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ABSTRACT
MICRO AND NANO R2R EMBOSSING OF EXTRUDED POLYMERS
SEPTEMBER 2023
Raymond S. Frenkel, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S.M.E., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Byung Kim
This dissertation presents a process for directly imprinting or embossing extruded
polymers as an advancement in roll-to-roll (R2R) embossing methods that avoids the
problems of converting preformed films, increases throughput, and reduces costs. A proof-
of-concept R2R apparatus was designed and constructed for directly embossing extruded
polymer, and experimental results were evaluated. This laboratory scale R2R apparatus
employed a thin metal ribbon belt mold with micro or nano scale features in a calendering
setup, with a close coupled induction heating (IH) coil to preheat the ribbon mold above
glass transition temperature (Tg) of the polymer, prior to contact with the extrudate at the
nip of the calender. This allowed the melted polymer to fully fill the mold patterns before
starting to solidify. The thin ribbon mold rapidly conducted heat to the calender roller,
providing an effective cooling stage. Microscale and nanoscale features were imprinted
directly onto extruded polymer film at a rate of 10 to 12 meters per second, three to over
one hundred times the throughput of current R2R processes and orders of magnitude faster
than planar processes. Metal ribbon mold belts with nano features were needed to test the

direct embossing of extruded polymers at the nano scale. Three different avenues were
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taken to make such ribbon belts. First, preset nickel alloy molds were obtained. A master
mold of the Book of Leviticus with letters 6 um in width, 6 to 9 um tall and 60-170 nm
high and a nickel alloy DVD master mold with track pitch of 740 nm and 105 nm deep Pits
between 400 nm and 1900 nm long. These were welded into stainless steel ribbon belts to
form belt molds. Second, a process was developed using base forms or mandrels for metal-
forming nickel ribbon belt molds with test patterns that included gratings from 70 to 500
nm and pillars having diameters of 1 pum, 700 nm, 500 nm and 350 nm. Third, an
investigation of metal glass (MG) as a candidate mold material was undertaken and a
laboratory scale mechanism was designed and constructed to emboss metal glass surfaced

rollers thermally.
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CHAPTER 1

INTRODUCTION

1.1 Goal of Research

Current technologies for nano patterning complex 2-D and 3-D structures suffer
inherent low productivity and consequently high costs. Processes such as Photo lithography
(PL), nano imprint lithography (NIL), and direct metal imprinting (DMI) are secondary or
converting operations on previously produced thin-film materials.

The motivation behind this research was the need to continuously emboss micro
and nanostructures on polymer film economically on a production scale. This research
developed a continuous roll to roll (R2R) process for embossing micro and nano structures
onto extruded polymers at production processing speeds using a thin metallic (nickel)
continuous belt mold. This process will allow the manufacture of thin-film materials with
a micro or nano-structured surface. Potential uses of this technology include
microelectronics, micro electromechanical systems (MEMS), specialty coatings,
microfluidic systems, bio-molecular segregation, polymerase chain reaction, micro arrays,
micro reactors, micro-optical devices and micro lenses, micro gratings, micro prisms,
extruded polymer sheets with micro-scale and/or nano-scale hydrophobic features to
support research on superhydrophobic surfaces [1][2] [3] and any number of micro or nano

products of the future.

1.2 Problem Statement

An accurate and complete rendering of the imprint mold on the surface of an

extruded polymer requires precise control of the heating and cooling of the mold as well



as of the extrudate. Since the surface energies of most polymers do not substantially vary
with temperature or between different polymers [4], the viscosity is of primary concern
and is a function of temperature. The viscosity of the extrudate must be low enough to
allow complete filling of the mold cavities. This precludes premature cooling of the
extrudate with mold contact and therefore necessitates heating of the mold before
application. Existing investigations on thermoplastic roller imprinting revealed poor
pattern transfer fidelity, especially for high-aspect-ratio features. The standard roller
imprinting process involves a constant-temperature roller mold for imprinting, leading to
an undesirable thermomechanical history for the imprinted polymer. Due to the lack of
effective cooling, the polymer film leaves the roller mold at a temperature higher than the
polymer softening temperature. The embossed structures are thus subjected to unwanted
viscoelastic recovery after pattern release. Because of viscoelastic recovery, the imprinted
surface features are distorted and minimized and, in the worst case, converge to a flat
surface. Figure 1 illustrates the formation of replication deflects in thermoplastic roller

imprinting.

Figure 1: Formation of replication defects during thermal roller imprinting: (a)
engaging; (b) imprinting; (c) incompletely filled cavity; (d) distorted structures.



To retain the geometric structures implied by the mold, the extrudate and therefore
the mold must be cooled below the glass transition temperature (T;) before mold separation
[5]. It is therefore essential to control the temperature of the mold and the extrudate during
the entire embossing or calendering process of extruded polymers.

Successfully forming micro or nano structures on the surface of an extruded
polymer is highly dependent on developing an embossing mold. Creating a mold that can
be rapidly heated and cooled poses a challenging engineering problem. A mold must be
strong enough to endure embossing stresses, durable enough to withstand repeated
pressings and thermal cycles, of low enough thermal mass to be rapidly heated and cooled,
and have sufficient thermal conductivity to remove heat from the extrudate. A mold made
from a thin metallic ribbon can satisfy these requirements. A thin metallic ribbon can be
rapidly heated and cooled and is stable at temperatures in excess of 327°C, the
crystallization temperature of polytetrafluoroethylene (PTFE). The form of the mold is, by
necessity, closely connected to the method chosen for heating and cooling the mold.
Creation of the mold is far from trivial, and is the most challenging part of the process.

Some work has been conducted to develop more effective thermal control methods
in roller imprinting. Earlier, Michaeli and coworkers [6] proposed to develop tools for
dynamically heating the embossing (or imprinting) roller and providing different
temperatures over the circumference of the roller. With such an embossing roller, the film
can be embossed (or imprinted) in a high temperature zone and then cooled in a low
temperature zone on the same roller. In the follow-up studies [7] [8], Michaeli and
coworkers developed two technical approaches, induction heating and radiation heating,

for variothermally heating the embossing roller and successfully replicated different types



of microstructures in continuous production. Despite the promising results, the primary
limiting factor in this process is the large thermal mass of the roller mold. Due to the
substantial thermal inertia, rapidly heating and cooling the roller surface and achieving
high take-up speed is challenging. A possible alternative to directly heating and cooling
the roller is to create a separate belt mold. This belt mold has a low thermal mass and can
therefore be rapidly heated and cooled. In fact, thin-shell molds have been successfully
used in flat-mold hot embossing [9] [10]. Contact heating is particularly effective in
heating such shell molds [11]. Similar ideas may be adapted to roller imprinting for heating
belt molds. This may be accomplished by employing multiple pairs of rollers [12] [13]: for
example, one pair of rollers for heating the belt mold and a second pair of rollers for cooling
the belt mold. Besides contact heating, active heating methods can also be utilized to heat
the belt mold. Fagan et al. [14] demonstrated that induction heating can rapidly heat a belt
mold, and a temperature difference of more than 200°C can be achieved in continuous
roller imprinting. With this imprinting system, they could replicate both micrometer and
sub-micrometer patterns at film feed speed exceeding 1.5 m/min. Compared with the
heating of the imprinting roller, heating of the belt mold benefits from the low thermal
mass and the long path of the belt mold. Therefore, flexible manufacturing systems may
be developed for demanding applications in micro- and nanofabrication.

Recently, interest has also emerged in integrating film extrusion with roller
imprinting, leading to the development of the extrusion roller imprinting process [7] [15]

[16] [17], It is believed that a number of advantages result from such system integration:

(1) The single-step extrusion and imprinting process minimizes particle contaminant to
the web surface.

(2) Functional materials can be formulated in situ to meet particular requirements in
specific applications.



(3) Reheating of the polymer film is not necessary. This mitigates problems caused by
the reheating process, e.g., film wrinkling.

(4) Film tension and temperature can be better controlled. This can reduce residual
stress in the imprinted film as well as producing more uniform properties.

The extrusion roller imprinting process essentially bears close similarities with
classical film extrusion and post processing. It utilizes the typical viscoelastic behavior of
polymer for achieving the optimal process dynamics. The extrusion speed and the roller
speed can be independently controlled yet synchronized so as to impart a suitable tension
and microstructural development on the film. Due to these similarities, the broad
knowledge base developed in conventional polymer processing may be adapted to the new
micro- and nanofabrication process.

In this work, we designed and constructed a new extrusion roller imprinting system
with a variotherm belt mold and tested its suitability for continuous microfabrication. The
systems major components include an extruder, a belt mold, a roll-to-roll setup, and an
induction heating unit. The extruded polymer film is imprinted between the belt mold and
the pressure roller. Due to the variotherm capability, the imprinted film is effectively
cooled before released from the belt mold. The feasibility of the overall manufacturing
system was tested, and continuous production of microstructured polyethylene film was

established.

1.3 Current state-of-the-art

Micro and nano embossing are forms of microfabrication aimed at streamlining the
process of manufacturing micro or nanostructures. Standard lithographic methods Evolved

from the fabrication of microelectronics, so all the incumbent chemistry was used to create



a master from which copies could be made in a more straightforward printing like process.
In the 1980s, Erwin Willy Becker and Wolfgang Ehrfeld of the Institute for Nuclear
Process Engineering (Institut fiir Kernverfahrenstechnik, IKVT) in Germany expanded on
work done at IBM by Romankiw and coworkers in the late 1960s and early 1970s [18], to
develop a process they called Lithographie, Galvanoformung, Abformung (Lithography,
Electroplating, and Molding) or LIGA for the manufacturing of high-aspect-ratio structures
with lateral precision below one micrometer. They used highly collimated x-rays from a
synchrotron accelerator radiation source to expose a thick resist coating of polymethal-
methacrylate (PMMA) through a shadow mask. The exposed photoresist was chemically
removed in a developing process allowing the exposed electrically conductive substrate to
be electroplated, filling in the spaces in the PMMA with metal [19] [20]. After chemically
stripping away the remaining PMMA, the electroformed metal microstructure could be
used as a mold insert for injection molding or embossing [21]. Prof. Stephen Chou coined
the term "Nanoimprint Lithography" (NIL) in 1986 [22]. Early imprint lithography was
done mainly as a hot embossing process with thermoplastics and was designated T-NIL
when used to create sub-micron feature sizes. In later developments UV curable liquid
photo resists were used for low temperature -low pressure, imprint lithography and were
designated P-NIL for photo nanoimprint lithography for sub-micron work [23] [24].
Although Lin et al. (1998) reported shorter cycle times when using an
electroformed nickel mold insert over directly using the PMMA structure on silicon [25],
Wang et al. (2004) claimed that the direct use of micromachined silicon as a tool material
for hot embossing of polymers represented a significant reduction in cost and fabrication

time for producing embossing masters [26]. Bala Ganesan and David Hardt (2004) showed



the importance of controlling the temperature of the mold and workpiece during the entire
forming process, the rate of cooling of the mold and substrate, the mold and substrate platen
displacement and displacement rate, and the force applied on the platen and distribution of
that force [5]. Kim et al. (2006) reduced the total embossing cycle time to around 20
seconds by applying their rapid thermal response (RAR) mold technology, developed for
injection molding in 2002, to the hot embossing process [27]. Nugen et al. (2008) used
copper rather than nickel both because its higher thermal conductivity should allow for
shorter embossing times and to avoid the high stiction nickel can cause during de-
embossing which can disturb channel and structure integrity of the embossed polymer [28].

