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Kurzfassung

UltraschallheiB3pragen ist eine aufkommende Technik, die die Formgebung von
Thermoplasten in einigen Sekunden ermdglicht. Mit einer Sonotrode, welche mit einem
Werkzeug bestiickt ist und Ultraschallvibrationen einbringt, wird ein Polymerfolienstapel
bis zur Teilschmelze erwarmt und wahrenddessen die Mikrostruktur des Werkszeugs
eingepragt. So wird die Mikrostruktur in wesentlich kirzerer Zeit als beim Spritzgul3-
oder Heil3pragenverfahren produziert.

Das Ziel dieser Arbeit war die Untersuchung unterschiedlicher Herstellungsprozesse fur
HeiBpragewerkzeuge und deren Einflisse auf gepragter Strukturen. In dieser
Doktorarbeit wird zudem kurz diskutiert, wie sich die Energie auf dem Prozess verteilt.
Wenn der Ultraschall erzeugt wird, wird die eingebrachte Energie hauptsachlich in die
Sonotrode, die Polymerfolien, das Werkzeug und den Amboss Ubertragen und von
diesem aufgenommen. An dieser Grenzflache wird der Ultraschall reflektiert und tragt
erneut zur Erzeugung lokaler Warme bei. Die Analyse der Ultraschall-Energieverteilung
basiert auf Messungen der Werkzeug- und der Mikrostrukturtemperatur in den
Polymeren. Pragewerkzeuge aus Aluminium, Nickel, Stahl, Polykarbonat (PC) und
Polyetheretherketon (PEEK) wurden herstellt und mit Polyethylen hoher Dichte (HDPE)
abgepragt. Abkuhlgeschwindigkeiten unterschiedlicher Werkzeugmaterialien wurden
verglichen, wohin gegen die Ultraschall-Energieverteilung n den gepragten
Polymerfolien und den Werkzeugen berechnet wurde.

Pragewerkzeuge mit grof3er akustischer Impedanz gegeniber dem gepragten Polymer
reflektieren  mehr Ultraschall, womit Polymer-Schmelze schneller erfolgt.
Pragewerkzeuge mit grol3er Warmeleitfahigkeit haben schnellere
Abkuhlgeschwindigkeiten nach dem Pragen zur Folge, wahrend mit geringerer
Warmekapazitdt und Dichte eine hdhere Werkzeugtemperatur erreicht wird. Eine
Isolierung an der Grenzflache zwischen dem Werkzeug und dem Amboss beeinflusst
ebenfalls Werkzeugtemperatur und die Abkuhlgeschwindigkeit. Folglich stellt
Aluminium das geeigneteste Material fur Sonotroden dar, wahrend Nickel und Stahl
geeigneter als Material fir das Werkzeug sind. Werkzeuge aus PC und PEEK haben
eine beschrankte Lebensdauer fiur das UltraschallheiBpragen und stellen keine
geeigneten Alternativen.

Unterschiedliche Herstellungsverfahren wurden fur die Ultraschallhei3prage-Werkzeuge
gewéhlt. Diese waren das Frasen, die Nickel-Galvanik, die Lithographie und das
Silizium-Atzen. Neue Kombinationen aus diesen Methoden wurden hierbei auch
entwickelt, etwa um ein Werkzeug mit mehrstufigen Strukturen zu erzeugen.
Bedienschritte, Prozessparameter, Herausforderungen, VorsichtmaRnahmen, Vor- und
Nachteile von diesen Methoden wurden diskutiert und verglichen. Darunter ist das
Frasen die aussichtsreichste Methode fur die Herstellung von Werkzeugen, denn mit
diesem Verfahren kdnnen dreidimensionale Strukturen mit einer Hohe von mehr als
einigen 100 Mikrometern und einer Breite von unter 50 Mikrometern hergestellt werden.
AuBBerdem ist die Nickel-Galvanik anwendbar, um Werkzeuge herzustellenderen
Abmal3e weniger als 50 Mikrometer betragensollen. Die Schablonen fir die Nickel-
Galvanik wurden mit Lithographie und Silizium-Atzen vorbereitet. Amorphe Metall-
Legierungenwurden zudem ausprobiert, um das Werkzeug herzustellen. Ihre Eignung
und der Grund ihres Versagens wurden zudem in dieser Arbeit diskutiert.

Einige Mikrosysteme wurden entwickelt und hergestellt. Dadurch wurde die Herstellung
des Werkzeugs fur dreidimensionale Mikrostrukturen durch das Ultraschallheil3pragen
demonstriert. Die Designideen, der Prozess der Herstellung und die Leistungsfahigkeit



wurden vorgestellt. Eine Fresnel-Linse wurde hierbei zum ersten Mal durch das
Ultraschalheil3pragen hergestellt. AuRRerdem wurden Mikrodisen, die fiur Gas- /
Flussigkeitsdispersion genutzt wurden, mit einem Durchmesser von 150 um und
250 ym, mittels des UltraschallheiBpragens und Schweillens hergestellt. Die
Mikrodisen konnten Belastungen von 29 MPa und 2.5 MPa bei 20 °C bzw. 90 °C
standhalten. Die Fahigkeit zur mehrphasigen Ausbreitung wurde auch demonstriert.
Eine spiralférmige elektronische Spule fir ein MID (Molded Interconnect Device), wurde
auch per Ultraschallhei3préagen hergestellt. Die Oberflache der Spirale war nicht flach,
sondern gebogen und die Kurve der Spirale war entlang einer dreidimensionalen Kurve
dezentralisiert. Die berechneten und gemessenen Resonanzimpedanzen von dieser
Spule, kombiniert mit einem Kondensator, sind 1,6 MHz beziehungsweise 1,65 MHz.
Einige Polymeroberflachen wurden mit Werkzeugen gepréagt, die mit Réntgenlithografie,
Nickel-Galvanik und dem Frasen von Aluminium mit unterschiedlich gestalteten
Mikrostrukturen zur Erzeugung von hydrophoben Oberflachen hergestellt wurden. Das
Benetzungsverhalten der gepragten Oberflachen wurde per Kontaktwinkelmessung
untersucht. Die Oberflache des Werkzeugs, welches mit dem LIGA-Verfahren
(beinhaltet folgende Verfahrensschritte: Lithografie, Galvanik und Abformung)
hergestellt wurde, erwies sich als wasserabweisender als die, die mit einem Aluminium-
Werkzeug gepragt wurde. Das Kontaktregime der gepragten Oberflachen wurde auch
theoretisch fur die beiden Werkzeugtypen analysiert. Die letzte Anwendung war die
Herstellung eines Werkzeugs fur das Ultraschallhei3pragen von Nanostrukturen in PC-,
Polymethylmethacrylat- (PMMA) und Polylactid- (PLA) Folien. Die Herausforderungen
und Losungsfindungen fur das  UltraschallheiBpragen und die Herstellung des
Werkzeugs wurden dazu vorgestellt. AbschlieBend wurden die Nanostrukturen
erfolgreich in das Thermoplast gepragt.



Abstract

Ultrasonic hot embossing is an emerging technology enabling molding of thermoplastic
polymers in seconds. A stack of polymer foils is heated by the friction between the foils
and protruding microstructures on a tool when ultrasonic vibrations are generated by a
sonotrode. The polymer is molten and adapts to the shape of the microstructures on the
tool. Thus, a micro structure is generated in much shorter time than by injection molding
or hot embossing.

The objective of this work was investigating how tools for ultrasonic hot embossing can
be fabricated and what is the influence of the tool on the process. How the embossing
energy is distributed in the whole process is briefly discussed in this thesis. When
ultrasound is generated, the induced energy is mainly transferred to and absorbed in
sonotrode, polymer stack, tool and anvil. At the interfaces, ultrasound is reflected and,
this way, re-contributing to heat generation. Ultrasonic energy distribution analyses are
based on temperature measurements in the embossing tools and dimension
measurements on the embossed polymer micro structures. Embossing tools from
aluminum, nickel, steel, polycarbonate (PC) and polyether ether ketone (PEEK) were
produced and embossed with high density polyethylene (HDPE). The cooling rates of
different tools are compared while the energy distributed into embossed polymer and
embossing tool was roughly calculated. Embossing tools with larger acoustic
impedance compared to the embossed polymer reflect more ultrasound back to the
polymer for melting. Embossing tools with higher heat conduction result in a faster
cooling rate after embossing while with less heat capacity and density a higher peak
temperature is achieved. The isolation at the interface between embossing tool and
anvil affects the tool temperature and its cooling rate. Consequently, aluminum is more
suitable for the sonotrode while nickel and steel are suitable for the tool. Embossing
tools from PC and PEEK have shown limited lifetimes for ultrasonic hot embossing and,
therefore, are no appropriate alternative.

Various ways have been attempted to fabricate ultrasonic hot embossing tools. They
are milling, nickel electroplating, lithography and silicon etching. New combinations of
these ways were also developed to fabricate a tool with multi-level structures or enlarge
the tool size. The operating steps, process parameters, challenges, precautions,
advantages and disadvantages of these fabrication ways are discussed and compared.
Among them, milling is the most promising way producing embossing tools allowing
three-dimensional micro structures, up to more than several hundred micrometers in
height and down to 50 um in width. Besides, nickel electroplating was applicable to
produce the tools with structure dimensions of less than 50 um. The templates for
electroplating were prepared by lithography and silicon etching. Liquid metals were also
prepared to be employed as embossing tool. Their performance and the reasons of
failure are discussed.

Several micro devices were developed and fabricated demonstrating the fabrication of
tools for ultrasonic hot embossing of three-dimensional micro structures. Design idea,
production process and performance are introduced. A Fresnel lens was produced by
ultrasonic hot embossing for the first time. Micro nozzles, 150 and 250 um in diameter,
which were used for gas/liquid dispersion, were produced by ultrasonic hot embossing
and welding. The nozzle could sustain pressures as high as 29 MPa and 2.5 MPa at
20°C and 90°C, respectively. The multi-phase dispersing ability was also proven. An
electronic spiral coil forming a molded interconnect device (MID) was fabricated by
ultrasonic hot embossing. The surface of the coil was not flat but bowed and the coil line



was distributed along a three-dimensional spiral curve. The calculated and measured
resonance frequencies of this coil combined with a capacitor were 1.6 MHz and
1.65 MHz, respectively. Several polymer surfaces were embossed with tools fabricated
by x-ray lithography and electroplating of nickel and milling of aluminum with different
structures designs for hydrophobic surfaces. The wettability of the embossed surface
was investigated by contact angle measurements. The polymer surface embossed from
the x-ray lithography and electroplating of nickel tool turned out being more hydrophobic
than the one embossed from the aluminum tool. The contact regimes of the embossed
surface from the two embossing tools were also theoretically analyzed. The last
application was the ultrasonic hot embossing of nanostructures, 600 nm in height, on
PC and poly methyl methacrylate (PMMA) and poly (lactic acid) foils. The challenges
and the solutions in ultrasonic hot embossing with this tool are introduced. Finally, the
nanostructures were successfully embossed into these polymers.
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Abbreviations

The abbreviations in this thesis are listed in the following table:

PMMA
PVDF
PVC
PA 6
PC
PEEK
PS
HDPE
PP
PET
PLA
PPHM
SAN

Al
Ni
St235JR

St1.2343

Ni(SO3N2)2

NiCl,'6'H,0O
DMF
SDS
EBL
FIB
UECM

UEDM

Polymethylmethacrylate
Polyvinylidene fluoride
Polyvinyl chloride

Polyamide

Polycarbonate

Polyether ether ketone
Polystyrene

High density polyethylene
Polypropylene

Polyethylene terephthalate
Poly (lactic acid)

PP with high Young’s modulus
styrene-acrylonitrile

Aluminum

Nickel

Structural steel 235JR

Alloy tool steel 1.2343

Nickel sulfamate

Nickel chloride
Dimethylfomrmamide

Sodium dodecyl sulfate
Electron beam writing lithography
Focused ion beam lithography
Micro electrochemical machining

Micro electro discharge machining




CVL
BOLDT

Loctite steel
epoxy

Loctite
aluminum

epoxy
Blue magic
Durabond

LIGA

Copper vapor laser

BOLDT Turbocoll 2000 repair adhesive

Loctite EA 3472 steel metal-filled Epoxy

Loctite EA 3479 Al metal-filled Epoxy

Blue Magic Cargo thermosteel

Durabond™ 7032 Stainless Putty

German

Shortname of Lithographie, Galvanik und Abformung in

Notation and symbols
The symbols from equations in this thesis are listed in the following table:

Symbols Definition Unit

T Calculated temperature of embossing tool °C

Tq Glass transition temperature °C

Tm Melting temperature °C

Ao Measured peak temperature of embossing tool °C

To Measured environmental temperature of embossing tool |°C

T Time constant S

T Time constant S

T Time constant S

E Young's modulus/elastic modulus GPa

Eo Original energy input in the embossing process J

Er Reflected energy at metal and polymer interface J

Ep Energy required for heating polymer J

Er Energy required for heating embossing tool J

Eth Energy transmitted through polymer and embossing tool |J

K Thermal conductivity W/(m-K)

Cpo Specific heat capacity J/(g K)

Z Acoustic impedance 10°-kg/(s-m?)
ZHDPE Acoustic impedance of HDPE 10°-kg/(s-m?)
Zm Material acoustic impedance 10°-kg/(s-m?)
P Density glem?®

Y, Material volume mm?

R? Reflection intensity between two different materials

R2,_oee Reflection intensity at the interface of Al sonotrode and

HDPE




RIiDPE—AI

R l2—|DPE—Ni

R ili—AI

R l2—|DPE—St235JR
R l2—|DPE—St1.2343R
RI%IDPE—PC
RliDPE—PEEK

R §t235JR—AI

2
R St1.2343-Al

Hiy
H>
S
a

>

>

— Qo T O rramTm=-

- X
®

Reflection intensity at the interface of HDPE and the Al
embossing tool

Reflection intensity at the interface of HDPE and the
Nickel embossing tool

Reflection intensity at the interface of Ni embossing tool
and the Al anvil

Reflection intensity at the interface of HDPE and the
St235JR embossing tool

Reflection intensity at the interface of HDPE and the
St1.2343 embossing tool

Reflection intensity at the interface of HDPE and the PC
embossing tool

Reflection intensity at the interface of HDPE and the
PEEK embossing tool

Reflection intensity at the interface of St235JR
embossing tool and the Al anvil

Reflection intensity at the interface of St1.2343
embossing tool and the Al anvil

Structure height

Bottom thickness

Thickness of deposited nickel layer

current efficiency

Surface area

Lasting time for electroplating

Current density

Ultimate applied load

Flexural strength

Span length of specimen

Displacement of specimen

Width of specimen

Thickness of specimen

area momentum of ineria

Reynold number

Resonance frequency of oscillator

Coil inductance

Capacitor capacitance

Contact angle on a flat surface

Contact angle from Wenzel contact regime
Contact angle from Cassie contact regime
Surface roughness factor

Height of columns

Columns diameter

Pit interval

Surface fraction

pm
um
mm

dm
A/dm?

MPa

mm
mm

MHz
nH
nF

pm
pm
um




1. Introduction

In the past decades, versatile ways based on polymer replication have been develop-
ed for producing microsystems. The basic idea of replication by molding is to deform
the polymer at a certain temperature to transfer a microstructure from an original
mold (tool) to polymer. There are three main options for replication: injection molding,
thermoforming, and hot embossing [1]. Besides these, reaction injection molding and
injection compression molding were developed.

In between, injection molding is a process transferring thermoplastic granules into a
heated barrel to melt and soft the polymer [2]. The material is pressed inside a mold
at a holding pressure for a proper time. Later the mold temperature is raised over the
glass transition temperature (Ty) of the polymer to solidify the material and the
molded parts are ejected. Typical examples produced by injection compression
molding are compact disc CD and digital versatile disc (DVD) [3]. Advantages of
injection molding are short cycle times [4], cost effective for mass production [4], and
accurate shape replication in precise dimensions [5]. But the limits of this process
include high initial investment cost of both molding equipment and master, strict
mechanism requirement [6], especially the thermal resistance since the operating
temperature of injection molding is higher than the one of hot embossing [7].

Thermoforming is realized by pressing thin plastic films onto a microstructure on the
tool with compressed hot gas [8]. One application of thermoforming is producing a
single use capillary electrophoresis (CE) chip [9]. This approach is low-cost and
simple to manage and only the polymer film is heated up. However, micro structures
with large aspect ratios (the ratio of the structure height to the smallest lateral
dimensions) cannot be produced by thermoforming because the polymer cannot be
heated too much to copy the structures or otherwise the polymer would become
permeable when gas blows it onto the mold [10].

Hot embossing, which was first implemented to replicated hologram motion pictures
of a television in USA in 1970 [11], is employed nowadays for many applications from
large volume to tiny structures [12]. The basic principle of hot embossing is firstly
heating the tool up to the T4 of the polymer, then compressing the polymer in the
mold, and keeping the pressing force a certain time. After the tool is cooled down to a
certain temperature below Ty, the molded parts are separated from the embossing
tool [12]. The cost of hot embossing is cheaper than for injection molding, because
the expense for the tool is reduced, e.g., typical CD fabrication costs are about
US$ 0.01/cm? while hot embossed foils costs around US$ 0.001/cm? [13]. The
temperature of hot embossing tools is also less than the one of injection molding [7]
and the residual stress in the polymer is less because the polymer flowing distance is
less [14]. However, shortcoming of hot embossing is still noticeable: the embossing
mold has to be robust to endure the cycles of heating and cooling, which also takes
several minutes and the embossing microstructure should have a aspect ratio of
more than 0.5.

Even though injection molding and hot embossing possess many advantages in
microsystem fabrication and the cycle time is in the order of a few minutes, invest-
ment and tooling costs are so high that these processes are employed only for
research and large-scale production. In recent 15 years, it has been discovered that
the heating and cooling speed of hot embossing is increased when ultrasonic
vibrations are applied [15].



Embossing is possible and even faster, when heating is achieved only by ultrasound
[16]. The new process was named ultrasonic hot embossing. The polymer is com-
pressed between the sonotrode of an ultrasonic welding machine and a micro pat-
terned tool; ultrasound is generating friction heat and, this way, softening the polymer.
Similar as in hot embossing, the polymer adapts to the shape of the tool after switch-
ing off the ultrasonic vibrations and cooling down. The heating and cooling efficiency
is very high compared to injection molding and hot embossing because only the
polymer instead of the entire embossing tool is heated. Thus the advantages of ultra-
sonic hot embossing are cycle times of a few seconds; low cost [16] and high flexi-
bility concerning new designs. The limits of ultrasonic hot embossing are caused by
the temperature management of sonotrode and tool, the available force and ultra-
sonic power, the size of the sonotrode, and the properties of the tool. On the other
hand, the minimum dimension realized by ultrasonic hot embossing is around 1 pm
[17] and is larger than the limit structures produced by hot embossing achieving
25 nm [18]. Micro structures and systems for a variety of applications have been
produced successfully already by ultrasonic hot embossing [16, 19].

The purpose of this thesis was investigating what kinds of tools are suitable for ultra-
sonic hot embossing and what are the process limitations caused by the tool. Both
tool's mechanical and thermal properties were considered.

Firstly, in Chapter 3, the performance of the embossing tool from three kinds of
metals, aluminum, steel and nickel, and from two polymers, PC and PEEK, were
compared by ultrasonic hot embossing of HDPE. The impact of ultrasound on the
embossing result is discussed considering the propagation of heat and acoustic
energy. The influence of tool properties on ultrasonic hot embossing was investigated
by the dimensions of embossed structures and temperature measuring inside of
embossing tools combined with some theoretical considerations. By analyzing the
energy distribution in the whole hot embossing process, the mechanism of ultrasonic
hot embossing is discussed.

In Chapter 4, the fabrication of tools for ultrasonic hot embossing from diverse materi-
als and by different processes are described and compared. The performances of the
tools generated that way were evaluated by the embossing results of polymers.

