susceptors so the thickness of the metal foils had to
be between 5 and 10um. Foils with at least three times the thickness were
obtained as well, to gain some knowledge about the heating capabilities in case
the thin foils were impossible to heat to target temperature. With price being
another factor the decision was made to order nickel foils with thicknesses of
25um and 7.5um and steel foils with thicknesses of 100pum and 10um.

The sample foils were sent to Cheltenham Induction Heating (CIH) to test the
capability of their Easy Heat System. The system has a frequency range of 150
to 400kHz and depending on the generator, an output power of 1.2 to 10kW.
The nickel steel foils had to be heated to 250CT inductively with a pancake
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shaped coil. It was not possible to use a thermocouple for measuring the
temperature as the thermocouple would be heated by the alternating magnetic
field itself. Thus to indicate the temperature reached CIH used Tempilag®, a
heat sensitive paint changing its colour when a trigger temperature is reached.
There are many different paints for different temperatures.

In Figure 4-1 steel of 100um thickness covered with a paint that changes its
colour from white to black at 250C is shown.

Untransformed Transformed

paint paint

Figure 4-1. Tempilag® on steel foil

It can be seen that there are some areas with untransformed Tempilaq®.
According to CIH this was due to the inductor being smaller than the foil and

hence heating only the centre area.

A second batch of 7.5um thick nickel foils were sent to Giltron Inc. Washington
D.C., USA, who heated them with a 13.5MHz unit, and to Huttinger Elektronik in
Freiburg, Germany, who tested them with their AXIO induction heater (50 —
800kHz, 5 - 10kW).

A test protocol (see appendix A2 Test Setup) was sent to the companies along
with the foils to ensure comparable results. All companies reported being able
to heat the foils in milliseconds to the demanded temperature.
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4.2 Experiments at Hittinger Elektronik

Following the initial experiments a more detailed evaluation was carried out in
the testing faciliies of Huttinger in Freiburg, Germany from 29.01. to
31.01.2008. The aim was to evaluate the potential and limitations of induction
heating systems and to get an idea of how the equipment works and what kind

of equipment best fits the project’s purposes.

4.2.1 Design of Experiment

From the thermoplastic polymers mentioned in Table 4-1, polymethyl
methacrylate (PMMA) was chosen to be used during this project because it is
commonly used for manufacturing microfluidic devices. It is benign to most of
the fluids used in medical applications, it is soluble only in a few solvents (e.g.
acetone), and monitoring the experiments and analysing the bonds is made
easier by PMMA being transparent.

Repsol Glass® PMMA slides with a size of 36mm x 36mm and a thickness of
4mm were used as substrates for all samples. Before preparation the
substrates were analysed by Differential Scanning Calorimetry (DSC). The
result shown in appendix A3 Differential Scanning Calorimetry (DSC) displayed
a glass transition point at about 113 and a melti ng point at 170<C.

Some initial tests had to be carried out to get an idea of the appropriate range of
power and frequency. A nickel foil with a thickness of 7.5um and an edge length
of 25mm supported by a non-conductive worktop was used for this initial part.
Again nickel was chosen because of its good performance as a susceptor.

For the second experiment a nickel foil with the same dimensions as the foll
used in the initial tests was placed between two substrates. The foil was heated
inductively, thus melting the surrounding polymer and creating a bond directly
between the polymer slides.
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To create a bond between nickel and polymer, substrates were coated with 5um
thick nickel layers (see Section 3.2.3 Preparation) and bonded to PMMA slides.

A fourth experiment was prepared to test the limitations of the induction heating
units. A 50-100nm thick nickel layer was coated onto a PMMA substrate (see
Section 3.2.3.1 Evaporation) and was heated using different coils and

frequencies.

To be able to test how the area of the susceptor effects the heat dissipation, a
small piece of the 7.5um thick nickel foil was placed between to PMMA
substrates. This setup was heated using low frequency induction heating and

the maximum temperature was specified.

Two samples were prepared to allow leak tests after bonding. The samples
were made of a nickel foil with a punched hole put between a substrate and a
lid with a hole. Through the hole in the lid the system could be pressurised after
bonding.

Samples in which there was expected to be no hysteresis heating were
prepared by choosing the susceptor to be aluminium. Aluminium is diamagnetic
so hysteresis heating is impossible. Substrates with 5um thick layers were
prepared (see Section 3.2.3.3 Sputtering) to investigate the relative magnitude

of hysteresis and eddy currents in heating the susceptor.
To be able to provide a comparison of bond strengths between PMMA to nickel
and PMMA to aluminium, one of the aluminium coated samples was bonded to

another PMMA substrate.

To apply pressure between the two pieces of PMMA to be joined an ordinary
plastic G-clamp was used for all experiments.
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4.2.2 Execution of the Experiments

Apart from two experiments with a IG 2MHz unit, all tests were carried out with
an AXIO 10-450 with a maximum power of 10kW and frequencies of up to
800kHz. A pyrometer was used to measure the temperature on top of the upper
substrate (not at the susceptor directly) and its signal was used in a feedback
control loop to control the output power. Figure 4-2 shows the basic setup:

Pyrometer

Coil with

work piece

Figure 4-2. Test setup without G-clamp

During the experiment different coil designs inducing different kinds of current
flow patterns were adopted. First a pancake shaped coil as shown in Figure 4-3
was used.
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Work piece /
foil \ Induced current

/ Coll

OO

QRS )

Figure 4-3. (a) Multi turn pancake shaped coil andb) Flow pattern of induced current

The current induced by a pancake shaped coil flows in opposite direction of the

current in the coil.

The second design was an “s-shaped” coil as shown in Figure 4-4. The specific
characteristic of this coil is the current flow in its middle. The windings are
arranged in a way that the middle set have a current flow in the same direction.

Windings in

one direction

Figure 4-4. "s-shaped" coll

The advantage of this arrangement is that the induced currents all flow in the
same direction, providing a more homogeneous heat dissipation. The induced

current pattern is as shown in Figure 4-5:

| Current flow backwards

O O O O
@ @ @ @ @ @— Induced current

000000

Figure 4-5. Current flow pattern with an "s-shaped" coil
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For high penetration depth relative to the workpiece thickness this pattern of
flow causes a drop in coupling efficiency.

A very common coil is the tunnel coil.

(b)

Figure 4-6. (a) Tunnel coil and (b) Flow pattern ofnduced current

As shown in Figure 4-6 the current flowing backwards is also induced. A tunnel
coil doesn’t have to have a rectangular shape. For heating pipes a cylindrical
coil has a good coupling efficiency.

The last coil that was used was a linear coil (Figure 4-7). This design is used to
selectively heat a part of a work piece. As the resistance of this coil is low a
higher induction current can be applied.

Figure 4-7. (a) Linear coil and (b) Flow pattern ofinduced current

The flow patterns shown in Figure 4-3 to Figure 4-7 are a simplification of the
real current flow, which is difficult to predict. The width of the coil conductor,
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distance between each winding and size of the workpiece affect the flow path.
Also the skin effect has to be considered. The induced currents generate a
magnetic field themselves, counteracting the field of the induction coil. Thus the
area in which currents can be induced is limited (penetration depth). The
magnetic fields of induced currents, which are flowing in opposite directions
(see Figure 4-7b), can also force them to the outside of the workpiece.

4.2.3 Results

Full details of the tests described below are given in appendix A5 Test Series at

Huttinger Elektronik.

4.2.3.1 Initial Test

For the initial tests a multi turn pancake shaped coil driven by the Axio system
as shown in Figure 4-3 was used first. The frequency, which was varied
between around 180 and 350kHz by changing the capacitors in the tank circuit,
did not seem to influence the heating rate greatly, but coupling distance and
output power did. As shown in Figure 4-8 there were hot spots at the corners of
the foil.
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Hotspot

Figure 4-8. Foil with hotspots

To avoid the hotspots with providing a more homogeneous heat distribution the
“s-shaped” coil shown in Figure 4-4 was then used. No hotspots were seen. To
exclude the possibility that this was due to the coil being smaller than the work
piece a larger coil with about 15 windings in the same direction was used as
shown in Figure 4-9:

Work piece

~ 15 windings in

one direction

Figure 4-9. "s-shaped” coll

There were some hotspots but the difference between the heating rate at the
corners and at the rest of the foil was decreased.
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4.2.3.2 Bonding Trials

After the initial process characterisation tests it was decided to use a frequency
of about 250kHz and 80% output power, using the larger s-shaped coil shown in
Figure 4-9, to create the bonds between two PMMA substrates sandwiching a
nickel foil. The nickel foil melted the surrounding polymer in a few seconds and

created a bonding area as shown in Figure 4-10.

Melted PMMA

Hotspot

Figure 4-10. Bonded PMMA slides

To create bonds between PMMA and nickel the same experimental setup was
used but instead of using a foil as intermediate layer a PMMA substrate coated
with 5um nickel (see Section 3.2.3.2 Electroplating) was bonded to a blank one.
As the electroplated nickel layer was thinner than the foil used before, the
output power was increased (to 100%). A bond was seen to be created, but as
one corner of the stack was too close to one centre of the coil (where the
induced current distribution pattern would be similar to that of a spiral coil) the
nickel in this area started to glow and burned the PMMA (see Figure 4-11).
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Deformed substrate

Burned PMMA

Figure 4-11. PMMA bonded to nickel

During the test the substrates were found to heat substantially with the
temperature of the top layer reaching 103T, implying a much higher
temperature at the middle of the stack. As the feet of the clamp were smaller
than the PMMA slides, the slide edges bent downwards, indicating that the
stack temperature had reached the forming temperature of PMMA.

Another test with a similar setup was processed but instead of using the
previous control method (constant power until temperature on top of the upper
substrate reached the setpoint) a slow heating curve was implemented. After
slowly heating up the complete system to about 50C , small pulses of full power
were applied to make the polymer in contact with the susceptor melt without
heating up the whole substrate. Using this method a bond could be created
without deforming the substrates.

For all experiments so far temperature was measured on the top of the upper
substrate. It was thus not possible to measure the temperature in the nickel
layer. To be able to focus the pyrometer directly on the susceptor material one
edge of a PMMA lid was cut off. The nickel exposed was coloured black with a
permanent marker as the pyrometer was optimised for non-reflecting surfaces
(Figure 4-12).
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G-clamp

Cut off edge “S-shaped” coll

Figure 4-12. Setup to identify generated heat

With full output power and a frequency of 250kHz the nickel layer was observed
to heat up to more than 260 in 25 seconds when the sample was located
over the parallel section of the coil. It would be expected that the heating rate
would be much larger if the sample were to be located over either of the spiral

sections.

This effect could be observed during the next test. The substrate with the 50-
100nm thick nickel layer was heated with different coils at different frequencies.
To avoid destruction of the thin coating the temperature was measured on the
backside of the substrate with a thermo-couple after switching off the power
generator. When positioned in the middle of the s-shaped coil it was found not
possible to heat the substrate, but heating was seen when placed on one of the
spiral sections. To allow higher frequencies a smaller pancake shaped coil with

a lower inductivity was used next:
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Figure 4-13. Test setup with small pancake shapedit

As shown in Figure 4-13 the work piece was put directly onto the coil to further
increase coupling strength. In addition to these coils two other designs were
used at frequencies between 150 and 700kHz (AXIO) and at 2.2MHz (IG).
These other coils were the tunnel coil (Figure 4-6) and a linear coil (Figure 4-7)
described in Section 4.2.2 Execution of the Experiments. The temperature on
the back of the substrate reached temperatures between 50 and 60T every
time, independent from the coils or frequencies used. This result is surprising as
it indicates that frequencies and penetration depths accessed don’t affect the
heating rate substantially.

To test the limits of the AXIO system a small piece of nickel foil was put

between two substrates and placed over the centre of the spiral section of the

15 turn s-coil. The longest corner of the piece was about 6mm.

Melted polymer

Figure 4-14. Small nickel piece creates bond
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The PMMA was observed to melt rapidly over a large area around the foil. In
Figure 4-14 the melted area can clearly be seen. The experiment was stopped
when the temperature measured on back of the lower substrate reached more
than 220C. During cooling a bond was created betwe en the two substrates
which was too strong to be broken manually. This test proved that it is possible
to heat up small structures very efficiently and melt the surrounding material,

creating a bond.

After these experiments the two samples for testing the bond strength with
pressure were prepared (see Figure 4-15). The setup was fixed with a G-clamp

and heating the foil created the bond.
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Figure 4-15. Sample for pressure test: (a) Top vieand (b) General view

For the two samples two different parameters were used during bonding. For
one sample 80% of the output power was used for 6.6s and for the other 60% of
the power was applied for 27.75s. Both profiles produced an apparent seal by

visual inspection.

Finally the aluminium coated substrates were tested. A linear and a pancake
shaped spiral coil were used with the AXIO generator and good heating rates
were observed with both. For instance using minimum coupling distance
(sample lying on coil) and the pancake shaped coil at a frequency of 250kHz
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with 50% of the output power the aluminium layer was heated to a temperature,
as measured on the pyrometer, of 175T in 5s, altho ugh this temperature is
inaccurate because aluminium is bright while the pyrometer is optimised for
dark surfaces. While the coupling efficiency appears to be not as good as with a
nickel susceptor, the test is an indication thin layers of diamagnetic metals can
also be heated.

A blank substrate then was bonded onto a 7um thick sputtered aluminium layer
to provide a comparison of bond strengths between PMMA to nickel and PMMA
to aluminium. The bond was created in 5.6s using 60% output power. The

sample is shown in Figure 4-16.

