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ABSTRACT

Fabrication processes for the high volume productif parts with micro and
nano scale features are very important in the ¢lodsearch and industry efforts to
meet the increasing needs for device miniaturigaitionumerous application areas.
Processes for the replication of surface geomegnegromising technologies that are
capable to meet the demand of manufacturing predacta low cost and in high
volume. Among these technologies, hot embossiagi®cess which relies on raising
the temperature of a sheet of polymer up to itdimgetange and on pressing a heated
master plate into the polymer for triggering a loftaw of the material to fill the
cavities to be replicated. This technique has ettdhincreased attention in recent
years in particular due to the relatively simplege and low cost associated with its

implementation in comparison to other replicatieahniques.

The present work is concerned with investigating process factors that
influence hot embossing outcomes. In particuladydetailed study of the process
parameters’ effect on the cavity pressure, demogldorce and uniformity of the
residual layer for different materials is conductednalyse the further potential of this
process. A review of the current state of the arthese topics reported in Chapter 2, is

also used to assess the capability of this repicaechnology.

Chapter 3 presents an experimental study on feetgefof process parameters
on pressure conditions in cavities when replicagpagts in PMMA and ABS. To
measure the pressure state of a polymer insidechuawdities, a condition monitoring

system was implemented. Then, by employing a desigexperiment approach, the



pressure behaviour was studied as a function dérdifit process conditions. In
particular, the effects of three process parame&rbossing temperature and force
and holding time, on the mould cavity pressure Hrel pressure distribution were
investigated. In addition, using a simple analyticeodel, the minimum required
embossing force to fill the cavities across the ltaurface was calculated. The
theoretical value obtained was then used to infirendesign of the experiments. It
was shown that cavity pressure and pressure distsib were dependent on both
materials and processing conditions. The obtaiesdlts indicate that an increase in
temperature and holding time reduced the pressutieei central and edge cavities of
the mould and the pressure distribution while tppasite effect takes place when
considering the embossing force. Also, it was olesbrthat an increase of the
embossing force has a positive effect on cavitynfjl but a negative influence for

homogenous filling.

In Chapter 4, a theoretical model was proposedadigt demoulding forces
in hot embossing by providing a unified treatmerit amhesion, friction and
deformation phenomena that take place during detimoyl of polymer
microstructures. The close agreement between tleeligeed results and those
measured experimentally suggests that the modektessfully captures the
relationship between mould design, feature sidewafiplied pressure, material
properties, demoulding temperature and the resultitemoulding force. The
theoretical results have been confirmed through pasisons with the demoulding
experiments. The temperature at which the demogiliirce is minimised depends on
the geometry of the mould features along with tretemal properties of the mould

and replica. The applied pressure has an impoirtfioence on the demoulding force



as the increase in pressure augments the adhesiom due to changes in material
dimensions and reduces the friction force due sulting decrease in the thermal

stress.

Furthermore, the relationship between the resityadr uniformity and three
process parameters was investigated in Chaptesiftg simulation and experimental
studies when processing PMMA sheets. In particulbe, characteristics of the
residual layer thickness of embossed parts werdyseth as a function of the
moulding temperature, the embossing force and tidirlg time. Increasing the
moulding temperature resulted in a reduction onatverage residual layer thickness
and on its non-uniformity. An increase in the endiog force led to a decrease in the
homogeneity of the residual layer. Also, an improeat of the residual layer
thickness uniformity was also observed when emhgssith a longer holding time.
The results of the conducted experimental and sitiinl studies were analysed to

identify potential ways for improving the hot embingy process.

Finally, in Chapter 6 the results and main findinfjsm each of the

investigations are summarised and further resedireltions are proposed.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Background

Over the last few decades there has been a camgirtuend for compact,
integrated and smaller products and this trendireguniniaturisation of components
that integrate functional features from meso- toroy and nano-scales (Koc, 2011).
Meeting such demands led to development of MEM&®dtaand micro-machining
processes (Elkaseer, 2011). However, these pracessenot adequate for high-
volume and low-cost production. Thus, fabricatieshniques for the high volume
production of parts with micro and nano scale festuare very important in the
global research and industry efforts to meet thereimsing needs for device
miniaturisation in numerous application areas (laret al. 2011). Consequently,
micro and nano replication technologies have besreldped rapidly and a large
number of research studies have been publisheki®topic in the last decade. Some
of the current micro and nano replication methoadude micro injection moulding
(uIM) (Griffiths et al. 2011), hot embossing (HE) (Worgull, 2009) and Wi\frint
lithography (Chouet al. 1995). These three methods are applicable foelaayies
production as they enable the replication of polggymarts with micro and nano scale
structures from a master mould. Thus, the repbcatf surface geometries is a

promising method for micro and nano manufacturifgcv is capable to meet the



demand of producing products at a low cost andgh tiolume.

Among these moulding techniques, hot embossingi®eess which relies on
raising the temperature of a sheet of polymer ugstmelting range and on pressing a
heated master plate into the polymer for triggeangcal flow of the material to fill
the cavities to be replicated. This technique htaaed increased attention in recent
years in particular due to the relatively simplege and low cost associated with its
implementation in comparison to other replicatioechiniques (Heckele and
Schomburg, 2004; Het al. 2007 and Becker and Heim, 2000). HE enables relativ
high aspect ratio features to be replicated whilkeirtsizes can vary from several
hundred micrometres down to several nanometres d@aiiVeres, 2006 and Heckele

et al. 2001)

The main objective of any replication techniquéoignable a complete filling
of the mould structures. It is obvious that progessameters influence the quality of
moulded parts, particularly, their dimensional aecy. Thus, the minimum required
filling pressure,P, within the mould cavities is an important paragnein HE to
completely fill the structures to be replicated d@inds ensure that the functionality of
the moulded features can be fulfilled. At the sammee, the applied embossing force
induces a pressure distribution which causes ndaioram filling. Thus, monitoring
the evolution of the cavity pressure can providéuafale information about the
process dynamics and also about the filling behavid different polymers. In spite
of the limited publications in this field, it is ggested that pressure is one of the
critical parameters to determine the outcome ofplexess at different embossing

conditions (Worgull, 2009; Heet al. 2007 and Linet al. 2002). Therefore, it is



essential to understand and systematically to aealye relationship between

pressure in the mould cavities and the hot embggsiocess parameters.

In addition, although polymer replication techréguare suitable for the
production of parts with micro and nano structuceg of the most challenging issues
to overcome when implementing them is to preveatfthmation of structural defects
that can occur during demoulding. In the case ¢femabossing, such problems have
been reported by a number of researchers (Worgull Fdeckele, 2004; Het al.
2005; Dirckxet al.2007; Gucet al. 2007a and Dirckx and Hardt, 2011). Demoulding-
related defects can include overdrawn or damagegsedue to thermal stresses
associated with differences in the shrinkage behavof replicas and the mould
during cooling, and overstretched and separatedtstes, due to high adhesion and
friction forces. For instance, overdrawn or damagedes are problematic for the
production of microfluidic systems as they can etftbe sealing between cover plates
and channels of the HE replicas, and also can camipe the functionality of the
fabricated devices. In addition, broken or ovetstred features can render the HE
replicas unusable and can also result in polymetemad residue in the mould
cavities, which is detrimental in batch productiohparts. Another costly defect,
which is sometimes reported in the literature, &8s of broken mould
structures/features (Dirckx, 2010). The state-efdint review conducted in this
research reveals that there is still a need toldpweore comprehensive simulation
models for investigating the combined effects ofterial properties, demoulding
temperatures, polymer pressure histories, locatiand geometry of the mould

structures and the adhesion on the demouldingdorce



Due to the principle on which the process reliest embossed parts are
characterised by the existence of a residual lageerneath the replicated structures.
For some applications, the existence of a residyar is beneficial and it can be used
for housing purposes. This is the case when rdplganicro-fluidic channels for
instance (Mathuet al. 2009). This layer can also be removed or etcheithwis
typical for thermal nanoimprint lithography, a pess that shares similarities with hot
embossing (Guo, 2007). The uniformity of the realdayer thickness (RLT) is an
important issue for both processes as variationgsirdistribution may affect the
functionality or further processing of replicatedris (Lazzarinoet al. 2004 and
Sirotkin et al. 2007). For example, an inconsistent RLT will résaladjacent micro
or nano structures being oriented at different emglThis can be detrimental for
optical applications for instance as it could dfféne functionality of devices such as
benches or wave guides. Also, it could cause pnobleluring the sealing of
microfluidic devices where flat bonding will be fiiult and defects can result in
leakages. The influence of the machine, the motlid, polymer and the process
parameters on the uniformity of the RLT in HE isrmgglex and has to be investigated

systematically.

In summary, the main barrier for further improvemé the quality of the
embossed parts for different conditions, desigrs materials, is the lack of more
advanced scientific understanding and systemadtysis of the process. Particularly,
although, the scientific community working in thieli of HE agrees that process
parameters have a significant effect on the qualitthe moulded parts, so far, there
has been no detailed study of their influences hen davity pressure, demoulding

force and uniformity of the residual layer for @ifént materials. As discussed, low



cavity pressure could cause incomplete filling,hhéeemoulding force could damage
or separate the replicated structures and non+umifesidual layers could be a cause
of functional failure for final applications. Thuthe understanding of the process
parameters influence on these outcomes is a clhalignesearch issues that should be
addressed. Therefore, there is a real need to erasystematically such parameters
and to investigate their influence on the procespgcially, on the quality of the part

for optimising the process and thus, achieve ctardiy the required quality.

1.2 Research Objectives

The overall aim of this research was to investigahd to gain a deeper
understanding of the factors affecting the quatityhot embossed parts. Due to the
large number of input and output factors only aectbn of them was studied

applying empirical and analytical methods and tools

To achieve the overall aim of the research, thewiang objectives were set:

* To investigate the process parameters effect oftycavessure behaviour
during the filling of microstructures by conductiegperimental studies. Also,
to develop a special condition monitoring techniqmeead and quantify the

pressure distribution during the embossing process.

* To develop and validate an analytical model fordmting the demoulding
force in hot embossing of polymer materials. Thisded should consider the

effects of material properties, the demoulding terajure, the polymer
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pressure history, the design of the mould strustuamd the adhesion

phenomenon.

* To investigate the process factors influence orrés@lual layer homogeneity
achieved on embossed parts by conducting experanemtd simulation
studies. Based on this, to provide an in-depthyamabf the phenomena that

affect the part uniformity.

1.3 Thesis Organisation

The remainder of the thesis is organised as falow

Chapter 2 contains a review and analysis of the current sifitbe art in hot
embossing. This chapter discuses different repdicgbrocesses for micro and nano
fabrication. The factors affecting the replicatiquality in hot embossing are also
reviewed. Next, previous research studies covethg topics of cavity filling,
pressure behaviour, demoulding force and the rabitayer uniformity in hot
embossed are reported. Finally, the chapter isledad with a summary of some of

the key research issues in the HE research arsassdied in this chapter.

Chapter 3 presents an experimental investigation of theceff# process
parameters on cavity pressure in hot embossingt, Rine chapter describes the
experimental set-up used which includes the hotomsihg machine employed, the

test mould and materials along with the conditioonitoring technique adopted to



investigate the effects of the process parameterscavity pressure. Next, the
conducted design of experiments is presented tegetith the analytical approach
utilised to estimate the minimum embossing forcd pressure for performing the
trials. Finally, the experimental results are répdrand the effects of the different

parameters are investigated.

Chapter 4 describes a new model to simulate the demouldirgefduring hot
embossing and reports an experimental study coedut validate it. First, the
developed model is presented taking into accownttmntribution from the adhesion,
deformation and friction forces. Next, the test enai, mould design, plan of
experiments and the method used to measure theutiding force are explained.
Finally, the comparison between the simulation &he experimental results is
discussed focusing on the effect of demoulding exemore, applied force and

structure layout on the achieved demoulding force.

Chapter 5 reports a study on the process factors influemcthne homogeneity
of the RLT for embossed parts. Initially, the expental and simulation set-up, the
mould, the selected material and the RLT measurerezhnique used in this
research are described. The design of experimeggdhter with the approach adopted
to perform the trials and analyse the data are ptegented. Finally, the results
obtained are reported and the relationship betweemprocess settings and the RLT

achieved in hot embossing are discussed.

Finally, chapter 6 summarises the contributions and conclusions otlibsis

and proposes directions for further research.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

In this chapter, a review and analysis of the cursgate of the art in hot
embossing is presented. The chapter is organistdl@ss. The first section discuses
different replication processes for micro and ndiadrication, especially, hot
embossing, micro injection moulding and UV-imprilithography. In addition,
comparison of these techniques is described. Ttherfactors affecting the replication
guality in hot embossing are reviewed. Next, prasioesearch covering the topic of
cavity filling and pressure behaviour in hot emliogss presented. The fourth section
focuses on investigations studying the demouldorgd in hot embossing. Following
this, published research on the residual layeroamity in hot embossed part is
reported. Finally, the chapter is concluded wittstanmary of some of the key

research issues in the hot embossing researchdiseassed in this chapter.



2.2 Replication of micro and nano structures

Replication of surface geometries is an establishethod in micro and nano
manufacturing technologies and it satisfies the atedrof producing products at a low
cost and at high volume. The replication processas be divided in three stages:
master/mould preparation, replication and separafiigure 2.1). Typically, the
mould/master is in direct contact with the substraiaterial with exceptions for the
deposition methods. Also, the replicated part canubed as a mould/master for a
subsequent replication technique which is sometirties case when producing
electroplated nickel or casted polydimethylsiloxdR®MS) tools (Narasimhan and
Papautsky, 2003; Bogdanskt al. 2004 and Gueet al. 2007b). In a replication
process, micro and nano structures of the mastetdhs transferred to a substrate by
inversely copying the geometry. This transfer carabcomplished with the action of
one or several physical phenomena such as heat, fehemical activation and
deposition (Hanseet al. 2011). The last step of a replication proceshesseparation
of the master and the substrate. The type of tanshd states of the substrate
material (solid, solid/viscous and liquid/viscousharacterises the replication
techniques as shown in Figure 2.2. Among the tigcles that are presented in Figure

2.2, polymer replication processes include:

* Micro Injection Moulding. It is characterised byetinjection of polymer melt
into a structured mould (Gibaat al. 2007). Further description of this process

is given in Chapter 2.
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Figure 2.1 Concepts of replication process (Hansest al. 2011).

Liquid

Viscous

Solid

Force or Heat

- Micro Injection
Moulding

- Casting

- Hot Embossing

- Roll-to-Roll Embossing

- Thermal Nano Imprint
Lithography

- Injection compression
moulding

Chemical activation

or deposition

Moulding

Reaction Injection

- Thermoforming

- Metal forming

- UV-Embossing

- Electroplating

Figure 2.2 Mechanisms of the different replicatiorprocesses.
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Micro Reaction Injection Moulding. The process eslion the injection and
mixing of two or more components of polymer liqudd polymerisation of
these components in the mould. The schematic viéwhis process is

provided in Figure 2.3 (Heckele and Schomburg, 2004

Injection Compression Moulding. The process works ibjecting and
compressing a low viscosity polymer melt into theouhl. Figure 2.4

describes the different steps for this process (@tial. 2012).

Hot Embossing. In this case, a heated mould anghpl sheet are pressed
against each other (Heckele and Schomburg, 200@2)pt€r 2 provides an in-

depth description of this process.

Thermal Nano Imprint Lithography (NIL). This proseshares similarities
with hot embossing. In particular, heating and gireg are the fundamental
steps for both processes. However, thermal nanainpithography is

typically conducted for moulding nano scale struesuon thin spin-coated

polymer films, which are then further used as etghmasks (Guo, 2007).

UV-Imprinting. It is characterised by solidifyingldV-curable polymer resist

by UV-radiation through the transparent mould (GWf07). Further

description of this process is given in Chapter 2.

-11 -



* Roll-to-Roll Embossing. In this process, a highlysoous polymer is
deformed using structured rolls instead of platEse overview of this

technology is presented in Figure 2.5 (\&t@l. 2010).

* Micro Thermoforming. This process relies on formaghin polymer film by
applying gas pressure against the film and moutis & illustrated in Figure

2.6 (Fockeet al.2011).

» Casting. This process is concerned with the filliofjthe mould using
thermosetting polymers or elastomers and then palging them by heat,

light or chemicals (Adithyavairavan and Subbiahl 20

The following sub-sections give an overview onethdifferent micro and

nano replication processes: 1) hot embossing, @onmjection moulding and 3) UV-

imprinting and finally, a comparison between thesdniques is presented.
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-13-



(1)
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(2)

Figure 2.4 Schematic view of Compression InjectioMoulding.
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2.2.1 Hot Embossing

HE is a process which relies on increasing the &atpre of a polymer sheet
up to its melting range and then on pressing aeleatould into the polymer for
generating a pressure to fill the surface strustufidnis technology has attracted a
significant interest among micro and nano replaragprocesses due to the relatively
simple set-ups and short lead times associated itgittmplementation. HE enables
relatively high aspect ratio features to be repéidawhile their sizes can vary from
several hundred micrometres down to several namemethe hot embossing process
is also characterised by short flow distances, $hwar stress and the capability of
replicating a variety of materials. On the othendhathe HE cycle time is relatively
long if compared with injection moulding due to tlegv cooling and heating rate of
the bottom and top plates. This process could tgkéo 30 mins depending on the
mould design and the replicated materials wherectimaplex and high aspect ratio
structures will prolong the process. Also the materiscoelastic behaviour under
embossing conditions which determines the replitglmf the polymer will directly

effect the processing time.

A typical HE cycle is composed of the following sse

a) A micro-nano structured mould and the polymezeshare inserted into the HE
machine.

b) The mould and polymer are heated to the embg$smperature.

c¢) Then, the mould is pressed into the softenegnpet film.

d) A few minutes of holding time is applied in orde ensure full replication.
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e) The embossed part is cooled down to the denmraul@imperature (for amorphous
polymers demoulding temperature is below the giasssition temperaturélg)).

f) The mould and the part are separated by moviemtaway from each other.

A schematic diagram of the HE process is giveRigure 2.7.

Compared with other replication technologies, aemidriety of materials can be
structured by hot embossing. However, the mostblatembossing materials are
thermoplastic polymers. Although amorphous and egystialline thermoplastic
polymer sheets can be utilised, it is easier toas@mmorphous polymers due to the
flexibility in applying a range of embossing temgigire. As shown in Figure 2.8, the
embossing window of amorphous polymers typicaléytstin the flow range and ends
in the melt temperature range, while this windomasrower and within the melting
range for semicrystalline polymers (Worgell al. 2011). In addition to polymers,
glasses like Pyrex and Borosilicate (Schuletral 2006) and metals such as lead,
aluminium and bulk metallic glasses (Cabal. 2004 and Pamet al. 2008) can be

structured using hot embossing.

The applications of hot embossing can be foundhénarea of optical devices
such as compact discs, lenses, mirrors, opticath®s wave guides and switches.
Especially, this technology can be used to prodoee cost micro-fluidic devices
such as lab-on-chip analysis systems, pumps, vapessure sensors and flow
sensors. Also, it can be used as an intermedigpefet the fabrication of electrical

devices like acceleration sensors, electrical fvegcand comb drives.
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(d)

Figure 2.7 Schematic diagrams of the HE process gt& a) Mould and polymer
material inserted, b) Touch force created by bringng mould and polymer in
contact with each other and then heating up to thembossing temperature, c)

Embossing force applied to replicate the structuresia penetration of the
polymer and letting the viscous material to completdly fill the cavities while
holding it for a few mins and d) Separating the potmer from the mould surface
by moving the plates away from each other.
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2.2.2 Micro Injection Moulding

A general and simple definition of micro injectionoulding describes the
process as the production of polymeric parts wittucsure dimensions in the
micrometre or sub-micrometre range via the injectid the polymer melt into the
mould (Piotteret al. 2002). Injection moulding is a well-establishedg®ss, which is
also used in industry for the replication of largeries. Compared with other
replication techniques, injection moulding is cltaesised by short cycle times, down
to a few seconds. It should be noted that highctiga speeds increase the internal
stresses of replicated parts and thus the prosesst well-suited for the production of
optical devices. Also, it is difficult to fill sumicrometre structures with high aspect

ratio due to long flow distances.