Chen et al. (2007) describe a novel, simple and inexpensive parallel technique for
fabricating nanoscale pattern molds by silicon etching followed by thermal oxidation. The
mask pattern was made by Direct photolithography for submicron scale features and
photolithography followed by metal over-etching for nano-scale features. The nanomold,
when passivated with a Teflon-like layer, was used for first-generation replication using P-
NIL and second-generation replication in other materials, such as polydimethylsiloxane
(PDMS) [29].

Xinxin Fu et al. (2019) Demonstrated the feasibility of a rapid thermal nanoimprint
process by developing a thermal imprint apparatus through induction heating of a nickel
mold and suggested that the rapid induction heating of a nickel mold is suitable for fast
nanoscale feature replication as a promising means for mass production of flexible devices
with micro/nanostructures [30].

To overcome the problem of air entrapment encountered in applying NIL to larger

areas or whole wafers, Lee et al. (2007) constructed a roll type UV-nanoimprint lithography



tool by wrapping a PDMS stamp around a transparent quartz cylinder. This allowed any
air present to escape as the cylindrical mold contacted the resin covered substrate during
the UV-NIL process [31]. A cylindrical mold was used by Osamu Nezuka and Byung Kim
(2007) to demonstrate a continuous roll-to-roll (R2R) micro-embossing or P-NIL apparatus
that embossed and UV-cured a liquid polymer resin onto a continuous sheet of
polyethylene terephthalate (polyester) or PET film [32]. Se Hyun Ahn (2010) used a similar
setup for P-NIL but with a flexible fluoropolymer, ethylene-tetrafluoroethylene (ETFE)
mold. The ETFE mold was formed by hot embossing to a Si master with a 200 nm pitch
pattern formed by laser interference lithography [33].

A hot roller embossing setup was used by S. H. Ng and Z. F. Wang (2008) to make
microfluidic devices. A 50 um thick nickel mold with raised microstructures was fabricated
by an electroplating process and wrapped around a heated stainless steel roller. A rubber
cylinder was mounted to turn against the hot roller mold and 1.5 mm thick sheets of cast
PMMA were run between the rollers. The hot roller temperature, nip force, and temperature
were varied to determine optimum operating conditions. There was found to be an optimum
temperature for achieving a high embossing depth [34]. Suzuki et al. (2008) fed a
thermoplastic sheet onto a nanostructured cylindrical mold and thermally imprinted by
vacuum pumping between the mold and the sheet [35]. Yeo et al. (2009) performed a
similar investigation using PMMA substrates [36].

Velten et al. (2010) created a cylindrical mold by thinning silicon masters
(fabricated using UV lithography) to a thickness that guaranteed mechanical flexibility (40

um) and sticking the thinned and diced nub wafers with a thin epoxy glue layer (thickness



20 um) onto a steel carrier foil. The Invar foil with the flexible silicon chips was mounted
on the embossing roller and served as embossing master [37].

In Previous efforts in this laboratory (2009) an electroformed nickel ribbon mold
was heated by induction before passing it through the nip of a rolling mill with a
thermoplastic sheet in a continuous roll-to-roll (R2R) hot nano-embossing process [14].
Temperature, pressure and viscosity were used to calculate the time needed to fill micro
and nano features and ultimately to calculate the maximum roll to roll embossing speed. A
250 nm line width, 375 nm period grid with a feature height of 200 nm was successfully
duplicated.

Ahn et al. (2009) used a flexible fluoropolymer, ethylene tetrafluoroethylene
(ETFE) mold material to replicate 300 nm line width, 600 nm height gratings. The ETFE
mold was formed from an original Si mold by a thermal NIL process at 220°C. Several
pieces of the ETFE molds were replicated, wrapped, and fixed onto a 6 in. wide tensioned
belt to form a ribbon mold which was used to construct a R2R P-NIL apparatus [38].

The effects of mold coatings and injection molding conditions on the final
nanostructure quality were explored by Matschuk et al. (2009) who found that optimization
of molding parameters only led to slight improvements in replication quality (feature depth
and width) but that the application of an antistiction coating resulted in significant
improvements that were mainly insensitive to variations in the molding parameters. Nickel
mold inserts containing 50 and 100 nm wide pillars with aspect ratios of 1:2 and 1:1 were
produced as a replica relief by electroplating of nickel on a silicon wafer based master

structure. Microstructures were formed by UV lithography and the Nanostructured holes



were fabricated by electron beam lithography. Some of the mold inserts were coated with
10 nm fluorocarbon polymer by plasma-polymerization of CHF3 monomer [39].

Shan et al. (2010) heated the surface of a mold using a thin-film heater at the back
of a Ni stamp while filling the cavity with polymer to avoid the formation of a solidified
layer on the contact surface of the polymer during injection molding. 800- and 200-nm-
pitch nanostructures with an aspect ratio of 1-2 were replicated, and the effectiveness of

mold surface heating was demonstrated [40].

1.4 Modeling Process Parameters

Worgull et al. (2005) employed detailed process simulation using MOLDFLOW
and ANSYS to analyze the parameters influencing demolding forces and contact stresses
between the mold and microstructures for large scale (200 mm diameter) hot embossing
machines [41]. Taylor et al. (2008) implemented two computationally efficient, simplified
material models in Matlab, a purely elastic model and a visco-elastic model, to predict the
fidelity of embossed topography given to an arbitrary stamp layout and chosen embossing
temperature, pressure and loading duration [42]. A model using nonlinear finite element
analysis, along with contact analysis was reported by Stoyanov et al. (2011) to provide
insights into the optimal imprint process control [43].

Yao Ren and J. K. Good studied NIP mechanics and highlighted the need to control
shear and slip and the stresses that induce them when imprinting thermoplastic webs in
NIL converting processes [44].

What is missing in the state of the art is a scalable high speed R2R process to
directly imprint or emboss an extruded polymer in the web forming process. R2R NIL

processes can be generally separated into two groups: thermoplastic roller imprinting and
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UV-curing roller imprinting. As the names suggest, the former involves a thermoplastic
polymer as a replicating material while the latter uses a UV-curable resin. High speed R2R
UV-NIL processes exist but use expensive UV curable resists to form the nano features
and many applications are more suited to having the features directly embossed on the
polymer film. In theory, the heating and cooling time required for the T-NIL process makes
it slower than UV-NIL [45] but the process developed in this research eliminates the
heating time by directly embossing extruded polymer, which is already hot. The throughput
of the developed R2R embossing of extruded polymers process should be very competitive

with that of UV-NIL.
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CHAPTER 2

MICROSCALE MOLD

2.1 Early Work

Prior research at the UMASS Polymeric Materials Manufacturing Lab has shown
the superiority of using a continuous closed loop ribbon mold in the micro/nano embossing
process. A thin nickel alloy Ribbon mold exhibited better heat transfer capabilities both in
heating and in cooling, superior induction heating efficiency by moving through the
induction coil and a lower force interface release due to its relatively lower coefficient of

temperature expansion when compared to most polymers.

2.2 Design of Variotherm Extrusion Roller Imprinting Process

A simple filling model can be established to understand the micro- and nanocavity
filling difficulty in thermal roll imprinting. By assuming constant viscosity and pressure

driven flow, one can arrive at the following equation governing the filling process,

P-t
6n(T,a) (1)

R(t) =

where R is cavity fill ratio, P is pressure, t is time, T is temperature, o is

representative cavity size, n 1s viscosity that is temperature dependent. This equation

reveals that to improve cavity fill, one has to increase contact pressure and contact time
and reduce viscosity. Qualitatively speaking, the viscosity decreases with an increase in
temperature. Since suitable contact pressure is typically limited to a few MPa’s and the

cavity size is fixed in a specific case, the remaining parameters to adjust are temperature
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and contact time. Therefore, it becomes apparent that both temperature and contact time
need to be raised to achieve better replication. Besides incorporating an effective filling
stage, creating a sufficient holding stage is essential so that viscoelastic recovery after
pattern release can be minimized. This requires the imprinted film to be cooled under
imprinting pressure and solidified or vitrified before departure from the imprinting roll.
The design of the variotherm extrusion roller imprinting (VERI) process is
illustrated schematically in Figure 2. This process is specially designed to create a suitable
thermomechanical history for continuous thermal imprinting. It is characterized by several
novel features including a variotherm module for controlling the heating and cooling of the
polymer film and an endless belt mold for improving contact and creating an effective

holding process, as elaborated below.

Figure 2: Schematic setup of variotherm extrusion roller imprinting

e The extended contact zone is highlighted on the right, showing decreasing
temperature from T1 to T3, and a pressure applied over the entire contact

arca.
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e An extrusion unit for melting and mixing the polymer(s) allows functional
materials to be in situ compounded during micro- and nanofabrication.
Moreover, with the extruder, reheating of the polymer film is not required.
This mitigates problems caused by the reheating process (e.g., film
wrinkling, difficulty in tension control, and other factors). Furthermore, the
extrusion process allows a film with a desired structure and morphology
suitable for roll imprinting to be produced. This can be done by in situ
control of the jet stretch, drawing and heat setting stages of the film
formation process.

e A belt mold for enlarged contact between the polymer film and the master
pattern. Standard roller imprinting processes rely on a tiny contact zone for
applying pressure to the polymer film. This results in a short contact time
for microcavity filling, causing short shot or underfilled cavities. The belt
mold provides a possible solution to this problem by producing pressure in
a large contact zone.

e A rapid heating and cooling capability. The belt mold is heated to the
polymer softening/melting temperature before reaching the imprinting zone
and then gradually cooled along the path of the polymer film. This not only
provides a hot mold for filling micro- and nanocavities but also a cold mold
for cooling the polymer under holding pressure.

The critical section in the VERI setup is the contact zone, as highlighted in Figure
2. Besides the normal imprinting pressure applied between R1 and R2, the contact pressure

generated in the entire contact zone is due to the tension in the extruded viscoelastic film.