The fabrication of 3-dimensional structures with dimensions ranging from several mm
down to hundreds nm produced by ultrasonic hot embossing are introduced in Chap-
ter 5. The design of micro structures, the process of fabrication and the results are
demonstrated. Furthermore, the corresponding mechanical or electrical properties of
embossed structures are tested and compared here as well.



2. Development of ultrasonic hot embossing

2.1 Ultrasonic welding development

Ultrasound has many applications in industry. In 1974, it was firstly applied for mold-
ing acrylic and vinyl powders without external heat [20]. In later decades, ultrasound
was employed welding thermoplastic structures, e.g., polyether ether ketone (PEEK)
graphite composite and polypropylene (PP) parts separately [21, 22]. Not only micro
parts from the same polymer but also the parts from different types of polymers can
be welded. In [19], it has been investigated which kinds of polymers can be welded
with each other. The combinations of several polymers which can be joined by
ultrasonic welding has been listed in a table, in which styrene-acrylonitrile (SAN) and
poly (lactic acid) (PLA) show excellent welding ability to various other polymers. In
Table 2.1, there is shown a list of such polymers which have been used in this thesis.

Table 2.1: Thermoplastic polymers [23-31]

Glass transition Melting tem-

Polymer name Abbreviation temperature [°C]  perature [°C]
Polymethylmethacrylate PMMA 104-105 175
Polyvinylidene fluoride PVDF -30 174
Polyvinyl chloride PVC 81 200
Polyamide PA 6 50.5 220
Polycarbonate PC 150 220-260
Polyether ether ketone PEEK 145 395
Polystyrene PS 90-100 289
High density polyethylene HDPE -110 126-135
Polypropylene PP 0--10 160-170
Polyethylene terephthalate PET 98 250-260
Poly (lactic acid) PLA 55 175

Beside this, aluminum alloy has been welded to titanium and copper alloy by ultra-
sonic vibrations with no intermetallic layer reaction [32, 33]. A thin metal wire, applied
as electrical connections, was welded into polymer as well by ultrasonic vibrations
[19]. Ultrasonic welding provides perfect bonding strength between polymer joints by
melting energy directors. Take the welded mirco channel (480 um in diameter) for
example , the mean pressures which could be applied before leakage was observed
were 2.9 MPa and 2.5 MPa at 20°C and 90°C, respectively. Vibrating aptitude, force,
and holding time of the welding process significantly contribute to the welding result
and another key factor is the arrangement of energy directors. In industry the tube of
toothpaste and car dashboards are examples of products joined by ultrasonic welding

3



[19]. Sample flasks requiring hermetic seals and anesthesia filter are other
applications of ultrasonic welding in medical fields [34]. Ultrasonic welding and also
ultrasonic hot embossing can be applied to almost all thermoplastic polymers.

2.2 Ultrasonic hot embossing developments

Entering into the 21% century, functional pattern surfaces produced by ultrasonic hot
embossing appeared, as summarized in Table 2.2 and some photos of the patterns
are shown in Figure 2.1. Different feature types with dimensions in the micro meter
scale had been generated on many polymers and the embossing parameters are
shown in Table 2.2. The surface morphology modification was achieved in just a few
seconds. In addition, ultrasonic vibration has been combined with nanoimprint
technology at room temperature to imprint PET sheets with channel length from
500 nm to 10 um and depths of 1 um. The patterns were uniform and they were
fabricated in one minute [35]. Superhydrophobic surfaces with micro channels (width:
30 pm, depth: 50 um) were also produced by an ultrasonic imprinting system and a
maximum contact angle of the embossed surface from PMMA of 152.2° had been
achieved [36].

Table 2.2: Surfaces patterned by ultrasonic hot embossing

Feature Feature size Embosse | Best embossing Reference
type d material | parameters
Pyramids | Base length: 1 mm x PMMA, Embossing pressure: | [37]

1 mm PVC, PE | 450 kPa, embossing

and PP time: 0.6 s

Pyramids | Entrance length: 100- | PMMA, Embossing force: [15]

530 um, depth: PC 0.5 KN, embossing

260 pm time: 60 s
Square Length: 70x70 pum, PMMA Vibrating amplitude: [38]
pillar and | depth: 50 um 20 pm, embossing
pore time, 2.5 s (pore) and
arrays 2 s (pillar)
V shape Angle:120°, channel PMMA Embossing pressure: | [39]
channel length:20 mm 300 kPa,

vibrating time:1 s

Hierarchic | Base square width: PE Embossing force: [17]
al square | 20x20 um, height: 690 N,
pillar 20 pum, top structure embossing time: 3 s
arrays width: 1x1 um, height:

600 nm
Micro Edge length: 300 pm, | PS [40]
square height: 150 pum
well
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Figure 2.1: Micro patterned surface: (a) 1 pm nanostructure on 20 um micro
structures [17], (b) micro V shape channels [39]. Reprinted with permission from IPO
publishing and Elsevier.

2.3 Ultrasonic hot embossing of microsystems

At KEW, ultrasonic hot embossing has been widely used. The schematic drawing of
the ultrasonic hot embossing process on a tool with a patterned surface is demon-
strated in Figure 2.2. The whole process is divided into the following steps:

1)

2)

3)

4)

5)

Pre-embossing: The sonotrode of an ultrasonic welding machine is pressing poly-
mer foils onto a tool with protruding micro structures on its surface.

Triggering: After the sonotrode contacts the polymer, the pressing force of the
sonotrode increases until reaching a certain trigger force.

Embossing: Embossing starts with ultrasonic vibrations for a preset embossing
time. Friction between the protruding micro structures and the polymer and be-
tween the different polymer layers generates heat softening the polymer. The
softened polymer then adapts to the shape of the micro structures on the tool.

Holding: Ultrasonic vibrations stop but the sonotrode still keeps pressing the
molded polymer with a certain force. The purpose of this is to make sure that the
structures are fully solidified and molded.

Demolding: The sonotrode moves up and the molded part is ejected. The diffe-
rent polymer layers have been unified to a single piece where heat has been
generated.

As shown in Figure 2.2, the whole process of ultrasonic hot embossing is completed
typically in less than 2 s. This is shorter than the cycle times of variotherm processes
required for hot embossing and injection molding of micro structures, which last
several minutes [4].
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Figure 2.2: Ultrasonic hot embossing process.

Several microsystems, such as an anemometric flow sensor [41], micro fluidic sys-
tems [42], a micro pump [16] and micro valves [42, 43] have been produced by
ultrasonic hot embossing in recent years. The anemometric flow sensor fabricated by
ultrasonic hot embossing and welding was published in 2008 and is shown in Figure
2.3 a. A trapezoid channel with height, width and length of 500 pm, 500 um and 1 cm,
respectively, and a taper angle of 60° was embossed into PP foils in 300 ms and was
enclosed with another PP film by ultrasonic welding in 180 ms. A gold wire was fixed
in the middle of the channel before welding the lid film. It caused friction heat in its
surrounding during welding and was enclosed by polymer. The whole production of
this flow sensor lasted only 1-2 s. The sensor was proven being suitable for the mea-
surement of liquid flows.

Later a heat exchanger with three layers of micro channels from PVDF was produced.
The micro channels (400 um in depth and 600 pm in width) were ultrasonically em-
bossed into polymer layers and then three layers with micro channels were welded
on top of each other (cf. Figure 2.3 b) to realize a 3-dimensional fluidic channel
connection. The inlet and outlets of the channels were welded at the same time to
avoid additional fabrication steps. Energy directors along the channels were 150 um
in width with a ball-shape on top. When fabricated with an embossing time and
welding time of 290 ms and 100 ms, respectively, the sealed channel sustained a
pressure of 200 kPa.

The micro pump shown in Figure 2.3 ¢ was driven by a membrane (14 mm in dia-
meter) closing a micro chamber which had been ultrasonically embossed into PVC
foils in 490 ms. The membrane was welded in 350 ms with a protruding bar as the
energy director to construct a sealed volume.

A micro valve with an electromagnetic drive was produced by ultrasonic hot emboss-
ing as well, with outer dimensions of 3.6 mm and 17 mm in height and diameter,
respectively. The whole cycle time was approximately 5 s, while the embossing time
was less than 1s. The upper and lower housing of it were fabricated from PVDF.
Two magnets and copper coils were assembled inside the housings, which were
welded later by ultrasonic welding. By the same time, the electrical connections to the
coils were also ultrasonically welded into the PVDF. The micro valve is bi-stable with
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a maximum inlet pressure of 125 kPa and the switching electrical power was only
200 mJ at 15 V. The whole valve is seen in Figure 2.3 d.

Figure 2.3: Microsystems produced by ultrasonic hot embossing: (a) anemometric
flow sensor [41]; (b) cut through of a heat exchanger [42]; (c) micro pump [16]; (d) bi-
stable micro valve driven by an electromagnetic field [43].

Other applications of ultrasonic hot embossing are patterning conductive polymer
yarns [44] and electrical circuit boards [45], shown in Figure 2.4. The purpose of
patterning a conductive filament is to fabricate sensors for ropes to detect overload-
ing. The sensors consist of predetermined breaking points in polymer yarns ultra-
sonically hot embossed in 0.1 s. The filaments were covered with a silver layer and a
layer of polyurethane for insolation to the environment. When the rope is overloaded,
the breaking point is torn before the rope is destroyed and this can be detected by
measuring the electrical resistance of the whole polymer yarn.

The electrical circuit board fabricated by ultrasonic hot embossing was realized on a
composited metal-polymer foil, where the polymer foils had been glued onto the
metal layer, e.g., copper foils, 20 um in thickness. The metal layer was displaced into
the insulating polymer by ultrasonic hot embossing to form different conductive levels
and isolated layers. The pattern of the embossing tool is critical for the design of the
electrical board as the arrangement of electronic elements should be decided before
the tool is fabricated. Ultrasonic welding was following as shown in Figure 2.5. An
anisotropic conductive foil was laid between embossed layers and electronic ele-
ments. The conductive foil is a thermoplastic polymer filled with randomly distributed
conductive particles and is only conductive in the direction vertical to its surface but
not in lateral direction. The anisotropic conductive foil was ultrasonically welded to
the electronic elements on one side and to the embossed circuit board on the oppo-
site side with a welding time of 0.3 s.
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Figure 2.4: Applications of ultrasonic hot embossing: (a) Predetermined breaking
point in a PA filament [44]; (b) electrical circuit board [45].
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Figure 2.5: Ultrasonic welding of an electrical circuit board [45].

2.4 Limits and challenges for ultrasonic hot embossing

While ultrasonic hot embossing has been continually developed, there are still some
challenges:

1. Temperature control: The temperature of sonotrode and tool significantly influence
the embossing result. The temperature is a function of environment and ultrasound
frequency [18]. As a consequence, the reproducibility of the process is limited.

2. Dimensions of embossed area: The area ultrasonically hot embossed in a single
process step is limited by the dimensions of the sonotrode. At KEp, circular and
rectangular sonotrodes are used. Their dimensions are 40 mm in diameter and 40
and 60 mm in width and length (cf. Figure 2.6), respectively. There are larger sono-
trodes on the market; however, the larger the sonotrode’s end face the smaller is the
energy density available for heating the polymer.

3. Limited ultrasonic power: The output power of an ultrasonic welding machine can
be too small for ultrasonic hot embossing of micro structures on a large area and for
a polymer with high glass transition temperature. In this case, auxiliary heating of the
embossing tool is required. It has been proven that the solidification of polymer is
retarded when applying a heated tool facilitating filling of micro structures [19]. It is
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worth to mention that the extra heating temperature does not need to be as high as
the one required for injection molding and hot embossing.

4. Minimum structure height: As far as what has been published, the achieved mini-
mum dimension generated by ultrasonic hot embossing is 1 um [17].

5. Design limitations: Attention has to be paid to micro cavity filling in ultrasonic hot
embossing. The cavity to be filled must be surrounded by neighboring protruding
structures on the tool providing molten
polymer which can flow into the cavity
[16].

6. Tool: The design of micro structures
generated by ultrasonic hot emboss-
ing and welding is also limited by the
tool. The tool needs to show the de-
sired shape of the micro structures
and withstand the forces and tempera-
tures occurring during fabrication. Be-
sides this, the tool needs to reflect the
ultrasound and to conduct the gene-
rated heat away from the polymer.

A lot of future developments for ultra-

sonic hot embossing are possible.

Nano structures, e. g., waveguides Figure 2.6: Two types of ultrasonic emboss-
and nano-fluidic systems for lab-on- ing sonotrods employed at KEp.

chip fabrication are supposed to be

designed. Another prospect could be more complex 3-dimensional structures
produced by a sonotrode with structures. Figure 2.7 shows micro structures milled
into the sonotrode end face. This is possible as long as the resonance frequency of
the sonotrode is not altered too much. Such a sonotrode with micro channels down to
30 um in width had been used for ultrasonic nano imprinting into PMMA (cf. Figure
2.7 a) [36]. For producing predetermined breaking points in polymer yarns, a
sonotrode with a single protruding bar (width: 500 um and height: 800 um) was used
[44] and is shown in Figure 2.7 b.

Protruding bar

Figure 2.7: Ultrasonic sonotrode produced with structures: (a) micro channels [36],
Repringted with permission from IPO publishing; (b) single bar [46]



A lot of research has been done on injection molding and hot embossing, but the
exploration of ultrasonic hot embossing is still at its beginning. There is no doubt that
the ultrasound is assisting to melt the polymer and reducing the cycle time [15]. On
the one hand, the heat generated from ultrasound stems from friction within polymer
and between tool and polymer. When high frequency acoustic waves transfer through
polymer foils, asperities on polymer surfaces are vibrated, accompanied with com-
pressing, squeezing and slipping away with each other, leading to great friction and
heat between polymer foils. This generated heat therefore increases the polymer
temperature. When the temperature increases over the glass transition temperature
T4 of the polymer, melting happens. Therefore, only the molded area is heated up by
ultrasonic hot embossing, the shrinkage of molded parts is less compared to injection
molding and hot embossing. On the other hand, the longitudinal acoustic wave addi-
tionally spreads vertically to the pattern side of molding, thus helping the polymer
flowing inside the mold pattern to improve the molding precision [15]. In basic
ultrasonic hot embossing, heating of the embossing tool is not necessary anymore
and, as a consequence, the process time is reduced.

When ultrasound propagates, on the one hand, not only the embossed polymer but
also the sonotrode, the embossing tool and even the anvil are absorbing the acoustic
wave during embossing. The absorbed energy is removed from the ultrasonic wave
and transformed into heat [47]. It is attractive to identify the energy distribution during
the whole process, for instance, how much of the energy has been converted from
ultrasound into heat and how much heat is absorbed in each construction parts etc.
On the other hand, at the interface of two media, sound waves are partly reflected
backwards and the rest keeps traveling while some of them are lost. It is also curious
and necessary to analyze how much of the wave’s power is transferred, reflected and
lost through the two media interfaces. All these discussions are presented in the fol-
lowing chapters.

10



3. Embossing tool evaluation during ultrasonic hot
embossing

Ultrasound used in hot embossing has a frequency higher than 10 kHz: 20 kHz and
35 kHz are often used [40, 48]. When ultrasound is propagating inside a material, it is
absorbed and attenuated. Acoustic absorption is caused by the conversion of
acoustic energy to heat while attenuation is due to spreading or dissipation of the
acoustic energy in the material. Both processes lead to a reduction of the ultrasound
wave amplitude.

In an experiment described in literature [47], an ultrasonic pulse at 10 MHz was
transmitted into a PP disk, 3 mm in thickness, by a transducer and the same trans-
ducer was employed recording the acoustic signals reflected back and forth at the
surfaces of the plate. An oscilloscope image of the ultrasound is shown in Figure 3.1,
where the interval between successive reflection implies the wave longitudinal
velocity and the attenuation is seen from the ratio of the intensity of two successive
reflections. The timing and the amplitude of the wave in Figure 3.1 are considered
being due to sound speed and attenuation. This provides a hint how ultrasound
propagates inside of the material, influencing the embossing result. The acoustic
wave is reflected back and forth in the polymer and its amplitude is reduced both by
absorption and attenuation. Absorption of the acoustic power in the polymer is de-
sired because it contributes to heating and softening, but the energy lost by energy
transmitted into the environment should be avoided as much as possible.

N
Propagation Q\

Reflection

Figure 3.1: Ultrasound pulse-echo pattern obtain at 10 MHz in a PP plate, horizontal
scale is 2 ps/division [47].

3.1. Purpose of the work

For ultrasonic hot embossing, ultrasonic vibrations are conducted into the polymer
stack via the sonotrode and result in heat generated at the interfaces between the
different layers (seen in Figure 3.2) by friction and inside of the layers by absorption.
It is easy to recognize that not only the embossed material (polymers) but also the
embossing tool and anvil are reached by ultrasound. A portion of the generated heat
melts the polymer which adapts to the shape of micro structures on the surface of the
tool while some other parts of the energy heat up the sonotrode and the embossing
tool. After the ultrasound has been switched off, the heat is conducted away from the
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polymer through sonotrode, tool, and anvil. Meanwhile, the ultrasound scatters into
the air as well.

At the interfaces, ultrasound is reflected, transmitted, and absorbed generating
friction heat. Reflected ultrasound also contributes to the ultrasonic power available
for ab-

sorption. Ultrasonic absorp-
tion, Young’s modulus, friction  ggnotrode

coefficient, acoustical imped- Reflection ~ Two-media

ance, density, and viscosity Interfaces:

are all a function of the tem- Polymer .

perature quickly rising during stack Scattering

the process. Besides this, the / ~Sonotrode-polymer
geometry is changing while I 666§

the polymer is adapting to the R — « Polymer-polymer

microstructures on the tool.

o e Transmission ==
Therefore, it is difficult calcu- 55} « Polymer-tool
lating or at least estimating >
: . Tool po2 :
the influence of the properties : «= Tool-anvil

of the involved parts such as F 2o
Anvil
polymer and tool.

Ap—

In this situation, it has been Figure 3.2: Propagation of the acoustic wave during

attempted estimating the en- yjtrasonic hot embossing.
ergy distribution and conduc-

tion during ultrasonic hot embossing. The investigations include:

1) measuring the temperature of the embossing tool to identify energy transmitting
through polymer and tool,

2) measuring the dimensions of embossed structures,
3) calculating approximately the energy distribution during the embossing process.

All the ultrasonic hot embossing processes in this chapter were carried out by an
ultrasonic welding machine: Herrmann Ultrasonics (HiQ DIALOG 1200), by which the
embossing force, amplitude, energy and time etc. were set up and recorded automa-
tically.

3.2. Embossing tools from metals

3.2.1 Embossing tool and embossed polymer preparation

The design of a heat exchanger published in [42] was employed as the embossing
tool. The dimensions of the design are shown in Figure 3.3 a and c. Tools were
fabricated from four different metals: aluminum (Al), nickel, structural steel 235JR
(St235JR), and alloy tool steel 1.2343 (St1.2343), as shown in Figure 3.3 b, due to
their common application in industry. Al, St235JR, and St1.2343 plates were milled
by a Datron milling machine (M7 HP) with a processing time of 29 minutes for Al and
17 minutes for the steels. The time difference is due to cutting tool and selected
parameters. The details of the milled Al tools are shown in Figure 3.3 d. The nickel
tool was produced by milling into aluminum and electroplating nickel since nickel is a
very hard material to mill. The details of the fabrication process of the nickel tool are
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discussed in Chapter 4. Physical properties of these metals influencing ultrasonic hot
embossing are listed in Table 3.1.

The embossed polymer was high density polyethylene (HDPE), 150 um in thickness,
which is widely available and easy to emboss, since the melting temperature is 126 -
135°C. For embossing the structure in Figure 3.3, four layers of HDPE with a total
thickness of 600 um were used. The physical properties of HDPE are also listed in
Table 3.1. The embossing parameters of it on the four metal tools were the same
enabling the comparison of the embossing results obtained with different tool materi-
als. On the Herrmann ultrasonic welding machine, the embossing energy output was
set at a certain value by computer control while the embossing time was adjusted
automatically. Other related parameters were: embossing force at 250 N, trigger
force at 150 N, amplitude at 16.3 um, holding force at 150 N and holding time was
1.5 s. The embossed structure on HDPE is shown in Figure 3.5.