The generic steps of the micro injection mouldimgoess occur successively

as follows:

a) A micro structured mould and polymer granules aseited into the machine.

b) The granules are heated up in the plastifying tmia temperature above the
melting range.

c) The polymer melt is injected by a palstifying scréwiough a nozzle and a runner
system into the cavities of the mould.

d) The injected polymer cools beldly or melting temperature

e) The cooled is part separated from the mould vietejeins.

The injection unit of a Battenfeld Microsystem m@chine is shown in Figure
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2.9. Amorphous and semicrystalline thermoplastitympers are well suited for this
process. Also, metal and ceramic powders can bddedwby using the concept of
powder injection moulding. A wide range of applioas can be found for this

process in the areas of micro mechanical, mediwhletectronic devices.

2.2.3 UV-imprinting

UV-imprint lithography is one of the emerging teologies for the
manufacturing of future devices. This process seleon the low pressure applied by
a transparent mould to curable liquid resists wlgich deposited or spin-coated on a
substrate. The UV-imprint techniqgue does not regudieating and cooling steps,
which reduces the cycle time and also, the lowsuesapplied minimises the stress
and distortions. This process is capable of reptigastructures down to 5 nm (Austin
et al. 2004). However, it is limited to materials and rasuthat are UV- curable and

transparent, respectively.

The generic steps of UV-imprint lithography canpbesented as follows:

a) A UV-transparent mould (eg. glass, fused silicapserted into the machine and a
UV-curable resist is spin coated or dispensed substrate.

b) A low pressure is applied to the resist by presiegmould onto it.

c) The resist is cured by UV-irradiation at ambiembperature.

d) The mould is separated from the resist during acilgding step.

e) Finally, depending on the application, the residagér left can be etched away.

The schematic diagram of the process is presemtéidure 2.10. This process
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can be used for producing etch masks for pattamsfer process (wet or dry etching),

nano-optical components, micro and nano fluidicenmroelectronic devices.

2.2.4 Comparison of processes

Overall, the main clear difference between the ghreplication processes
described in the previous sections is the ranger@tessing temperature (see Figure
2.11). A more detailed comparison of micro injectimoulding, hot embossing and
UV-imprint lithography is given in Table 2.1. Gea#y, it can be concluded that UV-
imprinting is limited with respect to the replicacamould materials can be used.
However it can replicate feature size down to 5amd can produce replicated parts
with very low residual stress. Typically, this pess is faster than hot processes due
to the lack of heating and cooling units, but itstl slower than micro injection
moulding (Hocheng and Wen, 2010). Micro injectionutding is a well-established
technology for replicating large series of compdaemhe suppliers of such machines
are numerous and the commercialised systems aegajigriess expensive than those
implementing other replication techniques. Howevere principle of injection
moulds, the concepts of separate plastifying umjsction and compression systems
give complexity to the machine and increase theupetime. Compared to other
replication techniques, very short cycle times d#n achieved, which makes it
suitable for mass fabrication. Other disadvantdafgasshould be noted are the higher
residual stress and longer flow paths comparedt@imbossing and UV-imprinting.
Hot embossing is suited for medium or small sepesductions and still under
development with respect to its transition to induslt is generally less complex to

implement in comparison with other processes. Rigarthe achievable minimum
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Table 2.1 Comparison of replication processes.

Injection Hot Embossing UV-imprinting
Criteria Moulding

Cycle time Few seconds 5—30 min. 10 - 30 sec.

Flow length Length of runner | Height of cavity Height of cavity
system

Raw material Granules Sheets Thin film
Thermoplastic Thermoplastics, UV-curable resists
polymers, glass and metals.

Materials Ceramics and

metals (Powder
injection moulding)

Residual stress

High

Medium

Low

Moulding window

Above melting
temperature

Above T, or in the
melting range

Room temperature

Serial production

Large

Medium

Medium
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feature size and the residual stress, it is dilfitm report specific data given that a
wide range of different results have been repoitethe literature. However, it can
generally be said that the minimum feature sizeexelble with hot embossing is in
between micro injection moulding and UV-imprintingAlthough the process is
slower than the other two technologies, it canfgdiad for producing parts in a wide

range of materials with high aspect ratio and lgjghlity micro-nano structures.

2.3 Factors affecting the replication and part quaty in hot

embossing

As mentioned earlier, the principle of the HE psxés based on heating and
pressing the mould and a polymer sheet to filldiéties to be replicated. The overall
factors affecting the control of the process araldhality of the embossed parts can

be classified into the following five groups, whiale also illustrated in Figure 2.12:

* Embossing machine
* Embossing plates

* Polymer material

* Mould insert

* Process parameters

Together, these five categories of factors infleetie quality of the final part.

Therefore, their understanding and characterisasiomportant to avoid defects or
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Figure 2.12 Schematic diagram of the factors influgcing the quality of the

embossed parts.
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failures on the embossed samples.

The HE machine has to be as stiff as possiblederaio prevent the bending
of the plates under the embossing load. The acguohcthe plate displacement
through the motion of the crossbars is responddyl¢he required parallel movement
of the mould and substrate material, which in taftuences the quality of the part.
Another important factor is the homogeneous tentpegaistribution during heating
and cooling. In particular, non-homogeneous tentpegadistribution during the
heating stage could cause a non-uniform flow of ploég/mer melt and also, can
contribute to variations in the thickness of theidaal layer. A non-homogenous
temperature distribution during the cooling stagaeld be more problematic as it can

result in anisotropic shrinkage which can lead &ping of the produced replica.

The bottom and top plates have to be parallel ideiorto prevent the
occurrence of a non-uniform residual layer, norfarm filling and the generation of
high stress in one area which can cause damagketonbuld. Furthermore, the
evenness and surface roughness of the plates fi@tt dinal the uniformity of the

embossed part (see section 2.5).

The thermal properties of the polymer material \agy important to control
the embossing process, specifically the mouldirdygemoulding temperatures which
are crucial parameters for achieving high qualiéplicated products. Also, the
material chemical properties will affect the shagk behaviour whereas amorphous
polymers are typically characterised by isotrogidrkage which is not the case for

semicrystalline materials. Furthermore, the molacwieight of the material will
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affect the cauvity filling as higher molecular weighaterials are beneficial to support
successful imprint at reduced temperatures bysintdishear rate effects (Schelzal.

2005 and 2006).

The material properties of the mould are respoasior its deformation
behaviour when it is under load. For instancecaili moulds can be broken easily
under a small applied force and other moulds médelatively soft materials can be
bent easily which will cause failures or defectstba final product. Evenness and
parallelism of the mould is also of high importarioeachieve a uniform filling and
flat residual layers. A very important factor isncerned with mould machining
defects like overlaps or the roughness of the eartivalls as such surface features
could damage or separate the polymer structuremglihe demoulding step. In
addition, the layout and the aspect ratio of tihecstires could cause filling problems

during embossing and high forces during the demioglstep.

Probably, the most important category of factorscihaffect the replication
quality and accuracy is concerned with the coraldé process parameters. Most of
the publications in the area of HE part quality freused on the process parameters
influence by using systematic experimental and ktian techniques to optimise the
process (Chien, 2006; Datta and Goettert, 2006e34dral. 2006; Yacet al.2008; He
et al. 2008 and Lucet al. 2006).During the setting up of a replication operationaon
hot embossing machine, the following process pammean be controlled by the

user:

* Embossing temperature
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* Demoulding temperature
* Embossing force

* Holding time

* Embossing velocity

» Demoulding velocity

An embossing cycle starts by bringing the platesel to each other until an
initial contact between the polymer and the mowddegates a force of around 100 N
to 300 N. Then, the material to be replicated dednhould are heated above the glass
transition temperature in the case of amorphougnpais or up to the melting range
of semi-crystalline polymers. Following this stéipe polymer and mould are pressed
together which a stage referred to as velocitytodled moulding until a set force is
attained. Then the process switches to a forcermited moulding mode during
which the embossing force is kept constant for mtilbn determined by the holding
time. Next, the cooling cycle starts. This cyclelmracterised by the reduction of the
embossing temperature until a set demoulding teatyer is reached. Finally, the
embossed polymer is separated from the mould byingdte plates away from each
other. This separation can be accomplished bysumgidifferent techniques which are
discussed in section 2.4. The schematic diagrara tyfpical hot embossing cycle
including the evolution of characteristic processgmeters is shown in Figure 2.13.
The relative motion between the mould and the satesitan provide some insight
into the material behaviour under various procesaipeters. In particular, measuring
the crossbar movement in the direction of the ermsibgsforce can give approximate
compression strain and stress curves which areciedigehelpful if such material

parameters for a polymer are not available in iteedture.
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Figure 2.13 Temperature, force and position curvergjectory of a typical hot




Defects can occur during the main process stagkdlaws:

1) Filling stage. The main objective of the reation process is a complete
filling of the structures as an incomplete filliteads to the geometric inaccuracy of
the replicated structures. Defects during this estaguld happen due to the lack of

required pressure to fill the cavities at a givemperature.

2) Cooling stage. Sink marks can occur during wtisge if the applied
pressure is not enough to prevent part shrinkagenal induce poor contact pressure
between the mould and the polymer. Also, the diffiees in shrinkage during cooling
could cause a warpage of structures or of the wbate Furthermore, a short cooling
time will increase the internal stress of the @artthere will not be enough time for
the relaxation of the shear stress during embossidgthe orientation of the polymer

molecules will be frozen too rapidly.

3) Demoulding stage. This is the most sensitivgestahich tends to cause the
worst failures. Overstretched and separated stextand damaged edges could
happen during this step as a result of high adhemsnal friction forces between mould

structures and the polymer.

Thus, process parameters have a significant effectthe quality of the
replicated parts. These effects need to be stuaheldanalysed comprehensively for
the further development of the hot embossing teldygyo More specifically, there is a
lack of detailed studies on factors influencing tavity pressure, the demoulding

force and the uniformity of the residual layer. A®ntioned, low cavity pressure
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could cause incomplete cavity filling, high demanlyl forces could damage or
separate the replicated structures and a non-umifogsidual layer could be
problematic for final applications. Thus, thesetipatar process characteristics are
challenging issues that need addressing. The folpwub-sections are present a

review on each of these research topics.

2.4 Mould cavity filling and pressure behaviour

Existing studies generally agree that the main gge@arameters affecting the
filling stage of the HE process are the embossamperature T,), the embossing
force ) and the holding timetd). A number of researchers investigated the effeicts
these factors and the generic conclusions fronethre@stigations are that an increase
of these three process parameters leads to impenisnof the process performance
(Chien, 2006; N@t al 2006a and Let al. 2008). In particularT,, was found to be of
major importance for achieving better replicati@sults (Liet al. 2008; Lan et al.
2009 and Sheat al. 2002). Thus, such findings indicate that high galof process
parameters can be used to ensure the completeyfidli microcavities. However, it
should be noted that such settings may also leadnte negative effects such as an
increased cycle time. Therefore, it is also impdrta consider the consequences of
using given process settings in order to assessotlegall performance of an

embossing operation.

To achieve a consistent replication quality, onevpn method is to monitor

the influence of varying factors during the proceksis obvious that process
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parameters influence the quality of moulded paptsticularly, their dimensional
accuracy, mechanical behaviour, and surface quadity example T, F andt, are
such factors that can have a direct impact on démeal accuracy. The filling of
microcavities via the hot embossing process isatdtarised by short flow lengths
determined by the depth of the mould cavities. ¢gpflow distances are comprised
between a few tens of nanometres and typicallyatéms of micrometres, although
lengths of approximately 1 mm can be reached inciapecases. The lateral
dimensions of the mould features can vary fromrtéieo scale range up to widths of

several hundreds of micrometres.

The minimum required filling pressur®, within the mould cavities is an
important parameter in order to completely fill tis&ructures to be replicated.
However, this is not a process parameter whichbeadirectly controlled by the user
in a typical HE machine. Therefore, by measurihgn mould cavities during an
embossing cycle, it is possible to assess the busrhaviour of the process when
varying some controllable parameters. SubsequebylynonitoringP as an output
signal, it is possible to ensure a consistent capbn and uniform product quality

across repeated embossing cycles.

A relatively small number of studies in HE focusad the description of the
cavity filling behaviour. Heydermaet al. (2000), Schiftet al. (2001), Ressieet al.
(2004) and Macintyre and Tomas (2005) assessedimgally the different filling
states of replicated structures by optical micrpgcand Atomic Force Microscopy
(AFM) measurements. Also, it was observed thatetlaee two mechanisms involved

in the filling of micro and nano scale structuresmely the simple flow of the
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polymer from along the sides of a mould cavity amel formation of mounds within
the cavity. In both cases, there is evidence ofpression causing buckling of the
polymer and also capillary action drawing the padynup to the top of a mould

cavity.

Hirai et al. (2004) studied the polymer deformation processnbynerical
simulations and experiments during the filling abave structures. These authors
noticed that the required embossing pressure isesewhen the initial thickness of

the part decreases to less than about twice tlowvgrdepth of the mould insert.

Rowlandet al. (2004 and 2007) analysed and simulated polymer &laring
the imprinting process with a particular focus te filling of micro and nano scale
structures. The profile of the polymer flow durifiling was characterized by two
different modes: single peak and dual peak as ibestrin Figure 2.14. This
experimental investigation considered the effe€tsnabossing time, temperature and
master cavity width and various stages of theahiieformation of polymer during
HE were analysed. The dual peak profile was dedantéarger structures while single
peak formation was characteristic of feature widiebbw 30 um. Also, the dual peak
profile was observed when embossing at a temperdialow Ty due to the high
viscosity of the polymer. In this case, the flowestricted and longer loading times at
the same temperature increase the overall heigtiteofleformation while the peaks
move slowly and closer together. The increase ibagsing temperature to tfig of
the polymer resulted in both polymer peaks merging one at the feature centreline.
The simulation results also indicated that largéedénces in cavity size lead to non-

uniform filling and non-local polymer flow.
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Figure 2.14 Polymer deformation within mould cavity(a) dual peak deformation

and (b) single peak deformation (Rowland and King2004).
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Scheeret al. (2001) also analysed the polymer flow via experitak and
simulation studies. Investigation of the polymenpfie around protruding mould
features revealed that, during penetration of tlo@lchinto the film, a polymer front
starts moving away from the edge of each protruéature, filling the recessed area.
Furthermore, Scheat al. (2006) investigated the recovery effects of polsgnender
embossing conditions by performing simulations loé telastic behaviour of the
material. The results obtained indicate that ititiathe mould intrusion into the

polymer melt is fast due to shear thinning at teeghery of the features.

Li et al. (2008) investigated the effect of process pararaair polymer flow
via online observation with stereo vision microsgophe results showed that the
embossing temperature has a significant role irré¢pécation accuracy of the width

and shape of the structures, followed by the embgdsrce and the embossing time.

Figure 2.15 depicts the theoretical pressure behavior circular cavities
which are 100 pm in height and which have differdiaimeters as a function of the
embossing temperature (Worgull, 2009). Due to tiseoelastic behaviour of the
polymer melt, the pressure reduction observed lertvaiferent temperature settings
does not evolve linearly with the increase in thrcdure diameter. A significant
influence is exerted by the moulding temperaturethis example, an increase in
temperature of about 20°C reduces the pressuresdded filling a cavity by about
50%. Hence, it is recommended to fill cavities, ezsally cavities with high aspect

ratios, at a higher temperature, supported by lmulding velocities.
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Figure 2.15 Estimated pressure drops in cavities asfunction of

embossing temperature for PMMA (Worgull, 2009).
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During the moulding of a polymer above its glasmsition temperature, the
compression force induced by pressing the moult mlato the polymer sheet causes
a non uniform pressure distribution in the melt.was reported that the typical
pressure distribution is parabolic during embosswith the maximum in the centre
of the mould (Heet al. 2007 and Liret al. 2002). Such a pressure variation can lead
to the non uniform filling of the structures ane thending of thin moulds. Thus, the
knowledge of the pressure distribution during mmgdcan enable the estimation of

the filling behaviour of microcavities.

The simulation of the pressure behaviour in hob@ssing conducted by
Worgull (2009) also showed that, during the velpcibntrolled moulding stage, the
pressure increases and reaches a maximum valle &ntl of this moulding step.
After switching to the force-controlled mouldingage, the pressure gradient
gradually decreases with time, as the moulded lazeame larger due to the creeping
behaviour of the polymer under constant load. Tresgure behaviour during the
force-controlled moulding step is described in Feg2.16. The simulation results
presented show that a higher moulding velocity Itesa a higher pressure in the
center of the mould at the end of the velocity-cafed moulding step (i.e dt0).
After a holding time of 248 seconds, however, thespure difference between both
profiles is minimal. Thus, the pressure profiletta# end of the holding time can be

considered independent of the moulding velocity.

In spite of the limited publications on the effedf the process factors on

cavity pressure during HE, the review of relatadiis suggest that polymer pressure

within mould cavities is one of the critical paraerethat can provide some insight
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Figure 2.12 Characteristic pressure profile of a ectular disk during the

force-controlled moulding stage (Worgull, 2009).
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into the process at different embossing conditidhsfortunately, studies aiming at
analysing the relationship between pressure in cheoavities and the HE process
parameters are scarce. For this reason, one obljeetives of this research is to
understand and systematically analyse such reldtipnusing a specific condition

monitoring set-up for measuring cavity pressurerguHE.

2.5 Demoulding

2.5.1 Factors affecting the demoulding force

A comprehensive understanding of the mechanismsohiad in the
demoulding of polymer parts is a complex task a®ise factors of different nature
influence this process. More specifically, the rieegh separation force is dependent
on chemical, physical and mechanical interactioesvben replicas and plates as

illustrated in Figure 2.17.

The physical and chemical interactions are resptngor the adhesion of
replicas to the plates. In particular, adhesiothésresult of molecular attraction that
holds the surfaces of two dissimilar substancesthmy (Gerberich and Cordill,
2006). Chemical interactions comprise covalent pnanic or electrostatic bonds,
and metallic bonds. Physical interactions inclugidrogen and van der Waals bonds
as a result of intermolecular forces. Hydrogen sad der Waals bonds are much
weaker than the chemical interactions as they danvolve electron exchange. Van

der Waals forces are always present when two digseaire in close proximity.
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Figure 2.17 Schematic of mechanisms affecting demding.
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Metals, which have relatively little attraction ftiveir valence electrons, tend to form
ionic bonds when they interact with non-metalsa bolymer is brought into contact
with a metal, there is a large separation of chartgehe interface. This results in an
electrostatic attraction between them in additiontte van der Waals interaction
(Bhushan, 2003). Moreover, adhesion affects frictiorces; the so-called adhesive
friction is the effort required to break the col@lded junctions between asperity

pairs on contiguous surfaces (Prokopowtial. 2010).

As illustrated in Figure 2.18, it was observed hyckx et al. (2011) that a
decrease of the demoulding temperature reducestitebution of the adhesion force
significantly until a point where the demouldingde becomes dominated by friction.
Other studies also showed that mould and polymdeniats have an effect on the
adhesion phenomena (Gabal. 2007a and 2007b; Sakaal 2010; Jaszewsldt al.
1999 and Parlet al. 2004). For instance, the application of coatingstiee mould
surface can improve the demoulding in HE as it ceduthe influence of the chemical

and physical interactions.