14



An additional carrying film can be placed underneath the extruded film to generate high
contact pressure by applying high film tension. The enlarged pressure zone has been
considered useful for high-speed imprinting since the polymer gains more time to fill the
cavity. The temperature in the contact zone decreases along the film path. This is also an
important feature of the new process. The decreasing temperature emulates the typical
thermoplastic protocol needed for precision patterning, as used by injection molding and
compression molding. The polymer will be deformed primarily in the high temperature
zone, T1, held under pressure at reduced temperatures along the polymer path, and finally
cooled and released from the belt. The undesired viscoelastic effects can be suppressed by
incorporating in-mold holding and cooling stages. This design of the thermomechanical
history is considered necessary for precision micro/nano patterning, particularly at high-

speed production.

2.3 Rapid Thermal Cycling of Belt Mold

For flat molds, thermoplastics have been extensively used as substrate receivers for
transferring micro- and nanostructures. The resulting process is often called “hot
imprinting” or “hot embossing.” As its name implies, hot imprinting relies on a mold
heated above the glass transition temperature (Tg) for an amorphous polymer or the melting
temperature (Tm) for semicrystalline polymers. This elevated temperature is necessary for
filling micro- and nanocavities, since the polymer melt would otherwise rapidly freeze or
vitrify against a cold mold, leaving an unfilled cavity. After the imprinting stage, the mold
is cooled for pattern release. Thermal cycling of a hot imprinting mold is a time consuming
process, and cycle times exceeding several minutes are typical in hot embossing and

imprinting. [46]
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The necessity for thermal cycling in flat-mold imprinting helps us understand the
limitation of roller-based processes in thermoplastic patterning. Due to its large thermal
mass, a roller mold is difficult to thermally cycle. As a result, when a roller mold is used
in patterning, the common practice is to set the mold to a constant temperature. [47] [48]
The lack of an in-mold cooling stage is the primary reason why thermoplastic roller
imprinting processes have only demonstrated limited capability in precision micro/nano
patterning. Currently, limited success has only been demonstrated for roller imprinting of
microstructures with relatively low aspect ratios. [12]

Several efforts to improve the thermal cycling efficiency in flat-mold hot imprinting
have been reported. The reported methods include contact heating, fluid heating, infrared
heating, ultrasonic heating, high frequency and induction heating, and resistive heating. In
particular, Kimerling et al. [46] showed that short cycle times of about 10 seconds can be
achieved in hot imprinting with high-frequency heating. With proper modification, these
methods may be adapted to the heating of the belt mold.

Yao et al. [11] have discussed the general strategies for design and fabrication of a
rapidly heatable and coolable mold. The two main building blocks are a low-thermal-mass
mold and a means for rapid heating. The belt mold design, rather than the use of a roller
mold, conforms well to the first requirement due to the extremely small thermal mass
carried by the belt. The long strip design and the thin wall section of the belt also permit
some of the heating methods mentioned above to be more effectively implemented. The
objective was to determine a robust heating and cooling solution in a continuous process.
The induction heating method stands out for this application for its effectiveness and

versatility compared with other methods.
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Figure 3 shows a setup involving induction heating. Passing a high-frequency
current in the induction coil induces an eddy current in the belt for rapid heating. This so-
called skin effect [49] helps generate electrical current concentrated at the surface of the
belt, thus facilitating effective resistive heating. Since induction heating is not energy
limited, rapid heating rates can be readily achieved by raising the heating power. The
heated belt then engages with a pair of pressure rollers, R1 and R2, set at a low temperature.
The belt starts to cool upon wrapping around the pressure roller R2. In this case, cooling is
mainly facilitated by heat conduction. Since both the belt mold and the main pressure roller,
R2, are preferably made of metal, the contact cooling process is expected to be fast. After
leaving R2, the belt mold is under air cooling. If necessary, one can enhance cooling

between R2 and R4 by employing forced convection.

Figure 3. Induction heating of belt mold.

The cooling time ¢, required for the surface of a belt to reach temperature 7', can

be estimated by
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t—4H21n 4T -T,
¢ rla T, -T, (2)
where H is the belt thickness, 7', is the initial temperature, 7', is the roller

temperature, and « is the diffusivity. For a representative case of a 0.5-mm thick nickel
belt with @ = 2.3 x 107> m?s, T, = 225°C, T, =125°C,and T, = 25°C, the calculated

cooling time is on the order of 0.1 s. On the other hand, the time needed to fill an aspect
ratio of 1 is calculated to be 0.6 s according to Eq. (1) assuming representative conditions

of n=10° Pa-s and P = 1 MPa. Therefore, it seems that the cooling process is too fast to

achieve filling of high-aspect-ratio features. This can be rectified by increasing the belt
thickness and/or adjusting the contact condition between the belt and the pressure roller.
For example, a thermal coating can be applied to the main pressure roller that directly
contacts with the belt mold, as illustrated in Figure 3. In reality, there is always a contact
interface between the belt and the roller even with no coating applied, and this greatly

impedes the cooling process.

2.4 Experimental setup

A 1 % inch single screw extruder was refurbished and adapted for this research
project to show the viability of a continuous extrusion-to-embossing process. The extruder
was a C. W. Brabender Type 125-25HC four zone 1.25-inch extruder (Figure 3) driven by
a 7 /2 Horsepower DC motor through a 17:1 reduction gearbox. A General Electric GP100
motor control unit controlled the speed of the motor. The temperature of each zone of the

extruder barrel was controlled by a PID controller connected to electric resistance heaters
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and a high-pressure air Solenoid valve for cooling. A standard screw similar to the one

shown in Figure 2, with an L/D of 25:1 and a compression ratio of 2:1, was used.

Figure 3: C. W. Brabender Type 125-25HC four zone 1.25 inch extruder and PID
controllers.

Figure 4: Standard extruder screw.

Two ribbon dies with a 25.4 mm x 0.254 mm opening were designed and built for
the extruder; one of conventional two-part design (Figure 5) and the other a compact design

(Figure 6) machined using EDM.
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Figure 5: Standard two-part split design ribbon die.

Figure 6: Compact design ribbon die made using EDM.

In this design the extrudate passes through a calender with the heated ribbon mold,
embossing the web with the features on the mold. The ribbon mold runs around the upper
roller of the calender which both presses the extrudate into the mold surface and cools the
web to set the features and harden or solidify the web. The calender in the experimental
setup was constructed using a modified Pepetools 189.00 rolling mill with 139 mm wide,
65 mm diameter flat rollers. The upper roller was replaced with a two-part roller (Figure

7) that can be easily removed to change the ribbon mold.

Figure 7: Two-piece roller for ribbon mold changing.
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The rolling mill was mounted on an adjustable speed gear head DC motor and the
hand crank was replaced with a timing belt pulley to couple with the motor used to drive
the mill at up to 40 RPM. (Figure 8). To heat the ribbon mold, a close coupled induction
heating (IH) coil (Figure 9) was designed and built using 3.125 mm OD soft copper tubing.
The IH coil was powered by an Ameritherm Novastar 3 kW IH power unit. The 60 mm
wide closed loop flexible ribbon mold (Figure 10) was assembled from strips of 230 pm
thick electro-formed nickel alloy sheets using heat tolerant polyimide (Kapton) tape. A 30

um pitch and 6 um height saw tooth pattern feature was on the mold surface (Figure 11).

Figure 8: Modified jewelers rolling mill.
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Figure 10: 60 mm wide closed loop flexible ribbon mold.
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Figure 11: Cross-section of mold pattern geometry

High density polyethylene (HDPE) was used for the test. The temperatures of the
four extruder barrel zones were set to span 180°C to 200°C. The first zone or loading zone
was set to one 180°C. The second of zone was set to 190°C. The third and fourth zones as
well as the die zone were set to 200°C. The extruded HDPE web exiting the die was run
below the IH coil to meet the heated mold at the roller nip, through the rollers with the

mold and then through about 2 feet of air to a take up shaft (Figure 12 & Figure 13).

Figure 12: Photograph and Functional Illustration of the ribbon mold and calender
roller setup.
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Figure 13: Path of extruded web.
2.5 Results of early testing
The result of this test was full replication of the 30 um saw tooth pattern of the
mold on the LDPE as can be seen from the profilometer graph in Figure 14, which shows
the peak to trough distance to be 6 um. The SEM image and profilometry of the ribbon

mold shows the same peak to trough distance and is presented in Figure 15.

Figure 14: Profilometer graph of embossed LDP
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Figure 15: SEM image and profilometry of the ribbon mold.

The extruder screw was run at 18 to 20 rpm producing a melt pressure before the
die of around 30 MPa. The gap between the lower roller and the mold was set to
approximately 0.25 mm after the web was running smoothly. The linear speed of the
produced ribbon was measured using a stop watch and the embossed ribbon was produced
at a rate of around 10 to 12 m/min, three to over one hundred times the throughput of
current R2R processes and orders of magnitude faster than planar processes [34] [37] [45].
The speed of the rolling mill was adjusted to match the rate of extrusion and the speed of
the take-up shaft was adjusted to minimize stress defects in the extruded ribbon. The
temperature of the ribbon mold was maintained at around 210 C by running the induction
heater at 1.6 kW power output and around 190 C at 1.2 kW. The mold temperature was

measured with a Raytek MI infrared pyrometer - a noncontact temperature sensor.
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Although adjustments in the different speeds and settings of the equipment
produced variations in the dimensions of the extruded ribbon, during steady-state operation
the embossed ribbon had a thickness of 0.22 mm and a width of 44 mm.

During the test the induction heating unit was turned on and off several times to
determine the effect of heating the ribbon mold. In Figure 16, digital microscopy images
and 2D profilometer graphs of the embossed web are presented for the case with no
induction heating, with induction heating power set at 1.2 kW and with induction heating
at 1.6 kW. The 3D Veeco Dektak Stylus Profilometry is shown in Figure 17. These can be
compared to the actual mold material in Figure 18. The improvement in feature pattern
replication with the heating of the ribbon mold by induction heating is very apparent in the
images. However the 2D profilometry clearly shows the difference even between using a
power setting of 1.2 kW and 1.6 kW. The fidelity of the saw tooth pattern is excellent in
both the peaks and troughs at 1.6 kW. At 1.2 kW the troughs are good but the peaks are
distorted and without heating both the peaks and the troughs are distorted. The peaks
represent the deepest part of the mold features so good fidelity indicates the polymer melt
fully filling the mold features.

Heating the mold belt at power settings higher than 1.6 kW caused the polymer film
to break on exiting the calender NIP so there is a balance between heating the mold belt
enough to get full replication of the features and heating it so much that the polymer melt

1s overheated.
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Figure 16: Microscopy images and Profilometer graphs: (a) no heat, (b) 1.2 kW, (¢)
1.6 kW.
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Figure 17: Veeco Dektak Stylus Profilometer 3D for LDPE films imprinted with (a)
no heat, (b) 1.2 kW and (c) 1.6 kW.

Figure 18: Digital microscopy images and Profilometer graphs of the nickel alloy
mold.
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Further analysis of the embossed extruded ribbon was performed using a sample of
the ribbon as a diffraction grating with a helium neon laser (Figure 19). With the ribbon
sample held 1 meter from the target, the distance between the first order spots was 74 mm

indicating a grating spacing of 34 um.

