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ABSTRACT

Polymerbasedni ¢ r o f labuon a&h icp ¢ t epromises to ceduge cost and extend

access to medical diagnostic tetatformerly required expensive and lakintensive labwork.

The predominant methods for manufacturing these devices are miniaturized molding processes
including casting, injection molding, and hot embossing. Theseitp@®have in common the

use of a mold to define the shapduwictional featuregfluidic channels)the separation of the

part from themold as a process step (demolding), and the intendade®f thenold to produce
additional partsThe demolding stein particular poses significant challenges for mass
production.Demolding affectseveral issuemcluding production rate, part quality, anuld

lifetime, and @moldingrelated defects are frequently observ@dspiteits importancethere has
been naomprehensiveffort to analyzedemolding theoretically or experimentally.

This thesisaims todeepen the understanding of demolding of polymer microstructures in order
to facilitatemass manufacturingf polymerbaseddeviceswith micro-scale functionaldatures,
such as microfluidic chips. A theory of demolding mechahasbeeproposedhat combines
the effects of thermal stress, friction, and adhesion in a unified framefvanktric by which
demolding can be characterized experimendatlye demoldingvorkd has beemroposed by
analogy with interfacial fracture arnds beemelated tounderlyingphysical mechanismginite
element simulationbased orthis theory of demoldinpave beeperformed to investigate the
effects ofimportant parameters, inclum) demoldingtemperature anfiaturegeometry A test
method for characterizing demoldibyg directly measuring the demolding work for individual
microstructureias beemeveloped andppliedto hot embossintp study the effects gfrocess
parameters fn as demoldingemperaturgthe effects ofeature geomey and layoutand the
impacs of mitigation strategies such as l@aghesiormold coatings.

The esults othesedemolding experiments broadly agree vaipected trends based on the
theory of demaling mechanicproposed hereirA dimensionless parameter aggregating the
effects offeaturegeometryand layouthas beemdentified and related tthe occurrence of
demoldingrelated defectghe demolding process windoandthedemolding temperature tha
minimizes the demolding work hese findingbiave beemgeneralized to providerocessing and
design giidance for industrial application of polymer migrmlding.
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CHAPTER

Introduction

This thesis presents a study of demolding of hot embossed polymer microstéuctures
such as microfluidic channésincluding a theory of demolding mechanics, finite element
simulations 6demolding, a demolding test method, and the results of demolding experiments.
This work is motivated by the goal mhproving the understanding of demolditagfacilitate
high-volume manufacturing of polymdrased micralevicessuch as microfluidic chipat high
guality and low cost, and so the findings are generalized to provide demolding guidelines and

design rules for industrial application.

1.1 Contributions of this thesis

This thesis presents a number of new contributions to the understanding of dgnmoldin
the field of polymer microfabrication.

A theory of demolding mechanics is presented, which relates the energy dissipated during
demolding to specific mechanisms, namely adhesion, friction, and thermal stress. This theory of
demolding is used to makestable predictions, including the existence of an optimal demolding
temperatureA metric by which demolding can be characterized experimedtaiig demolding
work and demolding toughnésss proposed and related to physical mechanisiinge element
simuations encapsulating this theory of demolding have been performed and used to investigate
the effects of parameters such as the friction coefficient, adhesion strength, and feature geometry.

A test method for characterizing demoldimgdirectly measurig the demolding work
for individual microstructurebas beemeveloped and evaluated. This method is adapted from
the wellestablished cantilever fracture teBest equipment, includingmperaturecontrolled
platens and demolding fixtures have bdesighed and fabricated.est molds have been
designed and produced to study specific effects of feature geometry, including feature height,
width, and spacinglhe test method has been evaluated with respect to the repeatability of the
measured demolding wodnd found to be useful for studying demolding of polymer

microstructures.

19



This test method has been used to study the effects of demolding temperature and feature
geometry experimentally, and these results have been found to be consistent with the finite
element simulations and the predictions of the theory of demottéagloped here, including the
existence of an optimal demolding temperature.

The demolding process window has been identified, along with the physical mechanisms
that define its boundarieBor a given pattern, the lower limit on demolding temperature is set by
local distortion of features caused by thermal stress. The upper limit of the demolding window is
set by the degradation of adhesion between the part and theTieldemolding windovis
influenced by the pattern geometry. A geometric parameter has been derived from the demolding
theory, and is related to the demolding process window and the optimal demolding temperature.

The development of a reliable demolding test method has emalilgdtion strategies,
such as mold surface coatings and feature edge treatments, to be evahesdtect of these
treatments on the demolding work has been tested.

These theoretical and experimental findihgse beemeneralized to develop demolding

guidelines and design rules for industrial applications, such as manufacturing microfluidic chips.

1.2 Microfluidics

As defined by one of the fieldbds early pio
technol ogy of systems t hat tsoffluads essigchanmelswithni p ul
di mensions of tens t]&].Varioustermefor microfliidicdévices,o met er s
such as fALab on a Chi po0 cncapBuldie the aspirdtionthal Anal vy
field to miniaturize and integrate a large number of chemical or biochemical processes onto a
single, small deviceésuch devices may be designed for massively parallel experiments on
protein crystallization2], low-cost, automated medical diagnos{i8k or any of an endless
variety of other applicationgs can be seen from the table of contents of any issue of journals
like Lab on a ChipandMicrofluidics and Nanofluidis

Microfluidics as a concept was partly inspired by the miniaturization and integration that
characterized the microelectronics indug#ry5], and many of the earliest microfluidievices
were produced using similar processes in glass and sjé¢ofhe high cost of these materials
and processes, among other factors, has led to a shift to polymer materials, especially the

themosettingelastomer polydimethylsiloxane (PDMS), anahsparent amorphous
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thermalastics such as polymethyl methacrylate (PMMA), polycarbonate (PC), polystyrene (PS),

and cycb-olefin polymes (COP)[7-10]. In addition to their lowmaterialcost, tansparency, and

biocompatibility, a key advantage of polynrmeaterials for microfluidicss their ability to be

manufactured usinigigh-volume and lowcostreplication or molding processes, such as casting
[11], injection molding12-15], and hot embossir{d6-21].

1.3 Hot embo

ssing

Hot embossing in particular &very promising process for manufacturing microfluidic

devices. In this processt@inp ol ymer wor kpi ece i s

first

heated

transition temperature gJ. A heatednold with the inverse of the desired feature pattern (e.g.

ridges ad posts where channels and wells are desired in the final part) is pressed into the part,

and the pressure is maintained over sufficient time for the matedafdomaround and

replicate the mold featureShe embossing pressure is maintained whilgotire and mold are

cooled to the demolding temperature, whereupon the part is separated from thEheold.

trajectories of temperature and force over time in hot embossing are illustr&igdnal.1.

Temperature

Embossing
Temperature

Tg

Demolding
Temperature

Ambient

Temperature]

Hold Time

Time

Figure 1.1 Temperature and force trajectory in HME.
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Demolding
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Casting, especially of PDMS, is the predominant process used in prototyping

microfluidic devices and lowolume production for resear¢®2]. This process is not well

suited for highvolume manufacturing, mainly because of long cycle ti(eegeral minutes to
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several hours)alabor intensivenulti-step processing protoc@hixing polymer precursors,
degassing, casting, and curinghd a lack of equipment or automat[@8], although recent

efforts have been made to address these i§84e85] In contrastinjection molding is a well
established higlvolume manufacturing process, but it has high initial costs associated with mold
design and fabricatiQrso this processot well suited for prototyping or lowolume production

[22, 26]

Hot embossing is uniquely able to bridge this gap betweendond highvolume
manufacturingdf microfluidic devices. Compared with casting, hot embossing has higher initial
costs associated with purchasing (or fabricating) the requirgéigreent and producing molds,
but embossing has drastically shorter cycle tithas casting23] and only two process steps
(blank productionand embossingBecause embossing equipment is inherently flexibigal
costs (other than molds) can be spread over a large number of different prototypes. Embossing
egupment can also be used for downstream processes such as input/output port p2riching
and thermal bondin[28]. While embossing molds are subject to greater loads than molds used
in casting, prototype embossing molds can be made using many of the same techniques as molds
for casting, sahese costs need not be markedly diffef2ét.

Compared with injection molding, hot embossing has much simpler and less expensive
equipment. This difference is related to both the lower temperatyyes.(felting) and
pressures~few MPa vstensto hundreds of MParequiredin embossingEmbossing requires
only heated, aligned platens and a means of appyifigsientpressuregcomparedvith the
inherentcomplexity of injection molding maching¢26]. Hot embossing has somewhat longer
cycle timedtypically 1-10 minutes vs. 1€100seconddor injection molding [23], and
productionready embossing machines are still expensive (though less so than injection molding
machines) and not widely avéila. Hot embossing also does not benefit from ageileloped
manufacturing science foundation compared wijection molding, which has beemore
intensively studied30]. Because of these limitations, injection molding is more likely to be
adopted for verhigh volumemanufacturingd>10° partg, with hot embossing filling the niche in
low- to mediumhigh-volume manufacturing31]. At the same time, it is worth notirangoing
efforts in the research community to reduce embossing cycle [B2e33] reduce equipment
complexity and codqB34], and develop productieready, automated embossing syst¢das 36]

which aim to make hot embossing more competitive with injection molding.
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1.4 Demolding of polymer microstructures

All of the molding processes that may be used to produce microfluidic chips and other
polymerbased devices with micigcale features have in common the use of a mold, and thus the
need to separate the part from the mold at tkleoéthe processDemolding is a critical step in
these processes, since any distortion or damage of the part during demolding can result in
degraded quality or even render the part useless, regardless of how well the part was originally

formed.

1.4.1 Demoldingrelated defects

Several researchers have observed demolddfeged defectsicluding broken or
distorted features in hot emboss[B83-42], injection molding of microfeaturdd3, 44] and
PDMS casting45]. Demoldingrelated defects have also been obseéiin the related process of
nanoimprintdithography(NIL) [46, 47] in which a thin laye(afew micrometershick or less)of
polymeris spincast onto a silicon wafer and embossed to define features that serve as a mask
layer for subsequent etchifdg].

In hot embossinga very commonly observed defect is a bulge on one side of a feature, as
shown inFigurel.2. These defects are widely attributed to thermal stress associated with
differential thermal contraction of the part and mold during codBiig 39, 40, 42]

Similar defects have been observed in injection molding of Aiigatures, as ifigure
1.3. These bulges are problematic in microfluidic devices because they can preveqpiateser
from sealing channels.

Other defects commonly observed are broken mold featuresFagine1.4, which can
render a mold unusable. Parts can also fail in demolding, potentially leaving material behind on
the mold, as ifrigurel.5, which can also make a mold unusable. Mold failures such as these can

be particularly costly, since the mold must be replaced.
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(@) Bulge defect

10 um deep, 300 um wide
hexagon feature

X430 SBMm 19 48 SEI

(b)

Bulge defects

Figure 1.2 Scanning electron micrografs of embossed features with bulge defects most ligkataused by
thermal contraction; (a) 10 um deep, 300 pm wide hexagon feature embossed in PMMA with a bulge defect,
(image courtesy Hayden Taylor,) (b) 10 um tall, 50 um wide raised feature embossed ipolycarbonate at
160°C and demolded at 130°C
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Bulge
defects

188 5m

Figure 1.3 Scanning electron micrograph showing hlge defects in 5qum deep, 50um wide features in an
injection molded PMMA part demolded at 40°C(Image courtesyFu Gang).

ature

Broken mold fe

l8Grm

Figure 1.4 Scanning electron micrograph of a broken feature on a silicon mold that was used to hot emboss
PMMA. The feature was a 30um wide by 30um deep channel (Image courtesy Hayden Taylor)
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Mold
features

PMMA

/Embedded

Figure 1.5 Scanning electron micrograph of an embossing mold made of bulk metallic glass wii® um deep,
25 pm wide ridges spaced 2fm apart. PMMA has beerembedded between closely spaced features after a
embossing cycle.

1.5 Review of demolding research
1.5.1 Hot embossing

Quantitative esearch on demolding of hot embossed polymer microstructures has so far
been limited to finite element simulation of the demolding process. Several researchers have
developed twadimensional38, 42, 49]or threedimensiona[41, 50]finite element simulations
of polymer parts adhered gmbossing moldsombining the effects of themhstress and
sidewall friction.These simulations generally find that the stresses caused by thermal contraction
mismatch and sidewall friction are concentrated at the edges of features, and are generally hig
enough that deformation of the polymer is likéesesimulationshave been used to check the
effect of varying sidewall friction on the simulated stresses in the part and mold or on the
demolding forceswhere reducing friction in the model also reglsidemolding forces. These
works have not systematically studied the effects of feature geometry (for instance, feature
spacing or height) on simulated demolding.

Experimental studies of demolding in hot embossing lbansisted ofjualitative
evaluationof the effects of moldnaterialg51, 52] coatingg38, 53] thedemolding
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temperaturg39], or the effect of barrier featurf&2]. No direct measurements of demolding
forces in hot embossing seem to have been made tondateas the effect of feature geometry
on demolding difficulty or on the occurrence of feature distofiean studied systemeilly.

In one interesting contributiolyorgull et al.describea specialized test apparatus they
have used to characterize friction between embossed polymers and mold nja@gridlss test
apparatus is similar to the one used by Poueada.to characterize friction between
thermoplastic polymers and steel mdl8S]. In Wo r g wpphréius, a polymer foil is pressed
between heated platens and then cooled. One of the platens is then displaced in a direction
parallel to the surfacef the polymer while a small normal load is maintained, and the frictional
force between the mold and the polymer is measured. They found that the dynamic friction
coefficient is somewhat affected by the mold material and its surface rougBress with
Ra=20nm and 2001m or Nickel) while the static friction coefficient is affected by the
embossing temperatu(@10-170°C)and pressuré.57.5MPa), the sliding velocity X mm/min
vs.5mm/ mi n) , and t he pr esenceThedymmiafricions peci fi ed
coefficientwas generally ~0.6, except for the less rough Brass mold (1.0) and the Nickel mold
(1.2). The static friction coefficient ranged between 0.6 (when slidingremnin) and 2.2
(when embossing at 170°Q)hey did not test the effeof the demolding temperature or the
presence of features on the molds gdexperiments seem to have been motivated by a need to

calibrate the friction coefficient used in their finite elem&ntulationg.

1.5.2 Injection molding of microstructures

Michaeliet al..performed a qualitative study of demolding of injection molded polymer
microstructuregPMMA and PC) including different mold patterns and different means of
demolding[43]. Hexagonal pillars 10Qm high in a honeycomb array spaced 21 apart were
always difficult to demold successfully, but larger patterrigest of unspedied size
(apparently hundreds of um) were demolded eakiBufficient demolding force could be
generated via vacuum, so mechanical demolding was the only feasible means. Applying
ultrasonic vbration during demolding had miservable effect.

Fuet al..performed a comprehensive study of demolding a square array pfri00
diameter pillars spaced 200 um apart producenhizyo powdeilinjectionmolding( ¢ P 1[4¥])

The forces on ejector pins were measured during demolding. The peak demolding force followed
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a decreasing trend with demolding temperature urlaiched an optimal value, after which
demolding force increased with decreasing temperatfiis.behavior was attributed to the
combined and antagonistic effects of thermal contraction during cooling and hydrostatic
expansion when the packing pressusswueleased. The optimal demolding temperature
depended on the magnitude of the packing pressure, with higher packing pressures leading to
lower optimal demolding temperatufEhese results were consistent with finite element

simulationsalso discussed ithat work

1.5.3 Nanoimprint lithography

Similar to the case for hot embossing, research on demolding in hanoimprint lithography
has been largely limited to finite element simulatibased on thermal stress and frictjd,
56, 57] Some studies have applied fracture mechanicsitedtgling pull test§see section
4.3.]) [46, 58]and asymmetric cantilever tegtee sectiod.3.5 [59] to measurdghe adhesion
strength between featureless molds and nanoimprint rasidt® assess the effects of anti
adresive coatings.

A fracture mechanics teshé razorblade tessee sectiod.3.4 was adapted by Landéet
al..[60] to study demolding in nanoimprint lithographsy this study, a silicon mold with an
array of 200 nm deep and 500 nm wide trenches was imprinted into a 280 nm thic layer
poly(hydroxystyrenepased resist on a silicon wafer at 120°C and 1.5 MPa for 60 s. The
razorblade tests were conducted at room temperdthey found that patterned molds exhibited
greater adhesive strength thanpaiterned molds, and that moldswieatures with their long
dimension oriented perpendicular to the crack front exhibited less adhesion than those with
features oriented parallel to the crack front.

They attributed the increase in toughness for patterned vs. unpatterned molds tolfrictiona
dissipation on the feature sidewalls. Yipgoposed a relation between the feature dimensions,

the sidewall stress, and the surplus toughness attributed to friction dissipatiaAL{Eq.
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2
Gfric = Gswl’l2 F 1-1

where

Grric Toughness surplus attributed to friction
Clsw Sidewall stress

h Feature height

P Feature pitch

Without testing the effect of different feature heights and pitch, however, this relation
remans hypothetical. They attributed the difference in toughness associated with feature
orientation to a difference in sidewall stress, but did not propose an explanation for this
difference in sidewall stress. They did not study the effect of varying feditnemsions or
demolding temperature.

Demolding forcedor full-wafer (100 mm diameter) nanoimprintingere studied by
Trabadelcet al.using a commercial imprinting machine (Jenoptik HEX@8jn the brief
Aj umpo i n the r ecor dsendartd pulltests, sek gectidB.§ [61d.e mo | di ng
They observed a great dedilvariation in theapparentiemolding force between test runs with
the same condition3hey usectched silicormolds with arrays o2 um wide squaréeaturesn
an orthogonal array spacedish apart both holes 15000nm deep and pillarSO0 and 100@Gm
high, imprinting into a 4.5um thick layer of PMMA spircast onto another silicon waf@iihe
demolding force appeared to be related to the pattern geometry, with deeper holes requiring
higher demolding forces and showing more demolding defects, aadsglikmolding easily.

They also found that the demolding force decreased with decreasing temperature until reaching
an optimal value, then increased with decreasing temperataresver, they only tested four
temperatures for a single pattern of 500 high square pillarsTheyspeculatedhat this trend

was caused by changes in the adhesion strength between the PMMA and the mold with
temperature.

Along with finite element simulatior[§7], Song performedemolding tests similar to
those by Trabadelet al, but using a custom laboratory imprinting macHé®, 63] Son g 6 s
experiments used an etched silicon mold wiiparsepattern combining dots and line93m
wide and 100m high imprinted into a 300m thick PMMA layer on a 106hm diameter silicon

wafer.Only three demolding tempetaes were tested, but the demolding force followed a
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similar trend with temperature to that found by Trabaeéelal.[61]. Song did not test different

mold geometries.

1.5.4 Curable liquid resin casting of microstructures

Yeo et al.studied demolding for curable liquid resin casting of-tlxing polyurethane
[64, 65]and PDMY45], including both finite element simulations and peel test experiments.
Unlike the other simulation studies discussedvabée 0 6s si mul ati ons wused
elements rather than Coulomb friction to model the interaction between the part and the mold.
The finite element simulation results suggest that shrinkage during curing (related to the
crosslink density and theuce time) served to degrade the adhesion between the part and mold,
but that excessive shrinkage could cause distoj@bh Peel tests were used to meadhee
adhesion strength between the part and the mold (demolding toughness, se@ Sgdies|
testsof UV-curing polyurethane demolding from nickel mslfound an increasing trend of
demolding toughness with cure time, extcigp 90° peel tests, which suggested an optimal cure
time ~30s [64]. Peel tests also showed that plagmb/merized fluorocarbon coatings reduced
the demolding forces for PDMS cast on silicon molds with high aspect ratio fefdtbfes

1.5.5 Demolding in macroscopicinjection molding

Demolding is also important in macroscopic injection moldBeyeral researchers have
used finite element simulations combinihgrmal contraction and friction to estimate the
demolding force for injection molded parts and compared these with measured demolding forces
[66-72]. This approach is not much different from that given by Glanvill in 1@@re the
ejection force is estimated from the forces on the mold due to thermedat@rt and an
assumed friction coefficiefit3]. When demolding temperature is considered, demolding forces

have been found to follow an im@sing trad with decreasing temperature.

1.6 Motivation for this work

While demolding is a critical step in all polymer migrolding processes, it has not yet
been studied comprehensively. Simulation approaches that have been long used for macroscopic
molding have been applied toicro-molding[38, 41, 42, 44, 47, 56, 57, 74jut few researche

have extended this work to consider the effects of adhf&#$nand none have considered the
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combined effects of thermal stress, friction, and adhe$ioere is a need for an ovarching
explanatory framework relatingpservable effects to physical mechani@nastheory of
demolding mechanics

Most studies of demolding have been qualitative, usually comparing electron microscope
images of parts made und#éfferent conditions (e.g. different mold materifg]). A few
researchers have made quantitative measurements of demoldind48r&&5E63] or toughness
[60, 64] but these studies have been limited ®mall set of parameters. None has tested the
effects of feature geometry and demolding temperature across a wide range. No studies have
guantitatively related defects to prodegsconditions or feature geometd .standardized test
methodfor characterizing demolding of polymer microstructuseseeded to promote
comparison of results from multiple studies and facilitate research on the effects of factors
including feature geostry, processing conditions, material properties.

Interpretation of demolding experiments has largely been spec|kiyeé064].

Without aoverarching theory of demolding mechanios a standardized test method, it has so
far not been possible to compare theoretical predictions witeremental results to validate or
disprove hypotheses.

Mitigation strategies are usually proposed based on these hypothetical demolding
mechanismdJnderstanding of the physical mechanisms responsible for energy dissipation in
demolding will guide the imgimentation of mitigation strategies (e.qg. if friction is dominant,
low-friction coatings or materials would be recommended). A standardized test method would
also enable comparative studies of mitigation strategies (e.g. different coatings) and a cost
bendit analysis to evaluate the usefulness of these treatments.

The ultimate purpose of research on polymer mioadding processes is to facilitate
their profitable use in industry in manufacturing products. It is essential that research findings are
generaked and interpreted with industrial application in mifidere is currently no equivalent
oftheMa c hi n e r y 6[g5]fér patychdr miorémolding processes. Process development
is currently conducted on ad hog trial-anderror basis relying on individual experience and
intuition [76]. Manufacturers need guidelines and design rules for successfutmiddng,
including the demolding step. Research findings on demolding need to be interpreted with
respect to nteics such as production rate, part qualttyst process flexibility, and

environmental impact.

31



1.7 Overview of the thesis

This chapter (Chaptds) has introduced the topic of demolding of polymer
microstructures and reviewed tredevant backround of microfluidics and the existing research
in this field. This chapter has also discussed the motivation for and contributions of the present
work.

Chapter2 presents arief review of relevant mechaniesdtheir application to
demolding A theory of demolding mechanics combining thermal stress, friction, and adhesion,
along with a metric for demolding (tlieemolding workand toughness) are presented). The
theory of demolding mechanics is used to make tesmbdictions, including the existence of
an optimal demolding temperature and the effects of feature geometry including height, width,
and spacing.

Chapter3 presents the results of finite element simulations of demoldimgymal stress
in the part and mold is considered along with the potential for local distortion. Demolding work
for single features is estimated using simulations, and the effects of friction coefficient, adhesion
strength, material properties, and featugergetry are investigated and compared with
theoretical predictions.

Chapterd reviews demolding in practicealong with existing test methods for evaluating
adhesion. The test method developed in this work is described altmthe/equipment that has
been designed and fabricatd@est mold designs and experimental procedures are described. The
test method is evaluated for its repeatability.

Chapters presents perimental resultsThese results adiscussed and compared with
theoreticapredictions Feature distortion defectse observed and related to a geometric factor
that has been identified in this workhe observecdeffects of demolding temperatuaed feature
geometry are comparedth theay. The demolding processing window is identified, and its
boundaries are defined with reference to physical mechanisms. The effects of mold coatings and
feature edge quality are evaluated.

Chapter6 summarizes this thesis aptesents conclusions on demolding mechanics,
simulation, and experimental results. The findings of this thesis are adapted and generalized to
develop demolding guidelines and design rules for industrial application in hot embossing

extended to similar miormolding processes. Future work is proposed.
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CHAPTER

Mechanics d demolding

2.1 Introduction to the chapter

One consequence of hot embossing is the formation of a bonded interface between the
mold and the part. The goal of demolding is to destroy this bdmefailure of bonded
interfaces is relevant to many problems in many fields, and has been studied extensively.
Sections2.2-2.4 belowsummarize the relevant parts of this body of knowle&getons 2.5-2.6
discusgheapplicationof fracture mechanid® the problem of demoldingection2.7 proposes
a metric by which demolding can be characterized by analdgyfracture the demolding

work.

2.2 Causes of adhesiom hot embossing

Adhesion is a complex phenomenon that involves several different mechanisms
Adhesion can arise frochemical interactiosuch asovalent bonding, acilase interaction, or
inter-diffusion, as well agnolecular interactions such as van deadlg forces or hydrogen
bonding.Mechanical interactioar interlockingof surface roughness asperitiesalso contribute
to adhesiolj77]. Thesevarious mechanisms of hesionresult in loads on the mold during the
demolding stepshown schematically iRigure2.1. Mechanical adhesion can arise from friction
on feature sidewalls, and from interlockiogundercut featuresurface roughneser asperities.
Differential strains between tmaeold and the part, such as those caused by thermal contraction
mismatch or shrinkage during curing, can increase the forces on sidewalls and exacerbate the

effects of friction.

33



* Demolding Force

Mold

Intermolecular Forces
= Sidewall Friction
-~ Asperities / Undercuts
P Thermal Contraction

Figure 2.1 Schematic offorces acting on a mold during the demolding step in hot embossing

Part

Certain clues provide evidence that one or several of these phenomena contribute to part
mold adhesionlt is often observed that different pairsrbld and part materials exhibit
different demolding behavio€oatings such as fluorocarbon filfi¥8], molecular monolayers
[79-81], and diamondike carbon53] have shown soe success in improving demolding in hot
embossing as well as in casting of 4dMring thermoset82], suggesting that friction and/or
adhesion cased by chemical or molecular interactions are partially responsibtediorpart
adhesion.

Such mol ecular interactions generally requ
c 0 nt ldot @mbodsing has demonstrated the capability to replicate 10 nmet&8] and is
often observed to replicate the nastale scalloped texture in the sidewalls of siliowoids
produced by dgereactive ion etchinf9, 84]and the texture of machined metal mdlEgure
2.2, Figure2.3). Casting of thermal curinglastomers (polydimethylsiloxane, or PDMS) has
demonstrated replication of features as small m® 2cros$85]. All polymer micro and nane
molding processes are valued for their ability to replicate very small features, ssagasable
to considethe part ananold to bein sufficiently intimate contact for molecular forced®

potentially relevant to demolding
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Figure 2.2 Sanning electron micrograph of a mold feature; note the sidewall textur&he mold was
produced by micromilling Aluminum 6061 (see sectiot.6) . The feature is 200 em tall
em | ong.

L RN
JAcc.V SpotMagn Det WD }———— 20 um
0.0kv 40 1000x SE 194

LILN

Figure 2.3 Scanning electron micrograph of the sidewall of ammbossed feature in PMMA. The bottom of the
feature is at the lowerleft of the image The part was embossed at35°C under a pressure ofl MPa for 30 s,
then cooled to25°C and demolded.The excellent replication of thesub-micrometer scalesidewall texture
suggests the part and mold were in intimate contact.
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The highfidelity replication of nanescale surface textures often observed in hot
embossing also suggests that mechanical interaction of asperities contributes to aélmesidn.
features are undeut (Figure24) , t he part can bowld antdefofimatiorc k e d 0
or failure will occur during demolding-his failure can occur in the pafigure2.4 andFigure
1.5) or themold (Figure1.4). Although the sidewalls of silicomolds produced by the Bosch
process (deep reactive ion etching or DRIE) are often nearly vertical, the scalloped texture will
produce some undercut areas tteaisene t o Al oc k 0 t Imeld Kideway mer ont o
roughness can also contribute to friction between the parnhatitthat must be overcome
during demoldinglt has been observed thablds with a draft angle such as silicomolds
produced by KOH etching cdre demolded more easil§4, 86] further suggesting that friction

related to mechanical asperity interaction is involveshatd-partadhesion.

PMMA
sliver

Mold Feature

3. BkUV Xz, 780 SMm 19 34 SEI

Figure 2.4 Scanning dectron micrograph of an undercut feature on a silicormold. The feature is slightly
undercut, and a sliver of PMMA that was ripped out of the part during demolding is adheed to the right
edge of the featurglmage courtesy Hayden Taylor)

Mechanical stresses caused by differential thermal contrd@®od?2, 47, 74pr
shrinkageduring curing[87] are also very important in demoldirig hot embossingnold and
part materials often have quite different tharwontraction behavior. This differential

contraction during cooling campose a load on feature sidewalls normal to their surfaths
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load will magnify any friction force that may be present between the parhakiwhatever the
source of this friton. The thermal stress developed during cooling can result in damage to both
the part{39, 42, 47](Figure2.5) and themold [80]. In addition to wear or fracture afiold

features, thermal stress can reguljrossmold failure if themold material is brittle Figure2.6).

Damage caused by
thermal contraction

AccV SpotMagn Det WD |—— 50um
200kv30 500x SE 262

Figure 2.5 Damage to a PMMA part caused by thermal contraction during hot embossinfB9]. The part was
embossed with a silicon mold at 120°C under a pressure oMPa for 60 s, then cooled to 50°C and demolded.
The feaure shown is the end of a long rectangle, 1Qfm wide and 15um deep.

Figure 2.6 Grossmold failure caused by trermal stress in hot embossingThe ~30mm square PMMA part
was embossed with the 106im square silicon mold with dense, 10Qum high featuresat 120°C, then cooled to
50°C and removed from the embossing machine. As thpart cooled to room temperature bending stress
induced by thermal contraction mismatch caused the mold to shatter.
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2.3 Fracture mechanics background

The present work proposes an analogy between the failure of the bonded interface
between the part and the mold during demoldingd tebrittle fractureof anadhesive bond
between two material§.hroughthis analogy, the mechanics of fract are applied to the
mechanics of demoldingrracture mechanics is a large and varied discipline with numerous
dedicated journals and conferences. A thorough review of this field, or even {tisapbne of
interfacial fracture mechanics, is well begothe scope of the present work. There are many
excellent texts available, some of which are cited belowtifeomost part, derivatioribat can

be found elsewhere will not be repeated here.