The contribution of mechanical interactions to deenoulding force manifests
itself on the sidewalls of the mould structures &nd a consequence of (1) friction
and (2) interlocking of undercut features which casult from the roughness of the
surface structures. This interaction is measurethbycoefficient of friction which is
the ratio of the friction force to the normal foraeting on the contact area. In the case
of HE, the normal force is caused by the differemcehe shrinkage between the
mould and the polymer material. In particular, asymers have higher shrinkage

rates than metals, this leads to a high contagsstoetween the mould and the
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polymer on the sidewalls of the structures to lmicated (Dirckxet al. 2007; Guoet

al. 2007c and Titomanlio and Jansen, 1996). Prevgtudies also suggested that
undercuts or overlaps could restrain the matentd the mould and cause further
deformations or failures during demoulding. For rapée, investigations conducted
by Pham and Colton (2002) and Delaratyal (2010) showed that, for moulds with
features fabricated by stereolithography or turnthg resulting surface roughness on
the sidewalls of these structures increases theodleling force as the generated
surface asperities act as undercuts. It was alsereed that moulds with structures
that incorporate a draft angle such as silicon w®uproduced by potassium
hydroxide (KOH) etching could be demoulded morelgd&sch et al. 2003). This

further suggests that the influence of such medahnnteractions should not be

neglected during the demoulding process.

Reported experimental studies on demoulding in éwmibossing refer to
gualitative (Dirckxet al. 2007 and Hiraet al. 2003) and quantitative (Trabadelbal.
2008 and Parkt al. 2009) evaluations of the effect of the demouldemperature or
that of including additional mould structures. Téessudies generally reveal that the
demoulding force initially decreases with the redtc of the demoulding
temperature and then, when a given minimum valwedshed, it starts increasing as
the temperature is further decreased. However,tdomidemoulding temperature
ranges are commonly considered and only a single tf HE mould design is
generally tested in such studies. In one particpiaper, Worgullet al. (2008a)
described a specialised test apparatus used taatbere the friction between
embossed polymers and mould materials. It was teghdinat variations of embossing

temperatures and pressures influenced the statitofr coefficient, while the
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dynamic friction coefficient was affected by the uftb material and its surface

roughness.

The majority of the theoretical investigationstbé demoulding stage in hot
embossing polymer microstructures includes finitement (FE) simulations of
demoulding forces that consider the effects ofrttarstresses and sidewall friction
between the replica and the mould @tel.2005; Worgullet al. 2005; Worgullet al.
2008b; Songet al. 2008 and Hsueht al. 2006). In particular, these simulations were
used to study the effect of sidewall friction o tstresses in the parts and mould or
on the demoulding forces. In addition to the thdrateess and the sidewall friction,
Guo et al. (2007a) and Dirckx and Hardt (2011) considered dbetribution of the
adhesion force between the replica and the mouldteating their FE models. The
latter authors also implemented a special test odetinat was similar to the cantilever
beam fracture technique in order to study the effefc feature geometry and
demoulding temperature on the demoulding toughn&kbough, the replica-plate
separation method studied was not representatitleedfypical demoulding technique
used in commercial HE machines, it provides vakabformation about adhesion
and friction dominated demoulding phenomena. Tdetbped FE models contribute
to a better understanding of the demoulding prooesshanisms in HE. However,
there is still a need to develop more comprehensiraulation models for
investigating the combined effects of material @ries, demoulding temperatures,
polymer pressure histories, locations and geomeftrthe mould structures and the

adhesion on the demoulding forces.
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2.5.2 Demoulding technigues

Various methods have been developed in order taratp the embossed
polymer from the mould in HE. One of the most commemoulding methods can be
found in commercially available hot embossing maekiand it relies on a clamping
technique (Trabadelet al 2008). This technique is illustrated in Figuré®.It uses
demoulding clamps which are placed on the edgheopolymer material and fixed to
the plate. As the top plate moves up, these cldapp the embossed sample fixed to
the bottom plate. The disadvantage of this tealics that when the mould is
released the deformation of the polymer in the ereot the sheet is larger than that at

the periphery. This can result in distorted strreglas shown in Figure 2.19b.

An automatic pneumatic demoulding device is an aded system, which can
be found in some commercial embossing machines(€ig.20). When compressed
gas (such as nitrogen) is injected through themgas the mould and the polymer are
pushed away from each other. In this case, becaufiee uniform pressure in the
demoulding device chamber, distortions similar hose that can occur with the
clamping technique will not happen. During demoudgithe adhesion between the
mould and the polymer can be decreased when thengkesules start occupying the

space between the mould and the polymer.

Another demoulding system using strips was develdpeHardtet al. (2010)
and it is depicted in Figure 2.21. In this systéime, metal strips which are located on
the edges of the mould push off the part to sepatdtom the mould surface when

the embossing load is released and the top platesnap.
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Figure 2.19 a) Moulding and b) demoulding by the eimping technique.
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Figure 2.20 Demoulding via automatic pneumatic syem (Heet al. 2007).

Figure 2.21 Demoulding using strips.
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Ejector pins are well-established in the demouldifignacroscopic moulded
parts, especially in the injection moulding proc@Sgure 2.22). This concept may be
transferred to micro replication processes. Needess, it has some limitations; for
instance the thickness of the residual layer habetdarge enough to transmit the
ejection forces to avoid part breakage. Anotheresitdble situation can occur when
the moulding area increases. In particular, if éfextor pins are located only on the
edges of mould, bending during demoulding canncavmeded and this can result in

forces on the microstructures that are perpenditalthe demoulding direction.

A cantilever test method was developed by Dir@@1Q) in order to study the
demoulding force in HE (see Figure 2.23). A demmgdar which was placed on the
end of the embossed part was used to separatanttfre mould. The disadvantage of
this technique is that the residual layer of thenga has to be thick enough for
successful demoulding. Also, lifting the part frahe side will bend the embossed

replica and as a result will induce further foroesthe walls of the structures.

A simple, but effective way for demoulding is teeua rough substrate plate.
Such a plate with a rough surface having undetioutise micro-nanometre range can
be fabricated by sand blasting or lapping and wéherate high adhesion force
(Worgull, 2009). Thus, during isothermal demouldwigere the top and bottom plate
are set up at the same temperature, a high adhesiaeen the residual layer and the
rough surface will occur. Typically, it is signifiatly higher than the demoulding
forces required to separate the replica from theilchoNote that non-isothermal
cooling could cause a warpage in the replica. Thegdt is commonly preferred to

use isothermal conditions. This concept is reconttedrbecause of its simplicity and
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Figure 2.23 Demoulding with the cantilever method@irckx, 2010).
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it is adopted for the present work. A minor limitett of this method is that adhesion
decreases after a number of cycles and the subglete needs to be processed again.
Additionally, it can be difficult to separate tharpfrom the substrate plate depending

on its roughness.

2.6 Factors affecting the residual layer uniformity

As mentioned previously due to the principle oncakhihe process relies, hot
embossed parts are characterised by the existéracgesidual layer underneath the
replicated structures. The residual layer is ai@alayer for the embossed structures
and it can be also called a remaining layer. Fi@uPd describes the residual layer for
positive and negative structures. The next sectissuss the factors affecting the

RLT.

2.6.1 Hot embossing machine

To achieve a high replication quality, stiff constiion concepts for the axes
and support elements of the HE machine have todwmptead. In particular, the
stiffness of the construction should be large ehoty prevent bending under
embossing loads as elastic bending of the wholenalsly may result in non-uniform
embossed parts. In typical implementations of tieegss, the mould and the polymer
are pressed against each other as a result okthtve vertical motion of the hot

plates of the machine (see Figure 2.25).
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Figure 2.24 Schematic view of residual layer.
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Figure 2.25 Schematic view of the main elements aftypical hot embossing

machine (Worgull, 2009).
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When manufacturing and assembling the plates andldnimserts, their
roughness and flatness deviation should be minanésethese will be a source of
RLT non-uniformity as illustrated in Figure 2.26ada2.26b. Using grinding and
lapping, the possible achievable roughness andef$stof the plates and the back side
of the mould can be as low as 10 nm Ra and 500espectively, depending on the
processed thickness, surface area and material ¢blogh, 2002). Another challenge
is to achieve a high degree of parallelism betweeth plates as this will not only
increase the non-uniformity of the residual layert Bblso, it could generate high
pressure in small areas causing damages to thedneouhe substrate (see Figure
2.26¢). With some commercial hot embossing machinhés possible to compensate
the non-parallelism of the plates or the mould digio the motion of two wedge-

shaped disks that can be rotated relative to etar.o

To improve the uniformity of the RLT, Chang andnga(2003) conducted
gas-assisted hot embossing where a polymer filpmressed against the mould by gas
pressure rather than a solid plate, and reported tthis technique significantly
improved the uniformity of the applied pressure.chieng and Wen (2008)
investigated a similar gas-assisted hot embos®hgys although it is questionable
whether the reported results provide a suitablepasison between both traditional
and gas-assisted hot embossing given that a ctediegt in one direction for the

pressure distribution was observed for the soldepset-up as shown in Figure 2.27a.

The major limitation of the investigations reported these studies is that

manual demoulding is required. A similar techniga#led the “air cushion press” has

been implemented for thermal NIL where a gas (adjlis utilised when pressing
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Figure 2.26 Schematics of possible issues affectitig parallelism of the hot
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Figure 2.27 Pressure distributions in (a) solid plee embossing and (b) gas

assisted embossing (kgf/cm2) (Hocheng and Wen, 2008
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both the mould and the substrate against each.dthg@articular, Gacet al. (2006)
reported that this method leads to a more uniforesgure distribution over large
mould areas. A possible drawback of gas or flugisésd imprinting however is the
bending of very thin moulds or stamps during théessing step due to the uneven
pressure distribution that can be generated bypthgmer flow under compression.
This bending is negligible when the mould or stamfully supported by thick plates

which are a typical HE set-up.

Variations in the processing temperature direatipact on the polymer
behaviour. Thus, ensuring a homogenous temperdistebution in the mould and
substrate plate is also essential for successfullcations, especially when large
micro structured areas are processed. Hence, #imfpesystem of the machine has to
guarantee a homogenous and stable moulding andutigimgtemperature over the
replicated area. In particular, during heating, Emomogeneous temperature
distribution will lead to variations in the polymeiscosity which may result in a non-
uniform melt flow into the cavities to be filledh kurn, this may induce variations in
the thickness of the residual layer. During cogliaginiform temperature distribution
should also be ensured to prevent anisotropic lshge and inhomogeneous

solidification of the polymer.

2.6.2 Mould insert and polymer material

During HE, the mould is subjected to mechanicasstrin structured and

non structured areas. This stress is a functioth@fmould design, the applied force

on the backside of the mould and the opposing fordee to the viscoelastic
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behaviour of polymers. This stress can result idesirable deformations across the
mould which will contribute to the non-uniformityf the residual layer. In addition,
gaps left between the mould insert and the madate pluring their integration can
also contribute to the bending of the mould undad| which will result in a gradient
in the RLT. Reported studies for thermal NIL praviexperimental evidence that the
density of the structures to be replicated also &asmportant influence on the
residual layer uniformity (Lazzarin@t al. 2004 and Sirotkinet al. 2007). In
particular, the mould deformation was observededigher in areas where structures
are denser as a result of higher opposite forceergeed by the polymer melt. It was
also reported that the RLT decreases towards theseaf the mould due to the abrupt
decrease in structure density. In particular, maléébrmation in such areas can be
significant and lead to damaging thin structureghat periphery of the mould as
demonstrated in Lazzarinet al. (2004). The importance of the mould thickness on
the RLT was also investigated in the case of thehila by Merino et al. (2008).
These authors studied the influence of the thickmésilicon and nickel moulds, the
filling factors and the patterned area sizes onr#sdual layer homogeneity. The
imprinted parts were scratched using a mechanrcéilgr to measure the RLT. It was
concluded that the thickness of Si moulds had goorant influence on the RLT,
while this effect was not so pronounced in the add¥éi. In addition, a larger bending
was experienced by the thinner 400 pum thick Si ehauilised, which resulted in an

increased flow of polymer to the non patterned .area

During the moulding of a polymer above its glasmsition temperature,

the compression force induced by pressing the mplate onto the polymer sheet

causes a non uniform pressure distribution in tleé.rt was reported that the typical
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pressure distribution is parabolic during embosswith the maximum in the centre
of the mould (Heet al. 2008). Such a pressure variation can lead to émelihg of
thin moulds. However, this bending could be negligyif the mould is supported by a
rigid plate as this is the case in commonly fouriel irhplementations and thus, only
localised mould deflections could be an issue. Otioe polymer reaches its
demoulding temperature, the mould plate is liftg¢d Eollowing this unloading, the
polymer will expand to some extend due to its easehaviour (Worgull, 2009 and
Schan et al. 2008). Polymer elastic or compression modulus emallding
temperature may have an influence on the RLT umityr More specifically, a
higher moulding pressure applied in the centrah arethe mould will induce larger
changes in polymer expansion after the releast@ektnbossing force compared to
areas at the edges. The polymer macromolecularganaent also has an effect on the
uniformity of the residual layer as amorphous paysnare typically characterized by
isotropic shrinkage, while semicrystalline polymenshibit anisotropic behaviour.
Non-uniform shrinkage over the whole moulded paiit vesult in a non-uniform

residual layer distribution (Liet al. 2003).

Worgull (2009) presented a method relying on irdégg additional
structures in the margin region of the substrasgepbr the mould as shown in Figure
2.28 in order to improve the homogeneity of thespuge distribution during moulding
and thus, the uniformity of the RLT. The additiomale of these structures was to

absorb the majority of the stress and thus to ptake main features on the mould.

It can be said that in order to achieve a higlelled RLT uniformity, different

factors linked to the machine, the mould designthedrocess parameters should be
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1 Additional
Cavities with demalding angles structures

Figure 2.28 Additional structures for preventing the formation high contact

stress at the boundary of the mould. (a) Circular avities in the substrate plate;

(b) circular structures in the mould insert (Worgull, 2009).
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considered. Previous studies that investigatedhttraogeneity of the RLT mostly
focused on the influence of factors linked to tleé émbossing machine, the mould
design and the polymer processed. None of the tegbonvestigations studied
whether the process parameters also had an effecth® RLT uniformity by

employing a systematic design of experiments ambro@hus, one of the objectives
of this research is to study the influence of psscgarameters on the RLT uniformity

achieved with hot embossing.

2.7 Summary

This chapter reported a number of research stutiefiot embossing.
Although, the process cycle time is longer than thodsther replication techniques,
HE is characterised by the ability of producingthauality micro and nano structures
over large areas. It can be seen from the condliteeature review that there is still a
need for further improvement of the quality of ermbed parts for different
conditions, mould designs and materials, througkensific investigations and
systematic analysis of the process. Particuladypoagh it has been revealed that
process parameters have a significant effect omgttadity of the moulded parts, a
detailed study of their influences on the cavityegsure, demoulding force and
uniformity of the residual layer for different matds is still required. As highlighted
in this chapter, low cavity pressure could causeonmplete cavity filling, high
demoulding forces could damage or separate thdcadpdl structures and non-
uniform residual layer could be problematic for dinapplications. Thus, such

knowledge gaps are the focus of the remaining ensyaif this thesis.
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CHAPTER 3

Process Factors Influence on Cavity Pressure

Behaviour in Hot Embossing

3.1 Overview

The measurement of the evolution of the pressurégm@molymer front within
mould cavities during HE can provide valuable infation about the process
dynamics and also about the cavity filling behaviotidifferent polymers. This can
be achieved through the online monitoring of capitgssure exerted by the polymer
during embossing for different settings of procksgors. As highlighted in Chapter
2, in spite of the limited number of publicatiomsthis particular area of HE research,
it is suggested that pressure is one of the dritiaeameters to determine the outcome
of the process for different embossing conditiofiserefore, it is very important to
capture and analyse systematically the relationblefpveen pressure in the mould
cavities and the HE process parameters. In thigeggnthis chapter presents an
experimental study on the influence of three pregesameters, namely the moulding
temperature, the embossing force and the holdimg,tion the pressure in cavities
located in the centre and the edge of a HE maskemwprocessing 2 mm thick

PMMA and ABS sheets.
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The chapter is organised as follows. The next cectilescribes the
experimental set-up used which includes the HE macbmployed, the test mould
and materials along with the condition monitorieghnique adopted to investigate
the effects of the process parameters on cavigspre. Next, the conducted design of
experiments is presented together with the appratiibed to estimate the minimum
embossing force and pressure for performing thastriFinally, the experimental

results are reported and the effects of the diffieparameters are investigated.

3.2 Experimental set-up

3.2.1 Hot embossing machine

In this study, the experiments were conducted #ithHEX03 machine from
Jenoptik Mikrotechnik (Figure 3.1). Table 3.1 pres the technical specifications of
this system as given by the manufacturer (Jenditikkotechnik 2002). Grinding and
lapping was performed on the aluminium top platd Arass bottom plate prior to
mounting them on the machine and through theseepsosteps, the achieved values
of roughness and flatness of the plates used weram Ra and 4 um, respectively.
PT100 temperature sensors were installed by thdéimaenanufacturer, 7 mm and 20
mm behind the bottom and top plates’ surfaceseagly. In addition, five heating
cartridges are installed to raise the temperattitheoplates. It is generally suggested
in the literature to bring the mould and polymerciontact with each other while
heating by applying low pressure in order to inseetne heat transfer rate. Oil is used
to flow through the bottom and top plates during timoling process. Data from the

temperature, force and distance sensors are adlestery second.
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Figure 3.1 HEX03 Jenoptik Mikrotechnik.

-64 -



Table 3.1 Technical data of the HEX03 Jenoptik hotmbossing machine

Properties Values
Press force, adjustable (kN) 200, 250
Press force, increment (N) 10
Temperature inside chamber (°C) 320, 500
Moulding velocities (mm/min) 0.01-600
Maximum substrate size (diameter, mm 180
Maximum embossing area (diameter, mm) 150
Overlay accuracy alignment (um) 2
Power consumption (kW) 16.5
Total weight (x 10%) (kg) 1.700
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3.2.2 Mould design and manufacturing

A 4 mm thick brass mould with overall lateral dirsems of 40 mm x 40 mm
was used. The structured area of this mould catsist 11 channels, each of which
with a depth of 600 um and a width of 2.55 mm. Tpito holes, 2 mm in diameter,
were also drilled in the middle and the edge ofrttwild, as shown in Figure 3.2, in
order to insert pressure sensors and thus, to meedle pressure in these two
locations. The fabrication of the mould structuvess carried out with micro wire

electro-discharge machining process by employinggiacut Vertex machine.

3.2.3 Test materials

Two millimetres thick injection moulded PMMA andrgionitrile butadiene
styrene (ABS) with lateral dimensions of 50 mm xrifh sheets were used for the
experiments. PMMA and ABS are amorphous polymedsa@mmon choices for HE
operations (Nget al. 2006b; Tohet al. 2009; Ramani and Yao, 2009 and Madétlal.
2008). PMMA is one of the hardest polymers, gldearcwith glossy finish and has
good weather resistance. ABS has good impact aesistand toughness. They are
both found in many applications such as in opétgpmotive, electrical engineering,
medicine and office equipment. The mechanical pteseof PMMA and ABS are

shown in Table 3.2 (Matbase, 2012).
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Figure 3.2 Mould design.



Table 3.2 Mechanical properties of PMMA and ABS

Values
Properties

PMMA ABS
Tensile strength (MPa) 48 - 76 41 - 60
Young modulus (MPa) 1800 - 3100 2275 - 2900
Elongation at break (%) <10 <25
Compressive strength (MPa) 83-124 60 - 86
Fatigue (MPa) 11-12 12-22
Impact strength (J/cm) 0.16 - 0.27 0.56-2.2
Glass transition temperatufcj 105 105
Coefficient of thermal expansion’Q) 5-10x 10 5-8.5x10
Water absorption (%) 0.1-0.5 0.2-04
Transparency Transparent Transpargnt
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3.2.4 Condition monitoring and cavity pressure behaour

Condition monitoring techniques can be employedjtantify the pressure
inside the mould during HE and thus, to indentife tcorrelation between the
resulting pressure and the process parameterbislstudy, an indirect measurement
method was conducted to assess presganiations in the selected cavity areas. In
particular, two Kistler 9211b miniature piezoel&ctiorce transducers were used in
order to evaluate the pressure variations in @s/iticated in the middle and the edge
of the mould. The upper working range of the Kisiensors used was 3000 bar and

200°C while their sensitivity was -4.4 pC/N.