RO8 -
6 . |y 06
05 92 - )| |
1!! [

[T IS

& | R13

| |
a | T =
@ f— , —=

Figure 3.3: Pattern of the heat exchanger. (a) dimensions of detail structures (all
measures are in mm), (b) embossing tools from four metals; (c) width and thickness
of structures; (d) details of the aluminum tool.
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Table 3.1: Physical properties of the materials involved in the embossing process.[23,

25, 49-54]
Thermal con- Specific heat Acoustic impe- | Density p at
ductivity k at capacity C,at | dance Z at 25°C | 25°C [g/cm?]
25°C [W/(m-K)] |25°C [J/(g K)] | [10°kg/(s-m?)]

Aluminum 205 0.9 17.33 2.7

Nickel 90.9 0.440 49.99 8.9

Steel 235JR | 48.07 0.465 40.6 7.85

Steel 1.2343 | 25 0.46 40.9 7.8

HDPE 0.38-0.51 21-27 2.33 0.94 - 0.97

3.2.2 Temperature measurement

To measure the temperature of the
ultrasonic hot embossing tool, a ther-
mocouple was employed. The thermo-
couple was embedded into thermoset
glue and when ultrasound arrived at it,
friction heat was generated between
glue and thermocouple enhancing the
temperature proportional to the inten-

sity of the ultrasonic vibrations.

The experimental setup is shown in
Figure 3.4 and the details of the ar-

Figure 3. 4: Anvil, tool and thermocouple.

rangement are shown in Figure 3.4. A k-type thermocouple was glued into a recess
(dimensions are 5 x 5 x 5mm) on the upper surface of the embossing anvil
(dimensions are 70 x 70 x 20 mm) under the embossing tool. Double-sided adhesive
tape was employed fastening a tool onto an Al anvil. A hole (8 mm in diameter) had
been cut out of the center of the double-sided adhesive tape and filled with thermo
conductive paste (Wakefield). This way, a good thermal contact was achieved
between thermocouple and tool. Both double-sided tape (Scotch) and thermoset glue
(Petec) show low thermal conductivity.
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Figure 3.4: Arrangement of anvil, thermocouple, and tool.

Temperature measuring started 5 s before the embossing process and lasted 60 s to
observe the cooling down process. The data were automatically recorded and dis-
played by Lab VIEW program.

3.2.3 Energy influence on embossed HDPE

The influence of the embossing energy on the embossed structures was investigated
by measuring the geometry of micro structures embossed with the four tools mention-
ed above. The embossed HDPE (shown on the left of Figure 3.6) was cut through its
middle to obtain the cross-section shown in the Figure 3.5 on the right. The structure
height (Hi) and the bottom thickness (H;) of embossed structures shown in
Figure 3.7 are the average values from five specimens.

Figure 3.5: Embossed structure from HDPE and a cut through the structure (on the
right).

The embossing energy was increased in 50 J steps from 300J up to 800 J. As
shown in Figure 3.6, with increasing embossing energy H, reduced noticeably while
H, is increasing only gradually to a limit until the melted polymer completely fills the
inside of the structures on the embossing tool. This trend was the same in all cases.
As more input energy was activated, the temperature of the polymer was raised up
for more melting and promoting the polymer flow into the free voids on the embossing
mold. The depth of the channel on the tool was about 400 um. When H; had reached
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this value, the corresponding embossing energy was assumed being the minimum
limit. More energy is not necessary for embossing. Over embossing could reduce the
bottom thickness down to zero, leading to failure when too much energy was used.
By dimension measurements, the minimum ultrasonic hot embossing energies
required in this heat exchanger were determined for the four tools Al, nickel, St235JR
and St1.2343 as 600 J, 450 J, 300 J and 500 J, respectively.
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Figure 3.6: Dimension measurement of HDPE from four tools: (a) Al; (b) Nickel; (c)
St 235JR; (d) St 1.2343.

3.2.4 Tool influence on embossed HDPE

The influence of tool materials on the embossed structures was investigated by mea-

suring the geometry of micro structures employed by the four metal tools at the same
embossing energy (500 J).

The depth of the micro structures on the four tools varied a bit due to the different
fabrication processes. The fabrication parameters of ultrasonic hot embossing were
optimized such that the entire cavities of the tool had been filled during the process.
Complete filling of the tool structures was recognized by H; arriving at around
400 um. The height of the completely embossed micro structures was measured and
taken as the maximum height that can be achieved with the certain tool. In Figure
3.7, this maximum height is compared with the height of the micro structures em-
bossed with a constant energy of 500 J. The percentage of HDPE filling of the tool

16



was calculated and shown as well. It is noticeable that H;, obtained with the Al tool is
smallest while the H, is largest, showing that ultrasonic hot embossing with an
aluminum tool requires more ultrasonic energy than with tools from other materials.
On the contrary, H; obtained with the St235JR tool is largest while H; is smallest,

indicating when ultrasonic hot embossing with the St235JR tool,

embossing energy is minimum.

the required
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Figure 3.7: (a) Structure height H; and (b) bottom thickness H, of the embossed

HDPE structures.

St235JR St1.2343

Figure 3.8 shows the temperature measurements of one embossing cycle for the
tools from the four different materials. The time when the ultrasonic vibrations stopp-
ed with the nickel tool was also indicated. The maximum temperature was observed
with the Al tool. In all cases the temperature of the thermocouple is rising to a maxi-
mum within 2 s. The duration of the ultrasonic vibrations is shown in Table 3.2. It is
less than the temperature rises of the thermocouple, which implies that the thermo-
couple is heated by the material in its near which had been heated by friction with the
thermocouple and the energy generated at the interface of embossing tool and poly-
mer continues to heat up the thermo couple after the embossing process ended.
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Figure 3.8: (a) Temperature measurement in one embossing cycle for different tool
materials; (b) exponential functions fitted to the measurement with the aluminum

tool.
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Table 3.2: Rising time of thermo couple and ultrasonic vibration time.

Embossing tool Al Ni St235JR  St1.2343
Rising time of thermocouple [s] 1.88 1.33 1.77 1.86
Ultrasonic vibrating time [s] 1.6 1.07 1.07 0.98
Measured maximum temperature [°C] 131 101 125 115

The temperature fall after the maximum is steepest for the Al tool with the highest
maximum. At a first glance, the temperature falling curve appears to be similar as an
exponential function. Therefore, exponential functions according to Eq 3.1 have been
fitted to the measured data.

-t

T=(A,-T,)e* +T, (3.1)

In the above equation, Ay and T, are the measured peak temperature and the envi-
ronmental temperature measured a long time after cooling down, respectively. 1 is
the time constant of the observed cooling process and was determined from the best
fit to the data curves. The fits showed that one exponential function is not suitable to
fit the cooling process, especially when the aluminum tool had been employed (cf.
Figure 3.8). As a consequence, it was assumed that two cooling processes with
different time constants were involved and the fitting was tried with Eq 3.2:

-t -t

1 .
T:E(AO—TO) e +e® [+T, (3.2)

As shown in Figure 3.8 b, much better fits to the measured temperature curves were
obtained with Eq 3. 2. The time constants t; and t, obtained from the fits are listed in
Table 3.3. The accuracy of the time constants was estimated to be 0.2 s. The com-
parison of measured and calculated curves shows that the cooling process of the
thermocouple is described significantly better by Eq 3.2 indicating that two time
constants are involved rather than one. Cooling starts with a small time constant t;
and then continues with a 1, between 8 and 11 s. This is interpreted as a quick dissi-
pation of the heat generated in the thermocouple by ultrasonic vibrations into the
embossing tool. After a few seconds the heat generated at the interface of tool and
polymer is arriving in the near of the thermocouple. Thus the temperature difference
driving the heat transfer is reducing and T, is larger. The time constants measured
with an Al tool are shorter than those obtained with tools from nickel and steel. This
may be attributed to the larger thermal conductivity of aluminum. However, the mea-
surements with tools from nickel and steels do not support this interpretation,
because nickel has better thermal conductivity than steel, but the cooling rates are
more or less then same.
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Table 3.3: Time constants determined by a fit to the temperature measurements
compared to the thermal conductivity of the employed tool.

Tool material 11 (20.2) 12 (%0.2) Thermal conductivity at 25°C [W/(m K)]
[s] [s]

Al 2 8 205
Nickel 5 10 90.9
St235JR 4 10.3 48 [52]
St1.2343 5 11 25

From a different point of view, the larger ultrasonic energy required for ultrasonic hot
embossing when the Al tool is employed, is believed to be partly due to less energy
reflection and absorption at the interface of tool and polymer and not only due to the
larger thermal conductivity of aluminum. This interpretation is supported by the larger
maximum temperature measured at the thermocouple with the Al tool which would be
due to more ultrasonic energy arriving at the thermocouple because of less reflection
and absorption at the interface of polymer and tool. Less absorbed energy results in
less embossed structure height achieved with the Al tool as seen in Figure 3.7. How-
ever, the low maximum temperature found with the nickel tool and the reduced
structure heights compared to the steel tool St235JR are in contradiction to this inter-
pretation: the temperature of the nickel tool is smallest but the embossed structure
percentage are not the highest while the temperature of St 235JR is high, together
with the maximum embossed structure percentage.

The polymer is heated up by the ultrasound until it is nearly molten and then adapts
to the shape of the micro structures on the tool. Therefore, as a rough estimation, the
energy absorbed by the polymer and the tool are calculated from the energy required
to heat up both polymer and tool to the melting temperature T, of the polymer. The
heated volume V is estimated as the structure height H; times the outer dimensions
of the area of the micro structures on the tool (12 x 12 mm?). The energies required
for heating polymer Ep and Tool Et are calculated with Eq 3.3 and shown in Table 3.4
together with the specific heat capacities C and the densities p.
E=pVc(T,-T,) (3.3)
In Eq 3.3, heat capacity, density and volume are not constant as a function of tem-
perature. For an approximate calculation, all properties (volume, heat capacity and
density) of metals and the volume, heat capacity of HDPE, which are listed in Table
3.1, are kept constant before and after embossing while polymer density varies ac-
cording to its temperature.

At the melting point Ty, the density of HDPE (pnppe) is calculated by Eq 3.4 [55]:
p=0.8647-6.313x10"* xT_+3.67x107"T2 -55x107°T® (3.4)

Thus, prope = 0.79 g/cm? at T,, = 130°C.
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Table 3.4: Volume, heat capacity, density and energy required for heating up of the
embossing tools and polymer to the melting temperature of HDPE.

Specific heat . Temperature
. Volume : Density p at : Energy

Material vV [mmg] capacity 25°C [g/cma3] rise E [J]

¢ [J(g K)] J (T - To) [°C]
Al 0.9 2.7 15.5
Ni 0.44 8.9 24.9
St235JR 58 0.46 7.8 110 22.9
Stl.2343 0.46 7.8 22.9
Embossed
HDPE 2.4 0.94 -0.97 12.1

Obviously, the energy required for heating up the embossing tool is on the same
order of magnitude as the one required for melting HDPE. The energy absorbed at
the interface of tool and polymer is on the order of a few percent of the emitted ultra-
sonic energy (500 J). Thus, when a significant amount of the ultrasonic energy is
reflected at that interface, it passes back to the polymer layers a second time with
significant intensity and contributes more to polymer softening.

When ultrasound is transferred from sonotrode to anvil, the energy is lost at medium
interfaces because of sound reflection and attenuation, (cf. Figure 3.1). Eq 3.5 is
often used to calculate the reflection intensity between two different materials [47].

2
R2 — Zyippe =Ly
HDPE-M Z,ooe + 2y,

(3.5)
where RZHDPE_M is the reflected intensity. Z is the acoustic impedance of the material
and the index M refers to the different metals.

The ultrasonic energy reflected at HDPE and metal interface is calculated by the
following equation Eq 3.6:

ER = Eo RZHDPE—M (3.6)

Eo is the original energy input in the embossing process (Eo =500 J)

To simplify the estimation, only three interfaces are considered:

1) R3,_.ope . reflection intensity at the interface of Al sonotrode and polymer;
2) Ripee_w - reflection intensity at the interface of HDPE to the embossing tool;

3) R:,_,: reflecting intensity at the interface of embossing tool and Al anvil.

In the same way as the density, the acoustic impedance of HDPE (Zuypee) is a func-
tion of temperature. According to Eq 3.7 [47] the acoustic impedance was calculated
from Young’s modulus E and density p.
Z=4Ep (3.7)
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Young's modulus of HDPE (Enppe) reduces with increasing temperature due to the
contracted molecules in chains [56]. This reduction induces the Zyppe decrement as
well. As far as it has been investigated in [57], at 90°C Epppe IS reduced to
0.155 GPa which is used here to replace Epppe at 130°C. Thus, from Eq 3.4 and Eq.
7 Zpee at 130°C is 0.349 x 10° kg/(s-m?).

The reflection intensity at the interfaces occurring in the experiments has been calcu-
lated as shown in Table 3.5.

The ultrasound is reflected at the interface of sonotrode and polymer to 92.2 % and
transmitted to 7.8 %. These 7.8 % are reflected at the interface of polymer and tool to
approximately 95 %. As a consequence, 7.8 % of the ultrasound emitted from the
sonotrode are reflected back at the interface of polymer and tool and then again at
the interface of polymer and sonotrode. Thus, it is reflected back and forth through
the polymer until it is absorbed at one of the interfaces (between polymer layers or
between polymer and sonotrode or tool) or lost when transferred off the polymer into
sonotrode or tool. As a result, nearly 7.8 % x 500 J =

39 J of the emitted ultrasound energy are available to Table 3.5: Reflection in-
generate friction between the polymer layers of the tensity at several inter-
stack. The comparison with Table 3.4 shows that the faces

available energy is enough for melting the polymer.
Interfaces Reflection

The larger the reflection at the surface of the tool, the . D2
. . . . Intensity R
more ultrasonic energy is available for polymer melting.
Therefore, a tool from nickel appears being a bit better R2 0.922
than a tool from aluminum as Rf,i_HDPE is largest in AIHpPE
Table 3.5. Besides, the friction coefficient between the RZ_ .. . 0.922
(molten) polymer and the tool material may also have a
significant influence. R2 e 0.972
—Ni

The ultrasonic energy transferred through the tool and
arriving at the thermocouple is approximately calculated RZ._, 0.235
by Eq 3.8 as the product of the energy transmitted

through polymer and tool:
gh poly RZHDPE—St235JR 0.966

Er, = (1_ R,ZAI—HDPE)(]‘_ R|2-|DPE—T00I) x 500 J (3.8) (8)

. . R|2-|DPE—St1.2343R 0.966
The above equation does not take into account that
ultrasonic energy is absorbed by friction at the various R2 0.161
interfaces and inside of the materials, but, since in all St235IR-Al
experiments the same polymer and anvil have been ,
employed, at least the trend of the calculated transferred  Rsuzsis-a 0.164

energies as a function of the tool materials should be
similar as the one of the maximum temperatures measured with the thermocouple.

The expected trend is found in Table 3.6 although the different temperatures of the
two steel tools are not reflected in the calculated energies. The Al tool had the
highest temperature, indicating more energy arriving at the thermocouples and less
energy being used for embossing, which is corresponding to the smaller structure
height H;

The comparison with the structure heights is in contradiction to the interpretation for
the steel tools of the experiment. The comparatively large structure height achieved
with St235JR cannot be explained because the maximum temperature of 125°C
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measured at the thermocouple indicates that less energy is reflected at the tool than
in the case of St1.2343 which corresponding to a smaller structure height Hj.

Table 3.6: Comparison of calculated ultrasonic energy arriving at the thermo-
couple, measured maximum temperature, and structure heights.

Material of the | Energy arriving at | Measured maximum | Structure height

embossing tool | the thermocouple | temperature Hi

Al 3.04J 131 °C 94.7 %
Ni 1.09J 101 °C 97.7 %
St235JR 1.33J 125 °C 99 %
St1.2343 1.33J 115°C 97 %

3.2.5 Anvil influence on embossed HDPE

To investigate the anvil influence on ultrasonic hot embossing, H1 (cf. Figure 3.5)
was also measured after ultrasonic hot
embossing at an embossing energy of
500J. In this case, three anvils,
70 mm, 90 mm, and 20 mm in width,
length, and thickness, respectively,
from Al, St235JR and PVC, respective-
ly, (cf. Figure 3.9) were produced and
tools from Al, Ni, or St235JR were
glued with double-sided tape (Scotch)
on top to accomplish ultrasonic hot
embossing. But the temperature mea-
surement on the anvil was not carried
out. The structure heights (H1) of
embossed HDPE are shown in Figure
3.5. The filling percentage of HDPE
and the theoretically reflection intensity

of two interfaces R}, , are calculat-

Tool-Anvi

ed by Eqg 3.5 and listed in Table 3.7.

Figure 3.9: Anvils for ultrasonic hot em-
bossing from three materials.
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Figure 3.10: (a) Structure height H; measured from different embossing tools and
anvils and (b) melting on the PVC anvil.

The analysis of the heights of the micro structures obtained by ultrasonic hot
embossing with different tools illustrate that when the reflection intensity is larger,
more embossing energy appears being reflected back to melt the polymer, resulting
in a better degree of filling of the tool, and this phenomenon was confirmed for the Al
tool (cf. Figure 3.7). However, this trend did not suit to the measurements with
different anvils. When the Al tool and the St235JR tool were combined with the same
anvil material, the filling degree of HDPE is not smaller at all, even though the
reflecting intensity of them is theoretically zero. The acoustic impedance of PVC,

Zpye at 25°C is 3.27x10°kg/(s-m?). Thus, the R2 , ... is larger compared to other

interfaces (cf. Table 3.7). But the advantage of R% ... was not proven as the filling

HDPE degree of the PVC anvil was not obviously higher compared to the Al and
St235JR anvil. Besides, the double-side tape employed between the tool and the
anvil may affect the ultrasound transmitting as well. Ultrasound could be reflected
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and trensmitted at the interface of tape and the anvil. This influence was ignored
before and could be investigated later.

The PVC anvil was melted when too much embossing energy was used. Figure 3.10
b shows the melting spots on the PVC surface after several trying. Because of the
inferior thermo conductivity of PVC, the gathering heat increased the temperature
inside PVC over the glass transition temperature, which is only 81°C and the melting
were induced.

Table 3.7: Filling degree and calculated reflection intensity for different tools and an-
vils.

Tool Al Ni St235JR
Anvil Al St2353 PVC Al St235J PVvC Al St2353 PVC
R R R
I[;I)I]lng 94.7 98.7 94.3 97.69 96.8 96 99.3 993 99.4
2
R Tool-ani 0 0.161 0.466 0.235 0.001 0.769 0.161 O 0.724

It could had been that the anvil or the tool were uneven or tilted affecting the mea-
surement results. Therefore, the arrangement direction of the anvil was also turned
by 90° as shown in Figure 3.11 a. The embossed structure heights H; from both
arrangements were measured and compared in Figure 3.11 and there is no big
difference of embossed structure heights between the two anvil arrangements. Thus,
the influence from anvil direction could be neglected. From Table 3.6, the energy
arriving at the thermocouple, which is also the interface between embossing tool and
anvil, are small. And it is supposed that the anvil has only a small effect on the
embossing result.

Anvil at 0° 0° T 440 | Altool | Nitool | st235)R
= | Original tool directjon
Sonotrod \ \ k= jcz)g 90°|turn tool direction
onotrode~_ o .
- - - - 90 2380—/
Anvil turn I 1 % 360 -
t90° I I 5
a : : S 340 -
I I { 320 -
L___lI Al PVCAI PVCAI PVC
St235JR St235JR St235JR
(@) (b) Anvil material

Figure 3.11: (a) Schematic drawing of two types anvil arrangements (b) embossed struc-
ture dimension comparison of two types anvil arrangements.