Figure 4-16. PMMA bonded to aluminium

The irregularities in the aluminium layer visible in the figure originate from the
coating. It appears sputtering of such thick layers onto plastic substrates
produces a poor quality coating and it was observed that the coating was
peeling even before bonding.
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4.2.4 Testing the Samples

A cross section view of the sample bonded with a 7.5um thick nickel foil as
susceptor (see Figure 4-10) was made. As shown in Figure 4-17 a bond area of

about 400pm width was observed at the edge of the foil.

Unbonded
) Bond Area
interface
between
polymer
slides
Nickel foil

Figure 4-17. Bond Area

For the pressurising tests a tube was connected to the hole in the sample lid
and fixed with epoxy. The tube then was connected to a pressurised air line via
a valve and a pressure gauge and the samples were put into a water bath to

identify any leaks.
Sample b withstood an air pressure of 70kPa for more than 60s but showed

leakage at 140kPa. As shown in Figure 4-18 the leak was at the interface area

of the two substrates:
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Leak at interface

Figure 4-18. Sample b leaking

Sample a withstood a pressure of up to 590kPa, at which point the adhesive

joint to the connector tube failed (Figure 4-19).

Leak at connector tube

Figure 4-19. Sample a leaking

590kPa was the maximum pressure that could be applied so the sample could
not be tested at higher pressure.
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4.3 Conclusions

The work at Huttinger in Freiburg demonstrated that it is possible to create
bonds in polymer stacks containing thin metal layers — both ferromagnetic and
paramagnetic using low frequency (< 1MHz) induction heating. Although it was
found possible to create a bond directly between polymer and metal these
bonds were not very strong. Bonds formed polymer to polymer in the regions
close to the edge of susceptor layers proved to be more robust. Bond areas
with a width of 400um could be identified and one polymer to polymer bonded
sample withstood an air pressure of up to 590kPa.

For the process development trials it was identified that an improved method of
applying pressure should be devised. With the g-clamp the working distance of
the coil to susceptor was more than 4 cm, which decreases the heating rate
substantially.

During the experiments a system with 10kW output power was used. Most of
the time more than 50% of this power was applied to get good results. This is a
lot of energy for heating small metal features, a way to improve efficiency has to
be found.

On the basis of the capability demonstrated the Axio equipment was selected
for further process development trials and was purchased. The specification
purchased and the reasons for this are as follows:

* Variation in frequency up to 2MHz did not produce any significant
influence on the heating rates observed so a cheaper power generator
with frequencies below 1MHz is adequate.

» The power generator should be capable of at least 10kW.

» The pancake shaped coil showed a very good heating rate for thin
susceptor layers and is easy to access.

* A computer control interface to the power generator simplifies
experimental setup and handling.
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5 Process & Effect of Process Parameters

For a workable process, control of the heat dissipation in the workpiece is a key
issue. Processing parameters that can be varied include frequency, the heating
time, output current, coil to work piece separation and the coil design. The
effects of these variables are explored in this chapter. Other parameters relating
to the workpiece and susceptor that can have an effect, such as thickness,
shape, permeability and thermal material properties are explored in Chapter 6

Effects of Susceptor Design.

As only one set of capacitors was available for the equipment, the frequency of
the system was fixed. This left three main parameters to control the heat

dissipation: output current, working distance, and heating time.

An initial approach to studying these process parameters was made by
estimating their effect on the heating rate on the basis of basic physical
equations such as the Biot-Savart Law. Those estimations were compared to
and validated by simulation and experiment.

An analytical model was then derived from the equations to gain more detailed
knowledge about cross-interactions between parameters and how they can be
used to control the heating process. The magnitude of effects like cooling,
which are not taken account of in the analytical model, were estimated and it
was also tested if the model provides good estimates of the magnitude of

heating rates.
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5.1 Basic Physical Equations

The effects of these parameters on heating rate were first estimated using basic
equations and the estimations were compared to the results of numeric models
and experiments. The purpose of this study was to gain some knowledge of the
principal relationship between heating parameters and heating rate and to

create a base for a more detailed analytical model.

In the approach a conductor loop as a simplified model of the coil was assumed
as shown in Figure 5-1.

A

Figure 5-1. Magnetic field (shown by blue lines) deito a current | in a conductor loop (in yellow),

re-drawn from [95]
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The magnetic flux density B at any point on the loop’s axis with a distance x
from the conductor’s plane can be calculated using the Biot-Savart Law:

By = %Lg (5-1)
15 +x°):
Where
B: Magnetic flux density [Vs/m]
I: Output current [A]
Ho: Magnetic field constant [Vs/(Am)]
ro: Radius of conductor loop [m]
X: Distance from conductor plane [m]

According to equation 5-1 the magnetic flux density varies linearly with output
current. The equation predicts a cubic decrease with distance at larger
distances. As the induced current in the workpiece is directly proportional to the
rate of change of magnetic flux (see equation 2-1), its dependencies are also
determined by equation 5-1.

Thus knowing how the induced current density depends on those three basic

parameters it can be assumed how the temperature varies over the parameters

as well. The power dissipated in the workpiece can be calculated from P =RI[I?

(equation 2-3). As the induced temperature is a function of the dissipated power

it would be expected to increase quadratically with output current, and to reduce
with distance at larger working distances.
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The third parameter to control the heat dissipation is the heating time. The

amount of heat generated by a current in the workpiece can be calculated from

Q=RO’O=P0O (5-2)
Where

Q: Heat quantity [J]
P: Power [W]
t: Time [s]

Thus according to equation 5-2 the generated heat increases linearly with time.

5.1.1 Simulation Results

To validate whether the equations above represent sufficiently accurately the
behaviour of a conductive workpiece in the magnetic field of a conductor loop at
short distance between conductor loop and workpiece, modelling was carried
out using COMSOL Multiphysics. First the model calculating current density as
function of position without heating (see Section 3.4.1 Induced Eddy Currents)
was used. In the model dimensions and heating parameters were chosen to be
comparable to those used for the experiments described later in this work.
These were a solid disc with a radius of 100mm and a thickness of 100pum
placed 60mm above a circular line current representing a coil. The coil had a
radius of 40mm. A summary of the model details can be found in Appendix A6.1
Eddy Current Model.

First the working distance was held constant and the output current was varied
between 1A and 500A. The maximum current density in the workpiece showed

a linear variation with the loop current, as shown in Figure 5-2:
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Figure 5-2. Maximum current density in the workpiee plotted against coil current in COMSOL

simulation

The output current was then held constant at 140 A while the working distance
was varied from 25mm to 50mm. The maximum current density showed a
behaviour not incompatible with the inverse cubic decrease with increasing

working distance predicted by the basic equations (Figure 5-3):

9.00E+07 \
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0.025 0.03 0.035 0.04 0.045 0.05
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Figure 5-3. Maximum current density plotted againstworking distance in COMSOL simulation

The generated heat was then simulated as a function of the current density, as
described for the second model in Section 3.4.2 Coupled Model of Induced
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Currents, Workpiece Heating & Conductivity Change. Heating time was set to
be 5s. The electrical conductivity of the workpiece was set to a constant value
ignoring its temperature dependency. The effect of including this dependency is
described in Section 5.3 Change of Resistivity. A summary of the model details
can be found in Appendix A6.2 Induction Heating Model.

The result was a behaviour not incompatible with a quadratic relationship
between the maximum temperature in the workpiece and the current in the coil

as predicted by the basic equations (see Figure 5-4):
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Figure 5-4. Temperature change plotted against codurrent in COMSOL simulation

For maintaining the coil current constant and increasing the working distance
the relationship observed showed a behaviour not incompatible with the inverse
cubic decrease predicted by the basic equations (Figure 5-5):
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Figure 5-5. Temperature change plotted against woikg distance in COMSOL simulation

For varying the heating time a linear relationship to the change of temperature

was expected and the simulations supported this behaviour (Figure 5-6):
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Figure 5-6. Temperature change plotted against timan COMSOL simulation

In the models used in this work for simulating induction heating, the inductor
was assumed to be a two dimensional line instead of a three dimensional coil.

In the axis symmetric geometry specifications the coil is in fact represented by a
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dot. This simplification was needed due to the greatly increased processor
times and large number of elements that would be required to model a space

filling coil in a geometry with a thin susceptor.

To investigate how the simulated temperatures are affected by this measure a
model identical to the one used for the induction heating simulations above was
designed. The point source was replaced by a circle with a radius of 2.5mm
(which is the size of the experimental equipment used) and a surface current
density was applied to it, calculated from the geometry and the set output
current. As the heating rate thus produced was lower, the heating time was
doubled to 10s. Varying the output current the graph shown in Figure 5-7 may
be compared to the results shown in Figure 5-4.
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Figure 5-7. Temperature plotted against output curent in COMSOL simulation with area inductor

Even with a doubled heating time, temperatures reach only around half the
values of the results from the point source simulations. Apparently the current
concentration in a single spot leads to higher induced currents. However, the
graph in Figure 5-7 shows the same qualitative functional dependency as in
Figure 5-4.
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5.1.2 Experimental Validation

Experimental validation was carried out with thin susceptor foils of steel and
nickel. A Flir ThermaCAM was used to measure the heat generated in the foils
by the induction field.

First a 100mm x 100mm steel foil with a thickness of 100um was tested. A
current with a frequency of 220kHz was applied for 5 seconds and the
maximum temperature was measured as a function of coil current for working
distances of 80mm and 60mm. The temperature showed superlinear variation
with the current (Figure 5-8). Also the measured temperatures are close to
those simulated in Figure 5-4, bearing in mind that the coils are different, i.e.
experimentally a flat multi-turn helix coil was used whereas the inductor in the

simulation was a single loop.
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Figure 5-8. Measured maximum temperature of inductrely heated steel foil variation with coil

current

Then the current was set at 140A and the working distance was varied. The

measured temperature is shown in Figure 5-9:
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Figure 5-9. Measured maximum temperature of inductrely heated steel foil variation with distance
to coil

Again a similar behaviour could be observed as in the simulations shown in

Figure 5-5.

With the current set at 280A and a working distance of 40mm the maximum
temperature was measured against the heating time. As shown in Figure 5-10,

a linear behaviour could be observed.
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Figure 5-10. Variation of temperature with heatingtime (steel)

The graph has a slope of 28T per second which is close to the slope of 25T

per second from simulation (Figure 5-6).
Page 145



5 Process & Effect of Process Parameters

The experiments were repeated with a nickel foil of dimensions 25mm x 25mm
X 7.5um. While varying the coil current the maximum temperature was
measured at working distances of 40, 30 and 20mm. The temperatures
measured are a guide only, as the emissivity of steel was accidentally used for

the nickel measurements. The results are shown in Figure 5-11:
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Figure 5-11. Variation of temperature with output aurrent (nickel)

For the distance variation experiment the current was set at 420A. The

maximum temperatures measured are shown in Figure 5-12:
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Figure 5-12. Variation of temperature with working distance (nickel)
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To investigate the dependency of the heat dissipation in the nickel foil on the
heating time an output current of 420A and a working distance of 20mm were
used. As expected, a linear dependency with time could be observed (Figure
5-13):
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Figure 5-13. Variation of temperature with heatingtime (nickel)

For the temperature measurements with nickel susceptors the thermal imager
was set to the parameters of steel. The emissivity was therefore wrong for
nickel and as such so were the measured temperatures. The thermal imager
actually measures the radiated power and calculates the temperature by using
the Stefan-Boltzmann law. We can say

P \a
Tn= (8 57} (5-3)
Where
Tm:  Calculated temperature of radiator K]
Pm:  Measured power of radiated heat [W]
€ Emissivity unitless
o:  Stefan-Boltzmann constant [W/(m?K*)]
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To get the corrected temperatures Tc the measured temperatures T, shown in
Figure 5-11 to Figure 5-13 were multiplied by the fourth root of the emissivity of
steel and divided by the fourth root of the emissivity of nickel:

1
55499
Te =Ty }—tl (5-4)

gr?ickel
It has to be considered that the unit of the temperature in the Stefan-Boltzmann
law is Kelvin. The emissivity of steel used during measurements was 0.28, the
emissivity of nickel varies from 0.045 for commercially pure polished nickel to

0.37 for oxidized nickel. The corrected temperatures calculated as outlined
above are shown in Figure 5-14:
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Figure 5-14. Variation of temperature with heatingtime (nickel) with corrected emissivities

A linear dependency of heating rate on time was observed in Figure 5-14.
However, the trendlines should intersect the y-axis at room temperature but the
intersections are at around 476 (for € = 0.045) and 58T (for € = 0.37). The
numeric models ignored the temperature dependency of the susceptor’s
resistivity but, as shown later in Section 5.3 Change of Resistivity, this effect

damps the heating rate significantly. As the temperature measurements started
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after one second of heating the relationship between heating time and
generated temperature only appears to be linear.

It was concluded that the same qualitative behaviour is shown in the
experiments with foil susceptors as in the simulations. A further analysis of the
functional form of the experimentally observed dependencies is presented in
Section 5.2.3 Validation of the Analytical Model.

5.2 Derivation of Analytical Model

In the literature concerning induction heating the relationships between heating
rate and different process parameters are mentioned [41; 76; 78; 81; 84; 87,
89], but a derivation of an analytical model covering all the relationships is
missing. To be able to understand cross-parameters dependencies such a
model is necessary. An analytical equation is easier to understand and needs
less time for calculations than a numeric model. Hence it is potentially a useful
approach for process optimisation when using induction heating for polymer
bonding.