2.3.1 Strain energy approach

Many situations imolving fracturecanbe satisfactorilydescribed using thenergy
balance approach laid out Byiffith [88, 89] Consider an existing crack with area A within a
deformable body subject to external lo@egure2.7). Energy conservation requires that th
sum of thework performed by the external loads should equal the sum of the change in internal
energy of the body, thdanetic energy of the body, and the energy consumed by increasing the
crack ared90]. For the quasstatic case whe kinetic energy candmeglectedand for ideally
brittle fracture where plastic deformation is negligilthes relationship can be stated in terms of

changes in crack area:

ow ouU or 21
0A 04 04

where

Crack area

External work

Elastic strain energy

Energy consumed to create new surface

ccs>

38



Figure 2.7 Edge crack in an elastic body subject to external loads

A patrticularlyrelevant special case arises when the locations on thesbbgbct to
externalloads are effectively stationary while the crack propag#tessec a | | e dg riii fpi sxoe d
condition) and the external work is thus negligil9@]. This situaion is found in fracture tests
where the grips are moving under displacement coritrthis case, the energy consumed in
extending the crack is supplied by the strain energy stored in the sy$tersecond term in Eq.
2-1is thusreferred to as the strain energy release Hatiee stored energy exceeds the amount
required, the crack will grow. This observation leads to the Griffith fracture criterion, stated in
Equation2-2. In Griffith theory, the Bergy required to extend the crack is attributed to the
surface energy of the materfal2 o i n 2R tpacdunt forrthe two crack surfacf®g, 89]

Orowan later extended the Griffith criteritmductile materials where plastic
deformationis not negligible. Orowan partitionéle critical strain energy relea rate between
surface energy and plastic/dissipative mechan|Siis The critical strain energy release rate in
Equation2-2 is considere@quivalento the fracture taghness meased experimentally, where

any departure from the theoretical surface energy is attributed to other (dissipative) mechanisms.

ou _(2y Griffith
572 Gc= {2 P 2-2
Y+ 0U"/0A Orowan

where
A Crack area
U Elastic strain energy
Gc Critical strain energy release rate
) Surface energy
u” Plastic work, or Dissipative work
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The fracture criteria concepts set forth by Equatiddsand2-2 are depicted graphically
in Figure2.8 andFigure2.9. The strain energy release rate of Equa2@is the slope of the
curve U(a,x) under fixedgrips conditions. A stablerack of length @corresponds to the
minimum of the total energy of the system, and this minimum occurs where the strain energy
release rate is equal to the fracture resistance, as given by the fracture crigandgGation
2-2. When the system is changed, for instance by applying a greater displacement (x), the energy
curve shifts, and the crack will grow to the new stable lerfgtiu(e2.9). The fracture resistance
must be overcome by consuming soaf the strain energy storedthre system, corresponding
to the shaded area @U.

U(a,xo)+i(a)
\ ~
\ U(@xotgx)+i(a)
Increase \
displacementy, Unstable
bM \ Crack Crack extends by gma
Y to new stable length

-’

-
~ -
PR
-

S~ -
Stable S——e—---

=) Crack
2
> \
>
D)
0 U(a,%o)
t(a)
N GC \
-
Crack Length (a) o ao+qR

Figure 2.8 Schematic representation of strain energy facture criterion . A stable crack length corresponds to
the minimum energy condition of the system.
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Figure 2.9 Schematic representation of load and displacement for strain energy fracture criteriarAdditional
displacement can cause the crack to grow. The energy consumed by this growth comes at the expeftbe
strain energy stored in the system.

2.3.2 Stress intensity approach

An alternative to the strain energy approach considers the stress field in the vicinity of the
crack. Many derivations and solutions for stresses and strains in cracked bodies cad e foun
fracture mechanics texts. The solutidoisthe stress fielthave the form of Equatio?-3, wheref
is a function of (Rgbre2.7)492]gand the stress mtensity factoaK igsa d
function of material properties, geometry, and lo@ddsan examle, for the system shown in
Figure2.7, the radial stress componahtis given byEquation2-4, and the stress intensity factor
K is given by Equatio2-5 [90].
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K

o =—f(6 2-3
i anf ©)
_ K [5 (6) 1 (36) ] 2.4
cr—\/z_m4cos > 4cos >
K=1.120,Vma 2-5
where
G; Stress component
K Stress intensity factor
r Radial coordinate measured from crack tip
d Angular coordinate measured from plane of crack
f Function of angle d
Co Farfield tensile stress due to applied load
a Crack length

Examining Equatior2-4, it is clear that the stress goes to infinity at the tip of the crack
(r=0). This stress singularity makes it impossible to compare the stresses due to different crack
geometries or different loads, ordevelop a fracture criterion based on maximum stiidss.
key insight of the stress intensity approach is the similitude of the crack tip stress fields, which
means that despite differences infietd loading, two systems that share the same stress
intensity factor will have the same stress field near the c@ygstems can therefore be compared
on the basis of their stress intensity facfofracture criteria based on the stress intensity factor
approachs based om critical value k, above which arack will propagate.

Practitioners of the stress intensity approach define orthogonal loading modes for which
stress intensity factors can be compJ@]. These are Mode | (tensile load normal to the plane
of the crack), Mode Il (shedwad in the plane of the crack and parallel to the crack extension
direction) and Mode Il (shear load in the plane of the crack and perpendictiiaraack
extension direction). Three corresponding fracture criteria are proposed. This analysis assumes
l inear el astic behavior, so the smordeesos |foiaed idnsg

By substituting the stress field solution into the equations for strain energy, one can arrive
at Equatios 2-6 and2-7, which show that the strain energy and stress intensity approaches are,
in fact, equivalenf90, 93]
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For singlemode loading:
K+ 1

Gy = 2
I M I
K+ 1 2.6
GII - 8|.l IZI
-
11 2“—
For plane problems with mixemiode loading:
Kz K% €(1+v)K3 2-7
G = _I + J ( ) 111
E"  FE E’
where
G Strain energy release rate
K Stress intensity factor
) Bulk modulus

Shear modulus
Effective modulus (E' = E for plane stress and &fjffor plane strain)
C = 0 for plane stress and 1 for plane strain

QMm®

2.4 Interfacial fracture mechanics

The above analysis assusriehomogenous elastic body, but in demolding, there are two
bodies bonded along an interface. At the interface, there is a discontinuity in material properties,
and theranaybe a discontinuity istress statddespite these discontinuities, in many cases the

energy balance approach remains us&ui.

P
A
1
N
2

Figure 2.10 Bonded bodies with anmterfacial crack.

2.4.1 Surface anergy of interfaces

For dissimilar materials, the surface energy in Equéi@ns replaced by the Work of

Adhesion(W,), which is a characteristic of the material pair. Work of adhesion is defined as the
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Adecr ease o fgypeiubitaea whenere intexface is formed from two individual

s ur f P%.énother words, the work of adhesion is the reversible work per unit areaegkquir

to separatento surfaces that have adhered. Wuek of adhesion isttributed to van der Waals
forces,andis el ated to the sur f ac ¢andtheintgfacielenegy t he t
bet ween t hjgbythaDupreé relaib(Bquation2-8) [96].

Wa=v1+Y2— V12 2-8
where
W Work of Adhesion
9i Surface energy of material i
Jj Interfacial surface energy between materials i and |

The work of adhesion can often be approximated from the faipoledipole, induced
dipole, etc.) and dispexa (non-polar) components of surface energy. leav-energy systems
such as polymers bonded to metéiés approximation is given dyquation2-9 [95].

Yive | Vivs

WA=4
ity Yi+ys

2-9

where
Wa Work of Adhesion
y}’ Polar componeraf surface energy of material i

yd  Dispersive component ofisface energy of material i

2.4.2 Stress intensityfactors for interfaces

The elastic mismatch at the interface between two materials can result in shear loads at
the interface even when tfea-field stresses are purely tend@¥]. This means that even for
singlemode loading, the interfacial crack will experience mixsade conditionsThe Dunders
par amet e denedin Eguatib2-B0are dimensionless groups tlthiaracterize the
elastic mismatclandsimplify many other expressions in interfacial fracture mechd@#sThe
constant U is related t o t lhecoupkngafiedsienand s mat c h
shear at the interface. F dield temsioh wilmotgpreduaeu s mat e
shear loadingontherack.Lar ger v al ues o f)wilbres@ltgnshea lbas at theni s ma t c

interface(Mode Il) even when fafield loads arepurely tensile (Mode 1)
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Mo (kg + 1) — py(kp + 1)

o=
Mo (kg + 1) + py(kp + 1)
2-10
B = (kg —1) —py(ky — 1)
T (kg + 1)+ py (e + 1)
vyhere
U, f Dunders constants
€ Shear modulus of material i
= Bulk modulus of material i

The stress statgear an interfacial crack acomplex function involving a complex stress

intensity factor(Equaton 2-11) [97, 98] For a crack in a homogenous body,afd K reduce to
the conventional stress intensity factorsald K. The determination of the values of &nd K
is quite complicated, and is often appruaale only through numerical meaihsthe absence of
Mode lll loading, the strain energy release rate for a bimaterial crack is related to the complex
stress intensity factor dyquation2-13[99].
K, +iK, e

2mr

e= 1 (ﬂ) 212
2n \1+p

(0)Y) + i012 = 2'11

c=l7B(Ll, 1 (K2 + K2) 2-13
2 \Ey Ey)Vt

=
>0
(1)
=
D

V=1
Stress component
Components of the compleiass intensity factor
Radial coordinate measured from crack tip
Bi-material constant
Dunders constarfsee Eq2-10)
Strain energy release rate
Effective modulus (E' = E for plane stress and Efjifor plane strain)

MO C™ X ™

The relative contributions of shear andsiéa(Mode | and Il) loading are characterized
by the phase angle of loading)(defined n Equation2-14 [94].
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K
Y =tan~?! (K—Z) 2-14
1

where
Y Phase angle of loading
Ki Components of the compleiass intensity factor

In experimental studies of the effectroixedmode loadingthe observed toughness of
an interface has been found to increase with increasiegr load( i ncr e 60,101y vy )
This effect has been attributed to changes in the shape of the plastic zone at the [d@tk tip
electrostatic effects near the crack[if2], frictional interaction of asperitigd03], and
shielding of the crack tip by asperitig90]. Of these explanations, aspgiinteraction is the

most relevant to demolding.

2.5 Application to demolding

The present work considers the mechanics of demolding by analogy with interfacial
fracture mechanic3.he part and mold are considered to be adhered together, with the interface

comresponding to the surface where they are in contact.

2.5.1 Strain energy approach applied to demolding

Consider a thin, rectangular polymer part adhered to a thick metallic Figlar¢2.11).
This part is being demolded by a load apglat its end (see sectidr? for a discussion of
demolding in practical applications). For this preliminary analysis, features on the mold are
assumed to be very small compareth sizeof the part/mold system, and arewasgd not to
affed the macroscopic behavior. There is an initial craclkengtha at the edge of the pafthe
part is much wider than its thicknggs> t), so the part isnodeled as a buiih cantilever of

length asubject toplane strainKigure2.12).

46



i Adhered part

Figure 2.11 Schematic diagram of basic demolding configuration for analysis

Figure 2.12 Part being demolded is modeled as a buiih cantilever beam.

Following the strain energy approach for interfacial fracture, the Griffittture
criterion is givenn terms of the applied fordey Equation2-15 and in terms of the tip
displacement b¥quation2-16 (neglecting the contribution of ear in the beam for simplicity).
For fracture in a homogenous material, the surface energy is doubled because two surfaces are
created in the crack, but the work of adhesion is a property of thiag#geso it is not doubled
(compare to ER-2 and Eq4-1).
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Strain energy release rate

Strain energy

Crack area

Force applied at beam end
Displacement of beam end
Beam compliancel(P)

Crack length

Part width (into theage)

Part thickness

Effective modulus (E' = E for plane stress and Ef{ffor plane strain)
Poi ssondés Ratio
Work of Adhesion
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The calculated values for work of adhesion for some common pairs of tool and part
materials in micreand nao-molding processes are listedTliable2.1. Taking as an example a
PMMA part adhered to a Nickel mold, where the part i inf thick,10 mm wide and has an
initial crack of 5mm, and using material properties at 258=3.1GPa, 3 =, Ghe itical
load (P) corresponding to the Griffith criterion (E&-15) is 0.82N, and the critical tip
di s pl ac e 2 mif the tip )s folicesl beyond this critical displacement, the crack will
extend For anAluminummold, the corresponding force and displacement are 9.@0d
2.5e m.

Table 2.1 Works of adhesionin J/m? for selectedmaterial pairs calculated by Eq.2-8.
Surface energy data and referencefor these calculations areavailable in appendixA.1.

Nickel Silicon Aluminum
PMMA 71 70 54
PC 76 70 52
COP 74 43 17
PS 77 63 41

Equation2-15 and Equatior2-16 can be augmented to account for the contribution of
shear stress in the beam to the strain energy as well as tieeeaboonstraint at the root of the
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cantilever (see sectigh3.5and Eq.4-2 and Eg4-3). Even so, this analysis leaves out one of the

most important factors to consider in demolding: the effect of temperature.

2.5.2 Thermal effects

Hot embossing depends on changes in teatper to soften the polymer parts and
facilitate replication and to subsequently Af
cycle where demolding occurs at a lower temperature than embddsirgmbossing exploits
the drastic changes in matdmproperties with temperature thehorphougpolymers experience,
and these changes must also be considered in demolding.

The surface energy of polymers is known to change with temperfitQdd, for instance,
the total surface energy (sumpaflar and dispersive components) of PMMécreasefom
about 0.041 J/fmat 25°Cto about0.032 J/M at 135°C. Thishangecauses a 13%eductionin
the work of adhesion between PMMA and Nickel over this temperature, ramgi@ similar
reduction for PMMAand Aluminum.

Amorphous polymers experience egreaterchanges in elastic propertiegth
temperaturgespecially when the change spans the glass transtiguerature (Jj. For
instance, the elastic modulus of PMMA, = 110°C)changes from aboutGPa at 25°C to
about 5SMPa at 135°C, a change of three orders of magn[tL@e. The yield strength also
changes significantly over this ran@@gure2.13). The thermal expansion coefficiematughly
doubles through the glass transitidine behavior of PMMA changes from essentially elastic at
25°C, to viscoelastic near 100°C, to rubbery at 135°C. Recalling the nalatefial properties in
interfacial fracturenechanicstemperature will have a drastic effect on the behavior of the

polymer part during demolding.
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Figure 2.13 Properties of PMMA vs. temperature in the hot embossing process rangecalculated accoding to
models developed by AmeELO5].

Equally important are the changegahative properties between the mold and part.
Embossing molds may be made of silicon, metals, or polyriensgh the former two are the
most common. Metal molds in particular are most likely to be used fonaigime
manufacturing because of thealance oexcellentdurability andmoderatecost[29]. Metals
have quite differet properties from polymers, generally having elastic moduli one or two orders
of magnitude highefat room temperatureand thermal expansion coefficisoine tothree
orders lowerThe metals used for embossing molds undergo far less drastic chapggseiriies
over the processing temperature range; in fact, pnepertiesare nearly constant.

One very important consequence of the property mismatch between metal molds and
polymer parts in hot embossing is the development of thermal stresses doting. ¢¢endall
considered the effects of volumetric strain in an adhesive tayesed by shrinkage during
curing or by thermal contractigan06]. In the worst case where change in shape of the adhesive
layer is prevented by the constraint of the relatively rigid adheresidiual streswill contribute
to the strain energy of the system just as external loads wéerdall proposed that the
toughness of the interfa¢gq. 2-2) should beeplaced by thadjusted toughness Equation
2-17, in which the intrinsic toughness of the interface is reduced by the energy contribution from

volumetric strain
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Ge = Gy — —t 2-17
2

where

Ge Adjusted bughness or critical strain energy release rate

Go Toughness at zero volumetric strain

) Bulk modulus of adhesive

U Volumetric strain of adhesive

t Adhesve layer thickness

Similarly, Cannoret al. studied crackat the edges agsidually stressed thin films and
gave the strain energy release iatd crackextension criterio@sEquation2-18 for cracks that
are long comparckto the film thicknesgl07]. Treating the mold as rigid and substituting for

thermal strest apply this criterion to hot embossigiyes Equatior2-19.

2(1 —
G = o (1E V)t > GC 2-18

G = E(1 — v)(aAT)2t > G 2-19

where
Strain energy release rate
c Toughnes®f interface
Biaxial residual stress
Poi ssonbds ratio
Film thickness
Elastic modulus
Linear thermal expansion coefficient
aor Change in temperature

CmM~™® @

Figure2.14 shows a plot of Galculated according to Equati@l9 for a 1.58mm thick
layer of PMMA adhered to a rigid mold while cooling from an embossing temperature of 135°C.
Works of adhesion for PMMA on Aluminum and Nickel (adjusted for temperature) are shown
for comparison. Accounting for thermal expsion and elasticity of the mold would not alter this
calculation significantly, since the metal mold is three orders of magnitude stiffer and has a
thermal expansion coefficient one order lower. After cooling less than 15°C, the strain energy

due to themal stress in the PMMA layer exceeds the work of adhesion, and spontaneous
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demolding would be expected if the toughness of the inteviaceequal to the work of

adhesion.
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Figure 2.14 Strain energy release rate for al.58mm thick PMMA part adhered to a rigid mold cooling from
135°Cwhere G is calculated as in Eq2-19 after Cannon et al. [107], using PMMA properties according to
Ames[105].

2.5.3 Stress concentration factors and mode mixity in demolding

Thermal contraction mismatch between the mold and part not only prodaickste
stress in the part, but shear loads at the interface. These loads result immieedonditions at
the crack tip, which have been found to alter fracture behfMdor, 101] Suo and Hutchinson

considered the case of a sanfinite crack between two infinite elastic layers subject to general
loads, as shown iRigure2.15[108].
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Figure 2.15 Semiinfinite interfacial crack between two infinite elastic layers subject to general loading

Suo and Hutchinsodeveloped an analyticablutionfor the complex stress intensity
factorthat depenslon a real scalar parameter that is independent of loft&} This
parameter was then found from the numerical solution for one loadioon&or a thin layer
adhered to a thick substrgte&. H) where the layer is subject to thermal mismatch stress, they

give the complex stress intensity factoiEagiation2-20.

1—am* |

K=K, +iK, = ( — E) hicgio 220
where
i V=1
Ki Components of the compleiass intensity factor
v} Thermal mismatch stress
U, fDunders constants (see Rg10)
h Layer thicknesshL H)
U Bi-material constant (EQ-12)
¥ Numer i cal par amet er ,tdb@latednd108].)o n

The assumption thatLLhH is justified because in hot embossihg tmetal mold is usually
bolted to the much larger platen assemblyr e numer i c al parameter ¥ i s
function of the Dunders constants U and b and
numerically. This function was tabulated by Suo ancchinson for various values of the input
par ameters. For a PMMA -~l-layer@abéwedfaa ddr@®2 al subs
below T, Fr om Suo and HutcbHnsvonios TabAeand f47TAha
T, respectivelyf108].

The strain energy release rate can be calculated from the stress intensity factor given by
Eqg.2-20. This value is plotted ikigure2.16 along with the strain emgy release rate calculated
from 2-18 and the temperatwa&djusted work of adhesion between PMMA and Aluminum. The

two values of G are within +20% of one another.
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Figure 2.16 Comparison of strain energy release ratecalculated from different modelsfor a 1.58mm PMMA
layer adhered to a thick Aluminum mold cooling from 135°C G; and G, are the strain energy release rates
associated with K and K, calculated from Eq. 2-20.

The benefit of calculating the stress intensity factor is that the phase angle of loading can
be determined. This parameter is plotte&igure2.17. Above Ty, the phase angle is about 50°,
corresponding to Maell and Mode Il loading in roughly equal proportion. Beloyvhbwever,
the phase angle is about 868yresponding to dominant Mode Il loading. This result matches the
intuitive expectation that thermal mismatch stress would produce severe shear fbads at
interface.The large jump &ty is related to the rapid increase in the elastic modulus of PMMA
through the glass transition
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Figure 2.17 Phase angle of loading for 1.5&m thick PMMA adhered to a thick Aluminum mold and cooling
from 135°C calculated from Egs.2-20 and 2-14. The jump at 110°Cis caused by the rapid increase in stiffness
of the PMMA below T,

The approach of Suo and Hutchinson can beifieddo add the effect of a demolding
force.Their approach is based on infinite elastic layers, so the demolding force is modeled as a
moment applied to the adhered part. Their Appendix Il details how different loads may be
superposed tdetermine the@mplex stress intensity factftO8]. Applying aline moment
(moment per unit width into the page the seminfinite modelequivalent tahe concentrated
momentassociated with displacing the tiptbgfinite cantilevermodelin Figure2.11 by a fixed
amount results in Equatidi2l. The equivalent moment based on simple beam theory is given
by Equatior2-22.
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iV3AM\/1-—am?
K=K1+iK2=<c— —)( ) h-iegi® 2-21

2 h2/\1-p22
U 3
M = E'8h 929

a2
where
i V=1
Ki Components of the complairess intensity factor
G Thermal mismatch stress
M Applied moment
U, f Dunders constants (see E¢10)
h Layer thicknesghL H)
U Bi-material constant (E@-12)
¥ Numerical parameter (funcin  of U, b, and h/
E' Effective modulus (E' = E for plane stress and &fjffor plane strain)
a Displacement of beam end
a Length of initial crack

The effect of this applied Ademol ding mome

releaseate(Figure2.18). If cooling alone has not exceeded the fracture resistance of the

interface, tle additional strain energlyom tip deflectionwill overcome itand the part will be
demolded

Strain energy release rate (G)

Time

Figure 2.18 Combined effects of cooling and tip displacement on strain energy release rate fom adhered
part.
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This increase is not evenly divided between Mode | and Mode Il loading. The applied
moment increases the Mode | dtbag as expected, but decreases the Mode Il loading. The latter
effect is unexpected, but is reasonable in light of the fact that the (tensile) bending stress at the
bottom surface of the part counteractsttiermally inducedhear stress at the interfadde
result is that the phase angle is reduced as tip displacement (and the corresponding moment)
increases. The phase angle is plotted as a function of temperature and tip displacEigerd in
2.19andFigure2.20for a 1.58mm thick PMMA layer adhered to a thick Aluminum mold with
an initial crack 8nm long. During cooling, the phase angle progresses along the horizontal axis
(tip displacement = 0). Then, when the demolding temperbhagdeen reached and the tip
displacement is applied, the phase angle moves along a vertical fiigaire2.19 (or follows
the marked contours irigure2.20), until the fracture resiance of the interface is overcome and

the crack propagates.
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Figure 2.19 Contour plot of phase angle during cooling and demoldindpr a 1.58 mm thick PMMA part
adhered to a thick Aluminum mold with an 8 mm initial crack cooling from 135°C.

57



90~
s
060
?45{.-- M
® 30~

@ 15|l

40 %
~ 60
80
> 120 100
6 140

Tip displacement (mm) Temperature ¢C)

Figure 2.20 Surface plot of phase angléor a 1.58mm thick PMMA part adhered to a thick Aluminum mold
with an 8 mm initial crack cooling from 135°C.

2.6 Effects of mold features

From the calculated strain energy release rate plottegjure2.14 andFigure2.16, it
can be seen th#tat even for apparently minor reductions in temperature, thermal stress in the
polymer part isnore than sufficient to overcome the strength of simple sutéasarface
adhesiorexpected from the work of adhesidn fact, if the interface toughnesssten one
hundred or even several thousahohes greatethan the work of adhesipthe interfae would
still fail during cooling, before any external demolding load was applied. These results strongly
suggest that mechanisms other than adhesicalsyeperating at the interface.

This section abandons thesumptiorprevailing in the above sectisthat the smallness
of the mold features relative to the size of the macroscopic-pastcsystem renders their effects
negligible.Given the apparent weakness of surface adhesion and the significant shear loads
present at the moldart interface duringanling and demolding, the effects of features, and the

loads on them, must be consider€dis conclusion is reinforceby the fact that many of the
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defects observed in embossed parts that are related to cooling and demolding are associated with

individual featureqsee section$.4.1and2.2).

2.6.1 Effect of asperitiesin mixed-mode fracture

The hypothesis of crack tip shielding by asperities introduced by Evahss
particularly relevant for demaildg [100, 103, 109] They propose that, for a brittle interface with
a sharp crack tip, there will be a region near the tiprevtiee separation between the crack faces
is on the order of the roughness amplitude of the sur{&igsre2.21).