3.2.6 Concludsions

According to theoretical considerations, the ultrasound transferred into the polymer
stack between sonotrode and tool is reflected back and forth until it is either absorbed
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at the interfaces of polymer and tool or sonotrode or the interfaces of the polymer
layers, or it is transferred into tool or sonotrode. Therefore, the energy available for
melting the polymer is maximized by small reflection of the ultrasound at the interface
of sonotrode and polymer and large reflection at the interface of polymer and tool.

From this point of view, it appears being best employing a material with a large diffe-
rence in acoustic impedance compared to the polymer such as nickel or steel for the
tool and a material with small difference in acoustic impedance to polymer for the
sonotrode such as Al. This interpretation is supported by the fact that more acoustic
energy was measured transferred through a tool from aluminum than through a tool
from nickel or steel. More specific, Al is suitable for being sonotrode while nickel and
steel are more for embossing tool. The anvil’'s influence on embossing result is less
than from the embossing tool.

In the light of best embossing results, Al is not as suitable as nickel or steel for the
tool. On the other hand, the disadvantage due to employing Al for the tool can be
compensated with enhanced ultrasonic energy and aluminum can be milled much
easier than nickel or steel. However, it has been observed that other effects such as
the friction coefficient between polymer and tool and the heat capacity of the tool also
influence the embossing result as well, which is discussed by applying polymer
materials as ultrasonic hot embossing tools.

3.3. Embossing tools from aluminum and polymers

Embossing tools not only from metal but also from polymers were also investigated.
Heat capacity, thermal conductivity and melting temperature of the polymer are
typical parameters which may influence the polymer’s performance as an embossing
tool. Besides, hardness, tensile strength, and toughness are expected to influence
the embossing tool's quality as well. There are no concrete conclusions to define
which property is the most important as the whole embossing process is combined
with pressure-heating fields. Thus the elementary evaluations from Al and polymer
tools for ultrasonic hot embossing were carried out here.

3.3.1 Embossing tool preparation

The positioning of the temperature sensor was different from the one described in
Chapter 3.2.2. One end of the k-type temperature sensor was inserted inside the tool
instead of laying it under the tool, 0.5 mm away from the top of the surface while the
other end was connected to a computer to record temperature changing. To improve
the heat conductivity between thermo couple and embossing tool, thermal conductive
paste (Wakefield) was coated around the inserted end of the thermocouples. As
polymer and metal are in two completely different categories, it was interesting to
observe their performance during ultrasonic hot embossing. Two different common
polymers were selected: PEEK and PC according to their comparably higher melting
temperature than other polymers. Holes arrays with diameter, height and interval of
1 mm, 0.35 mm and 2 mm, respectively, were milled into the surfaces of the tools.
The embossing tools from polymer and Al were 14 mm in diameter and 4 mm in
thickness. From aluminum 10 mm thick tools were also produced, shown in Figure
3.12. In Figure 3.12 b, there are some embossing tools with a recess milled into the
backside, the function of which is mentioned later. All of the embossing tools were
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produced by a Datron milling machine (M7 HP) with a milling time of 2.5 min for
PEEK and PC and 7 min for Al.

The embossed polymer was also HDPE, four layers with a total thickness of 600 pm.
Some typical physical parameters of Al, PEEK, PC and HDPE are listed in Table
3.8.Table 3.8

The embossing parameters are shown in Table 3.9. Temperature measurements
started at 2 s before embossing and lasted for 60 s. The same Lab VIEW program
was used as the one described in Chapter 3.2.2.

Figure 3.12: (a) Tools from PEEK, PC and Al; (b) recesses milled into the backsides
of Al tools.

Table 3.8: Properties of aluminum, PEEK, PC, and HDPE [23, 58-62].

Materials | Thermal Specific heat | Melting Acoustic Density p
conductivity | capacity cat | temperature | MPedance Z | 5 o5o¢
x at 25°C 25°C T [°C] at250°c | 1g/em?
[105-kg/(s-m?)]
[W/(m-K)] [J/(g K)]
Aluminum 205 0.9 659 17.33 2.7
PEEK 0.25 1.15 334 3.29 1.32
PC 0.21 1.17 220 2.67 1.21
HDPE 0.38-0.51 2.1-27 130 2.33/0.349 at 0.94-0.97
T=130°C

Table 3.9: Embossing parameters of aluminum, PEEK, and PC tools.

Embossing energy [J] |100 300

Embossing tool PEEK, PC, Al (4 mm) Al (4 mm), Al (10 mm)

Other parameters Embossing force: 220 N, vibration amplitude: 16.3 pm,
cooling time: 1000 ms
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3.3.2 Polymer tools and Al tool influence on HDPE

The embossed structures were pillar arrays. A profilometer (Bruker Dektak XT) and a
microscope (Keyence) were used to measure the single pillar profiles shown in
Figure 3.13. The differences of embossing results obtained with Al and polymer tools
are noticeable. The pillar cross-sections of embossed HDPE from the Al tool fit better
to the original embossing tool than the PEEK and the PC tool. There were some
hollow parts in the middle of embossed pillars from PEEK and PC tool as shown in
Figure 3.13).
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S PEE By Al tool
2320 - y
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Figure 3.13: (a) profile measurement of HDPE embossed from PEEK, PC and Al
tools; (b) pillar embossed from Al tool; (c) pillar embossed from PEEK tool; (d) pillar
embossed from PC tool.

The temperature changes in one ultrasonic hot embossing cycle with an embossing
energy of 100 J as a function of tool materials were recorded and are shown in
Figure 3.14. The peak temperatures of the three tools are close while the cooling is
slower for PEEK and PC tools.

The specific heat capacity ¢ represents the material’'s ability of preserving heat and
can be used to explain the tool's performance in ultrasonic hot embossing. An index
R is defined by Eq.3. 9:

R=cxp (3.9)
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c is the specific heat capacity and p is

the material density. Since the three 80 -
tools have identical volume, R is pro- —

. . O
portional to the energy required for o
heating up the tool by 1°C. When R is o 60
larger, more energy is required for heat- =
ing up. Here c is considered to be con- 8_40
stant while p of the polymer is a func- GEJ
tion of temperature. At 60°C, the den- =
sity of PEEK would reduce to be 1.26 20
g/cm® [63] while the density of PC 0 20 40 60

keeps constant at 1.21 g/cm?® [64]. The Embossing time [s]
calculation results of R for the three
tools are listed in Table 3.10. It is found
that Ra is larger than Rpgex and Rpc  Figure 3.14: Temperature change in hole
indicating that more energy is need to array tools during ultrasonic hot emboss-
heat up the Al tool. This fits to the tem- ing.

perature measurements in Figure 3.14

where at the same output energy, the temperature of the Al tool and PEEK tool is a
bit lower than at the PC tool. But in contradiction, the temperature of the PEEK tool is
even a bit lower than the one of the Al tool.

Table 3.10: R calculation of three materials.

Material Al PEEK PC
R =c x p [J/(Kxm®)] 2.43 1.45 1.42
Measured maximum temperature [°C] | 58.6 55.9 60.9

The ultrasonic vibrating time and rising time of the thermocouple are listed in Table
3.11. Similar as in Table 3.2, the vibrating time is less than the temperature rising
time of the thermocouple indicating that the heat generated by the ultrasound in the
surrounding of the thermocouple kept warming up the thermo couple after the end of
the embossing process. Especially the time difference for PEEK and PC tool were
0.33 s and 0.53 s, respectively, which is longer than for the Al tool (0.15 s), maybe,
due to the lower heat conduction of the polymer. Equation 3.2 was employed again to
fit the temperature falling curve according to Figure 3.14 and the time constant t; and
1, are listed in Table 3.12 with a calculation accuracy of 1s. The interpretation in
Chapter 3.2.4 that 1, is larger than t; also fits to explain the t difference here.
Obviously 1, for polymer is larger than t, for metal as the polymer’s inferior thermal
conductivity. But this is no explanation when comparing with PEEK and PC. The
temperature decreasing rate of PEEK is less than the one of PC but their thermal
conductivities are nearly the same.

28



Table 3.11: Rising time of thermal couple and the ultrasonic vibrating time.

Embossing tool PC PEEK Al

Rising time of thermocouple [s] 0.81 0.61 1.65
Ultrasonic vibrating time [s] 0.28 0.28 15
Time difference [s] 0.53 0.33 0.15

Table 3.12: Time constants determined by a fit to the temperature measurements
compared to the thermal conductivity of the polymer and Alutool.

Tool material 1y (#1)[s] 1t (x1)[s] Thermal conductivity at 25°C [W/(m K)]

Al 8 18 205
PC 22 70 0.21
PEEK 48 45 0.25

Material acoustic impedance appears to affect the tool
performance. The reflecting intensity of the interfaces Table 3.13: Reflection in-
was again calculated employing Eq. 3.5 to identify the
reflection intensity between HDPE and polymer tools.
Similar as in Chapter 3.3.4, the reflection intensity at in-

tensity at several inter-
faces

terfaces occurring in the experiments has been calculat- Interfaces Reflection

ed and listed in Table 3.13. intensity R

The ultrasonic energy transferred into the tool and arriv-

ing at the thermocouple is approximately calculated by R?% ... 0.922

Eq 3.10 as the product of the energy transmitted through

polymer and tool without consideration of energy R | 0.922

consumption in the polymer layers and other energy loss HPPE-A

at the interfaces:
RZHDPE—PC 0.591

2 2

Er, = (1_ RAI—HDPE)<1_ RHDPE—TOOI) x100J (3.10) (10) (9)

R?2 0.653

The calculated ultrasonic energy arriving at the thermo- 00t "¢

couple was calculated and listed in Table 3.14. The energy arriving at thermocouple
of the Al tool is less than the one arriving at the PC and PEEK tool. Thus more
energy has been reflected back to the interface of AI-HDPE and the tool temperature
is reduced, which are similar as discussed in Chapter 3.2.4.
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Table 3.14: Comparison of calculated ultrasonic energy arriving at the ther-
mocouple and measured maximum temperature.

Material of the Energy arriving at the Measured maximum temperature
embossing tool | thermocouple

Al 0.06J 58.57 °C
PC 3.19J 60.89 °C
PEEK 2.7] 55.85 °C

According to Table 3.14 and Figure 3.14, R?_..  is the largest (0.922), indicating
more energy is reflected at the AI-HDPE interface helping to melt the HDPE and cor-
respondingly the tool temperature is smallest. Oppositely, R? e pc IS Smallest

(0.591), leading to more energy transferred into the PC tool. Thus, the tool tempera-
ture increases and less energy is contributing to melting. When the temperature is
rising over the tool melting temperature, structures on the tool deform indicating that
the polymer is damaged. However, this trend is not obvious in the PEEK-HDPE
interface. The energy arriving at the thermo couple in the PEEK was larger than in Al,
yet the peak temperature is less than for the Al tool and the embossed structure was
also more damaged than from the Al tool.

In the embossing procedure, heat disperses into air or the embossing tool and anvil.
On the one hand, the tool volume is proportional to its heat capacity. On the other
hand, if the heat conducting path is blocked, the temperature of the embossing tool is
supposed to rise up. To prove these effects, two designs were set up: type 1,
changing the tool volume and type 2, hindering the heat conducting path. For type 1,
tools from Al with two different thicknesses (4 mm and 10 mm) were produced (cf.
Figure 3.12 b). In type 2, because air and polystyrene (PS) have relatively low
thermal conductivity: 0.025 and 0.16 W/(m-K) at 25°C, they are supposed to affect
the heat transferring from the Al tool to the anvil surface. Thereby, two nonconductive
methods were designed: 1: an air gap, 10 mm and 1 mm in diameter and depth,
respectively, had been milled into the bottom of a 10 mm high Al embossing tool, cf.
Figure 3.12 b; 2: a rectangular PS foil with 40 mm x 400 mm and 50 pm thickness

was isolating between embossing tool

and anvil. For comparison of these 450 10mm with PS foil
tools the same HDPE foils were g 10mm

ultrasonically hot embossed at 300 J 5350 |

embossing energy. _% 250 -

The profile of a single embossed pillar g 10mm with alf gap
from 4 mm and 10 mm high Al tools, £ 150 -

10 mm high tool with an air gap at the ©

backside, and 10 mm high tool with a 2 50

PS foil between tool and anvil were n 50 ¢ ' 1 ' 5
measured and are shown in Figure Me:géinng distancléslmm]
3.15. The profiles of all pillars are more

or less identical, showing that 300 J are

enough for embossing these structures Figure 3.15: Profile measurement.
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on the above tools.

The results of the temperature measurements in the embossing tools, 4 mm and
10 mm in height, respectively, with and without gap is shown in Figure 3.16. Two
results were obtained; 1: the temperature of the 4 mm high Al tool had a higher peak
temperature and it reduced faster than the one of the 10 mm high tool, cf. Figure 3.17
a. This is due to the difference in volume and, as a consequence, in heat capacity. 2:
the temperature reducing rate of the 10 mm high Al tool is also smaller. By time
constant calculation with equation 3.2, Ti4mm and t4mm are 9s and 14 s, re-
spectively, while t.10mm is 28 s. The reason of the difference in cooling rates may be
due to the longer way for heat dissipation to the anvil in the case of the 10 mm high
tool.

However, the air gap at the back side of the tool has less influence on the tempera-
ture difference during embossing and cooling, cf. Figure 3.16 b. The peak tempera-
ture of the Al tool with and without air gap are nearly the same and the cooling rate
difference is small. Outside the air gap there is still a ring with contact to the anvil,
which may be the reason why the air gap has only a small influence.

80 - 60 -
_ 4 mm a) _ without air gap D)
S Q |
> 60 - [\( o .
§ 10 mm § 40 - % with air gap
) / ) N /
2 40 - = o
S S ‘
° e |
20 T T 1 20 J T T 1
0 20 40 60 0 20 40 60
(a) Embossing time [s] (b) Embossing time [s]

Figure 3.16: (a) Temperature measured in tools with different thicknesses; (b) tem-
perature measured in tools with and without a gap on their backside.

The arrangement of the PS foils is shown in Figure 3.17 a and a comparison of tool
temperature due to embossing with and without PS foil isolation is shown in Figure
3.17 b. The temperature raising speed and peak values measured with and without
PS foils are nearly the same, but the cooling rates difference is noticeable: the
temperature in the Al tool with a PS foil was higher than without a PS foil. Time
constant calculation results are: t1-wimn ps f0ils: 50 s and t2-yit ps fOils: 52 s while t-yithout
ps foils: 28 s. It is confirmed that PS foils isolated heat from the embossing tool to the
anvil, leading to the less heat dissipating rate. This difference also proves the poor
heat conductivity of PS foils.
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Figure 3.17: (a) PS foils arrangement under the embossing tool; (b) temperature
comparison of tool with and without PS foils.

3.3.3 Conclusions

It is still under discussion which thermo parameter plays the key role in ultrasonic hot
embossing. Perhaps it is better to conclude that these thermo properties of polymer
tool would have composite influences on ultrasonic embossing result. The smaller R
= (c x p) is, the higher temperature is
achieved in the embossing tool. Larger
heat conductivity leads to faster cooling
after embossing of the tool. The larger
the difference of acoustic impedance of
embossing tool and embossing material
are, the more energy is reflected back to
the polymer and less tool temperature is
measured at the interface to the tool. The
thermo isolation between embossing tool
and anvil blocks the heat loss of the em-
bossing tool. This is beneficial for melting
the polymer because the tool is heated
up. But this is not the only factor influ- Figure 3.18: Embossing tool from PEEK
encing the embossing result. The volume and PC before and after 1% and 5" em-
of the embossing tool has less influence bossing.

on the embossing result but affects the

tool’s temperature and the cooling rate.

Worth to mention, polymers have comparably larger heat capacity and smaller heat
conductivity than metals, thus in ultrasonic hot embossing, the tool temperature must
be paid attention to not to exceed the tool melting temperature, or else the structures
on it are melted too, leading to imprecision of embossed structures. The overheating
may be one reason for failures in polymer tools e.g. the melting temperature of PC
and PEEK are just 220°C PC and 350°C, which is much lower than that of metal. In
fact, lifetimes of polymer tools are quite short, not above 5 times in our trying. Some
structures deformation on polymer tools after one and five embossings are shown in
Figure 3.18. When applying a metal tool, this temperature limit for normal ultrasonic
hot embossing doesn't exist.
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Last but not the least, other reasons for failures of embossing tools may stem from
the inferior tensile strength, hardness, inner stress and stiffness of polymer tools. In
other aspects, polymer embossing tools still have other prospects, especially in nano
imprinting for micro or nano structures replicating applications [65, 66]. Besides, they
are relatively economical compared to metal.
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4. Tool fabrication for ultrasonic hot embossing

4.1 Ultrasonic hot embossing tool description

In ultrasonic hot embossing, vibrations are required for typically several hundred
milliseconds up to several seconds as a function of the dimensions of the micro
structures. The basic design rule of a tool for ultrasonic hot embossing is that the
height of the protruding structures needs being large enough generating enough
friction during ultrasonic vibrations. Therefore, some structures protruding typically
more than 50 um are necessary in the near of all structures to be molded [16]. Com-
paratively large protruding structures in the near also allow filling of recesses and
cavities in the tool. As a consequence, the design of the tool needs taking into
account the generation of sufficiently much molten polymer.

Embossing quality depends on the one hand on the process parameters, e.g., em-
bossing force and time; and on the other hand, the quality and the precision of the
embossing tool. Cost of micro devices produced by ultrasonic hot embossing are due
to mold fabrication and machine investment instead of polymers. Thus, how to re-
duce the expense of tool fabrication could be one consideration for optimizing the
ultrasonic hot embossing process.

As a consequence of the process, tools for ultrasonic hot embossing should fulfill the
following requirements:

1) Rigid enough to withstand the acting forces and temperatures;

2) Showing the inverse of the desired micro structures in the polymer and the
protruding structures for producing friction;

3) Micro structures with dimensions between less than a micrometer and a few milli-
meters;

4) Patterned area not larger than the sonotrode;
5) Large heat conductivity and heat capacity.

Tools for ultrasonic hot embossing have similar requirements as tools for hot em-
bossing [67], and, therefore, often many tools can be employed for both processes.
Nevertheless, tool requirements for ultrasonic hot embossing are still a bit different
from the ones of tools for hot embossing. Heat conductivity and capacity of the mold
are not so important for hot embossing, because anyway the entire tool needs to be
thermally cycled for that process. However, these two parameters investigated in
Chapter 3 had confirmed their influence on tool performance in ultrasonic hot em-
bossing. Besides this, unlike the tools for hot embossing or injection molding, the tool
for ultrasonic hot embossing has no particular structures for ejector or anti-adhesion
layers for demolding as the shrinkage of embossed polymer is less.

The techniques for tool fabrication include milling and drilling, laser ablation, x-ray
lithography, electroplating, silicon etching, photolithography, and electro discharge
machining. The fabrication process of these is discussed in this chapter in detalil.

Tools from a lot of metals and metal alloys well comply with the requirements for
ultrasonic hot embossing. Therefore, they are preferred materials for tool fabrication.
The choice of the metal is influenced by the fabrication process employed for micro
patterning. As far as being investigated, the options for ultrasonic hot embossing are
less than for hot embossing and inject molding. For example, etched silicon wafers
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and soft materials (SU8 photoresist) have been applied as a mold in hot embossing
[68, 69] but are less suitable for ultrasonic hot embossing.

4.2 Ways of tool fabrication for ultrasonic hot embossing

4.2.1 Milling

Milling and drilling with a CNC machine are comparatively cheap and a widely avail-
able processes for tool fabrication. At KEy, the milling machines Kosy 3 A3 (Max
Computer GmbH, Germany) and Datron (M7 HP) are mainly used. Virtually every
three-dimensional shape which can be embossed can be milled into the surface of a
metal plate. Often plates from brass or aluminum (Al) are employed because they are
a good compromise between the hardness desired for embossing and the
comparatively soft metal suitable for milling. But the milling parameters, preparation
and expenses of them are different. For a milling tool (vhf) with 2 mm head diameter,
for example, 33 mm/s and 12 mm/s are applied as the feeding speed for St 235JR
and Al, respectively. Besides, the coolant for milling Al and brass is basically ethanol
while lubricant based coolant is required for steel.