The work reported in the previous section confirmed that the basic physics
describing how different parameters affect the heat dissipation have been
identified. A more detailed model could therefore be derived by combining the
equations in Section 5.1 Basic Physical Equations. However, electromagnetic
heating is a very complex process and the amount of heat generated in the
workpiece depends on more parameters than have been explored in the
previous section. The resistivity of the susceptor changes with temperature and
its relative permeability with the strength of the magnetic field. The strength of
the magnetic field outside the coil is not homogenous and is also affected by
many parameters, such as susceptor design, position of the workpiece in the
field, and other susceptors (e.g. the workbench) within its range. Shape, design
and purity of the susceptor affect the flow of eddy currents and different cooling
effects such as heat conduction and radiation apply as well. These factors are
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not taken into account in the derivation and hence the model can only be an
approximation to predict the applicability and the behaviour of a susceptor.

5.2.1 Model Construction

For analytical modelling of the induction heating process certain design
parameters had to be assumed. The workpiece was chosen to be a ring placed
in the magnetic field of a single loop inductor, coaxial with the inductor as

shown in Figure 5-15:

Workpiece ~W .
S

Inductor

\

Figure 5-15. Assumptions for analytical approach

The Biot-Savart Law describes the magnetic flux density generated by a coil on
any point on the coil’s main axis with a distance x to the coil’'s plane. On either
side of the axis the distribution of magnetic flux density increases, having a
maximum around the conductor [91]. The workpiece in the model was not a
point, but a body with finite size, therefore the flux density varied over the width
of the body.
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To reduce error the following assumptions were required:

» The width w of the workpiece had to be much smaller than the radius rq
of the inductor;

e The radius rq of the inductor had to be smaller than the distance x
between inductor and workpiece;

* The thickness of the workpiece had to be smaller than the penetration
depth.

Also, it was assumed that all parameters, except for the resistivity of the
workpiece, were not dependent on temperature and magnetic field strength.
This assumption is justified by the comparison with experiments reported below.
However the percentage change in resistivity would probably have the largest
effect of the temperature dependant parameters (~117% over a range of
300C). By contrast the change of the workpiece’s width is likely to be only a

few percent over the same temperature range.

5.2.2 Derivation of the Analytical Model

The power dissipated in a conductor is described with Joule’s law (see equation
2-3). The equation for the quantity of heat delivered into the susceptor is

Q=PIt (5-5)
Where

Q: Heat quantity [J]

P: Power [W]
t: Time [s]

Thus the change of temperature can be described using the induced current

and heating time as shown in equation 5-6:

Page 151



5 Process & Effect of Process Parameters

AT = Q :RDiﬁd[ﬂ:pB}&Diﬁd[ﬂ (5-6)
Cplim  Cplm Cplm
Where
AT: Change of temperature [K]
R: Resistance of conductor [Q]
Cp: Heat capacity of conductor [J/(kgK)]
m: Mass of conductor [kg]
p: Resistivity [Qm]
I: Length of conductor [m]
A: Cross-sectional area of conductor [m?]

For a given geometry the only unknown in equation 5-6 is li,g. As the resistance
of the conductor is known, ling can be replaced if the voltage generated in the

coil Ujng is known.

The voltage induced in a coil can be calculated with

U= —N% (5-7)

Where

Uing:  Induced voltage [V]

N: Number of windings (secondary) coil unitless
®: magnetic flux through a single winding [Vs]

t: time [s]

Using the equation for the magnetic flux ®

p=uMHIA (5-8) with the relationship between H and magnetic flux

density B
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B=ulH (5-9), where
M= :uO glr (5_10)1and
B

= 5-11
H, B, (5-11)
Where
L Permeability [Vs/(Am)]
H: Magnetic field intensity [A/m]
Aa: “Active” area (threaded by magnetic field) [m?]
Ho: Magnetic field constant [Vs/(Am)]
M- Relative permeability unitless
B: Magnetic flux density in the conductor [Vs/m?]
Bo:  Magnetic flux density in vacuum [Vs/m?]

equation 5-7 yields an expression for Uj,q as follows:
dB - —
Uing :_NED% [cos@B, A,) (5-12)

As mentioned in Section 5.1 Basic Physical Equations the magnetic flux density
generated by a coil/loop is described in the Biot-Savart law (see Figure 5-1,

equation 5-1).

From (5-10), (5-11), and (5-12) it follows that:

U, =-N m%d%sz o _[A, [tosB, A) (5-13)

2 2\,
(rQ+X )2
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Using this relationship in equation 5-6 the change of temperature can be

expressed in terms of known parameters:

2

r2 I
Nm%d%zmm ° A GosB A)} 0
AT = Uir21d Ki _ (er +x° J2
=— - | (5-14)
pEIAECpo pEIABDpo

Assuming the number of windings of coil and workpiece is one (N =n = 1) and
the vector of the magnetic flux density B is perpendicular to the active area A, a
simplified equation can be obtained:

2
2

ﬂ dJ'O mr D rQ 5 ma [ﬂ
dt 2 (rz + xz)i
AT = | < (5-15)
,oEI'&BDpo

There remains the problem of defining the rate of change of the induction
current. The generator’'s output current switches from the positive value of the
set current to the negative value and back in a given time, which depends on
the frequency f. Using the equation for current in sinusoidal waveform

| =1, $in(at) (5-16)
The change of current can be described as

d _ -
i |, Lw[EosEut) (5-17)

In equation 5-15 we can use the average

<[%j > =12 @’ [cos (at)) (5-18)
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Let 8 =at:

1% 1
cos (at))=— |cos == (5-19)
< > 277~([ 2
it follows that:
A\ 1o —
— | )==02w =207 072 Of (5-20)
dt 2 ° 0
Using equation 5-20 in 5-15:
02 OF 2 Quf u? 0N @S DA
L0080 g G TN g (5.22)

20paCpimdr? +x2)

As mentioned above in Section 2.2.2.3 Hysteresis Heating for ferromagnetic
materials a heating effect by hysteresis loss occurs as well. This effect is only a
minor producer of heat, hence it can be ignored [89].

5.2.3 Validation of the Analytical Model

To validate equation 5-21 the functional dependence of temperature rise on
heating time, working distance and output current was compared with that
observed for steel foils in earlier experiments (see Section 5.1.2 Experimental
Validation). The nickel foil data was not used because of the error in the
emissivity setting on the thermal imager when it was measured (see Section

5.1.2 Experimental Validation).

Assuming no other parameter is affected when heating time, working distance
or output current are varied individually, simplified relations between change of
temperature and the varied parameter can be derived from equation 5-21.
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If heating time is varied while all other parameters are constant the following
relation can be derived:

AT = X[t (5-22)
log(AT) =log(X) +log(t) (5-23)

where X replaces all the constant parameters. Thus plotting log(AT) of the
temperature measured in preceding experiments (see Section 5.1.2
Experimental Validation) against log(t) should yield a slope of 1. As shown in
Figure 5-16 this was the case with a 95% confidence interval of 0.89 to 1.11
(see equation 5-25 below):
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Figure 5-16. Measured change of temperature againkeating time

The relation between change of temperature and working distance is more
complex. According to equation 5-21 AT should be constant for x << rqo and
proportional to x®° for x >> ro. Hence, the slope of the trendline should have a
value between 0 and -6 when log(AT) is plotted against log(x) for the range of x

assessed experimentally, and for the same order of the coil radius.
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As shown in Figure 5-17 the trendline had a slope of about -4 (95% confidence
interval of -4.99 to -2.73):
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Figure 5-17. Measured change of temperature againgtorking distance

In a final step the relation between output current and change of temperature

was derived.
AT = X [1?2 (5-24)
log(AT) =log(X) + 2[log(l) (5-25)

Where again X replaces all the constant parameters. According to equation 5-
25 a plot of log(AT) vs. log(l) should have a slope of 2. Figure 5-18 shows the
plot for the data in Section 5.1.2 Experimental Validation from two experiments

at different working distances:
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Figure 5-18. Measured change of temperature againsutput current

The graph for the temperatures generated at a working distance of 60mm
shows the expected slope of 2 while the temperatures generated at a working
distance of 80mm did not show the expected behaviour. This is likely due to the
smaller number of readings made at the 80mm distance as demonstrated

below.

Usually the standard deviation o gives an idea of how accurate a calculated
slope b of a trendline is. However, if the number of measurements is small a
95% confidence interval should be applied. Using the t distribution, the

uncertainty in the slope can be quantified:

B=bx Loy [0 (5-26)
Where

B: Confidence interval of slope b

b: Slope of trendline

tososv:  Critical t value at 95% confidence level
Ob: Standard deviation in b

For the experiments at 80mm working distance there were only 4 data points

that led to a high critical t value of 4.303. With a standard deviation oy, of 0.22
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an error of £0.93 was calculated. Hence, the slope could vary between 0.61 and
2.47. At a working distance of 60mm more data points where recorded. Thus,
the critical t value was smaller with 2.776. The error for the slope was calculated
to be 0.14 giving a 95% confidence interval of 1.94 to 2.22.

From these results the system does react as predicted by the analytical

equation.

5.3 Change of Resistivity

In this section equation 5-21 is extended to examine the effects of including the
temperature dependence of resistivity. To calculate the change in resistivity p
with temperature the temperature coefficient a is used:

Py = Pret At a(T =T o)) = P L+ a [AT) (5-27)
Where
a: Temperature coefficient [1/K]

Pref:  Resistivity at reference temperature [Qm]
T: Temperature K]
Ter:  Reference temperature K]

For the calculation equation 5-21 must be re-cast as a differential equation as

follows:
daT _ Kk (5-28)
dt Par)
nz D 2 Df 2 2 2 2 |]4 m
With k = o 7 HHo HH LA T (5-29)

200 E(I:poE(rQ2 +x2)3
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To solve equation 5-28 it has to be integrated over temperature and time:

dAT _ k
dt 10 ref

(1+amT)™

AjT(1+ a [T )dAT = j K

0 o IMref

dt

AT

[AT +Z mTZ} - ki
2 0 loref

AT +%mT2 - kit

10 ref

k[t
pref

C1x 1-af gk s heom Y
_ 2 pref _ pref

AT = =
a a

=0

%mT2+AT—

The physical solution to 5-35 is:

_1+\/1+0Dn2 02 Of 2 (U2 Tu? O [ CATE

AT = P DCpONL(rE +x2)

a

To compare the calculated heating rate with and without change of resistivity
the following parameters were used, which represent the experimental setup in
Section 6.1.5 Shape effects (7.5um thick nickel ring of 5.5mm outer diameter
and 4.5mm inner diameter situated 25mm above a single turn coil of diameter

40mm):
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Table 5-1. Parameters — Analytical Approach

Output current I [A] 210
Frequency f [Hz] 220000
Radius of loop (inductor coil) ro [m] 0.04
Distance conductor - loop X [m] 0.025
“Active” area Aa| [m7 9.50e-05
Length of conductor I [m] 0.0314
Cross-sectional area of conductor | A [m?] 7.50e-09
Mass of conductor m [kg] 2.10e-6
Heat capacity of conductor Cp | [J/(kg*K)] 444
Resistivity of conductor [Qm] 6.85e-08
Density of conductor [kg/m°] 8908
Magnetic field constant Ho | [VS/Am] 1.26e-06
Temperature coefficient a [1/K] 0.0067
Relative permeability Mr | unitless 1

The relative permeability u, was identified to not having a significant influence

on the heating of thin susceptors as reported later in Section 6.1.4 Permeability.

Hence its value was set to 1.
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Figure 5-19. Calculated temperature change with angiithout change of resistivity
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The calculated temperatures with and without change of resistivity were plotted
over time, as shown in Figure 5-19. A significant damping effect due to inclusion
of temperature dependence of resistivity may be observed. Temperature
dependency of resistivity was ignored in the numeric models used in Section
5.1.1 Simulation Results. This explains the observed linear dependency
between generated heat and heating time. In Section 5.1.2 Experimental
Validation a linear dependency between these parameters was also inferred
from experimental observations. As already pointed out in that section, this can
be explained by a relatively small number of measurement points with

temperature measurements starting after 1s.

The magnitudes of the temperatures in Figure 5-19 are much higher than those
experimentally observed. A correction factor is introduced in Section 5.6
Predicting the Temperatures to take account of this.

To summarise, equations 5-21 and 5-36 are of use in describing the
dependence of temperature on the process parameters rather than predicting
real temperatures. The simpler equation 5-21 seems to describe experimental
observations well. It can be used to estimate the effect of most of the
parameters on the heating rate but it ignores temperature dependency of
resistivity. As this dependency was shown to lead to significant damping, it is
recommended to use equation 5-36 where possible, especially when
considering heating time as variable.
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5.4 Effect of Resistivity on Heating Rate

Equation 2-3 may lead to the conclusion that higher resistivity of the susceptor
material leads to higher heat generation for a given coil current. But as the
current flowing in a workpiece is a result of the induced voltage, its value
depends on the resistivity. Hence the amount of heat generated in the
workpiece is actually inversely proportional to the resistivity, as shown in
equations 5-21 and 5-36. The dependence of current on resistivity was studied
using the COMSOL model from Section 5.1.1 Simulation Results as it was

easier to vary the resistivity systematically in software.

All parameters were kept constant while the resistivity of the workpiece was
altered. The dimensions of the workpiece were in the range of the penetration
depth to guarantee a homogeneous current distribution. Both current density
and generated heat were simulated. The current density variation with resistivity

is shown in Figure 5-20:
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Figure 5-20. Maximum workpiece current density agaist resistivity from COMSOL simulation

As expected the temperature change showed similar behaviour against
resistivity as shown in Figure 5-21 (the line is a guide to the eye):
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Figure 5-21. Change of temperature against resisity from COMSOL simulation

Thus the higher the conductivity of a material the better it works as a susceptor

for induction heating.