Figure 19: Diffraction grating pattern with helium-neon laser (632.8 nm).

The embossing of microstructures on extruded polyethylene has successfully been
shown by this research. Next, nano structured molds were fabricated by adapting the
various methods found in the literature and the molds were used to impart nano structures

to extruded polymers in a manner consistent with mass production practices.
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CHAPTER 3

NANO SCALE MOLD: METHODS

3.1 Overview

With the successful use of a continuous closed loop ribbon mold in the micro
embossing process a belt mold with nano features was constructed. The investigation was
divided into three different tasks. First, different methods of creating a mold belt with
nanostructures were investigated. Second, a suitable method was used to construct the mold
belt. Third, the mold belts were evaluated using low-density polyethylene (LDPE) as the

extrudate, and the results were evaluated..

3.2 Creating a mold

The mold successfully used in the earlier experiments was a belt or closed loop
ribbon made from 230 pum thick electro-formed nickel alloy sheets with a 30 um pitch and
a 6 um height saw tooth pattern feature on the surface. A thin metal belt has a relatively
small thermal mass along its length and can therefore be readily heated by induction and
cooled by intimate contact with a cool high thermal mass roller. This property makes it
possible to heat the mold above the T of the polymer just before contact with the extrudate
and to cool the mold and the extrudate before separation. This ensures full imprint depth
when the mold and the extrudate pass through the nip allowing control of the molten
polymer's cooling rate during cell assembly. The coefficient of expansion differential
between the metal ribbon mold and the polymer extrudate aids in reducing separation

forces.
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3.3 Processes Investigated

Electroforming is a process by which metal parts are fabricated using
electrodeposition, a form of electroplating where a metal skin is deposited on a conductive
base form in an electrolytic solution. The base form can then be dissolved, leaving the
electroformed part. This process requires creation of a base form or mandrel of suitable
precision so electroforming alone is not the solution to creating a ribbon mold with micro
or nano features. A method of constructing micro or nano features, either on the surface of
a mandrel form or directly on a metal ribbon surface, was needed and was the subject of
this investigation.

Hot embossing can be employed to fabricate a Flexible mold from a rigid silicon
mold using thermoplastic polymers [33] and Thermoplastic forming (TPF) of bulk metallic
glass (BMG) can be used to make a thin metallic mold with a Ty higher than that of most
thermoplastics [16] [50].

Advances in photolithography have been the driving factors in advancing micro
and nanotechnologies. Since 1995 the minimum feature size for semiconductor production,
measured in nanometers, has shrunk from 350 nm to 32 nm in 2010 with a projected 2 nm
by 2024 [51] [52]. This decrease in feature size results from a synergy of advancements in
optics, photo resists, chemistry, purity of chemicals and materials and advances in
processes, including the use of shorter and shorter wavelengths in the lithographic process.
Without a doubt, a successful micro and nano embossing of extruded polymers must adopt
many of the advances made in the semiconductor industry. Historically, micro and
nanostructures have been created in a clean room environment on silicon wafers 4 to 12

inches in diameter, and most current processing equipment is oriented to wafer processing.
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Creating continuous micro or nanostructures on the surface of a relatively long and wide

belt poses unique challenges requiring custom equipment and processes.

3.4 UV Photolithography and Beyond

Three forms of UV photolithography are generally used, contact, proximity and
projection lithography. All three use a photomask with a one-dimensional image of the
structures to be created. UV lithography uses shorter wavelength ultraviolet light, rather
than visible light, to obtain higher resolution. The resolution of proximity lithography,
where there is a gap between the mask and the photoresist, is approximately the square root
of the product of the wavelength and the gap distance [53], so as the gap distance goes
towards zero, as in contact lithography, the resolution theoretically gets better.
Nevertheless, contact lithography is subject to distortion from contaminating particles
between the mask and the resist surface and from contact damage to the mask from repeated
use.

Projection lithography uses a reduction lens system to project an image of the
reticle (photomask) onto the photoresist. The smallest feature size that can be resolved or
the critical dimension (CD) is approximately:

CD = ky— 3

where CD is the critical dimension or minimum feature size, k; is a process related
coefficient, 4 is the wavelength of light used and NA is the numerical aperture of the lens
system. Projection lithography is limited in the area it can cover and is usually employed
to project a complex mask onto a small segment of a wafer repeatedly as the position of

the wafer relative to the focal point of the lens is moved or stepped.
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The practical resolution limit for contact/proximity ultraviolet lithography is
around 2.5 um using Fresnel (near-field) diffraction with 200 nm wavelength radiation and
a 25 um or smaller gap. Resolutions as low as 125 nm are achievable using contact print
lithography with Fresnel diffraction, 160 nm wavelength radiation, a gap of 100 nm or less
and 100 nm thick resist [54]. Applying such conditions to form a ribbon-mold poses a
significant challenge but Jang et al. showed that higher aspect ratio patterns are possible in
thicker resist coatings using techniques to avoid the undercutting effect of the interaction
between the incident beam and the beam reflected from the surface of the substrate [55].

Projection UV lithography can achieve 150 nm resolution using Fraunhofer (far-
field) diffraction, 175 nm wavelength radiation, a high NA lens and a phase shift mask.
The resolution of optical projection lithography can be further improved using polarized
light, interference lithography, and liquid immersion. Sub 100 nm structures are possible
with deep ultraviolet (DUV) radiation using vacuum UV interference lithography and
interference immersion lithography with excimer laser exposure at 157 nm has achieved
30 nm feature size [56].

For feature sizes in the tens of nanometers and below, the wavelength of the
electromagnetic radiation used for exposure can be reduced to extreme UV (EUV), soft x-
rays (10 nm), x-rays (1 nm), electron beam and ion beam radiation. These technologies
require catoptric optics (instead of refraction optical systems) and resist polymers sensitive
to the respective shorter wavelengths [56].

This study investigated various lithographic techniques to determine their
applicability to producing ribbon molds with micro or nano features. This included an

investigation of available photopolymer resists and their possible adaptation for ribbon
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mold production. Each lithographic technique requires photoresist with properties
compatible with that technique. The spectral sensitivity or absorption spectrum of a
photoresist must match the radiation used for exposure and the form and method of
application must be compatible with the material, form and structure sizes desired. Many
common resists are designed to match the emission spectrum of mercury (Hg) light
sources, that is the G-line (436 nm), H-line (405 nm), and I-line (365 nm), with the I-line
composing approximately 40% of the total emissions between 440 and 340 nm [57]. These
can be considered for producing molds with microstructures but for nano structured molds,
resists sensitive to shorter wavelengths will be required. One exception is laser interference
lithography (LIL). Regular arrays of sub-micron features with a minimum achievable
period of half the exposure wavelength ([1/2) can be created in a thin layer of photo resist
using LIL but the feature shape and complexity are limited because the patterns are formed
by standing wave interference patterns, not masks and complex optics [58] [59].

Coating systems for liquid resist materials and laminating systems for thin-film
products were studied, adapted and developed to produce ribbon molds. Since spin coating
is not readily applicable to a closed loop ribbon/ belt or long narrow strips, focus will be
placed on spray coating, dip or Meniscus coating, roller, curtain and extrusion Coating,
electrodeposition (ED), plasma-deposited photoresist, and dry film lamination in this
investigation. Much work on spray coating for MEMS and 3-D patterning has been done
by Pham et al. at Delft University of Technology, including a comparison of the spin
coating, spray coating, and electrodeposition however the focus was on silicon wafer
processing [60] [61]. Cooper et al. employed newer spray coating techniques to overcome

challenges in creating 3-D structures on non-planer surfaces [62]. Meniscus or capillary
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coating has been used for processing large rectangular substrates like those used in flat-
panel displays [63] and inkjet type fluid ejectors can be used to deposit resist film as thin
as 0.5 um [64]. In extrusion coating a thin curtain of resist is expelled from an extrusion
nozzle onto the substrate as the substrate moves underneath at a controlled rate. Film
thicknesses less than one micrometer have been demonstrated using this method [65].
Electrodeposition is similar to electroplating. Photoresist particles are dispersed in an
aqueous solution and become negatively charged. With the application of an electric
current, deposition of resist film occurs at the anode. The uniformity and thickness of the
coating can be precisely controlled by varying the current, voltage, and time [66].

Plasma-deposited and vacuum-deposited photoresists are applied using special
vacuum chambers, electric current and gases or vapors [67] [68]. The process can deposit
thin-films with excellent conformity and is considered dry and environmentally friendly,
because it eliminates wet chemistry processes. This process accommodates large and odd
shaped substrates, but has the disadvantage of requiring specialized hardware to perform
the process. Lines and spaces of 350 nm have been demonstrated using a wavelength of
248 nm on 250 nm thick plasma polymerized methylsilane [68].

Dry film photoresist was originally developed over 30 years ago for the processing
of printed circuits. It is usually applied by hot lamination and after exposure is easily
developed with simple chemistry. Although dry film photoresist has been used for MEMS
applications, the lithographic resolution is limited by the polyester or mylar cover sheet
which protects the photoreactive layer [69]. Dry film resist offers the advantage of good
conformability, excellent adhesion to most surfaces, short processing time, excellent

uniformity of thickness, low exposure energy and near vertical structure sidewalls but it
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suffers from lower resolution and lower aspect ratio than SU8 and liquid resists [70].
Typically 15 pm lines and spaces are the minimum feature size for dry film photoresist

[71].

3.5 Direct Laser and Electron Beam Etching

Laser micromachining has been used in MEMS manufacturing and has the
advantage over silicon lithography of fewer processing steps, high three-dimensional shape
flexibility, and independence from crystallographic planes. It can be used on almost any
material, including polymers, ceramics, metals and even glasses and is compatible with
traditional lithographic processes. In laser micromachining, high-intensity pulsed lasers are
focused on a material surface and cause ablation or mini-explosions that eject solid and
gaseous particulates from the irradiated site without significant thermal degradation of the
surrounding material [72] [73]. Feature size resolution of 5 pm has been achieved using
308 nm excimer lasers [74] and 2 um using a 157 nm F laser with a mask and reducing
optics [75]. Nano machining by ultra-fast laser ablation uses very high peak laser
intensities, greater than 10'* W/cm? , and pico-second pulse durations. Oxford Lasers has
achieved spot diameters as small as 4 um with 100 nm depth using a 532 nm, 9 ps laser
[76]. These processes may be useful for micropatterning a ribbon mold, but true nano
structuring will require higher resolution.

Focused electron beam etching and lithography (EBL) use a modified transmission
electron microscope to direct a beam of electrons, with a spot size of about 1 nm, to scan a
target substrate in a vacuum chamber. The EBL patterning technique can readily produce
patterns down to 10 nm, and with cold development and ultrasonic assist, 5 nm patterns

have been produced [77] [78] [79]. In EBL projection printing parallel electron beams
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patterned by a mask are projected onto a substrate using a high precision lens system. Direct
writing EBL is the more mature technology and has proven versatility and flexibility in
making a variety of nano devices with critical dimensions below 10 nm [80] [81].