The data acquisition was performed with a KistlesMD Injection Type
2869B system and the analysis of the sensor oufjmmals was conducted by
employing its online software (see Figure 3.3). Twedault set-up on the HEX03
machine was modified to accommodate an ejectonasgesystem previously used in
a micro injection moulding machine and which endbtbe integration of the
condition monitoring system. This ejector assemidg mounted to the bottom plate
of the hot embossing machine. Two pockets wereenhiih the ejector plate to
accommodate the force transducers, which wereddcaghind the 5 mm pins (see
Figure 3.4). When the transducer is subjectedrteehanical load, the charge signal
produced by the force sensor is converted intoagpgtional output voltage in a

charge amplifier or a monitor.

The embossing cycle can be split into three conseruwstages: filling,

holding, and cooling. During the polymer fillingagie, the cavity pressure rises as a
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Figure 3.3 Schematic diagram of measurement system.
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result of the applied compression force until #alees a maximum valuB4{a.y. Then,
during the second stage, holding, initigHydrops rapidly and then it decreases slowly
due to the creeping behaviour of the melt undesrestant load. Finally, the pressure
reduction continues during the cooling stage utitd end of the cycle. A typical
pressure curve measured during HE is reported gur€i 3.5. It particular, the

following pressure evolution can be observed aldiffgrent stages:

The start of the embossing cycle.

Pressure occurring in the cavity due to the coritace.

A sharp increase in pressure until it reachd®,tq during the velocity

controlled moulding.

A rapid drop inP due to polymer creeping during the force-contublieoulding

stage.

A slower reduction oP during the cooling stage.

An eventual drop to atmospheric pressure due ttotbleopening and part

removal.

The investigation reported in this chapter focusesthe cavity pressure
behaviour during the filling and holding stage bk thot embossing process. The
process parameters influence on the cavity presduring these two stages was

guantified by using the above mentioned conditi@mitoring system.

-72-



20

18 - Prax

16

14 -

P drop

Pressure (MPa)

/ (creeping)

P drop
/(cooling)

4 P due to the
contact force
Start of

4— compression

D 0 \ 100 200 300 400 500

Start of cycle Time (sec)

Figure 3.5 Typical cavity pressure evolution.
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3.2.5 Planning of experiments

As mentioned in Chapter 2, the controllable procpasameters in hot
embossing are: the embossing temperaflifg the demoulding temperatur&y), the
embossing forceH), the holding time tf), the embossing velocityV{) and the
demoulding velocity \{(4). This study focuses on the filling and holdingge where
Tm F, th andVy, can be varied and could affect the quality ofriygicated structures.
However, hot embossing is characterized by low fleslocities and short flow
distances, which results in low shear stress irr¢péca and thus, it is well suited for
applications where parts with low residual stress raquired. For this reason, it is
recommended to use low moulding velocities. Acawgtli, Vi, andVy were fixed at
the constant value of 1 mm.rfinin addition, the embossed parts were demoulded at
80°C degrees in all experimental trials. Thus, thdaide parameters considered in
this study were the moulding temperatufig,)( the embossing forceF) and the

holding time(ty,).

A comprehensive approach to condition monitorings viaplemented by
conducting a design of experiment (DOE) study his wvay, all investigated process
parameters could be considered simultaneouslytfaidmain effects analysed. This
enables the systematic investigation of processta@lvariables that influence the
product and/or process quality. In particular, psscconditions that affect the quality
and cost of a replicated product should be idetifin order to improve the
production performance and throughput (Whitestial. 2005). Factorial design is
commonly used for experiments involving a numbemgiut factors for the purpose

of studying the factors’ effects on various resgsngwo different approaches can be
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distinguished when implementing DOE studies (Parid ahn, 2004). More
specifically, full-factorial design is widely usedhen it is required to conduct a
comprehensive investigation of the joint effectsseferal factors on a response, and
fractional factorial design is employed to reduice ¢xperimental cost of large DOE

studies and as a result, it is suitable for ingi@eening purposes.

In this research, a full-factorial design was aggplifor each investigated
polymer material with the addition of a middle Iewdore specifically, two levels per
factors were considered in the full factorial desamd an addition middle level was
included for which the value of each parameter seietween the values selected in
the full factorial design. Thus, three levels wesed for each of the selected three
factors and 9 trials were designed. Table 3.3 shtbervalues adopted in this 2 level
full factorial and middle level approach for thelieation of PMMA and ABS. The
chosen range of parameters levels was determinseddban material properties,
literature data (Neet al. 2006a; Scheer and Schulz 2001; Scletlbl 2011 and Luo
et al. 2006), theoretical calculations described in tlegtrsection and preliminary
experiments in order to ensure complete fillingtké mould cavities and stable
behaviour of the replication set-up throughout ¢éx@eriments. The glass transition
temperature of both materials is approximately ¥D5Thus, Ty +15°C = 120°C was
selected as the minimum embossing temperature B& #&nd PMMA in order for the
polymers to be in viscoelastic state. In additiosing theoretical calculations and
initial experiments it was found that 10 kN was &egio to make the polymers at this
temperature fill the structures at zero holdingetirdero holding time corresponds to
the end of the velocity-controlled moulding stageeve the highest value of force and

pressure are reached. The highest settings okpeziments, i.e. 18%C, 40 kN and 5
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Table 3.3 Process parameters design

Trial Tm (°C) F (kN) tn (Min)
N Level | value Level | Value Level Value
1 Al 120 Bl 10 Ci1 0
2 A3 180 Bl 10 C1 0
3 Al 120 B3 40 C1 0
4 A3 180 B3 40 C1 0
5 Al 120 Bl 10 C3 5
6 A3 180 B1 10 C3 5
7 Al 120 B3 40 C3 5
8 A3 180 B3 40 C3 5
9 A2 150 B2 25 Cc2 25
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mins. were chosen considering the fact that pretamyi trials showed the filling of
undesirable structures outside the mould inserfurgher side effect could be that
above these maximum levels, mould insert structanesplates can be deformed. For
each of the designed trials, three repetitions vperéormed. The response variables
considered were the pressure in the cemgrgnd in the edgeP¢) of the mould and
their differenceAP=P-P.. In addition, the minimum embossing force requitedill

the cavities was calculated using a mathematicaeaiavhich is described in the next

section.

3.2.6 Minimum required embossing force

This section focuses on calculating the minimum essmg force necessary
for filling all the mould structures in order toef@ the design of experiments. This is
achieved by finding the theoretical minimum reqdipFessure to fill the cavities. As
it is discussed in Chapter 2, during the mouldifigaopolymer above its glass
transition temperature, the compression force iaducy pressing the mould plate
onto the polymer sheet causes a non uniform presdigtribution in the melt. It is
reported that this distribution is parabolic wikie tmaximum pressure being generated
in the centre of the mould. If insufficient embogsiforce is applied, non-uniform
filling of the structures can occur. Thereforeisiimportant to describe a model for

predicting the minimum required force that takee ccount pressure distribution.

The polymer flow is analysed as being producedhieypressure difference in

the radial direction of a disc material. It is as&d that no slip occurs between the

mould insert and the polymer; the melt is incomgpitde and behaves like a
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Newtonian fluid; the flow is steady and laminar.eTénalysed element is a portion of
a cylinder of elementary thickness;, and heightdz at some radius;, from the
center as shown in Figure 3.6. Based ondtial's (2003) work balancing the forces

in the radial direction gives:
: _(dé
Prd&dz - (P +dP)(r +dr)d&dz + 2P drdzsv{7j +rd@r - (r +dr)rd@r =0 (3.1)

WhereP andr are pressure and shear stress, respectively. Here,

P =p +d_ZF’ (3.2)

Simplifying equation (3.1) by approximating sif(2) with d6/2 and neglecting

higher order terms, it becomes:
-dPdz =ddr (3.3)

The viscous behaviour of the polymer material Biaged to correspond to that of a

Newtonian fluid:

1 (v
r=/7y=/7(— dzj (3.4

O
wherey is the viscosity,y is the shear strain rate ands the flow velocity in the
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T+dr

Figure 3.6 Force balance diagram.
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radial directionSubstituting equation (3.4) into (3.3) gives:

S 2]

after integrating equation (3.5) and consider%(géz =0 when z =0, it results:

dv, _1( dP
_ =~ -2 |7 .6
oz /7( drj ®

again, sincey, = 0 atz = h/2,the solution of equation (3.6) after integration is

S-S THERG

During embossing the material continuous flow tigto a cylinder of radius

is expressed with:
2 ohl2
q=2j0 jo v, a6 = 27hv, 1 (3.8)

whereq is the flow rate. As, shear strain rate is equna andY direction, it can be

assumed that:

V, 2V

h o

(3.9)

r
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whereVy, is the relative compression velocity of the upaed lower moulds of the

embossing machine. So, substituting the equati@) &hd (3.9) gives:

q=m%, (3.10)

Substituting the equation (3.7) into (3.10) andcgklting the double

integration yields:

_dP_6np

ol VI

(3.11)

sinceP = 0 whenr = R, the solution of equation (3.11) following its intagon is:

(3.12)

Balancing the forces of the compressive load efdmbossing machine with

that due to the pressure on the material in thigectibn gives:

F= j: joz”prdeur (313

where F is the embossing force. Substituting equation 28.hto (3.13) and

performing the double integration in equation (3, 8ves the relationship betweén

andV
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37 nR*
F= ? X ,7h—3Vm 18)

Substituting this equation into (3.12) results in:

P=2 1—(Lj2 xE (3.15)
R A '

And the shear strain rate can be derived with bme@ equations:

u dv, 6rz

oS, s
or

0

y:(%jx%xF (3.17)

The shear dependent behaviour can be describdeelgross-WLF model:

nly)=—" (3.18)

(1-n)
U4
1+| o7
( r"- j

ad
wherer is the viscosity at zero rate of shegrjs the shear velocityr” is the shear

stress at the intersection of the two lines defjrime change between Newtonian fluid

and shear thinning behaviour, amé the reciprocal flow exponent.
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In case the cavities are considered to be chatimelgressure drop in channels
can be used to calculate the pressure. This medmily valid for Newtonian fluids,
therefore the equations have to be adapted toilesitre shear thinning and time-
dependent behaviour of a polymer melt. Under trecqmditions of laminar flow
behaviour and homogeneous polymer melt, the moddedeorepresentative viscosity
can be used (Worgull, 2009). The calculated pressirop can be used as the
minimum pressure needed to fill the cavity. Theul@sg pressure drop in the cavity

can be estimated by:

P = 8VmL’7(y)
Rz

(3.19)
The viscosity of the material according to the shiate can be calculated from
the equations (3.16) and (3.18). The calculatedrshete for 1 mm/min moulding
speed is 0.2 1/sec and the related viscosity aetheerature of 120C is 9 x 10 Pa-s.
Consequently, the minimum pressure required totli# cavity can derived from
equation (3.19) and it was found that the presgufél a hole with diameter of 2.55
mm is 1.2 MPa. Following this the minimum forceu@qd to feel the all structures in
the centre and the edge can be estimated from iequéd.15). In this way, the

minimum force necessary to fill the cavities wasrfd to be approximately 5 kN.

Based on this model, preliminary experiments wergdacted at 5 kN and the
results showed that the embossing load was notgéntau completely fill the sharp
edges. This discrepancy compared to the theoretd=allt is due to the non-ideal

experimental conditions where parallelism, flatn@sd material viscosity errors exist.
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Additionally, this force was not enough to preveabling defects. Thus, 10 kN was
used as the minimum force value at 220in order to ensure a complete filling of the

mould cavities and to avoid cooling and demouldiefgcts.

3.3 Analysis of the results

3.3.1 Process parameters effect on cavity pressure

Figure 3.7 shows the scanning electron microsc8gd/A) images of a sample
area of a replica. For each trial with each maltteAa P, andAP were measured and
their mean values calculated based on the conduioted repetitions per trial. The

results obtained are plotted in Figure 3.8.

From the results given in Figure 3.8 it can be gbabP. is generally higher
thanP, Furthermore, for PMMA and ABS, the highest presstalues foP; andPe
were measured during trial 3. In particular the mpeessure in the center was 17.6
MPa and 24 MPa while in the edge it was 9.2 MPa &ddMPa, respectively for
PMMA and ABS. The lowest pressure was detectedah @ for both materials. The
results also indicate th&; has a higher standard deviation compared fRitfor both
materials. More specifically the standard deviationP, and P, is 5.4 MPa and 2.8
MPa, respectively, for PMMA while it is 7.2 MPa ad2 MPa, respectively, for
ABS. This result indicates that the process fachange a greater influence &3 for

ABS compared to PMMA while the opposite is obserfgrd..
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Figure 3.7 SEM images of embossed samples in PMMA.
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Based on the experimental results, an analysisaofince (ANOVA) was
performed in order to assess the contribution @hearocessing parameter to the
resultingP. andPe. Tables 3.4 and 3.5 and Figures 3.9 and 3.10 shewesponse of
each parameter and the main effects plots, respéctilt is observed from these
figures that, generally, an increasd~ahcrease#$, while an increase df,, andt, has
the opposite effect. This observation for the dffefcT,, was expected given that the
viscosity of a polymer is directly dependent on pgmsocessing temperature. In
particular, an increase of the temperature redticespolymer internal stress and
decreases its strength, which in turn eases thgmeolflow during processing. The
effect oft, can be explained by the viscoelastic creeping \Webea of polymers, as
creep is a time-dependent phenomenon and the peegsadient will decrease when
extending the time during which the embossing ltadpplied. Also, the above
observations are in line with studies reported hra@er 2. As it is obvious that an
increase of exerts higher pressure on the polymer to fill theities. On the other
hand an increase in temperature under the samessimbgdorce reduces the pressure
but it does not mean that it also reduces filliagacity of the structures. In this case,
the reduction of the pressure under the same emnigofsrce is favourable for the

polymer flow and it is also relevant to holding &m

From the response table provided for PMMA (Tabk)3it is apparent that
the most influential process parameter is diffedreased on the levels considered.
Particularly from Table 3.4(a), it can be seen ttie temperature was the least
important factor orP; when it is increased from 120°C to 150°C, whileetame the
most influential parameter between 150°C to 180Y@e applied force was the

second most influential factor in all cases. Fipdlhcreasing the holding time from 0
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Figure 3.9 Main effect plots of (a)P. and (b) P. for PMMA
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Table 3.4 Response table for (8). and (b) Pe

(@) PMMA Tm F th
Level 1 (MPa) 9 3.7 9.9
Levels Level 2 (MPa) 69| 6.9 44
Level 3 (MPa) 4.5 9.8 3.5
Difference (MPa) 2.1 3.2 5.5
Comparison between levels 1 and 2 pifference (%) 238 464 558
Rank 3 2 1
Difference (MPa) 2.4 2.9 0.9
Comparison between levels 2 and 3[ pifference (%) 35 208 194
Rank 1 2 3
Difference (MPa) | 4.5 6.1 6.4
Comparison between levels 1 and 3| pifference (%) 505 624 645
Rank 3 2 1
(b) PMMA Tm F th
Level 1 (MPa) 5.3 2.3 5.5
Levels Level 2 (MPa) 41| 41| 25
Level 3 (MPa) 3.6 6.6 3.3
Difference (MPa) 1.2 1.8 3
Comparison between levels 1 and 2/ oifference (%) 208l 444 54
Rank 3 2 1
Difference (MPa) 0.5 2.5 0.8
Comparison between levels 2 and 3| pifference (%) 129 371 238
Rank 3 1 2
Difference (MPa) | 1.7 4.3 2.2
Comparison between levels 1 and 3[ pifference (%) 3241 65.6 396
Rank 3 1 2
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Main Effects Plot for Pc
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Figure 3.10 Main effect plots of (aP. and (b) P. for ABS

-90 -




Table 3.5 Response table for (8). and (b) Pe

€) ABS Tm F th
Level 1 (MPa) 143 6.1 14.2
Levels Level 2 (MPa) 119 119 7.9
Level 3 (MPa) 6.7 149 74
Difference (MPa) 2.4 5.8 6.3
Comparison between levels 1 and 2[ pifference (%) 16.6| 4871 441
Rank 3 1 2
Difference (MPa) 5.2 3 0.5
Comparison between levels 2 and 3[ pifference (%) 43.6] 201 7
Rank 1 2 3
Difference (MPa) | 7.6 8.8 6.8
Comparison between levels 1 and 3[ pifference (%) 529/ 5849 48
Rank 2 1 3
(b) ABS Tm F th
Level 1 (MPa) 4.7 2.2 4.7
Levels Level 2 (MPa) 44| 44] 3
Level 3 (MPa) 3.1 5.7 34
Difference (MPa) 0.3 2.2 1.6
Comparison between levels 1 and 2/ pifference (%) 62| 498 354
Rank 3 1 2
Difference (MPa) 1.2 1.3 0.4
Comparison between levels 2 and 3 pifference (%) 2841 231 10/
Rank 1 2 3
Difference (MPa) | 1.5 3.5 1.3
Comparison between levels 1 and 3[ pifference (%) 329 614 271
Rank 2 1 3

-91 -



to 2.5 minutes had the highest impact Bpwhen comparing parameters between
levels 1 and 2, while this effect was not so provama when its value varied between
2.5 and 5 minutes. When comparing results betweeeld 1 and 3, i.e. across the
whole range of processing values studied, it canbserved that the most influential
process parameter df wast,. From the response analysis f&r shown in Table
3.4(b), it is immediately apparent thgt, is least important parameter for all levels.
Furthermoret, had the most influence between level 1 and 2 whetisveen level 2
and 3 it was. Overall, when embossing PMMA, it can be said thatas the most
effective parameter oR., while it the case oP. it wast, and T, was the least

influential parameter for botR. andPe

Looking at the results for ABS in Table 3.5, itilsserved that the rankings of
the process parameters effect are the same@fandP.. The temperature was the
least important factor when it was increased frewel 1 to 2 while the embossing
force was detected as the most influential parametthat case. On the other hand,
temperature was the most significant parameterdeievels 2 and 3 compared®o
andty. Across all levels, it can be concluded that tmdessing force had most impact

on cavity pressure and holding time the least.

An interesting phenomenon is detected in the Tablég) and 3.5(b), where
an increase in holding time from 2.5 to 5 minuteseéasedP. while the inverse effect
initially takes place between 0 and 2.5 minuteseXplain this, it is assumed that the
increase in pressure on the edge of the mould mtutue to a reduction in the
thickness of the residual layer to a value smahlian the cavity depth where the flow

of polymer in the radial direction was constrairtiedthe mould structures. In this
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situation, it becomes more difficult for the polynte flow out of the cavity, hence

the slight augmentation in pressure when the hgltime is increased.

3.3.2 Process parameters effect on pressure distution

According to Figure 3.11 and Table 3.6, it is ewidthat the increase ify,
andt, reducesAP, while the opposite effect is occurring fer However, the same
phenomena is also observed for ligandPe in previous section, it should be noted
that increase in pressure Byis favourable due to its contribution to cavitiiriig. On
the other hand an increase AR is not desirable because this causes non-uniform
filling. Consequently, it is noted that an increaseembossing force has a positive
effect on cavity filling but a negative one for hogenous filling. Thus, it is worth

selecting the optimum embossing load that takesaotounP., P.andAP.