5.5 Cooling Effects

A second major effect not covered by equation 5-21 is cooling. During induction
heating the workpiece is not only heated but cooling effects occur as well.
Cooling will determine an equilibrium temperature at which the cooling power
equals the heating power. Ignoring other effects like phase changes (e.g. when
the susceptor starts to melt) the temperature at equilibrium is the expected
maximum achievable for a particular setup. Three main cooling effects have to
be considered.

If a solid body is surrounded by or has contact with a liquid or gaseous medium
of a different temperature, heat is transferred from the warmer to the cooler
element. This effect is referred to as heat convection. Equation 5-37 describes

the calculation of the rate of transferred heat:
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Ry =0 DA [T = Ty) (5-37)
Where

Pn:  Power of transferred heat [W]

an:  Heat transfer coefficient [W/(Km?)]
An:  Contact area [m?]

Ts:  Temperature solid [K]

Tm:  Temperature medium [K]

Another effect is heat conduction. If there are different temperatures within a
solid a heat flux from the warmer to the cooler area sets in, as shown in Figure

5-22, to restore heat equilibrium.

T

A

|

Q

A—

S

Figure 5-22. Schematic of heat conduction Q

In the joining application the plastic substrate works as a heat conductor
transporting heat away from the interface between substrate and susceptor.

The power of conducted heat can be calculated using equation 5-38:
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P.=1 E—f:i‘: T, -Tg) , With Ta> Tg (5-38)
hc

Where

Pne:  Power of conducted heat [W]

A Coefficient of thermal conductivity [W/(Km)]

Anc:  Cross-sectional area of heat conductor [m?]

She:  Length of heat conductor [m]

Ta, Te:Temperatures K]

The third effect to be considered is heat radiation. While radiating heat a body
cools down. The power of radiated energy can be calculated with the Stefan-
Boltzmann law for grey bodies:

R, =& WA, T, (5-39)
Where

Pn:  Power of radiated heat [W]

gm:  Emissivity unitless
o: Stefan-Boltzmann constant [W/(m?K*)]
An:  Surface area of radiator [m?]

Ta Absolute temperature of radiator K]

In the experiments and models described in this chapter the susceptor is
supported in air and not attached to a substrate. Hence, the cooling by heat
conduction can be assumed to be negligible.

The heating power by induction can be described as

70 0 4 O 1

= (5-40)
" 20p, W+a@dT) O + X )
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In Figure 5-23 the sum of equations 5-37 and 5-39 are plotted together with the
heating power calculated using equation 5-40, for the parameters in Table 5-1
and assuming an emissivity of 0.37 (for oxidised nickel). It can be seen that
power balance is reached at a temperature change of 410K (see Figure 5-23).
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Figure 5-23. Calculated balance of heating and canb power in air

As mentioned before this calculation ignores changes in material properties
depending on temperature (except change of resistivity).

A Dbetter model of the situation during bonding, when the susceptor is
surrounded by plastic so there is no air-cooling, is to consider conduction
cooling. If we calculate heat flow in an ideal situation where there is no thermal
barrier between susceptor and surrounding material, and where the outer
surface of the plastic is kept at ambient temperature, we find the power
magnitude of cooling by conduction can be less (for thick plastic sheets) or
more (for thin plastic sheets) than by convection. In Figure 5-24 the calculations
of heating and cooling power of a nickel ring encapsulated in 2mm and 20mm
PMMA are shown.
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Figure 5-24. Calculated balance of heating and canlfy power - susceptor encapsulated in 2mm and
20mm PMMA

As a simplification the heat flux in the PMMA was assumed to be perpendicular
to the susceptor surface. With 2mm PMMA equilibrium is reached at a change
of temperature of around 100K, with 20mm PMMA it is at 440K.

In the experiments there is no ideal situation. Small air gaps at the susceptor
form a thermal barrier and the air surrounding the setup heats as well. Hence
the cooling power can be assumed to be less than shown in Figure 5-24, but it
was shown that cooling effects might influence the process by damping the
heating rate. However, equation 5-36 seems to sufficiently describe the
induction heating process, at least for generated temperatures around 200K,
where the polymer bonding processes take place and can be useful for process
design and control.
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5.6 Predicting the Temperatures

As mentioned earlier, it is unlikely to be possible to calculate or simulate the
exact temperature generated by induction heating. However, as the analytical
equation sufficiently describes the functional dependencies it should be usable
for predicting the magnitudes of the generated temperatures despite the
mismatch between the predictions of the equation and experimental

observations reported in Section 5.3 Change of Resistivity.

An attempt was also made to take account of the fact that in the experiments a
flat helix coil with five windings was used instead of a single loop as in the
model. For a cylindrical coil the magnetic flux density is a product of the number
of windings. To identify how the number of windings affects the magnetic flux a
model was designed using COMSOL Multiphysics. The helix coil was modelled
as a set of five different inductors with constant radii: 40mm, 30mm, 20mm,
10mm and 1mm, respectively. The current in every inductor was set to be 500A.
Then five different simulations were run: first, only the outer inductor was used;
in the second simulation the second inductor was added, and so on until all five
windings were used. In each simulation the magnetic flux density was

measured on the coil’s centre line at a distance of 40mm:
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Figure 5-25. Magnetic flux density against number fowindings from COMSOL simulation
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According to Figure 5-25 the smaller windings hardly contribute to the magnetic
flux density. The decision was made to only consider the outer winding in the
analytical model. All other parameters were chosen according Table 5-1. As the
permeability p, seems to be unimportant for thin susceptors (see Section 6.1.4
Permeability) it was set to one.

In Figure 5-26 predicted temperatures calculated are plotted versus time,
together with experimental data from Section 6.1.5 Shape effects:
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Figure 5-26. Measured and calculated temperatured aircular shaped circuits

The calculated temperatures using equation 5-36 were much higher than the
measured ones. The differences between the experimental setup and the
assumptions of the analytical approach leading to equation 5-36 do not fully
account for the scale of the difference. In the analytical approach the
assumption was made that the inductor is a thin line. As mentioned above (see
Section 5.1.1 Simulation Results) this leads to a magnetic flux density at the
workpiece about two times higher than produced by a space filling coil. Also the
same effect that leads to limited penetration depth was ignored in the model:
the induced currents create a magnetic field counteracting their cause, thus
weakening the inductor coil’s field. Additionally the coil in the analytical model
was taken to be a single loop instead of a multi-turn coil, which again leads to a
reduced magnetic flux density with a factor of about 0.4. These factors might
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explain the difference between predicted and experimentally observed heating
rates.

Cooling effects were ruled out to have greater impact later in Section 6.2
Cooling Effects, but this conclusion was based on the assumption that the
analytical model was correct. But as shown in the previous section, cooling
might have a damping effect on the heating rate. This may also explain the lack
of fit between the shape of the predicted and experimental temperature rises
seen in Figure 5-26.

Thus, although the analytical model provides an insight into the functional

dependencies between heating rate and heating parameters, it has proved not
possible to use it to reliably predict magnitudes of temperature rise.
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6 Effects of Susceptor Design

For a workable process it is critical to manage the heat dissipation. The
analytical model derived in Section 5.2 Derivation of Analytical Model can be
used to estimate the behaviour of the heating rate when process parameters
are varied. However, the model ignores the effects of susceptor design. In order
to understand how susceptor design can be used to optimise the heating
process the effects of susceptor area and shape were investigated.

6.1 Susceptor Design

Susceptor design is a key consideration when designing an induction bonded
microfluidic device. Yang et al. have already demonstrated that circular shaped
susceptors perform better than squared shapes, which again perform better
than susceptors with triangular shapes [41], in terms of rapidity of heating. In
their work they used filled shapes, which correspond with the use of whole layer
susceptors mentioned in Section 7.5.1 Continuous Layer Susceptor. As the
alternative joining concept is to use narrow metal tracks (with polymer to
polymer bonds formed at the edges of the tracks) the performance of different
closed loop shapes enclosing holes was investigated, as well as the effect of

susceptor area.

6.1.1 Numeric Approach

To identify the effect of area changes of the susceptor, simulation software is
most suitable, as a large number of susceptor areas and depths can be
considered in a short time. Again COMSOL Multiphysics software was used to
simulate the generated temperature as a function of the induced current density
(see Section 3.4.2 Coupled Model of Induced Currents, Workpiece Heating &
Conductivity Change).
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In the model a thin copper disc was placed 20mm above an inductor. The
inductor was a single line loop with a radius of 100mm as shown in Figure 6-1:

Point source

representing

Workpi . )
orkpiece inductor coil

Figure 6-1. Detail of COMSOL model for simulating nductive heating

The thickness of the susceptor was kept constant at 1mm and the radius was
varied between 1mm and 80mm. The thickness was much larger than in
previous simulations to reduce the processor power needed for larger susceptor
radii. As the maximum temperature was measured it was critical to have very
homogeneous heat dissipation so the penetration depth was increased by using
a very low frequency. This lead to decreased heating, hence output current and
heating time had to be high to increase generated temperatures. The output
current was set at 2000A with a frequency of 200Hz, heating time was 200s. A
summary of the model details can be found in Appendix A6.3 Modelling Area
Effects.

This setup did not follow the assumptions of the analytical solution in Section
5.2.1 Model but equations 5-21 and 5-36 should still be usable for predictions of
the heating rate dependencies on the susceptor geometry. As the effect of
cooling was investigated as well, the decision was made to use equation 5-21
rather than equation 5-36. The latter is too complex to include the equations for
cooling (Section 5.5 Cooling Effects).

When varying the radius r of the susceptor, the active area A, the cross-
sectional area A and the susceptor’'s mass m vary as well, the latter being a
function of the active area and the thickness. The conductor length | is hard to
define where current flow is not constrained to a particular path but the
assumption is made that it is linear function of the workpiece’s radius. All other
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parameters are constant in this experiment. Equation 5-21 can therefore be

rewritten as follows:

2 4
AT =k Ao RR_y R (6-1)
h RZDR h

A
h K 0 OF 2 Qg O B0 ‘ 02 OF ? Qug O B0 Or
Wi = , =
2 |1)res |1)dens |:(I:p |:ﬂw [ﬁer + X2 )3 " 2 |1)res |1)dens |:(I:p [(rQZ + X2 )3 D(
Where
tw: Thickness of susceptor [m]
X: Functional factor of conductor length unitless

As mentioned before (see Section 5.5 Cooling Effects) cooling effects might
damp the heating rate when large area susceptors are used. An attempt to
estimate the magnitude of the effect of cooling for smaller active area
susceptors is made here. As a simplification it is assumed that for thin
workpieces the cooling power is a temperature independent function of active
area A, and a cooling constant k.. The relationship of change of temperature

and workpiece radius now is

AT =k [k, (R* - k_) (6-2)
. OO %l P il Or
with kK =—— K = 4o T o LT,
Cp |$dens |:ﬂw 2 wres E(rQZ + X2) [k

Thus for small radii or very thin susceptors the cooling constant might have an
impact. For greater radii equation 6-1 seems to be appropriate to describe the

change of temperature.
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A second simulation was undertaken to identify how much the susceptor’'s
permeability affects the heating rate. Materials with a relative permeability
greater than 1 concentrate the magnetic field lines leading to a higher flux
density. However for very thin susceptors the majority of flux lines thread free
space so it is possible that the permeability may not affect the coupling strength
as strongly as implied by equation 5-21. The same model as for the
investigation of area effects was used but the dimensions were changed. In the
model a metal disc with an inner diameter of 3mm and an outer diameter of
45mm was placed 20mm above an inductor. This design followed the
dimensions of the rings used for the bonding pressure experiments described
later in Section 7.2 Bonding Pressure. The inductor coil had a radius of 40mm.
The output current of the induction heater was chosen to be 490A with a
frequency of 220kHz, also following the experimental settings.

Heating time was set at 10s. The thickness of the disc was set to be 7.5um
(which is the thickness of the samples used in experiments) and 1mm,
respectively, and the temperature was simulated for a relative permeability of 1
and 100. The purpose of modelling a thick and a thin susceptor was to identify if
permeability has a greater effect on the heating rate for thicker susceptors. As
all other material parameters were irrelevant the pre-set values of copper were
kept. A summary of the model details can be found in Appendix A6.4 Modelling
Effect of Permeability.

6.1.2 Experimental Approach

When using structured susceptors the aim is to reduce the introduced material
as much as possible while providing good plastic to plastic bonds at the
interface. The susceptor still has to be big enough to generate enough heat in a
practicable time. In order to investigate how susceptor size affects the heating
rate, structured susceptors with different track widths were heated. As
experience tells us a 1mm track width should be adequate, track widths of 0.5,
1, 2 and 3mm which span this figure were chosen. Also investigated was the
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effect of shape, with the patterns being triangular, square and circular. The
photolithographic etch mask for the patterns is shown in Figure 6-2.
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Figure 6-2. Susceptor photolithographic mask desig

The mask was used in a photolithographic process to etch the susceptor circuits
out of a 7.5um thick nickel foil. Each circuit featured small ‘support beams’
which were used to hold it in place during heating, leaving the top surface of the

active part of the susceptor freely exposed to air.