anl u,
e L % mE=R-
==l
~~~
a el «—>
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Figure 2.21 Asperity interaction near the crack tip as proposedby Evanset al.. [100, 103]

Shear loading (caused by mixatbde loading or elastic mismatch) will cause asperities
on the surfaces to come into contact laterally. This contact region has the effect of shielding the
crack tip from sora of the shear loads, leading to an increase in the apparent toughness as
measured for the macroscopic system. Friction between the asperities can also have the effect of
increasing the measured toughness by providing an additional dissipative mechanism.

Evanset al. relate the increase in apparent toughness to a proposed dimensionless
par ameter ,223[100H09U at i on

B Eh?
where
G Dimensionless parameter related to crack tip shielding
E Elastic modulus
h Amplitude, or height of roughness
S Wave length, or spacing of roughness
o Intrinsic fracture toughnesg the interface
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They assert that for low values of this paramgtet 10~*), no shielding is evident until
y~n/2. Above a threshol@ > 1), the effect of shielding saturates and additional roughness
amplitude does not increase the apparenttouglnesy f ur t her . Thepthe rel at i
intrinsic fracture toughness of the interface, which they attribute to the work of adhesion. Their
proposals imply that fop = 0 the measured toughness should equal the intrinsic toughness.

It is interesting tanote that the crack tip shielding parameter proposed by Etahs
[100, 109]for the geometry tested by Landisal.[60] (sectionl.5.3 has a value of ~50,
suggesting strong crack tghielding (conservatively assuming a modulus Bf&a and using
(io=0.274J/nf measured byandiset al.for an unpatterned stamp).

For materials and geometiypical of microfluidic chips (E3 GPa, h=0D-200¢ m,

s =05-5mm, {i;=0.0550J/m)t h e p ar arigsebéetveert.2and 2.4x10 By this analysis,
a large increase in apparent toughness with increasing loadingnangdtebe expected except
for very soft materials E3GPa)ver y s par ¢4 &mmp)aotvergsmall atyes

(hL 10 mm). No researcherseem to have attempted to verify the predictive capacity of the
par ameter ¢ petalbpsysteaatidally vaEyingtimesoughness of an interface.
From t he cal culisal¢aetdat deraoldingeoshotferabossex polymer
microstrudures belongs toreextremaegimecompared tahe roughnesselated crack tip
shielding studied by Evaret al. and that mechanical interactions of features will be important

in demolding.

2.6.2 Estimation of forces on feature sidewalls by contact mechanics

Whatever surfac¢o-surfaceadhesiorthatmay be present between the part and the mold
is easily overcome by thermal stress. Thermal stress creates intense shear loads at the interface,
and these loads must be borne by the featiméke previous analysif thermal stress effects,
the part was assumed to be perfectly adhered to the mold. In reality, this constraint is not perfect.
Once the part has cooled sufficiently to break the adhesive bond with the mold, the only
constraint against thermal contractisrprovided by the interlocking of the features, as shown in
Figure 2.22a. This interlocking is an imperfect constraint, since the elasticity of the part will
permit localized deflectionsround the featureSuch deflection wilpartially relieve the thermal
stress by allowing some contraction of the part. The balance between the thermal stress and the
local elasticity can be modeled by the lumypealameter spring system showrFigure 2.22b.
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Figure 2.22 (a) Model for sidewall force estimation: PMMA part adhered to a rigid mold with a single
feature. Scale is exaggeratedzorces are drawn from theframe of reference of the part, where Eis the force
that arises from the remaining thermal stress in the bulk of the part, while Fs the force on the feature in the
part (sidewall force) (b) The lumped-parameter stiffnesses kand k; correspond to the stiffness of the bulk of
the part and the local stiffness of the region neathe part feature, respectively, and x represents the amount

of local indentation of the part feature.

Consider a part adhered to a rigid mold with a single feature near theasdgeigure
222, beingcob ed by an amount @T. The part is suffic
prevail. If the part is completely constrained from contracting, thermal stress will build up
according tdequation2-24. If theinterlockedfeatue is assumed to provide this constraint, then

the force on the feature must equal the tensile force inuleof thepart (Equation2-25).
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oth = EaAT 2-24

Freat = OrhA = EaATA, 2-25
where

Ch Thermal stress

E Elastic modulus

U Linear coefficient of thermal expansion

T Change in temperature
Freat Force on the feature
Ap Crosssectional area of the part

In fact, theinterlockedfeature will not be able to totally constrain the part from
contracting. The force on the feature will cause a local indentatitihve part near the featyre
which will permit a small amount of contraction. This contraction, in alirgeves some of the
thermal stresdf this local indentation iglastic, he balance between the local stiffnesthef
part neamn interlockedreature and the stiffness of thalk of thepart will result in an
equilibrium force given by Equatid®26, which is derived from the paraliepring lumped
parameter model iRigure 2.22b. The stiffness of theulk of thepart is given by Equatio®-27,
but the local stiffness of &interlockedfeature is more difficult to determine.

F F Kpks LaAT 2-26
= T — a -
part feat kp + kf
Ew,t
— PP _
kp =1 2-27

Foart Force within the part
Freat Force on the feature

Kp Bulk stiffness of the part

ks Local stiffness of thepart near the interlockddature
L Distance from feature to center of contraction

U Linear coefficient of thermal expansion

T Change in temperature
wp, ,  Width of part (into the page), thickness of the part
E Elastic modulus

In the limit of a perfectly rigid feature (¢ Ho HEruation2-26 reduces to Equatic25.

The elasticity of the mold is neglected here, but with an elastic modulus more than ten times
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greater than that of ¢hpart and with a much larger cresectional area, the stiffness of the mold
would have a negligible effect on the estimated sidewall force.

To estimate the local stiffnessthbie part near the interlockégiature(k;), the load on the
feature is modeleds a line load on the surface of a saminite plane as depicted ifrigure
2.23. The deflection at the surface for a givare load (force per unit width into the pages)
given by Equatior2-28[110]. The local stiffness is estimated from the stiffness of the contact

mechanics model, given by Equati229.

Local elastic
indentation of part

-
f _~ _»A 6
Q

<>

Co
1444

Figure 2.23Line loadapplied parallel to the surface of a emi-infinite plane model used to estimate the local
stiffness ofthe part near an interlocked feature[110].

1—v? T
Xrlg=o = (n—E)Zan (70) 2-28
K Qwyg mEwWs
£~ = T, 2-29
Xrlo=o (1 —v2)2In (70)
where
X Local deflection
Q Tangential line load applied to seimfinite plane
E Elastic modulus
3 Poi ssonbds ratio
o Reference distance
r Radial coordinate
ks Local stiffness of the part near the interlocked feature
Ws Width of featureinto page
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As in fracture mechanics, this contact mechanics approachga®dusingularity at the
origin (the point where the load is appliedalues ofr andro must be selected to calculate k
The parameteparises from the boundary aditions used to derive this relatiamis a reference
distance from therigin where deflection is set to zefbhe variable r is the distance from the
origin where the deflection is evaluated. As r goes to zero, the deflection becomes infinite, and
thestiffness goes to zervalues for r andy were chosen asel m a mih redpectivelyThe
sidewallforcecalculated in EquatioB-26is not very sensitive to the values chosen for these
parameters, varying less than +8% whend rgrareseparatelyaried by a factor of 6.

Substituting Equatio2-29 into Equation2-26, the estimated force on the feataem be
corrected for the local stiffnesthe distance from the featurettee center of the part is 2Bm.

The force on the feature estimated by these maslelstted inFigure2.24.
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Fully Constrained
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o
T

200

Force on feature (N)

100

O I I I I J
20 40 60 80 100 120 140

Temperature ( C)

Figure 2.24 Plot of estimated sidewall forcefor a 1.58mm thick and 10 mm wide PMMA against a rigid
mold with a single feature near the edge cooling from 135°Cully constrained model calculated from Eg.
2-25, equivalent spring model calculated from Eq2-26.

The calclated values for sidewall force are quite large. This is mainly attributed to the
large distance between the center and the featunaif®5 Real embossing molds have several
features, and so the thermal stresses will be distributed among the outerearieaturesThe

equivalent spring model iRigure 2.22b can be repeated to represent a mold with multiple
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featuresas inFigure2.25. Equation2-26 can then be stated in matform asEquation2-32,

where k is calculated from Equatia&+27 where L is replaced by the intere at ur e spaci ng

Figure 2.25 Equivalent spring model for multiple features

Kx = =F
ke —k
o ko -k o 0 230
ke Ky %l _
kp kf+ kp Xn kpA(XAT
F =k 2-31

ko Bulk stiffness of the part

ks Local stiffness of theart near the interlockddatue
X Local elastic indentation

S Inter-feature spacing

U Linear coefficient of thermal expansion

T Change in temperature

F Forces on features

Equation2-30 can be solved for the local displacemeatsd the forcesam be found by
multiplying the local displacements by the local stiffngssskin Equatior2-31. The estimated
force on each feature forpart embossed withraold with 12 features spacedin apart is
plotted inFigure2.26. The load on each feature decreases from outer to(tmeemold is

assumed todosymmetric, with 24 features in total)
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Figure 2.26 Estimated sidewall forcesaccording to Eq 2-30 and 2-31. Feature #1 is the outermostl.58mm
thick and 10 mm wide PMMA cooling from 135°C to 25°C,half of a symmetricrigid mold for a mold with 24
features spaced 2nm apart.

Although the overall padize is similar (24nm vs. 25mm for the symmetric ha)f the
maximum force on the outer feature is much lower than for the diegiere mold (abol80N
vs.400N). This reduction is attributed to sharing of the load among multiple featuies.
interesting to note that if the number of featuregquation2-30is reduced by one, the
maximum force isiearlyunchanged. This means that during demolding, when the outermost
feature is released, the maximum load transfers toakief@ature. At least for treeveral outer
features, the local loading condition is the same for each feature immediately before it is
demoldedFurthermore, the local conditions immediately before demolding do not depend on the

number of features or ttewerall size of the part, but only on the local iffieature spacing.

2.7 The Demolding Work

Demolding is the process of releasing the part from the mold by overcomibgrttie
between them. This process consumes engrgiylike fracturing a homogenous body a
bonded interface between two bodiBg.analogy with the fracture energy, the energy consumed
in demol ding, or tploposed &aeneasuredof timegtreNMgth ofkhé bonds
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between the mold and the parhe demolding work could be measdrin a demolding

experiment similar torainterfacialfracture experiment (see Chap#rDemolding work

normali zed by area iIis the fADemol ding Toughnes
The demolding work combines the effects of surtaesurface adhesiofsuch as the

work of adhesion)theenergy dissipateldy sidewall friction and potentially the energy

dissipated through plastic deformation of features or of peinis.concept is restated as

Equation2-32, where the total denhding work is the sum of the energies contributed by the

various mechanisms.

DMW = WjA + Weic + Waerorm

DMW 2-32
Ipm = T = Ga + Gfric + Ggeform

where

DMW Demolding work

Upm Demolding toughess

Wa Work of adhesion, function of Temperat@&ematerials

A Adhered area of part
We Energy dissipated by friction, function of temperature, materials,
fric geometry

Energy dissipated by plastic deformation, function of temperature,
materals, geometry

Ga Toughness associated with adhesion

Grric Toughness associated with friction

Ggeform TOughness associated with deformation

Wdeform

These mechanisms are expected to depend on the demolding temperature, the materials
involved, as well as thgeometry of the features. The contribution of adhesion, for instance, is
expected to be minimal at lower demolding temperatures because of the accumulated thermal
stress in the adhered part. Similarly, the effect of friction is expected to increaserat low
temperatures because of the greater loads on feature sidewalls. Indeed, because of the relative
weakness of the work of adhesion, feature sidewall effects are expected to plamihantrole
in part/mold adhesion and in determining the difficultylemolding.

The demolding work associated with adhesion can be estimatieel @sginal adhesive
strength degraded by the accumulated thermal stress, after the approach proposed by Kendall
[106] by combining Equation2-17 and2-19, as inEquation2-33. The demoldingoughness
associated with adhesion is plotted as a function of demolding temperafigarn®2.27 using
the measured adhesion strength between PMMA and Aluminum at 135°C (seeSdcijon
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According to this model, the adhesion component of the demdiolidnnesss completely
degraded at ~60°C.

Gadhesion = Go — E(1 —V) (O(AT)Zt 2-33
where
Go Original adhesive strength
E Elastic modulus
3 Poissonds ratio
t Film thickness
U Linear thermal expansion coefficient
aor Change in temperature

= N N w w
a1 o a1 o o1
T T T T T

Interface toughness (J/m 2)
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Figure 2.27 Demolding work associated with adhesioas a function of temperature assuming a 1.58m thick
PMMA part adhered to an Aluminum mold cooling from 135°C using the measured adhesion strength50
J/m? (see sectiorb.4.1).

The energy dissipated by friction codddegimated as in Equatio234. This estimate
assumes that the force on the feature remains constant, and that the energy dissipated while
demolding the feature is equal to the product of the frictional forcéhaniéature heigh(since
this is the distance over which the friction force operatas)] assumes Coulortype friction
The force on the feature would be a function of the demolding temperature, the material
properties, and the geometry of the feature (via its local asi$iGiven the very high estimates
for the force on the feature, the shear load due to sliding friction could satua@bedtmum
shear stress. If thaterethe case, the energy dissipated by friction would be estimated by
Equation2-35. The value of the maximum shear stress could be a function of tempeitature.

important to note that these hypothetical functions for the energy dissipated by friction (W
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have different dependency on the geometry of the nMitdt importantly, the Coulomb friction

model suggests that the demolding work should be independent of the width of the mold features
(because Coulomb friction does not depend on the apparent area of coheetjore, the

results of experiments in which mold georgas varied systematically could shed light on the

specific mechanism (friction, shear stress, etc.) that accounts for the demolding work.

Weric = Freactth

2-34
Tmaxbfhz
Weic = ——— 2-35
2
Gfric = Wfric/WpA 2-36
where
We Energy dissipated by friction, function of temperature, materials,
fric geometry
€ Friction coefficient
h Fedure height.
Uhax Maximum frictional shear stress
by Width of feature
Wp Width of part
) Inter-feature spacing

The demolding toughness associated with friction estimated from Eq@a3i0is
plotted as a function of teperature for a PMMA part embossed with a i@®deep channel in

Figure2.28 assuming a friction coefficient of 0.2.
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Figure 2.28 Demolding toughness associated with friction for 400 um deep channel featureembossed into
PMMA, assuming a friction coefficient of 0.2
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The combined effects of adhesion and friction can be given by Eq2aignand are
plotted inFigure2.29. There § a cleaminimum in the combined demolding toughnesthat
transition between adhesialominant and frictiordominant demoldinglhe temperature where
this transition occurs (~60°C in this case) would be the optimal demolding temperature for this

mold pdtern.
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Figure 2.29 Combined effects of friction and adhesion in demolding at temperatures from 2510°C. There is
a clearminimum demolding toughnessat the transition between adhesiordominant and friction-dominant
demolding. This point at ~60°C would be the optimal demolding temperature.

Again, by analogy with fracture, the demol
resistanceo of the part/mold inter fsaiftoee, whi ch
knows the demolding work (or toughness), one can estimate the loads required to demold a part.
The demolding toughnes$isy would take the role of the critical strain energy release rati G

Equation2-2.

2.8 Conclusionson mechanics

Adhesion in general is a complex phenomenon related to several mechanisms. The
destruction of the adhesive bond betwé®e part and the mold during demolding can be treated

as an interfacial fracture problem. Accordingly, it is found that the thermal stress that results
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from thermal contraction mismatch between the polymer part archtlypmetallic molds is the

dominar characteristic of demolding. This thermal stress easily overcomes the expected work of
adhesion between the part and the mold, but causes severe forces on feature sidewalls. While this
result was anticipated in the literature on interfacial fracturesi#geof typical features in hot
embossing (e.g. microfluidic channels) is much greater than the scale of typical surface
roughness, and the effects of sidewall interactions can be considered an extreme case of asperity
interaction in intetdcial fracture.

Again, by analogy with fracture, the Demolding Work is proposed as a metric of the
difficulty of demolding. This demolding work has a physical origin in the combined effects of
the work of adhesion and energy dissipated by friction at interlocked feaderealls. Because
of the dominant effect of thermal stress, demolding temperature is expected to strongly influence
the demolding workThe effects of adhesion and friction combine to produce a minimum
demoldingwork at the temperature where demoldingsiions from an adhesiestominated
regime to frictiondominated.

At lower temperatures, feature sidewalls are subject to very large loads, which may result
in localized deformationThe influences of temperature, feature geometry, and material
propertiesare explored in subsequent chapters through finite element simulatioB) @tal
experiments (Ch4 & 5).
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CHAPTER

Simulating demolding via the finite element
method

3.1 Introduction to the chapter

One obstacle in the way aftotal understanding of demolding is the breadth of physical
scale involved, from molds and parts that are several tens of millimeters in size, to individual
featuresof tens to hundreds of micrometgis submicrometer and nanometscale surface
textures and roughnesand finally moleculascale interactions such as van der Waals forces
The lumpedparameterpartscalemodels presented in the previous chapter represent one
approactfor studyingthe mechanic®f demolding. This chapter presents an intermediate
compromise, where local stresses in the region of individual featuremdededusing the finite
element method, while the properties and interactions at the interface between the part and the
mold are still treated in a lumpgxhrameter fashion as friction coefficients and adhesive
constitutive lawsThis compromise permits a greater scrutiny of local, feadoade effects at the
expense of the global, pastale perspective of the previouspter butdoes not permit much
exploration of the nan@nd micrescale mechanisms that contribute to friction and adhesion.

Finite elemenanalysis (FEA)s a weltknown andwidely appliedmethod, so its
fundamentalsieednot be reviewed here. For a gee discussion of this method, ttextboookby
Bathe[111] and thedocumentation for the FEA software package ABAQWER?] are excellent
sourcesThe simulations discussed below were carried out using ABAQUS version 8. 1.
subsequent sections describe the FE mdbatshave been used to simulate different aspects of
demolding.

3.2 Modeling approach

Within the present workhe purposeof simulation is not to produce a perfect numerical
replica of the experimental situation, but to give insights into local effects and mechanisms that

operateduring an experiment, to test the predictiohsarious models of the interaction
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mechanism between the mold and the part, and to probe the trexgermentametricsas
parameters of the models are varied.

A full representation of an entire part and mold in three dimensions as a finite element
model would be impractical both in terms of computational cost and model complexity.
tradeoff can be made against completeness in favor of simplicity and flexibility by restricting the
scope of the model. Thypalsof this simulation effort can be mettiatwo-dimensional model
of a region of the paihold systenencompassing a single feature and the material in its vicinity.
Restricting the scope of the simulation to this-sedpon helps to mitigate some of the difficulty
associated with the wide ramgf length scaleS.he plane of the model is parallel to theection
of crack extensignand perpendicular to the plane of the mold surfaoure3.1). Because the
part and mold are substantially widerthe outof-plane diection than the iplane dimensions

planestrain conditiongreassumed.

Figure 3.1 Schematic diagram of the twedimensional plane strain subregion model used in finiteelement
simulations.

Another modehg decision to be mads the selection of either amplicit or explicit
integration scheme for numerically solving for the stresses and displacemgi¢snented as
ABAQUS/Standard and ABAQUS/EXxplicit, respectiveRhis topic is discussed at length by
other author$l11, 112] In both methods, the model history is broken up into simulated time
increments.

The implict method is generally less computationally intensive because it permits larger
time increments and thus a smaller number of computations overall. The iterative solution
process helps to reduce tingpact of computational errarbnplicit simulations, howesr, do not

handle abrupt changes in the system well. This limitation is especially relevant in simulating
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demolding, where the moment of separation between the part and the mold is an abrupt
transition.Such abrupt changes in the system state can causentipeitation to diverge.

Explicit integration carsimulate dynamic, abrupt changes, but at greater computational
cost. Explicit methods are sensitive to computetierrors, which can accumulate and cause the
simulated results to diverge. To ensure alstabmputation, the time increments must be shorter
than the maximum stable incremewhich can be estimated from Equat®d [112]. The
maximum stable timecrement depends on the ratio of the size of the smallest element in the
model to the dilatational wave speed in the material (the denominator in Ecgajion

Lmin

,7\ + 2u 3-1
p

Phax  Maximum stable time increment
L min Minimum element size

Atmax S

o FirstLamé parameteft = Ev/[(v + 1)(2v — 1)]
€ Shear modulusy = E/[2(v + 1)]
| Density

Because of the relationship between the maximum stable time increment and the size of
the smallest element, explicit simulations of phenomena thatespade rang®f length scale
require very short time increments and are thus computationally ddsity.of the processes
important in demoldingsuch aghe development of thermal stresses during cooling, are slow
enough to be treated as quskitic and can be easily simulated using implicit methbdplicit
integration as implemented in ABAQUS/Stardlés used for théinite elementsimulationsin
the present workAlthough demolding represents an abrupt transition, it has been found that an

implicit scheme gives adequate results under certain circumstances.

3.3 Description of the model

The models used fdinite element simulations consist of two bodies representing the
part and the moldespectivelyFor simplicity, the simulation begins at the end of the holding
step and the beginning of the cooling step in the hot embossing process. Simulatirggethe lar
deformations that occur during embossing is itself a difficult problem, which has been addressed
by Ames[105] and Srivastavfl13], among others.
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The part is modeled with an existing featurat tteplicates the feature on the mditie
part and mold begin the simulation at the embossing temperatuté¢hey are held together with
a force that simulates the embossing pressure. The model is cooled to the demolding
temperature, and the part is aegged from the mold. The specific characteristics of the part and
mold, the material properties, and the add boundary conditions are discussed in the sections
below.

The model dimensions are scaled so that the simulated units are as follots: leng
micrometey force=microNewton pressure/stresdlegaRascal energypicoJoule
(1 microNewtonAmicrometeror 102 Joule). Because the model is twbmensional, the forces
and energies are calculated per width. The quantitative results that are prasenn the
sections below have beensealed from the simulation units back to eentional units for
consistency, and forces and energies have been adjuspadtiothat are 16im wide,

corresponding to the size of most experimental specimens.

3.3.1 Part model

The part is modeled as a twlanensional deformable body in plane stréigure3.2).
The preexisting feature is a 10@m wide by 100um deep channel. The corners of the channel
feature are rounded to redumamputationadifficulties associated with sharp corners. The
modeled region is 1500m high, approximating the thickness of the experimental specimens
(sectiond.7.1). The modeled region width ranges from 1100 to 4640 um, representing

different feature spacing.
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Figure 3.2 Diagram of a part model used in finite element simulationsThe model is 1.5mm high and 1.1mm
wide, and the feature is 10um wide and 100um deep.

The part is meshed vhitquadrilateral, lineaorder plane strain elements
(ABAQUS/Standard element type CPEWRN default settings Themesh is finer in the region
nearthe feature and coarser elsewhéinearorder elements are selected because they present

fewer difficulties when subject to contact interactions between solid bddigs

3.3.2 Mold model

Depending on the specific purpose of each simulation, the mold is sometimes modeled as
perfectly rigid, ad other times it is modeled as a deformable body just like theTparmodel
of the mold has a protruding feature that matches the channel feature in titégpaet3(3). The
mold models are generally wider than the part rtbeensure th@odes athe edges of the part
model remain in contact with the mdadrface The deformable mold model is meshed with the

same element type as the part, and the mesh is finer in the region near the feature.
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Figure 3.3 Diagrams of mold models used in finite element simulationga) analytical rigid model (t he @A X0 i s
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3.3.3 Material properties

The amorphous thermoplastics that amacwmnly used in hot embossing exhibit
complicated, nonlinear stressrain behavior that is strongly dependent on the temperature and
strain rateFor simplicityand reduce computational costhe part is modeled as #&otropic
rateindependentlastic méeerial with temperaturdl e pendent el asti ¢ modul us
and thermal expansion coefficient. The values okthsticparameters over the simulated
temperature range are determined from the models developed by X06eor PMMA subject
to quaststatic deformation (strain rate 3¥¥6). The values of the thermal expansion coefficient
over this temperature range are based on dataWanderlich[114] and smoothly interpolated
across the glass trsition using an inverse tangent function following the method of At@s.
The material propertiegerecalculated at 1°C increments over the rand®0°C and these
tables were ugkin the finite element simulations, withtermediate values linearly interpolated
by thesoftwareas neededsome simulations used an elagigrfectlyplastic material model to
study plastic deformation; these are discussed in s8@&id.4and3.5.4

When the mold is modeled as a deformable body, it is gearopic rateindependent

elasticmaterial properties consistent with Aluminum 60B3.that are constant over the
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simulated temperaturenge. All of the materigbropertiesused for these simulatioase

tabulatedn AppendixA.2.

3.3.4 Interaction properties

The interaction between the mold and the part is a key component of these finite element
simulationsFor mostof the simulations presented below, the interaction between the mold and
part ismodeled as basic Coulomb friction using the most common implemenitation
ABAQUS/StandardThe contact pair is definedth the mold surface as the master. Noale
surface dicretiation is usedvith finite-sliding slip tracking,with all other contact formulation
settings at their default valugkl2. The contact i nteractbrman i s de
direction, giving zero contact loads when the surfaces are not in contact, and enforcing zero
penetration of the master surface by slave nodes when the surfaces are in contact. Tangential
interactions are modeled as Coulomb frictwath a constant fiction coefficient using the
penalty friction formulatiof112]. Unless otherwisaoted simulations used a friction coefficient
of 0.4.

3.3.5 Boundary conditions andloads

For conveniencehe simulated model history is separated into several loading steps. In
the first step, the initial conditions are applied. These include a uniform temperature for both
bodies corresponding to the embossing temperature, horizontal symmetry on theeleft theg
model, and vertical symmetry on the bottom edge of the mold. When a rigid mold is uséd, all

t h e ndedgredsbokfreedom are fixed. Théseindaryconditions are illustrated iRigure3.4.
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Figure 3.4 Schematic diagram of boundary conditions for finite element simulations.

In the next two steps, a small displacement is applied to the top surface of the part to
ensure it is firmly in contact with the mold atmprevenunconstrainedigid-body motionwhile
the part is coming into contadthis displacement is then replaced by a load that simulates the
embossing pressure. This load is maintained during the next step, in which the temperature of
both bodies is ramped dowm the demolding temperature. Heat conduction and thermal
gradients are not modeleahdthe temperaturehangds applied uniformly to every element. In
actual demolding, the part is thin enough teatperature gradients within it during cooling are
not sgnificant, andthermalequilibrium is quicklyachievednce the platens are cooled to the

demolding temperatur@ee sectiod.5.3.
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3.4 Simulated sidewall forces

During the cooling step, t hedntedoakedféatsire,cont r a
and large stresses develop near the feature. A contour plot of the von Mises stress near the
feature for gourely elastianodelwith a rigid moldcooled from 135°C to 25°C is shown in
Figure3.5. The widthof this model region corresponds to an iffesature spacing of Bim,
which approximates the spacing of some experimental medgssectio.2). The maximum
stress (763/Pa) is far in excess of the yield strength of PMMAha#s temperature (11€1Pa),
and the local indentation of the mold feature into the part is significant (compareiguita
2.22a). This figure also showseparation between the part and the mold after cooling and before
demolding

5, Misas

A T5%)
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+5.432e+02
+4 694e+02
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+3 218e+02
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+1.742e+02
+1.004e+02
+2 657e+01

Figure 3.5 Contour plot of von Mises stressn the region near the featurefor a PMMA part cooled from
135°C to 25°C while in contact with a rigid mold (thin black line).Overall contraction is towards theleft.

The magnitude and components of the contact forces on the defined contact pair are
available as standard outputs of the finite element computati@tomponent of theontact
forcethat is normal to theontactsurfacelABAQUS/Standard output pareeter CNORMFy is
shown inFigure3.6. Thetotal load on the sidewadidjusted for a 16hm wide part i242N.
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Figure 3.6 Vector plot of normal contact loads for a PMMA part cooledfrom 135°C to 25°C while in contact
with a rigid mold (thin grey line). Overall contraction is towards the left.

The constraint provided by the interlocked feature is imperfect, and so some thermal
contraction of the part is allowed. The displacementefgart in the horizontal direction is
shown inFigure3.7. The constraint provided by the interlocked feature also causes some rotation
of the parionthe right of the feature. This effect qualitatively corresponds to the irtfiodwof

Mode | (tensile) loading at the crack tip during cooling, as discussed in s2&i@n

U
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Figure 3.7 Contour plot of deflection in the horizontal direction for a PMMA part cooled from 135°C to 25°C
while in contact with a rigid mold (thin black line). Overall contraction is towards the left.

3.4.1 Effects of temperature
As the temperature decreases, the load on the feature increases. The sidewall load from
this simulation is mitted inFigure3.8 along with comparable resulf®r 3 mm interfeature

spacing)from the lumpeeparameter modeldiscussedn Section2.6.2 This plot shows good
agreemenfwithin 10%)between theifite element results and the sindgéature lumped
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parameter modelyith the largestifference in behavioaround the glass transition temperature
(110°C).

500 = = Perfectly constrained

450 \ Lumped-parameter
Finite Element

400
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20 30 40 50 60 70 80 90 100 110 120 130
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Figure 3.8 Comparison of sidewall force on a sigle feature simulated by different modelsPerfectly
constrained model calculated from Eq2-25, Lumped-parameter model for a single feature from Eq2-26
with the model length set to 3nm. The load increases for decreasing temperature because of increasing
thermal contraction and temperature dependent properties of PMMA.

The lumpedparameter approach models the local indentation of the part in the vicinity of
the interlocked feature as a concentratedeangl force at the surface of a semfinite body.
The overall deflection of the part and the equilibrium sidewall force are determined from the
parallel spring model ifigure 2.22. The overall stiffnessfdhe finite element rodel
(determinedrom the ratio of the sidewall force to the average horizontal defleofitreline
between the feature and the top of the)pamlotted inFigure3.9 along with the overall
stiffness of the paralledpringlumped parametenodel The overall stiffness of the finite
element and lumpepgarameter models show good agreenferthin 10%) with the largest

differencein behaviorevident near the glass transition

82



1.0E+07

Lumped-parameter Stiffness
—Finite element stiffness

— 8.0E+06
E
<
§ 6.0E+06
[ o
E
P 40E+06
o
Q
>
O 20E+06

0.0E+00

20 30 40 50 60 70 80 90 100 110 120 130

Temperature (°C)

Figure 3.9 Comparison of overall stiffnessof the part from different models. Lumped-parameter stiffness
(F/x) from Eqg. 2-26. The models show good agreement, except near the glass transition temperature (see text).
The stiffness inceases at cooler temperatures because of the temperatedependent properties of PMMA.

3.4.2 Effects of multiple features

Real embossing molds have multiple features, and the thermal stresses will be distributed
among them. To simulate this effect, a model whtlee features was created. The features are
identical to those discussed in the previous section|{i®0y 100um), and are spacedi@m
apart which is the same as in some molds used in experinsuan5.2). This model $
shown inFigure 3.10, which also shows the von Mises stress distribution after the model has
cooled from 135°C to 75°Q.he finite element computations for this model would not converge

for lower temperatures.
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Figure 3.10 (a) Contour plot of von Mises stress in a PMMA part against a rigid tool cooled from 135°C to
75°C. Spacing between features is tnm. Overall contraction is towards the left. Detailed views of the streses
near the (b) outer (c) middle and (d) inner features.

As is evident fronfrigure 3.10, the loads are not evenly distributed among the three