A lowest surface roughness on the order of some 10 nm is achieved when a milling
head from diamond is employed. Diamond milling heads also distinguish from hard
metal heads by their long endurance allowing milling up to several cm? with a single
head if the sample does not contain any iron. This is an important advantage be-
cause adjusting a new milling head is typically entailed with alignment errors on the
order of several micrometers resulting in a step of this size in the milled surface.

On the other hand, the smallest milling heads from diamond commercially available
show a diameter of 100 um, and thus, no narrower grooves can be milled into a
sample and the minimum radius of concave corners cannot be smaller than the
milling head. Milling heads from hard metal can be purchased with a diameter as
small as 50 um but the achievable surface roughness of milled structures is on the
order of 1 um. Since demolding of micro structures fabricated by ultrasonic hot em-
bossing is no problem compared to hot embossing and injection molding, from the
fabrication point of view milling heads from hard metal are suitable. However, some
applications such as optical components require surfaces with lower surface rough-
ness.

Last but not least, the price for a milling head from hard metal, 100 um in diameter,
from SPPW, is approximately 30 € while 500 € are asked for a head from diamond.
For the tool with 2 mm head (SPPW), only 12 € need to be payed. Thus, micro milling
of structures with dimensions of less than 100 um is both a challenge and expensive.

Besides metals and alloys, tools can be milled and drilled even from polymers with a
high softening temperature, e.g., PEEK, which had been mentioned above. Manufac-
turing parameters need to be adapted to the properties of the polymer. By the Datron
milling machine (M7 HP) a feeding speed of 110 mm/s is used for polymers. As a
consequence, the fabrication time for an Al and steel tool is longer than for a polymer
tool. Typical milling times also depend on the complexity of the structures.

Several embossing tools for producing heat exchangers, nozzles, and cuvettes from
Al produced by milling are shown in Figure 4.1. Milling times of these tools were
35 minutes, 200 minutes and 30 minutes respectively.

Holes, 280 um and 130 um in diameter and depth, respectively, had been milled into
plates from aluminum, PEEK, and PC and later were transferred into HDPE by ultra-
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sonic hot embossing. Figure 4.2 shows the tools from aluminum and PEEK with the
corresponding embossed structures. The ultrasonic embossing was carried out on an
ultrasonic machine Dynamic 745 from Rinco Ultrasonics GmbH, Switzerland. Suit-
able embossing time and force, vibration amplitude, and cooling time of the same
design as a function of the tool material employed are listed in Table 4.1.

Compared with PEEK with drilled holes, the milling result of Al is better since no
obvious burrs remained at the cutting edge after milling and no finishing is required.
Burrs should be avoided by applying suitable milling parameters as they are
detrimental to demolding. Thus, even PEEK is a suitable material for milling.

Among the possible materials for milling tools, Al is most applied because of its
perfect cutting quality. However, wear and breakings are still possible to happen on
an Al tool after several ultrasonic hot embossing. Steels have a larger tensile strength.
However, the milling process of steel is more complicated than of Al and the steel
tools may rust gradually in the air as well. Thus, the choice of the milling process
must consider both the milling process and the material itself.

One limit of milling is the dimension, especially at less than 50 um scales, where
further steps are required to verify the structures and the burr removing is a larger
challenge [70]. In advance, structures with high aspect ratio are hard to mill as the
large cutting stress may lead to structure deformation. By the development of micro
machining, high precision micro milling can achieve a minimum channel width of
15 um in brass [70]. Another limit for milling is the material, which needs being
suitable for milling. Hard metal like nickel or other hard alloys are quite a challenge
for milling.

Figure 4.1: Ultrasonic hot embossing tools produced by milling of Al: (a) heat ex-
changer combined with channel and bars; (b) micro nozzle with inlet and outlet; (c)
cuvette for examination of liquid samples.
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Figure 4.2: Tools drilled from aluminum (a, b) and PEEK (d, e) photographed with a
camera (a, d) and at an SEM (b, e), and (c, f) SEM of micro pillars embossed into
HDPE with the corresponding tool. Dimensions: holes/pillar diameter: 280 pm,
depth: 130 pm, interval: 500 pm.

Table 4.1: Embossing parameters of aluminum, PEEK, and PC tools. Embossing
structure: holes with 280 um and 130 pm in diameter and depth, respectively.

Aluminum PEEK PC
Embossing time [ms] 220 180 - 230 220 - 240
Cooling time [ms] 0 100 300
Other parameters Embossing force: 150 N, vibration amplitude: 9 um

4.2.2 Electroplating

Electroplating allows converting the shape of a micro structure on a template from a
brittle or soft material such as a resist not suitable for ultrasonic hot embossing into a
metal tool. This enlarges substantially the possibilities of tool fabrication. Nickel (Ni)
and its alloys are normally employed for electroplating [71-77] because of its ex-
cellent mechanical quality. Brinell hardness and ultimate tensile strength of Ni reach
109 HB and 462 MPa [23], respectively, which completely fulfill the tool requirement
on rigidity. The lifetime of a nickel tool used for PC injection molding was tested to be
over 10,000 times [2]. A typical electroplating bath is shown in Figure 4.3. A nickel
plate with 99.99% purity and 30x700x0.5 mm?3 outer dimensions (Conrad) were
clamped as the anode to provide Ni?* while the template was clamped to the cathode.
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If concave corners with radii smaller than the milling head are required on a tool, it is
possible milling the inverse structure into a substrate and then electroplating the
surface transferring the structures into a nickel tool. The
pattern on the electroplated tool is mirrored and inversed
compared to the template. l.e., holes become pillars and
convex corners become concave ones. The surface of the
template corresponds to the one of the embossed sample.
Figure 4.4 shows the sharp concave corners milled by
300 ym wide and 300 um deep cross grooves on the
surface of an Al plate (a), the protruding crossing bars with
sharp convex corners obtained after electroplating (b), and
the embossed structures on HDPE (c). The Rinco ultra-
sonic welding machine was used for embossing and the
parameters were: embossing force 200 N and embossing
time 300 ms. Since milling convex sharp corners in small
dimensions often requires a further finishing step with a
micro milling tool, which is challenging [70], transferring Figure 4.3: Electroplat-
grooves with sharp concave corners into bars with sharp ing bath.

convex corners is an interesting alternative.

Figure 4.4 .Cross grooves milled into an aluminum substrate (a), nickel cross bar
electroplated onto the grooves, and HDPE grooves ultrasonically hot embossed
from the nickel bars (c). Dimensions of cross channels/bars: width: 300 um, depth:
300 pm.

When carrying out nickel electroplating, the substrate has to be cleaned and free of
grease. Besides, several issues must be paid attention to.

1. The nickel electrolyte

The ingredients of the electroplating solution employed and typical operating condi-
tions are listed in Table 4.2. Chloride ions help to prevent anode polarization and
increase anode dissolving efficiency. But the amount and purity of it needs to be
strictly under limit (0-10g/L) as it raises the tensile stress in the deposited layer [78].
The function of boric acid is buffering the pH value, catalyst nickel deposition,
suppress hydrogen evolution and so on [79]. At the cathode, not only Ni?* ions but
also the H" ion are co-reduced. Many hydrogen bubbles would stick to the surface of
the sample, remaining as voids inside of the material, which deteriorate the nickel
layer hardness and strength. To solve this problem, air or ultrasound agitation, or
surface wetter addictive are often employed to get rid of air bubbles on the surface.
Sodium dodecyl sulfate (SDS) is one kind of surface wetter speeding up the releasing
of hydrogen bubbles from the deposited surface. Furthermore, the solubility of
hydrogen in solution is improved by SDS [80]. Maintaining of electrolyte, such as
replenishing boric acid; filtering the solution to get rid of impurities and anode
dissolving slag, should be done after each production cycle. Preservation of nickel
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electrolyte should be paid attention to avoiding Cu®** or Fe** ion contamination.
Besides, the pH value should be kept under 4.5 otherwise Ni** may precipitate with
hydroxide ions and reduce nickel layer depositing rate.

Table 4.2: Ingredients of nickel sulfamate solution, improved from [71] and
operating conditions.

Bath ingredients Concentration [g/L]
Nickel sulfamate (Ni(SO3N>).) 300 - 450

Nickel chloride (NiCl, ‘6 H,0) 5

Boric acid 30 - 45

Wetting agent (sodium dodecyl sulfate) 0.02

Current density Max 32 A/dm?
Bath temperature 25 -60°C
pH 4-4.5

2. The current density

The deposited quality of the layer greatly depends on the current density. At larger
current density, the Ni** ions deposit with fast speed, resulting in larger inner stress
inside the material. Large inner stress, either tensile or compressive, is detrimental to
the mechanical properties and the morphology of Ni layers peeling it off from the
substrate, brittle material, layer cracks or rough surface etc.. The reduction of inner
stress in nickel has been proven to be associated with higher strength, hardness, and
with finer grain size [81].

In Figure 4.5, several failures originating from large current density are shown. The
growing nickel layers tend to bend towards the anode and to peel off the template
during electroplating (cf. Figure 4.5 a), indicated large tensile inner stress generated
in the nickel layer. The cracks in the nickel electroplated layer obtained at a current
density of 10 A/dm? are shown in Figure 4.5 b and the micro surface morphology of it
can be referred to in Figure 4.5 c, where large Ni particle accumulation with diame-
ters of 200 um are noticeable. According to the electrical field analysis, the edge of
the substrate is where the highest current density is concentrated. At high current
density, the uneven distribution of the current field is more serious. So the burrs are
easily produced at the edge of the substrate (cf. Figure 4.5 d). These burrs influence
the backside flatness of the tool and have to be polished away before the embossing
tool can be employed.

Reducing the current density and employing the surface wetter solves the above
mentioned problems. When current density is as small as 2 A/dm?, this layer bending
phenomenon is inhibited and the layer surface is smoother as seen in Figure 4.6 and
a finer grain size was obtained. As a consequence, the electroplating time becomes
more or less five times longer than applying a current density at 10 A/dm?.
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In our common Ni electroplating, current density is controlled to be 2-5 A/dm? and the
quality of the deposited nickel layer is satisfied. For fast electroplating with high con-
centration of nickel sulfamate, the current density could reach a maximum of
32 A/dm? [71]. Furthermore, the step increasing current density for electroplating is
preferable, which means that at the beginning of the process, less current density (1-
2 A/dm?) is used to prevent the very thin layer from peeling off from the substrate due
to inner stress. When a certained thickness has been achieved, i.e. the nickel layer is
approximately more than 50 um, which is stiff enough to sustain the inner stress
bending, current density can be increased to 5 A/dm?. This electroplating ways has
also been applied in [82, 83] to successfully electroplate a cross bar (24 um in depth
and 30 um in width) and various nanostructure patterns (2 um in height). For some
ultra-small structures, e.g., less than 1um, the current density should be even less.
For example, a nickel plate with holes arrays, 500 nm in diameter, was electroplated
with a current density of 0.1 A/dm?[84] and 0.05 A/dm? was applied for producing a
photon nanostructure (50 nm) in [85].

Figure 4.5: Some failures electroplating result due to large current density: (a) layer
peeling off from substrate; (b) cracks on the layer; (c) morphology of the surface from
layer in (b), taken by Keyence microscope; (d) burrs at the edge of the layer.

The thickness s in mm, of a deposited Ni layer is estimated by the following formula:
s— 12.294 xa l t

A (4.1)
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Where a is the current efficiency at the cathode, 95.5% is normally used, t is the time
[h] of electroplating, A is the surface area to be electroplated, and I/A is the current
density [86]. It is easy to figure out that the thickness of a layer is related to current
density and time. Producing a 350 um thick nickel layer is obtained in approximately
15 hours at a current density of 2 A/dm?.

When the backside of the nickel layer is uneven, typically a layer of a soft polymer,
e.g., glue or a silicone layer is required between an electroplated tool and sonotrode
or anvil avoiding breaking of the tool.

If the tool shall be mounted on the sonotrode, it should not be too thick (more than
350 um), because otherwise the resonance frequency of the sonotrode would be
altered too much and ultrasonic hot embossing is not possible any more. On the
other hand, the tool may not be too thin, because it may break when pressed against
the sample.

The nickel tool mentioned in chapter 3
(cf. Figure 3.3) was produced by nickel
electroplating where the Al substrate
was first milled with the reverse struc-
ture. The current density was set to
1 A/dm? at the beginning and raised up
to 5 A/dm? Finally a bottom thickness
of approximately 2 mm with 400 pum
high structures on the nickel tool were
produced, the photos of a nickel tool
from electroplating and a St235JR tool
from milling are show in Figure 4.7. The
dimensions of the structures from both
nickel electroplating and milling were

nearly the same, proving that the Figure 4.6: Surface morphology obtained

duplicating  precision ~ of  nickel at a current density of 2 A/dm?.
electroplating is satisfied.

Figure 4.7 : Optical photos of a structure from tools: (a) electroplated from nickel and
(b) milled into the steel St235JR. Photos have been taken by a Keyence microscope.

Last but not the least, not only a metal surface can be provided as a template for
electroplating, polymer plates, e.g., PC and PEEK, are also suitable for milling and
preparing as the temperate for electroplating. PMMA is not recommended as it swells
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in the agueous solution of the electrolyte influencing the structure precision [87]. One
more issue has to be considered is that polymer is not electrically conductive. Thus
sputtering a metal layer (normally gold) onto the polymer surface is necessary. In
addition, the surface energy difference between polymer and nickel is large, thus the
deposited layer tends to peel off the substrate more easily. Normally, a titanium layer
is acquired before gold sputtering to increase the sticking force between nickel layer
and polymer surface. Small current density at the beginning is recommended to
reduce inner stress of the deposited layer. The main limits of nickel electroplating are:
a production time of more than 10 hours and the sensitivity of the process to the
chemical composition of the electrolyte which changes by evaporation of ingredients
during the process. Besides this, nickel electroplating is a good way for tool
fabrication.

4.2.3 Lithography

Besides milling, templates for electroplating can also be fabricated from resists by
lithography. By photolithography the aspect ratio typically is on the order of 1 when
tools for ultrasonic hot embossing shall be fabricated. With x-ray lithography the
aspect ratio is not limited by tool fabrication but by the deepest groove in the tool
which can be filled with molten polymer. The achievable lateral dimensions can be as
small as several micro meters or even nano meters, and the roughness of sidewalls
is on the order of 10 nm [72, 88-92]. Because of the high running expense of X-ray
synchrotrons, UV light is preferred for lithography when no high aspect ratio is re-
quired. In this work, hole arrays (50 um in diameter and 80 um in pit interval) were
produced on a silicon wafer by UV lithography. The schematic drawing of whole
process of lithography and nickel electroplating are schematically shown in Fig. 4.8.
The basic lithography process was composed of:

1) Cleaning the substrate with acetone to wash away pollutants.

2) Spin coating negative photoresist (AZ125XT, MicroChemicals) onto the wafer.
Since AZ 125XT is a severe viscous negative photoresist, for 50 um thick photo-
resist, the spin coating was carried out in two spinning steps: 1) 2200 rpm for 1.4 s
and 2) 1900 rpm for 8 s. After spin coating, the photoresist bead concentrated at
the edge of the wafer was removed because otherwise there would be a gap
inhibiting the close contact between the mask and the photoresist during UV
exposure, leading to dimension deviations of exposed structures. Dimethylform-
mamide (DMF) was employed to remove the bead at a spinning speed of 500 rpm.

3) Preheating samples to remove the solvent inside photoresist. The soft baking was
carried out at 140°C for 8 minutes.

4) Exposure of the wafer with 365 nm UV light for 2 minutes 30 s (see Fig. 4.8 a).

5) Developing with the solvent AZ326MIF developer (MicroChemicals) for 80 s (see
Fig. 4.8 b).

6) Clean the developed wafer with de-ionized water.

No post baking process was required. After lithography, 12 nm gold were sputtered
onto the photoresist to achieve electric conductivity. After nickel electroplating, the
silicon wafer was dissolved by heated KOH solution while the photoresist was re-
moved by the remover (AZ 100 MicroChemicals) to obtain the nickel embossing tool.

The optical photos of the photoresist pattern with micro holes on a silicon wafer, the
SEM of the pillar arrays of the nickel tool and the embossed structures on HDPE are
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shown in Figure 4.9. The Branson 2000IW+ ultrasonic welding machine was used for
embossing into HDPE with this tool. The embossing parameters are: embossing
force at 150 N, embossing time at 0.6 s and 24 ym amplitude.

As far as known, nickel electroplating is not limiting the structure dimensions. Thus, a
template with nano-structures generated by X-ray lithography, electron beam writing
lithography (EBL) or focused ion beam lithography (FBL) can be used for nickel elec-
troplating as well.
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Figure 4.8 : Tool fabrication by photolithography and electroplating: (a) Exposure
of the resist to UV light; (b) developing of the exposed part of the resist; (c) nickel
electroplating; (d) dissolving or mechanical removing of substrate and resist.

Figure 4.9: Photos of (a) hole arrays of photoresist on silicon wafer, (b) SEM of the
structure on the nickel tool and (c) embossed hole arrays on HDPE. Diameter:
50 um, depth: 50 um, interval: 80 pm.

4.2.4 Silicon etching

Silicon wafers patterned by anisotropic wet etching or reactive ion etching may also
be used as embossing tool for hot embossing and injection molding [68, 93].
However, the main drawback of silicon tools is the short lifetime due to its brittleness
and tensile stress sensibility [68]. Thus, electroplating the structures on the silicon
wafer is a suitable way to obtain sufficient hardness and tensile strength for tools.
Figure 4.10 shows a microchip design with 25 um deep structures fabricated by reac-
tive ion etching (RIE) on a silicon wafer. The SEM photos of detail structures are in-
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cluded as well. Later the surface was sputtered with 12 nm titanium and 12 nm gold
for electroplating. After electroplating, the silicon wafer was dissolved by heated KOH
solution to obtain the nickel tool, which was used for ultrasonic hot embossing onto
HDPE. The embossing process was realized by the Branson welding machine while
the embossing parameters were embossing force: 944 N, embossing time: 0.7 s and
amplitude: 32 um. As mentioned above, one design rule for ultrasonic hot embossing
tools is the protruding structures (normally more than 50 pum) to provide molten poly-
mer for filling cavities on the tool. The 25 um heigh structures here were a challenge
to be embossed because the protruding of the structures was very small. Some
improvements were introduced to solve this problem as mentioned in the next
chapter. No deviation from the microstructures on the wafer was found on the ultra-
sonic hot embossed HDPE.

(a) ' A

Figure 4.10: (a) microchip design structures on a silicon wafer; (b): structures on the
nickel tool copied from the silicon wafer; (c) nearly the same structures ultrasonically
hot embossed into HDPE foils; (e-g) are SEM photos of detail structures corre-
sponding to (a-c).

4.2.5 Photolithography, milling, and electroplating

It is difficult producing micro structures on several levels by photolithography but
comparatively small dimensions are possible to be achieved with this process. On the
other hand, several levels are easily realized by micro milling but the size of the micro
structures is limited by the diameter of the milling head. Therefore, a combination of
both processes was tried and appeared to be advantageous when micro structures
smaller than 50 pum need to be generated on a tool together with more than one level.

For photolithography, a flat substrate is required ensuring that the resist is coated
smoothly in the focal plane which is in close contact to the mask. On the other hand,
the substrate needs to be suitable for milling if it shall be employed in combination
with photolithography. Silicon and glass wafers show the desirable flat surface requir-
ed for photolithography but cannot be milled. Metal plates normally are not delivered
with the flatness needed for photolithography. Therefore, polymer plates from PEEK
and PC, were employed. Certainly the substrate material needs to withstand the tem-
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peratures occurring in the fabrication process and to keep a flat and smooth surface,
especially at the baking temperature of the photoresist.