The circuits’ median circumference was kept constant at 31.5mm for all designs
(Figure 6-3). Thus the mass m and conductor length | of different shaped
circuits with same track width was approximately the same. Hence the only
parameters varying between patterns of the same track width but different
shape were the active area and the cross-sectional area

H
H
H
B R

Figure 6-3. Designed circuits with median circumfegnce
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Two samples of each shape/track width combination were tested in order to
improve the statistical significance of the results. A final pattern was used
consisting of a straight metal track with a width of Lmm and a length of 31.5mm
to allow comparison of the performance of open circuits with the performance of
closed circuits. The etched nickel circuits were fixed on glass slides and placed
at a distance of 25mm above the coil. The output current was set at 210A and
the samples were heated for 10s. Non-contact temperature measurements
were made with a Flir PM695LWB thermal imager which was placed above the
setup focussing on the samples and sampling at a rate of 50Hz.
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6.1.3 Area Effects

To identify how the susceptor area affects the heating rate the radius of the thin
copper disc was varied while keeping its thickness constant. The maximum
temperatures reached after 200s were calculated using COMSOL Multiphysics.
Figure 6-4 shows some selected results:
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Figure 6-4. Heat distribution depending on susceptoarea from COMSOL model. Radius of
susceptor from left to right and from top to bottom 50mm, 65mm, 75mm and 80mm. x- and y-axis

are in m, colour scale bar in K.
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The results from all simulations are plotted in Figure 6-5:
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Figure 6-5. Change of temperature with varying areaand constant thickness of susceptor from
COMSOL simulation. The line is a guide to the eye.

As expected the curve shows a strong upward trend consistent with the
quadratic relation between susceptor radius and generated heat in equation 6-
1. The heating constant k, then was calculated using a radius R of 80mm and
its corresponding change of temperature from the COMSOL simulation (k, = AT
/ R?). Using this heating constant and a reference temperature of 293K (as it
was applied for the simulations) the maximum temperature was calculated for
different radii and plotted together with the results of the simulations shown in
Figure 6-5:
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Figure 6-6. Change of temperature with varying areaand constant thickness of susceptor from
COMSOL simulation and calculated using equation 6-1

As shown in Figure 6-6 the calculations from equation 6-1 show a good fit to the
simulated results. The heating constant was calculated from the maximum
radius used during the simulations, hence calculated and simulated
temperatures are identical for that radius. But also for a radius of Omm
temperatures are the same, as no heating occurs. Hence, if cooling effects had
an impact the calculated temperatures would be higher than the simulated ones
for the medium sized radii (as the curve of the calculated temperatures was
forced to fit the simulated temperatures for minimum and maximum radius). The
results shown in Figure 6-6 illustrate that cooling does not seem to have an
impact on the heating, at least for 1mm thick susceptors. This observation is in
harmony with the results presented in Section 5.5 Cooling Effects. The
difference in simulated and calculated temperatures can be attributed to the
temperature dependency of resistivity, which is ignored in equation 5-21.
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6.1.4 Permeability

The effect of susceptor permeability on the heating rate was investigated. The
heating of two metal rings with same material properties but different thickness
tw was simulated, for relative permeability set at 1 and 100. The calculated
temperature after 10s heating using COMSOL Multiphysics are shown in Table
6-1:

Table 6-1. Results - effect of permeability

tw M=1 M= 100
7.5um 592K 592K
Imm 310K 339K

In this example the penetration depth for a relative permeability of 1 is 347um,
which is much greater than the thickness of the first disc, and 47um for a
relative permeability of 100, which is much smaller than the thickness of the
second disc. However, the results clearly show that permeability is not an
important factor for very thin susceptors. For thin materials the edge effects are
significant, i.e. the magnetic flux in the region immediately above and below the

susceptor, which is air.

6.1.5 Shape effects

In order to be able to compare different susceptor shapes experimentally the
samples described above were heated. The sample code used in Figure 6-7 to
Figure 6-9 consists of the sample shape — circular (C), square (S) and triangular
(T) — and its track width (e.g. T1 is a triangular shaped susceptor with 1mm
track width).
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For the samples with a track width of 3mm the heating rate was so large that

the nickel foil burnt and no analysable measurements could be made. The

temperatures for round shaped susceptors were recorded as follows:
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Figure 6-7. Temperature measured for circular shape circuits with different track widths: 0.5mm
(C 0.5), Imm (C 1) and 2mm (C 2)

As shown in Figure 6-7 temperatures reach a plateau rather quickly. Response

time, i.e. the time needed to reach 90% of the maximum temperature measured

after 10s, is 5.5s for C 0.5 and 2s for C 1 and C 2, respectively.

For square shaped circuits temperature profiles were measured as shown in

Figure 6-8:
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Figure 6-8. Temperature measured for square shapedrcuits with different track widths: 0.5mm
(S 0.5), Imm (S 1) and 2mm (S 2)

Response time for S 0.5is 5.5s, 6.5s for S 1 and 1s for S 2.

Finally the temperature for triangular shaped circuits was measured and plotted

(see Figure 6-9).
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Figure 6-9. Temperature measured for triangular shaed circuits with different track widths:
0.5mm (T 0.5), Imm (T 1) and 2mm (T 2)

Response times for the triangular shaped circuits are similar to the ones of
square shaped circuits: 5.5s for T 0.5, 6s for T 1 and 2s for T 2.
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To be able to compare the different measurements different parameters are
needed. The designs all have the same median circumference but as they are
shaped differently the active area and the ‘void’ area in the middle are different
as well. Also the cross-sectional area of the square and triangular shaped
circuits varies over their length. Table 6-2 shows the different circuits with their

respective parameters:

Table 6-2. Parameters of different circuit designs

Circuit w Wnax Avoid Aa
CO0.5 0.0005 0.0005 7.09e-05 8.66e-05
C1l 0.001 0.001 6.36e-05 9.50e-05
C2 0.002 0.002 5.03e-05 1.13e-04
S05 0.0005 0.00071 5.48e-05 7.06e-05
S1 0.001 0.00141 4.76e-05 7.92e-05
S2 0.002 0.00283 3.48e-05 9.80e-05
T0.5 0.0005 0.001 4.02e-05 5.59e-05
T1 0.001 0.002 3.33e-05 6.48e-05
T3 0.002 0.004 2.14e-05 8.44e-05

w is the minimum track width in meters, wnax the maximum track width (at
corners) in meters. Ayiq represents the open area in the circuit's middle and A,
the active area, both are measured in square meters. The different values of the
active area explain why S 0.5 reaches temperatures similar to C 0.5 but the

temperature profilesof S1and S 2 are closerto T 1 and T 2, respectively.

Using the measured temperatures a constant efficiency factor connected to the
susceptor shape was considered to be able to take account of the design in the
analytical equation. From equation 5-21, which was used since equation 5-36
was too complex to extract an efficiency factor, the following relation is
expected for circular susceptors:

AT =k Ef%“ (6-3)
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where k represents all constant parameters. For non-circular susceptors an

efficiency factor ® was introduced:

2
AT =0k D (6-2)
m
tw: Thickness of susceptor [m]
X: Functional factor of conductor length unitless

Then the temperature measured after 10s was plotted over the product of
squared active area A, and cross-sectional area A divided by the susceptor
mass m. To extract the value of @ the slope of the straight line fits (with origin
passing through AT = 0 K) of triangular and square shaped susceptors was
compared to the slope of circular patterns.
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Figure 6-10. Efficiency factor of different suscepir designs

From the graph shown in Figure 6-10 it can be seen that non-circular patterns
heat more than one would expect, but the straight lines do not fit the points well
enough to extract a reliable efficiency factor. A damping effect can be identified
for higher temperatures, which might be attributed to the change of resistivity
(see Section 5.3 Change of Resistivity), which is ignored in equation 5-21. It
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was concluded that although equation 5-21 correctly describes the effect of
most of the heating parameters, equation 5-36 should be used for process

design and optimisation as it takes into account more of the process physics.

Finally the 1mm wide straight track was heated. But even with extended heating
times the temperatures did not exceed 50C. This de monstrates that closed
circuits perform much better than open circuits, which should be considered

when designing susceptors for low frequency induction bonding.

6.2 Cooling Effects

In sections 5.5 Cooling Effects and 6.1.3 Area Effects it was concluded that
cooling effects might occur, but it seems that they do not have a significant
impact on the heating rate. The temperatures measured in the previous section

can be used to back up that assumption.

For large t, equation 5-36, which includes temperature dependence of

resistivity, can be simplified as followed

27K
AT = | R/t (6-5)
loref |]7

Plotting AT against the root of time should produce linear trends for large t if

cooling effects have no impact. If they have an impact the graph should show

some damping (sublinear trends).

As shown in Figure 6-11 to Figure 6-13 the graph shows linear or close to linear

behaviour for greater t for all three susceptor shapes:
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Figure 6-11. Change of temperature against root dfme for circular shaped susceptors
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Figure 6-12. Change of temperature against root dfme for square shaped susceptors
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Figure 6-13. Change of temperature against root dfme for triangular shaped susceptors

Provided that the analytical model takes account of all the important effects, this
shows that cooling effects do not have an important impact on heating rates for
the temperatures achieved during induction bonding. However, induction
heating is a very complex process and as mentioned earlier in Section 5.6
Predicting the Temperatures, the model is useful for describing the effects of
different parameters on the heating rate, but it cannot be used for predicting

exact temperatures.
Taking a closer look at the constant k in equation 6-5 might help to identify the
limitations of the analytical model. The value of k for the measurements shown

in Figure 6-11 to Figure 6-13 can be estimated by measuring the slope s of the

curves for large t:

s= | 2K (6-6)
loref m

[a
> k=g (6-7)
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As k replaces most of the variables in equation 5-36 a factor K’ is introduced to
simplify the comparison of the different measurements. This factor excludes the
‘geometrical’ variables, such as conductor length I, mass m, active area A, and
cross-sectional area A. Hence it should be the same for all nine designs.

I_anIZDfZEquUfDTS . _10n _SOp 0
2[@p[ﬁr§+x2)3 A A 2[A A

(6-8)

Table 6-3 shows the values of k’-factor calculated for each experiment:

Table 6-3. k'-factor

Experiment k'
CO0.5 18.61
C1l 12.43
C2 10.39
S05 25.40
S1 72.02
S2 3.60
T0.5 15.55
T1 55.80
T2 9.77

This is not a satisfactory result. Most of the factors are of a similar order of
magnitude, but the results prove that the analytical model does not take account
of all the effects having an impact on the heating rate. According to the
analytical model the theoretical value of k' was 7056. This is grossly different to
the values shown in Table 6-3, which again demonstrates that equation 5-36
cannot be used for predicting exact temperatures. Nevertheless the analytical
model has been shown to provide a good basis for estimating the effect of
variation of different process parameters on the heating rate.
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To summarise: based on calculations using the analytical model and the
comparison of the predictions of functional dependencies of the model with
those observed experimentally, it is concluded that cooling effects do not have a
major impact on the temperatures reached during heating. However,
discrepancies in the magnitude of quantities between the model and
experimental observation appear to indicate that some parameters that do

affect the temperature reached are being ignored in the model.
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7 Polymer Bonding

Knowing the induction parameters affecting heat dissipation is not enough to
ensure formation of bonds. It is also important to know the reaction of the
polymer slides to the heat in terms of bond strength, melted material, bonded
area and heat affected zone (HAZ), as well as the influence of bonding

pressure.

The heat affected zone (HAZ) is an area where the material was not plasticised
during heating but its microstructure was altered by the influence of heat. The
molecules in this area are elongated, thus introducing a stress in the material.
The size of the HAZ depends on the generated temperature and the thermal
diffusivity of the base material. The higher the diffusivity the higher is the cooling
rate and the smaller is the HAZ. Some applications need specific wall
characteristics of the microfluidic channels so the size of the HAZ should be
controlled to avoid alterations of those characteristics and the introduction of
stress.

Flatness and cleanness of the substrates can also affect the bonding and also
have to be investigated.

7.1 Substrate Issues

Parameters of the substrate surfaces, such as waviness and cleanliness can
have great impact on the bonding process. An uneven surface or particles not
only hinder the forming of a bond at the interface but also lead to thermal

barriers.
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7.1.1 Methodology

To examine the substrates’ surfaces PMMA slides with a thickness of 4mm
were profiled using a Talysurf CLI 2000. Originally the slides were purchased
saw cut to a size of 40mm x 40mm but they were laser cut to a size of 20mm x
20mm prior to the measurements, as this was the size used for most of the
experiments. In addition it now was possible to investigate the effect of laser

machining on the surface quality.

Usually the substrates used for microfluidic systems are not so thick. Hence,
saw cut PMMA slides with a size of 40mm x 40mm and a thickness of 2mm
were also profiled.

To investigate the effect of thermal barriers a model designed to obtain the
steady-state solution for the temperature profile in the sample was used, as
described in Section 3.4.3 Effect of Thermal Barrier (Air Gap). A heat source at
400K was brought into contact with a PMMA substrate (20mm x 2mm) and the
heat distribution after 10s was measured. Then, an air gap of 5um, 30um and
100um, respectively, was introduced between heat source and substrate and
the heat distribution was compared to the ideal situation. To simplify the model
the starting temperature of the whole setup was OK. A summary of the model
details can be found in Appendix A6.5 Modelling Effect of Air Gaps.

7.1.2 Results

Six 4mm thick PMMA substrates were profiled on both sides. All of the
measured samples had a very smooth surface with a peak to valley flatness of
2-5um. The image shown in Figure 7-1 is for illustrative purposes, a colour

scale was not available.
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Figure 7-1. Profiled surface of 20mm x 20mm x 4mmMMA substrate

Figure 7-2 shows the profile of the sample shown in Figure 7-1 measured on

the centre line (left to right):
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Figure 7-2. 20mm x 20mm x 4mm PMMA substrate profiéd with Talysurf CLI 2000

The laser cut samples showed some debris at the cut edge which could have a
thickness of several tens of um as shown in Figure 7-3.
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Figure 7-3. 20mm x 20mm x 4mm PMMA substrate with dbris from laser cutting

Hence the side facing downwards during laser cutting was to be used as the
interface during bonding.