Overall, the lowesAP value measured was obtained in trial 5 for PMMA an
trial 6 for ABS and the highest one was in triafo8 both materials. From thaP
analysis, it is immediately apparent that theraads a unique selection of parameter
levels that can be considered optimum for both el investigated in this research.
In particular, across all level, had most significant effect odP for PMMA while

for ABS, itis T,
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Figure 3.11 Main effect plots ofAP for (a) PMMA and (b) ABS
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Table 3.6 Response table &P for (a) PMMA and (b) ABS

(@) PMMA Tm F th
Level 1 MPg) 3.7 1.7 4.3
Level 2 (MPa) 2.8 2.8 1.8
Levels Level 3 (MPa) 1.8 3.8 1
Difference (MPa) 0.9 1.1 2.5
Comparison between levels 1 and 2| Difference (%) 259 40 58
Rank 3 2 1
Difference (MPa) | 1.01] 1.1 0.8
Comparison between levels 2 and 3| Difference (%) 36.5| 27.9 45
Rank 2 3 1
Difference MP¢) 1.€ 2.2 3.2
Comparison between levels 1 and 3| Difference (%) 529| 56.8 76.9
Rank 3 2 1
(b) ABS Tm F th
Level 1 (MPa) 9.7 4 9.5
Levels Level 2 (MPa) 7.6 7.6 4.9
Level 3 (MPa) 3.6 9.3 4
Difference (MP) 2.1 3.€ 4.€
Comparison between levels 1 and 2| Difference (%) 21.6| 47 49.1
Rank 3 2 1
Difference (MPa) 4 1.7 0.9
Comparison between levels 2 and 3| Difference (%) 524/ 18.2 18.1
Rank 1 2 3
Difference (MPa) | 6.1 5.3 5.6
Comparison between levels 1 and 3| Difference (%) 62.7) 56.7 58.3
Rank 1 3 2
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3.4 Summary

This chapter reported an experimental study on effects of process
parameters on pressure conditions in cavities wheficating parts in PMMA and
ABS. To measure the pressure state of a polymeéte@nsaould cavities, a condition
monitoring system was implemented. Then, by emplpya design of experiment
approach, the pressure behaviour was studied am@idn of different process
conditions. In particular, the effects of three qgss parameterg,, F andt, on the
cavity pressure and the pressure distribution vievestigated. It was shown that
cavity pressure and pressure distribution were m#get on both materials and
processing conditions. The obtained results indidaat an increase i, and t,
reducedP., P, and AP while the opposite effect takes place for Also, it was
observed that the increase of the embossing fasalpositive effect on cavity filling
but does not promote for homogenous filling. Initdd, using a simple analytical
model, the minimum required embossing force totfik cavities across the mould
surface was calculated. The theoretical value nbthwas then used to inform the

design of the experiments.
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CHAPTER 4

MODELLING, SIMULATION AND VALIDATION OF

DEMOULDING FORCE IN HOT EMBOSSING

4.1 Overview

One of the most challenging issues to overcome vil@hementing polymer
micro and nano replication techniques is to preWleatformation of structural defects
that can occur during demoulding. From the litemateview presented in Chapter 2,
it is clear that, while FE models enable a bettedeustanding of the demoulding
process mechanisms in hot embossing in compariscexperimental approaches,
there is still a need to develop more advanced lsiion models for investigating the
combined effects of material properties, demouldiegperature, pressure, mould
design, sidewall geometry and adhesion on the ditimguforce. In this context, the
motivation for the research presented in this draf to develop and validate an
analytical model for predicting the demoulding ®nn hot embossing of polymer
materials by taking into account these procesofactAn analytical approach was
favoured over the development of an FE solutioarder to reduce the computational
complexity generally associated with FE modelsadidition, the ultimate aim of the
developed model is to enable the optimisation & demoulding step of the hot

embossing process and thus, the reduction of atalalefects in replicated parts.
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The remainder of the chapter is organised as fallokirst, the developed
model is presented taking into account the contiobu from the adhesion,
deformation and friction forces. Next, the test en@l, mould design, plan of
experiments and the method used to measure theulidinp force for validating the
proposed model are explained. Finally, the comparisetween the simulation and
the experimental results is discussed focusing lan dffect of the demoulding
temperature, applied embossing force and struclag@ut on the achieved

demoulding force.

4.2 Model development

The model was developed to consider the combirféette of friction,
deformation and adhesion phenomena. Thus, the ddmguorce,Fg, is constituted
of the following three components: (1) the adhesmne between the mould and the
polymer,F,q, (2) the deformation forcdsqe;, due to the presence of undercuts on the
sidewalls of the mould structures, which are inhete master making processes and

(3), the friction force on the structure sidewds,

Fa = Fag + Faer + Fg (4.1)

4.2.1 Adhesion force

The detailed calculation of the adhesion forcdiffscult because adhesion is a

function of the material pair properties and iraed conditions such as crystal
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structure, crystallographic orientation, solubilif one material into another,
chemical activity, surface cleanliness, normal |o@inperature, duration of contact
and separation rate (Bhushan, 2003). A simplifipdreach for modelling adhesion
uses the concept of surface energy. In partictités,energy contributes to the work

of adhesionW,g4, or the energy of adhesion per unit area, whidefsed as follows:

Wad:ya+yﬁ_yaﬁ (4.2)

wherey, andy; are the surface energies of the two solids, seggrandy, is the
interfacial energy between the two materials inteaon Fundamental adhesion models
such as the JKR (Johnsa@t al. 1971) or DMT (Derjaguinet al. 1975) models
incorporateW,q to predict the adhesion force between two soliisecent review
provides a comprehensive description of differadtiesion models available to date
(Prokopovich and Starov, 2011). The applicatiofunidamental adhesion models in
the context of this study requires the calculatibthe work of adhesion between the
mould and the polymer for different demoulding temgtures. However, this task is
hampered by the lack of theoretical and experimiefasta in the temperature range of
interest. For this reason, a model proposed by &ikerf@973) which describes the
adhesion strength change of a material with tentperavariations is applied to
predict the adhesion force at different demouldiemperatures for the HE process.
This model considers that the residual stress duthé shrinkage of the material
contributes to the strain energy of the system,ctwhin turn reduces the initial

adhesive energy required to fracture a unit areaface at zero shrinkage,
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whereao,q is the adhesion strengtk,is the bulk modulus; is the thermal shrinkage
strain andt, is the thickness of the polymer. Thus, the expoessf the adhesion

force adopted in this study is as follows:
Fag =0, XA (4.4)
whereA is the total surface area of contact between tiynger and the mould.

4.2.2 Deformation force

Metal replication masters are often structuredrischanical processes. Thus,
the machined surfaces have a specific roughnessdéimacause interlocking on the
sidewalls of the mould features leading to demagdissues. In particular, the
polymer replica and the master have to deform idesbver each other during
demoulding at locations where interlocking occditsus, the friction between the two
materials increases as a result of this deformat@oiton et al. (2001) proposed a
model to predict the ejection force in injectionutding, which takes into account the
roughness of periodic surfaces and implementedritnfoulds fabricated with the
stereolithography process (Pham and Colton, 200 model was also recently
adapted by Delanegt al. (2010) and applied to surfaces machined by turning
Colton’s model introduces an “equivalent” coeffitief friction, which is the sum of

the coefficient of friction and a contribution frothe elastic deformations of the

- 100 -



mould and the polymer parts that are necessarydocome the interlocking between

them due to the periodic surface roughness onidesvalls of the mould structures.

In this study, the mould cavities are created witicro drilling and thus, the
generated surface on the sidewalls of such featsrakso periodic (Figure 4.1). For
this reason, the model from Coltat al. (2001) was adapted to describe the

deformation forcd-q4eras follows (Figure 4.2):

0° E
Fiof =—— O— A, (4.5)

Lxr, 1-v

whered represents the maximum peak to valley distancergéed with the micro
drill, L andr. are the tooth load and the tool nose radius réispdc E andv are the
Young’s modulus and the Poisson ratio of the polyare A, is the area of contact
on the sidewalls of the cavities. Given that thedfeate f, spindle speed;, and tool
nose radius used during the micro drilling proc@gsknown parameters, it is possible

to calculate as follows (Elkaseest al.2012):

2
S=r - rf-(iJ (4.6)

L= (4.7)

whereN is the number of teeth of the micro drill.
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Figure 4.1 Micro Drilling Process.
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(a) (b)
A

— ‘17

[ I |- &
Feed direction
— Rate: f mm/rev . Tool radius:
8 i R mm
Stereolithographic, Turned periodic mould
stair-step profile surface profile
(c)

Drilled periodic mould

surface profile

Figure 4.2 Analogy between (a) stereolithographicusfaces (Pham and Colton,
2002), (b) turned periodic surfaces (Delanegt al.2010) and (c) drilled periodic

surfaces.
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4.2.3 Friction force

The force required during demoulding must overcdneeeffect of the normal
force on the sidewall of the micro structures pnése the mould. Most mathematical
models developed to quantify the demoulding prosesgly derive the expression of
the friction force based on the empirical Coulomi@® of friction (Menges and

Mohren, 1986). Thus, in this study the frictiondesFy, is described by:

Fo = uloy A, (4.8)

whereyu is the coefficient of frictiongy is the contact stress on the sidewalls of the
mould structures upon demoulding aigis the area of contact between the polymer
and the mould on the sidewalls. The contact stegsshould be considered based on
two different HE processing stages, namely duriogling and upon demoulding, in

order to take into account the polymer pressurtiyis

To achieve this, the contact stress upon demagl@nexamined first. In
particular, when demoulding begins, the mould doesexert any pressure on the
polymer and thus, the stress that results fronstitenkage behaviour of the polymer
as it is cooled down, tends to move towards thereaf the replica. In this case, the
stress condition within the polymer is illustratedFigure 4.3 and the contact stress

upon demoulding is expressed as:

Oy =0; Y044 t0pg — HOyy (4.9)
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1 Oh.d
POLYMER :

Gy =0yt Oy =0y +Cuq +(Cpg — HO4q)

Figure 4.3 Contact stress upon demoulding.
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whereo,g is described by equation (4.3) and manifestsfitselthe vertical walls as
illustrated in Figure 4.3, whilgoaq is acting on the lateral surfacesq is the contact
stress before demoulding amd is the flow-induced residual stress. As shown in
Figure 4.3, the above equation takes into accdunfdct that, the adhesion between
the polymer and the horizontal surface of the mdelads to oppose the thermal
shrinkage towards the centre of the replica. Therdihduced residual stress, can
be explained as follows. When a polymer is in atemlstate, its molecules are
unstressed and they tend to reach an equilibriwte.sDuring HE, the polymer is
sheared and elongated and as a result, the madean@eriented in the flow direction.
If the polymer solidification occurs before the malles can fully relax back to their
state of equilibrium, the molecular orientationldsked within the embossed replica
and this creates such type of stress. Howevertalthee typically slow cooling in hot

embossingg; is considered very low and thus, it can be negtkct

As shown in Figure 4.3, the contact stress orvargmould structure is also
dependent on its location. This is due to the fiaat the polymer is also subjected to
shear stress, which occurs as the polymer shrinkage towardsémter of the replica
is prevented by the mould surface features. Thik@sreason why outside structures
are sometimes incorporated on HE plates in ordeabsorb most of the stress and
thus, to reduce the risk of damage to some funatiteatures during the replication

process. This shear stress can be expressed@sdoll

7= bd (4.10)

whereFyq is the force generated layy, andAs is the area of a given mould structure
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that is perpendicular to the shrinkage directionigure 4.3g; represents the contact
stress upon demoulding on the mould feature wtsdhriher away from the centre of
the replica and it is calculated using equatiof)(4Then, the contact stress, acting

on the adjacent structure in the lateral directmwards the core of the polymer is

derived fromo; by taking into account the influence of the steteessz, and is given

by:

g,=0,-T (4.11)

In this way, the contact stress upon demouldimgbEacalculated as a function
of the mould design, in particular by considerihg tocation of the mould structures.
However, in order to expresg using equation (4.9) above, the contact stressrbef
demoulding,onq, should be calculated. For this, the distributimine,y when the
polymer is cooled down to the demoulding tempegmtwhile it is still subjected to
the embossing load is illustrated with Figure &ébm the figure, it can be seen that
the friction, adhesion and pressure within theicaplend to oppose shrinkage. Thus,
to account for the reduced shrinkage effect duthese factorsgnq is expressed with

the following equation:

Opg =P+ U(P+0,)-07 (4.12)

wheregr is the thermally-induced residual stress Brid the pressure generated due
to the applied embossing ford@shows a parabolic distribution in open die

embossing due to the polymer flow and can be catedlwith (Linet al. 2003):
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Figure 4.4 Contact stress before demoulding.
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n+1
P:n:i{l—(%j }% (4.13)
n

whereF is the applied force) is the material constant and in the case of PMNIA,
0.25 (Linet al. 2003). It should be noted that this pressure iigion is not valid

when the lateral flow of the polymer melt is preteghusing special fixtures.

The thermally-induced residual stress, arises during the cooling stage and
is a consequence of polymer shrinkage. In particulze thermal expansion of
polymers is significantly higher than that of metarhus, this difference in thermal
shrinkage during cooling results in high contastst between a replica and a metallic
master which, in turn, contributes to the demowdiorce. The influence of this
phenomenon is therefore important for all repl@atprocesses, especially when the

feature size decreases. The thermally-induceduaksgdress is expressed as follows:
_ E
or =(a,-an (T -Ty )ﬁ (4.14)

where:a, andan, are the coefficients of thermal expansion for plogymer and the
mould material respectivelyly is the demoulding temperature for the replica &pnd
denotes the solidification temperature which cqroesls to the glass transition
temperature for amorphous thermoplastics or thetimgeltemperature for semi

crystalline polymers.
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4.3 Experimental set-up

In this study, experiments were conducted with &XBI3 HE machine from
Jenoptik Mikrotechnik to validate the proposed modde following sub-sections
describe the design and the manufacture of the adnosgd along with the properties
of the polymer material processed, the experimen@sign adopted and the
measurement technique employed to assess the déingtdrce. The mould design,
the polymer properties and the experimental plarevadso used as an input for the
conducted simulation study in order to compare ttieoretical and experimental

results.

4.3.1 Test materials and mould design

Two millimeter thick PMMA sheets were used in tegperiments. The
PMMA mechanical and thermal properties are showifable 4.1 (Matbase, 2012

and Dirckx, 2010).

The embossing mould was made from a 5 mm thick iaiuwm workpiece
with overall lateral dimensions of 40 mm x 40 mnheTmaterial properties of the
aluminium used to produce the test plate are gindrable 4.1. The structured area of
the mould included four arrays of 3 x 4 micro @rllholes. The depth of each hole
was 400 um and the diameter 200 um. To assesdfdut @ the holes’ location on
the demoulding force, two designs were implemenkext. the first design, the four
arrays of holes were positioned in the central afede mould while, for the second

design, an array of holes was located at each cofribe workpiece (Figure 4.5).
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Table 4.1 Material Properties

Young Modulus (25C) 3.1 GPa
Young Modulus (50C) 2.4 GPa
Young Modulus (90C) 1.34 GPa
Young Modulus (158C) 4 MPa
Compressive Strength 83-124 MPa
Poisson’s Ratio 0.39

Glass Transition Temperature 165

Coeff. of Thermal Expansion 8.4 x16C

Young Modulus 70 GPa
Poisson’s Ratio 0.33
Coeff. of Thermal Expansion 2.44 x1BC
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(b)

Figure 4.5 Mould design: structures located in th€a) central area and (b)

corners.
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The fabrication of the mould structures was caroatiwith micro drilling by
employing a Kern HSPC 2216 micro-machining centre.particular, 200um
diameter end-mill cutters with two teeth, havingréRe and 25° helix angles, were
utilised in the experiments. Prior to the cuttiegts, each cutter was imaged using a
SEM to measure the approximate radii of the cutddges as shown in Figure 4.6. It
was found that these were in the range 2 tquth5The parameters and values of the

drilling process are given in Table 4.2.

4.3.3 Planning of experiments and force measurement

In these experiments, the demoulding force wassored as a function of the
demoulding temperatur@gem When varying it in the range from 50°C to 90°@. |
addition, measurements were also conducted wheyingathe applied embossing
force,F, at the maximum and minimum values consideredTfgy For all trials, the
embossing temperature was kept at 150°C, whilé¢ihding time was 5 minutes and
the demoulding velocity applied was 1 mm.ti&ach of the trials was repeated three
times. The combinations of the parameters’ valdiised for F andTgemare provided
in Table 4.3. The chosen range of parameters levadsdetermined based on material
properties and preliminary experiments in orderetsure complete filling of the
mould cavities during the embossing stage of thecgss and also to study an

extended range of demoulding temperatures.

The demoulding force required in each experimens weeasured with the
force sensor built in the hot embossing machine ditput of the sensor is collected

every second and provides online force curves iiclwvthe demoulding force
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Da1=4.205 um
Do1=14.42 pi

Figure 4.6 SEM image of cutting tool edge.
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Table 4.2 Micro Drilling Process parameters and vales

Feed rate 77 mm/min
Spindle Speed 18000 rev/min
Tool radius 200 pm

Tool nose radius 5um
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Table 4.3 Process Parameters Design
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is characterized by a sudden release of the staomp the polymer leading to

characteristic “jumps” due to overcoming the stdtirces as illustrated in Figure 4.7
and 4.8. The robustness of the system in termghigwing repeatable demoulding
force results was checked with initial trials. Tineuld was screwed to the top plate
and in order to have an automatic demoulding thtoboplate was sand blasted. The
image of the sand blasted plate is presented iar&ig.9. As explained in Chapter 2,
during moulding the rough surface generates a hdjiesion between the residual
layer and the plate, and then during cooling thenkbhge of the polymer onto the

surface roughness features ensures that the repidahe bottom plate will stay in

contact while demoulding. The required roughnesghef sand blasted plate was

selected by a trial and error approach.

4.4 Model Implementation and Validation

The analytical model presented earlier to prethiet demoulding forcek,
was implemented employing the Matlab software. To#owing sub-sections
describe initial experiments conducted to obtai tiecessary data to calculate the
demoulding force with the proposed model as welthesexperimental demoulding

force measurements achieved to test its validity.
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HE machine parts.
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Figure 4.8 Typical force evolution during the HE piocess.
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Figure 4.9 Sand blasted bottom plate.
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4.4.1 Adhesion and stress-strain tests

The adhesive energy at zero shrinkage styaitefined by Kendall (1973) and
that is required in equation (4.3) was assessednilyossing a flat mould with no
structures onto a circular PMMA sheet. In particutae demoulding force required
was measured without cooling and thus, fofsan, value of 150C. This force was
assumed to include only the adhesion force compgomghout any contributions
from friction and deformation. Thus, based on emguat4.3) and by using 4 MPa and
0.49 for the Young modulus and Poisson’s ratio esluespectively as well as by
measuring the the thickness of the obtained rephtéch was found to be 0.6 mm,

was calculated to be equal to 13%10m>

Stress-strain tests were also conducted for @iffeembossing loads at 160
as shown in Figure 4.10. These tests were impottamteasure the final thickness
and diameter of the embossed PMMA sheets thaegréred for the proposed model.
The strain rate of the material was calculated legsaring the cross bar movement of

the embossing machine.
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Figure 4.10 Stress strain curve for different embasng forces.
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4.4.2 Effect of the embossing temperature on the awulding force

The relationship between the demoulding tempesaand the demoulding
force is shown in Figure 4.11. More specificallgist figure provides a comparison
between the results obtained experimentally andeharedicted by the analytical
model for a range of demoulding temperatures. Fioisifigure, it can be observed
that the predicted values agree well with the expemtal results with an average
error of 13%. The demoulding force decreases Ihjites the demoulding temperature
is reduced until it reaches a minimum value, arehth increases, which is in-line
with studies reported earlier. The initial forceluetion is due to the decrease in the
adhesion force with the reduction of the demouldieqperature. However, the
further reduction of the temperature leads to aoreimse of the friction and

deformation force components as they become marendmt.

It can also be seen from this figure that the @il results underestimate the
experimental demoulding force across the rangesofallding temperatures studied.
This should be due to the fact that the model ctansithe pressure to be constant
within the polymer during embossing while, in réglit decreases during the holding
stage of the process due to the creep time effetheo material. As a result, the
pressure value used in the model is larger tharexiperimental one, which in turn,
leads to the underestimation of the friction forbe.addition, it is noticed that the
larger difference between the analytical and thpedarmental results occur for the
higher demoulding temperature of 80 This suggests that the calculated contribution

of the adhesion force is less accurate at higmepéeature. This result could be
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Figure 4.11 Comparison of experimental and analyti& results as a function of

the demoulding temperature.
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explained by the fact that, as described earlke, implementation of the adhesion
force model relies on initial experimental dataatsess the thickness and diameter of
embossed replicas without any contributions frore friction and deformation
phenomena. However, such data were obtained byumiegghe displacement of the
cross bar of the HE machine and thus, there coeld targer degree of uncertainty

associated with these measurements.