X-ray lithography is similar to other projection lithography, but its short
wavelength radiation gives it the advantage of low diffraction effects and high depth of
focus in imaging small features. Highly collimated x-ray radiation makes the process
relatively insensitive to the mask distance from the source and enables the forming of high
aspect ratio microstructures thick resist layers [82]. High-resolution masks for x-ray
lithography are usually pattern by EBL and then enhanced by a multistep process.

A wholly mechanical process for creating micro and nanostructures, invented by
Emanuel F. Barros, precisely controls microscopic and nanoscopic supersonic jet of liquid
to cut and shape features less than 50 nm in size. This technology is being marketed by
NanoMatrix, Inc. of Scotts Valley, California and will be investigated for this research [83]

[84].

3.6 Nano Imprint Lithography (NIL)

The term "nanoimprint lithography" was coined in 1996 by Prof. Stephen Chou and
his students [22]. NIL is a method of fabricating nanometer scale patterns by mechanical
deformation of imprint resist, typically a monomer or polymer formulation that is cured by
heat or UV light during the imprinting. When the resist is cured by UV light the process is
called UV-NIL. A R2R version of UV-NIL which created 3D nano features on the surface
of a polymer web, was developed by Jacob John et al. and The Center for Hierarchical
Manufacturing (CHM) [85].That polymer web, with 3D nano features imprinted on the

surface by R2R UV-NIL was an ideal candidate for use as a base form for metal forming a
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metal ribbon belt mole with nano features to use in the continuous extrusion to nano
embossing process.

A combination of R2R UV-NIL and nickel metal forming are the methods primary
methods chosen for this research. Both of these methods were readily doable at the

University of Massachusetts campus in Amherst.
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CHAPTER 4

NANO SCALE MOLD: IMPLEMENTATION

4.1 Experimental Setup

The Center for Hierarchical Manufacturing (CHM) at the University of
Massachusetts — Amherst [86] developed a R2R UV NIL process for forming nano features
on Polyethylene terephthalate (PET) film (Figure 20) using Norland Optical Adhesive 81
(NOA 81) as a UV NIL resist for replicating nm features [85]. Nano test patterns obtained
from IBM were imprinted on the film that included gratings from 70 to 500 nm and pillars
having diameters of 1 pm, 700 nm, 500 nm and 350 nm. The PET film with the NOA 81
features (Figure 21) filled the need for a base form or mandrel for creating a nickel belt

mold by metal forming.

~

Figure 20: R2R UV NIL process for forming nano features on PET film.
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Figure 21: PET film with the NOA 81 features.

The nickel mold belt was the result or four distinct processes.

. The creation of nano features on silicon (positive) by electron beam etching or
lithography.

. The transfer of the nano features to PTFE (negative) in a Nanonex Nanoimprint

Tool (heat and pressure).

. The transfer of the nano features from the PTFE to UV cured epoxy (positive) using

the Nano Emboss 100 by Carpe Diem Technologies at the NSF Center for
Hierarchical Manufacturing (CHM) at UMASS Ambherst.

. The creation of a nickel mold belt (negative) using nickel forming techniques.

. Roll to roll production of nano features on an extruded polymer ribbon (positive)

using the nickel mold belt with induction heating.
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The first three steps of the process were accomplished with the help of CHA and
lab manager Dr. Jacob John. The nano featured Silicon chips were obtained from outside
sources including IBM. The features were transferred to PTFE by placing pieces of PTFE
on top of the silicon chips and applying heat and pressure in the Nanonex Nanoimprint

Tool (Figure 22).

Figure 22: Nanonex Nanoimprint Tool and embossed TFE from Si masters.

The PTFE negative molds were then stuck onto the imprinting cylinder of the Nano
Emboss 100 (Figure 23) to transfer of the nano features from the PTFE to the surface of

the PET film by UV NIL with NOA 81 (positive).

Figure 23: PTFE as mold for UV NIL on the Nano Emboss 100.

Step 4 was accomplished by preparing a 3-inch wide by 20-inch-long section of the
PET film, with the nano features, to be coated with 200 nm of nickel in the CHA SE-600
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electron beam evaporator in the Conte Nanotechnology Cleanroom Lab. This took over 3
hours and most of that time was the evacuation of the chamber. To minimize the pump
down time, each PET film was put into a vacuum chamber the evening before plating and

left under vacuum all night to remove any moisture from the material (Figure 24).

Figure 24: Coating of PET film with nickel in the SE-600 electron beam evaporator.

The nickel coated film was formed into a continuous belt by attaching the ends
together with the nickel coated surface on the inside. The belt was then prepared and
suspended in a nickel-plating bath where nickel was added to the thin coating until the

nickel was approximately 200 um thick (Figure 25).

Figure 25: PET with seed Ni, plating bath and 200 um thick nickel belt.

The PET film was then stripped off the nickel belt and the UV cured epoxy was
removed from the belt. The nickel belt was then installed on the Roll-to-Roll

extruder/thermal embosser (Figure 26).
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Figure 26: Ribbon belt mold being installed.

The completed belt mold was approximately 70 mm wide, 50 cm long, and 250 um
thick. It was installed onto the modified rolling mill through the upper roller.

To heat the belt mold, a closely coupled induction heating (IH) coil was designed
and built using 3.125 mm OD soft copper tubing (Figure 26). The IH coil was powered by
a high-frequency power unit (Model: Nova Star 3H from Ameritherm Inc., Scottsville,
NY). This power unit was able to deliver a maximum power of 3 KW, with a maximum
voltage of 220 V and a maximum current of 17 A, over a frequency range of 215 kHz to
1.0 MHz

Low-density polyethylene (Westlake Chemical EC808 LDPE) was used in the
processing tests. The temperatures of the four extruder barrel zones were set to span from
180 to 200°C. The first zone or feeding zone was set to one 180°C. The second zone was
set to 190°C. The third and fourth zones as well as the die zone were set to 200°C. The
extruded HDPE web exiting the die runs below the TH coil to meet the heated belt mold at
the roller nip, then wraps around the belt mold on the upper roller, and finally travels about

70 cm in air to a take-up beam.
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The extruder screw was run at 18 to 20 rpm producing a melt pressure before the
die of around 30 MPa. The gap between the lower roller and the belt mold was set to
approximately 0.25 mm after the web was running smoothly, and the embossed film was
produced at a rate of around 10 to 12 m/min, three to over one hundred times the throughput
of current R2R processes and orders of magnitude faster than planar processes [34] [37]
[45]. The speed of the rolling mill was adjusted to match the rate of extrusion, and the
speed of the take-off roller (Figure 27) was adjusted to minimize defects in the extruded
film. The temperature of the belt mold was maintained at about 210°C by running the
induction heater at 1.6 kW power output and around 190°C at 1.2 kW. The temperature of
the mold was measured right before the belt enters the imprinting nip using a Raytek MI
infrared pyrometer — a noncontact thermometer. For reference, the temperature of the mold
right before the belt enters the HI coil was also measured. This latter temperature was found

to be close to room temperature, indicating that sufficient cooling of the belt was achieved.

Figure 27: Take-off and cooling roller.
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After leaving the take off and cooling roller the embossed polymer web traveled
approximately 1 m through the air for further cooling (Figure 28) to the winder (Figure

29).

Figure 29: Cooling rollers and winder
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Although adjustments in the different speeds and settings of the equipment
produced variations in the dimensions of the extruded film, during steady-state operation
the imprinted film had a thickness of 0.22 mm and a width of 44 mm.

During the test the induction heating unit was turned on and off several times to

determine the effect of heating the belt mold.

4.2 Other Mold Belts

Stainless steel (SS) ribbon 50.8 mm wide and 114 microns thick (2” x 0.0045”’) was
welded to form closed loops to be used in the developed continuous extrusion-to-
embossing process as the basis for making closed loop ribbon mold belts that could be
heated by induction. For the first ribbon mold attempt, Alumina filter disks were glued
with SUS to the surface of such a belt in an attempt to transfer the nanopattern of the surface

of the filter disk to a LDPE ribbon (Figure 30).

Figure 30: Curing the glue in an oven to secure Alumina filter disks to SS ribbon
belt and the belt installed on the calender roll.

For the second ribbon mold belt, a master mold containing the Book of Leviticus,
with letters 6 pm in width, 6 to 9 um tall and 60-170 nm high, was cut, welded to the

surface of a SS ribbon and welded into a SS ribbon mold loop (Figure 31).
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Figure 31: The Bible Book of Leviticus master mold as a ribbon mold.

-

A third ribbon mold was made from a nickel alloy DVD master mold, with track
pitch of 740 nm and 105 nm deep Pits between 400 nm and 1900 nm long, which was

micro-welded into a SS ribbon loop (Figure 32).

Figure 32: Nickel alloy DVD master mold micro-welded into a SS ribbon loop and
installed on the rolling mill or calender roller.
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CHAPTER 5

NANO SCALE MOLD: RESULTS

5.1 Mold Belts Made by Metal Forming.

Nanometer scale patterns were successfully created in electroformed nickel mold
belts but removing the UV curable epoxy NOA 81 from the nickel was problematic. An
SEM analysis of pieces of a nickel mold belt was performed showing both the successfully
copied nanostructures and the NOA 81 contamination of part of the mold. A range of
grating sizes in the IBM test pattern is shown in the SEM image of a 50 um section of a Ni
belt mold in Figure 33. In Figure 34, the SEM image of the copied 500 nm grating pattern
was clearly visible where the NOA 81 was removed. SEM images of clean sections of a
nickel mold belt clearly show the sections of the 500 nm grating in Figure 34 and Figure
35. The top edges of the square wave pattern were crisp, indicating that the metal forming
process produced good fidelity in reproduction of the 500 nm grating that was on the base
form (NOA 81 on PET) shown in Figure 36. Figure 37 shows the 500 nm grating in a
section of nickel mold belt as obtained from a Keyence VK-X 200 Laser Confocal
Microscope. The features in this image generally looked good but the evidence of lingering
resist was also apparent. These images show that the metal forming process copied the

nano features on the PET base form with good fidelity.
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Figure 35: SEM images of Ni copy of a section of IBM test pattern.
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Figure 36: SEM image of the 500 nm grid in NOA 81 on PET [85]

A piece of embossed extruded LDPE was also analyzed with the Keyence VK-X
200 Laser Confocal Microscope and the resulting image, shown in Figure 38, can be
compared with Figure 37. This was from one of the small areas where the NOA 81 had
come off of an otherwise covered nickel mold belt. The effects of residual resist were

apparent but the profile plot did not show the flat tops of the
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Figure 37: Keyence VK-X 200 Laser Confocal Microscope images of IBM test
pattern in Ni mold.

grating as seen in the nickel mold. The grating form was apparent in the 2D image however

the crisp fidelity was not there.
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Figure 38: Keyence VK-X 200 Laser Confocal Microscope images of embossed
extruded LDPE.
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Figure 39 is an AFM analysis, a 3D image and a plot of the profile along the line in
the AFM image of an embossed extruded LDPE sample showing the rectangular grooves
of the test grating pattern. The size of a rectangular groove in the AFM image was 630-670
nm in width (about 650 nm), 310-370 nm spacing (about 350 nm) and 70-125 nm in height
(depth). The 3D image is of a 30 um x 30 um section with 0.2119 um thickness and shows
the effect of residual resist contamination. Parts of the grating structure in the LDPE looked

good but the overall fidelity was inconsistent.