Then three 2mm thick substrates were profiled, again on both sides. These
measurements revealed a different problem. Some of the samples were
concave / convex or saddle shaped. This lead to a peak to valley flatness of 30-
40um as shown in Figure 7-4:

Figure 7-4. 40mm x 40mm x 2mm PMMA substrate with dformed surface

Due to that waviness it is critical to apply enough pressure during the bonding

process so that the surfaces are in good contact.
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Some measurements showed peaks of 50um or more, which were attributed to
dust particles. This occurred even though the surfaces were protected by a foil
prior to the measurements and gloves were worn during handling. A
conventional air duster was found capable of removing all particles and

therefore should be used before bonding.

The effects of thin thermal barriers were investigated using COMSOL

Multiphysics simulation software. The results are shown in Figure 7-5:
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Figure 7-5. Heat distribution through 2mm PMMA with (top to bottom) no air gap, 5um air gap,
30um air gap and 100um air gap. x- and y-axis ar@im, colour scale bar in K.

The heat distribution obtained in the ideal situation, with no thermal barrier and

the heat source in contact with the substrate is shown in Figure 7-6a:
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Figure 7-6. Heat distribution a) through 2mm PMMA with no air gap and b) through 5um air and
2mm PMMA. Heat source is at the left hand side oftte figures. Arc length is in m.

When a thermal barrier in form of an air gap is introduced between the heat
source and substrate, the latter is seen to be heated less. As shown in Figure
7-6b the side of the substrate facing the heat source only reaches a

temperature of around 390K after 10s of heating, 10K less than in an ideal
situation.

For thermal barriers with a size of 30um and 100um, the maximum temperature

of the substrate was only around 355K and 260K, respectively, as can be seen
in Figure 7-7:
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Figure 7-7. Heat distribution a) through 30pum air and 2mm PMMA and b) through 100pm air and
2mm PMMA
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Thus, better contact of the substrates would be expected to not only help in
creating the bond (see Section 7.4 Forming of Bonds) but also leads to a more
efficient heating of both surfaces

To summarise: while the surface usually is very smooth with a peak to valley
flatness of around 5um, the substrate can have a waviness which would lead to
thermal barriers. Also, preceding manufacturing steps like laser machining can
lead to debris or contamination of the surface. These artefacts should be
considered when designing the bond process, e.g. by using the side without
debris as the interface during bonding. To avoid the enclosure of particles the
use of an air duster to clean the surface has been shown to be effective. To
apply pressure during bonding is essential to support the forming of bonds and
to avoid thermal barriers that can reduce the efficiency of the heating process
drastically.

7.2 Bonding Pressure

PMMA contains water which might contaminate a substrate’s surface when
being heated, thus preventing the forming of a bond at the interface. It was
observed in the work reported in previous chapters that very often the melted
zone was larger than the bond area. It is desirable that the melted zone and
heat affected zone (HAZ) are as small as possible, preferably not larger than
the bond area, otherwise melted material could contaminate or alter the
characteristics of structures and channels in the microfluidic chip. Also, the
stress introduced in a HAZ might lead to distortions in those structures. As
reported in the previous chapter the waviness of the polymer substrates might
lead to decreased bond strength and quality. It was therefore investigated how
the bonding pressure influences bond strength, melted zone and HAZ.

Page 197



7 Polymer Bonding

7.2.1 Design of Experiment

Simple stacks of two PMMA substrates with an intermediate susceptor were
heated with different heating times and bond pressures. The substrates had a
size of 20mm x 20mm and a thickness of 4mm. The susceptor was a ring with
an inner diameter of 6mm and an outer diameter of 9mm etched out of a 7.5um
thick Ni foil in a photolithographic process. This means there was a 7.5um gap
between the substrates at the beginning of the bonding process making the
application of pressure even more necessary. The susceptor ring was designed
to fit the demands of a microfluidic device designed by Cranfield University (see
Section 7.5.3 Multi Layer Bond). The same photolithographic mask was used
for this work.

The stack was placed as close as possible (distance coil-susceptor: 20mm)
above the centre of the inductor coil. The output current of the induction heater
was set at maximum (490A) with a frequency of 220kHz. Three different
bonding pressures were used: 14, 29.4 and 44.8kPa, respectively. The heating
time was varied between 15s and 25s, leading to a total of six different

experiments:

Table 7-1. Bonding parameters - pressure variations

Experiment | Heating time  Bonding pressure
No. [S] [kPa]
1 15 14
2 15 29.4
3 15 44.8
4 25 14
5 25 29.4
6 25 44.8

In each experiment at least four samples were bonded and two samples for air
pressurising tests were prepared. The air pressure samples had a 4mm hole

drilled in the upper substrate prior bonding. After each bonding the pressure
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was applied for another 20 seconds to facilitate solidification of the melted
polymer.

Apart from testing the maximum possible air pressure before leaking, the
samples’ bond shear strengths were determined. The bond area was then
examined with a light microscope to identify the size of melted zone and bond
area. To measure the size of the heat affected zone an optical microscope with
polarising filter was used.

For the shear strength tests a specific jig had to be designed. It consists of two
parts, each nesting one of the substrates as shown in Figure 7-8:

Figure 7-8. Jig for shear strength tests: a) indivual parts and b) whole jig

The jig is designed to fit into the clamps of a shear strength tester run in tensile
mode. The shear strength of the bonds was measured by pulling apart the test
samples. For the tests the extension rate was set at 1mm per minute. Each test
was stopped when the pulling force dropped by 20% in 100ms, i.e. when the
bond broke.
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7.2.2 Results & Discussion

First the samples from experiments 1-6 were air pressure tested. A 4mm
connector tube was attached to the hole drilled into the upper substrate.
Pressure was increased in steps of 35kPa and each pressure was applied for
one minute. A maximum pressure of around 590kPa could be applied. Samples
from experiment 1 and 4 leaked at around 400kPa and from experiment 2
withstood a pressure of 450kPa before showing leaks. Maximum pressure could
be applied for the samples from experiments 3, 5 and 6. These are acceptable
results as a leaking pressure between 100 and 200kPa is sufficient for most
applications. Lower bonding pressure results in reduced leakage pressure and
longer heating times lead to increased bond strengths. It was found that bonds
with high leakage pressure could be formed at reduced heating times when high
bonding pressure is applied. This also helps to reduce the width of the melt

area.

The samples were then put into the jig and pulled apart to measure the shear
strength of the bonds. The pulling force at which the bonds broke is plotted in

Figure 7-9:
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Figure 7-9. Shear strength of bonds created with fferent bonding pressures and heating times
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Using equation 3-1, the bond strength was calculated from bond area
(measurements described later in this section) and shear strength as shown in
Figure 7-10:

2200
2000
1800
1600

1400
1200 ® th=15s

1000 M th = 25s

800 I
600
400
200 ¢ L 4

14 19 24 29 34 39 44

Bond strength [kPa]

Bond pressure [kPa]

Figure 7-10. Bond strength of bonds created with éfierent bonding pressures and heating times

With longer heating a significant increase in bond strength was seen. Higher
bonding pressure also leads to better bonds. This is probably due to the
substrates’ surfaces having better contact during bonding. It was observed that
the samples from experiment 3 withstood higher leakage pressures than
samples from experiment 4, although having slightly smaller bond strengths.
Apparently higher bonding pressure leads to more complete bonds without
voids or un-bonded gaps causing leakage.

After breaking the bonds the surfaces were visually inspected under a
microscope to measure the melted zone and the bond area. The nickel ring and
surrounding melt area of an example specimen are clearly visible in Figure
7-11. The light region around both sides of the ring is the broken bond.
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Melt zone

Bond area

Nickel ring

Figure 7-11. Microscopic image of bonded surface t&f breaking the bond

The widths of bond area and melted zone were measured for all samples on
both sides of the Ni ring separately and the average value is plotted against the
bonding pressure in Figure 7-12 and Figure 7-13:
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Figure 7-12. Width of melt and bond area after 158eating. The right hand y-axis is for the ratio of
melt over bond width.
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Figure 7-13. Width of melt and bond area after 25&eating. The right hand y-axis is for the ratio of
melt over bond width.

The widths of both bond area and melted zone are smaller than 1mm for all
experiments and increase with higher bonding pressures but the ratio melt /
bond width decreases. A lower ratio means the melt width is closer to the width
of the actual bonded area. Hence a high bond pressure is desirable as it
reduces that ratio.

In Figure 7-12 there is a runaway value for melt width. This can be attributed to
the high standard deviation of the measurements. The standard deviation of the
melt area’s width for the 14kPa bond pressure measurements is almost 0.2mm,
and around 0.14mm for the other two measurement points. The standard
deviation of the bond area widths is 0.1, 0.07 and 0.04mm, respectively, for the
three measurement points. For the measurements shown in Figure 7-13 the
standard deviation is only slightly smaller but with higher absolute values the

relative error is much smaller.

The heat affected zone (HAZ) can be made visible using a polarising filter. It
then appears as shadow adjacent to the melt zone as shown in Figure 7-14.
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Figure 7-14. Microscopic image with polarising filer showing bond area, melt zone and HAZ

The width of the heat affected zone was measured for all samples and plotted

against the bonding pressure as shown in Figure 7-15:
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Figure 7-15. Width of heat affected zone for diffeent bond parameters

The HAZ is much larger for longer heating times and increases slightly with
higher bonding pressure, similarly to the behaviour seen with the width of the
melted zone. As the size of the HAZ also depends on the thermal diffusivity and
the temperature, this result was expected. However the size of the HAZ is small
compared to the size of the melted zone.
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To summarise: in order to reduce the melt area width the heating time has to be
reduced. To maintain high leakage pressure the bonding pressure applied
during the process has to be increased. To estimate a further reduction of
heating time and melt area the results from experiments 3 and 4 were used, as
they showed similar bond strengths. The heating time and thus width of melt
area could be reduced by 40% and 13%, respectively, by applying a pressure
three times greater. This means a bonding pressure of 135kPa is needed to
reduce heating time to 9s, thus reducing the melt area width to 0.49mm while
still providing good bond strength and high leakage pressure.

7.3 Pulsed Heating

Heating and melting of the polymer only is needed in an area close to the
susceptor, but the material needs to be heated for several seconds to form a
bond. Delivering the heat continuously leads to larger melt areas and might
cause the burning of polymer, as the susceptors reach temperatures above
200 rather quickly. Hence pulsed heating was considered as a method of
limiting the extent of melted zone and heat affected area while still providing
good bond strength. Using this technique burning of the polymer can be
avoided as well (see section 7.4 Forming of Bonds).

7.3.1 Design of Experiment

In the bond pressure variation experiments heating times between 15 and 25s
were seen to be enough to provide sufficient bond strength to withstand 590kPa
of pressure. To compare pulsed heating with continuous heating six different
experiments with three and four heating times were designed. In Section 6.1.5
Shape effects the response times of the heating process were around 2s for
different shapes of susceptors. The nickel rings used for the pulsed heating
experiments were smaller in active area but with a track width of 1.5mm heating
times in the same order should be sufficient to heat the polymer above glass

transition temperature. The cumulative length of heating time in the experiments
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only varied from 6s to 9s whereas the total bonding times, which varied
between 21 and 30s, were similar to the times quoted above (see Table 7-2).

Table 7-2. Bonding parameters - pulsed heating

Exp. Heating time Cooling time No. of Total time Bonding pressure
No. [S] [S] pulses [S] [kPa]
pl 2 5 3 21 29.4
p2 2 5 3 21 44.8
p3 2 5 4 28 29.4
p4 2 5 4 28 44.8
p5 3 7 3 30 29.4
p6 3 7 3 30 44.8

Experiments pl and p2 were chosen to have three heating pulses, each
followed by 5s of cooling. Experiments p3 and p4 were designed to test four
heating pulses. Again cooling time after each pulse was 5s. To test longer
heating-cooling-cycles experiments p5 and p6 were designed. Each of the three
heating pulses was followed by 7s of cooling. Output current (490A) and
distance coil-susceptor (20mm) were the same as during the bond pressure

variation experiments.

7.3.2 Results & Discussion

The aim of the investigation was to see if pulsed heating can maintain the bond
quality achieved with continuous heating while reducing the size of melted zone
and HAZ. Again the samples’ failure pressure with air and the shear strength
were tested and the widths of melted zone, bond area and heat affected zone

were measured.

Samples of all experiments withstood the maximum pressure of 590kPa for
more than a minute without failing. The results of the other measurements are

shown in Table 7-3:
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Table 7-3. Test results of pulse heated samples

Exp. | shearstr. bondstr. meltarea bondarea ratio HAZ
No. [N] [kPa] [mm] [mm] m/b [mm]
pl 24.5 162 0.30 0.10 3.00 0.05
p2 25 164 0.31 0.12 2.58 0.05
p3 26 172 0.29 0.10 2.90 0.06
p4 27 177 0.34 0.12 2.83 0.06
p5 35 231 0.37 0.11 3.36 0.06
p6 35 231 0.38 0.11 3.45 0.06

The size of melted zone, bond area and heat affected zone are similar for all
experiments but the longer heating-cooling-cycle of experiments p5 and p6
provided a better shear strength. Quality of all bonds is very good as they
showed no leakage in the air pressure tests. That means that pulsed heating
can be used to decrease the melted zone area while providing a good bond.