To test combining milling and photolithography for tool fabrication, the negative pho-
toresist AZ125XT with a soft baking temperature of 140°C was employed on a PC
plate. First micro holes, 150 um and 40 um in diameter and depth, respectively, were
fabricated at a relative distance to each other of 250 um by photolithography in the
photoresist (cf. Figure 4.11 a). Then the surface of the substrate was 200 um deep
milled down around groups of four such holes leaving islands, 1.4 mm in diameter,
with four holes (cf. Figure 4.11 b). The distance between the islands was 400 pm.

Approximately 12 nm titanium followed by 12 nm gold were sputtered onto the tem-
plate providing enough conductivity for electroplating. Then nickel was electroplated
generating the tool (cf. Figure 4.11 c). Finally the tool was employed for embossing
into HDPE foils (cf. Figure 4.11 d). The embossing process was carried out by the
Rinco ultrasonic welding machine with the embossing force 200 N and embossing
time 300 ms. The photos of whole PC template fabiricated by lithography and milling,
electroplated nickel tool and the embossed HDPE foils are shown in Figure 4.12.

One challenge of this process was alignment of the milling island around the groups
of micro holes. Besides this, the structures from photoresist are fragile and can easily
be destroyed by the milling head. In Figure 4.11, the micro holes are not in the exact
center of the island. The center of four-hole arrays is 250 um deviated from the
center of the island due to the imprecise alignment of cutting. This problem could be
improved by more precise position control during lithography and milling.

The combination of milling and lithography reduces the limit of lithography in pro-
ducing 3-dimensional structures, which normally require multiple lithography process
steps.

45



(a)

Figure 4.11 : Optical photos taken by a Keyence Microscope of: (a) micro holes fabri-
cated by lithography on a PC plate; (b) milling an island surrounding the micro holes;
(c) structures generated by nickel electroplating the template shown in (b); (d)
structure embossed from the tool shown in (c).

Figure 4.12: (a) PC template fabricated by lithography and milling; (b),
electroplated nickel tool; (c), and HDPE foils embossed from the nickel tool.

4.2.6 Enlarging the tool size

Several fabrication processes such as micro milling are suitable generating micro
structures smaller than 200 um, but it is difficult and expensive patterning areas of
more than a few cmz. If repeated micro structures are required on a sample with large
area, it is possible patterning a polymer template by repeated ultrasonic hot emboss-
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ing of one or more smaller tools and then electroplating the template producing a
large tool for ultrasonic hot embossing.

To demonstrate how the tool area can be enlarged this way, 100 holes, 250 um and
125 pm in diameter and depth, respectively, had been milled into a PC plate 3 mm x
3 mm in length and width, and 4 mm in thickness (cf. Figure 4.13). This template was
electroplated with nickel and employed for repeated ultrasonic hot embossing into
another PC plate which again was electroplated generating a nickel tool for ultrasonic
hot embossing on larger areas. Figure 4.14 shows a nickel tool with an area of 5 mm
x 5 mm employed to produce larger nickel tools with areas of up to 40 mm x 56 mm,
the pillar arrays on top of the tool are seen in Figure 4.14 b. The alignment of repeat-
ed embossings relative to each other turned out being difficult. An accuracy of
approximately 500 um was achieved by manual alignment.

Milling into )
template from Electroplating Repeated
PMMA plat the 1* tool embossing into
pate PMMA plate

Electroplating the
final tool

Figure 4.13: Enlarging the embossing tool by repeated ultrasonic hot embossing and
electroplating.
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Figure 4.14: (a) Enlargement of the embossing tool: the area of the original tool is
5 mm x 5 mm and the largest one is nearly 40 mm x 56 mm,; (b) pillar arrays on the
surface of the embossing tool.

4.2.7 ECM, EDM, and laser

Tools for hot embossing have been manufactured from brass and stainless steel by
micro electrochemical machining (LECM) and micro electro discharge machining
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(LEDM) [94, 95]. To the knowledge of the author these tools were not employed for
ultrasonic hot embossing, but it is obvious that they are suitable because hot em-
bossing has similar requirements on the tools as ultrasonic hot embossing. The
advantage of these tool fabrication processes is, that tools from comparatively hard
metals can be generated promising to withstand thousands or even more embossing
steps without degradation. Micromachining with a laser is also expected to be suit-
able for tool fabrication for ultrasonic hot embossing. Holes as small as 52 um in
diameter were drilled by a helical drilling strategy with a copper vapor laser (CVL)
[96]. The limits of these three methods are complex fabrication procedure, high cost
and high roughness. Only electrical conductive metals are suitable for hECM and
HEDM. Besides, the roughness of a surface generated by a laser on carbon steel
may be ten times rougher than of an electroformed nickel surface [97], which may
affect the micro structure dimension and the demolding process.

4.2.8 Tools from liquid metal

It also has been tried fabricating tools for ultrasonic hot embossing from so-called
liquid metals. These are mixtures of metal particles with an adhesive. On the market
there are mainly two types of liquid metals differing in mixing and solidification. Epoxy
liquid metal is realized by firstly mixing two components manually: resin with catalytic
or co-reactants and then waiting for the curing reaction between the components.
The fine metal particles are previously added to the resin, which can be any com-
pound containing one or more a- or 1, 2-epoxy groups. With curative additive, the
mixing is converted to thermoform 3-dimensional network structures, which are reli-
able to obtain various properties, such as chemical resistance, mechanical properties
etc. [98]. Besides the epoxy metal liquids, one component adhesives are of interest
as well. The ‘one component’ often refers to fine metal particles (diameter in the
order of 100 um) from stainless steel, Al, Ni, etc., which has been mixed with harden-
er (i.e., ceramic colloid) already and sealed inside of a container. Before curing, the
adhesive must be stirred at ambient temperature. Then either at ambient or an
elevated temperature, the hardening proceeds and the metal particles are finally
glued together and become a stiff material. This type of liquid metal can sustain
temperatures as high as 1000°C, thus it is usually applied to repair devices working
at high temperature. Due to the particular performance of liquid metal in industry,
they were attempted here to fabricate the tools for ultrasonic hot embossing and they
were tested whether they can fulfill the requirements of a tool for ultrasonic hot
embossing.

Several available products on the market from different companies were selected,
shown in Figure 4.15. The basic information of these products from their datasheet is
listed in Table 4.3. The preparations of liqguid metals are different. For Loctite and
BOLDT liquid metal, the epoxy resins have to be additionally mixed with metal par-
ticles manually. But the Blue magic and Durabond liquid metals could directly be
mixed as the ceramic colloid had been added already.
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Table 4.3: Basic information of selected liquid metals.

Product Abbreviation Heat 2 component | Appearance | Preparing | Price

name name in text | resistance | epoxy/adhesive time [h] €/g
T[°C] at 20°C

BOLDT BOLDT -40 - 300 2 component putty 15 0.142
Turbocoll epoxy
2000
repair
adhesive

Loctite EA | Loctite steel | -20 - 120 2 component Gray liquid 12 0.123

3472 steel epoxy epoxy

metal-filled
Epoxy

Loctite EA Loctite -20 - 190 2 component Gray putty 12 0.132
3479 aluminum epoxy

aluminum epoxy

metal-filled
Epoxy

Blue Magic | Blue magic 1316 Adhesive Paste, putty | Minimum | 0.117
Cargo 24
thermosteel

Durabond™ | Durabond 1050 Adhesive Paste, putty 1% 24 0.417
7032 2" 66°C

Stainless 4 h
Putty

Similar as electroplating, liquid metals require a mold to duplicate the reverse struc-
tures. The original mold for liquid metal casting can be fabricated in many ways, e.g.,
milling or lithography. Here two different designs were selected: 1) heat changer tool
and 2) hole arrays (1 mm in diameter, 500 um in depth and 2 mm in interval) on the
substrate. The process of how to prepare the liquid metals was: firstly, a silicone
rubber (Clorex) was employed to duplicate the pattern from the original Al tools. As
silicon rubber can be deformed freely without breaking and replicates the original
structure precisely, it is suitable to transfer the pattern from a metal substrate to liquid
metal and the soft rubber is easy for demolding. The replicas of silicon rubber from
two structures are shown in Figure 4.16.

Secondly, the mixed liquid metals were cast onto the solidified silicon rubber form
and cured. Finally the liquid metal tools were demolded and ready for ultrasonic hot

embossing.
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BOLDT Turbocoll 200

Figure 4.15: Several products of liquid metals.

Figure 4.17 shows the two types of replicated structures from different liquid metals
and Figure 4.18 is the surface morphology of each liquid metal taken by the Keyence
microscope. The structures obtained from Loctite liquid metals are more fluidic and
easily filled into the cavities of the template while the copy quality from liquid metal of
Durabond, BOLDT and Blue magic were inferior as these three liquid metals were
putty clay with high viscosity, which required external force to compress during cast-
ing and curing. In between, the liquid metal form Durabond even failed to produce the
embossing tool with hole arrays since the structures collapsed during demoldng from
the silicon rubber mold. In Figure 4.18, the variation of surface morphology is notice-
able. Surfaces prepared by Loctite and BOLDT are condenser and smoother than the
ones from Blue magic and Durabond without visible particles.

Figure 4.16: Silicone rubber replica from (a) heat exchanger tool; (b) holes arrays.

It is clear that the surfaces of the liquid metals from Blue Magic and Durabond are
rough and porous with many visible voids existing inside the material. Especially in
Blue Magic liquid metal, particles sizes as large as about 100 um in diameter are
shown and glued out of order. While on the surface of Durabond particles and voids
size are reduced, but the roughness is still obviously larger than on the liquid metals
form Loctite and BOLDT.
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Figure 4.17: Structures of (a-e) heat exchanger and (f-j) holes arrays on fluidic metals
replicated from silicone rubber. (a, f) Loctite aluminum epoxy; (b, g) Lotite steel
epoxy; (c, h) BOLDT; (d, i) Blue Magic; (e, j) Durabond.

Figure 4.18: Morphology of liquid metal surface of difference products: (a) Loctite
aluminum epoxy; (b) Loctite Steel epoxy; (c) BOLDT; (d) Blue Magic; (d) Dorabond.

Ultrasonic hot embossing was carried out with the Rinco welding machine on two
stacks of PP layers (each 500 um thick). The parameters are the same as used in
Chapter 3: embossing force 250 N and embossing time 1.5 s. Unfortunately, all the
liquid metal tools were damaged after 1 or 2 embossings. The structures were
deforming or collapsing, some of them are shown in Figure 4.19. Tools from Loctite
aluminum epoxy were partly melted while the structure from Blue Magic and
Durabond were collapsed. Even though the endurable temperature of Durabond and
Blue magic liquid metal are over 1000°C, they are not suitable for ultrasonic hot
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embossing tools. The structures from the Blue Magic liquid metal were even seriously
broken after embossing.

Figure 4.19: Photos of liquid metal tools after ultrasonic hot embossing: (a) Loctite
aluminum epoxy; (b) Durabond; (c) BOLDT,; (d) Blue Magic.

In order to investigate the reasons of the failure, two measurements: hardness, and
stress and strain were carried out. The hardness (Shore D) of these five materials
were measured with Hardness Digi tester (Bareiss) and listed in Table 4.4 while PC
is listed as a reference. Obviously, the shore D hardnesses of these liquid metals are
less than that of PC, but cannot explain why these tools were damaged.

Table 4.4: Hardness measurement of liquid metals

Liquid metal name Shore D
Loctite aluminum epoxy 70.5
Loctite steel epoxy 70.7
BOLDT 71.4
Blue magic 70.3
Durabond 71.16
PC 81.5[99]

The flexural stress and strain curve was obtained by a three point bending test with
the tensile testing machine (Zwick/Roell Z5.0), shown in Figure 4.20 a. As shown in
Figure 4.20 b, all the specimens were prepared as a dog bone shape (10 cm in
length L, 20 mm in width b, thicknesses d are: 1.5 mm for Loctite steel epoxy, 0.8 mm
for Blue Magic and Durabond and 2 mm for Loctite aluminum epoxy and BOLDT).
The reason for different thickness of specimens is due to the different material mold-
ing ability when casted into the silicone rubber mold. The tested curves of load and
displacement related to the specimens and the corresponding flexural stress and
strain calculated curve are shown in Figure 4.21. As the materials were quite brittle
and broken easily, the shear deformation could be ignored. Thus the corresponding
Young's modulus E and maximum flexural stress o could be simply calculated by
[100, 101]:

_FL
483 |

E

(4.2)
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Where F, L, 6 and | are the ultimate applied load, span length of specimen,
displacement and area momentum of ineria.

The calculated Young’'s modulus E and maximum flexural strength o of all liquid
metals are listed Table 4.5. The breakings of the liquid metals are different. In
Figure 4.21, it is noticeable that the liquid metals are very brittle, especially the
curves of liquid metal from Durabond and Loctite aluminum epoxy have no yield
strength points and the ultimate tensile strength of all the specimens are
extraordinary less than common metals. Nearly all the specimen were broken after
testing as shown in Figure 4.20 c. The only comparably ductile liquid metal is from
aluminum epoxy metal, which is shown in Figure 4.20 d as bending after testing.
Calculated flexural strength from liquid metals of Blue magic and Dorabond were
higher than the other liquid metals.

Figure 4.20: (a) three point bending tester and (b) testing specimens from liquid me-
tals, from the left to the right are Loctite steel epoxy, Durabond, Blue magic Loctite
aluminum epoxy and BOLDT and the specimen from Durabond (c) and Loctite steel
epoxy (d) before and after bending test.

lllustrated in Figure 4.19, the microstructures on the tools collapsed after embossing
indicating brittleness of the material. In liquid metals, the coarse metal particles were
glued randomly. This results in porous materials full of flaw cavities with inner stress
inside. Besides, particles are interconnected to each other only by cured resin glue.
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The particle distribution in the material could be the basic reason for the poor mecha-

nical properties.
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Figure 4.21: (a) measured curve of load and displacement; (b) calculated flexural

stress and strain curve of liquid metals.

Rough surfaces have been proven to be harmful for demolding in hot embossing [97].
Worse porous surfaces are detrimental for demolding in ultrasonic hot embossing. As
shown in Figure 4.18 e and d, the surface of the two liquid metals are full of intricate
voids, into which the molten polymer flows. Figure 4.22 shows a photo of a cut
through a tool from Blue Magic liquid metal with embossed PP remaining inside. The
PP was embedded in the liquid metal. The PP foils were hard to depart from the tools
from liquid metal after ultrasonic hot embossing.

In the product datasheet listed in
Table 4.3 the resistance temperature
of Loctite liquid metal is only as high
as 190°C. In Chapter 3, the tempera-
ture of the metal embossing tool has
been measured being over 100°C.
But in the liquid metal tools, the tem-
perature seemed to be even higher
than 190°C because melting of the
tool appeared (cf. Figure 4.19 a).
The insufficient temperature
durability is probably another reason
why liquid metal is not a suitable
material for a tool for ultrasonic hot
embossing.

Figure 4. 22: Cross section of the embossed
PP with liquid metal.

54



Table 4.5: Calculated elastic modulus and flexural strength of all liquid metals.

Name Elastic Flexural Name Elastic Flexural
modulus E strength & modulus E maximum
[GPa] [MPa] [GPa] stress o
[MPa]
Durabond 28 36 Loctite 3.6 10.5
aluminum
epoxy
Blue magic 31 33 Loctite steel 4.4 9.4
epoxy
BOLDT 0.95 12 PC 2.3-2.4[23] -

4.3 Conclusions

The simplest, quickest, and cheapest way to produce a tool for ultrasonic hot em-
bossing is milling into the surface of a plate from aluminum or brass. If microstruc-
tures smaller than approximately 100 um are required, electroplating nickel on a tem-
plate patterned by photo or x-ray lithography is a good solution. The template may
also be fabricated by a combination of different production techniques such as photo
lithography and milling, drilling, or silicon etching.
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5. Tools for special applications

In this chapter, the capabilities of tool fabrication for ultrasonic hot embossing are
demonstrated by some special example applications. The surface shape of a Fresnel
lens could not be fabricated with the available equipment by milling or lithography,
and therefore, the tool was manufactured by electroplating onto an existing polymer
lens. The tools for fabricating micro nozzles with a diameter varying in axial direction
and for generating conductor paths on a three-dimensionally shaped substrate was
generated by micro milling free-form structures into an aluminum plate. Finally, micro
structures, just 600 nm in depth, were ultrasonically hot embossed with a tool electro-
plated onto a silicon wafer with photolithographic resist structures.

5.1 Fresnel lens

Fresnel lenses are employed when a large aperture and short focal length are re-
quired, for instance, as a magnifier or for many other optical purposes such as a
screen display [102], solar light control in buildings [103] and in a spectrometer [104].
In industrial production, Fresnel lenses have been fabricated by injection mold-
ing [105] and here it was for the first time produced by ultrasonic hot embossing.

A lens from a PC plate was employed as the template for nickel electroplating. Its
shape included steps of 3 um and 0.5 mm wide convex areas (cf. Figure 5.1) which
cannot be milled with the equipment available at KEp. Around 15 nm titanium and
15 nm gold were sputtered onto the PC plate lens. As the melting temperature of PC
is as high as 220°C, there was no material molten during sputtering. Later a 350 um
thick nickel layer was electroplated within 15 h generating a tool for ultrasonic hot
embossing (cf. Figure 5.1 a).

This tool was employed for ultrasonic hot embossing of lenses on PC plates, 750 um
in thickness. while other transparent polymer plates like PMMA or PET are also
possible and have been successfully embossed as well. The nickel tool as well as the
embossed lens from PC are shown in Figure 5.1 a and b and the magnification of
some numbers on a pencil are seen in Figure 5.1 c through the produced PC lens.
The surface profiles of central facet structures of the original lens, the embossing tool
and the replicated lens were measured with a profilometer (Bruker Dektak XT) and
are shown in Figure 5.1 d. For convenient comparison, the curve of the Ni tool was
reversed. No significant dimension difference was observed at these structures. The
embossing process was carried out with the Branson 2000IW+ welding machine with
the embossing parameters: embossing force of 1572 N and embossing time of 0.7 s.
When embossing was tried with a polymer plate thicker than 500 um, the heat gene-
rated by friction between sonotrode, polymer and embossing tool was insufficient to
melt the polymer. An auxiliary anvil heating turned out being necessary. Thus the
anvil was heat up to 60°C as measured by a thermo couple.

Compared to injection molding, which requires an injection pressure of 90 MPa and a
total cycle time of 15 s for heating and cooling [105], only 0.7 s is needed by ultra-
sonic hot embossing to produce the Fresnel lens.
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Figure 5.1: (a) Nickel tool for ultrasonic hot embossing of a Fresnel lens; (b)
Fresnel lens embossed into a PC plate; (c) magnification of a pencil, and surface
profile of the original lens, nickel tool and embossed PC plate (d).

5.2 Micro nozzles for generating liquid/liquid and gas/liquid
dispersions

Bubbly and slug, Taylor flow, churn and slug-annular flow, and dispersed annular
flow [106] are six different flow types in micro channels. The transition of these
regimes is a function of flow velocities, phase ratios, fluid properties of the phases,
channel geometry and the wettability of the micro channel [107, 108]. For gas/liquid
and liquid/ liquid phase dispersion, micro channel structures [109, 110] and modeling
approaches [111] are mainly used to realize the dispersion, which acquire energy for
the generation of bubbles. Further dispersion decreases the size of the dispersed
phase and enlarges the specific surface enhancing the transport process, thus more
energy has to be provided for secondary flow structures as vortices [112, 113]. Air
agitation and electrical input via a laser are common methods for external energy
input. Besides, geometrical changing, e.g., a nozzle is another option, in which the
flow pressure is transformed to kinetic energy for phase dispersion. Nozzles from
metal have been produced to break up the gas/liquid phase by generating shear and
pressure forces in [114]. Polymer nozzles were here firstly produced by ultrasonic hot
embossing and later tested on their ability for phase dispersion and re-dispersion.
The material replacement from metal to polymer is interesting because polymers
have different physical and chemical properties, such as surface energy and surface
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wettability. Besides, nozzles from polymer are faster and cheaper fabricated than
from metal. The fabrication process of the nozzle is described in the following.