Figure 39: AFM analysis, 3D image and a plot of the profile LDPE sample.

The test patterns on the PET base form also included sections of pillars having
diameters of 1 pm, 700, 500 and 350 nm (Figure 40). The negative or reverse of the pillars

(wells) was what was formed in the Ni ribbon mold as seen in Figure 41. The wells in the
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figure were 510-620 nm in diameter and 46-60 nm deep. Some of the wells were filled with

UV cured resist residue that came off the PET base form.

The AFM analysis of the pattern of pillars printed on PET film by the CHM R2R

UV NIL process is shown in Figure 42 and can be compared with the AFM analysis of the

pattern produced on extruded LDPE, by the nickel belt electroformed using a similar PET

in Figure 43. The pillars were egg shaped and taller than the depth of
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Figure 42: Pillars on PET film imprinted by UV NIL Roll-to-Roll system, the 3D
image of the pillars and the profile of the pillars along the horizontal white line. The
size of the pillars were 450-500 nm diameter and 66-90 nm height.
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Figure 43: Pillars on LDPE film imprinted thermally by Roll-to-Roll production, the
3D image of the pillars and the profile of the pillars along the horizontal white line.
The diameter and height of the columns were about 645-660 nm and 120-170 nm
height.

5.2 Other Ribbon Belt Molds

5.2.1 Alumina Ceramic Filter Discs

The use of ceramic filter disks was not successful. The induction heating of the SS
ribbon did not adequately heat the ceramic disks and the surface structure of the disks was

very small and irregular as seen in Figure 44.
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Figure 44: An AFM analysis of the surface of an alumina ceramic filter disk for 10
pm and 1 pm.

5.2.2 Master Mold of the Book of Leviticus

The ribbon mold belt with the master mold of the Book of Leviticus successfully
embossed a negative or mirror image of the text of the Book of Leviticus onto extruded

LDPE as seen in the AFM analysis in Figure 45. The size of the letters was 6 um in width,
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6 to 9 um in height and 60-170 nm deep. Replication of the text was clear and no distortion

was visible.
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Figure 45: AFM analysis of Leviticus Ni master mold (top) and the embossed LDPE
produced by the continuous extrusion-to-embossing process (bottom). The images
on the right are the height analysis of the features shown on the left. The depth of

imprinted letters in the LDPE was 60-170 nm and the graph is the height profile
under the white line in the LDPE image.
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5.3 The Nickel Alloy DVD Master Mold

The ribbon mold made with the nickel alloy DVD master mold not only
successfully embossed the extruded LDPE but proved to be ideal for showing the necessity
of heating the ribbon mold above T, of the extruded polymer prior to it contacting the melt
at the nip point of the calender.

In Figure 46, the effect of IH the nickel belt is compared with not heating. The
embossing results with the mold belt heated show clear intaglio patterns in A, C and E.
(The fine cracks observed in E and F are due to the gold sputtering or coating necessary to
prevent the reflection of the film (LDPE) surface in SEM. The thickness of the gold layer
was 2 nm.) This demonstrates the necessity of mold heating before contact with the
polymer extrudate.

The reproduction of the DVD patterns on the extruded LDPE film was without
visible flaws when the mold belt temperature was maintained at or slightly above 210 C.
The LDPE film was produced at a rate of 10 to 12 m/min. DVD track pitch is 740 nm. Pits

are 105 nm deep and the pits and lands are between 400 nm and 1900 nm long.
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A. HWF-14.9um - heat on B. HWF-12.5um - heat off

C. HWF-5.97um - heat on D. HWF-5.97um - heat off

E. HWF-2.29um - heat on F. HWF-2.29um - heat off

Figure 46: SEM analysis of extruded LDPE comparing with and without IH at
different horizontal with of field (HWF) settings.
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CHAPTER 6

DISCUSSION

Although the accomplishments of this research have advanced state of the art, T-
NIL embossing of extruded polymers and the making of micro and nano featured molds,
some rough spots were encountered along the way. In this section those difficulties are

discussed so that other researchers might avoid them.

6.1 Nickel Sulfamate Versus Nickel Sulfate Metal Forming

6.1.1 Metal Forming

Electroforming with nickel sulfamate was used and recommended by a majority of
published literature on the subject [87] [88]. The touted “advantages of nickel
electroforming from sulfamate solutions are the low internal stress of the deposits and the

high rates of deposition” [89]. Also, Caswell Inc. (https://caswellplating.com) sells a

Nickel Electroforming Kit that supplied all the chemical components needed for a nickel
sulfamate bath and a plating manual with instructions.

For the first electroforming attempt the PET substrate was seeded with a 50 nm
coating of nickel and any flaws, the butt seam to form a loop and the connection to copper
tape electrodes were touched up with conductive silver paint. This base form or mandrel
was placed in a nickel sulfamate plating bath (Figure 47) as the cathode and about 200
microns of nickel was deposited on it at a current of approximately 700 mA or 11mA/in2,
The bath temperature was kept at 113°F, pH at 4-4.5 and the circulator pump continuously
running. The conductive silver paint caused flaws (Figure 48) in the surface. The plated

nickel formed with high sulfur content making the belt stiff and somewhat brittle.
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Figure 47: Nickel Sulfamate plating baths.

-

Figure 48: Flaws from the conductive silver paint.

Heat treating at 350°C in a vacuum oven did not appreciably improve the stiffness

of the belt but did exasperate the flaws as seen in Figure 49.

—al bl

Figure 49: The flaws after removing the PET base with heat treatment.
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Forming a nickel ribbon mold with Nickel Sulfamate (Ni(SO3NH2)2) without
using conductive paint appeared to reproduce the features but was still very stiff. Heat
treating at 500°C and 730°C in a vacuum oven destroyed the mold presumably because of

the sulfur content [89] (Figure 50).

Figure 50: Mold belt before and after heat treatment in a vacuum oven.

A new nickel sulfamate bath was set up after a temperature controller failed and
boiled out the previous bath. A belt was formed using this new bath and was installed on
the calender setup (Figure 51) without heat treating. The belt failed at the seam before any
extrusion could be tried. An attempt was made to have the mold belt seam laser welded but
Joining Technologies said the material was too brittle to be successfully welded. The nickel
formed using the sulfamate process lacked ductility and was brittle due to the high sulfur

content.
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Figure 51: Mold ribbon belt being installed.

6.1.2 Nickel Sulfate

A nickel sulfate (NiSO4-6H20) or Watts bath was set up and a mold belt was
formed using the bright nickel-plating solution from Caswell. This belt proved to be more
flexible than the ones made with nickel sulfamate but the plated joint cracked and failed
on this belt also. Joining Technologies attempted to laser weld this belt but was not
successful. The ends of the mold belt were then joined with high temperature polyimide
(kapton) tape and an attempt at embossing extruded LDPE was made. This attempt resulted
in the transfer of only small areas of the nano features to the LDPE. On further examination
of the nickel ribbon mold surface, it was found that although the PET carrier readily
separated from the nickel, the Norland Optical Adhesive 81 (NOA 81) had actually
separated from the PET and was still stuck to the nickel. In the process of running this test
the tape failed and the mold belt cracked in another place.

A new mold belt was made in the Watts bath and after the belt was formed, the area
of the belt adjacent to the butt connection was insulated with plastic tape and the exposed
seam was further plated to strengthen the joint. The process added material to the joint but

the result was not smooth (Figure 52).
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Figure 52: Weak seam, plating over seam, stronger seam, view through microscope.

6.1.3 Adding a Copper Layer

Another mold belt was formed in the nickel sulfate bath and in an attempt to add
durability, the inside of the belt was plated with copper before removing the PET {Figure
53}. This was not successful as the copper separated from the nickel under stress and the
copper cracked. An attempt was made to repair the cracks by soldering but the cracking
and delamination continued to progress when running the belt around the rollers and

heating it with IH.

Figure 53: Belt with copper layer, cracking and delaminating, repaired with solder.

Reverse pulse current plating was also tried using a Dynatronix, Inc. MicroStar
power supply but the improvement was found to be minimal. Further research into a nickel

metal forming process that will increase ductility is needed.
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6.2 NOA Adhesion to Nickel

The most challenging problem with the mold belts made by metal forming was an
unanticipated surprise. The continuous extrusion-to-embossing process had successfully
embossed extruded LDPE with micro and nano features using mold belts made from
commercially electro-formed, saw-toothed patterned nickel alloy sheets, from a master
mold of the Book of Leviticus and from a nickel alloy DVD master. The refraction colors
from the nano features on the metal formed mold belt were plainly visible yet the extruded
LDPE was not being embossed with the nano features. Examination of the PET mandrel
removed from the belt gave a clue to the cause as seen in Figure 54. Most of the NOA 81
features were no longer on the PET film. The adhesion of the NOA 81 to the deposited
nickel was stronger than the adhesion to the PET film and although not visible to the naked

eye, the nano features on the nickel belt were covered with NOA 81 (Figure 34).

Figure 54: Refraction colors from nano features on the mold belt and the removed
PET mandrel.
In an attempt to solve this adhesion problem a modified PET substrate base form
or mandrel, with PTE added to the Norland Optical Adhesive 81 as a release agent, was

fabricated. A seed layer of nickel was applied to the mandrel in the electron beam

evaporator and the mandrel was placed in the electroplating bath. In the metal forming
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process the tensile stress that developed in the plated nickel was stronger than the adhesion
of the NOA 81-PTE to the PET and caused it to separate from the form as seen in Figure

55.

Figure 55: The nickel separated from the mandrel under plating tensile stress.
6.3 Removal of NOA 81
When fully cured (polymerized) NOA 81 is not soluble. Norland was consulted and
recommended soaking in N-Methyl-2-pyrrolidone (NMP) to swell the NOA 81 to assist in
removal. A contaminated mold belt was soaked in NOA for days without success. The
NMP was heated but kept below its boiling temperature of 202°C (296°F) without effect

(Figure 56).