7.4 Forming of Bonds

In order to explain some of the observations described in previous sections it is
essential to understand what is happening during melting and bonding of
polymers. PMMA, which was used for the experiments presented in this work, is
a thermoplastic polymer. That means it can be reversibly softened and
hardened by heating and cooling.

When the polymer is heated the polymer chains elongate, thus introducing a
stress in the material. This area is referred to as heat affected zone (HAZ).
When the glass transition temperature Tg IS reached the material plasticises,
hence the polymer chains can move more freely.

If the plasticised surfaces of two polymer substrates are brought into contact,
bonds can be formed. The application of pressure is critical for the forming of
the bonds as it causes the interdiffusing and entangling of the polymer chains,
which largely account for the resulting adhesion. During cooling the polymer

chains resettle and become rigid again.
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To form a bond the area where it is desired needs to be heated at least to glass
transition temperature. During induction bonding the heat is generated in the
susceptor and the surrounding polymer is heated by conduction. As the
coefficient of thermal conductivity of PMMA is small compared to that of metals
it takes a few seconds to plasticise an area large enough to form strong bonds.
Generating heat continuously provides enough energy to plasticise that area but
it might also lead to burnt polymer close to the susceptor. In Section 7.3 Pulsed
Heating pulsed heating is presented as an alternative mode. High energy
pulses followed by short cooling periods enable plasticising the polymer without
reaching temperatures that might damage the material. Ideally the process is
controlled in a manner to only plasticise the polymer (without melting it), thus
avoiding extended melt areas as observed for continuous heating. This might
explain the good results reported for pulsed heating experiments in Section 7.3
Pulsed Heating.

The application of pressure is important for the forming of bonds but it also
serves another purpose. As reported in Section 7.1 Substrate Issues the
waviness of the substrates’ surfaces might lead to thermal barriers hindering the
formation of bonds. Applying pressure during the bonding process not only
evens out bent or saddle shaped substrates but also leads to better contact of
wavy surfaces as soon as they are softened by the heating.
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7.5 Sealing of Microfluidic Systems

As mentioned above, there are two main concepts for sealing microfluidic
systems. A continuous layer in which the bond to be created is between the
susceptor and the polymer slides (metal-plastic bonds) or the susceptor can be
structured so that the bond is created between the polymer slides directly

(plastic-plastic bonds).

Continuous layers are easier to realise and as more susceptor material is used
the coupling with the electromagnetic field is better. On the other hand the metal
susceptor is then part of the channel walls or in contact with functional parts of
the chip. When using a structured susceptor these problems can be avoided.
Also, plastic-plastic bonds are generally stronger than metal-plastic bonds. In
addition the susceptor can be designed in a manner to keep the area of the chip
containing channels and functional parts transparent. The drawback of this

concept is the need for additional process steps to structure the susceptor.

Two sets of experiments were carried out to test the capabilities of both
concepts. The aims of the experiments were to investigate the achievable bond
strength for continuous layer susceptors and to test if induction heating can be

used to seal microfluidic systems without channel distortion.

7.5.1 Continuous Layer Susceptor

It was first investigated whether continuous layer susceptors are feasible for
induction bonding of microfluidic devices. The aim of this experiment was to
investigate bond strength only, so the bonding of blank substrates without
channels and ports was tested rather than bonding / sealing a working device.
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7.5.1.1 Design of Experiment

PMMA substrates with a size of 40mm x 40mm x 4mm were coated with a 5um
thick nickel layer by electroplating (see Section 3.2.3.2 Electroplating). It was
attempted to bond these substrates onto blank PMMA slides using induction

heating.

The original design of experiment called for nine sets of heating runs with
varying settings for output current and heating time at each of three different
working distances x. The values of the output current were chosen to be a
minimum of 140A and a maximum of 490A (as these were the limitations of the
equipment) and a value in between. As the heating rate depends superlinearly
from the output current the third value was chosen to be around two thirds of
the maximum value (i.e. 350A). In Section 5.1.2 Experimental Validation nickel
foil was heated to temperatures above 100C within 5s. Although being slightly
thinner a higher heating rate was expected for the electroplated nickel as the
susceptor area was much larger. Hence for the experiments described in this
section the maximum heating time was 5s. The minimum value was chosen to
be 1s and the medium heating time was set at 2.5s, slightly closer to the
minimum value as the heating rate depends sublinearly on the heating time. In
Section 5.1.2 Experimental Validation there was hardly any heating measured
for working distances above 40mm. Thus the values for working distance were
chosen to be 15mm (as this was the minimum possible distance), 25mm and
50mm. The following three tables show the settings for the 27 individual

experiments:
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Table 7-4. Heating parameters at x = 15mm

Output Time [s]
current
[Al

140
350
490

N A R e
N
O O Ww| O

Table 7-5. Heating parameters at x = 25mm

Output Time [s]

current

[A] 1 2,5 5
140 10 11 12
350 13 14 15
490 16 17 18

Table 7-6. Heating parameters at x = 50mm

Output Time [s]

current

[A] 1 2,5 5
140 19 20 21
350 22 23 24
490 25 26 27

The polymer substrates were not stacked covering each other completely. The
overlap on both sides was about 10mm as shown in Figure 7-16 so that the

bonding area was 30mm x 40mm:
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Substrate 1

Figure 7-16. Overlapping substrates during bonding

The bonds were to be shear tested later but the jig for shear strength tests
shown in Figure 7-8 was not yet available at the time of the experiments. The
overlap configuration provided enough space for the clamps of the tensile test

equipment.

7.5.1.2 Execution of the Experiments

As metal-plastic bonds are hard to realise the decision was made to enhance
the bonding process by applying a high bonding pressure for all samples, rather
than consider the pressure as another variable. For all experiments a force of
about 3.6N was applied to the stack. With a bonding area of 30mm x 40mm that
equals a pressure of 3kPa. This pressure was maintained for 60s during

cooling.

The first set of experiments at a working distance of 15mm was the only one
actually carried out. For all samples, except sample 1, some melting could be
observed but a bond was only created for samples 3 to 9. As the bonds of
sample 3 and 5 broke while handling the samples, the decision was made to
test the remaining intact samples first, before proceeding with the experiment.

7.5.1.3 Testing the Samples

Shear strength tests as described in Section 3.1.5 Shear Strength Test were
carried out. To avoid a bending moment being imposed on the samples while
being inserted into the tensile test machine, that might destroy the bonds, the

samples were not fixed using the clamps of the testing equipment but a hole
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was drilled in the middle of each overlap. Wires then were anchored in these
holes used to apply the tensile force. Some bonds broke during the preparation
so only samples six and eight could be actually tested. The measured shear
strengths of these samples were 15kPa and 10kPa, respectively. After breaking
the bond most of the nickel layer peeled off and only smaller pieces remained
adhered to either substrate. Even with the smallest possible working distance it
was not possible to create bonds properly and as heating rate decreases with

larger distances the experiments were aborted at this point.

7.5.1.4 Conclusion

It appears that the polymer does not bond readily to metal and the bonds that
are created are weak. To increase bond strength the metal surface could be
roughened to provide keying for mechanical adhesion, but as the metal is
coated onto one substrate it is quite complicated to increase the adhesion at
that interface. As reported in Section 4.2 Experiments at Huttinger Elektronik,
bonds directly between the polymer slides can reach high strengths so using
structured susceptors to create polymer to polymer bonds seems to be the
more promising approach.

7.5.2 Structured Susceptor

As the strength of plastic — plastic bonds had already been investigated the
focus of the structured susceptor experiments was to demonstrate the ability of
the process to seal channels and ports. Using the knowledge gained in previous
sections a working microfluidic device was designed and manufactured, which

could be sealed using induction heating.
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7.5.2.1 Design of Experiment

The device was a simple mixer for fluids. Channels with a width and depth of
approximately 300um were laser machined into a 20mm x 40mm PMMA
substrate (the platform) with a thickness of 2mm. The quality of the channel
walls was not considered important. A closed loop susceptor with a track width
of Imm was designed, following the channels on both sides at a distance of
1mm. The susceptor was etched out of a 7.5um thick Ni foil.

\ O

a) b)

5mm
C)

Figure 7-17. a) Design of microfluidic channels, thole pattern and c) design of susceptor

To access the channels three holes with a diameter of 2mm were laser
machined into another substrate (the lid). To pass around the holes and seal
the interconnection the susceptor bulged at all three ends as shown in Figure
7-17c. The track width of the susceptor was smaller than the width of the rings
used for the pulsed heating tests. As such, the heating time was increased
slightly to compensate. Four different sets of heating parameters were planned.
The first two devices were bonded with three and four pulses of 6s. For the third
device the four heating pulses were set at 7s each. For all devices a 5s cooling

Page 214



7 Polymer Bonding

phase followed each heating pulse. A final sample was bonded with four pulses
of 7s followed by 3s cooling. Pressure was applied using weights to provide a
bonding pressure of 22.4kPa for all samples.

7.5.2.2 Results & Discussion

The etched nickel susceptor was placed on the platform and the lid was put on
top so that the holes covered the end of each channel. To ease the handling the

plattorm was slightly moistened before placing the susceptor. Pressure was

applied and the setup was bonded by pulsed heating.

Fog

Figure 7-18. Microfluidic device, bonded with fourpulses of 7s, followed by 5s cooling

Three samples were successfully produced (samples no. 1, 2 and 4). On the
fourth (sample no. 3) the timer was accidently not set correctly so it was bonded
with one pulse of 10s. The bond broke on this sample before it could be tested.
Using a fifth device (sample no. 5) the experiment was then repeated with a
correctly set timer. A ‘fog’ was visible between all bonded substrates, as shown
in Figure 7-18. This was attributed to evaporated and recondensed moisture.

To test the devices a syringe was used to fill them with red ink from the lower
left port. Although robust to handling the first two devices, which were bonded
with three and four pulses of 6s followed by 5s cooling, were not sealed
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properly. Small leaks were observed allowing the ink to be sucked between the

two substrates as shown in Figure 7-19.

Figure 7-19. Leaking microfluidic device — Sample bl 2 (4 x 6s heating, 5s cooling)

The two devices bonded with 7s pulses showed good sealing at first, as shown

in Figure 7-20:

Figure 7-20. Microfluidic device filled with ink — Sample No. 4 (4 x 7s heating, 5s cooling)

However, after being left for more than five minutes the ink started to leak
slightly (but still remained inside of the susceptor area). That means the

channels were not perfectly sealed.
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After testing the devices the channels of samples no. 4 and 5 were flushed by
pushing water through the network using a syringe, removing the ink. The
samples were then reused. After being filled with ink for a couple of minutes
leakage occurred in both. The ink in sample no. 4 (bonded with 7s pulses
followed by 5s cooling) was observed to leak further than before, reaching the
area outside the susceptor on the second trial. The seal may have been
disrupted while cleaning the device or remaining ink from the first run might
have reduced the hydrophobicity of the PMMA, increasing the tendency for
capillary flow.

To gain more information on the quality of the seal all samples were cut to make

a Cross section view:

Debris

Gap

Figure 7-21. Cross section view of induction bondedevice — Sample No. 4 (4 x 7s heating, 5s
cooling)

As shown in Figure 7-21 a bond area was seen to have been created around
the susceptor. Debris from the laser machining was also observed on both
sides. This leads to a gap between the lid and platform, thus hindering the bond
formation and sealing of the channels. A more controlled laser machining
process or a different technique such as hot embossing to create the channels
could be used to avoid creation of this gap. However, due to the debris the
platform is in good contact with the lid in the area close to the channels. This
might explain the delayed leakage described above.

Nevertheless the experiment shows that microfluidic devices can be sealed in

seconds using induction bonding. However, placing the susceptor was not easy
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and applying homogenous pressure during the bonding process was also tricky.
Before being able to use the technique in large scale manufacture, these issues
would have to be addressed.

7.5.3 Multi Layer Bond

High selectivity is one of the major advantages of the proposed induction
bonding process. Not only is it possible to determine exactly the area were the
heat is to be delivered but the several layers of a device can be sealed at once.
Tests of this capability were carried out on a multilayer microfluidic device for
blood separation, which was designed by Cranfield University in the context of
the 3D-Mintegration project [96]. The design consists of five structured PMMA

discs that form a microfluidic system when stacked as shown in Figure 7-22:

a)

Figure 7-22. a) Polymer discs and b) Cross sectioview of microfluidic device designed by
Cranfield University [96]

7.5.3.1 Design of Experiment

The susceptors were chosen to be rings etched out of 7.5um thick nickel foil.
The diameter of the PMMA discs was 10mm. To allow bonding on both sides of
the susceptor ring and maintain a gap between the ring and the structured
features, its inner and outer diameters were designed to be 6mm and 9mm,

respectively.
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To hold the discs in place while being able to apply pressure during bonding, a
Jig with plunger was designed as shown in Figure 7-23. Two versions of the jig
were manufactured. One was made of a non-conductive material for induction
bonding and another one was made of steel for the oven bonding as a

comparison.

Figure 7-23. Jig with plunger a) made of PMMA and h made of steel

The PMMA discs were put into the opening and a susceptor ring was placed
between each. Using the plunger pressure could be applied during bonding.
During induction bonding the pressure was around 170kPa. Pressure during
oven bonding could not be measured as pressure was applied by an

uncalibrated clamp with screws.

Higher heating rates had to be considered, as there were four susceptors close
to each other. Three samples were bonded using different parameters. First a
stack of discs was bonded with two pulses of 5s, each followed by 10s cooling
(stack 1). Two other stacks were bonded then with three pulses of 1s and 2s
followed by 7s cooling each (stacks 2 and 3).