4.5.3 Effect of the embossing load on the demouldjriorce

The comparison of the experimental and analytieaults obtained to study
the effect of the embossing force on the demoulgiregess is given in Figure 4.12.
The applied force generates different flow stressek the higher the applied pressure
is, in regards to the yield point of the polyméie tess strain recovery is taking place.
Also, a higher pressure within the polymer, caubgda higher embossing force,
reduces the shrinkage effect, which in turn leada reduced contact stress on the
sidewalls of the structures. At the same time,gh l@mbossing load also reduces the
final thickness of the replica and enlarges itsaakghich consequently leads to an
increase of the adhesion force. These phenomenbaeabserved in Figure 4.12. In
particular, within the adhesion-dominated demowgdiagime, i.e. at gg, the lowest
demoulding force is achieved with the lowest emimgstoad of 5kN. This is due to
the resulting smaller contact area and the reduselymer shrinkage at this
temperature. In contrast, in the friction-dominategjime, i.e. at 5C, a higher
embossing load of 25kN is required to achieve tiveest demoulding force. This can
be explained with the fact that the higher presgereerated in the replica opposes the

shrinkage effect. Again, a good agreement was aetibetween the analytical and
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(a) Demoulding temperature: 50C
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Figure 4.12 Comparison of experimental and analytial results for different

embossing loads when demoulding at (a) 50°C and (8)°C.
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experimental results with a combined average ptiedicerror of 15%. The larger
error between the analytical and experimental tesabserved in the adhesion-
dominated regime at higher embossing loads (seed-i}12(b)) further supports the
assumption put forward earlier that such discrejgsnshould be due to the less

accurate experimental implementation of the adimefsicce model adopted.

4.4.4 Effect of structure layout

As mentioned previously, two designs were constlénethis study in order
to assess the effect of structure layout on theodésimg force. The first design
consisted of arrays of holes located in the midaié the second one had one array of
holes located in the corner. The relationship betwdhese designs and the
demoulding force is presented in Figure 4.13.alt be seen from this figure that the
demoulding force is higher at both adhesion anctiém dominant temperatures for
the design that incorporate structure located tiearedge of the mould. The main
reason for this difference is due to the fact tinat thermal stress is higher at the
edges. In addition, the difference in demouldingdéobetween the designs was more
pronounced more at 5C rather than at 98C because the friction force was higher at

a lower temperature.

4.4.5 Comparison of simulation and experimental ragdts

The differences between the simulation and expartal results can be

explained with the idealised embossing conditioseduto simplify the model. In

practice, the following factors also contributehtie demoulding force:
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Embossing temperatur&he moulding temperature influences the friction

particular via the viscosity of the polymer. A heghembossing temperature,
contributes to a better filling of intricate suréadeatures, which results in
increased interlocking. This interlocking is refledt by an increased
demoulding force. Initial experiments conducted thg author at different
temperatures (128C, 150°C and 180°C) indicated that extremely high
demoulding forces could be observed at high embgs&mperatures while

poor filling was detected at low temperatures.

Holding time During the velocity-controlled moulding step, tipeessure
gradient increases and reaches the maximum anthefethis moulding step.
After switching to force-controlled moulding, theepsure gradient decreases
with time, as the moulded area increases due torteping of the melt under
a constant load. It is reported that at the end loblding time of 280 seconds,
the maximum pressure decreases by about 57% (Wargal. 2008). The
model used for the prediction of the demouldingséodoes not consider the
creep time effect; therefore the calculated presssirmuch higher than the
actual one. Consequently, the resulting lower pmessneans that friction

force should increase.

Demoulding speednitial experiments carried out by the authoreaed that

the demoulding speed has an influence on the defimgulforce. Three
different velocities 0.5 mm/min, 1 mm/min and 5 mmn were selected for
trials. It was not possible to record any demowdiorce at 5 mm/min due to

high tensile velocity. At lower velocity of 0.5 mmin it was also difficult to
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detect any “jumps” in the force curve history, whits an indication that
demoulding happens in a peeling movement. Tin ¢aise the substrate can
bend upwards and subsequently demoulds from thdeb®rof the mould

towards its centre.

4.4.6 Part Failure Analysis

As discussed in Chapter 2, the failures can besifled into three types: 1)
filling defects, 2) cooling defects and 3) demontgldefects. The most critical failures
occur during the demoulding step and can lead &rstretched structures, damaged
edges and broken features. The reasons of théseefaare high adhesion and friction
force and undercuts between structure and moulthgludemoulding. During the
movement of the crossbar the mentioned forces twatransfer over the cross section
of the structures and this will result in stresside these structures. It should be noted
that this force is 2-4 times higher than the dermimgj force detected. In the case of
higher stress inside the structure compared toytbll point of the material at

demoulding temperature, the structures will be deéul.

The above model could be improved to predict wiadltifes can occur and
taking this into account the mould design can t@aped. Overall, it would be better
to demould at minimum demoulding force and to desagger structures in order to
avoid the risk of failure. However, other factorsosld be considered such as very
low demoulding temperatures which can induce bu(@askx et al. 2010) and very
high temperatures which can result in warpage duggh adhesion forces. The high

demoulding temperatures should be still un@igr Above Ty, amorphous polymers
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enter a rubbery state in which they can suppogelaleformations and still recover to

nearly their original shape.

To characterise the quality and type of failurentbossed samples, an optical
coordinate measuring machine was employed. Thdtsefar different demoulding
temperatures from trial 1 to trial 5 are shown @blE 4.4. The optical coordinate

measuring machine (OCMM) images are presentedgur€i4.14.

4.5 Summary

This chapter proposed a theoretical model to ptetimoulding forces in hot
embossing which provides a unified treatment ofeadin, friction and deformation
phenomena that take place during demoulding ofrpetymicrostructures. The close
agreement between the predicted results and theasured experimentally suggests
that the model successfully captures the relatipnbbtween mould design, feature
sidewall, applied pressure, material propertiesnadding temperature and the
resulting demoulding force. The model was impleraénemploying the Matlab
software. The theoretical results have been coefirthrough comparisons with the
demoulding experiments using a HEX03 embossing machThe temperature at
which the demoulding force is minimised dependstlme geometry of the mould
features along with the material properties of theuld and replica. The applied
embossing load has an important influence on tineodéding force as the increase in
pressure augments the adhesion force due to changesterial dimensions and

reduces the friction force due to resulting deadaghe thermal stress.
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Table 4.4 Failure analysis of embossed samples

Demoulding Overstretched Damaged Broken
Temperature
structures Edges structures

50°C

X O X*
60°C

O O 3
70°C

O X X
80°C

O X 15
90°C

X X 48

X - Not detected

O - Detected
* High stress was concentrated in the bond area efsthuctures and thus, the

structures were bended. Simple tests by slidingsthectures in contact with a flat
surface showed that the structures were very &amid easily broken. Thus, it was

assumed that these were broken following demoulding
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Broken structures

Overstretchec

Bended structures

Damaged edge

Figure 4.14 OCMM images of failed structures

- 133 -



CHAPTER 5

Simulation and Experimental Study of the Effects ofProcess
Factors on the Uniformity of the Residual Layer Thtkness

in Hot Embossing

5.1 Overview

Hot embossing replica are characterised by theitguaf the moulded
structures and the uniformity of the residual layarparticular, the even distribution
of the residual layer thickness (RLT) is an impottéssue in HE and the related
process of thermal nanoimprint lithography as vames in the RLT may affect the
functionality or further processing of replicatedris. The influence of the machine,
the mould, the polymer and the process parametette uniformity of the RLT is
complex and has to be investigated systematicaflythis context, the chapter
presents an experimental and simulation study @nitfiuence of three process
factors, namely the moulding temperature, the esibgdorce and the holding time,
on the residual layer homogeneity achieved whergasing 2 mm thick PMMA
sheets with HE. Using a design of experiments approperformed on both
experimental and simulation data, the relation betwprocess parameters and the

resulting residual layer thickness is established.

The chapter is organised as follows. In the folloyvsection, the experimental
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and simulation set-up, the mould, the selected mahtand the RLT measurement
technigue used in this research are describedd@&sign of experiments together with
the approach adopted to perform the trials andyaeathe data are also presented.
Finally, the results obtained are reported andrtiationship between the process

settings and the RLT achieved in HE are discussed.

5.2 Experimental set-up

In this study, the experiments were conducted WithHEXO03 hot embossing
machine from Jenoptik Mikrotechnik. The mould desithe polymer properties and
the planning of the experiments were also useast ifor the conducted simulation
study in order to compare theoretical and expertaieresults. The particular
simulation tool utilised in this research was then®int Core simulation software

(Simprint Nanotechnologies Ltd 2012).

5.2.1 Mould design and fabrication

The structured area of the mould used was 28 mi@ mi and consisted of
16x16 arrays of transistor gate electrodes witfediht sizes. The depth of the gates
was 500 nm and the width varied between 500 num &and 2um. The material used
for the mould was nickel. An areal protrusion dgnf the stamp used with the

Simprint Core Simulation software is shown in Figrl.

The fabrication of the nickel mould was carried oiging a process chain

developed previously (Velkowt al.2010; Hirshyet al.2011 and Laleet al. 2009).
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Areal stamp protrusion density (%)

Figure 5.1 Areal stamp protrusion densities
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This approach proved to be cost-effective for miarml nano structuring relatively
large areas on nickel substrates with high dimewmdicaccuracy and surface
roughness. This process chain consists of three sta@ps: 1) template fabrication, 2)
replication with UV imprint lithography using a pteand repeat approach and 3)

electroforming as illustrated in Figure 5.2.

Initially, a fused silica template was preparedéeoutilised as a master for the
UV- nanoimprint lithography step. After cutting éica plate into a 65 mm x 65 mm
square, mechanical grinding was used to producesamwith lateral dimensions of 30
mm x 30 mm and a height of 40 um. The fabricatiédrthe 28 mm x 28 mm
structured area on the surface of the mesa wasiddwe stages: 1) micro structuring
with photolithography and 2) nano-patterning wititdsed ion beam (FIB). Using
conventional photolithography, a Microposit S18E3ist was spin-coated on the
template at 4000 rpm and then baked at 97 °C fair2to achieve a thickness of ~1.8
um. A Karl Suss mask aligner with a UV light wavedéh of 365 nm was then used
to expose the resist for 3s. The template was dthgped in the Microposit MF319
developer solution for 15s to remove unwanted teNisxt, the template was rinsed in
deionised (DI) water and dried with N2 gas. Thdolelng step was to transfer the
pattern into the fused surface by dry etching usingxford Instrument PlasmaPlus
80 Reactive lon etcher (RIE). For this, a mixturdofluoromethane (CHF3 12sccm)
and Argon (Ar 38sccm) at a pressure of 30 mTorrapower of 200 W was used as
the etching gas. An exemple of created microstrastu following this

photolithography process is given in Figure 5.3.

The nano structuring step was then performed wittah Zeiss XB 1540
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[ Electroforming ]

Figure 5.2 Process chain used to manufacture the hembossing Ni mould.

Figure 5.3 Microstructures produced by photolithogmaphy.
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FIB/SEM cross beam system to add the features ennthsa which had widths
comprised between 1 pm and 500 nm as shown in &igut. A 20 nm thick
chromium layer was first sputter coated on the fatepsurface to avoid any charging
effects during the FIB machining. A range of FIBlpe currents comprised bewteen
200pA and 2nA were used depending on the targetatlife size. Despite the low
removal rates and consequently the long machinimg associated with FIB milling,
the process exhibits high resolution and high sarfquality which are important
characteristics when producing nano scale featme®aster moulds/templates (@t

al. 2007).

Following the completion of the FIB nano patterngigp, the chromium layer
was etched away and the fused silica template @zdet into the UV-imprint system
for replication. A Molecular Imprints Imprio 55 SiF system was employed to
imprint the template topography on an 8” wafer.ur@g5.5 shows a selected area of
imprinted structures. The imprinting was performead a double-sided polished
silicon wafer spin-coated with a 60 nm thick lay#rTranspin, which served as a

planarization layer and a bottom anti-reflectivataog.

Finally, a commercial electroforming system, Digitdatrix SA/1m, was
utilised to produce the nickel mould. The micro avasho features were replicated by
growing Ni on top of the imprinted wafer. This pessing step allows the precise
replication of micro and nano features in Ni-shionni (McGeougtet al. 2001). The
parameters used to carry out the electro chemagabsition are provided in Table 5.1.

Figure 5.6 shows an example of some of the feareqgated in Ni.
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Figure 5.4 Sub-micron structures produced by FIB

Figure 5.5 Structures replicated by UV-imprinting

Figure 5.6 Replication of structures in Ni by elegbforming
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Table 5.1 Electroforming process parameters

Parameter Value
Electrolyte Nickel Sulfamate
Bath temperature 50 °C
Heat rotation speed 30 rpm
pH 3.96
Baume 37.8
Current density 0.1/0.5 A/dnf
Waveform Skipped down/ ramp dow
Shim thickness 120 pm
Cycle time 10 ms
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A Carl-Zeiss XB 1540 cross beam system was uséakibSEM images of the
features at each stage of the process chain tstigaée the deviation in dimensions
occurring after each step. To minimize the measargrarrors all images were taken
at the same magnification, 3 KV EHT, and at thes&@&M aperture. The measured
widths were found to be within 5% deviation of ttaegeted dimensions, revealing
good compatibility between the steps within thecpss chain. Due to resolution it
was not possible to employ the stamp design to$dftware. So, it was minimised to

one square to achieve a desired resolution.

5.2.2 Test material

Two millimetre thick PMMA sheets were used for tHE experiments. The

mechanical properties of PMMA are shown in Chaptar Table 3.2.

5.2.3 Planning of experiments

The parameters considered in this study were theldimg temperatureTg,),
the embossing forcd~} and the holding tim#). Three levels were used for each of
the selected three factors. Table 5.2 shows th&idls that were designed where a
full factorial approach was employed for andt,. Two additional experiments were
also conducted in whick was varied to provide an indication of its inflaen The
chosen range of parameters levels was determirsstilman material properties, initial
simulation results, literature data and preliminayperiments in order to ensure
complete filling of the mould cavities and stabkhbviour of the replication set-up

throughout the experiments. The rationale behirgl dklection of levels for the
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temperature is provided in Chapter 3. In additignreliminary tests showed that 5 kN
could be used as the minimum force due to the @haditructures and also it was
enough to avoid cooling and demoulding defectdialnirials revealed that embossing
loads more than 15 kN causes a bending on a thesexfghe stamps. For each of the
designed trials, three repetitions were perforniég combinations of the parameters’

values for the selected three factors are providdable 5.2.

5.2.4 Residual layer thickness measurement

An optical coordinate measuring machine was emplot@® measure the
residual layer thickness of the embossed sampigsaitticular, this was achieved by
auto-focusing the optical head of the OCMM on the and the bottom surface of the
samples to record the height difference betweendereesponding measured points
on these surfaces. The accuracy of the OCMM whefonpeing height measurements
is stated to be 3 um by the manufacturer of théesygMitutoyo, 2004). For each
embossed sample, 13 thickness values were obtametiis way from points
distributed equally all over the surface of the PMképlica including the edges and
the middle area as shown in Figure 5.7. In ordeertsure that the thickness values
were consistently obtained from the same locatiomseach replica, measurement
marks were engraved by laser machining on the hickeuld. To minimise
measurement errors, the maximum magnification abtbdy the instrument (x 212)

was used to assess the height of the selectedspoint
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Table 5.2 Process parameters design

Trial Tm (°C) F (kN) tn (mMin)
1 Al 120 B2 10 C1 1
2 Al 120 B2 10 C2 5
3 Al 120 B2 10 C3 10
4 A2 150 B2 10 C1 1
5 A2 150 B2 10 C2 5
6 A2 150 B2 10 C3 10
7 A3 180 B2 10 C1 1
8 A3 180 B2 10 C2 5
9 A3 180 B2 10 C3 10
10 A2 150 Bl 5 Cc2 5
11 A2 150 B3 15 C2 5
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Figure 5.7 Selected measurement points
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5.2.5 Simulation Software

During the last decade, the simulation of the ttarimprinting process
gathered some interests. Different approaches hmen used to simulate the
embossing process. Efficient numerical simulatiohthe deformations of elastic and
elastic-plastic bodies (Johnson, 1985 and Nogi lkath, 1997) such as in contact
mechanics have been widely used by researcheratogy. These simulations rely
on a description of the deformation of the maté&rialrface in response to a point-
load, together with, in the elastic-plastic casestiterion for yielding of the material.
The Simprint Core software used for the simulatitudy was developed by Taylor
and is based on the contact mechanics theory (Ta&ylal. 2009). The stamp and
substrate are modelled as linear-elastic and disshed between local
stamp/substrate indentation and stamp bending &i§18). The software is capable
of modelling linear viscoelastic resists as wellsaaply Newtonian ones. It enables
the prediction of elastic stamp deflections, presglistribution and the formation of
arbitrarily thin residual layers (see Figure 5Bj)e accuracy of the simulation in HE
is critically dependent on the viscosity of the ywmoér material studied. In this
research, the typical viscosity values of PMMA degiag on the shear rate and the
temperature are taken from those given in Word009) and illustrated in Figure

5.10.
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Figure 5.8 Stamp indentations and bending (Merin@t al. 2008).
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Contact pressures (MPa) at 120.000 s w10t Cross-sectional plot of residual layer thickness
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Figure 5.9 Simulation software results or a) presse distribution b) cross section
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Figure 5.10 Viscosity model of PMMA (Worgull 2009).
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5.3 Results and Discussion

5.3.1 Residual layer uniformity

Figure 5.11 shows an SEM image of a sample area wéplica. All the
experimental trials exhibited a complete embossinipe mould structures. The RLT
values obtained from the simulation and experimangspresented in Table 5.3. The
uniformity of the RLT was assessed by calculatimg £ one standard deviation of the
measured data for each trial. Thus, an increasettiatd deviation value from one
experimental trial to another implies a larger nmiformity. By comparing the
experimental results shown in Table 5.3, it cambgerved that the selected values of
the studied parameters have an effect on the mgU®LT of the embossed samples.
In particular, the difference between the largest lwest RLT standard deviation is
18 um, which is higher than the accuracy of the OCMsed to carry out the
measurements. The experimental results show that highest measured RLT
standard deviation was for trial 1, while the lotweas for trial 9, which respectively

correspond to the trials with the lower and higbettings forT,,, andty.

The experimental and simulation data show a redbtigood agreement for
the mean RLT as the average percentage differegiveebn both sets of results is
14%. However, the simulation results do not predict important RLT non-
uniformity as the difference between the largest Enwest simulated RLT standard
deviation is 2.2 um, which is only 12% of its expental counterpart, 18 um. The
highest and smallest simulated standard deviatiocsur for trials 10 and 11

respectively. These correspond to the experimeitkstie lower (trial 10) and higher
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Figure 5.11 Example area on a hot embossed PMMA réga.
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Table 5.3 Experimental and simulation results for he mean RLT and the RLT

standard deviation

Experiments Simulation
Trial
Mean RLT RLT standard| Mean RLT RLT standard
(um) deviation (um) (um) deviation (um)
1 859 32 991 2.3
2 613 24 629 2.2
3 601 22 454 2.1
4 472 30 547 2.2
5 312 23 324 2.2
6 271 20 231 2.1
7 246 23 252 2.2
8 112 16 146 2.1
9 70 14 103 2.0
10 345 18 452 11
11 263 27 265 3.3
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(trial 11) settings for the embossing forée, This important difference between the
predicted and experimental data can be explaingd thie fact that the simulated
results reflect only local mould deflections. Inagtice, the following factors also

contribute to the non-uniformity of the RLT:

« The roughness and flatness errors of the mouldtingee top plate and the
bottom plate. In this study, through the applicatad grinding and lapping, the
achieved values of roughness and flatness of ditegplsed were 0.5 pym Ra and

4 um, respectively.