Figure 56: NOA 81 contaminated belt mold soaking in DCM and heated.
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The next attempt to remove the NOA 81 from the belt mold without disturbing the
nickel nano features was to use agitation of the DCM. A spring mounted platform was
constructed and fitted with acoustic drivers. The container holding the mold belt soaking
in NMP was placed on the platform and the acoustic drivers were driven by an amplifier
with multiple frequencies (music) for days and then at 15 kHz for days (Figure 57) but the

NOA &1 was not removed.

Figure 57: Mold belt soaking in DCM on Acoustically driven platform.

Next a large ultrasonic cleaner was constructed. The stainless-steel (ss) tank was
12 inches by 24 inches and 12 inches deep. Ten 60-Watt 40 kHz ultrasonic transducers
were attached to the bottom of the tank in a pattern that separated the transducers by an
acoustic wavelength (40 kHz in ss) from each other (Figure 58). The transducers were
driven by a Beijing Ultrasonic generator and the tank was filled with distilled water. The
container holding the mold belt soaking in NMP was suspended in the ultrasonic cleaner
(Figure 59) and run through multiple 15-minute cleaning cycles but this also failed to

remove the NOA &1 from the nickel mold belt.
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Figure 59: The mold belt soaking in NMP suspended in the ultrasonic cleaner

The NOA 81 documentation stated “The cured adhesive can be separated by
soaking in a chlorinated solvent such as methylene chloride” so the mold belt was then
soaked in Tetrachloroethylene, another chlorinated solvent, for over 24 hours and then
sprayed with a high-pressure steam gun using 110 psi saturated steam. That successfully
removed the NOA 81 from the nickel mold belt without damaging the nano features of the
mold. The ribbon mold belt was then installed on the Roll-to-Roll extruder/thermal

embosser and successfully embossed the LDPE with the features.
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CHAPTER 7
PROCESS FOR EMBOSSING A METAL GLASS ROLLER WITH

MICROFEATURES

7.1 Introduction

Metallic glasses (MGs) have unique advantages as a mold material. The featureless
amorphous structure endows MGs with exceptional attributes such as high strength (>2
GPa), high elasticity (up to ~2%), high toughness, paired with superior wear, corrosion
resistance, and smooth surface. Unlike crystalline metals, whose properties such as grain
size make nanomoulding infeasible [90], MGs can be thermoplastically formed or shaped
like thermoplastic polymers, at their supercooled liquid state above the glass transition
temperature, Tg [91]. In this investigation the optimal operating parameters for embossing

a MG roller with micro or nano features are explored, presented and evaluated.

7.2 Determining the processing protocol by experimentation

The key parameters to successfully embossing the surface of a MG roller without
causing crystallization of the MG are the temperature of the primary mold, the applied
force or pressure of the mold against the surface and the time of contact of the surface with
the mold [92]. A temperature above the glass transition temperature (Tg) of the MG was
necessary to quickly transfer sufficient heat to the MG surface to soften it for embossing
without melting it or causing crystallization. The time required for the heat transfer will
govern the rotational speed of the roller over the primary flat mold. The pressure applied

to the roller should be sufficient for accomplishing the embossing without distorting the
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roller surface. The focus of this study was to establish an appropriate processing protocol
by which practical time, temperature, stress, and strain rate can be applied to achieve
precise nanoimprinting of an MG surfaced roller without crystallization.

The material used in this part of the investigation was an injection molded MG
cylinder with 40 mm OD and 1 mm thick walls (Figure 60). The constituent elements
include Zr (56.6 wt%), Ti (25.4 wt%), Cu (8.1 wt%), Be (4.6 wt%), Hf (3.3 wt%), and
other microelements such as Dy, Sn, Ni, Al, etc. (Table 1). It has a glass transition
temperature of 305°C and a crystallization temperature of 450°C measured by DSC at a
heating rate of 20 °C/min. The large thermoplastic forming ability of this material endows
it with a great advantage of imprinting.

Table 1: Specific composition of the Zr MG extruded tube.

Ta.
Nb

elementsq| Zr Hf Ti Cu<| Ni¢’| Be<| Mg« Dy<| Al¢| Sn

(Wt%)<’ | 56.64¢ 3.26¢ 25.364 8.12¢ 0.21¢ 4.61¢ 0.04¢ 1.48¢ 0.05¢ 0.22¢ margin

To determine the optimal operating parameters for embossing a MG roller with
micro or nano features, a curvature-based imprinting process was developed to simulate
and identify the process window for roll-based imprinting. A 5 mm ring was cut from the
extruded MG cylinder and the ring was cut into approximately 5 mm segments (Figure 60)
using a wire electric discharge machine (EDM). A fixture for the Instron testing machine,
that matched the inner diameter curvature of the extruded cylinder, (Figure 61a) was
designed to hold the 5 mm test specimens with a thin steel strap. The tests simulated the
roll-based imprinting process to estimate the practical temperature, time, and pressure

required during roll-based imprinting. Figure 61b shows the drawing of the fixture and the
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strap. This test fixture was mounted on the upper part of the Instron and a hot plate to

support the primary flat mold on the lower part of the Instron testing machine (Figure 62).

Figure 60: A S mm wide ring section of the MG cylinder, in the EDM to cut S mm
sections.
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Figure 61: (a) The Instron test fixture and Zr-based MG samples (S mm 5 mm 1
mm) cut from the tube for imprinting tests. (b) The drawing of the fixture and the
holding strap.

Figure 62: (a) Thermoplastic forming stage using Instron 5969 dual-column testing
system with the force capacity up to 50 kN and heating temperature up to 600 °C. (b)
A test sample mounted on the fixture.
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The Instron testing machine was programmed to thermoplastically imprint MG into
a nickel primary mold placed on the hot plate. The MG test piece was lowered 149 mm, to
1 mm above a nickel primary mold placed on the hotplate, at high speed. It was then slowly
lowered down to the mold until a set force was reached. The force was held for a set time
and then the test sample was returned to the starting position.

The mold used for experimentation was a nickel alloy mold with sawtooth type

features 12 um in height and 30 pm pitch and was 230um thick (Figure 63).

18 4 —— mould after indentation
—— mould before indentaion 1
—— mould before indentaion 2

y axis (um)
® B

T T
100 150 200 250
x axis (um)

Figure 63: Zygo Profilometer surface profile and line profile of the nickel alloy
mold.

During thermoplastic imprinting, the force/pressure was held for a duration of time
until the imprinting process was completed. The calculated pressure for the area embossed
at 450 °C for 5 seconds was between 43 and 50 MPa. The calculated pressure for the area
embossed at 470 °C for 2 seconds was between 61 and 75 MPa. Testing was conducted at
different temperatures of 410 °C, 430 °C, 450 °C, and 470 °C. A force of 100 N was used
and times between 2 and 20 seconds were attempted. Successful embossing was achieved
at 450 °C and 5 s and at 470 °C and 2 s as seen in the optical microscopy (OM) images in

Figure 64.
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OM images of Zr-based MG embossed at (a) 450°C for 5 s and (b) 470°C

Figure 64

for 2 s.
The calculated pressure for the area embossed at 450°C for 5 seconds was between

43 and 50 MPa. The calculated pressure for the area embossed at 470°C for 2 seconds was

between 61 and 75 MPa. Figure 65 illustrates how the areas were derived to calculate the

embossing pressure.
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Figure 65: Calculating area of embossed patterns.

The embossing time, temperatures, area embossed and calculated embossing
pressure at a force of 100 N are shown in Table 2. Three temperatures are shown, the
temperature of the hot plate as displayed on the Omega controller, the temperature of the
aluminum block supporting the nickel mold, and the temperature of the mold as measured
with a noncontact infrared hand-held instrument. The analysis of the 2 second and 5 second
embossing at 100 N force indicated that a 2 second contact time with the hotplate at 500°C
would achieve full indentation of the MG in a shorter time. The relationship between the
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temperature of the hotplate, embossing pressure and the depth of embossing is shown in
Figure 66.

Table 2: Embossing time, temperature, area and pressure at 100 Newtons.

Time Temperature (°C) Area |Pressure| Depth
(s) Controler | Hotplate | Pyrometer (umz) (Mpa) | (um)
390 396 307 0.7 136.5 0.5

410 418 324 B 66.4 0.6

2 430 437 345 2.1 48.5 1.6
450 457 363 2.3 42.9 2ud

470 477 384 3.7 26.8 3.5

4390 500 399 =41 1129 12

370 376 295 0.5 220.8 0.5

390 396 307 1.0 99.3 1.6

5 410 418 324 1.7 59.2 0.6
430 437 345 3.2 30.8 1.7

450 457 363 4.5 22.5 4.8

470 477 384 3.7 17.6 6.4

Full indentation
~ ——2s

——5s

-
o

L) e

Figure 66: The relationship between temperature, pressure and depth of
indentation.
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7.3 Testing the operating parameters with the roller hot emboss mechanism

7.3.1 Roller hot embossing mechanism design

The function of the designed mechanism is to bring a roller into contact under
pressure with a heated flat primary mold, roll the roller over the heated mold for one
revolution of the roller, and then remove the roller from the heated mold. The speed
(timing), temperature of the primary mold and applied pressure are all adjustable to
conform with an appropriate processing protocol by which practical time, temperature,
stress, and strain rate can be applied to achieve precise roller nanoimprinting of an MG
without crystallization.

The mechanism was designed to function inside an inert gas oven just below Tg,
the glassine temperature of the MG (~400°C). The high operating environment temperature
imposed severe constraints on the design of the mechanism as well as the method for
driving the mechanism.

The mechanism was designed to be able to function inside an inert gas oven just
below T, of the MG (e.g., ~400°C). The high operating environment temperature imposed
severe constraints on the design of the mechanism as well as the method for driving the
mechanism. The material used for the structural frame had to maintain sufficient strength
and rigidity at this elevated temperature. The bearing material also had to be able to
withstand a high temperature operating environment. The drive motor and controller
cannot withstand such high temperatures, so the driving lead screw had to be long enough

to extend through the oven wall. For these reasons the basic structure of the mechanism

77



(Figure 67) is formed from steel plate. The bearings are high temperature tolerant brass and
the support insulation for the hot plate in ceramic and refractory cement. The lead screw
that drives the mechanism is long enough to extend through an oven wall where the drive

motor can operate at room temperature.

Figure 67: Designed roller hot embossing mechanism

Specifically, the base of the mechanism (Figure 68) supports the hot plate and frame
walls. The hotplate is designed to support three 500-Watt heaters (Figure 69). The hot plate
is 10” by 7” to accommodate up to a 6” long by 3” diameter roller. The bearing housings
(Figure 70) are attached to guide slots in the walls and are driven back and forth in the
guide slots by a leadscrew. The bearings for the roller are supported between two springs
in the housings a weaker spring below the bearing to lift the roller off the hotplate and a
stiffer spring above the bearing which is compressed by a cam to press the roller against
the master mold which is placed on the hotplate. Replaceable cam plates, mounted in the

walls (Figure 71), drive the follower shaft which operates the pressure cams in the bearing

78



housings to lower and raise the roller for embossing. The cam plates are machined to match

the outer diameter of the roller being embossed.