For thermal bonding the setup with the steel jig was placed in a cold vacuum
oven. The oven was then heated to 105<C. This took 60min. The temperature

was kept constant for 20min before the oven was switched off. The setup was
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allowed to cool down for another 20min until the discs were rigid enough to be

removed.

For both samples cross-sectional views were prepared to investigate the bond
area. Testing the sealing was not possible as no connector was available.

7.5.3.2 Results & Discussion

The heating rate of the induction-bonded sample with two pulses of 5s (stack 1)
was found to be too high, such that the polymer burned. The sample bonded
with 1s pulses (stack 2) showed good bond strength between the discs close to
the inductor coil, but the upper disc fell off while removing the system from the

jig. The third sample (stack 3, 2s pulses) showed good bond strength over the

whole stack but bubbles appeared in the bottom discs (Figure 7-24):

Figure 7-24. Induction bonded stack of polymer dist, a) side, b) top and c) bottom — Stack 3 (3 x 2s

heating, 7s cooling)

As shown in Figure 7-24b the susceptor rings were not centrally aligned. Again,
the issues of placing the electromagnetic susceptor have to be addressed
before being able to use the process industrially.

During cutting stack 3 for examining the cross-sectional area, the stack broke.
However, it can be seen in Figure 7-25 that the small gap in the middle between
each disc, which is part of the design (see Figure 7-22b) has been successfully
maintained and has not collapsed.
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Gap

Bond area

Figure 7-25. Cross section view of induction bondesample — Stack 3

All discs of the oven-bonded sample were joined successfully. As no susceptor
material was introduced the system’s middle channel is clearly visible as shown
in Figure 7-26.

Middle

channel

Figure 7-26. Oven bonded sample, a) top view and falew from side

The inspection of the cross-sectional area revealed that the whole gap between
the discs had collapsed as shown in Figure 7-27:
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Gap collapsed

Figure 7-27. Cross section view of oven bonded satap

Thermo-compression bonding is known to have a narrow processing window

which would require some effort to find.

It can be concluded that induction bonding appears to be feasible for multi layer
bonding of microfluidic devices. During the experiments a flat helix coil was
used which lead to a heat concentration in the areas closer to the coil. To get
more homogenous heat dissipation the stack could be placed in the middle of a
cylindrical coil or in between two flat coils. High selectivity helps to avoid
inadvertently destroying features but it is critical to find an efficient technique to
place the susceptor. Total bonding time was less than 30s compared to the
100min needed for oven bonding.
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8 Conclusions & Future Work

The work presented in this thesis has shown that it is possible to seal
microfluidic devices using low frequency induction bonding. It is not
recommended to use whole layer susceptors, but structured susceptors showed
very good results in terms of bond strength and sealing quality.

Analytical equations describing the heating of a susceptor in an induction field
were derived for a simplified situation, to provide the basis for process
optimisation and design rules for the low frequency induction heating (LFIH)
plastics joining technique. The equations predict a sublinear behaviour of heat
generation against heating time, non-linear decrease with increasing working
distance and superlinear increase with increasing generator coil current. The
predictions were consistent with the results of experiments and simulations. It
was found that the model cannot be used to predict exact temperatures but it
correctly describes the effect of the heating parameters on the heating rate.

The shape and area of susceptors were also investigated with respect to their
influence on the heating rate for low frequency induction bonding. Circular
shaped susceptors have the best efficiency and it is important that the

susceptors form a closed circuit.

Cooling effects were considered in association with the heating. Those effects
do not seem to have a major impact on the heating rate at the temperature
regime used during this project (< 250C).

With good coupling, the response time of the heating process was around 2s.
This observation is useful for controlling the bond process (pulsed heating).

Bond parameters such as bonding pressure and pulsed heating were
investigated for their effect on the quality of the bond of induction bonded

PMMA substrates. Higher bonding pressure was identified as increasing bond
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strength and allowing the reduction of heating time and thus the reduction of
melt zone width. The use of heating pulses instead of continuous heating also
reduced the dimensions of melt zones, while providing good bond strength and
high leakage pressure. Such bonded samples withstood an air pressure of
590kPa without leaking. The size of the HAZ was found to be negligible.

To summarise the findings, the following guidelines were drawn up for the

design of susceptors and process optimisation:

* Materials with low resistivity perform better;

* For very thin susceptors the effect of permeability on the heating rate is
negligible;

» The cross-sectional area of the susceptor should be as large as possible
to reduce resistance;

* The thickness of the susceptor should be of the order of the dimensions
of the penetration depth or smaller to increase homogeneity of heat
dissipation;

» The shape of the susceptor should follow the shape of the inductor caoill,
or vice-versa, to increase homogeneity of heat dissipation;

* The susceptor should form a closed circuit;

» Higher bonding pressure leads to stronger bonds and allows reduced
heating times;

* Pulsed heating performs better in terms of limited melt area and good

bond strength.

8.1 Comparison with Other Techniques & Issues to Re  solve

Compared to other sealing techniques induction bonding has many advantages.
If the susceptor is designed to be encapsulated during bonding, no additional
material will be in contact with the processing liquids as might happen with
adhesive bonding. Also, a possible blockage of channels can be easily avoided
by adjusting the bond parameters to limit the melt area width. High selectivity
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leads to bonds only in the desired area in comparison with thermal bonding, but
the susceptor has to be designed and positioned correctly. Multi layer bonding
is possible. The setup is simple and easy to use and no special lab or protective
chamber is needed as it is for example for microwave bonding. Quick bonding
times and very good repeatability are possible, making this technique ideal for

prototyping and a promising alternative for large-scale manufacture.

But there are drawbacks as well. Introducing additional materials leads to
additional process steps. Also, the susceptor was placed manually during this
project and that is not feasible for mass manufacture. It is not possible to
estimate the exact amount of temperature being generated in the workpiece, so
for every design a set of experiments has to be run in order to determine the

best bond parameters.

These points are summarised in Table 8-1:

Table 8-1. Advantages and disadvantages of inductidonding

Advantages Disadvantages

No additional material in contact with | Concept of manufacturing susceptor

processing liquids needed
No blockage of channels Additional process steps
High selectivity Exact temperature not predictable

Multi layer bond possible
Simple and easy to use setup
No extra chamber / lab needed
Very rapid bonding process
Very good repeatability

Ideal for mass manufacture

To be able to use the technique efficiently a concept of manufacturing the
susceptor has to be found to allow precise alignment of complex designs. This
additional process step has to be feasible for mass manufacture. Instead of

moistening the surface of the device, as it was done during this project,
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electrostatic effects can be used to hold the susceptor on place. A reel to reel
feed of metal foil that is stamped out onto the surface of the device also might
be a workable solution. Another concept might be coating the whole device with
a metal layer and structuring that layer by etching or laser machining. During
this project an electroplated nickel layer was structured successfully using a
fibre laser. Unfortunately the adhesion of the nickel layer was not very good so
only larger structures were possible to realise. The idea of filling laser machined
channels with metal powder was also put to the test. Channels with a width and
depth of Imm were filled with nickel powder but it was not possible to heat the
powder sufficiently. This might be due to oxidisation of the nickel particles which

may be avoided by handling the powder in a nitrogen atmosphere.

A concept to apply pressure more homogenously is also needed. The
workbench designed for this project is sufficient for testing the technique but in
order to improve the bond quality the application of pressure must be more
controllable. For large-scale manufacture the working area must be designed in
such a way as to allow high throughput.

If these issues can be addressed appropriately, low frequency induction heating
is an ideal technique for the sealing / packaging of microfluidic systems in large-

scale manufacture.

8.2 Extension of the Process to Interconnection

When sealed the microfluidic device has to be connected to the outer world.
The interconnection was not realised during this project, however, it is not
impossible. Using induction bonding there are two main concepts to achieve
this: the susceptor can be placed at the connector tube’s tip or integrated in the
lid of the microfluidic device (see Figure 8-1). The integrated susceptor would
have the advantage that the tubes used for interconnection do not need special
preparation.
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Connector tube

I I Susceptor

Figure 8-1. Possible design for a) susceptor on amctor tube and b) integrated susceptor

Some issues have to be addressed to be able to utilise induction bonding for
interconnecting microfluidic devices. The susceptor has to be designed / placed
in such a way as to allow plastic — plastic bonds and some sort of pressure has
to be applied during bonding to gain sufficient bond strength. The latter could be
realised by using tubes with a diameter slightly larger than the port or by
inflating the tubes after inserting them.

Another problem is the choice of materials. Very often the tubes are made of
Teflon, but adhesion between Teflon and PMMA is not very good. To be more
flexible in the choice of materials a heat shrink ferrule containing the susceptor
could be part of the microfluidic port. After application of heat the ferrule forms a
pressure seal around the connector tube holding it in place.

For connecting different microfluidic chips in a modular system, induction
heating would be an ideal solution as the approach is not different to the sealing
of microfluidic platforms.

Possible solutions for connecting microfluidic systems to the outer world using
induction bonding are manifold. Certain issues have to be addressed but the
technique could lead to a rapid, low pitch interconnection method, which would
be feasible for mass manufacture as well as use in small medical labs and

hospitals, where the microfluidic chips are used.
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When introducing a new material to a system, as it is done with susceptors for
induction bonding, it is desirable to functionalise that material even after it has
served its main purpose. The susceptor can be designed in such a way as to be
of use after the bonding process.

a) b)

Figure 8-2. Functionalised susceptor: a) as eleatdl connector and b) as heating meander
Figure 8-2 shows two possible designs. The susceptor could work as an
electrical connector in contact with or being sealed from the processing liquid.

Also, it could be designed in form of a heating meander to deliver heat for
specific areas of the microfluidic systems.

Different materials could be used for different applications. But as said above: it

is critical to find a reliable and feasible way of placing the susceptor.
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A2 Test Setup

Does this surface reach
250C ?

\

|
OOOORRDIRD

N

Pancake shaped coill

Foil

The questions we would like to be answered are:

Is it possible to heat up the foils using induction heating?
Does the temperature at top of the foil reach 250C ?
How long does it take to reach 250C?

What is the highest possible temperature?

How long does it take to reach this temperature?
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A3 Differential Scanning Calorimetry (DSC)

Heat Flow (W/g)
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A4 Recipes for Electrolyte Bath

A4.1Watts Nickel Bath

Composition: NiSO4.6H20: 330 g/L
NiCl2.6H20: 45 g/L
H3BO3: 37 g/L

Temperature: 55 C

pH=4

Recommended current density during plating process: 500 A/m2

A4.2Nickel Sulfamate Bath

Composition: Nickel Sulfamate: 350 g/L
H3BO3: 35 g/L

Temperature: 50 C

pH = 3.5

Recommended current density during plating process: 6 A/dm2
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A5 Test Series at Huttinger Elektronik

Time | Output Power | Tmax
[S] [%] of Pmax T
5 20 <75
5 40 <75
5 50 95
5 60 123
5 70 140
5 80 170
5 85 175
7.5 80 195
10 80 195
15 80 210
7.5 85 200
7.5 90 205
7.5 95 218
7.5 100 228
25 100 260
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A6 COMSOL Models

A6.1Eddy Current Model

COMSOL package: AC / DC Module; Quasi-Statics, Magnetic; Azimuthal

Induction Currents, Vector Potential; Time-harmonic analysis

Workpiece: Steel disc
Radius: 100mm
Thickness: 100um
Inductor coil: Point source
Radius: 40mm

Current: 140A or varied 1A-500A
Frequency: 220kHz
Working distance: 60mm or varied 25mm-50mm

A6.2Induction Heating Model

COMSOL package: AC / DC Module; Electro-Thermal Interaction; Azimuthal
Induction Heating; Transient analysis

Workpiece: Steel disc
Radius: 100mm
Thickness: 100um
Inductor coil: Point source
Radius: 40mm

Current: 140A or varied 1A-500A
Frequency: 220kHz

Working distance: 60mm or varied 25mm-50mm
Heating time: 5s or varied 0s-5s
Note: Temperature dependence of resistivity was ignored
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A6.3Modelling Area Effects

COMSOL package: AC / DC Module; Electro-Thermal Interaction; Azimuthal

Induction Heating; Transient analysis

Workpiece: Copper disc
Radius: varied 1Imm-80mm
Thickness: 1mm
Inductor coil: Point source
Radius: 100mm
Current: 2kA
Frequency: 200Hz

Working distance: 20mm
Heating time: 200s
Note: Temperature dependence of resistivity was included

(equation 3-5)

A6.4Modelling Effect of Permeability

COMSOL package: AC / DC Module; Electro-Thermal Interaction; Azimuthal
Induction Heating; Transient analysis

Workpiece: Copper ring
Radius: inner: 3mm
outer: 4.5mm
Thickness: 7.5um; 1mm
Inductor coil: Point source
Radius: 40mm
Current: 490A
Frequency: 220kHz
Working distance: 20mm
Heating time: 10s
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Note: Workpieces’ permeabilities were set to 1 and 100; Temperature
dependence of resistivity was included (equation 3-5)

A6.5Modelling Effect of Air Gaps

COMSOL package: Heat Transfer; Convection and Conduction; Steady-state

analysis

Model design:

Thermal insulator

v~
— T
P

PMMA — [+

Heat source

Ar —
—

Figure 0-1. COMSOL model for simulating heat condution with boundary conditions

PMMA: Size of area: 20mm x 2mm

Air: Size of area: 20mm x [Opum; 5pum; 20pum; 100um]
Heat source: 400K

Heating time: 10s

Note: Thermal conductivity was constant
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