» The parallelism errors between the plates duedarthchine set-up.

* The elastic deformation of the polymer during deldimg due to the release of
the compression force applied by the mould. Inipaldr, given the non-
uniformity of the pressure distribution during emsbimg, this deformation can

be inhomogeneous across the surface of the moplolgher.

The experimental RLT standard deviation resultstlier different considered
values of temperaturd () and embossing timeyJ are presented in Figure 5.12. This
figure clearly shows that an increaseTaf results in an improved RLT uniformity.
This is an expected result given that the viscositg polymer is directly dependent
on its processing temperature and thus reducingsit®sity value through an increase
of its temperature will improve its flow behaviodn particular, an increase in the
temperature reduces the polymer internal stressdanctkases its strength, which in

turn eases the polymer flow during processing. Whikslead to a reduced filling time
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of the mould cavities and also will be benefic@lachieve a better uniformity of the

RLT.

For both the predicted and experimental data obthirthe comparison
between the results for the trials 5, 10 and 1ihich the moulding temperature and
the holding time are constant parameters, showttieaRLT uniformity reduces when
the embossing force becomes larger. This can béaieed by the fact that an
increased embossing force results in a higher presgradient in the polymer and
also in a larger deformation of the mould. The datian results reported in Figure
5.13 show the increase in contact pressure disibibdrom an embossing force of 5
kN to 15 kN at a fixed processing temperature @°Tsand for an embossing time of
5 min, which are the conditions corresponding talgr5, 10 and 11. Some initial
simulation tests also showed that augmenting thizossing force always resulted in
an increase of the RLT non-uniformity regardlesstied different temperature or

holding time values considered.

As mentioned earlier, due to its elastic behavioar,polymer under
compression tends to expand after releasing theé toawhich it is subjected at
demoulding temperature. This results in variatione RLT after demoulding which
will be more pronounced in the central area ofgleessed polymer sheet where the
applied pressure is the highest and negligibldhatedges where the pressure is very
low. In this work, the contribution of this shapbaoge after demoulding is also
assessed. To achieve this, the compression modklusf the polymer can be
calculated at demoulding temperature taking intcoant its temperature-dependent

Poisson’s ratio value, and Young’s modulugs (Worgull, 2009):
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Kt ==t
©T3(1-2x(T)

(5.1)

In the conducted experiments, demoulding was choi¢ at 90°C and in this
case, the Young’s modulus of PMMAHKs= 2.4 GPa and its Poisson’s ratio value is
= 0.33. Thus, the compression modulus the processigthpr is calculated to b€ =
2.35 GPa during demoulding. Given that demouldiaies place below the glass
transistion temperaturely, of the polymer and that the range of embossingefo
considered in this work is too low to induce plastieformation belowTy, it is
assumed that a full elastic recovery will take plémllowing release of the embossing
load. The change of the thicknadisfor an isotropic material can be determined as a

function of the pressure variation to which it isbgcted (Spetzler and Meyer, 1975):

dp _ -1
K=v—-——=— 5.2
dv  di/dP (2)

wheredl is the value of the RLT variation due to comprassin this case, it is taken
as the difference in the RLT before and after #lease of the embossing forcd® is
the difference between the pressure just beforeoditimg and the atmospheric
pressure andl is considered to be the Rlafter demoulding. The experimental and
simulated results across the surface of the polyarat the simulated pressure
distribution were employed to calculatk In this way, it was possible to estimate that
the maximum percentage contributiondbfto the RLT standard deviation is 8% for
the experiments and 45% for the simulation. Theutated pressure and RLT
distributions at the end of embossing for the tniainber 2 are shown in Figure 5.14

(a) and (b) respectively. In addition, based onat¢iqun (5.2) above, the calculated
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RLT distribution taking into account polymer exp@msafter demoulding is provided
in Figure 5.14 (c) and in this case, the predictetdT standard deviation increases

from 2.2 umto 4 um.

To assess the impact of the holding time on the Rhiformity, 3 different
values (1, 5 and 10 mins) were used for each temtyrer range. From the results
shown in Figure 5.12, it can be said that increpsire holding time improved the
RLT uniformity. This can be explained by the vislestic creeping behaviour of
polymers. In particular, as creep is a time-depahgghenomenon, the polymer
deformation will increase and the pressure gradielhtdecrease when extending the

time during which the embossing load is appliee (Sgure 5.12).

5.3.2 Main effects and response table

Figure 5.15 and Table 5.4 present respectivelyntlhén effect plot and the
response table of the process parameters on thesRh@lard deviation. It is observed
from this figure that an increase ©f and t,improves the RLT uniformity, while an
increase of has the opposite effect. From the response tabMded, it is apparent
that the most influential process parameter iediffit based on the levels considered.
In particular, the temperature was the least ingmdrfactor when it is increased from
120°C to 150°C, while it became the most infludnpiarameter between 150°C to
180°C. The applied force was the second most inflakfactor in all cases. Finally,
increasing the holding time from 1 to 5 mins had thighest impact on the RLT
uniformity when comparing parameters between letedsd 2, while this effect was

not so pronounced when its value varied betweamd518 mins. When comparing
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(&) Contact pressureistributior

Figure 5.14 (a) Pressure distribution, (b) RLT distibution under load and

(c) RLT distribution after the release of the embosing force.
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Figure 5.15Main effect plots for the RLT standard deviation
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Table 5.4 Response table for the RLT standard deui@n

Tm F th
Level 1 (um) 26.3] 18.70 285
Lol Level 2 (um) 23.6| 224 21.
Level 3 (um) 17.9] 27.d 18]
Difference (um) 2.7 4.6 6.7
Comparison between levels 1 and 2| Difference (%) 10 20 24
Rank 3 2 1
Difference (um) 5.7 4.2 3.1
Comparison between levels 2 and 3 Difference (%) 24 16 14
Rank 1 2 3
Difference (um) | 8.4 8.9 9.8
Comparison between levels 1 and 3 Difference (%) 32 33 35
Rank 3 2 1
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results between levels 1 and 3, i.e. across thelewtange of processing values
studied, it can be observed that the considereg: tharameters have a relatively equal

influence on the RLT distribution.

Finally, the theoretical optimum set of paramé¢eels to achieve the lowest RLT
standard deviation for this experimental set-up determined based on the results
provided in Figure 5.15 and corresponds to 180°kKN\&nd 10 mins foil, F andty
respectively. A verification experiment was furtr@nducted with this theoretical
best combination of parameters and resulted in & ®andard deviation of 10.6 pm.
By comparing this result with those reported in [€ab.4, in which the lowest
standard deviation is 14 um, this experiment cordal that the identified parameters

were the optimum combination with respect to thé Ribiformity.
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5.4 Summary

In addition to the quality of the moulded structyréhe achieved RLT
uniformity is an important process output in hotb&ssing. The analysis of the
literature on this subject revealed that the infles of the process parameters on the
homogeneity of the RLT has not been systematicsligied. In this context, using
simulation and experimental studies, this work stigated the relationship between
the residual layer uniformity and three processapeters when processing PMMA
sheets. In particular, the characteristics of thd Rf embossed parts were analysed
as a function of the moulding temperature, the essing force and the holding time.
Increasing the moulding temperature resulted irduction on the average residual
layer thickness and on its non-uniformity. An irase in the embossing force led to a
decrease in the homogeneity of the residual 1a3dsi0, an improvement of the RLT
uniformity was observed when embossing with a lorgeding time. The results of
the conducted experimental and simulation studie®wanalysed to identify potential

ways for optimising the HE process.
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CHAPTER 6

CONCLUSIONS

This chapter summarises the main contributionsthedconclusions reached

in this study. It also provides suggestions foufatwork.

6.1 Contributions

This research is an original contribution to tieldf of hot embossing. The
effects of process parameters on specific issuesvify pressure, demoulding force
and residual layer thickness were examined andfdhewing contributions were

made to the current state-of-the-art;

Process Factors Influence on Cavity Pressure Belwaviin Hot Embossing

a. Addressing the relationship between the process pameters, namely
embossing force, embossing temperature and holdingme, and the
resulting pressure conditions.A thorough investigation of he influence of
process parameters on cavity pressure and predsirioution was carried

out. In particular, an experimental study was cabeld to investigate the
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response of pressure conditions in cavities whelicaging parts in PMMA

and ABS.

b. Developing a specially designed condition monitorgnsystem that offers a
comparative assessment of pressure distribution durg embossing.An
indirect measurement method was conducted to agsessurevariations in
the centre and the edge of the mould. The set-up@iHEX03 machine was
modified to accommodate an ejector assembly sygtewiously used in a
micro injection moulding machine and enabled thegration of the condition

monitoring system.

c. Proposing a new simple model to calculate the miniom required force to
fill all cavities over the mould surface.Using a simple analytical model and
considering the pressure distribution, the minimembossing force to fill the
cavities across the mould surface was calculatdte fheoretical value

obtained was then used to feed the design of therawents.

Modelling, Simulation and Validation of Demouldinérorce in Hot Embossing

d. Developing a new analytical model to simulate theamoulding force in
hot embossing.The distinguishing characteristic of the proposextiet lies in
integrating the contributions from the adhesiongtifsn and deformation
phenomena that take place when demoulding micrdsies. The advanced
simulation model was constructed to predict the lwioed effects of material

properties, demoulding temperature, pressure, modédign, sidewall
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geometry and adhesion on the demoulding force.mb@el was implemented
employing the Matlab software. The theoretical ltsshave been confirmed
through comparisons with demoulding experimentaguiai HEX03 embossing
machine. The close agreement between the prediasdlts and those
measured experimentally suggests that the modelessfully captures the
relationship between the mentioned factors and réselting demoulding

force.

Simulation and Experimental Study of the Effects d?rocess Factors on the

Uniformity of the Residual Layer Thickness in HotrBbossing

e. Conducting a simulation and experimental study of he effect of process
factors on the residual layer uniformity of embosse parts. By utilising a
simulation and experimental approach, this worlegtigated the relationship
between the residual layer uniformity and threecess parameters when
processing PMMA sheets. In particular, the charasties of the RLT of
embossed parts were analysed as a function of théding temperature, the
embossing force and the holding time. The resultsthe conducted
experimental and simulation studies were companed @nalysed also to
investigate the influences of the mould local ddftens and polymer spring
back effects. Consequently, potential ways weratitied for improving the

hot embossing process with respect to the RLT umity.
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6.2 Conclusions

The following conclusions can be drawn based enatbrk in the areas of:

Process Factors Influence on Cavity Pressure Belwaviin Hot Embossing

» It is possible to assess cavity pressure conditidmsng part filling by

employing a specially designed condition monitorsedrup.

» The obtained results show that an increask,iandt, reducedP., Ps, andAP

while the opposite effect takes place for

» The standard deviation of the measured data irelicélhat the process

parameters have a greater influencd’pfor ABS and orP, for PMMA.

» With respect to the cavity pressure in the centtb@® mould, across all levels,
the embossing force appears to be the most infaleparameter for ABS
while for PMMA, the holding time is found to havightly more effect than

the embossing force.

» For the cavity pressure on the edge of the motle,embossing force was

observed to be the most effective parameter fdr baterials.

» The measured results to characterise the differdmteveen the cavity

pressure in the centre and in the edge of the mehdaved that the embossing

- 166 -



temperature dominates as the most influential paramfor ABS, while for

PMMA, it is the holding time.

» Consequently, an increase B and P, by F is favourable due to its
contribution to cavity filling. On the other handn increase iMP is not
desirable because of the resulting in non-unifoiing. Thus, it can be
concluded that an increase in the embossing foase ehpositive effect on
cavity filling but a negative influence for homogers filling. That is why it is
important to select the optimum embossing load thiets into accourR;, Pe

and4P.

This study can help users to understand the predseinaviour during the
embossing which in turn provides a better insigit ithe dynamics of the process.
Pressure can be used as an output parameter wépemds on force, temperature and
time together for optimising the process for diéfietr polymers. As it can be seen from
the above conclusions, different materials readfedintly to the embossing
conditions. The results of this research show ithiatpossible to achieve a complete
and uniform filling over the moulding area; thessndbe especially helpful while

replicating large area moulds with high aspecbratiuctures.

Modelling, Simulation and Validation of Demouldinérorce in Hot Embossing

» The proposed model has proven its feasibility ®dpmt demoulding forces in
hot embossing by providing a unified treatment dhesion, friction and

deformation phenomena.
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» The study showed that the predicted values agedewith the experimental

results with an average error of 14%.

» The theoretical results show that the demouldingefalecreases initially as
the demoulding temperature is reduced until it heaca minimum value, and
then it increases with the further reduction of thperature, which is in-line

with studies reported earlier.

» The results confirm also that the design of the Iohaffects the resulting
demoulding force. In particular, it is was obserteat the demoulding force is
higher, at both adhesion and friction dominant terajures, for the design
that incorporate structures located near the efitfgeamould compared to the

design having the structures located in the ceated

> Additionally, the applied embossing load was obedrto have a significant
effect on demoulding. More specifically, the ingean pressure within the
polymer raises the adhesion force while it alsaiced the friction force due to

the consequent decrease in the thermal stress.

» Another important point is that the temperaturevhich the demoulding force

is minimised depends on the geometry of the moedduires along with the

material properties of the mould and replica.
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» Overall, it can be concluded that the developediegh@an provide useful
information on the mechanisms that influence thenaldding force required
in hot embossing by considering the effects of rdaldsign, feature sidewall,

applied pressure, material properties and demagldimperature.

This study expands that state-of-the-art on the efogl of the demoulding
force by considering the different complicated pdreena which have an important
effect on the final results. The developed modalwsh a potential for predicting
demoulding force with a low error and this can Ippleed to optimize the input
parameters and material properties in order tocademoulding defects. Demoulding
force is an output of different factors and by iempknting this model users can obtain

a clear indication of the effects of these factmparately.

Simulation and Experimental Study of the Effects d?rocess Factors on the

Uniformity of the Residual Layer Thickness in Hotrgbossing

» Increasing the moulding temperature resulted irduction on the average
residual layer thickness and on its non-uniformitiiis is directly related to

the fact that polymer flow is improved at elevatechperature.

» An increase in the embossing force led to a deergathe homogeneity of the
residual layer. It is expected that this is caubgdthe increased pressure
gradient at higher compression forces which caualtré@s mould deformation
and a more pronounced polymer recovery betweerteh&ral and boundary

area of the processed sheet.
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» An improvement of the RLT uniformity was also obhsmt when embossing
with a longer holding time. This should be the tesidi the polymer creep

effect under load.

» The comparison between the obtained experimentdl samulation results
suggest that approximately 12% of the RLT unifoynist affected by the local

deflections of the mould.

> For the studied set-up, it was calculated that ipelyexpansion after release
of the embossing load contributes to 8% of the Rioh uniformity. This
value is calculated to be 45% for the ideal condgiwhere the plates and the

mould are completely flat, parallel and uniform.

» Generally, it can be concluded that a better uniftyr of the RLT could be
achieved by using the highest selected settinggh®temperature and holding

time and the lowest value of embossing force.

> Finally, the analysis of the obtained results alsows that, across the range of
processing values studied, the considered thremmders have a relatively
equal influence on the RLT distribution. Howevehem examining narrower
ranges of processing values, it is apparent thatntbbst influential process
parameter depends on the levels considered. litylart the holding time had

the most effect on the RLT uniformity when embogsiith the lower values
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of process parameters while, with higher processetings, the moulding

temperature became the most influential factor.

This study further develops the research carrig¢cdbaithe geometric accuracy
of the replicated parts in hot embossing. It carsdéen from the results obtained that
the RLT is very sensitive to the above mentionedofis and important variations can
occurr which can be detrimental for the replicacdp=ally for optical devices. The
research study shows a systematic analysis oféakelts which can be applied to
optimise the process parameters in order to achigldy uniform residual layers and

improve the functionality of the products.

6.3 Recommendations for Future Work

Based on the work presented in this thesis, sateasi for future research

work have been identified as follows:

> Investigating the cavity pressure behaviour dutirggcooling and demoulding

stage in order to further understand the procesamics.

> Developing the proposed simple analytical modelpi@dicting the minimum

required force to fill the cavities to a more advedh level by considering the

material following a power law relationship.
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Expanding the demoulding force model for captutimg effects of embossing

temperature, flow stress and demoulding.

Developing the proposed demoulding force modeleg@imployed as a tool to

help optimising the hot embossing process by ptiediche occurrence of

polymer part defects, damages and failures.

Investigating the effect of additional factors swahthe flatness error of the

mould and plates on the influence of the RLT preqesrameters studied.

Developing a RLT simulation model that takes intwa@unt the spring back

phenomena for predicting the residual layer uniitym

-172 -



REFERENCES

Adithyavairavan M. and Subbiah S., 2011, “A mormgital study on direct polymer
cast micro-textured hydrophobic surfaceSurface & Coatings Technolog®05, pp.

4764-4770.

Austin M. D., Ge H., Wu W., Li M., Yu Z., Wassermé@n, Lyon S. A. and Chou S.
Y., 2004, “Fabrication of 5 nm linewidth and 14 mitch features by nanoimprint

lithography”,Applied Physics Letter84, pp. 5299-5302.

Becker H. and Heim U., 2000, “Hot embossing as #&otk for the fabrication of

polymer high aspect ratio structureSensors and Actuator4, 83, pp. 130-135.

Bharat Bushan, 2003, “Adhesion and stiction: Megras, measurement techniques,
and methods for reductiondournal of Vacuum Science & Technolo®/21, pp.

2262-2296.

Bogdanski N., Schulz H., Wissen M., Scheer H.-@jadacz J. and Zimmer K., 2004,

“3D-Hot embossing of undercut structures — an aqgtao micro-zippers”Journal

of Microelectronic Engineering/3—74, pp. 190-195.

Cao D. M., Meng W. J., and Kelly K. W., 2004, “Higdmperature instrumented

microscale compression molding of PMicrosystem Technologie0, pp. 323-328.

-173 -



Chang J.-H. and Yang S.-Y., 2003, “Gas pressurim#cembossing for transcription

of micro-features”Microsystem Technologies), pp. 76-80.

Chien R.-D., 2006, “Hot embossing of microfluidicagiorm”, International

Communications in Heat and Mass Trans83,pp. 645-653.

Chou S. Y., Krauss P. R. and Renstrom P. J., 198fprint of sub 25 nm vias and

trenches in polymersApplied Physics Letter§,7, pp. 3114-3117.

Colton J. S., Crawford J., Pham G., Rodet V. anah§la. K., 2001, “Failure of rapid

prototype molds during injection moldingZIRP Annals50, pp. 129-132.

Cui B. and Veres T., 2006, “Pattern replicatiorl60 nm to millimeter-scale features

by thermal nanoimprint lithography®Microelectronic Engineering33, pp. 902-905.

Datta P. and Goettert J., 2006, “Method for polyntet embossing process

development”Microsystem Technologie$3, pp. 265-270.

Delaney K., Bisacco G. and Kennedy D., 2010, “Adgtwf demoulding force
prediction applied to periodic mould surface pesil Society of Plastics Engineers

Annual Technical Conference ANTEC 20@@ando, Florida pp. 1279-1284.

Derjaguin B. V., Muller V. M. and Toporov Y. P., 19, “Effect of contact
deformations on the adhesion of particlekjurnal of Colloid and Interface Science,

53, pp. 314-326.

-174 -



Dirckx M. and Hardt D. E., 2011, “Analysis and caeterization of demolding of hot
embossed polymer microstructures” Journal of Micromechanics and

Microengineering21, pp. 1-10.