featuresFigure3.11 compares the sidewall forces predicbgdthis model with those given by
the lumped parameter model for multiple features PE2Q). Both models agree in the
gualitative trend of higher fore®n the outer features, but the finite element mpdedlicts
higher face magnitudesComparing the force on the outermositége, the finite element model
result falls between those of the singgature and multipldeature lumped parameter models
(both calculated for jnm spacingand 75°Q. Increasing the number of featuiaghe finite

element model may produce better agreement witluthped parametenulti-feature model
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Figure 3.11 Comparison of sidewall forces from different model®f parts cooled from 135°C to 75°C.
Lumped-parameter multi-feature model from Eqg. 2-30 with feature spacing 2mm. Lumped-parameter model
for a single feature from Eq.2-26 with the model length set to 2nm.

3.4.3 Effects of spacing

Feature spacinglays an important role in the lumppdrameter models, and this is also
the case in finite element mode®&dewall force results from the finite element and single
feature lumped parameter models are comparédyire3.12. Sidewall forces increase with

feature spacing.

85



300

250 .
= 200 /
o A
o
@)
L 150
©
o
< 100
n *

50 =+=Finite Element

Lumped Parameter
0
0 0.5 1 1.5 2 2.5 3 35

Feature Spacing (mm)

Figure 3.12 Comparison of sidewall force for different feature spacing (model length for singtéeature
lumped parameter model) for PMMA cooled from 135°C to 25°Cagainst a rigid mold.

3.4.4 Plastic deformation

RecallingFigure3.5, the concentrated stress in the part near the featigneexceeds the
expectedyield strength of the material. To investigate permanent deformauiong cooling,
simulations were carried out using an isotropiciattiependentlastic-perfectlyplastic material
modelwith avon Misesplasticflow rule. This model uses the same values for the elastic
constants and expansion coefficient as the puwlelstic model. Theemperaturelependenyield
stress in the plastic model is taken from a lineastsquares fit tempirical datdrom quasi
static compression experimetusiow the glass transition temperat(ffegure3.13 ard Figure
3.14) [105]. The largedeformation behavior of PMMA is complex, but any amount of
deformation would resul t i eldingisthé mostlimpaitant par t ,
phenomenon to captur€o accurately simulate the onset of yielding, the initial peak of the

stressstrain curve is used as the yield stress impthsticmaterial model.
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Figure 3.13 Stressstrain data for simple compression experiments on PMMA at several temperaturemnd a
strain rate of 3x10%s. The peak stress is used as the yield stress in finite element simulatioRkts from
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Figure 3.14 Peak stress datdrom quaski-static compressiorexperiments on PMMA[105] used forthelinear
elasticperfectly plastic material model in finite element simulations.
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The plastic strain in the region of the outermost feature of the-tbadgre finite element
model Figure 3.10) is shown in contour plots at diffamt temperatures iRigure3.15. At 100°C,
slight plastic strain (~5%) is evident where the stress is concentrated at the corner of the feature.
As the part cools and loads from thermal stress increase, local yielding neatufreslfeaomes
more pronouncedbulgldt caBACe sebargbefie part mat
against the featur&uch a bulge would be considered a sermoasufacturinglefect, since it
could prevent adequate sealing with a cedate.

The middle feature does not experience such extreme thermal loads because it is partly
shielded by the outer feature. A contour plot of the maximum principal component of plastic
strain at 25°C is shown irigure3.16.

The normal foce on the sidewalls of the three features at 75°C is plotteidjime3.17,
along with the same results from the purely elastic model. The force on the outer feature is
somewhat reduced because the local yielding of the pam@rtbe feature has allowed some of

the thermal stress to relax.
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Figure 3.15 Contour plots of maximum principal component of plastic strainnear outermost featurefor
PMMA part against a rigid mold cooling from 135°Cto (a) 100°GC (b) 75°C, (c) 50°C, (d) 25°C. Overall
contraction is towards the left. Note that the scale for the contours in each plot is different.
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Figure 3.16 Contour plot of maximum principal component of plastic strain near middle feature for PMMA
part against a rigid mold cooling from 135°Cto25°C. Overall contraction is towards the left. Note that the
scale for the contours in this plot is the same as Figure 3.15(d).
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Figure 3.17 Comparison of sidewall forces for elastic and elastiplastic materials in finite element models of
PMMA against a rigid mold cooled from 135°C to 5°C. The force on the outemost feature is somewhat
reduced because the local yielding has allowed some of the thermal stress to relax.

3.4.5 Mold elasticity

As discussed in Sectidh3.2 the mold has also been modeled as an elastic body with
material propdres representing Aluminum 6066, the same material used for many of the
experimental molds (Sectigh6). The finite element model shown kigure3.6 (single feature
with 3 mm effective spacing) Isdbeen adapted to include an elastic mole resulting stresses
in the part and mold at 30°@sing a purely elastic material modee shown irFigure3.18.
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Figure 3.18 Contour plot of von Mises stress distribution in Aluminum mold andpurely elastic PMMA part
after cooling from 135°C to 30°C Overall contraction is towards the left.

Figure3.19 shows the von Mises stress distribution in the part anthtié after cooling
to 25°C using an elastjlastic material model for the pa@omparingFigure3.19 andFigure

3.18, the stresses for the plastic model are lower.
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Figure 3.19 Contour plot of von Mises stress distribution in Aluminum mold and elastieplastic PMMA part
after cooling from WRy&HAC nt d h25 p@.r t Nstue ftaltee o t he ri ¢
contraction is towards the left.

The maximum principal plastic strain in the region near the feature is shown in contour
plots at different temperatureshigure3.20. Largec hanges i n the profile o

are not evident until about 50°C.
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Figure 3.20 Contour plots of maximum principal component of plastic strain nearthe feature for a PMMA
part against an Aluminum mold cooling from 135°Cto (a) 100°C (b) 75°C, (c) 50°C (d) 25°C. Overall
contraction is towards the left. Note that the scale for the contours in each plot is different.



With an elastic mold, the deflection of the mold and its thermal contraction both serve to
relieve some of the thermal stresses compared with a perfeatlynagd. The sidewall forces
predicted by models based on rigid and elastic molds and elastic and @estic material
models are compared Figure3.21.
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Figure 3.21 Comparison of sidewall force for singlefeature finite element modelsvith 3 mm effective feature
spacing

3.5 Simulated demolding

The simulations discussed above end once the part has been cooled to the demolding
temperature. To investigate the conditions during ddimg] a final step is added to the model
history in which theembossingressure is removed and a displacement is applied in a ramp
mode to the upper right node of the part. Because of the highly nonlinear effects of contact
constraints changing as the fparforced off of the mold, and because of the abrupt transition
when the part is finally free of the mold, some simulations could not proceed through the last
demolding step, especially those with higher sidewall foitles.model depicted iRigure3.2
with a width of 1.2mm (corresponding to Of&m spacingand an elastic moldas selected for
demolding simulationsThe results for this model may not be directly comparable to experiments
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on other mold geometries, but this moslebuld still accurately reflect the trends associated with
specific parameters and the effects of the various mechanisms (thermal contraction, sidewall
friction, etc.).

Figure3.22 shows contour plots of the von Mises stressiemRMMA part and the
Aluminum mold at different stages of demoldihgthis model, the friction coefficient between
the part and the mold is 0.4, and the model was cooled from 120°C to 25°C prior to demolding.
Throughout demolding, the highest streshmpart is adjacent to theptaorner of the mold
protrusion. This observation suggests that the edge quality and shape of the protrusion (burrs,
roughness, rounded corners, etodildhave a disproportionate effect on demoldifigis
expectation has be@onfirmed by experimental results (see sechicn?).

Several measures of interest are available from the simulation output, including contact
force magnitudes and components on the interface between the part and malgli¢de a
demolding force, the energy dissipated by friction, and the total external work applied to the
model. These output metrics are available as standard options, and are computed by the finite
element softwargl12)]. The external work applied to the model during demolding is analogous
to the demolding work, which is the amount of energy input required to separate the part from
the mold (sectio.7).
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Figure 3.22 Contour plots of von Mises stress distribution in purely elastic PMMA part and Aluminum mold
at different stages of demolding after cooling from 120°C to 25°Q\ote that the contour scales areifferent in
each plot. Overall contraction is towards the left.
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Some of the important forces in the model are plottddgare3.23. The demolding
force is balanced by the sidewall shear foizering demolding, the sidewall shrefarce remains

in a constant ratio with the normal force determined by the friction coefficient.
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Figure 3.23 Plot of forces operating during demolding & elastic PMMA part from an Aluminum mold after
cooling from 120°C to 25°C

The energy dissipated by friction within the finite element model is plottEdyure3.24
along with the external work applied to the model. Some of the energy dissipated by friction
comes from elastic &tmn energy that is stored in the model during cooling, accounting for the
difference in the final value of the two energy measures. The external work applied during
demolding is analogous to the demolding work for a single feature that might be measured in

experiment.
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Figure 3.24 Plot of external work applied to the finite model and energy dissipated by friction within it. Some
of the energy dissipated by friction comes from strain energy stored in theadel during cooling, accounting
for the discrepancy with external work.

The amount of work required to demold the finite element model (8X9s less than
what might be estimated from Equati&#34 (1.9 mJ) using only the maium sidewall normal
force (48N). This difference is caused by the reduction in the sidewall force during demolding,
as shown irFigure3.23.

3.5.1 Effects of temperature and friction coefficient

In these finite element simulations, tinéeraction between the part and the mold is
modeled aoulomb friction. It is expected that the energy consumed during demolding is
entirely a result of frictional dissipation as the channel in the part slides off of the mold
protrusion. The amount ohergy dissipated would depend on the normal force on the sidewall,
the friction coefficient, and the height of the @&, as in Equatio®-34. Because the sidewall
force depends on temperature, the demolding work is also edpgeadepend on temperature.

The demolding work determined from the finite element model is plottEdjure3.25 for two
different friction coefficients at several demolding temperatures. The demolding work increases

with increasg friction coefficient and decreasing temperature, as expected.
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Figure 3.25 Plot of demolding work from finite element model of elastic PMMA part and Aluminum mold
cooling from 120°C. Demolding work increases with increasing friction coefficient and decreasing
temperature.

The effects of friction coefficient can be isolated by looking at a single demolding
temperaturelFigure3.26 shows the effect of friction coefficient on thena@ding work for this

model at a demolding temperature of 25°C.
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Figure 3.26 Effect of friction coefficientfor PMMA and Aluminum mold cooled from 120°C to 25°C
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Since the amount of thermal contraction igtlgadetermined by the initial temperature,
the effect of embossing temperature on demolding wak tested within the finite element
model. From the plot ifigure3.27, it can be seen that the demolding work is slightly ina@as
for higher embossing temperatures, but this effect is much smaller than that of demolding
temperature or friction coefficient.
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Figure 3.27 Effect of embossing temperature on demolding work at 50°C

3.5.2 Effects of mold properties

The amount of thermal stress in the paaind the force on the feature sidewaib
largely determined by the temperature and the thermal contraction mismatch between the mold
and the part. The properties of the mold in the finite etemmodel were adjusted to reflect
different materials: Silico, Aluminum, ancpolycarbonateand the resulting demolding work at
50°Cfor a friction coefficient of 0.2%s plotted inFigure3.28. The polycarbonate mold has the
least thermal contraction mismatch with the PMMA part (@& m°C for PC vs. 83im/m°C for
PMMA) and has the lowest demolding work as wElle polycarbonate also has the lowest
elastic modulus, and the elastic properties of the mold also affect the sidwaallaind
therefore the demolding work (secti8rt.5. The interaction between the mold material and part
in terms of friction coefficient and adhesion would also have a strong effect on demolding work,

but this is not modeledere.
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Figure 3.28 Effect of mold material on demolding work at50°C and with a friction coefficient of 0.25
Thermal contraction mismatch is the dominant factor.

3.5.3 Effects of feature height

Because the denaihg work is associated with the energy dissipated while the part
feature slides off of the mold protrusion, the height of the protrusiadhe moldchannel depth)
is also expected to have an important effect. The feature dimensions of the finite eleaeint
were changed to investigate this effédgure3.29 shows one such model, where the feature has
been enlarged to 2Q0m high. For simplicity, a rigid mold was used in the models with different
feature heights.

Simulationswere performed for models with features 100, 150um, and 20Qum high.
The friction coefficient was set at 0.4, and the demolding temperature was 50°C. The sidewall
and demolding forces were not affected by the changes in feature heighte8.30), but the
demolding work was strongly affected by the feature hefglgufe3.31). The sidewall shear
force and demolding force are largely determined by the underlying Coulomb friction model for
the surfae interaction, in which the friction force is independent of the apparent area of contact.
By contrast, the demolding work also depends on the distance over which the friction force

operates, and so the work depends on feature heigh2-().
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Figure 3.29 Diagram of finite element model with a 20Qum high feature.
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Figure 3.30 Forces onPMMA parts and rigid molds at °C are unaffected by different feature heights

101



=B
O N b O
1 1 1 1 1

Demolding Work (mJ)

© oo oo
O N M OO
1

100 150 200
Feature Height (um)

Figure 3.31 Demolding work for a PMMA part and a rigid mold at 50°C is strongly affected by the feature
height.

3.5.4 Plasticity in demolding

Plastic deformation in the partrgesto reduce sidewall forces by relieving some of the
thermal stres@Figure3.21), but it also provides an additional mechanism through which energy
can be dissipated. To test the effects of plastic deformation during demaidiatastic perfectly
plastic material model was used for the PMMA pastifisection3.4.4. Contour plots of the
maximum principal component of plastic strain in a PMMA part at various stages of demolding
from a rigid moldat 25°C are shown iRigure3.32. As the part is demolded, the concentrated
stress at the top corner of the feature progressively extends the yieldedateggpthe feature
sidewall The overall effect of plasticity in the pastto slightly reduce the demolding work, as

shown inFigure3.33.
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Figure 3.32 Contour plots of maximum principal component of plastic strain in a PMMA part demolding
from a ri gid mold at 25°C. Note the contour scales are different for each plot.
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Figure 3.33 Plasticity in the part has the net effect of slightly reducing the demolding work for PMMA
demolding from a rigid mold.

3.6 Adhesion

Along with friction, adhesion betwadghe mold and the part plays an importaié in
demolding. Adhesion can be modeled in ABAQUS/Standatitla cohesive surface interaction
[112]. Unlike conventional contact modeling, this approach allows for tensile loads between
surfaces as they are displaced apart. A constitutive relation for the separation between surfaces
and theractionbetween thewgfaces is defined and appliedindvidual nodes on the contacting
surfacesFigure3.34 shows a schematic of a edenensional cohesive tracticseparation
behavi omaisthemaxineintractionthe bond can transmit, K is the initial stiffness of

the bondand G (the area under the curve) is the toughness of the bond.
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Traction

Separation
Figure 3.34 Constitutive traction-separation relation for cohesive surface modeling

In thetwo-dimensional implementation of this model, tagure criterion for the
adhesive bond Iween nodes is given yguation3-2 (the MAXS damage initiation criterion in
ABAQUS/Standard)112]. According to his criterion, once either the shear or normal load on

the surface excestheadhesion strengttthe bond will begin to degrade as the surfaces continue
to separate.

max( on I8 )2 1 3-2
Gmax Gmax

where

Umax  Maximumstrength of adhesive bond

Un Normal traction on surface

Us Shear traction on surface

Once this failure criterion isxceedegdthe load trasmitted across the bond decays
linearly with separation so that the total area undetrltionseparation curve is equal to the
defined bond toughnesBigure3.34) (the ENERGY damage evolution type in
ABAQUS/Standard)112]. The failure stress and toughness for the cohesive surface model were
set to 0.B MPa and50J/nf, respectively. These values were determineah fnormal puHoff
adhesion testsection 4.3.1) on PMMA discs and flat Aluminum molds at 135(€&e section
5.4.7). The stiffness is set tox10"> N/m/m? (the cohesive stiffness is stated per unit ar€ais

parameter has relativelytle effect on the simulation results, and this value was found to aid
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convergence. The parameters for the normal and shear directions are idemti¢hé normal
and shear stiffnesses are uncoupled.
The damage status (ranging from 0% to 100% degradesdjobfelement on the surface
is available as an output from the finite element softWl2]. This variable is plotted as a
contour inFigure3.35 for the results at 25°CDarker colors indicate greater damage to the
adhesive bond. Most of the bond in the flat areas of the mold has failed and is almost completely

degraded. The outer sidewall of the teatis still comparatively webbonded.

CSDMG  ASSEMEBLY _PMMA-1_BOTTOMIASSEMBLY _SOLIDTOOL-1_TOOLTORP
+1.000e+00
+3.000e-01
+8.000e-01
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+4.000e-01
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+2 000e-01
+1.000e-01
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—

Figure 3.35 Contour plot of damagestatusvariable for cohesive surface betweeRMMA and Aluminum
cooled from 120C to 25°C. Darker areas indicate greater local degradation of adhesion.

The damage status along the surfacthefpart is plotted as curveshkigure3.36 for
several temperatures. Initially, the entire surface is undamaged. As the part and mold cool, the
thermal stresses that develop begin to degrade the adhesion at the surface.

The remaining adhesive strength at a given temperature must be overcome during
demolding. The external work required to demold the part for the cohesive surface model is
plotted inFigure3.37. The demolding work decreases with tempembecause a greater
fraction of the surface has had its bond degraded. Once nearly all of the surface adhesion has
been degraded, the demolding work drops dramatically. The temperature at which this abrupt
transition occurs increases with decreasing sidhestrength. This transition causes convergence

difficulties in the simulation, so demolding at lower temperatures generally cannot be simulated.
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Figure 3.36 Plot of damage status along the bottom surfacof the partwhile cooling from 120°C The nodes
near the upper feature corners were never in contact, causing a jump in damage status.
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Figure 3.37 Demolding work at different temperatures for the cohesivesurface model with a PMMA part

1.2 mm wide and Aluminum mold cooling from 120°C.As the adhesion strength decreases, the demolding

work also decreases. Once the whole interface has fail¢de demolding work drops rapidly to zero. The
temperature at which adhesion fails completely increases with decreasing adhesistnength.
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The feature spacing also affects how the adhesive bond between the part and the mold is
degradedFigure3.38 compares the demolding work for two cohesivdazg modeld mm and
3 mmwide, along with the demolding work for thendm friction modelComparingFigure3.38
with Figure2.29, the demolding toughness models and the finite element simulations predict
similar trends, with adhesiesiominant demolding transitioning to frictimtominant demolding

at a certain temperature.

2
—4—Cohesive,3mm
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5 15 Friction,e = . 4mm
£
<<
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o 1
£
k=)
g
A 05 - —— =
./V
0
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Figure 3.38 Comparison of demolding work for narrow and wide spacingcohesive modelsind narrow
friction model. The demolding work associated with the different mechanisms show opposite trends with
temperature. For the 3mm spacing model the demolding work due to adhesion decreases to zero rapidly

below 80°C.

The demolding work associatedth adhesion for the Bi:m model vanishes below about
80°C because the surface is almost fully degraBegplife 3.39). The 3mm wide model with
frictional behavior could not converge.
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Figure 3.39 Plot of damage status of adhesive bond along bottom of"@m spacing PMMA part cooling from
120°C. The nodes near the upper feature corners were never in contact, causing a jump in damage status.

3.7 Conclusionsfrom simulations

The finite elenent method makes it possible to probe the local stresses and deformations
near features, as well as the behavior of different surface interaction models (friction and
adhesion). The finite element results for siAglature models show good agreement whtise
of the analytical models from ChaptrBecause the finite element models account for the local
stress distribution near the feature, this agreement helps to validate the equivalent stiffness model
of the local deflectip near features based on contact mechanics. Thefentitire finite element
model does not agree with the md#tature analytical models, but it does agree as far as the
trend of decreasing sidewall force for inner features, and for lower maximum ditealfor
multiple features compared with singkature models. Increasing the number of features in the
finite element model may lead to better agreement.

Because of the abrupt change in the condition of the model during demolding, this
process is mordifficult to simulate by the finite element method. Demolding work results could
be computed for the narrowest model. These results show that, whetethetionbetween the

part and molds modeled as Coulomb friction, the resulting demolding workapgrtional to
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feature height, and the demolding work increases in tandem with sidewall force as the demolding
temperature is lowered.

The results of the adhesitnased models also conform to the modeiGShapter2, in that
the adhesion between the part and mold is degraded as they are cooled. For molds with wider
feature spacing, this effect is more pronounced, and the adhesion is completely overcome at a
higher temperatureUnfortunately, the effects of adhesion and fricttmuld not be combined in
a single finite element simulation, but their joint effect can be extrapolated from their separate
behavior (se€igure3.38). At higher temperatures, adhesion is the dominant mechanism, but as
the part cols, sidewall friction takes over. The transition between these effects is influenced by

the feature spacingnd adhesion strength
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Experimental equipment and nethods

4.1 Introduction to the chapter

A common aphorism has it that one cannot control what ameot measure. Similarly,
one cannot study what one cannot measure. With this in mind, an important contribution of this
thesis is a metric by which demolding can be characterized. Such a metric should be descriptive
of the difficulty or ease of demoldinghould be straightforward to determine from experimental
results, and, once determined, should be applicable to practical demolding sitJdieons.
demolding work defined in sectidh7is proposed as this metric.

This chaptedescribes the experimentduipment and methodsedto characterize the
demolding of hot embossed polymer microstructimemeasuring the demolding work
Commonly used methods for measuring adhesion are discussed and compared to demolding
conditions inpractical hot embossing applicatiofifie functional requirements and detailed
design of the experimental apparatus are discusseldthe fabrication methods for producing
test specimens and test molds are describiegl procedures followed in carryingtademolding
experiments are described, along with methods for processing the resulting data and extracting
metrics of interest-inally, thereliability of this methods assessed by carefully analyzing the
results of repeated testader identical condiins. Chapter5 discussedhte results of these

experiments for different processing conditions and riieature geometries.

4.2 Demolding in practice

When hot embossing is used for volume production, demolding is likely todmtezffby
ejector pinsstrike-plates, or other mechanical means similar to those used for macroscopic
polymer molding processes. A demolding systesimg strike plates was developed as part of the
e FAC project d[86s lothis sysedn, tHinymetdl atripd dalong opposite edges of
the mold push the part off of the mald the embossing load is released and the upper platen is
withdrawn This demoldinggstem is shown in a diagramkiigure4.1 and in a photo ifrigure

4.2. The strips are at the ends of slightly bent fingers, and if the resulting spring force is
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insufficient for completelemolding, the strips contact hatbps thatisplace them further away
from the surface of the mold as the upper platen is withdrétnen demolding begins, the
strips initiate cracks between the part and the mold, which then propagate as thestrips
further away from the mold until the part is completely demoldiacs system is similar to strike

plates used for demolding in macroscopic molding processes like injection molding.

Upper Platen

Demolding Strip - ' Part

Demolding Force

Figure 4.1Schematicd agr am showing the operation of the demol di ng¢
As the upper platen is withdrawn, the part is demolded automatically by the demolding strips.

Upper Platen

S s s

Figure 42 Photo ofthepla ens of the embossi ng ma cNotethedemoldiagitabs n t he ¢
along the edges of the moldAs the upper platen is withdrawn, the part is demolded automatically by the
demolding strips and either the spring force from the bent fingers or &rd stops (not shown).

I n the successor project, eFAC I, these s
the lower platenKigure4.3). There is a small clearance between the stops and the part so the
part can be loadedd unloadedAgain, as the upper platen is withdrawn, the part is demolded

automatically.

Upper Platen

Demolding
Mold
Stop W . Part

Lower Platen

Figure 43Di agram of e€FAC || pl aTheraisasmalliclbaradce betweet thenpart axd o p s
the stops. As the upper platen is withdrawn, the part is demolded automaticallyLine drawing courtesy
Melinda Hale, labels added.
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Commercially available embossing machines often employ a perimeter clamp to fix the
part to one platen, while the mold is fixed te thpposite plate(see, for example, Figure 1 in
Trabadelaet al.[61]). Since the part is constraid at its edges but not over its area, it can deform
as aplate or anembraneKigure4.4). Stress concentration near the edge of the mold will serve
to initiate a crack here, which will propagate across the inter§cee the prt is clamped, it is

more firmly constrained in this system and demolding forces are likely to be higher.

Upper Platen

Part Clamp _,.

Lower Platen

Figure 4.4 Schematic diagram of demolding a part clamped at its edgeas is often the case in comencial
embossing machines. The firm constraint of the perimeter clamp increases the bending stiffness of the part,
so demolding forces may be higher.

Macroscopic polymer molding processes often employ ejector pins to demold parts
(Figure4.5). These pins penetrate through one platen (or one side of a mold set). As the pin is
pushed against the part, the concentrated load from the pin initiates cracks at the interface region
around the pin, which propagate across the interfaceegsrths pushed furtheEjector pins can
be located in the interior of the pafigure4.5a) or near the edgeBigure4.5b).

(a) (b)
Ejector Pin i o Part EJ~90t0r Pin
Demolding Force * * Demolding Force

Figure 4.5 Schematicdiagram of demoldingwith ejector pins. As the pins are pushed up, a crack is initiated
and propagated, demolding the part(a) Interior ejector pin, (b) Ejector pins near edges.

Microfluidic chips and similar products are largely planar (that is, thegnach larger in
two dimensions than in the third), and are embossed against planar molds. Whether
accomplished by strike platgserimeter clampsyr ejector pinsthe process of demolding
proceeds in a similar way. A crack between the part and theinitéddesnear the point of
application of the demolding for¢asually near the edgegnd propagates across the part until it

is completely released from the moWlhen both sides to the part are embossed by molds, the
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part will preferentially adhere toehmold with the pattern &t is more difficult to demold. The

part must then be removed from this moldstidke plater similar means.

4.3 Adhesion test methods

A huge variety of different methods has been developed for assessing the strength of
adhesive bnds between materigls15-117] (these three references are especially helpful
compendia of common test methadd)e ideal measure of adhesion wouldapelicable to
many different situationsvould bemeasurable by siple and unambiguous means, aralld
have usefutlescriptiveand predictivgpower (that is, it would sufficiently characterize adhesive
strength andould predict when and how an adhesive bond would.fail)

Practitioners make adamgntdabkdi adheshobet whk
be an intrinsic and unvarying property of the
Aexperi ment al 0 astdmghthat s measuredy a spécifia methafildGs 115,

116, 118] whichmay be different from that measured in a different wiayimportant criterion
for a method of assessing adhesion strengtheseforethe degree to which it accurately
simulates the conditions of the real situation of interest. Wittcthiexionin mind, some weH
establisheéddhesion measurement methods are evalymierrily by how well they emulate

the conditions of demolding in practical applications.

4.3.1 Tension orPull Test

Pull tests are straightforward in concept and simple in execdtios type of test is
described by ASTM C6332095 and dter standardS'he ends ofwo cylindes (or substrates
of other geometriegre bonded, and the specimsisubjected to a normal tensile lodtie
tensile stresgengineering stresst which the bond fts is taken to be the strength of the
adhesive jointFigure4.6 depicts a simple diagram of a pull test. Many variations on this

geometry exist, some of which are discussed by Vatlal.[117].
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Applied Load

<— Substrate

Figure 4.6 Diagram of a pull test for measuring adhewe strength. The substrates are pulled apart in the
normal direction, and the maximum force (or stress) before failureis taken as a measure of the bond
strength. Many other configurations are possible, see text for references.

Adhesive —»

Pull tests have the significant advantage of simplicity, and the stress at failure is a
convenient measure of bond strdmd he difference in elastic properties of the two materials
induces shear stresseswever, sdhe stress at failure depends on the geometry of the specimen
[119]. Pull tests are also known to givéaage degree of variation the measured strengthhe
loadis applied tahe whole volume of the specimen andds localized to the interface, and
failure proceeds in a rapid, uncontrolled marja&6, 117] Pull tests have been used to measure
the intrinsic adhesion between polymers and mold materials in nanditithography[46, 58]
and to measure demolding forces in N#i1-63].

Hot embossed parts are generally not demolded by pure normal forces, but are pushed or
pried off by loads applied near their edges (secti@n Indeed, Trabedelet al.mention that in
many of th& pull-type demolding tests, the demolding forces were too low to be measured
because the part peeled off of the mélt]. An exception is the moment when the embossing
platens first begin to separate. This motion is normal to the plane of the part (to the extent that
the embossing machinewgll aligned. In most cases, the part adheres to the paitemold and
detaches from the flat backing plate in a manner similar to a pull test. In the case ofsiibedble
embossingthe part is likely to adhere preferentially to the mold with the more difficult to
demold patterifor the more difficult areas ofieh mold). While pull tests have some relevance
for practical demolding, the oftesitedvariationin the resulting datand the inability to control
the location and progress of failure would make pull tests a poor vehicle for studying-feature

level procesesduringdemolding.
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4.3.2 PeelTest

Peel tests are very commonly used to evaluate the strength of adhesion betiifEen a
substrate and a flexibdherendFigure 4.7 depicts one common configuration, but many others

exist.

Applied Load

Substrate

Figure 4.7 Schematic diagram of a 90peel test The measured peel force divided by the width of the
specimen is taken as the fApeel strength.

Peel test specimens are simple to prepare, and the ability to ¢betrate of peeling
permits the study of timdependent phenomena (such as viscoelastic efféd) Peel tests
are widely applied, and are described by several ASTM standards including D3330 (pressure
sensitive tape), D903 (180° peel tests for adhesion to metatsjnany other§ he measured
peel force divided by the width of the speeim (t he fApeel stranggheho) i s
results of peel tests, and principles of elastic fracture mechanics can be used to relate this to the
toughness.

The geometry of the test produces localized stresses along the peel front, so the location
and progress of failure is well controll€he test alsproduce large strains in the specimen
near the bend. This fact limits the applicability of peel tests to flexible, tough matargs!
test would not be suitable for studying demoldingtdf amorphoughermoplastics commonly
used in hot embossing (except for very thin layers that have low bending stifffeslsests
have been used to study the demolding of microstructures destible materials such dgV-
curedacrylate[120] andPDMS [45].

4.3.3 Blister Test

In a blister test, hydrostatic pressure is applied to the adherend through an opening in the
substrateFigure4.8 depicts acommon configuration, and others have been reported as well
[116, 121] Blister tests have the advantage of localized stressentration, so crack initiation is

controllable The principles of elastic fractureechanics can be applied to the blister test to
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calculate the interface toughness basetherelastic properties of the adherend, the applied