5.2.1 Embossing tool fabrication

The schematic drawing of the nozzle design is shown in Figure 5.2, in which both the
nozzle and the in/outlet channels have a circular cross-section. Two kinds of nozzles
were designed, 7 mm/4.3 mm in length and 250 um/150 um in diameter, while the
dimensions of inlet/outlet channels were 880 um/960 pm in diameter. To produce the
round nozzle, two halves of the reverse pattern of the nozzle were produced on tools
and used as a tool for ultrasonic hot embossing. Later the two separate embossed
parts were welded on top of each other generating the desired nozzle. An Al plate,
4 mm in thickness, was milled by the Datron milling machine (M7 HP). The milling
time for a single tool was 3 h 20 minutes. The photos of milled tool and the details of
the nozzle are shown in Figure 5. Energy directors for ultrasonic welding are also
indicated in Figure 5.3 d. The overall dimensions of the embossing tool are 45 mm x
27 mm.

< 4.3 mm
0.88 m D
0.1 mm
<>
0.88 mm 150 p ge 0.88 mm
15°
O.j;;nm
—>
Or 25 0.96 mm
PN
o |
7 mm

Figure 5.2 : Nozzle design with inlet and outlet.
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Figure 5.3: (a) tools for embossing nozzles; (b) nozzle of 250 um in diameter; (c)
nozzle of 150 um in diameter; (d) 3-dimensional photo of the nozzle.

Another fabrication way is milling combined with nickel electroplating as mentioned in
chapter 4.2.2. Employing a milling tool with a round head, milling of a dome-shaped
channel is easier than milling of a dome-shaped bar. Therefore, it is another option
first to mill the desired shapes of the halves of the nozzle as a grove into an alumi-
num plate and then to electroplate onto this template. After electroplating, most of the
aluminum substrate was milled off. Only a thin aluminum layer(around 150 um in
thickness) still remained and etched by heated KOH (around 100°C) lasting about 1
hour. This way, the reverse of the nozzle halves were obtained as protruding bars on
a nickel plate.

The milled Al plate and electroplated Ni tool are shown in Figure 5.4 a and the nozzle
on the Ni tool is seen in Figure 5.4 b. Both the nickel as well as the aluminum tool
turned out being suitable for ultrasonic hot embossing and they both showed the
desired geometry. Therefore, it is concluded that direct milling of the desired tool
structure is quicker and cheaper but, if it is only possible milling the reverse geometry,
the combination of milling and electroplating is a good alternative.
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Figure 5.4: (a) Milled Al plate and electroplated Ni tool; (b) detail of the nozzle
structure, 150 um in diameter, on the Al plate.

5.2.2 Production of the nozzle

The micro channels containing the nozzles were made of up to 9 PVDF foils, each
100 pm in thickness, by ultrasonic hot embossing. The Branson 2000IW+ welding
machine was used for ultrasonic hot embossing and welding, the process parameters
are listed in Table 5.1 . The energy for welding is less than for embossing by less
embossing force, time and amplitude.

Table 5.1: Parameters used for ultrasonic hot embossing and welding.

Embossing parameters Ultrasonic hot embossing Ultrasonic welding
Embossing force 1258 N 629 N

Ultrasonic amplitude 32 um 24 um

Time of ultrasonic vibrations 700 ms 380 ms

When a micro channel is welded from two halves, small tolerances are required to
achieve the desired cross-section. The channel walls on both sides were welded
together by energy director alignment. As shown in Figure 5.5 a, at the sides of the
upper half the energy directors were produced as protruding bars along the channel
while at the sides of the lower channel halves a recess was generated aligning the
energy director of the upper half. The volumes of the energy director and the recess
were designed being equal: the width and depth of the energy director were 250 um
and 400 um, respectively, while width and depth of the recess were 400 um and
250 um, respectively. The purpose of this design is on the one hand to align the two
embossed parts. On the other hand, the narrower energy director is easier to weld
inside the recess and the melted polymer can fill up the recess without leaking into
the channel.

Figure 5.5 b shows a cut perpendicular through the welded channel. The welding
seam of energy director and recess are visible. The channel with a nearly circular
cross-section was successfully welded from two halves. Deviations were observed
when too less or too much energy was applied during ultrasonic welding. Over
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welding induces a deformation of the channel or even the nozzle was occluded, while
with not enough energy, a significant gap was left between the contacting surfaces of
the two channel walls even though the channel was sealed, enlarging the channel
dimensions. With proper welding parameters, well welded nozzles were obtained.
Figure 5.6 shows cuts in axial and perpendicular direction through the nozzle.

Figure 5.5: (a) separated energy director and the corresponding cap; (b) radially cut
section of welded nozzle.

Leakage was tested at both 20°C and 90°C. Pressed gas was pumped into one
opening while the other two openings were closed. The whole specimen was laid
inside a water bath to observe the gas coming up due to leakage. All the tested
specimens were proven being tight up to a pressure difference of more than 600 kPa.
The observed mean pressures which could be applied before leakage were 2.9 MPa
and 2.5 MPa at 20°C and 90°C, respectively. Leakage occurred mostly either at the
connections to the outside or at 90° curves in the channel.

Figure 5.6: Axial (a) and perpendicular (b) cut through nozzles, 250 um in diameter.

5.2.3 Testing of the micro nozzle

The phase dispersing testing was accomplished in the laboratory of Equipment
Design of Dortmund University and the experimental set up is shown in Figure 5.7
[38]. Two inlets of the polymer structures were separately connected to two syringe
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pumps (HiTec Zang GmbH, Germany). One of the pumps was used for supplying
water while the other was exchanged by a rotameter (Aalborg Instruments & Controls,
Inc., USA) for gas/liquid systems. Used substances were deionized water and
toluene (Merck KGaA, Germany). The structure was placed under a transmitted-light
microscope (Advance ICD (10x)-(160x), Bresser Gmbh, Germany), which was
connected to a high speed camera (Xtra Motion NR4, imaging solutions GmbH,
Germany) for recording. Frequencies of up to 8500 Hz and an exposure time of 15 ps
were used.

Figure 5.7: Experimental set-up, 1: Syringe pumps for continuous phase, 2: Pres-
sure display, 3: Pressure sensor at the continuous inlet, 4: Digital camera, 5: Micro-
scope, 6: PVDF nozzle structure, 7: Syringe pump of the dispersed phase. Publish-
ed with permission of Laboratory of Equipment Design of TU Dortmund University.

Turbulent flow was realized at high flow velocity. When this flow passes through the
narrow nozzle, the phase dispersion is severe. Large droplets were broken up into
swirling bubbles at the outlet of the nozzle (250 um), shown in Figure 5.8. After 2 ms,
a large amount of bubbles was generated.

Figure 5.8: Droplets broke up at 0 ms, 0.5 ms and 2.1 ms for a volume flow rate of 50
mL/min and Re =5870. Published with permission of Laboratory of Equipment Design
of Dortmund University.

5.3 Spiral coils

Ultrasonic hot embossing has been used to produce Molded Interconnect Devices
(MID) [45, 115]. These are conductor paths connecting electronic circuits on a circuit
board. The fabrication was accomplished by a polymer substrate covered with a
copper layer which was partly displaced into the isolating polymer by ultrasonic hot
embossing.

It was investigated now, whether also MID on a curved substrate can be generated
by ultrasonic hot embossing. As an example, a conductor path in the shape of a
spiral coil has been manufactured.
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5.3.1 Embossing tool fabrication

The tool for embossing spiral coils was milled on a 4 mm thick Al plate by the Datron
milling machine (M7 HP). The conductor path was designed as a horizontal path,
150 pum in width, on a cone-shaped polymer substrate. At the rim of the path there
was milled a cutting edge on the tool, about 150 um and 500 pum in height and width,
respectively. The convex cone was 2 mm high with a taper angle of 7.8°. The path
with the cutting edge at its rim was distributed along a projected spiral curve, shown
in Figure 5.9. The polar coordinates of the spiral curve are:

r(t)=2+1(0.05x250)
0 =0.05+1(6x360)
;=0 (5.1)

Spiral curve projected on the cone surface

to be the milling track Spiral curve

e LI Taper angle: 7.8°

Cone
Embossing tool

Figure 5.9: Spiral curve distributed on the cone.

A photo of the embossing tool is shown in Figure 5.10 a. The polymer employed for
embossing was PET, 270 um in thickness. Instead of metal sputtering for making the
polymer electric conductive, a cooper foils (20 um in thickness) was glue onto the
PET by a double side adhesive tape (50 um in thickness). As the upper surface of
the tool is not flat, the embossing energy would had been most concentrated at the
highest part -the center - while the other areas would had not been embossed at all.
To solve this problem, a concave milled PEEK plate (4 mm thick) was applied be-
tween PET foils and sonotrode during embossing as shown in Figure 5.10 b. The
dimension of the concave recess on the PEEK plate is the reverse of the convex
cone on the embossing tool. The PEEK plate forced the PET foils to adapt to the
shape of the tool but was not welded together with the PET since no chemical bound
happened.

There are two dimension limits for designing the tool. One is the minimum width of
the cutting edge at the rim. The working principle of the edge is to cut the copper foil.
The narrower the edge, the better cutting quality is achieved. The aspect ratio of the
structure in Figure 5.10 a is 500/150 = 3.33. Edges with higher aspect ratios were
milled as well. But when embossing with a narrower edge, some parts of the edge
deformed after several embossings because of the inferior strength for such an ex-
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treme structure. The 150 um wide edge was applied for embossing for more than 20
times without any deformation and the cutting quality was also satisfying.

PEEK . Sonotrode l
PET \— ‘
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Figure 5.10: (a) embossing tool; (b) arrangement of ultrasonic hot embossing on a
curved surface

The other limit is the maximum height of the cone on the tool. The height of the
convex cone in Figure 5.10 a is 2 mm with a taper angle of 7.8°. Another tool with a
height of the convex cone of 5 mm with a taper angle of 18.5° was also produced and
could not yet be employed successfully for ultrasonic hot embossing. Ultrasonic hot
embossing with the higher tool failed because the PET used needed to be bent more
to adapt to the shape of the steeper cone. More energy is required to accomplish the
embossing. If too much energy was applied, the reverse PEEK plate was broken into
pieces and the structures were still not embossed. Thus the maximum structure
which has been successfully applied is 2 mm high.

Two layers of PET were embossed by the Branson 2000IW+ welding machine with
embossing force: 943 N, embossing time: 270 ms, amplitude: 22.5 um and cooling
time for solidification: 4 s. The cut through the middle of the embossed 3D spiral coill
and its details are shown in Figure 5.11, in which the concave conductive path was
formed with the taper angle of approximately 7.8°.

Figure 5.11: Cut through the conductor path of the spiral coil: (a) total view; (b)
magnification.

5.3.2 Evaluation of spiral coil

The resistance and inductance of the spiral coil produced by ultrasonic hot emboss-
ing was measured to be 0.2 Q and 100 nH. An SMD capacitor with 100 nF was
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soldered to the center and the end of the colil to build an oscillator (cf. Figure 5.12 a).
The resonance frequency of this oscillator was calculated by:

1
!
2n4/LC (5.2)

Where C = 100 nF and L = 100 nH.

Thus, the resonance frequency f is 1.6 MHz and the measured value was 1.65 MHz.
Another air coil with 1.4 mH was isolated from the spiral coil by a 3 mm thick polymer
plate. The air coil provided electromagnetic induction to the spiral coil with alternating
frequency sweeping from 0 kHz to 2 MHz. The arrangement of the two coils and the
schematic drawing of the whole testing electronics is shown in Figure 5.12 b and c.
The resonance frequency of the resonance circuit was measured to be around
1.7 MHz and shown by the oscilloscope (Tektronix 7DS 1002B), cf. Figure 5.12 d.
The ordinate value is the voltage to indicate the amplitude of resonance wave with
1 mV/division while the abscissa value is frequency with 0.1 MHz/division.

Spiral coil Air coil
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Figure 5.12: (a) Spiral coil soldered with capacitor; (b) arrangement of air coil and
spiral coil; (c) schematic drawing of electronic testing process (d) screen display on
an oscilloscope showing the function of voltage and frequency.
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5.4 Hydrophobic surfaces

In recent years, hydrophobic surfaces, which have static contact angles of more than
90° have attracted much attention for fundamental research. Especially super hydro-
phobic surfaces with a contact angle of more than 150° were greatly noticed [17, 116].
Originated from the lotus effect, super hydrophobic surfaces were found out to be
water repelling and self-cleaning [117, 118]. Therefore, lots of practical applications
have been derived, such as super hydrophobic coatings on antennas to prevent
snow or rain adhesion [119], or umbrellas with water repellant coatings [120] etc.

5.4.1 Hydrophobic surface fabrication

Most of the surface modification methods are based on adjusting material chemical
compositions. Besides, surface morphology like roughness and distributed micro
/nano structures also modify material wettability. At KEu four polymers: PA, PVDF,
PE, and PPHM (PP with high Young’s modulus) were micro patterned by ultrasonic
hot embossing and the wettability of these four surfaces was investigated. Two types
of embossing tools were applied: a LIGA (Shortname of Lithographie, Galvanik und
Abformung in German) tool from nickel with the inverse of a honeycomb structure
(20 pum and 50 pm for rim width and length) [71] and an Al tool with arrays of periodic
holes (50 um, 50 um and 100 pum in diameter, depth and period), some optical and
SEM photos of which are shown in Figure 5.13.

All the polymer layers employed for ultrasonic hot embossing of superhydrophobic
micro structures were 100 um in thickness and always four layers were applied using
the Branson 2000IW+ welding machine. The embossing parameters for the LIGA and
the Al tool are listed in Table 5.2 . The height of embossed structures: hexagon pillars
and round pillars were measured and listed in Table 5.3. Worth to mention that all the
polymers except PA had been fully embossed when the Al tool was employed and
the parameters listed in Table 5.3 were used. This is recognized by the fact that the
heights of the embossed structures are nearly the same as the depth of the holes in
the tool. But the polymers were not completely embossed by the LIGA tool. Best
results have been obtained with PVDF filling only half of the height of the LIGA tool,
while other polymers were filling only about 30% of the depth of the embossing tool.
In ultrasonic hot embossing applying more embossing energy would improve polymer
melting and better filling of the tool can be achieved, which were also investigated
by [36, 121].
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Figure 5.13: Photos of embossing tools: (a) LIGA nickel tool; (b) Al tool; (c) SEM
photo of LIGA tool; (d) 3-dimensional measurement of AL tool. (a, b, d) were taken by

a Keyence microscope.

Polymers with high melting
temperature and stiffness
are harder to emboss.
Taking PA and PVDF
embossed with the LIGA
tool for instance, the
melting temperature of PA
and PVDF are 260°C and
174°C, respectively. The
embossed structure height
on PA is less than on
PVDF even though more
embossing time had been
applied on PA. In addition,
the melting temperature of

Table 5.2: Parameters used for ultrasonic hot emboss-
ing on LIGA and Al tool.

Embossing LIGA tool Al tool

parameters

Embossing force 1258 N 1258 N

Ultrasonic amplitude 24 pum 16 um

Time of ultrasonic PA: 250 ms

vibrations PPHM/PVDF: 150 ms 200 ms
PE: 185 ms

PVDF and PPHM are nearly the same while the height of embossed structures from
PVDEF is still higher than from PPHM, showing the suitability of PVDF for ultrasonic

hot embossing.
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The embossed structures from PVDF on both tools are shown in Figure 5.14, show-
ing that cylinder pillars instead of hexagon columns were embossed by the LIGA tool
because the micro structures on the tool had not been filled completely, cf. Figure
5.14 a, b. But the cylinder columns were successfully embossed into PVDF by the Al
tool, cf. Figure 5.14 c, d.

Table 5.3: Average depth of structures embossed on LIGA and Al tool, respectively.

Tool Polymer  Average Tool Polymer Average
depth [pum] depth [um]
LIGA tool PA 38 Al tool PA 29.3
average PVDF 94.8 average PVDF 56.4
structure PPHM 59.8 structure depth: PPHM 51.4
depth:190 pm PE 54.3 56.5 um PE 42.3

Figure 5.14: Embossed PVDF structures from LIGA tool with top view (a); side view
(b) and Al tool with top view (c); side view (d). (c, d) were taken by the Keyence
microscope.

5.4.2 Surface wettablity evaluation

The wettability of the polymers was evaluated by measuring contact angles 6 on flat
and embossed surfaces. The Keyence microscope was used for the measurement
and the average values from five specimens were calculated. A deionized water
droplet with a radius of approximately 1 mm (5 pL volume) was dropped onto the
surface. The droplet shapes on the flat and embossed polymer surfaces are shown in
Figure 5.15 and the definition of the contact angle is illustrated as well. The contact
angles of various polymer surfaces are compared in Figure 5.16.
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Figure 5.15: Droplet shape on embossed surfaces generated by LIGA tool and Al tool.

From Figure 5.15 and Figure 5.16 it
is seen that polymer surface

wettability depends not only on ma- Flat Al\toﬁlG A tool
terial properties but also on the sur- =130

face pattern. Surface energy of %110 \

liquid, air and material influence the S 38 :

liquid contact angle to a flat sur- 4 50 -

face [122].  However,  surface £ 30 -

roughness and patterns can also 8 10 -

affect the surface wettability. In the
measurement, flat PA, PVDF and PA PVDF PE_ PPHM
PE surfaces were hydrophilic but Polymer material

became hydrophobic after emboss- _ .
ing with the LIGA tool. This transfer Figure 5.16: Contact angle comparison of flat

was most noticeable for PA and 2and embossed polymer surface.

PVDF. The hydrophobicity of

PPHM was also improved after embossing with the LIGA tool. However, the pattern
embossed from the Al tool has a comparably limited effect on improving surface
hydrophobicity as only the PE and PPHM surface showed hydrophobicity after
embossing with the Al tool.

The different performance of LIGA and Al tools on hydrophobicity of the embossed
polymers is due to the structure design. To analyze the influence of surface rough-
ness on the contact angle, Wenzel model [123] and Cassie-Baxter [124] model are
most used for theoretical evaluation. The schematic drawing of two contacting re-
gimes are shown in Figure 5.17. The structure dimensions are designated as: m, n,
and c for the columns diameter, pit interval and height, respectively. In the Wenzel
state a droplet has filled the voids between the surface structures, while in Cassie-
Baxter state, the droplet is suspending above the surface structure with air trapped
inside of the voids.
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The equilibrium (contact angle 6,,) of the Wenzel contact state is [123]:

cosO,, = rcoso, (5.3)

where 0 is the contact angle on a flat surface, r is defined as the surface roughness
factor, which is calculated by [36]:

2C
m+n (5.4)

In Cassie-Baxter contact state, the contact angle 6. is calculated by [124]:

r=1+

cos0, =h (1+cos6,) -1 (5.5)

Where h is called the surface fraction under the water drop, which is contacting the
liquid. The h is expressed by [36]:

m
m+n

h=

(5.6)

According to the above formulas, when in the

Wenzel state the surface roughness factor is Cassie-Baxter Wenzel
increased, the contact angle is decreased.
While in Cassie-Baxter state, increasing the
void between structures, e.g., increasing n and
decreasing m, results in a smaller surface
fraction and the contact angle is increased.
Supposed that the embossed structure from
LIGA and Al tools were pillar arrays with m =
50 um, n = 10 um (LIGA tool)/86.6 um (Al tool)
and c has been tested (cf. Table 5.3). The r, h, 6, and 6., and the measured 6y, were
calculated and compared in Table 5.4.

Figure 5.17: Contact regime of
droplet, left: Cassie-Baxter state;
right: Wenzel state.

Table 5.4: Calculated surface roughness factor (r), surface fraction (h), contact
angle 6y and 6¢, measured 6y, and 6o.