Dirckx M., 2010, “Demolding of hot embossed polymecrostructures’PhD Thesis

Mechanical EngineeringMassachusetts Institute of Technology, Cambridiiy,

Dirckx M., Taylor H. K. and Hardt D. E., 2007, “Higemperature de-molding for
cycle time reduction in hot embossing”, cialy of Plastics Engineers Annual

Technical Conference ANTEC 2Q0@incinnati, Ohig pp. 2926-2930.

Elkaseer A. M., Dimov S. S., Popov K. B., Negm Ehd Minev R., 2012, “Modeling
the material microstructure effects on the surfageneration process in
microendmilling of dual-phase materialsJpournal of Manufacturing Science and

Engineering,134, 044501, (10 pages).

Elkaseer A., 2011, “Modelling, Simulation and Expegntal Investigation of the

Effects of Material Microstructure on the Micro-Eniling Process”,PhD thesis

Institute of Mechanical and Manufacturing EnginegriCardiff University.

Esch M. B., Kapur S., Irizarry G. and Genova V.,020 “Influence of master

fabrication techniques on the characteristics ob@ssed microfluidic channelsab

ona Chip3, pp. 121-127.

Focke M., Kosse D., Al-Bamerni D., Lutz S., Mullér, Reinecke H., Zengerle R. and

-175 -



Stetten F., 2011, “Microthermoforming of microflicdsubstrates by soft lithography
(uTSL): optimization using design of experimentddurnal of Micromechanics and

Microengineering21, pp. 1-11.

Gao H., Tan H., Zhang W., Morton K. and Chou S.2006, “Air Cushion Press for
Excellent Uniformity, High Yield, and Fast NanoinmtrAcross a 100 mm Field”,

Nano Lettersg, pp. 2438-2441.

Gerberich W. W. and Cordill M. J., 2006, “Physicé Adhesion”, Reports on

Progress in Physic$9, pp. 2157-2203.

Giboz J., Copponnex T. and Mcle P., 2007, “Micreation molding of thermoplastic
polymers: a review”Journal of Micromechanics and Microengineerinig,, pp. 96-

109.

Griffiths C. A., Dimov S. S., Scholz S., Hirshy lHnd Tosello G., 2011, “Process
factors influence on cavity pressure behaviour acramjection moulding”Journal

of Manufacturing Science and Engineeritg3, 031007 (10 pages).

Guan W.-S., Huang H.-X. and Wu Z., 2012, “Manipigatand online monitoring of

micro-replication quality during injection-compréss molding”, Journal of

Micromechanics and Microengineering, pp.1-10.

Tosello G., 2008, “Precision moulding of polymercnoi components’PhD Thesis

DTU department of Mechanical Engineering, Denmark.

-176 -



Guo J. L., 2007, “Nanoimprint Lithography: Methodsd Material Requirements”,

Journal of Advanced Materiald9, pp. 495-513.

Guo Y., Liu G., Xiong Y. and Tian Y., 2007a, “Study the demolding process -
implications for thermal stress, adhesion and iéict control”, Journal of

Micromechanics and Microengineerintj7, pp. 9-19.

Guo Y., Liu G., Xiong Y., Jun W., Xilong H. and TiaY., 2007b, “Study of hot

embossing using nickel and Ni-PTFE LIGA mold ins&rt Journal of

Microelectromechanical Systenis, pp. 589-597.

Guo Y., Liu G., Zhu X. and Tian Y., 2007c, "Analgsf the demolding forces during

hot embossing,Microsystem Technologie$3, pp. 411-15.

Hansen H. N., Hocken R. J. and Tosello G., 201EplRation of micro and nano

surface geometriesGIRP Annals - Manufacturing Technolo®@, pp. 695-714.

Hardt D. E., Anthony B. W. and Tor S. B., 2010, téaching factory for polymer

micro-fabrication - uFAC”Journal of Nanomanufacturin®, pp.137-151.

He Y., Fu J.-Z. and Chen Z.-C., 2005, “Researchnmmdeling of hot embossing

polymeric microfluidic chip”,Journal of Zhejiang University (Engineering Scieyce

39, pp.1911-1914.

He Y., Fu J.-Z. and Chen Z.-C., 2007, “Research optimization of the hot

-177 -



embossing processJpurnal of Micmmechanics and Microengineeriad, pp. 2420-

2425.

He Y., Fu J.-Z.. and Chen Z.-C., 2008, “Optimizataf control parameters in micro

hot embossing”Microsystem Technologie®4, pp. 325-329.

Heckele M. and Schomburg W. K., 2004, “Review ocnmimolding of thermoplastic

polymers”,Journal of Micromechanics and Microengineeriig, pp. R1-R14.

Heckele M., Andreas G. and Thomas S., 2001, “Langa polymer replication for

microstructured fluidic devicesRroceedings of SPIE408, pp. 469-476.

Heyderman L. J., Schift H., David C., Gobrecht dd &chweizerb T., 2000, “Flow
behaviour of thin polymer films used for hot emhngdithography”,Microelectronic

Engineeringp4, pp. 229-245.

Hirai Y., Konishi T., Yoshikawa T. and Yoshida 2004, “Simulation and

experimental study of polymer deformation in nanmimt lithography”,Journal of

Vacuum Science & Technolod/22, pp. 3288-3294.

Hirai Y., Yoshida S. and Takagi N., 2003, “Defectalysis in thermal nanoimprint

lithography”,Journal of Vacuum Science and Technol@&®1, pp. 2765-2770.

Hirshy H., Lalev G., Velkova V. L., Popov K., Scko6. and Dimov S. S., 2011,

“Master tool fabrication for the replication of mic and nano features”, Eighth

-178 -



International Conference on Multi-Material Micro Ki#&acture, 4M2011, Stuttgart,

Germany, November 8-10, pp. 317-320.

Hocheng H. and Wen T. T., 2008, “Innovative applog uniform imprint of micron
and submicron featuresJournal of Achievements in Materials and Manufaictyr

Engineering28, pp. 79-82.

Hocheng H. and Wen T. T., 2010, “Submicron impahtrench structures by external
and intrinsic electromagnetic forceCIRP Annals - Manufacturing Technolodg,

pp. 263-266.

Hsueh C.-H., Lee S., Lin H.-Y., Chen L.-S. and WaNgH., 2006, “Analyses of

mechanical failure in nanoimprint processddgterials Science and Engineering,

433, pp. 316-322.

Jaszewski R. W., Schift H., Schnyder B., Schneutlyand Groning P., 1999,

"Deposition of anti-adhesive ultra-thin teflon- dikilms and their interaction with

polymers during hot embossingpplied Surface Sciendd,3,pp. 301-308.

Jenoptik Mikrotechnik, 2002, Datasheet of HEX03 d&mtbossing system.

Johnson K. L., Kendall K. and Roberts A. D., 197urface energy and the contact

of elastic solids’Proceedings of Royal Society 324, pp. 301-313.

Johnson K.L., 1985, “Contact Mechanics”, Cambridlg@versity Press, Cambridge

-179 -



and New York.

Kendall K, 1973, “Shrinkage and peel strength dfesive joints” Applied Physicss,

pp. 1782-1787.

Koc M. and Ozel T., 2011, “Micro-Manufacturing”, o Willey and Sons, INC.,

Publication.

Lalev G., Petkov P., Sykes N., Hirshy H., Velkova Mimov S.S. and Barrow D. A.,
2009, “Fabrication and validation of fused silich.Nemplates incorporating different

length scale featureskMicorelectronic Engineeringg6, pp. 705-708.

Lan S., Lee H.-J., Kim E. H., Ni J., Lee S.-H., D&aj Song J.-H., Lee N. K. and Lee
M. G., 2009, “A parameter study on the micro hotsessing process of glassy

polymer for pattern replicationMicroelectronic Engineering86, pp. 2369-2374.

Lazzarino F., Gourgon C., Schiavone P. and Perre@4, “Mold deformation in
nano imprint lithography Journal of Vacuum Science and TechnoloBy22, pp.

3318-3323.

Li J. M., Liua C. and Penga J., 2008, “Effect of Bmbossing process parameters on

polymer flow and microchannel accuracy producedheut vacuum”,Journal of

Materials Processing Technolog?Q7, pp. 163-171.

Li W., Dimov S. and Lalev G., 2007, “Focused-ioraebedirect structuring of fused

- 180 -



silica for fabrication of nano-imprinting template$/icroelectronic Engineering84,

pp. 829-832.

Lin C.-R., Chen R.-H. and Hung C., 2003, “Prevemtimon-uniform shrinkage in
open-die hot embossing of PMMA microstructureiSurnal of Materials Processing

Technology 140, pp. 173-178.

Lin C.-R., Chen R.-H. and Hung C., 2002, “The Chteasation and Finite-Element
Analysis of a Polymer under Hot Pressingiternational Journal of Advanced

Manufacturing Technologie0, pp. 230-235.

Luo Y., Xu M., Wang X. D. and Liu C., 2006, “Finitelement Analysis of PMMA
Microfluidic Chip Based on Hot Embossing Technigudburnal of Physics:

Conference Seried8, pp. 1102-1106.

Macintyre D.S. and Thomas S., 2005, “A study ofisteflow during nanoimprint

lithography.Microelectronic Engineering{8-79, pp. 670-675.

Malek C. K., Thuillier G., Duffait R. and Guyout, 2008, “Double hot-embossing

with polymeric intermediate mould”, Mulit-Material Micro Manufacturing

Conference 20Q8Cardiff, UK, pp. 1-10.

Matbase VOF, Material Properties Database, Delfttp:#www.matbase.com/

material/polymers/commodity/pmma/properties

-181 -



Mathur A., Roy S.S., Tweedie M., Mukhopadhyay Sifré1S.K. and McLaughlin
J.A., 2009, “Characterisation of PMMA microfluidathannels and devices fabricated
by hot embossing and sealed by direct bondi@irrent Applied Physics9, pp.

1199-1202.

McGeough J. A., LeM. C., RajurkarK. P., De SilvaA. K. M. and LiuQ., 2001,
“Electroforming Process and Application to Micro/tta Manufacturing”, CIRP

Annals,50, pp. 499-514.

McGeough J., 2002, “Micromachining of Engineeringtitials”, Marcel Dekker,

Chapter 4.

Menges G. and Mohren P., 1986, “How to Make In@ttMoulds”, Hanser, New

York.

Merino S., Retolaza A., Juarros A. and Schift HOD&, “The influence of stamp
deformation on residual layer homogeneity in thdérmanoimprint lithography”,

Microelectronic Engineeringg5, pp. 1892-1896.

Mitutoyo, 2004, “Quick Vision Accel — CNC Vision Msuring System”,

http://www.mitutoyo.com/pdf/QV%20Accel%201759.pdf

Narasimhan J. and Papautsky 1., 2003, “Polymer asibg tools for rapid
prototyping of plastic microfluidic devices”Journal of Micromechanics and

Microengineering,14, pp. 96-103.

-182 -



Ng S. H., Wang Z. F., Tjeung R. T. and de RooijAN.2006a, “Process Issues for a
Multi-Layer Microelectrofluidic Platform”,Symposium on Design, Test, Integration

and Packaging of MEMS/MOEMS, DTIP 2006, Stresdy.lta

Ng. S. H., Tjeung R. T. and Wang Z., 2006b, “Hot l&ssing on Polymethyl
Methacrylate” Eight IEEE Electronics Packaging Technology Coniese EPTC'06

Singapore, December 6-Bp. 615-621.

Nogi T. and Kato T., 1997, ““Influence of a hardfage layer on the limit of elastic
contact Part I: Analysis using a real surface moddburnal of Tribology

Transactions of the ASME19, pp. 493-500.

Pan C. T., Wu T. T., Chang Y. C., and Huang J. ZDQ8, “Experiment and
simulation of hot embossing of a bulk metallic glawith low pressure and

temperature”Journal of Micromechanics and Microengineerid@, pp. 1-12.

Park K., and Ahn J. H., 2004, “Design of Experimédbnsidering Two-Way
Interactions and its Application to Injection Maldi Processes with Numerical

Analysis,” Journal of Material Processing Technologiédb, pp.221-227.

Park S., Schift H., Padeste C., Schnyder B., Kataml Gobrecht J., 2004, "Anti-

adhesive layers on nickel stamps for nanoimpritiiotiraphy,” Microelectronic

Engineering,73-74, pp. 196-201.

Park S., Song Z., Brumfield L., Amirsadeghi A. ahde J., 2009, “Demolding

- 183 -



temperature in thermal nanoimprint lithographpplied PhysicsA 97, pp. 395-402.

Pham G. T. and Colton J. S., 2002, “Ejection famwedeling for stereolithography

injection molding tools”Polymer Engineering and Scienée, pp. 681-693.

Piotter V., Mueller K., Plewa K., Ruprecht R. ana@ausselt J., 2002, “Performance
and simulation of thermoplastic micro injection whialy”, Microsystem Technologies,

8, pp. 387-390.

Prokopovich P. and Starov V., 2011, “Adhesion msdé&om single to multiple

asperity contacts’Advances in Colloid and Interface Scient@8, pp. 210-222.

Prokopovich P., Theodossiades S., Rahnejat H. amtbéh D., 2010, “Nano- and
component level scale friction of rubber sealsispédnsing devices'Wear,268, pp.

845-852.

Ramani K.-R.-T. and Yao D., 2009, “Hot Embossing Discrete Microparts”,

Polymer Engineering and Science 20pp. 1894-1901.

Ressier L., Martin C. and Peyrade J. P., 2004, ftAtoforce microscopy study of
micrometric pattern replica by hot embossing littegdny”, Microelectronic

Engineering,71, pp. 272-276.

Rowland H. D. and King W. P., 2004, “Polymer defatran and filling modes during

microembossing”Journal of Micromechanics and Microengineeririgl, pp. 1625-

- 184 -



1632.

Rowland H. D., King W. P., Sun A. C., and P. R. 8dfy 2007, “Simulations of non-
uniform embossing: the effect of asymmetric neightboavities on polymer flow

during nanoimprint lithography'Sandia report SAND2007-4121.

Saha B., Liu E., Tor S. B., Khun N. W., Hardt D. &d Chun J. H., 2010,
"Replication performance of Si-N-DLC-coated Si moignolds in micro-hot-

embossing, Journal of Micromechanics and Microengineeri@f), 045007.

Scheer H.-C. and Schulz H., 2001, “A contributienthe flow behaviour of thin
polymer films during hot embossing lithographificroelectronic Engineerings6,

pp. 311-332.

Scheer H.-C., Bogdanski N., Wissen M., Konishi TdaHirai Y., 2006, “Profile
evolution during thermal nanoimprintMicroelectronic Engineering83, pp. 843-

846.

Schelb M., Vannahme C., Kolew A. and Mappes T.,120'Hot Embossing of

Photonic Crystal Polymer Structures with a High édp Ratio”, Journal of

Micromechanics and Microengineerirgf, pp. 1-5.

Schift H., Heyderman L. J., Auf der Maur M. and @Gatht J., 2001, “Pattern

formation in hot embossing of thin polymer film#&lanotechnologyl2, pp. 173-177.

-185 -



Schubert A., Edelmann J. and Burkhardt T., 2006ictM structuring of borosilicate
glass by high temperature micro-formingflicrosystem Technologie42, pp. 790-

795.

Schulz H., Wissen M., Bogdanski N., Scheer H.-Cattes K. and Friedrich Ch.,
2006, “Impact of molecular weight of polymers am@ar rate effects for nanoimprint

lithography”,Microelectronic Engineering3, pp. 259-280.

Schulz H., Wissen M., Bogdanski N., Scheer H.-Cattes K. and Friedrich Ch.,
2005, “Choice of the molecular weight of an imprpalymer for hot embossing

lithography”,Microelectronic Engineering/8—79, pp. 625-632.

Shan X. C., Liu Y. C., and Lam Y. C., 2008, “Stglief polymer deformation and
recovery in micro hot embossingVlicrosystem Technologie$4, pp. 1055-1060.

Shen X.-J.,, Pan L.-W. and Lin L., 2002, “Microplastembossing process:
experimental and theoretical characterisati@€nsors and Actuatord7-98, pp. 428-

433.

Simprint Nanotechnologies Ltd, Bristdittp://simprintnanotech.com

Sirotkin V., Svintsov A., Schift H. and Zaitsev 2007, “Coarse-grain method for
modelling of stamp and substrate deformation inoimaprint”, Microelectronic

Engineering84, pp. 868-871.

Song Z., Choi J., You B. H., Lee J. and Park S0820Simulation study on stress and

- 186 -



deformation of polymeric patterns during the denmajdprocess in thermal imprint

lithography”,Journal of Vacuum Science and Technol®)26, pp. 598-605.

Spetzler H. A. and Meyer M. D., 1974, “Precise kngieasurement technique unc
hydrostatic pressure: Isothermal bulk modulus of M, Review of Scientific

Instruments45, pp. 911-915.

Taylor H., Lam Y. C. and Boning D., 2009, “A comatibnally simple method for
simulating the micro-embossing of thermoplasticelay, Journal of Micromechanics

and Microengineeringl9, 075007 (16 pages).

Titomanlio G. and Jansen K. M. B.,1996, “In-moldiskage and stress prediction in

injection molding”,Polymer Engineering and Scien@8§, pp. 2041-2049.

Toh A. G, Wang Z. F. and Wang Z. P., 2009, “Ambidot embossing of
Polycarbonate, Poly-Methyl Methacrylate and Cycliglefin Copolymer for
microfluidic applications”, IEEE Symposium on Design, Test, Integration &

Packaging of MEMS/MOEMSingapore, April 01-03pp. 359-362.

Trabadelo V., Schift H., Merino S., Bellini S. a@bbrecht J., 2008, “Measurement
of demolding forces in full wafer thermal nanoimmitj Microelectronic Engineering,

85, pp. 907-909.

Velkova V., Lalev G., Hirshy H., Scholz S., Hiitekeinanen J., Gold H., Haase A.,

Hast J., Stadlober B. and Dimov S., 2010, “Desigth \@alidation of a novel master-

- 187 -



making process chain for organic and large areetrel@cs on flexible substrates”,

Microelectronic Engineering37, pp. 2139-2145.

Veres T., Jakeway S. C., Crabtree H. J., Camerdd. ldnd Roberge H., 2006, “High
fidelity, high yield production of microfluidic déses by hot embossing lithography:

rheology and stiction,.ab on a Chipg, pp. 936-941.

Whiteside, B. R., Martyn, M. T., and Coates, P.ZD05, “In-Process Monitoring of
Micromoulding—Assessment of Process Variationyiternational Journal of

Polymer Processin@1, pp.162-169.

Worgull M. and Heckele M., 2004, “New aspects ohglation in hot embossing”,

Microsystem Technologid®, pp. 432-437.

Worgull M., 2009, “Hot Embossing: theory and teclogy of microreplication”,

Elsevier Oxford.

Worgull M., Heckele M. and Schomburg W. K., 200bafge-scale hot embossing”,

Microsystem Technologie$2, pp. 110-115.

Worgull M., Hétu J.-F., Kabanemi K. K. and Heck#&le, 2008a, “Hot embossing of

microstructures: characterization of friction dgrindemoulding”, Microsystem

Technologiesl4, pp. 767-773.

Worgull M., Kabanemi K. K., Marcotte J.-P., HétuR]. and Heckele M., 2008Db,

- 188 -



“Modelling of large area hot embossindVlicrosystem Technologie¢4, pp. 1061-

1066.

Worgull M., Kolew A., Heilig M., Schneider M., Ditggiter H. and Rapp B., 2011,
“Hot embossing of high performance polymersficrosystem Technologie$y, pp.

585-592.

Yao D. and Ramani K.-R.-T., 2008, “An enlarged msx window for hot

embossing”Journal of Micmmechanics and Microengineerit§,045023 (7pp).

Yeo L. P.,, Ng S. H.,, Wang Z. F., Xia H. M., WangRZ, Thang V. S., Zhong Z. W.

and Rooij N. F., 2010, “Investigation of hot rollembossing for microfluidic

devices” Journal of Micromechanics and Microengineeri2@, pp. 1-10.

- 189 -