pressure, and the radius of the bli§iex1].

N A1

[

Fluid Pressure

Figure 4.8 Schematic diagram of a blister test. Compare withrigure 4.5(a). Fluid pressure applied through
an opening in the substrate initiates a crack around the opening, which propagates across the interface. The
applied pressure and the blister radius can be related to the interfacial toughness.

Demolding by fluid pressuri¢selfhas beenlemonstrated for PDMS castifzp, 122,

123]. One difficulty with this method is the fact that the port for introducing the pressurized fluid
must not allow penetration of the cast or embdssateriabefore demolding. Anothelifficulty

lies in the fact that the strain energy release rate (see s2@idnincreases with increasing

blister radius, resulting in an unstable test condition (that isréuk frant is prone to

Ar un a2y This fact also requires very accurate measuremehedilister radius in

order to determine the interface toughness.

ComparingFigure4.8 with Figure4.5a, one can see a resemblance suggesting that blister
tests may be a useful model for demolding viatejepins.One can imagine a variation of the
blister test where fluid pressure is replaced by an ejector piraggiedioad and displacement
of the pin could be monitored duriigmolding and, along with the blister dimensians
elastic properties dhe specimencould be related to the toughness of the interface. Such a test
has potential for quantitatively studyidgmolding;however,an embossing machine widm
instrumented ejector pin that penetrates a phataunld be mechanically more compliedtthan
the cantilever design adopted in the present work (secti@sand4.5.6. The need to
accurately measure the blister radius alss@nts some difficulty in developing a simple and
reliable test methodn many practical cases, ejector pins are plaxgsdide the patterned area of
the mold rather than amongst the features, and so once the crack has propagated to the main
patterned area (the area most of intetlesing demolding), the deolding conditions resemble

those of a cantilever test more than a blister test.
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4.3.4 Razorbladeor Wedge Test

One cantilever type test that has received a great deal of interest is the wedge, or
Ar azor blThisdretbod ts desdribed by ASTM D3762 (adhesifor bonding aluminum).
This method was introduced to the field of microfabrication by Maszara for evaluating the
strength of bonded silicon wafdii24]. A wedge of a known thickness (quite often a razorblade)
is inserted between two bonded layas shown ifrigure4.9 [116, 117] The length of the
resulting crack can then be usddng with the elastiproperties and geometry of the beams
calculate the toughness of the interféigeq. 4-1) [117]. This calculation depends on the fourth
power of the crack length, so tHengthmust be measured vepyecisely to produce a useful

estimate of the toughness

(o]
<>
I| Il |
| |
> <«
—

Figure 4.9 Schematic diagram of a wedge, or razorblade test. A wedge is inserted betwdmnded layers, and
the length of the resulting crack is related to the interfacial toughness.

3E’'8%t3
~ 8Lt

where
Toughness
Effective modulus (E' = E for plane stress and Efjifor plane strain)
Wedge thickness
Beam thickness
Crack length

- — Ccm <

As discusseth sectionl.5.3 the razorblad test was agqued by Landi®t al.[60] to
studydemolding in nanoimprint lithography (in their paper, they refer to the method as the
Double Cantilever Beam or DCB methodihey found that applying this method for quantitative
characterization of demoldjrequired fastidious attention to detail. For instance, variation in the
insertion angle of the blade by as little as one degree introduced significant variation in the test
results. The calculated toughness was also found to depend on the blade idstainoe and

insertion speed.
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One can imagine a variation of the symmetrical razorblade test where one beam is
replaced by the (practically rigid) embossing mdlde razorblade type cantilever tésts
demonstrated efulness for studying demoldingpwever, the sensitivity of the test to
experimental parameters (insertion angle, speed, distance), and the need to measure the crack
length very precisely, make this method difficult to implement in pracieéandist al.

experienced60].

4.3.5 Cantilever BeamTest

Many adhesion test methods are based on the cantijewaretry{116]. Cantilever
beams have simple, wethown bending mechanics, so analyzihg results of these test
methods is straightforward. The stresses induced by the¢esisa analytically manageable.
Thearchetypeof this category of tests is the Double Cantilever Beam or DCBwésth is
described in ASTM D343@or adhesives fobonding metaland D3807for adhesives for
bonding polymersand depicted ifrigure4.10(a). Two bonded strips with an initial crack are
loaded normal to their long dimension near thegueekedend as shown ifrigure4.10a.
Usually, the displacemerdf thebeamendsis controlled to a constant rafehe maximum force
before the crack extends can be used to determine the interfacial toughness

(a) (b)
Applied Load TAppIied Load

T v !
o o —— | t —
_ g 1 Rigid Substrate

Figure 4.10 Diagram of cantilever test configurations Bonded specimens with an initial crack are pulled
apart at their ends, and the maximum force before the crack extends is related to the interfacial toughness.
(a) DCB test as described in ATM D3433 (b) asymmetric cantilever beam test with a rigid substrate
(compare toFigure 4.1).

According to ASTM D3433, the toughness is calculated from the maximaedhalt
failure and the specimatimensions and propertiby Equation4-2. This relation is derived
from simple beam theory, amdillustrates the straightforward analysis enabled by the cantilever

test geometry.
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4P*(3L7 + 12
AP0+ 0)

4-2
Eb’t?
where
G Toughness
P Applied load
L Initial crack length
t Cantileverthickness
E Elastic modulus
b Cantilever width (into the page Figure4.10)

An alternative arrangement with greatevance to demolding is the asymmetric
cantilever testshown inFigure4.10(b). In this test, one cantilever is replaced by a beam with
different elastic constants and/or dimensif5, 126] or a rigid or effectively rigig substrate
[127, 128] The bearrbending mechanics of an asymmetamtilevertest are quite similar to
those of aloublecantilever test. Following the stragmergy approact2(3.1) and assuming a
rigid substrate that does not contribute to the strain energy of the systietimat the cantilever is
built-in at the roagtthe toughness cde calculated from Equatiak2, which includes the effects
of shear stress in the bea@Billis and Gilman[129] relaxed the assumption of perfect constraint
at the cantilever i, and their model can be ubt® produceEquationd-3. Other researchers
[130, 131]have also produced augmented models that incatgbigher order effects or use a
different approach to account for the elastic foundatiom these models are more complex

without appreciably increasing accuracy

2 121 84L

G=m<3(v+1)+ 2 +?> 4-3
where
G Toughness
E' Effective modulus: E'=E/(%°) for plane strain, E'=E for plane stress
3 Poi ssonds Ratio
P Applied load
L Initial crack length
t Cantileverthickness
b Cantilever width (into the page Kigure4.10)
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4.4 Demolding experimentconcept

One of the major contributions of this work is the characterization of demolding of
polymer microstructures produced by hot embossing through demolding experiments. The
demolding wok is proposed as the metric by which demolding can be characterized. The goals
of demolding experiments are therefore to accurately and consistently measure the demolding
work, and to assess the effect of varying process parameters and mold geometry on th
demolding work.

One important criterion for a useful experiment is that it is representative of the real
world system that is the object of study. The results of demolding experiments should be
relatable to practical demolding. Comparkigure4.10(b) with Figure4.1 andFigure4.5(b),
one can see a clear resemblance that suggests this type of adhesion test could be applied to
studying demoldingindeed, because typical molds are much stiffer in bending than typical
embossed parts, and molds are firmly mounted to platens, the asymmetric cantilever test
geometry is nearly identical to the conditions experienced in practical demolding. The strong
similarity with practical demolding, the ease of analysis, and the ease of adapting a hot
embossing machine for this type of test combine to favor asymmetric cantilever tests as a method
for studying demolding in hot embossing. This test method is adaptéukef present work.

The experimental method implemented in this work beginsavitipical embossing
cycleof heating, pressing, holding, and cooling. Once the part is cooled to the demolding
temperature, it is demolded by a controlled displacement cédge, as in an asymmetric
cantilever test. The load and displacement are measured and recorded during demolding, and this
data is used to determine the demolding wbrla compromise between perfect realism and
straightforward analysishe test specimanare much longer in one dimension so that they can be
modeled as cantilevergcilitating comparison with the models and simulations discussed
earlier.The experimental molds are not real microfluidic chip designs, but are simplified patterns
that are dsigned to probe specific effects of feature geometry, such as height andTilth.
machine that was developed for these tests ithesl in the following section, while the molds
are described igectiors 4.5.5 4.6, and5.2, the experimental procedure is described in section

4.7, and the data analysis process is described in séc8on
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4.5 Demolding Machine

A speialized apparatud®emolding Machinehas been developddr demolding
experimentsThe demoldingnachineshould mimic practical demolding as closely as possible so
that experimental results will be relevant and applicable to real hot embossing apydjcath
as the manufacture of microfluidic chips. Tmachinemust also be able to accurately measure

and record the results of each demolding experiment.

4.5.1 Functional Requirements

The demoldingnachineused in this work mudirst complete a hot embossingcle in
order to produce the conditions for demolding. Trechinemust therefore be able teach and
maintain a specified temperatwsghin the range commonly used for hot embossing and
demolding(room temperature to ~150°C for PMMA, and hotter fonemther materialsYhe
demolding machine muspply sufficient controlledembossing force to ensure good replication
of the mold feature®uring demolding, the machine must be able to apply and measure the
demolding force while monitoringnd controllhg the displacement of the pamd/or demolding
fixtures Control of temperature, embossing pressure, and the demolding process must be

consistent and repeatablerémluceexperimental variation.

4.5.2 Motion system

Load and motion control in the demolding e is accomplished by mounting the
platen assemblies in an electromechanical load frame (Instron, 386&)own irFigure4.11.
The lower platen is fixed to the frame base, while the upper platen is connected through the load

cell to the moving crosshead.
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Embossing /
Demolding
Platens

Motion System
Control PC

Figure 4.11 Photo showingdemoldig machine includingplatens mounted in Instron load frame, motion
system control PC, and thermal system front panel

The load frame is contreld through proprietary software (Merlirbv53). Both the
embossing load and the demolding load are measured via-eafiddNload cell. The load cell has
a quoted accuracy of 0.5% of its reading down to 0.5% of thaedalk range (0.025 N at 5 N),
and aconstant accuracy of 0.025 N below 5 N. The position of the platens (and the demolding
bar during demolding) is measured through the internal axis position encoder in the load frame.

The guoted resolution of the position control system isrsidoometer.

4.5.3 Temperature control system

As in typical hot embossing, the temperature of the part and mold during embossing and
demolding is determined by controlling the temperature of the embossing platens. The heating
and temperature control system is modeled ditrdesigned by Hal84]. The manufacturer,
model numbers, and relevant characteristics of the various components discussed below are

listed in appendiX. Figure4.12 depicts a schematic diagrashthe system.
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Figure 4.12 Schematic diagram of the temperature control systentor simplicity, only one platen is shown.

For thermal isolation, the platens are separated from the structure of the niigchine

ceramic insulation blocks. Each platen contains a ceramic heater with a resistive heating element.

These heaters are connected to electrical power through statdelay. The power supplied

to the heaters is controlled by a pulgielth-modulated gjnal generated by temperature control

modules, one for each platen. The temperature control module monitors the temperature of the

heater via an embedded thermocouple, and adjusts the power level according to a PID control

scheme. Each platen is cooledagolution of water and ethylene glycol flowing through an

internal passage. The coolant is circulated and cooleddiogatorychiller. The coolant

temperature is regulated to be 5°C, and the flow rate is roughly 4 .LTimenflow of coolant

through theplatens is startednd stoppetby solenoid valves, which can be activated either

automatically vighe control program running on the PC or manuadingswitches on the

temper#ure control system front pan@ligure4.13).
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Figure 4.13 Photo of the temperature control system front panelThe PID heater controllers are at left, and
the manual override switches for controlling the coolant flow are at right.

The temperature of eaclhapen is monitored through a separate thermocouple mounted
within the mold. The voltage from each thermocouple is amplified and adjusted by integrated
circuits to a DC signal calibrated to 0.1 V per degree Celsius, with 0°C set toThe V.
calibrated pleen temperature voltages are measured via a data acquisition board containing an
analogto-digital converter.

The platen temperature is monitored and controlled through a virtual instrument (V1)
program running in LabView. A PI1 control routine within thedéntinuously adjusts the
setpoint of the temperature control modules via a digital interface to reach and maintain the
desired platen temperature. The solenoid valves that control the flow of coolant are also switched
by a signal within the temperaturertrol VI. When the controller gains are chosen
appropriately, the temperature control system is capable of heating to typical embossing
temperatures in 6020s, maintaining the desired temperature within 2°C, and cooling to typical
demolding temperatures 60-120s. Heating and cooling times depend on the difference
between the beginning and ending temperatures, since for most of the transient the temperature
rate of change is limited by either the heater output power or the convective cooling cdpacity o
the coolant passage.

As an example, some temperature data logged by the control VI is ploEeire4.14.

The temperature @PMMA samplewas monitored for this test using an embedded

thermocoupleBecause the two heatarsed in the system (upper and lower platen) do not
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perform identically, the transient responses of the two platens to a changmintseinperature
are not the same. The clodedp temperature control system accounts for these differences, so

the steay-state temperatures of the platens are effectively the same.
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Figure 4.14 Plot of temperature data recorded by the temperature control VI showing closetbop
performance of the temperature control systemT he temperature of a 3.2 mm thick PMMA sample between
the platens was measuretbr this test with an embedded thermocouple.

45.4 Platens

Each platen is built up from three metal pieces (stainless steel 316): the platen body plus
two coverplates A diagramof aplatenand a platen assemiadgn be found ifrigure4.15and
Figure4.16, respectivelyThe platen bodies were custdabricated by the Central Machine
Shop at MIT, while the cover plates were wgetraut from sheet stock, with additional
machining in a drill press. The platen bodies have thick sidewalls to carry the embossing loads,
an upper chamber to accept the ceramic heater, and a lower chamber that serves as the coolant
flow passage. The coolantgsage has a central island to help carry the embossing loads and
protect the ceramic heater from distortion under load, which could cause it to crack. The
sidewalls contain clearance holes for mounting the platens in the embossing machine, tapped
holes forattaching the coveplates and molds, and threaded holes for pipe fittings for connecting
the coolant hoses. The cover plates have windows for accessing the platen mounting screws and
countersunk holes for attaching the cover plates to the platensatitiedfld screws flush with

the surface.
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Figure 4.15 Diagram of a platen body.
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Figure 4.16 Diagram of the bottom platen assemblyThe top platen assemblys similar.
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455 Molds

The demolding machine includes means of mounting ntoltise platensThe typical
mold consists of a metal plate 45 mm by 62 mm, and between 3 m&nnamdthick. Molds are
mounted to the platens by four screws near their corners. Foerpmiments, the mold with
features of interest is mounted to the lower platen and a featureless, flat mold (backing plate) is
mounted to the ugy platen. All molds have a OrBm diameter by-10 mm deegole drilled
into one edgé¢o allow insertion of ahermocouple for temperature measurement and control
during experiments. A photo afmold is shown irFigure4.17. The specific feature layouts

tested are discussed in sectiof

Different patterns
Channels on each half

Figure 4.17 Photo of a moldused in demolding experimentsThis mold has several parallel ridges (for
embossing channels) 100 em high, 100 em wide, and

4.5.6 Demolding fixture

The demolding force is applied to the embogsadby asteelbar at one edge of the
mold. The demolding bar is ptisned through holes at the ends of sliding links on each side of
the platen. The sliding links allow the platens to be closed for embd§sguye4.18a). After
the platens are cooled to the demolding temperature and the [@epamate, the links slide until
they come against adjustable stops attached to the upper platen assembly. Once the sliding links

reach the stops, the demolding bar begins to move upwards, and is soon in contactpaith the
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The bar lifts the end of theart, initiating a crack between the part and the mold, which
propagates along the interface as the upper platen continues to move ypigames}.18b).

(a)
Demolding
% Slider Stop
Insulation
Demolding
(b)

Demolding
Slider Stop

Demolding
Slider

HeaterW& -
-

Figure 4.18 Photos of demolding fixture and platen assemblya) during embossing (b) during demolding.
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4.6 Mold fabrication

Test molds were produced by wajet cutting rectangular blanks from a sheet of
Aluminum 6061T6 (McMasterCarr). Mounting holes were drilled during wajet cutting,
while the thermocouple port was drilledinga standardertical milling machine For sme
molds, such as the brass moladlsinks were machined from stock using a standard vertical
milling machine.The microchannel features on the molds weoglpced using Microlution
363 S horizontal micremilling machine Carbide square end mills with diameters from 3.175
mm down t00.397 mmwere used. Thaumerical code for machining the molds was generated
using MasterCAMThe specific machiningarametes used are listed ingpendixD.2.

After machining, moldsverecleaned withwateb as ed degr easer (Si mpl
rinsed with acetone and drigdth compressed tetrafluoroethane (VWR Whe@sh st er E) .
Molds were then inspted with an optical microscope. If metal chips or other debris was
evident, the molds were gently brushed with a pldsitdebrushand the acetone rinse / dry
process was repeated. Finished molds were labeled with a permanent marker and stored in
polysyrene Petri dishedf at any time a mold became contaminated (fingerprints, dust, extended

storage outside a container), the acetone rinse / dry process was repeated.

4.6.1 Micro-machining parameters

During this work,t was found that under some circumstanoéso-milling produced
burrs along the edges of miefeatures on the mold. These burrs had a detrimental impact on
demolding (see sectidn9.2. At low feed rates, the displacement of the part between the
passag®ef each cuing edge of theéool (feed per toothjvassmallenough that material was
plowed instead of cuttingleanly, leaving large burrs on the parfg. higher feed rates (higher
feed pertoothy her e i s enough material f achipye cutti n
high feed rateshoweverdegrade the surface finish of the final gagtause the cutting marks
are widely spacedA range of feed rates was tested with sample mold blakesh 1.588 mm
diameter carbide square end mill was used for tteste, and the spindle speed was fixed at
50000 rpm. The results of these tests are showigure4.19.
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Figure 4.19 Scanning Electron Micrographs of results of machining parametestudy.

Features are 10Qum high square protrusions (for embossing channelsNumbers are feedrate in mm/min.
Note the large burrs on the features machined at low feed rates, and the increasingly rough surface finish
with increasing feed rates. Based orhese results, a feed rate of 27000 mm/min was used with 1.588 mm end
mills for machining molds. Feed rates for other size end mills were extrapolated from this value. Specific

machining parameters are listed inAppendix D.2.

Cutting parameters for machining test molds (spindle speed, feed rates, and depth of cut)
have been chosen based on these resgltwell as from the recommendations of the online feed

and speed calculator provided by Robb Jack Corp, a supplier of cuttlag to
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(www.robbjack.com Specific machining parameters used toduce test molds are listed in
AppendixD.2.

4.7 Experimental procedure

The sections below describe the typical process for conducting experiments.

4.7.1 Specimen preparatian

The specimens for the cantilever demolding tests consist of long strips of the part
material (PMMAor polycarbonate Specimensvereproduced by cutting from larger sheets
using a CNC Co@laser system (Epilog Laser Mini24 with 45W laser). During cuttimigue
numbers are las@ngraved in the surface of each specimen for identification and record
keeping.The polyethylene backing films were retained on both sides during laser cutting. These
backing films were not removed until immediately before an expent to ensure that the
speci mens O s ur fSpecimens veereadsuall\elabartenllaega matches prior to a
set of experiments.he standardgecimens are 10 mm wide by 70 mm long ark® mm thick.
The extra length, compared with 2 mmlong mold (sectiod.5.4), allows the specimen to
project past one edge of the mold andssover the demolding baséction4.5.6, and provides
extra space to engra the part number without interfeg with the embossed pattern. A photo of
aspecimen is shown iRigure4.20.

Figure 4.20 Photo of an unusedPMMA specimen (part)

4.7.2 Experiment seup

Prior to an experiment, tlrmputerghat control the Instron load frame and the
temperature control system are boaedthe control software is executed (Merlin and the
LabView VI, respectively). The mold set is mounted to the platens (patternedartbk lower
platen, and flat backing plate to the upper platen) and the thermocouples are inserted into the
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ports in the moldssge sectiod.5.5. The gauge length of the extension measurement for the
load frame is set stat extension is zero when the demolding bar is just below the surface of the
mold. This setting ensures that all demolding activity occurs for extension > 0, which simplifies
data analysissgesection4.8). The control softwea is configured to match the intended
experimental parameters (ssctiond.7.4).

Once the demolding machine is prepared as alaospecimen is selected, its backing
film is removed, and it is placed onto the mold by hamdi{¢he mold is at an unsafe
temperature, the specimen is placed using tweezers). The specimen is aligned along the
centerline of the mold by eye. This visual alignment is facilitated by the fact that the patterned
area of the mold is not much wider thie specimen, so misalignment between the part and the
mold is readily apparen®nce the part is loaded, the platans manually brought togethesing
thel oad fr ame6s gothalessthan@ig gap rtemains bewveen the part and the
uppermold (flat backing plate). Thiactionis taken to help ensure thermal uniformity through

the thickness of the paat the beginning of embossing

4.7.3 Process for each experiment

Once the machine and part are set up, the experiment can begin. The setgunt for
platen temperature control system is set to the desired embossing temperature, and the platens
begin to heat upl'he platertemperatureateof changes determined by the maximum power
output of the electric heaters and by the thermal time condttm platensSection4.5.3
discusseshe transient performance of the temperature sy<teroe the platens have reached the
embossing temperature (usually withi20s), the test profile is activated in the motion control
software (Merlin).Load and extension data is recorded throughout the test pidféeest
profile begins by bringing the platens together at a constant speed until a load above a certain
threshold is measured, indicating that the part is in contact vathgper platerfter this
threshold is reached, the motion control system switches tectmadl, and the load is ramped
at a constant raté(s) up to the set embossing load.

Once the embossing load is reached, a timexaisually activatetb count devn the
intended hold time. Once this hold time elapses, the platen temperature set point is switched to
the intended demolding temperatufée platen temperature rate of change is determined by the

convectiom cooling capacity of the pateoolant passagéhe cooling capacity of the chiller, and
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the thermamassof the platefmold assemblysection4.5.3. The motion control test profile
includes a constatbad hold whose duration is long enough to cover both the embossihg hol
time (at the embossing temperature) and the time to cool to the demolding tem§esataifg
within 120 9.

After this constantoad hold time has elapsed, ttr@sshead begins to move upward at a
constant speed, separating the platéhs. current teqperature readings for the top and bottom
platen at this moment are recorded as the actual demolding tempeXattiris. motion
proceedsthe demolding bar fixture slides along its guides until it reaches the mechanical stop.
After this point, the demoldgbar moves upwards along with the upper platerthe
demolding bar moves, @ontactghe bottom of the part and begins to apply the demolding load.
Once the part has been completely demolded, the motion control software is stopped and the
recorded datas saved. The demolded part is removed,thechext experiment may be set up

4.7.4 Experimental parameters

Theconfigurations of the temperature and motion control programs, as well as the
relevant parameters used for the majority of experimendesmaibedelow. Where any
experiment deviated from these standard procedures or parameters, it is noted in the discussion
of experimental results (Chapt®r Demolding temperature has a very important effect on
demolding, and so thisapameter was set over a range of temperatures for various experiments.
The other experimental parameters were held constant to id@ateore important effects of
temperature, geometry and others that were the focus of thisTWarlembossing temperagur
load, and hold time were chosen to ensure adequate replication of the mold feaawiess
studies have found that many of the other parameters have little effect on embossing results
[132].
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Table 4.1 List of experimental parameters and typical values

Parameter

Value

Embossing temperature

135°Cfor PMMA specimens
160°C for PC specimens

Precontact platen closing speed 10 mm/min
Contact load threshold 20N
Embossing load ramp rate 4000 N/mn

Embossing load

620 N (1 MPafor PMMA,
930 N (1.5 MPa) for PC

Constanioad hold duration

120s

Hold time at embossing temperature

30s

Demolding temperature

25-135°Cfor PMMA
25-160°C for PC

Platen opening / demolding speed

15 mm/min

Extension & load dataecording

Data recorded every|2m in extension
(125samples/sluring demolding)

4.8 Data analysis methods

All the relevant metrics of demolding are calculated from the load and displacement data

recorded during each experiment. The goal of datlysisas to identify the locations in the

load-displacement curve corresponding to demolding events associated with individual features

on the mold. This is easy to do by eye, but for convenience and consistency, this task has been

automated in MatLab. Theeripts used are copied in Appendixand the operation of these

scripts is described below.

4.8.1 Characteristics of experimental data

The load frame control software savks recorded load and displacemeata as

commaseparatd values in a text file. The data file is grouped into columns for each recorded

load, displacement, and the time stamp for each data poddta point is recorded for every

2 um change in displacement, which corresponds to 125 samples/s while derabklirage of

15mm/min. The load data recorded over the full duration of a combined embossing and

demolding run is shown iRigure4.21a. Some features of interest that argle in this plot are

the increasing compressive loaanp at the beginning of embossing, the condtad hold

during embossing and coolingnd a brief tensile force when the platens are first opened at the

beginning of the demolding phasegure4.21b shows a more detailed viesthe load data
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recorded during the demolding phase of the test, here plotted agairestdrdeddisplacement
(extension)of the upper platen assembRhis plot shows the brief but strong tensile force
recorded when the platens first open (the stickimge) along with the load data recorded during
demolding of the mold features.

Figure4.22 shows a detailed view of the load data recorded as the mold features were
demolded. A small jump in load is visible corresponding toatbight of the demolding slider
assembly when it reaches the hard stop and begins to move with the upper platen. Once the
demolding bar comes into contact with the bottom of the part, the load increases rapidly as the
part begins to bend. The peaks andgits in load as each successive feature is demolded are
clearly visible, along with a large drop in load associated with the change in pattern from one
half of the mold to the other (s€gure4.17). There is a small bias evideantthe recorded load
before the demolding bar comes into contact with the part, which is also visible in the recorded

load value after the part has been completely demolded.
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Figure 4.21 Plots of datarecorded during an embossing / demolding test for PMMA embossed with a mold
with 100em high channel s .(2)iadva.pirerfar thedwoteddstdtensile laads a3 A C
positive), (b) Load vs. displacemen{extension)during separation of the top plate and demoldingincluding a
strong, brief tensile load when the platens are first opened (sticking load) and the tensile loads associated with

demolding.
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Figure 4.22 Detail of load and extensiordata for a PMMA part embossed withee mold with 200 um high
channels 2mm apart demolded at 73°C

4.8.2 ldentifying points of interest and adjusting load and extension

In the first step of data analysis, a script is run that loads all of the data files ima give
folder and converts them into MatLab structure variables with fields containing vectors of the
time, load, and displacement data. These variables are saved to afféathatied data file for
later retrieval.

In the second step of data analysis, a s@ipin that loads each data variable and
processes it to calculate the metrics of intefHst. data is partitioned based on the value of the
recorded extension. Because the gauge length is set with the demolding bar just below the plane
of the mold, althe demolding data will have extension greater than Zém sticking load
associated with separating the part from the flat backing igl&eind from he maximum tensile
load recorded for extension gthan zeroKigure4.21b).

The calculation oflemolding workrequires the beginning of demolding to be identified.
This is accomplished by examining the slope of the recorded dg&dx). Calculating the slope
between neighboring data points would amplify llewel noise in the load signal, sdimite

difference calculation spanningnsampless used insteadPi10-P)/(Xi+10-Xi). AS an example,
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the slope calculated in this wadpm demolding data for a PMMA part embossed with a mold
with 100um high channels spacedm apart demolded at 73°C is plottedrigure4.23a. The
point where this calculated slope first exceeds a set threghllnm) is taken as an initial
guess for the beginning of demoldjmgghlightedby the star symboli in Figure4.23a. The
average load over the 70 data points before this point is recorded as the |¢atEbidied in
Figure4.22 andFigure4.23b), and this load is subtresxl from all the recorded loads to produce
the adjusted load. The first point where the adjusted load is greater than zero immediately before
the initial guess for the beginning of demolding is recorded as the begofrdegnolding
(highlighted by the stasymbol inFigure4.23b). The extensioat this point is subtracted from
all the recorded values of extension to produce the adjusted exteffsgoresult of these
adjustments is that the beginning of demoldmgét to zero load and zero extension for every
experiment, facilitating comparative plots and calculatingi#raolding work A similar

approach is used to identify the end of demolding (that is, the point where the part was
completely released from theoid), highlighted in these figures by tfiked circle symbol §).
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Figure 4.23 Method of identifying beginning and ending of demolding and calculating load bias
(a) Plot of calculated slope showing beginning and ending poinidentified as the first and last poins,
respectively, to exceed threshold slope valugb) Beginning, ending, and load bias superimposed on load
displacement data Load bias is found from the average load over a range of extension immediately preceding
the beginning point.
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4.8.3 ldentify ing demolding events

The next task is to identify demolding events associated with individual features on the
mold. The beginning and ending points define the window within which demolding events will
be identified. Two functions from the MatLab image processinpéaxcare used to identify
local extremairegionalmax fomaxima andmregionalmin forminima). Because of lowevel
noise in the measured load signal, there are very many local extrema. Individual demolding
events are associated with larégestdrops inload. Such large drops can be idbeti by the
large difference between neighboring extrema. The difference between each local maximum and
the following local minimum is calculate@he points with the largest difference between
neighboring extrema aregected to be the demolding events. The number of expected
demolding events is determined from the number of features on the mold, and is a user input to
the data analysis script. If a particular mold produced 16 feaseciated demolding events,
then he 16 points with the largest neighboring extrema are identified as potential demolding
eventsAs an example, the extrema differencesidad data recorded while demolding a PMMA
part from a mold with 20Qm high channel features spacemhth apart at 73 are plotted in
Figure4.24a, where the identified demolding events are highlighted with open circle symbols
(2). These points are superimposed on the-ttiaglacement data iRigure4.24b, showing that

this approach does a good job of locating the demolding events.
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4.8.4 Calculating demolding work

The demolding toughness could be calculated from the maximum load before each
demolding event according to, farstance, the relation given in ASTM D3433 (Equatei).
Load-based methods such as this rely on modeling the demolding part according to beam theory.
The simple relation given by ASTM D3433 has been augmented by many resetaretoesunt
for additional effects such as shear stress and rotation at the bedt?8b81]. Even these
more extensive models, however, reqaidelitional corrections because no model can fully
account for the behavior of a real specirfie38]. In the present work, demolding work is