Embossing  Polymer

tool ‘ h 0. Ou O 00

LIGAtool  PA 1.76 0896 7473 4382 10847  65.80
PVDF 2.896 0.896 81.45 35.26 112.51 73.62
PE 2.196 0.896 95.02 87.69 118.27 88.95
PPHM 2.086 0.896 98.54 95.95 120.24 92.85

Al tool PA 1586 05 107.16 49.45  80.08  65.80
PVDF 2.128 0.5 111.04 53.13 83.77 73.62
PE 2.028 0.5 119.39 87.86 101.83 88.95
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PPHM 1.846 0.5 121.66 95.27 114.00 92.85

According to the measurements, all of the surface contact angles were increased
after ultrasonic hot embossing. But the Wenzel state calculation for a surface em-
bossed with the LIGA tool shows a reverse trend: contact angles decreased after
embossing, except for PPHM. Besides, the deviation between Cassie-Baxter calcula-
tion and real measurement is also smaller than from the Wenzel calculation. Thus the
contacting state of the surface patterned with the LIGA tool is believed to be in
Cassie-Baxter regime, for which the calculated contact angle was increased after
embossing. The reason for the deviation between calculated Cassie-Baxter state and
measured values could be due to on the one hand measurement uncertainties and
on the other hand the fact that for the calculation the embossed structures were
supposed to be cylinder columns with 10 um interval, what is achieved only if the
micro structures are fully embossed. In fact, the diameter of the columns is less than
87 um and the pit interval is larger than 10 um. Thus the real h should be less than
0.9 and the calculated contact angle 6. should be larger as well. For the surface
embossed with the Al tool, the calculated 6, is also less than 6o, which is in con-
tradiction to the measurements. By calculation, the 6y is nearly the middle value
between 6. and 6,,, the contact state is thereby probably mixed in both states. As the
distance between two pillars is 50 um, the droplet may tend to drop down severely
and contacted partly the bottom of the pillars, resulting in partly wetting on the sur-
face. Thus the measured contact angle 6y, is less than 6.

Based on the measurement results, the surfaces embossed with the LIGA tool is
more hydrophobic than the surfaces embossed with the Al tool. Adjusting surface
structures to realize either hydrophobicity or hydrophilicity, much more of theoretical
and experimental research needs being carried out [125, 126], which is out of the
range of discussion here.

In many applications, ultrasonic hot embossing has been proven to be a fast and
effective way to pattern polymer surfaces for realizing different functions [17, 39],
including hydrophobicity. The key problem is not only the design of the patterns but
also the possibility to fabricate the ultrasonic hot embossing tool. As long as the mold
can be produced, ultrasonic hot embossing is an option to produce functional sur-
faces. The methods of many fabrication ways have been discussed on Chapter 4.

5.5 Nanostructures

The fabrication of very wide or shallow micro structures is difficult by ultrasonic hot
embossing, because the polymer layer next to the tool is in contact to both the
protruding micro structure and the rest of the surface. Therefore, the ultrasonic ener-
gy is not concentrated on the protruding structures and polymer melting is hard to
achieve. In the scientific literature the smallest structures produced by ultrasonic hot
embossing are square pillars, 1x1 um? in lateral dimensions and 600 nm in depth,
embossed together with microstructures of 20x20 um? as the base [17]. Here, it was
tried to generate nanostructures directly on the polymer surface by ultrasonic hot
embossing.

5.5.1 Embossing tool fabrication

The design for the nanostructures is a biological chip with various reaction chambers
and the inlet/outlet channels. Photolithography (A = 365 nm) was used to fabricate the

71



nanostructures in SU8 photoresist on a 4 inch silicon wafer. The thickness of the
photoresist was 600 nm. Figure 5.18 shows three patterns for biological purposes on
the silicon wafer. The widths of the structure range from 1 um to 50 um while the
gaps between structures were even less than 1 um.

@ |= . 50 um | (b) 50um ff (c) | 50 um

Figure 5.18: Three patterns of nanostructures from SU8 on a silicon wafer, taken by
the Keyence Microscope.

Nickel electroplating was carried out for duplicating the nanostructures to produce the
embossing tool because a silicon wafer is not suitable for ultrasonic hot embossing
and would break during the process. The process details of nickel electroplating has
been mentioned in 4.2.2. The silicon wafer was cut into 4 pieces for easy clamping in
the electroplating bath. 15 nm Ti and 15 nm gold were sputtered onto the silicon sur-
face before electroplating.

The critical point of nanostructure electroplating is the current density management.
Large current density results in a deposited layer peeling off the substrate. In the first
attempt, 2 A/dm? was used when electroplating started. After several hours, some
cracks appeared on the layers and later parts of it were warped and peeled off the
silicon wafer seriously, cf. Figure 5.19 a, due to the tensile inner stress generated
inside of the deposited material. Even though 2 A/dm? is already a small current den-
sity for normal nickel electroplating, the nano-patterned photoresist is still very sensi-
tive to the tiny inner stress of the deposited layer. Furthermore, high current density
results in larger nickel crystallites generating a rough upper surface of the electro-
plated metal and larger residual stress in the deposited films. By electroplating at
lower current density, these problems were solved. As an improvement, at the
beginning a very small current density of 0.05 A/dm? was applied and gradually
increased to 1 A/dm? after 15 h. After about 35 h electroplating, a 350 pm thick nickel
plate was successfully achieved. Next, heated KOH (around 100°C) solution was
applied to dissolve the silicon wafer and finally the ultrasonic hot embossing tool was
obtained.

Four embossing tools are shown in Figure 5.19 b. The electroplated nanostructures
on the tool obtained from the resist structures shown in Figure 5.18 are shown in
Figure 5.20. The quality of the electroplated nanostructures on the nickel tool is good
as the obtained electroplated surface profile is quite smooth .
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Figure 5.19: Nickel layer peeled off from silicon wafer; (b) Four pieces of nickel tools
electroplated from silicon wafers.
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Figure 5.20: Electroplated nanostructures on the tools shown in Fig. 5.18 b corres-
ponding to the resist structures on the silicon wafer shown in Fig. 5.17.

5.5.2 Embossing of nanostructures

In ultrasonic hot embossing, ultrasound is transmitted from the sonotrode to the poly-
mer and the anvil (cf. Figure 3.1), initiating high frequency vibrations inside and
between the polymer foils and the embossing tool. Friction due to the vibrations is
generated where protruding micro structures are in contact to the polymer and where,
this way, the ultrasonic energy is focused. The requirements of micro structures on
the tool to generate enough heat have been mentioned in [16]: protruding structures
are desired for melting polymer and filling in cavities on the tool.

In our prepared embossing tool, the maximum height of the micro structure is not
more than 1 um and no particular protruding structures were designed on a flat tool
surface. Several polymer foils and plates (750 um in thickness) such as PC, HDPE
and PVDF, had already been tried for ultrasonic hot embossing directly with these
nanostructure tools, but none of the structures was successfully embossed and the
polymer surfaces showed no modification. The reason is that the ultrasonic energy
was distributed to the entire surface of the polymer and not concentrated to certain
positions.

Therefore, auxillary heating of the ultrasonic embossing tool was required and it was
realized by inserting an electrical heater into the anvil to heat up both the anvil and
embossing tool. The temperature of the heater was set up to 80°C. At higher tem-
peratures possibly better results could had been achieved, but the anvil would be-
come too hot for manual handling of the samples. With the heating of anvil and em-
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bossing tool, the polymer temperature was increased and the polymer was easier
metled. Thus, the embossing of nanostructures was realized.

Besides the heating of the anvil, in a first step, micro structures were generated on
the polymer by ultrasonic hot embossing. These micro structures are called pre-
structures. In a second embossing step, the pre-structures are molten first generating
the required liquid polymer to fill the nanostructures on the tool. The pre-structures
are actually much larger than the nanostructures and they are easy to be embossed.

To investigate the effect of pre-structures, a tool with pre-structures was designed
with an array of protruding peaks (diameter and height are 200 um and 150 pm,
respectively.) and milled into an Al plate. Photos of the embossing tool for pre-
structures are shown in Figure 5.21, in which the holes are distributed next to each
other with boundary wall thicknesses of less than 50 um.

Figure 5.21: Embossing tool for pre-structures as seen from the top (a) and as a side
view (b), taken by the Keyence microscope.

PMMA and PC plates, 750 um in thickness, were employed. The reason for choosing
a polymer plate instead of foils is that the plate is stiffer than foils. The surface
flatness of the plate keeps consistent or has just negligible bending after embossing.
And when polymer foils were embossed with pre-structures, they were deformed
more and twisting or warping because the layers were melting together. Then the
surface was not flat anymore impeding the following ultrasonic hot embossing of
nanostructures.

Pre-structures embossing was realized by the Branson 2000IW+ welding machine
with the embossing parameters listed in Table 5.5. By the mentioned embossing
parameters and the heated anvil, pre-structures on PC and PMMA plates were not
yet fully embossed (cf. Figure 5.22). Only partly protruding structures were embossed
on the surface. Completely embossed pre-structures are in fact not necessary as
long as the protruding micro structures produce enough heat to melt the polymer.
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Table 5.5: Embossing parameters for pre-structures and nanostructure.

Pre-structures Nanostructures
Ultrasonic force [N] 1258 1258
Vibrating time [s] 1.2 1
Amplitude [um] 32 32

Figure 5.22: Pre-structures embossed on a PC plate (a) and PMMA plate (b), taken
by the Keyence microscope.

The ultrasonic hot embossing of nanostructures was done by the same machine and
the parameters are also listed in Table 5.5. As the embossing is quite sensitive to the
surface flatness, the tool needs to be well aligned parallel to the sonotrode. The em-
bossed nanostructures on both PC and PMMA plates are shown in Figure 5.23 and
the embossing results from PC and PMMA plates are similar. It is also observed that
not all the structures have been embossed completely. Only the structures in Figure
5.23 b corresponding to Figure 5.20 b were successfully embossed. In Figure 5.23 a,
¢, d and f some structures are missing compared with the mold in Figure 5.20. The
reason is probably due to the incompletely filling of the mold cavities by the molten
polymer. Another problem is that the pre-structures were not totally melted away and
were still left after embossing as shown in Figure 5.24 a on the PMMA plate. These
remaining pre-structures affect the nanostructures precision and should be avoided.
Increasing the embossing energy could be an improvement.
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Figure 5.23: Embossed nanostructure on PC (a, b, ¢) and PMMA (d, e, f) plates, cor-
responding to silicon wafer template, taken by Keyence microscope.

The height of corresponding structures of photoresist, nickel mold and embossed PC
plate were measured by the profilometer (Bruker Dektak XT) and are shown in Figure
5.24 b, in which the curve of the nickel mold was reversed. The heights of the struc-
tures from all, silicon wafer, nickel tool and embossed PC plate are nearly the same.
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Figure 5.24: (a) Remained pre-structures after ultrasonic hot embossing of PC; (b)
profile of the structure on the photoresist SU8, nickel mold and embossed PC plate.

Obviously pre-structuring of a polymer sample is advantageous, but the embossing is
still an additive step to the process. To simplify the procedure, it would be ideal avoid-
ing this additional step. However, in all experiments, pre-structures turned out being
necessary. As mentioned above, ultrasonic hot embossing with polymer foils without
pre-structures failed except for PLA, which could be embossed directly with the nickel
tool without pre-structures. This embossing result is shown in Figure 5.25.

PLA, short for poly (lactic acid), is one type of aliphatic thermoplastic polyester and
degraded from renewable resources [31]. PLA foils have also been tested to be
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easily processed by molding [127]. The glass transition temperature Ty and melting
temperature T, of PLA are 55°C and 175°C [31], which is quite lower than the other
polymers listed in Table 2.1. In Figure 5.25, the embossed results from PLA were not
as good as from PC or PMMA as some nanosturctures were not embossed onto it.
How to improve the embossing quality on PLA is still a challenge. In addition, the low
Tgof PLA is also a limit and may easily result in deformations in structures when the
polymer’s temperature is higher than 55°C. Nevertheless, it is worth to confirm that

PLA is still an easily embossed polymer since no pre-structures are required.
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Figure 5.25: Corresponding nanostructures embossed on PLA from the nickel mold
shown in Fig. 5.19, taken by the Keyence microscope.

After ultrasonic hot embossing of the nanostructure onto a polymer plate, a polymer
lid above the embossed structures could be welded by a laser to build a closed
system of nano channels suitable for example for a biological analysis.

In 4.2.2, microstructures with a depth of
25 um were also successfully emboss-
ed with the help of pre-structures.
Shown in Figure 5.26, pre-structures
were embossed as cone arrays with a
radius of 160 um and a height of
220 um onto HDPE foils and later the
embossing with a nickel tool followed.
The 25 pum high microstructures were
finally embossed and the result is
shown in Figure 4.10.

In conclusion, from the above five ex-
amples, ultrasonic hot embossing is a
fast, low-cost fabrication method of
polymer based microsystems. Its ma-
nufacturing quality can accomplish

Figure 5.26: Pre-structures for embossing

the structures from Figure 4.10.

most tasks in fluidic microsystems. For ultrasonic hot embossing of nanostructures,
further improvements are desirable for structure transferring precision.
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6. Conclusions

The tool affects the embossing result, which has been investigated by measuring the
temperature in the embossing tool, measuring the dimensions of embossed struc-
tures and calculating the energy distribution in tool and embossed polymer. Besides,
milling, electroplating, lithography and silicon etching were applied to produce em-
bossing tools, by which the following new micro-devices or functional surfaces were
ultrasonically hot embossed or welded: Fresnel lens, micro nozzle, spiral coils, nano-
structures and hydrophobic surfaces.

In the ultrasonic hot embossing process, ultrasound transfers from a sonotrode,
through a polymer stack and embossing tool, and finally arrives at the anvil.
Meanwhile, the ultrasound wave is also reflected between the polymer foils, em-
bossing tool and anvil, co-inducing the polymer vibration to generate a large amount
of heat at material contact interfaces. Thus, the polymer stack, embossing tool and
anvil are heated up. The more reflections occur at the interfaces, the more vibration
is induced generating more heat. In order to melt polymer, a weak ultrasound reflec-
tion between sonotrode and polymer but a stronger reflection of ultrasound between
polymer and embossing tool are beneficial for maximum energy utilizing.

Applying an embossing tool material with larger acoustic impedance than and a
sonotrode material with a similar acoustic impedance as the embossed polymer
reflects more ultrasound at the polymer-tool interface and the ultrasound reflection at
sonotrode-polymer interface is less. This has been proven by comparing tools from
the four metals: Al, Ni, St235JR and St1.2343. To utilize more ultrasonic energy, Al is
a more suitable material for the sonotrode due to its smaller acoustic impedance and
Ni and the two steels are suitable for the embossing tool. On the other hand, Al is
excellent for milling and the disadvantage of Al as a tool material can be compensat-
ed by increasing the embossing energy.

Experiments with embossing tools from polymers (PC and PEEK) also confirmed the
above mentioned results. The embossing result from a tool from PEEK is more pre-
cise than the one from PC. Because the acoustic impedance difference between
PEEK and embossed HDPE is larger, more ultrasound reflection was induced, gene-
rating more heat. Heat capacity and thermal conductivity of the embossing tool mate-
rials influence the temperature of the embossing tool during ultrasonic hot embossing.
At the same embossing energy, the embossing tool material with the larger thermal
conductivity achieves the faster cooling rate on the embossing tool. The summit
temperature of the embossing tool depends on the multiply value of specific heat
capacity and density. Thermal isolation between tool and anvil also affects the heat
dissipation to the anvil and increases the embossing tool temperature. Increasing the
tool temperature is beneficial for polymer melting as less embossing energy is
required from the ultrasonic welding machine.

Thus, a suitable tool material for ultrasonic hot embossing should fulfill the following
specifications:

1) high enough melting temperature (more than at least 100°C) to avoid melting or
deformation;

2) small heat capacity;
3) large heat conductivity;
4) large acoustic impedance.

78



The acoustic impedance of the anvil has less effect on the embossing result than the
effect from the embossing tool. A rough calculation shows that little energy arrives at
the interface of embossing tool and anvil.

Milling, electroplating, lithography and silicon etching and their combinations have
been used to fabricate ultrasonic hot embossing tools and each of them has its parti-
cular advantages and disadvantages.

Milling of an aluminum plate is a very convenient way to produce tools for ultrasonic
hot embossing. Aluminum is a cheap and common metal with enough strength for
ultrasonic hot embossing and is still soft enough for milling. Structures with dimen-
sions from hundreds of micrometers up to several centimeters were easily fabricated
by CNC milling. The ultrasonic embossing tools for micro nozzle and spiral coil were
produced by milling into an aluminum plate. The advantage of milling is a fast and
low cost process, especially for the surface structures required for ultrasonic hot em-
bossing. The limit of milling is that not all the materials are suitable to be machined.
Polymer and soft metal (e.g. aluminum), are often used. Another limit is that milling
structures smaller than 50 um is a great challenge to both milling tool and machine.

Besides milling, metal electroplating, especially nickel, is another option. The tem-
plate for electroplating was prepared by lithography and silicon etching. By lithogra-
phy, microstructures smaller than 50 um and even nanostructures were patterned on
flat silicon wafers. Even more complex structures can be fabricated on silicon wafers
by etching after lithography. However, silicon wafers either after lithography or etch-
ing are not suitable as a tool for ultrasonic hot embossing because of their brittleness.
Thus, nickel electroplating was applied to obtain a hard and stiff embossing tool. In
addition, there are no strict limits for the template material, which could be a silicon
wafer, an aluminum plate, or even polymer plates. As long as the original pattern has
been prepared and were electrical conductive, electroplating copies the shape of the
micro structures. The embossing tool for a Fresnel lens is an application electroplat-
ed from an original polymer lens. Electroplating is suitable for producing structures
smaller than 50 um. The embossing tool with nanostructures was also produced by
electroplating on a silicon wafer, which had been patterned by lithography. The short-
coming of nickel electroplating is that it takes a long-time (several hours up to days).

Photolithography, milling and electroplating were joined together to fabricate multi-
level structures. This idea integrated both the advantages of lithography in producing
small dimension structures and milling on polymer plates for different levels. Nickel
electroplating was used at last to obtain the embossing tool.

Producing an embossing tool with a large area (> 100 cm?) of micro structures by
milling may last more than a day and the milling tool will break during that time. As a
consequence, a step may occur in the micro structures where the milling tool was
exchanged. As an alternative, a tool with small overall dimensions was produced first
and then employed for embossing into PC repeatedly next to each other on a large
area. Finally electroplating was applied to get a large tool for embossing.

The experiments showed that liquid metals, which are mainly used for repairing
broken metal parts in machines, are not suitable for fabricating tools for ultrasonic hot
embossing, because of their poor hardness and strength.

Ultrasonic hot embossing of a Fresnel lens showed that a tool can be fabricated by
electroplating onto a micro structure and the original micro structure can be repro-
duced by employing this tool. The time for embossing the Fresnel lens into a PC
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plate was just 0.7 s, which is much less than the production time by injection molding
(15 s) [105].

The fabrication of a micro nozzle showed that three-dimensional hollow micro struc-
tures can be fabricated by ultrasonic hot embossing of two halves joined by ultrasonic
welding. Besides this, the fabrication of the required tools showed that three-dimen-
sional tools for ultrasonic hot embossing can be generated by direct milling of alumi-
num.

The production of a spiral coil demonstrated that also three-dimensional conductor
paths can be generated by ultrasonic hot embossing onto a curved substrate.

Hydrophobic polymer surfaces were prepared by ultrasonic hot embossing. PA,
PVDF, PE and PPHM were embossed with LIGA tools. The surface embossed from
the LIGA tool showed more hydrophobicity than the one embossed from the alumi-
num tool indicating that for this application tools fabricated by LIGA are superior.

Nanostructures from a biochip with structure heights of 600 nm were also success-
fully electroplated forming a tool and this tool was employed for ultrasonic hot em-
bossing into PC, PMMA plates and PLA foils. For embossing into PC and PMMA
plates, pre-structures needed being embossed firstly before the nanostructures were
embossed. But this step was not required for embossing PLA. The embossing quality
of PC and PMMA is better than the one of PLA, but extra pre-structures are required.
Furthermore, the glass transition temperature of PLA is just 55°C, which could
deform when temperature is above this value. The final embossed nanostructures
could probably be closed with a lid by laser but it appears being impossible closing
such shallow structures (600 nm) by ultrasonic welding.
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