Figure 68: The base assembly including the hot plate and the insulating ceramic
(yellow).
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Figure 69: The underside of the base assembly showing the heaters.
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Figure 70: The bearing housing assembly.
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Figure 71: Side wall showing replaceable cam plate.

The initial testing of the MG embossing mechanism was to be done using the
micron scale features without an inert gas oven so new longer side plates were constructed.
Three inches was added to each end of the new side plates to enable the test roller to move
totally away from the hot plate and to facilitate the installation and removal of the test
specimens away from the hot plate (Figure 72). A variable speed gearhead motor was used

to drive the 10 tpi leadscrew which moved the roller spindle over the hotplate.
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Figure 72: The roller hot embossing mechanism with wider side walls.

7.3.2 Use of 5 mm wide rings to test the determined processing protocol parameters

To facilitate the testing of the determined processing parameters at a reasonable
scale and cost, 5 mm rings were cut from the extruded MG tube and mounted at the
longitudinal center of a custom mandrel that tapered to a 38 mm outer diameter for 10 mm
at the center (Figure 73: Mandrel roller for testing 5 mm MG rings.). The mandrel was
installed onto the roller hot Embossing mechanism by sliding a 12.7 mm (1/2”) shaft

through the bearings

Figure 73: Mandrel roller for testing 5 mm MG rings.
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into the mandrel. The Ni primary mold was placed on a 17 mm thick aluminum
block to compensate for the small, 40 mm outer diameter, of the Zr-ring (Figure 74). The
roller hot embossing mechanism was initially designed for the 65 mm rollers of the rolling
mill/calender used in the continuous extrusion-to-embossing system making the aluminum

block necessary.

Figure 74: The Zr ring on the mandrel and the Ni primary mold on the Al block.

The pressure applied to the Zr ring was measured with Fujifilm Prescale® Film.
High pressure film covering the range of 7,100 to 18,500 psi was used and indicated the

pressure to be about 14,222 psi (Figure 75).
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Figure 75: Measuring pressure with Fujifilm Prescale® Film.

7.3.3 Experiments

The first 5 mm wide MG ring was pushed on to the custom mandrel using a section
of 29 mm ID steel tube and a mallet but could not be pushed all the way up the taper to the
center where the diameter was 38 mm. The result was that embossing only occurred on the

surface of the ring that was furthest up the taper as

Figure 76: The MG ring off center on the mandrel taper, the Ni mold on the Al
block and the half-embossed ring segment.

seen in Figure 76. With the hot plate heated to 500°C the aluminum block was at
450°C. The embossing was started with the motor controller set at 100 for roughly the first

third of the circumference, slowed down to 50 for the second third and finished at 25
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(Figure 77). The depth of embossing was only 2-2.5 um at the fast speed, 6-7 um at the

medium speed and nearly the full 12 um at the low speed (Figure 78).

Slow Medium Fast
speed speed speed

Hot plate

Figure 77: Path of the first embossing of a MG ring.
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Figure 78: Profilometer surface profile and line profile of embossed segments of 1
MG ring.
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The second MG ring was pressed to the center of the custom mandrel using a
hydraulic arbor press. The hot plate was at 480°C and the aluminum block was at 430°C.
The first segment of the ring was embossed with the leadscrew turning at 10 rpm, the
second segment at 5 rpm and the last segment at 2.4 rpm. That corresponded to the motor
controller set to high range and the dial at 50, 30 and 20 respectively. Also, to the MG ring
moving across the Ni mold at 0.423 mm/s for segment 1, 0.2116 mm/s for segment 2 and
0.1016 mm/s for segment 3. The MG ring was cut at the segment borders for analysis

(Figure 79).
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Figure 79: The three segments of the MG ring and motor controller.

The depth of embossing was around 2 pm for segment 1, 6.8 pm for segment 2 and
11 um for segment 3 as seen in the profilometer surface profile and line profile shown in

Figure 80.
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Figure 80: Profilometer surface profile and line profile of embossed segments of 2"
MG ring.
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The operating parameters for embossing are temperature, pressure and time of
contact. Time of contact is a function of surface speed of the roller across the master mold.
If the contact time with the hot master mold is too short the MG surface will not be heated
to T, and soften to fill the mold features. If it is too long the MG will distort and begin to
crystalize. The graph of embossing depth verses surface speed in Figure 81 shows the

relationship of contact time to embossing quality.

Embossing Depth vs. Surface Speed

Embossing Depth (um)

OFRrNWARUIOIN OO

®
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Surface Speed (mm/s)

Figure 81: Graph of embossing depth vs. surface speed.

During the first two experiments the top of the steel cart that the hot roller
embossing mechanism was on got quite hot and it was difficult for the hotplate to reach
and maintain 500°C so a sheet of glass and high temperature ceramic wool insulation were
placed under the mechanism. This not only kept the steel cart cool; it improved and

stabilized the temperature regulation of the hotplate (Figure 82).
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Figure 82: Glass plate and ceramic wool insulation under the hot roller embossing
mechanism.

A third MG ring was pressed onto the mandrel for embossing. This ring was to be
used on the calender roller for embossing extruded polymer. The hotplate was heated to
500°C and the Al block was at 455°C (Figure 83). With the temperature stable at these
higher temperatures, it was decided to run the embossing with the leadscrew turning at 5
rpm. The Ni mold, having been used several times, was slightly curled and did not lie flat

on the Al block (Figure 84).

Figure 83: Hotplate temperature controller and Al block thermocouple display.
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This reduced the heat transfer to the mold and the MG ring was only embossed to
a 6 um depth or less as seen in Figure 85 so a fourth MG ring was prepared and run with

the leadscrew slowed to 2.4 rpm.

Figure 84: The nickel mold curled.
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Figure 85: The Ni mold curled and the Profilometer surface profile and line profile
of the 3" ring.

90



A fourth MG ring was pressed onto the mandrel for embossing. The hotplate was
again heated to 500°C and the Al block was at 455°C and the embossing was run with the
leadscrew turning at 2.4 rpm. The embossing of the MG ring was very good but could have
been better. The depth of impressions was 12 um (full embossing) around most of the ring

(Figure 86) but as low as 6 um in one area.

Figure 86: Profilometer analysis of 4" MG ring.

7.4 Roll-to-Roll embossing of extruded LDPE with the MG ring

To use a section of the injection molded MG cylinder with 40 mm OD and 1 mm
thick walls in the continuous extrusion-to-embossing process a rolling mill with 40 mm
diameter rollers was adapter to serve and a calender. A top roller was annealed and

machined to a diameter of 38 mm to support the MG ring. Aluminum cylindrical parts were
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machined to be pressed onto the roller mandrel on either side of the MG ring to form a

continuous 40 mm diameter surface (Figure 87).

Figure 87: Rolling mill with 40 mm diameter rollers adapter to serve and a
calender.

The temperatures of the four extruder barrel zones were set to 180 C. The extruded
HDPE web exiting the die was run to meet the mold at the roller nip, through the cooling

roller and then through about 2 feet of air to a winder or take up shaft (Figure 88).

92



Figure 88: Path of LDPE web through the calender, over the cooling roller and to
the winder.

Samples of the resulting LDPE ribbon was examined with an optical microscope

(OM) and analyzed with the profilometer. OM images are shown in Figure 89.
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Figure 89: Three OM images of the LDPE ribbon.
94



The depth of embossing can be seen in the profile views of embossed samples of
the LDPE ribbon in Figure 90. The embossed pattern is only between 7 and 9 um peak to
trough and is rounded at both. The fidelity to the 12 um saw tooth pattern is not there. This
is probably a combination of the extrudate not filling the unheated MG mold ring and the
LDPE not being adequately cooled before separation from the mold. Raising the takeoff
roller to keep the polymer ribbon against the roller mold and slowing down the process

may improve the results and will be tested.

Figure 90: Profile views of embossed LDPE
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CHAPTER 8

CONCLUSIONS

This research presented and demonstrated a method for advancing the art of T-NIL
by directly embossing extruded polymers on a laboratory scale. Microscale and nanoscale
features were imprinted directly onto extruded polymer film at a rate of 10 to 12 meters
per second, three to over one hundred times the throughput of current R2R processes and
orders of magnitude faster than planar processes [34] [37] [45]. The big challenge was in
developing a suitable mold that could yield the thermal changes needed to emboss
viscoelastic material successfully.

The use of a thin metallic ribbon as the mold for roll-to-roll thermal imprint
lithography was shown to have significant advantages. First, the ribbon mold could be
rapidly heated beyond the melt temperature of the extrudate using induction heating. This
enabled the polymer melt to fully fill the micro and nano patterns on the surface of the
ribbon for high fidelity embossing. Second, the low thermal mass of the thin ribbon allowed
for rapid cooling of the mold and the polymer by the high thermal mass of the calender
rollers. In an actual production environment, the rollers would have to be cooled. The
imprinted polymer film was effectively cooled before release from the belt mold, thereby
minimizing feature distortion caused by viscoelastic recovery. The results show that the
belt mold temperature plays a profound role in affecting the replication quality. Belt mold
temperature above the polymer melting temperature is needed for complete replication of

the of the features on the mold belt, especially the sharp corners. Second, Ribbon mold
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belts are scalable for the production of large-area micro- and nanostructures on polymer
substrates.

The feasibility of creating ribbon mold belts using a Polyethylene terephthalate
(PET) film, with surface nano features formed by a R2R UV NIL process developed by the
Center for Hierarchical Manufacturing, as a mandrel for metal forming techniques was
shown. Although the ribbon belts were successfully employed in the continuous
embossing of extruded polymer further investigation in nickel plating metallurgy needs to
be done to improve the ductility and durability of the ribbon belts and UV curable epoxy
resists that can be dissolved or more easily removed from the metal formed nickel ribbon
mold should be investigated.

The crystallin structure of metals limits how small mold features could be and
thermally embossing most durable metals at reasonable temperatures for the use as master
molds is a problem. For this reason, much effort and attention has been given to using metal
glass (MG) as a mold material for R2ZR embossing of polymers. In this research, a
mechanism was designed and built to thermally emboss a roller with a MG surface using a
flat master mold. The apparatus was designed to be usable in a vacuum or inert gas over at
temperatures close to Tz of MG as well as at room temperature.

Sections of a 40 mm diameter extruded MG cylinder were used to determine the
operating parameters for embossing the MG and a 5 mm wide ring cut from the MG
cylinder was successfully embossed using the designed apparatus. The embossed ring was
then used in the calender of the laboratory scale film manufacturing setup as a mold to

emboss continuously extruded polymer successfully.
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Future work will include embossing a roller and then a metal ribbon belt with a cold
sprayed MG surface with micro and nano features and then using the roller for R2R NIL.
Cold spraying the surface of a roller or a metal ribbon mold belt is scalable to industrial

applications.
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