calculated by the area method given by Equatidrand depicted schematically Higure4.25.

The area method does not rely on a model obtieea m6s behavior, and deper
recorded data and the assumptior tiladeformations are elastic.
DMW = Area of region OABN Figure4.25

DMW = = Paxa + [ P dx — > Paxg 4-4
where
DMW Demolding work
P Load
X Extension

The calculated demolding work for each demolding event is plottegjure4.26. The
large value of demolding work near the end of theesarorresponds to the large drop in load
associated with a change in pattern from one side of the mold to the other. Most molds used in
this work have different patterns on each half, so only the demolding works from the first half
are of interest in a gen experiment. In calculating the mean demolding work for this part, only
the first eight values are used, corresponding to the pattern on the first half of the mold. The
mean demolding work per feature for the first half of the mold is used as an oveaallre of
demolding difficulty for that particular pattern and set of experimental conditions (such as
demolding temperature). The mold would be mounted in the reversed direction to study the

pattern on the other half.
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Figure 4.26 Plot of calculated demolding worksforamoldwith1 0 0 e m hi gh channel s 2mm apa
73°C. The extreme value of the last point corresponds to the change in pattern from one side of the mold to
the other. Only the first 8 points are used to calculate the withipart mean demolding work.
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Some experiments record strong demolding loads and large, notideajein load for
each demolding event, while for others the load signal is more subtle. The above method of
identifying individual demolding events has been found to be reliable and robust to these
differences between experiments. All of the calculatamesdeterministic, so repeated runs of
the analysis scripts produce identical resdlte data analysis script will sometimes identify a
spurious demolding event, or fail to recognize a real event. These failures are readily apparent in
the diagnostic plis produced by the script, and these pointsraeuallycensored from further
calculations (such as the withpart meardemolding worlcthat are performed in Excel

All of the identified points of interest, along with the adjusted load and extension, the
identified demolding events, the calculated energy for each demolding event, and the adjusted
load and extension at each demolding event are stored as fields in the MatLab variable for each
experiment and saved to a MatLab formatted data file for latezval. The experiment
identifiers (part numbersiiemolding worksdemolding loads and extensions, and sticking loads
are exported to an Excel spreadsheet for additional manual examination and analysis.

Within Excel,demolding workand sticking force rests are grouped along with the
recorded demolding temperatures for each experiment. Since the top and bottom platen
temperatures sometimes diff@ightly from each other and from the intended setpoint, each
value is recoded at the time of the experim&he average of thimp and bottom platen

temperaturess taken as the demolding temperature for a given test.

4.8.5 Calculating demolding toughness

To compare across geometries, and to produce a metric that may be generalized to other
situations, thealculatel demolding workcan be normalized by areadstimatethe demolding
toughnesskracture energy is normalized by the area of crack enlargeamealculatehe
averagdoughnes®ver the areal his normalization scheme can be checked by comparing with
theresults of loaebased caldations of demolding toughness, such as those given by the
formula in ASTM D3433 (Equatiod-2). FromFigure4.27 it can be seen that there is good
agreement in general betwette toughness calculated by the area method and that tadchia
the loadbased relations, although the ldaased methods underestimate the toughitsshemi
et al.found that demolding toughness determined from-lmagkd calculations required

empirical correction factors to match those found by the area mgt334l

145



9 - # Area Method
8- A Simple Beam
£ ;] CASTMD3433
S
[%)]

8 6 :
= :
o O
= |
24 i '
(@) L
S 3 G, i
5 3 J
o 5 A o
éEJ A A A
.- i
0 T T T T 1
20 30 40 50 60 70

Demolding Temperature ( C)

Figure 4.27 Plot comparing toughnessalculation methodsat several temperatures.
Each point represents the withinpart averagetoughness for demolding tests oa mold with 7 channels
100um high and 3.2 mm apart Error bars are the 95% confidence interval calculated from each withirpart
standard deviation. Error bar colors match marker colors.

4.9 Repeatability of demolding work

Before interpreting the experimental results, the reliability of the test method must be
assesed. Variation is inherent to any r@adrld process, and adhesion tests in particular are
known to produce highly variable resyl1d.6]. Several experiments were replicated to assess the
variation in the measured demolding wdrigure4.28 shows the demolding work determined
for individual features from severalpeated demolding experiments at 50°C with a PMMA
specimen on a mold with 1Q0n high, 100um wide channel features spaceché apart that
extend across the full width of the part (pattern HLOOE?2). Each point represents the demolding
work for a single feate, and the data is grouped by runs. A large degree of variation between
runs is evident for individual channels, but this variation is comparable to the variation between

channels within a given run.
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Demolding Work (mJ)

Figure 4.28 Demolding work results from five repeated demolding experiments at 50°C on a mold with
100um high channels spaced thm apart that extend across the full width of the part. Each point represents
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Figure 4.29 Box plot of data from five repeated demolding experimentat 50°C on a mold with 10Qum high
channels spaced 2nm apart that extend across the full width of the part.Boxes span between the #5and
75" percentile, with a horizontal line at the mean. Whiskers extend to the extreme values, while crosses
represent outliers further than 1.5 times the interquartile distance.

This hypothesis can be tested quantitatively by away analysis of variance
(ANOVA), which compares the variation between different groups (the main effects) to the
variation attributed to random noise (the error). The results of-theey2ANOVA are given in
Table4.2. The relevant outputs of this analysis are theRPwalues in the righhand column.
The Rvalue for the effetcof features (0.59means there is no significant difference in the
demolding work between the channels. Similarly, theRe for the effect of runs (0.14) means
there is no significant differee in demolding work between different runs.

Table 4.2 Results of 2way ANOVA for five parts demolded at 50C from mold H100E2
(full -width channels 100um high and 2 mm apart).

Sum of Degreesof Mean F
Source . .. P-value
Squares freedom Square statistic
Features 5.83x10" 5 1.17x10° 0.76 0.59
Runs 1.20x10° 4 3.00x10* 1.94 0.14
Error  3.08x10° 20 1.54x10"
Total 4.86x10° 29
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Overall, these results can be interpreted to support the hypothesis thenitididg
work for any given channel is a measure of the true value combined with some random noise.
Similar conclusions can be made for the other mold geometries tested, and at other temperatures.
Analysis of variance results for selected experimargshown below.Figure4.30andTable4.3
show the results for three demolding experimanh®0°C for a mold with 10Qm high channels
spaced 3.2nm apart and interrupted withS mm period for 50% total projected ar@adFigure
4.31 andTable4.4 show the results fdive repeated demolding experiments at 50°C on a mold
with 200pum high chanaels spaced thm apart that extend across the full width of the part. In
both cases, the effects of feasiand runs are not significant, confirming that the experimental
variation is caused the inherent variability of demolding, rather than any syst@maariation.

In demolding, the magnitude of the noise component can be quite large, so repeated
measurements are needed to make firm conclusions. The ability to determine demolding work
for several individual channels on the mold for each experimenhalps to overcome the large
variation in demolding work for individual features, since the average across several channels for

a given run will be less sensitive to noise.
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Figure 4.30 Box plot of data from three demolding experiments at 60°C foa mold with 100pum high channels
spaced 3.2nm apart and interrupted with 0.5 mm period for 50% total projected area
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Table 4.3 Results of 2way ANOVA for three parts demolded at ®C from a mold with interrupted channels
100um high and 3.2 mm apart with 50% projected area

Sumof Degreesof Mean F
Source Squares  freedom Square statistic P-value
Features 5.58x10% 7 7.97%10° 1.24 0.34
Parts 7.58x10° 2 3.79x10° 0.59 0.57
Error  8.97x10* 14 6.40x10°
Total 1.53x10°3 23
0.08}- | -
~ 007} :
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Figure 4.31 Box plot of data from five repeated demolding experiments at 50°C on a mold with 2Q0n high
channels spaced Jnm apart that extendacross the full width of the part.

Table 4.4 Results of 2way ANOVA for five parts demolded at 50C froma mold with full -width channels
200um high and 2 mm apart

Sum of  Degrees of Mean F
Source Squares freedom Square statistic P-value
Features 2.50x10° 6 4.16x10°  1.13 0.37
Parts  3.00x10° 4 7.59x10"  2.07 0.12
Error  8.80x10° 24 3.68x10"
Total  1.44x107 34
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4.9.1 Mold-to-mold variation

It is also possible that differences between the machined molds coigtribute to
apparent differences in demolding work. In order to study the effect of channel spacing
(discussed in sectidn8.1), molds were machined with 1@®n high channels with different
spacing. One md combined chamels with Imm and 2nm spacing, another had 3rtn and
7.5mm spacing, and a third hadvinm and 3.2nm spacing. Within these three molds, it is
possible to compare identical geometry in two casesm?and 3.2nm spacing. Analysis of
variance results fahese two cases are showrTable4.5 andTable4.6. No significant effect
on the demolding work at 50°€ observed, and so it is not expected that Amlchold variation
will contribute significantlyd observed differences in demolding work.

Table 4.5 Results of ANOVA for the effect of moldto-mold variation for 100 um deep channels spaced@am
apart demolded at 50°C

Sum of Degrees of Mean

Source  Squares freecom Square F statistic P-value
Molds  2.60x10° 1 1.00x10* 1.44 0.26
Error  1.98x10* 11 1.10x10°

Total  2.24x10° 12

Table 4.6 Results of ANOVA for the effect of moldto-mold variation for 100 um deep channels spaced
3.2mm apart demolded at 50°C

Sum of Degrees of Mean

Source  Squares freedom Square F statistic P-value
Molds  8.00x10° 1 8.00x10° 1.02 0.3%4
Error  7.04x10° 9 7.83%x10°

Total  7.84x10" 10
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CHAPTER

Experimental results and dscussion

5.1 Introduction to the chapter

The analysis of demolding mechanics in Chaptend the simulations results presented
in Chaptei3 provide insighinto the process of demolding, as well as mtaohs of expected
trends in the observed demolding work. While there have been other efforts at modeling
demolding, experimental validation has apparently been lacking (see seB}ichn important
component of the presewbrk, and a major contribution of this thesis, is the development of the
experimental method described in Chagtesind itsuse intesting the predictions of the
analytical and finite element modelhe experimental findinghemselves represent another
major contribution of this work.

This chapter presents the experimental results and discusses how they relate to the
mechanics of demolding and the simulated results presented earlier. Overall, there is
considerable agreememtterms of the relationship between demolding work and feature
geometry, as well as the related phenomenon of feature distortion. The observed trends of
demolding work with temperature are consistent wWigimodel combining adhesion degradation
and sidewt friction developed in sectioB.7. While themodelsand simulations arene or two-
dimensional, theeexperiments provide insight into the real, thdimensional, nosideal
process of demolding. Just as importantly, theeeimental method developed for this work
makes it possible to evaluate #fects of mitigation strategies such as{adhesion coatings

and changes in featuegelge qualityon the demolding work

5.2 Mold features

Several different molds werkesigned to tespecific effects, and they can be grouped
into three familis. The first family consists aholds with channel features that extend across the
width of the specimeperpendicular to the direction of crack propagasoaoh as the mold in
Figure4.17. These molds were intended to test the effect of channel height and spacing, and
were made at heights of 200, 100, 50, angr0The moldshavetwo halves with different
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inter-feature spacing of &hm and 3.2nm. Molds were also madeith 1 mm and 7.5mm

spacingat 100um height.

0.1 mm
—<—
© ©
© ©
=t [« = <
2.0 mm 3.2 mm

Figure 5.1 Diagram of mold with full -width channels designed to test the effect of intdeature spacing.

The second family conssbf molds with channel featas that are interruptedhich

were designetb study the effect of feature wid(Rigure5.2). These molds were also maate

heights of 200, 100, and %0n, and all had 3.2hm spacingThe channel features have total
widths of 5% and 50% of the width of the p&&5 and 5mm for the standard 1®&m wide

part) and one mold at 75% width and 0@ height. Molds were also made to test the effect of
the distribution of widtl{Figure5.3), with a single fetre thats either 50% or 75% of the width

of the part and centered with respect to the part, or two feauties edges of the pavith total

0.5 mm

width of 50%.
© ©
© ©
1§ A )
Y Y
50% width  25% width

—>|

3.2 mm

Figure 5.2 Diagram of mold pattern designed b test effect of width with interrupted channel features
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Figure 5.3 Diagram of mold pattern designed to test effect of distribution of width The shaded area
corresponds to the footprint of the test specien.

The third family consists of molds with features parallel to the direction of crack
extension (Al ongitudinal 0). These mpm,ad wer e
the two halves of each moldveeither three or five features acrosswidth of the par(the
part is 10mm wide)for a total width of 300 and 50@m respectivelyThe longitudinal channel

featuresare4 mm long and spacedr@m apariFigure5.4).

© ©
Area of
t
2'Omm¢LEEEE:::: /par
0.1mm%:EEEE:::: ﬁS.me
@ @
= ==

4.0 mm 2.0 mm

Figure 5.4 Diagram of mold pattern with longitudinal features. The shaded area corresponds to the footprint
of the test specimen.

5.3 Feature distortion at low temperatures

Defects such as ¢honeshown inFigure5.5 have been observedany timeq39, 42, 74]
and are widely hypothesized to be caused by thermal stress during cooling and defioé&ling.
local deformation includes a bulge that is pushed above the disgiface of the part, as shown

in Figure5.6 andFigure5.7 (see section8.4.4and3.4.5for similar results from FEA models).
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These bulges apgoblematic for bonding because they can prevent the cover plate from sealing
channels. Local deformation such as this can cause a part to be unusable.

Acc.V SpotMagn Det WD p——— 100 um
3.00kv 40 200x SE 145

Figure 5.5 Scanning electron micrograph of a distortedeature in an embossed PMMA part. The part was
cooled to 25°C before demolding. Thermal contraction towards the center caused large thermaksses,
which deformed the featureand created a bulge on the outer side

77 pym
0 pm

Figure 5.6 Rendered projection of data from white light profilometer for a feature embossed in PMMA and
demolded at 25°C The instrument cannot view vertical sidewalls, so missing data is interpolated. Compare to
Figure 5.5.
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Figure 5.7 Profilometer data shown inFigure 5.6 projected edgeon to showthe crosssection of a feature
embossed in PMMA and demolded at 25°@long with the bulge defect.

5.3.1 Effect of temperature and geometry on feature distortion

The local deformation of features is related to both the demolding temperature and the
feature geometryrigure5.8 depicts several microscope photos of the end of a longéud
channel of three different heights embossed in PMMA parts and demolded at different
temperatures between 25°C and 70°C. Distortion becomes more severe at lower temperature,
evidenced by a larger and more distibglgeat the end of the channel. Theegher channels
show less severe distortion, with the deepesti20@hannel showing no distortion at even the

lowest temperature.
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Figure 5.8 Optical micrographs of 100 um wide longitudinal channels of thee different depths embossed in
PMMA and demolded between 25°C and 70°CThe rectangular object is the outer end of the feature, and the
large arcs are machining marks. The mall arcs at the end of the channel are evidence of local distortion.
Distortion increases at lower temperatures. The deeper channels show lesseredistortion, with the 200 um
deep channel showing no distortion even at the lowest temperatui®verall thermal contraction is towards
the bottom of the images.

Along with height, the total width of the features across the part also affects the severity
of distortion and the temperature at which it is first evideigure5.9 depictsseveral
microscope photos of the end of a 100 deep longitudinal channel embossed in PMMA parts
and demolded at different temperatures between 25°C and 70°C. The mold has two halves with
three and five channels across the part respectitFye5.4). The half with more features, and
thus greater total width of features, shows less severe distortion. Furthermore, the distortion is

not evident until lower temperatures are reached.
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Figure 5.9 Optical micrographs of 100um wide and 100um deep longitudinal channels embossed in PMMA
and demolded between 25°C and 70°C.

The height of the bulge (as iigureb.7) can be used to assess the amount of local
distortion. The height is taken from the white light profilometer data for each part using the
script listed inAppendixC.4. This script first removes grslight outof-plane tilt in the data, and
then locates the cros®ction with the greatest height to identify tbeation of thebulge. The
height of the bulge is measured relative to the surface of thél'pharbulge height for PMMA
parts embossed wits0um deep interrupted channels with 25% total width (@rb) and
demolded at various temperatures is plotteligure5.10. As shown by these curve) n
distortion is evident for demolding temperatuoé80°C and higher Theoutermost features are
the first to show distortion, and show the greatest amount of distortion. This observation is
consistent with the distribution of sidewall forces among multiple features predicted from the
model given by EquatioR-30 (compareFigure5.10 with Figure2.26).
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Figure 5.10 Bulge height measured from profilometer data for PMMA parts embossed with 5Qum deep
interr upted chanrels with 2.5 mm total width (shown in insef) and demolded affive temperatures(one part at
each temperature) Distortioni s evi dent at 70AC and bel ow, and increas
are the first to show distortion, and show a greater amount of distortion.

The temperature at which bulge defects are first evident (the distortion temperature) is
related to thdéeature geometrylhe bulge height for the outermost channel measured from
profilometer data for various molds with interrupted channels is plotted against demolding
temperature ifrigure5.11. As shown in this plothe molds wih greater height and width have
lower distortion temperatures, and the tallest molds did not show any distortion at the lowest
demolding temperature tested of 25¢@ngitudinal features have similar results, as shown in
Figure5.12.
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Figure 5.11 Bulge height at outermost featureon PMMA parts embossed withdifferent molds with
interrupted channels (shown in insetat demolding temperatures 0f25-90°C. Deeper and wider channels
havelower distortion temperatures and show less overall distortionMeasured bulge heights of less than 2m
are not significant.
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Figure 5.12 Bulge height for PMMA parts embossed with differentmolds with longitudinal channels(shown
in inset) at demolding temperatures 0f25-80°C. Deeper and wider patterns have lower distortion
temperatures and show less overall distortion.
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5.3.2 Quantifying the relationship between feature geometry and distortion

A reasonable hypotises would be that local distortion occurs when the local stress
exceeds the yield strength of the polymer. The local stress can be roughly estimated as the force
on the featureaused byhermal stress divided by the projected area of the featitbis point,
it is useful to define dimensions that characterize the pattern of features on th€ amddiering
arepeated patterncendwar e def i ned as the | ewhietwhsthend wi dt
width of the feature. These parametersildustratedin Figure5.13a for a pattern of interrupted

channels an&igure5.13b for longitudinal channels.

@ l l |
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l l ol
l l |
| C |
L
Tf
(b)
L

C

Figure 5.13 Diagram illustrating the local pattern dimensionsfor (a) interrupted channels (b) longitudinal
channels The grey rectangle represents a single unit cell of the patter@verall contraction is towards the left
in these diagrams

Using these parameters, the criterion for local distortiorbeastated as Equatiérl.

Fsw
weh; ~ %Y 5-1
where
Fsw Force on feature sidewall
Ws Width of feature perpendicular to direction of contraction
hy Height of feature
vy Yield strength of the part material
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RecallingEquation2-26 for estimating the force on a feature, and substituting Equation

2-27 and2-29for the stiffnesseand using the local dimensions defined abghelength of the

pattern unit cellL. is equivalent to feature spacing)e criterion for local distortionan be re

stated ag&quation5-2. The criterionc an be sol ved for the T at

Equation5-4, where material properties and geometric parameters have been grouped
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geometric parameters

where

Fsw Sidewall force

Ko Equivalent stiffness of the bulk part

ks Equivalent local stiffness of the region of the part near the feature
ty Thickness of part

W Width of unit cell

L Length of unit cell

hy Heightof feature

Wi Width of feature

3 Poi ssonds ratio

E Elastic modulus

U Linear coefficient of thermal contraction

ro, I Boundary condition parameterg=1 mm,r=1 um (see sectio2.6.2
T Change in temperature
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On the left side of Equatidst4, thequantity inbraces contains all the information related
to geometryThe quantity2 In(r,/r) /m is approximately 4.4, andree most polymers that
mi ght be hot embossed hav &4atteaiperatuses loelovbteeirr at i o
glass transition, the quantity/ (1 — v3)21In(r,/r) can be approximated as 0.3he term
containing the geometric parameters can then be stateddimdresionless geometric rati,

defined in Equatio®-5. The distortion criterion can then bestated as Equatids6.

d he(wct, + 0.52wgL) _ o

5-5
tywelie
2
M:@ < AT 5-6
Ea

where
tp Thickness of part
We Width of patternunit cell
Lc Length ofpatternunit cell
hy Height of feature
Ws Width of feature
D Dimensionless geometric ratio related to feature distortion
Oy Yield strength
3 Poissonbs ratio
E Elastic modulus
U Linear coefficient of thermal contraction
T Change in temperature

The ratioD is related to pattern density. Sparse patterns will have relatively small
features and large unit cells, whitdgether reduce the value ©f while denser patterns with
larger, closely spaced features have highelncreasing sidewall ardar a given patteriby
increasing feature height also increases the val@ bftuition would suggest that sparser
pattens would be more sensitive to thermal stress and more apt to show feature distortion, and
experimental observations support this expectation.

Experimental observations show that there is a clear relationship between the distortion
temperature an®, andthe trend is consistent for the three very different feature patterns tested
(full-width, interrupted, and longitudinal channeks shown irFigure5.14i n whi ch t he
below Ty at which feature distortion is first observeglstted against the dimensionless ratio

for all of thefeature patterngested Demolding tests were conducted at 10°C intervals, which
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accounts for the stepise changes in observed distortion temperaistortion was not

observed in thenold pattens with®©>0.2at the lowest temperature testdd®?5°C (pT = €p

120
No distortion observed
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Dimensionless geometric ratio ©

Figure 514pT b e | abwhichTfeature distortion is first observedin embossed PMMA partsplotted
against the dimensionless geometric te D for the various mold geometries testedThere is a clear
relationship between® and the distortion temperature.

The oT at which | ocal st estimatdisngtemnperdige t he vy
dependent material properties for PMMA from thedels developed by Am§s05]. The T
estimated from Equatidbt4 is plotted inFigure5.15 along with the observed distortion
temperatures from experimentsth PMMA parts There is goodagreemenbetween the trend in
observed distortion temperature withand thecalculated distortion threshol@emolding
experiments were conducted at 10°C intervals, accountirtgéagrouping oéxperimental
observations ansome of the departure from the model liAéso, there is some departdrem
the modefor very sparse pattern®€0.1), which are somewhat more resistant to distortion than
expectedThe overall good agreement betweenrtfuelel and the experimental observations
supports the importance of the ratoas well as the physical reasoning that underlies the
distortion criterion given by Equatid®6. Similar results are shown Figure5.16 for
polycarbonatgarts. Again, there is good agreement between the experimentally observed
distortion temperature and the estimate from Equ&ién
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Figure 5.15 Comparison of feature distortion temperature ob®rved in experimentson PMMA parts with the
estimate from Eq.5-4.
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Figure 5.16 Comparison of feature distortion temperature observed irexperiments onpolycarbonate parts
with the estimate from Eq.5-4.
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The ratio® is also related to the amount oftdidion at a given temperature, as shown by
Figure5.17in whichthe bulge height fohe outermost feature at 25°C is plotted agdiniir
boththe interrupted and longitudinal mold patterfiie consistent trend of increasing distortion
with decreasin@® for several different patterns provides additional evidence reinforcing the role

of this ratio in predicting feature distortion.
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Figure 5.17 Bulge height of outermost featurdn PMMA parts at 25°C plotted againstD for interrupted and
longitudinal mold patterns.

Another test of the inflence of® would be to change it for a given pattern by varying
the thickness of the part. For instance, with the standardhvinbéick test specimen, the
100um high interrupted channel with 50% total width R&0.205 and no distortion is
observed athe lowestdemoldingg e mper at ure tested of 25AC ( T=¢
thickness is doubled to 3.16m (byembossing and demolditgo stackedand bonded
specimens)P=0.169 and distoin i s evi dent at 6 OFgGre518T=50AC) ,
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Figure 5.18 Comparison of feature distortion for standard and doublethick PMMA specimens embossed
with 100 um deep interrupted channels with 5mm total width. No distortion was evident in he standard
thickness part (the 0.2um bulge height is within the range of the surface roughnesshut doubling the
specimen thickness reduces the value ®f, and distortion is now evident at60°C as expected.

Experimental observations have shown that the amount of local feature distortion and the
temperature at which it is first evident (the distortion temperature) are related to the geometry of
featuresThe distortion criterion given by Equati®&r is derived from the equivalent stiffness
model developed in secti@6.2 along with some physical intuitioBy grouping the
parameters in this criteripthe effects of pattern geometry can be aggregated into the
dimensionless geometric rativdefined in Equatio®-5. The role ofD in determining feature
distortion is confirmedby the consistent trends in both the distortion temperature and the amount
of distortion across several disparate feature patterns. Theseveth effects are also consistent
with predictions from the simple models of demolding mechanics developed in se6fion
terms of the onset of distortion and the distribution of distortion among features.

5.4 Effect of temperature on demolding work

One of the most notable and consistent phenomena observed in this experimental study is
the relationship between demolding temperature and demolding work for a given mold pattern.
As an example hie measured demolding work fitweedifferentmolds is plotted against
demolding temperature Figure5.19. Despite differences in the magnitude of the demolding

work, the trend with temperature has three features in common for all molds. As demolding
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temperatur@ecreases, the demolding work is initially high, steeplydrops to the minimum
value, then gradually increasé@g) example othe demolding work results foofycarbonate
parts is shown ifrigure5.20. The trend of demolding wk with temperature is similar for both
polycarbonate and PMMA.

Comparing the experimental data showifrigure5.19 with the trend predicted by the
combined adhesion and friction model developed in se2tigrshown inFigure2.29 (repeated
below), it is clear that the observed trends are consistent with this model. From this
correspondence, it can be postulated that the observed transition from a decreasing trend in
demolding work to an increasing trend is related to a transition from adhdsmomated to
friction-dominated demolding, as in the analytical model. Such a transition is also expected

based on the results of finite element simulations discussed in s&:b@msl3.6.
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Figure 5.19 Measured demolding work for PMMA parts at various demolding temperatures forthree
different molds (see insets)Each pont represents the withinpart average for one run, while error bars
represent the 95% confidence interval for each run based on theithin -part standard deviation and lines
connect the acrossuns average.Demolding work at higher temperatures is high, the steeplydecreases to
the minimum value, then gradually increases as temperature decreaséa) 50 um deep fullwidth channels
spaced 2mm apart, (b) 100um deep longitudinal channels, wth a combined width of 300um, (c) 200pum
deep interrupted channelswith total width 2.5 mm.
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Figure 5.20 Measured demolding work for PC parts at various demolding temperatures for a mold with
200um deep interrupted channels with total width 5mm. Each point represents thewithin -part average for
one run, while error bars represent the 95% confidence interval for each run based on the withipart

standard deviation. Demolding work for PC shows the same trend with temperature as for PMMA.
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Figure 2.29 Combined effects of friction and adhesion in demolding at temperatures from 2510°C. There is
a clearminimum demolding toughnessat the transition between adhesiordominant and friction-dominant
demolding. This point at ~60°C would be the optimal demolding temperature.

5.4.1 Effect of temperature on adhesion

When the demolding phase of an experiment begins and the platens first begin to
separate, a brief tensile force t e r nste id ¢ k ih rig diténmbsene@eeFigure4.21).
The sticking force is associated with breaking the adhesion between the featureless upper mold
(backing platejnd the top surface of the part, and so the observed sticking force can be taken as
an indication of the degree of adhesion between the moltharghrtLike the demolding work,
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the sticking force shows a consistent trend with tempexatcross all mold patternghis trend
can be seen iRigure5.21, which showsHhe sticking force fothree types of patternsix molds
total) of 100um deepfeaturesat demolding temperatures from-260°C. The sticking force
drops off rapidlywith decreasing temperature, and it has effectively vanished at ~60°C. This
trend is consistent across all the mold patterns teSteullar resits for polycarbonatare shown
in Figure5.22. For polycarbonatgthe measured sticking force decreases rapidly as demolding
temperature decreases from 150°C, and has effectively vanish@a’at ~

The observation that the adhasiof the top surface of the part is decreasing over the
same range in which the demolding work is decreamsgnges with theroposednodel of
adhesiordominated demolding giving way to frictisdominated demolding as the adhesion is

degraded by increagirthermal strss.
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Figure 5.21 Sticking force vs. demolding temperature for three differenttypes ofpatterns (six molds total) of
100um deep features embossed into PMMA.
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Figure 5.22 Sticking force vs. demolding temperature formpolycarbonate parts embossed withmolds with
interrupted channels 100 um and 200 um deep

Both the analytical and finite element adhesion mo@elstion2.7 and3.6) depend on
the original adhesive stngth between the part and mola calibrate these modeks)
experimental measurement of the adhesion strength is né&=t=aise they could be easily
performed using the sampgaratus, pll tests (see sectich3.1) were performed to measure the
adhesion strength between PMMA and Aluminum across the relevant temperature range. The
test specimens were 2m diameter discs that were 1/58n thick, andhe featureless
aluminum molds from the other demolding tests were used as both the top and bottom mold. The
heating, pressingnd demolding portions of the adhesion tests were the same as for demolding
tests, including the temperature, pressure, hoid,tand displacement rate of the upper platen.
The measured adhesion force at temperatures from 135°C down to 25°C is plBitgaten
5.23. As with the sticking force, there is a decreasing trend, with the adhesion forcevelfffecti
vanishing at ~60°CSimilar adhesion tests were conducted usingi@0diameter and 1.58m
thick polycarbonateliscs. Because @olycarbonaté s hi gher gl ass transiti

tests were performed at 160°C.

172



- ‘ ‘
Z 100 -
) 3
8 ]
L ] »
- T *
L2 10 -
8 3
o ] *
o] ]
< ] *
2 2
1 T T T ‘ T T T 1

0 20 40 60 80 100 120 140

Temperature ( C)

Figure 5.23 Adhesion force vstemperature for 20mm diameter 1.58mm thick PMMA discs on flat
aluminum. Note the log scale of the vertical axis, whicbxaggeratesmall variation in the very low forces
measured below 80°CSix tests wereperformed at 135°C.

The adhesion toughness can be estimated from the adhesion force according to the
relation in Equatiord-7, which was developed by Yang and[184]. Using theaverage
adhesion forcéor PMMA at 135°C of 182, the adhesion toughness can be estimated as
49.7JInf.

Based on the average adhesion forceptidycarbonatat 160°C of 146N, the ahesion
toughness can be estimated as 2. Although thepolycarbonateliscs had similameasured
adhesion forces to the PMMA discs, the greater elastic modupayaiarbonateatthe
embossing temperature (11.7 MPa at 16f@@°Cversus 4.0 MPa &t35°C for PMMA)results
in lower calculatecadhesion toughnesempared with PMMAThese values areused in the

analytical and finite element modeling of adhesion in secohand3.6.

2 2
GO:tp(l—v)(FA) 5.7
2E Tr?
where
G Adhesion strength (toughness)
tp Thickness of part
3 Poissonbs ratio
E Elastic modulus
Fa Adhesion force
r Radius of part
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The adhesion toughne$or the PMMA discs calculated from the measured forces and
Equation5-7 and accounting for the temperature dependence of the elastic modulus is plotted in
Figure5.24. Again, the adhesion strength has been completely degraded by ~60°C, which agrees
with the temperature predicted by the model developed in s&fidalso sed-igure2.27),
which was calibrated usingehnitial adhesion toughness at 135°C measured in these tests. This
evidence for the degradation of adhesion also suggests that below a critical temperature, another
mechanism, most likely sidewall friction, must account for the demolding work at lower

temperatures.
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Figure 5.24 Adhesion toughness vdemperature for 20mm diameter 1.58mm thick PMMA discs on flat
aluminum. Note the log scale of the vertical axis. The measured adhesion stréngffectively vanishes below
~60°C. The point at 135°C is the average toughness across six tests, while the other points are for single tests.

5.4.2 Effect of feature distortion on demolding work at low temperatures

As discussed previously, molds with sparse patterns haveobserved to suffer from
feature distortion at lower demolding temperatuRealling the simulation results presented in
sections3.4.4and3.5.4 plastic deformatiom the region near the feagsrpartially relieves the
thermalstress in th@art which in turn reduces the forces on the feature sidewalls. According to
the model of frictiordominated demolding (see sect@i and Eq2-34), areduction in
sidewall forces should reduce the demolding work.

This effect has been observed in the experiments on sparse patterns, as showe in
5.25. This plot shows the demolding work for molds with interrupted channgisheights of 50
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and 100um and widths of 2.5 andrim. The demolding work for these patterns was found to
depart from the increasing trend with decreasing demolding temperature at the lowest
temperaturesThis departure coincides with the onset of featlistortion, as shown igure
5.11 This observed effect mnsistent with the finite element simulations andathalytical
model of frictionrdominated demoldinghese results highlight the importance of sidewall
forces in @termining the demolding work at lower temperatuhedping to confirm that

sidewall friction is the dominant mechanism in this regime
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Figure 5.25 For sparse patterns, @molding work at low temperatures dparts from the increasing trendwith
decreasing demolding temperatureThis effect is attributed to local feature distortion relieving some thermal
stress, which in turn reduces sidewall forces?oints represent within-part mean demoldingwork; lines
connrect the acrossrun mean work; error bars represent 95% confidence intervals on the withirpart means
based on the withinrpart variance.

5.5 Part warping at high temperatures

At higher demolding temperatures, parts were sometimes permanently warped during
demodbing, as shown ifrigure5.26 which depicts fouPMMA parts embossed with an
aluminum mold with 10Qum deep channels spaced imbB apart and demolded at temperatures
from 77-104°C.
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Figure 5.26 Photo of four PMMA parts demolded from an aluminum mold with 100um deep channels spaced
7.5mm apart. The parts demolded at higher temperatures were permanently warped because of strong
adhesion with the mold.

It is possible that the energgrisumed in deforming these warped parts is partially
contributing to the observed demolding work (recall the deformation component included in
Equation2-32). This possibility does not contradict the hypothesis that adhesiorsdasigber
demolding work at high temperatures. In fact, it is the combination of strong adhesion and low
material strengt® as illustrated ifFigure5.278 that leads to part warping at high temperatures

Because of th possibility of warping, demolding in the presence of strong adhesion is not

recommended.
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Figure 5.27 At high temperatures, a combination of strong adhesion and low material strength can result in
part war ping. Note the log scale of the vertical axes.
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5.6 Effect of mold geometry on optimumdemolding temperature

As evidenced by the demolding work results for the various mbldsre5.19), there is
a clear minimum in the demolding waak a specific temperature. Based on the models of
demolding mechanics developed in secon the finite element simulation results discussed in
3.5and3.6, and theobserved trend in adhesion strength discussédif, it can be concluded
that the minimum demolding work coincides wilte transition from adhesiestominated to
friction-dominated demolding.

The temperature at which demimlg workis minimizedcan be considered the optimal
demolding temperaturéds shown inFigure5.28, this optimal temperature is related to the
pattern of features on the mold. Toyatimum temperature sh@a decreasing trend with

increasingd, the dimensionless ratio defined in Equateh
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Figure 5.28 Average demolding workacross 35 runs at various temperaturesfor five different patterns of
100pum deep features The optimal demolding temperatureis related to thedimensionless ratioD.

Therelationship betweeaptimal demolding temperature (lowest demolding work) for all
of the mold patterns testethd® is clear fromFigure5.29. Because demolding experiments

were conducted at 10°C intervals, thy@imal temperatureannot be identified precisely,
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accounting for some of the scatter in this plot. Even so, the trenéwgtltonsistent across all
the mold patterng-or thedensest patterns (larg&8) , t he opt i mal T i s equ

by the adhesiocdegradation model of secti@7 (corresponding to a demolding temperature of
60°C).
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Figure 5290pt i mal demol di ng dfor all of the adpatternsrested. r at i o

These results also imply that the critical temperabetewwhich adhesion gives way to
friction is also related t®. A possible explanation for this tremdth D is the inhibiting effect
of dense patterns dhedegradation of adhesion between the part and the. Miién there are
many features, the featgrieelp supporthe thermal stress, and so adhesion in the flat areas may
be less severely degraded. Spapsgternglower D) will tend to support less of the thermal
stress, so adhesion is quickly degradéds effect is consistent with the results of finite element

simulations of adhesion degradation presented in segiton
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5.7 Demolding process window

The temperature at which local distortion becomes evideatdstortion temperature,
see sectio®.3) sets the lower boundary for acceptable demoldimilarly, the temperature
belowwhich demoldingransitions from adhesiedominant to frictiordominant(critical
temperature, see sectibrl.1and5.5) sets the upper boundary facceptable demoldingince
above this temperatureold-part adhsion can be strong enough to warp the gartthermore,
these temperatureserelated to the dimensionlegsometric ratidD, definedin Equation5-5 in
section5.3.2 Highlighting this relationshipthe distortiontemperature, optimal temperature, and
critical temperatures for all the mold patterns tested are plesiédl in Figure5.30. From this
plot, it is evident that there is a window for acceptable demolding bounydie distortion
temperature and the critical temperature and containing the optimal tempérhatsirgindow of

acceptable demolding temperatures (the demolding process window) is also clearly r&hated to
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Figure 5.30 Distortion temperature, optimal temperature, and critical temperature vs.D for all mold patterns
tested.The relationship betweend, feature distortion, and the optimal demolding temperature is consistent
across the different mold pattens. The distortion temperature and the critical temperature along with®
define the windowof acceptable demolding temperatures (process window)
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The generalized demolding process window for PMMA on aluminum nlgisen in
Figure5.31. The lines in this figure are roughly based on a moving average of the observed
boundary temperature&cceptable demolding is possible anywhere between the limits defined
by thepotential for feature distortion and part warpifige optimal temerature is
recommended, since the lowest demolding wakd lowest demolding forces) occur here.
Special care should be taken wi®x0.2 because the demolding process window can be as
narrow as 10°Cmportantly, there is no single demolding temperature that is acceptable for all
mold patterns, so knowledge of the pattern (in ternB)adnd the demolding process window is

requiredto select the appropriate demolding temperature.
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Figure 5.31 Demolding process windowfor PMMA on Aluminum molds based onexperimental observations

Considering both the critical temperature and the distotemperature, it can be seen
thattheraticdbi s r el ated to the fASpaserptterntofysmallerf t her mal
features haveow valuesofbande x hi bit more feature distortion
temperaturesPenser ptternsof larger features havdgher values ob andare more resistant
to thermal stres, buthis resistance also has the effect of delaying the degradation of adhesion
and increasing the T r dhseffectevas arfticdpatedanche énget a b | e
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element simulations of molds with déffent feature spacing (compaiigure3.36 andFigure
3.39), where the sparser pattern showed more degradation of adhesion strength at higher
temperatures.

The generalized demolding process window foypatbonate is shown fRigure5.32.
As was the case for PMMA, there is no single demolding temperature that is recommended for
all values ofd. The weakemitial adhesion toughness between PC and Aluminum (see section
54) results in a | ower a%ddommnedwththeiadhesionlippd f or
3 4 PBIMA. The effect is consistent with the aifion degradation model developed in
section2.7 (Eq. 2-33) and the finite element simulations for different initial adhesion strengths
presented in sectidh6 (seeFigure3.37). For polycarbonate, the sparsest mold patterns
(DM0.18) had such weak adhesion that they could be easily demolded near the embossing

temperature.
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Figure 5.32 Demolding process window for PC on Aluminum molds based on experimental observations.
Note thatthe lower initial adhesion toughness between PC and Aluminum (see sect®#d.1) results in a lower
adhesion | i mit 3ImfaredwittaFMMA.v al ues of
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5.8 Feature geometry and demolding work

Recalling the results of analgal models in sectioB.7 andfinite element simulations in
section3.6, it is expected that feature geometry will have an effect on the magnitude of the

demolding work in the frictiordominated rgime.

5.8.1 Effect of spacing

The spacing between rows of features that are oriented perpendicular to the direction of
thermal contraction has a strong effect on the forces on those features according to both
analytical models (Equatid27) and finite element simulationkigure3.12). Higher sidewall
forces in turn lead to higher demolding work in Coulomb friction dominated demolding
(Equation2-34).

To test this effect, wids were poduced with 10Qum high fulkwidth channels and
spacing of 1, 2, 3.2, and 7tbm, andbetweerb and 13PMMA parts were embossed with each
mold and demolded at 50°€or all of these patterns, 50°C is within the frictimminant
demolding rangeThe withn-part average demolding work at 50f all of these testis
plottedagainst the featurgpacing inFigure5.33. The demolding work clearly increases with

feature spacing.

0.35 -
0.3 - i
0.25
0.2 -

L K 2

Demolding Work (mJ)
o
© i
= o,

*

4

0.05 - ‘ ‘
0 . . . . . . . .
0 1 2 3 4 5 6 7 8

Spacing (mm)

Figure 5.33 Within -part mean demolding work for 100 um deep channels of different spacing at 50°C.
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Because the spacing varies, the area of crack extension between features also varies.
From a macroscopic perspective, if two surfaces have the same toughnepgdezs but
cracks in one of the surfaces extend with longer increments, that surfaeghadit higher
measuredracture energy. When the fracture energy is normalized by the area of crack extension
(to computethe toughness), the difference will digpeear.To test whether the overalemolding
difficulty at 50°C(due to sidewall friction) increases with feature spadimgdemolding work
should be normalized by the area of crack extension and the demolding toughness should be
comparedor these diffeent patternsThe demolding toughness for these tests is plotted in

Figure5.34. The trend of demolding toughness with spacing is less steep, but is still apparent.
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Figure 5.34 Within -part mean demolding toughness for 10Qm deep channels of different spacing at 50°C
along with leastsquares linear fit. There is an increasing trend of demolding toughness with increasing
feature spacing, which can be explained by the increasingrfes on feature sidewalls.

A statistical analysis can verify the significance of the relationship between spacing and
toughnesslf there is a stronguantitativerelationship between spacing and demolding
toughness, then these two parameters shoulddrggbtrcorrelated. The linear correlation
coefficient for spacing and withipart mean demolding toughness=6.743 (square root of
R?=0.552from Figure5.34; the calculation of Rcan be found in many statistics tejt85]).

The significance of thisorrelationcan be evaluated using the test statistic defin€gjuration
58 which has a St u®dayrees of frakdo35) i but i on wi t h
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rvn— 2

ry = 5-8
V1 —r2
where
re Test statistic for correlation coefficient
r Linear correlation coefficient
n Number of observations used to compute r

The sample linear correlation coefficiens an estimatef the population correlation
c oef f |aod the statistig s used to test theull hypothesidHy: } = @gainst the alternate
hypothesis it} Ithe current caséhe nullhypothesis can be rejected witloretailed p-
value of1.6x10". It can therefore be concluded that
between spacing and toughness) witery high confidence

According to the models and simulations discussed earlier (s@cicdtand3.4.3
respectively), increasing feature spacing increases the sidewall force. In the Coulomb friction
model of demolding mechanics, higher sidewall forces should result in greater demolding
toughnessThe experimental results disgsed above indicate that there is a clear and significant
positive relationship between spacing and toughness, which lends support to the theory of
demolding mechanics combining the equivalent stiffness model of sidewall forces with the
Coulomb friction nedel of demolding.

5.8.2 Effects of height and width

For demolding where Coulomb friction is the primary mechanism of energy dissipation,
the demolding work is expected to be proportional to feature haigle this is the sliding
distance for the sidewall @ion force during demoldinfsee Eq2-34 andFigure3.31). Under
these conditions, feature width is not expected to have a strong effect because Coulomb friction
is independent adipparentontact area.

To test this effect, molds have been produced with several combinatimtal déature
width (2.510 mm, or 25100% of the width of the pajtand feature height (5800um), and
PMMA parts have been embossed with these molds and demolded at tempefe2&6H0°C.

All of these patterns have the same feature spacingnf®.2In practice, it is difficult to
compare the effects of geometry across a broad range of feature dimensions because of the
relationship between pattern geometry and the demoldoaggs windowRecalling the

generalizd demolding process window shownkigure5.31, there are some demolding
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temperatures at which sparse patterns are beginning to suffer local distortion, while dense
patterns are still witmthe adhesiomdominated regime and so have much higher demolding
works.There is thus no single temperature at whicheffects of geometry can be isolated
across a wide range of patterns.

With this in mind, the effects of geometry can be deduced by exagrthe trends of
demolding work with feature width and height at selected temperatures and for limited,
overlapping ranges of dimensiosslight increasing trend in demolding work with feature
height is visible a60°Cand at 70°Qor interrupted chanels with total width 2.3nm, as shown
in Figure5.35. It should be noted that at 60°C the 5@ deep interrupted channdlave just
begun to show local distortion, while at 70°C the p@®deep pattern is still within the
adhesiordominated regime. The correlation between height and demolding work at 60°C is
significant with a pvalue of 0.@7 based on seven observations (n=d at 70°C it is
significant with a pvalue of 0.02%ased on nine observations (n=9).

A similar increamg trend of demolding work with feature height at 60°C and 70°C for
interrupted channels with total widthndm is apparent ifigure5.36. Again, it should be noted
that at 60°C the 50m deep interrupted channels have just begwshow local distortion, while
at 70°C the 20@um deep pattern is still within the adhesidominated regime. The correlation
between height and demolding work at 60°C is significant wittvalpe of 0.002 (n=6), and at
70°C it is marginally significanwith a pvalue of 0.059 (n=9)

The positive relationship between demolding work and feature height is also apparent for
the fullwidth channels, as shown kigure5.37. The correlation between height and demolding
work is signifcant with a pvalue of 0.004 (n=10).

The significance levels of the correlations between feature height and demolding work
for the three different feature widths are summarizebhinle5.1. Overall, the positive
correlation betwen feature height (channel depth) and demolding work is in line with

expectations based on a Coulomb friction model of demolding as proposed in 2éttion
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Figure 5.35 Effects of feature height for channels with 2.3nm total width at (a) 60°C, and (b) 70°C. Note: at
60°C the 50um high pattern has just begun to show local distortion, while at 70°C the 2Q@m deep pattern is
still within the adhesion dominated regimeand so this data is not includedIn both casesthe correlation
between height and demolding works significant.
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Figure 5.36 Effects of feature height for channels with 5nm total width at (a) 60°C, and (b) 70°C. Note: at
60°C the 50um high pattern has begun to show distortion, while at 70°C the 20@m deep pattern is within
the adhesion dominated regime and so this data is not included. In both cases, the correlation is significant.
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Figure 5.37 Effects of feature height for fullwidth channels (10mm total width) at 60°C.

Table 5.1 Summary of correlation P-valuesbetween feature height anawithin -part mean demolding work
along with number of observationsfor various widths at 60°C and 70°C. Values less than 5.0% are
considered statistically significant.

Total Width 60°C 70°C
2.5 mm 4.7% n=7 2.9% n=9
5 mm 0.2% n=6 5.9% n=9
10 mm 0.4% n=10

The CoulomHdriction model of demolding predicts that there should be no strong
relationship between total feature width and demolding work, since Coulomb friction is
independent opparentontact areal he results of demolding experiments on molds with
different ptal feature widths are consistent with this predictis shown inFigure5.38, there is
no apparent relationship between total feature width and demolding work at 60°C for the three
feature heights testedt 60°C, all of the ptterns are within the frictiedominated regime,
although the sparsest patterns (2.5 amtrbtotal width for 5Qum high and 2.%5nm total width
for 2100um high) have just begun to show distortion of the outermost features.

Table5.2 summarizeshe significance levels of the correlations between feature width
and demolding work. These are ttaled pvalues because the correlation coefficients are near
zero, and so the alternate hypothesisiis HQ, For all three heights, theiseno significant
correlation between width and demolding workis result is consistent with the Couaib
friction model of demolding, which predicts that the friction force, and therefore the demolding

work, is independent of apparent contact area asth@old not be related to total feature width.
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Figure 5.38 Effect of total feature width on demolding work at 60°C for (a) 50um, (b) 100pm, and (c) 200pum
deep channelsin all three cases, the caelation between width and demolding work is not significant.
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Table 5.2 Summary of correlation P-valuesbetweenfeature width and within -part mean demolding work for
various heightsat 60°C. None of these corelations isconsideredsignificant.

Feature 0
Height 60°C

50 pm 98% n=6
100 pm 85%, n=11
200 pm 97%, n=8

The layout of the channel features also does not affect the demolding work. Some molds
were made with channels that were interrupted so thatttleatiith was reduced, while other
molds were made with orieature in the middle of the pant two featurest the edges of the
partwith the same total width (séggure5.3). Figure5.39 shows box plts of the withinpart
mean demolding work at 50°C for different layouts, and ANOVA results for different layouts are
given inTable5.3 andTable5.4. From the ANOVA results, it can be concluded tlnate is no
significant difference among the different layowtsich suppors the hypothesis that feature
width does not affect the demolding wakdis consistent with the Coulomb friction model of

demolding.
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Figure 5.39 Box plots showing effect of pattern layout on withirpart mean demolding work at 50°C for (a)
50% total feature width (5 mm) (Note: there is only one observation for th&0% width Interrupted channel
at 50°C), and (b) 75% total feature width (7.5 mm).

Table 5.3 Results of ANOVA for effect of pattern layout on within-part mean demolding work at 50°C for
50% total feature width (5 mm).

Sum of Degrees of Mean

Source  Squares freedom Square F statstic P-value
Layout 5.04x10* 2 2.5210* 1.55 0.32
Error  6.51x10" 4 1.63x10*

Total 1.15E03 6

Table 5.4 Results of ANOVA for effect of pattern layout on within-part mean demolding work at 50°C for
75% total feature width (7.5mm).

Sum of Degrees of Mean

Source  Squares freedom Square F statistic P-value
Layout 3.22x10* 1 3.22¢10* 0.37 0.56
Error  6.15¢10° 7 8.79%x10"

Total  6.4710° 8
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5.9 Evaluating methods of nitigating demolding

The develoment of the demolding work and toughness as metrics for the difficulty of
demolding, along with the experimental method described previonake it possible to
evaluate methods for mitigating demolding, such as caatipglied to molds or changes to

feaure geometry.

5.9.1 Effect of coatings

Several researchers have suggested varioua@dimgéisive and lovriction coatings to
improve demolding of polymer microstructuifd$, 53, 81, 136, 137]t has also been found that
some of thee coatings can have a finite lifetif¥8]. While mold coatings have been found to
be effective in maoscopic polymer moldinfL38, 139] their effect has rarely been
guantitatively evaluated in molding of microstructus]. Quantitativeevaluation is necessary
to compare the effectiveness of these treatrerddoanalyze their costs and benefits to
determine their usefulness.

The effect of molacoatings was studied in collaboration with Biswajit Sahdgaioral
studentat Nanyang Technolagal University in Singapore and a member of the Singaptie
Alliance Programme in Manufacturing Systems and TechnolBggwajit Saha designed and
producedhe silicon molds for this study, applied the coatings,@articipated irconducting the
demolding experiments. He also performed measurements of the surface energies of the coatings.

The silicon molds were produced using conventional microfabricammiques
including photolithography and dry etchinithe coatings consist of Molybdenubmsulfide
doped vith varying amounts of Titanium, and were deposited by sputtdfach silicon molds
a rectangle 3éhm long by 20mm wide. The featuresre100um high square channels thate
8 mm wide across the mold. The featuaesspaced 0.5nm apartand the first feature is
3.6 mm from the edgeThis patterrhas®=0.81, the highest value tested so.farspecial fixture
was made to mount the silicon toatsthe demolding machiné photo of one (broken) silicon
mold clamped in this fixture is shown kigure5.40.The test specimengere8 mm wide by
40mm long and 1.5&m thick.
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Figure 5.40 (a) Photo of a silicon test moldthe bright lines are the features(b) Photo of a test specimen

embossed with the silicon moldnote the embossed channeléc) Photo of a siliconmounted in the clamp

fixture used for demolding trials. The silicon mold is the dark rectangle on which bright dots (the ends of
features) are visible. The silicon mold has broked a not uncommon experience during this study.

The data for these tests was analyzed using a slightly different script, which edentifi
demolding events by locating peaks in the second derivative of thedeadension curve. As

an example, the data from a demolding experiment on an uncoated silicon mold at 50°C is shown
in Figure5.41.
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Figure 5.41 Plot of load vs. extension data from a demolding experiment on an uncoated silicon mold at 50°C.
The silicon mold has dense feature spacing, saere are many more channels than on the aluminum molds.

The mold coatigs were found to have a profound effect on the demolding work, as can
be seen in the box plot of demolding work dat&igure5.42. The results for ANOVA on the
effect of mold coatings on demolding work are presentd@bie5.5. The effect of mold
coatings is significant, with ayalue of 1.52x18%
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Demolding Work (mJ)
{

Figure 5.42 Box plot of demolding work at 50°C for several silicon moldsMolds have been sorted accordig
to the average demolding work.
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Table 5.5 Results of ANOVA for the effect of mold coatings on demolding work at 50°C.
Sum of Degrees of Mean

Source  Squares freedom Square F statistic P-value
Coating 21.6 9 2.40 19.3 1.52x10"
Error 5.48 44 0.12
Total 27.1 53

Most demolding testsn the silicon moldsvere conducted at 50°C. For three molds,
demolding tests were also performed at temperatures from 40 toB@@demolding work
measured in these tess plotted ifFigure5.43. For all three molds, demolding work followed a
decreasing trend with temperature, indicating thase patterns are still within the adhesion
dominated regime at 50°C. This condition could be a restitte high value ob for this pattern
combined with strong initial adhesion to the molds.

< Uncoated
35 - MT9
oMT2

2.5 -

15 -

Demolding Work (mJ)

I____o.___J

o %

o
(<]
O T Jf 7 T 1
0 20 40 60 80 100

Demolding Temperature ( C)

Figure 5.43 Plot of demolding work for three different molds at a range of temperatures.
Demolding work shows adecreasing trend with temperature, indicating that these patterns are still within the
adhesiondominated regime at 50°CError bars represent the 95% confidence interval on the withinpart
mean based on the withirpart variance.

Since the demolding tesigere conducted within the adhesidaminated regime, it is
expected that the adhesion strength between PMMA and the mold coatings would affect the
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demolding work. The adhesion strength was not measured, but it should be related to the work of
adhesion beteen PMMA and the coatings, which can be estimated from surface energy
measurementssing Equatior2-9. The estimated works of adhesion for the coating materials are
listed inTable5.6. Surface energy ooponents for the coatings were measured by Biswajit Saha
from the contact angbavith water andethylene glycol following procedures described by him
elsewherg53], while the values founcoated ificon are from lllie[140] and for PMMA are

from Wu[104].

Table 5.6 Surface energy components and estimated work of adhesion with PMMA for coated silicon molds.

Surface energy data for coatings is courtesy Biswajit Saha. Surface energy values for Silicoa ftom lllie
[140] and for PMMA are from Wu [104].

. Dispersive Polar Total Wofk of .
Coating component component surface  Adhesion with
energy PMMA
MT5 11.7 3.8 15.5 45.0
MT4 10.9 4.8 15.6 45.3
MT7 13.5 3.4 17.0 47.7
MT1 17.3 3.1 20.4 53.4
MT6 28.0 2.4 30.4 65.4
MT2 36.1 2.1 38.3 72.2
MT9 39.7 2.1 41.8 74.8
MT8 44.0 1.9 45.9 77.2
MT3 54.2 1.7 55.9 82.5
Silicon 19 16 35 731

The withinpart mean demolding work for several experiments on these coated molds at
50°C is plotted against the estimated work of adhesion with PMMAgure5.44. The
demolding work for mold MT3 was anomagy low considering its high work of adhesion with
PMMA, so this data has been left out of the pldte correlatiorshown in the plots significant,
with a pvalue of value of 2.9x10(corresponding to a confidence of better tBar99%) These
resultsare consistent with the expectation that the demolding work in the adiuesionated
regime would be related to the work of adhesion between the mold and paralmarhese
results could be made more fiifrihe actual adhesion strength between thesle woatings and
PMMA is measuredlirectly, such as by pull tests or peel tests (seeti8y and if additional

demoldingexperiments over a range of temperataresonducted.
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Figure 5.44 Demolding work at 50°C plotted against estimateavork of adhesion for the coated molds. The
correlation is significant, with a p-value of 2.9x10.

Demolding within the adhesietiominated regime is not recommended. Indeed, because
of strong ahesion and high demolding forces, uncoated silicon molds failed during some
experiments (partly accounting for the large scatter in the demolding work for these molds). At
the same time, the effect of leadhesion coatings has been confirmed in theseiexpats, and
the apparent reduction in the adhesion strength between the part and mold coating will likely
reduce the temperature change required to overcome adhesion. The higher demolding
temperatures that are made possible through the use -aidlo@siorcoatings can reduce the risk
of feature distortion and increase production rates by reducing cooling time.

5.9.2 Effects offeature edgequality

The quality of the edges of the machined features on the molds has a very strong effect
on the demolding work. Thisffect was first observed inadvertently, since some molds were
produced with burrs on the edges of the features, which were not visible in visual inspections
using a microscopé&igure5.45shows an example of a mold with burrsngared with a mold

with good edge quality.
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Figure 5.45 Scanning electron micrograpls of machined aluminum molds with 100 um high square channed
(a) with burrs along the top edgesand (b) with good edg quality.

The effect of burrs on demolding work is quite dramatic, especially at low temperatures,
as can be seen kgureb5.46. This effect could be attributed to additional energy dissipated by

deformationof thepart materiathat is interlocked with the burfhe demolding work shows a
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decreasing trend with temperature, possibly because the increased thermal stress at lower
temperatures is helping to break the interlocked materialAtdggher temperatures, the
demolding vork is not significantly different from the adhesidaminated regime because the
strength of the part material is much lower and the deformation component of the demolding
work is small. In effect, the burrs on the mold features have added a defordwtiorated

regime of demolding.
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Figure 5.46 Demolding work at a range of temperatures for 20um deep channels embossed in PMMA. The
channels with burrs have dramatically higher demolding work at low temperatires.

Close examination of the embossed features supports the idea that deformation is
increasing the demolding works shown inFigure5.47, the channel produced by the burred
mold shows gouges and other evidence of deformatidrsidewall. This part also has a deep
trench along the edge of the channel, corresponding to a tall burr on the mold. By comparison,
the channel produced by the normal mold does not show evidence of deformation in the feature

sidewall
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Figure 5.47 Scanning electron micrographs omparing of 50 um deep channels embossed by molds (a) with
burred features, and (b) with normal features. The burred mold produced gouges in the sidewall, and left a
deep trerch at the edge of the channel.

The effects of burrs on demolding, along with the observation that the stress in the mold
and part during demolding is always highest near the mold feature edge (see3sBetih

200



Figure3.22), suggests that rounding or angling the edges of the features might reduce the

demolding work. This hypothesis was tested by polishing a mold wittmbBigh channel
features using |jewel er 0s r andigggoolwandparforming el t wh
demolding tests on the polished mold. Polishing rounded the feature edges without significantly
altering the height of the feature, as showRigure5.48, which compares the cross sections of
channelsn parts embossed with these moltise polished mold channel is somewhat less wide,
possibly because of machining variation. The normal mold shows some smath)&irrs

along the edges, similar to thoseFigure5.45b. A feature on the polished mold is shown in

Figure5.49.
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Figure 5.48 Comparison of the crosssection of channels embossed in PMMA using a normal mold and a
polished mold. Polishingdidmt si gni ficantly reduce the channel 6s dep
be attributed to the change in edge quality.

The demolding work for the polished mold is compared with that for the normal mold
and a burred mold iRigure5.50. Similar to the 20Qum deep channel pattern, the burredus®
deep channel has much higher demolding work, especially at lower temperatures. In contrast, the
polished mold has lower demolding work at the temperatures tested. Recalling thestdions
of mold features shown irigure5.48, the polished mold feature is the same height as the
normal feature, but the vertical portion of its sidewall has been reduced by ahoni @020%.
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The difference in demolding workif the two molds at 50°C is much greater, at 01844or the
polished mold vs. 0.112J for the normal mold (a 60% reduction). One possible explanation for
this difference is that the sloped corner of the feature actually promoted demolding, since during
the final stages of demolding only this portion of the feature would be in contact and the contact
load cause by the thermal stress would have a vertical component. It is also possible that
polishing the mold reduced the effective friction coefficient. pbkkshed mold also has much

lower demolding work at high temperatures, where demolding is expected to be dominated by
adhesion. Since it is known that surface roughness can affect apparent adhesion$@@ngth

103, 109] it is possible that the polished mold has lower apparent adhesion to the part, which
would reduce the demolding work in the adhesion regime and increaggithael@emolding

temperature.
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Figure 5.49 Scanning electron micrograph of a 5um high channel feature on the polished aluminum mold.
The effect of feature edge quality on the withart mean demolding wi is statistically
significant, as shown by the box plothigure5.51 and the ANOVA results ifable5.7. From

the results of these tests, it is clear that the characteristics of machine mold teatwery

important for demolding, and that mold treatments such as polishing can have beneficial effects.
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Figure 5.50 Comparison of demolding work for different mold edge qualities

0.25 .
2
::’ 0.2 — .
o
=
2015} ]
©
©
% —
o 01f i
0.05F irtF= I
Burr Normal Polished
Edge Quality

Figure 5.51 Box plot of within-part demolding work at 50°C for molds with different edge quality.

Table 5.7 Results of ANOVA for effect of edge quality on withinpart mean demolding work at 50°C.
Sum of Degrees of Mean

Source  Squares freedom Square F statistic P-value
Edges 4.66x10° 2 2.33x10° 41.7 1.30x10"
Error  3.92x10° 7 5.60x10"

Total  5.05x10° 9
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CHAPTER

Conclusions applications,and future work

6.1 Summary

This thesis pesents a study of demolding of hot embossed polymer microstructures
such as microfluidic channésincluding a theory of demolding mechanics, finite element
simulations of demolding, a demolding test method, and the results of demolding experiments.
The baic theoretical approach has been validated through comparisons among theoretical
models, finite element simulations, and demolding experiments using a standard test method
developed in this work. These results have been generalized to provide useluiggiide
industrial application of hot embossing as well as other polymer fmotding processes,
espeially with respect to selecting appropriate demolding conditions.

This work was motivated by the potential of microfluidic devices in medical diagapsti
high-throughput biomedical screening, and several other promising applications. To be
economically successful, such devices must be manufactured in large numbers, at low cost, and
with excellentquality. Polymer micramolding processesuch ashot emlossing, are the best
candidates for marfacturing microfluidicdevicesto meet theseolume, cost, and quality
requirementsThis work has aimed to facilitate the industrial application of hot embossing by

improving the understanding of demolding.

6.1.1 Importan ce of demolding

All polymer micromolding processes involve a demolding step in which the part is
removed from the mold. Demoldifrglated defects are frequently observed, including localized
distortion of featureg parts damage and wear of featuresroalds, and catastrophic failure of
individual features or whole molds during demolding. Despite these prolitesms,does not
seem to have been any comprehensive effort at developing aarolierg theory of demolding
mechanics or at systematically chaesizing demolding through experiment$ost research on
demoldingof polymer microstructure® date has takethe form of finite element studies of the

forces and stresses in a small region near an individual featwfegualitative comparisons of
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the quality of parts embossed with different molds, mold coatings, or demolded under different
conditions.A small number of experimental studies have been undertaken, but these have not
tested the effects of pattern geometry, and have involved only ctansges in demolding
temperatureThe present work has aimed to addtéesneed for a comprehensive approach to
demolding, and well as the need to generalize research findings to produce useful guidance for

industrial application.

6.1.2 Demolding mechanicsand the demolding work

Destruction of the bond between the part and the mold is the goal of demolding. This
bond is the result of the combined action of multiple mechanisms including sheaeé
adhesion and mechanical/frictional interaction of featureudir an analogy between
demolding and interfacial fracture, the tools of fracture mechanics can be brought to bear in
analyzing demolding. Thieroadmismatch in material properties between typical mold and part
materials causes significant shear loadbeainterface, especially as the demolding temperature
is decreasedlhese shear loads cause mechanical interaction of the interlocked feEteresal
stresss a dominant phenomenon in demolding, both in degrading stlvéeesl adhesion and in
exacerbatig frictional interaction of featureshe combined effects of thermal stress, adhesion,
and friction together constitute a theory of demolding mechanics that has been developed in the
present work. This theory has produced testable predictions thatdmvedmpared with
experimental observations

In keeping with the analogy with fracture, the energy dissipated during demolding, or the
demolding work, is proposed as a metric for eviathgedemolding. Based on the theory of
demolding mechanics developedlms work,it is expected that the demolding work will follow
a decreasing trend with decreasing demolding temperature until frictional effects are stronger
than adhesion effects, whereupon the demolding work will begin to increase. The transition
betweerthe two demolding regimesincides with the minimal value of demolding work
(defined herein as the optimal demolding temperattires) expected that the demolding work
will increase with increasing feature spacing and height, and will not dependune fealth.

These predictions are largely confirmed by the experimental results.
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6.1.3 Simulations of demolding

Complementing these analytical models, demolding has also been modeled using the
finite element method. For practical computation times, adiwaensonal model of a small
region of a part and mold used, along with isotropic ratledependent elastic (and elastic
perfectlyplastic) material models with temperatutependent properties. There is good general
agreement between the finite element resntsthe analytical, lumped parameter models.
Demolding simulations with frictional interaction between the part and mold predict a trend of
increasing demolding work with decreasing temperature and increasing feature height.
Simulations with adhesive intctions predict decreasing demolding work with decreasing
temperature and increasing feature spacing. These two trends agree with those predicted by the
analytical models, and agree with observed trends in experiments. Simulations using elastic
perfectlyplastic material models predict local deformations similar to those observed in

experiments.

6.1.4 Development of a useful dmolding test method

A test method has been developed to measure the demoldinglhertest method
combines an embossing step with atoafed demolding ste@nd involves a similar demolding
process to those used in real situations. A controlled displacement is applied to the end of the
part, and a crack between the mold and part is initiated at the edge of the miblenand
propagatd. A specializeddemolding machinbas been developed to implement the test method.
Themachineuses an Instron load frame ftisplacement and load control as well as
measurement. The embossing molds are mounted to temperanirelled platens the load
frame The recorded load and displacement data is analyzed using methods similar to those
developed for asymmetric cantilever fracture tests. The demolding work for individual features
on the mold can be calculated from the data, and the average demwabdingcross features
within a part is used to characterize demolding for that part. The resulting measure of demolding
work has been found to be consistaeatoss runsand experimental variation is small enough
that the effects of other parameters, sisbdemolding temperature and feature geometry, can

generallybe discriminated.
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6.1.5 Findings from demolding experiments

The development of this test method enables experiments that can support or disprove the
hypotheses on the mechanisms responsible for theldegevork and the effects of process
parameters and feature geometry. Overall, the experimental results show good qualitative
agreement with the proposed models and with finite element simulations based on these models
in terms of the trends of demoldimgprk with temperature and feature geometityeoretical
estimates of the expected demolding work based on one dimensional analytical models and two
dimensional finite element models leave out potentially important effects, such as the influence
of patterndensity on adhesion degradatitime effects of transverse thermal stresghe non
ideal constraint of thdemolded portion of the part (treated as a bnittantilever in the
models),and rely on parameters such as the intrinsic adhesion and tlenfacefficient
betweerthe part and the molavhich are not known precisely (and may also depend on
temperature, surface roughness, humidity, etc.). Despite these shortcomings, the estimates of the
theoretical modelandthe finite element simulations apé similar magnitale to the measured
demolding worksindicating that urmodeled effects are most likely of lesser importafte.
consistent agreement in terms of trends and effects between theory and experiment supports the
validity of the basic theorieal approach, at least as a first effdithe experiments also provide
insight into effects thatannotbe captured in the onand twedimensional models and
simulations, such as the effects of feature width, layout, and pattern density.

Defects associatl with lower demolding temperatures similar to those observed by
others have been studied. These defects, consisting of bulges on the outside of features, are
caused by thermal stresses that result from thermal contraction mismatch between the mold and
the part. The amount of distortion increases with decreasing demolding temperature, and outer
features are distorted more severely, as expected from the sidewall force models developed
earlier. The effect of pattern density, which is not entirely capturdkeianalytical models or
finite element simulations, has been characterized. A dimensigaesseter combining local
geometric measure®, has beewmlerived from the sidewall force moddlhis parametes
related to the temperature at which distortion is evidamdthis relationship is consistent across
thedifferent mold patterns and part materials that have been tested.

The existencef a hypothetical optimal demolding temperature has been confirmed

through demolding experiments over a range of temperatures. The trend of demolding work with
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decreasing temperature (decreasing to an optimal \etdetherincreasing) agrees with the
proposed model of adhesion that is degraded by thermal stress combined with Coulomb friction
on feature sidewalls. The optimal temperature coincides with the transition between adhesion
dominated demolding to a frictiesiominated regime. The temperature atohtthis transition is
observed also shows a trend with the paran®tinat is consistent across the different mold
patternsand part materialested. The distortion temperature and the adhdsifniction

transition together define the process windomdemolding. This window is also related®o

and is consistent across the different patterns. The identification of the processing window, and
the phenomena that define it, is a significant contribution of this work.

The effects of mold geometry, incling feature spacing, height, width, and layout on the
demolding work have also been studiddgh experimental variation is characteristic of
adhesion tests in general, and this variation limits the ability to make firm conclusions as to the
guantitativeeffects of feature geometry on theecisevalue of the demolding work. At the same
time, the observed trends are statistically significant and agree with the predictions of the models
of demolding that have been proposed. These trends include a positipdationbetween
demolding work and feature spacing as well as feature height, and a lack of a correlation
between demolding work and feature width. The layout of features, in terms of the distribution of
feature width across the part, also does no¢ fasignificant effect.

The development of a useful and reliable test method, along with a metric by which
demolding can be characterized (the demolding work), also enables the evaluation of measures
that might mitigate demolding. An effect associated aittradhesive coatings on molds has
been observed, in which the demolding work is positively correlated with the work of adhesion
between the part material and the mold coating when demolding in the adtesiorated
regime.While demolding under thesermditions is not recommended, the observed reduction in
adhesion strength through the use of-Ehesion coatings would reduce the temperature change
required to degrade adhesion and enable higher demolding temperatures. An effect associated
with featureedge quality has also been observed. Poor edge quality, such as the presence of
burrs,causegouges and other local defecésd his deformatiordramatically increases the
demolding work. Conversely, features with rounded edges exhibit reductions irddenwebrk,

suggesting that polishing or other mold treatments can be used to mitigate demolding.
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6.2 Application of findings

The goal thahasanimated this worlks to facilitate themanufacturing of microfluidic
chips and other polymdrased devices with migiscale featuresn particular, the findingsf
this workshould be related to thesueghat are important in manufacturing, nameigoduction

rate, quality, cost, process flexibility, and environmental impact.

6.2.1 Demolding guidelines

Considering all thevays that a hot embossing machine might be configured, and the
ways that parts and molds might be fixed in a machine, demolding will most often be
accomplished by applying a force (or controlled displaceera small region of the part,
initiating a crak between the part and molhd propagating the cracktil the part is fully
demolded. Thenagnitudes oflemolding work (and associated demolding toughness) observed
in the current study suggest that the forces required in demoldinganlg alwaysnuch lower
than those required for embossing, and so are less likely to be driving factors in machine design
or tool lifetime.However, here are circumstances where strong demolding forces or thermal
stresses cause damage to the part or the mold.

To minimize demolding forces, the crack should be initiated near the edge of the part
and, as much as feasible, remote from featumégating a crack with an ejector pin that is near
the middle of the parFigure4.5) will require highe initial forces.Parts that are large in extent
would benefit from multpoint demolding, where cracks are initiated as several locdfions
instance, at all edgeOverly constraining the part, such as by firmly clamping its edges, will
increase thetdfness of the part during demolding, which will increase demoldingfobut also
reduce the amount of displacement required to propagate the crack completely across the part.
The high sticking force observed when the platens initially open corresfmadsxtreme case
of part constraint during demolding (see sectahl). Ejector pins or strike plates located along
the edges of the part would be very effective means of demolding.

6.2.2 Demolding process window

One of themostsignificant contributions athis thesigs the identification of the
demolding process window and the factors that define its boungsihi®sn inFigure5.31 and
repeated below)r'he relationship between feature distortion adfiteaion degradatiénwhich
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form the lower and upper boundftbe demolding process windéwand the mold geometry as

characterized by therat®pr ovi des a fArul e of thumbo for sel

temperature for a given mold design.
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Figure 5.31 Demolding process windowfor PMMA on Aluminum molds based onexperimental observations

The pocessing window has been defined for PMIsiAd polycarbonatparts and
aluminum moldsased on experimental observations. When faced with a new material
combination the process window can be sketched out using the simple models developed in this
work. Equation5-6, al ong with knowl e@ameresatffand belewcgnar t 6 s
be used to estimate the distortion temperature. Similarly, Equa88nalong with the adhesion
strength between ¢hpart and mold at the embossing temperature, can be used to estimate the
temperature at which adhesion will be fully degraded, and thus the optimal demolding
temperature for dengmtterns. The adhesion strength can be characterized through pull tests
with flat molds, as in sectidh4.1 Similarly, the optimal demolding temperature for lower
values ofD could be found for a particular pair of part and mold materials using a small number
of specially designed test patteriithe demolding fixtures in a production embossing machine

are instrumented to measure the demolding force, the optimal demigdipgrature could be
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|l ocated wdiimgia ghitlylpe al gorithm by monitorin
small perturbations in the demolding temperat8tech an approach, combined with cytde

cycle control techniepuess,| ewd uloch mdr mihte ftlaadap td
novel patterns.

Whenever possible, a demolding temperature at or slightly below the optimal temperature
is recommended. This temperature is optimal in the sense that the demolding work is at its
lowest value. Athe same time, this temperature is the highest temperature at which acceptable
demolding (without warping or local distortion) is expected. Because heating and cooling time
are usually the largest components of the hot embossing process cycle tinghekegossible
demolding temperature is also optimal in terms of production rate. A smaller temperature swing
between embossing and demolding also reduces the energy inputs required for heating and
cooling, reducing both the operating cost and environah@npact.

Quiality defects such as local feature distortion and part warping can be avoided by
choosing an appropriate demolding temperature. Both of these defects are particularly
problematic for bonding covgalates to enclose microfluidic channels, sittisey may prevent
the cover plate from sealing properBecause the transition between adhesiominant and
friction-dominant demolding is fairly abrupt and occurs just warmer than the optimal
temperature, a compromise between production rate andygualt be required where
temperature control is imperfe@r where material properties or mold adhesion are variable for
some reasonPemolding somewhat below the optimum temperature will help ensure that
demolding always occurs within the process wind8imilarly, demolding near the distortion
temperature is not recommended, since inadvertent excursions below this temperature may
occur.The onset of local distortion is more gradual, and is initially limited to the outermost
features, so the lowerbounio t he process wi ndRawqualiyisalsome wh at
related to cost and environmental impact, since avoiding defects reduces wasted material and
energy associated with scrapped parts.

The relationship between the processing window, materigepties, and mold geometry
(D) also means that there is no single demolding temperature dtaeptable for every
material and every mold design, so hot embossing equipment needs the capability #o select

specific demolding temperatur@nd to accurately and repeatabdpl thepart and mold to that
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temperature. Controllable demolding temperature is a requirement for a flexible embossing

process.

6.2.3 Design for demolding

There are many cases where design decisions can have important ramifications for
demolding. Considering the demiid process windowHigure5.31), there is no demolding
temperature that is acceptable for the whole range of mold patterns tested. The wdtich
helps define the processing window, only depends on local pattern dimensions and the part
thickness. ThusD can vary across a mold with a heterogeneous pattaesrtherefore very
important thaf not vary too much across a mold, or somaseill begin to suffer local
distortion while other areas are still strongly adhered. Small regions with strong adhesion can
also exacerbate part warping. Molds should be designs to maintain ufifou@r their area.

This can be accomplished by spregdinout dense regions of feature
sparse regions.

Barrier features have also been propdsededudng sidewall forcesand prevernhg
feature distortio42, 49] Such features can be effective, but they must be carefully designed. A
barrier feature that is similar in size to foactionalfeature it protects may prevent distortion of
the functional feature, but any distortion of the barrier feature could still produce a bulge that
would hamper bondindgzurthermore, an improperly designed barrier feature could increase the
local value ofD too much and cause stronger local adhesion. The width and height of the barrier
feature, and its separation from the feature it protects, should be chosen so that the local value of
D is closely matched to thest of the moldand so that the barriérature itself does not suffer
distortion.

The feature pattern design itself can be included in any-oHisi®etween production
rate and quality. For examplgasser patterndower D) have higher optimal demolding
temperaturesvhich could allow fasteproduction rates by minimizing heating and cooling time,
butsuch patterns also have higher distortion temperatures and narrower demolding windows. In
contrastdenser patterndigher®) have wider processing windows and are less sensitive to
small varations in the local value @, but have lower critical temperaturasd are more prone
to warping at high temperatures, so will require longer cooling time to reach their demolding

process window.
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Pattern density will also enter into tradgs involving part size, since making a given
layout sparser will tend to increase the required part area, while denser patterns are more
compactDenser molds are likely to be more expensive to fabricate, while sparser patterns will
require more material in threold and pat. Larger parts also requireore heating and cooling
power, greater embossing forcand better alignmeim the embossing machiné/hile a denser
pattern may require a cooler demolding temperature, the reduction in part size may result in an
overal reduction in energy consumptiocycle time and machine cosBuch tradeoffs might
favor smaller machines producing individual parts over larger machines producing arrays of
parts that are then diced.

The orientation of a pattern with respect to theation of thermal contraction
determines which dimensions are used for the width and length in calcthatsugfeature
orientation can also affect the process windo
features produce lower values®t han A ci r c umf Allrelserbeing adual, soreeat ur e s
features demold more easily, so |tatue aspect ratiogre preferredin microfluidics, wide
and shallow channeis. narrow and deep channels)

The specific pattern layout and processing window can also guide decisions about mold
treatments. For instance, leadhesion coatings will tend todrease the optimal demolding
temperature, and the cost of applying the coating to the mold can be weighed against the increase
in production rate or the ability to demold at higher temperatures and avoid distortion in sparser
regions of the pattern. Similg, the costs and benefits ffature edgéreatments such as
polishing can be weighed in light of their effect on the demolding forces and the processing
window. Mold coatings and feature edge treatments can be héppfadjusting the demolding
processvindowwhen changes to the pattern layout areposssible Reducing the part thickness
has the effect of globally increasi@y so this could also be helpful in otherwise difficult

demolding situations, since the demolding process window is generally wider for Bigher

6.3 Applicability to other areas

Because of the common features among the several processes that are usedéo pro
polymerbased devices with micigcale functional features, many of the findings on demolding

of hot embossed pantsay bemore broadlyapplicable.
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6.3.1 Injection molding of polymer microstructures

Thermal stress and friction are the main mechanismsrmhan@ortant in macroscopic
demolding[73], and this is likely to be the case as well in injection molding of microstructures.
Because the pgmer is cooling from its melting temperature, thermal stress may even be more
severeAt the same time, adhesion may be less important in injection molding because of the
i nherentl y gr Ehatest methgalpresemed bdrewceultl be adapted for injection
molding by, for instance, monitoring the load and displacement of ejectoopother
demolding fixtures.

In order to successfully replicate mistoucturesit is sometime necessaxy lheat the
mol d above the polymerds glass transition tem
demolding temperatufd 2, 14] Demolding temperature is a critical process parameter in
injection molding just as in hot embossingchal distortion defects are observed in injection
molding Figurel.3), so local feature distortion will set the lower boundary of the demolding
temperature in injection molding. If adhesion is too strong or is not uniform across the part,
warping and other defects are also posg#d¢. The geometric paramet@r will be important in
determining the demolding window farjection molding, and in evaluating designs to ensure
uniform demolding characteristiddnlike in hot embossing, the part is also subject to very high
hydrostatic pressure during packing. Volumetric expansion when this pressure is released can
partially dfset thermal contraction, so this mechanism must also be considered in demolding, as
found by Fuet al.[44].

6.3.2 Casting of curable liquid resins

Curable liquidresins are subject to shrinkage as they cure, and this process may play a
similar role to thermal contraction in hot embossing, degrading adhesion and increasing sidewall
loads. The work of Yeet al.anticipates this effe¢64, 65] In fact, curingrelated shrinkage is
comparable in magnitude to thermal contraction in hot embossing. For instance, for PMMA
cooling by 50°C, the total volumetric shrinkage is ~1.83astomers can resist ngostrain
before yielding, so local feature distortion may be less important when casting PDMS and
polyurethane. Lesslastic materials, however, may experience local distortion when shrinkage is
severe, an@® can be used to relate these effects to patfeometry.Yeo et al.suggest that there

may be an optimal cure time that is related to a certain amount of shrinkage, and this optimal
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time may also be related to pattern geometry thr@gim any event, it is adviseable to reduce
adhesion as much asfeasible, and to avoid unnecessary shrinkage while the part is adhered to
the mold (by, e.g. demolding thermalre resins at the curing temperature rather than cooling to
room temperature)he test method developed in the present work is not suitatdéaiiomer
materials, but the peel tests employed by ¥eal.have proved to be a useful method for

studying demolding45, 64}

6.3.3 Nanoimprinting

Nanoimprint lithographyNIL) is accompliskd by two different means: thermal
imprinting and UV imprinting. Thermal imprinting is, essentially, hot embossing on a polymer
layer that is adhered to a substrate and is thin relative to the pattern geometry. UV imprinting is
more similar to casting ofucable liquid resins. In both cases, the thin layer adhered to the wafer
is not able to contract (thermally or due to curing shrinkegeh in the implane directions, so
more contraction will be evident in the enftplane (normal) direction. As in hotrdossing (and
casting), this strain will serve to degrade adhediothermal NIL, there is evidence fan
optimal demolding temperatuf@1-63]. So far no one has tested whether this temperature is
related to pattern genetry, adhesion strength, matepabperties, or other factors, although
there is evidence that the presence of features and their orientation does have an effect on the
demolding toughned$§0]. The theory of demolding mechanics presented in this work could
inform future studies of demolding mechanics in NIL.

Because NIL stamps and substrates are rigid, the test method developed here can be of
use in studying demolding for nanoimprigiisting studies of demolding have adapted pull tests
[61-63] and razotblade test$60], but have faced difficulties
repeatability Controlled doublecantilever tests were used by Hoateal.[59] to study the
adhesion strength between imprint stamps and resist materials, and a similar approach can be
used to test the effects of feature geometry. Since nanoimprinted features are often densely
spaced and much smaller than microfluidic featutesil probably be necessary to monitor the
crack length to calculate the demolding work. Another option could be to design test stamps with
Astripeso of de rdopiflead asweaclestripe issdentblded al@ng with the area
method employe in this work to determine the demolding work (or toughness).
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6.4 Future work

Prior to the present work, the relationship between the difficulty of demolding and
characteristics such as mold geometry, material properties, and processing parameters such as
denolding temperature, was largely unknown. While qualitative observations had been made
(often in the course of studies with other goals), there was no systematic effort at studying
demolding and no ovarching theory relating demolding to these charac¢iesisAs the first
major effort in this areahis work was necessarily exploratory and in some wangied in
scope. Along with questions still unanswered, the answers provided by the present work have
spawnednanynew questionsSome of these questioradpng with the means by which they
might be answered, are discussed below.

6.4.1 Demolding mechanics

The microscopic origins of frictiohave long beemysteriousand controversidii41,
142], and the scale of microfluidic channels (and nanoimgtarhpfeatures) ismall enough
that better knowledge dfiese micremechanisms, such as stiskp transitions and nano
asperityadhesion andeformationmight contribute to the understanding of demolding. The
present experiments could not distinguish effect of static and dynamic friction, but these
mechanismsouldbe studied through prod®sedmicroscopyof common microfluidic chip
materials (PMMA, PC, COP, etc.) over a range of temperat8tesh studies could then inform
more detailed simulations of demoldifithe effects of surface roughness and release layers on
the demolding mechanics cowdtso provide further insight into the potentiahbéts of
mitigation strategies such as polishing molds or applyingft@tion coatings.

6.4.2 Finite element studies

Finite element simulations are easily adaptable to test the effect of different interaction
models, material properties, and feature geometries. Finite element simulation of demolding of
other materials, such as polycarbonate and eyigtin polymers can provide further insight into
their demolding characteristidglold material parameters caiso be changed, for instance, to
simulate the demolding characteristics of molds made from polymers. The effect of feature edge

guality and draft angles could also be simulated.
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In the modeling approach adopted here, adhesion and friction could not bieedim
the same simulation. Alternative surface interaction formulations, such adafised
interaction subroutines or cohesive surface elements could enable combined simulations of
demolding.

This work relied on twalimensional models of small reg®of parts, so these
simulations could not capture the effects ofofiplane characteristics such as feature width.
Threedimensional and larger scale simulations wdadduseful in this regard.

The simulations presented here began with an existing ehamntie part that replicated
the mold featureOthers havelevelopedhermaemechanically coupled models of amorphous
thermoplastics over a range of temperatures that can be implemented in finite element
simulations of hot embossing and cool[ad3, 143145]. These simulations may be extended to
include adhesion and friction, producing comprehensive embossing and demolding models.

These comprehensive models could also be used to check for any effects of demolding rate.

6.4.3 Experiments

The test method that has been developed in the present work can be used to study a wide
variety of additional factors that might impact demolding. Some interesting candidates for
further study include other part materigi®lfystyrene COP), otler mold materials (brass,
silicon, nickel, tool steel, polymersgand the many potentially helpful surface coatings (metal
oxides & nitrides, fluorocarbons, s@ssembled monolayers). The effects of feature treatments
such as polishing and draft anglesiicbbe studies systematically.
All of the molds in the present work had orthogonally oriented features (parallel or
perpendicular to the direction of crack extension).ddhogonal feature orientation, such as
30° or 45° would also be interesgi to stug¢. The projected width of a nesrthogonal feature
could be used to calculai® but this hypothesiseedsxperimental validation. Feature
deformation and optimal demolding for very spa®e&@.02) and very dense(>0.8) patterns
also merit further study.
The present experiments all used miorachined aluminum molds, which had
machining marks on their surface. The effect of mold surface roughness can be studied using the

test methods developed here. Smooth molds, such as those produced by nickel electroforming,
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may present slightly different demolding characteristics, sincasrbughness is known to
affect interfacial adhesion behavior.
Finally, hot embossing can be used to pattern both sides of the part, and even to produce
throughholes[27]. In doublesided embossing, one side will be demolding in a manner similar
to a pull test. The factors that affect which side is demolded firstmagmitude of the
demolding force, and potential demolding defects such as warping and featwoetpsiiould
be studied.
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A Material Properties

A.l Representative properties of selected materials
T Deflection E CTE Su;';i%ifggerg
Material og Temp. °C GPa | € m/°@n (25°C) References
(1.8MPa) | (25°C) | (25°C) Ipopar Disp.

PS 90 83 3.2 80 6.7 33 [104, 146]
COP1 | 100 99 2.1 70 0 32 [147, 148]
PMMA | 110 86 3.1 73 114 | 29.3 [104, 105, 114]
COP2 | 136 136 2.35 70 0 32 [148, 149]

PC 150 132 2.48 70 10.6 | 32.3 [104, 150]
Silicon - - 130* 2.5 19 16 [140, 151]
Nickel - - 205 13 0.28 | 44 [152, 153]

Aluminum| - - 70 23 45 5 [154, 155]
COP1=Zeonor 1060R COP2=Zeonex 690R *<100> crystal plane
A.2 Material properties used in finite element simulations

Mold material modet

Material Elastic Modulus (MPa) Pois s o n 6 s Yield Stress (MPa LinearCTE

Aluminum 70.0 0.33 - 2.4E05

Silicon 130.0 0.33 - 2.5E06

PMMA part material moddisted on following page.
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Elastic Elastic
Temperature Modulus P o i s s Yield Stress Temperature Modulus P o i s sYield Stres:
(°C) (MPa) Ratio (MPa) LinearCTE (°C) (MPa) Ratio (MPa) LinearCTE
25 3.10E+03 0.350 1.11E+02  8.40E05 88 1.39E+03 0.350 3.37E+01 8.40E05
26 3.07E+03 0.350 1.10E+02  8.40E05 89 1.37E+03 0.350 3.25E+01 8.40E05
27 3.04E+03 0.350 1.09E+02  8.40E05 90 1.34E+03 0.350 3.13E+01 8.40E05
28 3.01E+03 0.350 1.08E+02  8.40E05 91 1.31E+03 0.350 3.01E+01 8.40E05
29 2.99E+03 0.350 1.06E+02  8.40E05 92 1.29E+03 0.350 2.89E+01 8.40E05
30 2.96E+03 0.350 1.05E+02  8.40E05 93 1.26E+03 0.350 2.77E+01 8.40E05
31 2.93E+03 0.350 1.04E+02  8.40E05 94 1.23E+03 0.350 2.65E+01 8.40E05
32 2.91E+03 0.350 1.03E+02  8.40E05 95 1.20E+03 0.350 2.53E+01 8.40E05
33 2.88E+03 0.350 1.01E+02  8.40E05 96 1.18E+03 0.350 2.41E+01 8.40E05
34 2.85E+03 0.350 1.00E+02  840E05 97 1.15E+03 0.350 2.29E+01 8.40E05
35 2.83E+03 0.350 9.89E+01  8.40E05 98 1.12E+03 0.350 2.17E+01 8.40E05
36 2.80E+03 0.350 9.76E+01  8.40E05 99 1.09E+03 0.350 2.05E+01 8.40E05
37 2.77E+03 0.350 9.64E+01  8.40E05 100 1.06E+03 0.350 1.93E+@  8.40E05
38 2.74E+03 0.350 9.51E+01  8.40E05 101 1.03E+03 0.351 1.81E+01 8.40E05
39 2.72E+03 0.350 9.39E+01  8.40E05 102 1.00E+03 0.351 1.69E+01 8.40E05
40 2.69E+03 0.350 9.26E+01  8.40E05 103 9.66E+02 0.352 1.57E+01 8.40E05
41 2.66E+03 0.350 9.14E+01 8.40E05 104 9.24E+02 0.353 1.45E+01 8.41E05
42 2.64E+03 0.350 9.01E+01  8.40E05 105 8.75E+02 0.356 1.33E+01 8.41E05
43 2.61E+03 0.350 8.89E+01  8.40E05 106 8.13E+02 0.361 1.21E+01 8.42E05
44 2.58E+03 0.350 8.76E+01  8.40E05 107 7.36E+02 0.369 1.10E+01 8.43E05
45 2.56E+03 0.350 8.64E+01  8.40E05 108 6.40E+02 0.381 9.76E+00 8.45E05
46 2.53E+03 0.350 8.52E+01  8.40E05 109 5.26E+02 0.399 8.57E+00 8.49E05
47 2.50E+03 0.350 8.39E+01  8.40E05 110 4.02E+02 0420  7.38E+00 8.53E05
48 2.47E+03 0.350 8.27E+01  8.40E05 111 3.05E+02 0.441 3.55E+00 8.59E05
49 2.45E+03 0.350 8.14E+01  8.40E05 112 2.18E+02 0.459 2.48E+00 8.67E05
50 2.42E+03 0.350 8.02E+01  8.40E05 113 1.49E+02 0.471 1.80E+00 8.74E05
51 2.39E+03 0.350 7.90E+01  8.40E05 114 9.89E+01 0.479 1.34E+00 8.83E05
52 2.37E+03 0.350 7.77E+01  8.40E05 115 6.44E+01 0.484 1.03E+00 8.91E05
53 2.34E+03 0.350 7.65E+01  8.40E05 116 4.18E+01 0.487 8.09E01  9.00E05
54 2.31E+03 0.350 7.53E+01  8.40E05 117 2.73E+01 0.488 6.48E01  9.08E-05
55 2.29E+03 0.350 7.40E+01  8.40E05 118 1.83E+01 0.489 5.27E01  9.16E05
56 2.26E+03 0.350 7.28E+01  8.40E05 119 1.27E+01 0.490 4.36E01  9.25E05
57 2.23E+03 0.350 7.16E+01  8.40E05 120 9.33E+00 0.490 3.66E01  9.33E05
58 2.20E+03 0.350 7.03E01 8.40E05 121 7.24E+00 0.490 3.10E01  9.41E05
59 2.18E+03 0.350 6.91E+01  8.40E05 122 5.97E+00 0.490 2.66E01 9.49E05
60 2.15E+03 0.350 6.79E+01  8.40E05 123 5.19E+00 0.490 2.30E01  9.56E05
61 2.12E+03 0.350 6.66E+01  8.40E05 124 4.73E+00 0.490 2.01E01 9.64E05
62 2.10E+03 0.350 6.54E+01  8.40E05 125 4.44E+00 0.490 1.77E01  9.71E05
63 2.07E+03 0.350 6.42E+01  8.40E05 126 4.27E+00 0.490 1.57E01  9.79E05
64 2.04E+03 0.350 6.30E+01  8.40E05 127 4.16E+00 0.490 140201 9.86E05
65 2.02E+03 0.350 6.17E+01  8.40E05 128 4.10E+00 0.490 1.25E01 9.93E05
66 1.99E+03 0.350 6.05E+01  8.40E05 129 4.06E+00 0.490 1.13201 1.00E04
67 1.96E+03 0.350 5.93E+01  8.40E05 130 4.04E+00 0.490 1.0301 1.01E04
68 1.93E+03 0.350 5.81E+01 8.40E05 131 4.02E+00 0.490 9.34E02 1.01E04
69 1.91E+03 0.350 5.68E+01  8.40E05 132 4,01E+00 0.490 8.55E02 1.02E04
70 1.88E+03 0.350 5.56E+01  8.40E05 133 4.01E+00 0.490 7.85E02 1.03E04
71 1.85E+03 0.350 544E+01  8.40E05 134 4.00E+00 0.490 7.23E02 1.03E04
72 1.83E+03 0.350 5.32E+01  8.40E05 135 4.,00E+00 0.490 6.69E02  1.04E04
73 1.80E+03 0.350 5.19E+01 8.40E05 136 4.00E+00 0.490 6.20E02  1.05E04
74 1.77E+03 0.350 5.07E+01  8.40E05 137 4.00E+00 0.490 5.77E02  1.05E04
75 1.75E+03 0.350 495E+01 840E05 138 4.00E+00 0.490 5.38E02 1.06E04
76 1.72E+03 0.350 4.83E+01  8.40E05 139 4.00E+00 0.490 5.03502 1.07E04
77 1.69E+03 0.350 4. 71E+01  8.40E05 140 4.00E+00 0.490 471E02 1.07E04
78 1.66E+03 0.350 459E+01  8.40E05 141 4.00E+00 0.490 44F-02 1.08E04
79 1.64E+03 0.350 446E+01  8.40E05 142 4.00E+00 0.490 41702 1.08E04
80 1.61E+03 0.350 4.34E+01  8.40E05 143 4.00E+00 0.490 3.93E02 1.09E04
81 1.58E+03 0.350 4.22E+01  8.40E05 144 4.00E+00 0.490 3.71E02 1.09E04
82 1.56E+03 0.3 4.10E+01  8.40E05 145 4.00E+00 0.490 3.52E02 1.10E04
83 1.53E+03 0.350 3.98E+01  8.40E05 146 4.00E+00 0.490 3.33E02 1.11E04
84 1.50E+03 0.350 3.86E+01  8.40E05 147 4.00E+00 0.490 3.17E02 1.11E04
85 1.48E+03 0.350 3.74E+01  8.40E05 148 4.00E+400 0.490 3.01E02 1.12E04
86 1.45E+03 0.350 3.62E+01  8.40E05 149 4,00E+00 0.490 2.87E02 1.12E04
87 1.42E+03 0.350 3.50E+01  8.40E05 150 4.00E+00 0.490 2.73E02 1.13E04
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