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Surfaces with special functionalities owed to their surface topographies or
textures are present all around us in nature. Millions of living organisms around
us profit from those special functionalities thanks to the features existing on the
interfaces that separate them from the surrounding environment. These
functionalities, such as special wettability or antibacterial properties, for example,
arise from the micro- and nanometre periodically organized features present on
those interfaces.

These properties that arise from the specific interactions of the micro- and
nanotextures present on the surfaces with the surrounding environment (light,
liquids, infectious agents, etc.), constitute a powerful inspiration towards the
functionalization of the surfaces of plastic parts. The possibility of functionalizing
the surface of plastic parts using a replication-based technique applied to a high-
volume and low-cost-per-part well-known production technology such as injection
moulding has acquired a lot of scientific interest during the last years. This
technology allows for the production of such parts without the need of using
special coatings or treatments. This in turn reduces their complexity and also the
resources and times needed for the manufacturing, while also lowering their
environmental footprint.

The production of such surfaces through injection moulding requires the use of
micro- and nanotextured mould inserts that serve as negative template tooling
for the obtention of the textured features on the surface of the final plastic
produced part. In this regard, the usage of two different types of tooling have
been researched in this study: first, metallic micro- and nanotextured inserts and
second, flexible polymeric inserts.

In the first part of this research, the use of micro- and nanotextured metallic
materials as injection mould inserts, a thoroughly studied technology for the
production of micro- and nanotextured surfaces on polymeric parts, is studied.
In this case, the influence of the process parameters on the obtained results been
carried out using mainly transparent thermoplastic polymers (PC, PMMA, PET,
TPU). Along with it, various process technology improvements and functional
characterization techniques to determine the functionality of the obtained plastic
parts has been researched. Also, practical applications of the obtained results
within the frame of a publicly financed project are shown within this section.

The main results show that mould temperature and holding pressure played a

major role in the degree of replication (DR%) of the micro/nanostructures
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obtained in the surface of the polymeric parts manufactured via isothermal
injection moulding (IIM). Also, the improvements in the DR% achieved when
using advanced injection moulding techniques such as variothermal injection
moulding (VIM) and injection compression moulding (ICM) were researched, and
the relevant functional characteristics promoted by the micro- and nanotextures
replicated (special wetting, optical and mechanical properties) were thoroughly
characterized.

In the second part of the research, the use of flexible polymeric materials as
mould inserts, a more innovative and potentially more cost-effective technology,
has been studied. In this section, the influence of the process parameters on the
obtained results and the improvement of the flexible insert materials, along with
a characterization of all the results obtained has been studied. Also, several
complementary topics have been researched: the enhancement of the functional
properties of the obtained plastic parts via secondary treatments (coatings, ionic
implantation), the study of the thermoforming of such textured films to be used
as 3D mould inserts and the extension of the used injectable materials to current
polymers of crescent industrial interest (biopolymers).

The results showed the suitability of the method to replicate micro- and
nanostructures of various levels of hierarchy and its limitations when using
common transparent thermoplastics and biopolymers of high interest. The
functionalities of the surfaces replicated were thoroughly characterized, and their
evolution when the nanostructures were practiced on flat fiims latter
thermoformed to 3D shapes was also analysed. A predictive model based on the
change of the nanostructure geometries upon thermoforming was also
established.

Some of the works presented within this industrial PhD have been carried out
within the publicly financed PLASTFUN project (Planta Pilot de Peces Plastiques
amb Superficies Funcionals Avangades), supported by the European Regional
Development Fund (ERDF), as part of the operative frame FEDER of Catalonia
2014-2020 EC [COMRDI 16-1-0018].

Keywords: Injection moulding, laser-textured inserts, polymeric inlays,

hierarchical micro/nanotextures.
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RESUMEN

Las superficies con funcionalidades especiales debidas a sus topografias o
texturas superficiales estan muy presentes en la naturaleza aque nos rodea.
Millones de organismos vivos a nuestro alrededor se benefician de dichas
funcionalidades especiales gracias a las caracteristicas existentes en las
interficies que los separan del entorno. Estas funcionalidades, tales como la
humectabilidad especial o las propiedades antibacterianas, por ejemplo, surgen
de las caracteristicas micro y nanométricas organizadas periodicamente
presentes en esas interfaces.

Estas propiedades que surgen de las interacciones especificas de las micro y
nanotexturas presentes en las superficies con el entorno circundante (luz,
liquidos, agentes infecciosos, etc.), representan una poderosa fuente de
inspiraciéon hacia la funcionalizacion de las superficies de las piezas plasticas.
La posibilidad de funcionalizar la superficie de piezas de plastico mediante una
técnica basada en la replicacion aplicada a una tecnologia de produccion de alto
volumen y bajo coste por pieza tal como el moldeo por inyeccién ha adquirido un
gran interés cientifico en los ultimos afos. Esta tecnologia permite la produccién
de dichas piezas sin necesidad de utilizar recubrimientos o tratamientos
especiales. Esto a su vez reduce la complejidad de dichas piezas y también los
recursos y tiempos necesarios para la fabricacion, al tempo que reduce su huella
ambiental.

La produccion de dichas superficies a través del moldeo por inyeccion requiere
el uso de insertos de molde micro y nanotexturizados que sirven como
herramientas de plantilla negativa para la obtencion de las caracteristicas
texturizadas en la superficie de la pieza plastica final producida. En este sentido,
en este estudio se ha investigado el uso de dos tipos diferentes de herramientas:
en primer lugar, insertos metalicos micro y nanotexturizados y, en segundo lugar,
insertos poliméricos flexibles.

En la primera parte de esta investigacién se estudia el uso de materiales
metalicos micro y nanotexturizados como insertos de moldes de inyeccion, una
tecnologia muy estudiada para la produccion de superficies micro y
nanotexturizadas en piezas poliméricas.

En este caso, la influencia de los parametros del proceso en los resultados
obtenidos se ha llevado a cabo utilizando principalmente polimeros
termoplasticos transparentes (PC, PMMA, PET, TPU). Paralelamente, se han

investigado diversas mejoras tecnologicas de proceso y técnicas de
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caracterizacion funcional para determinar la funcionalidad de las piezas plasticas
obtenidas. Ademas, en esta seccion se muestran aplicaciones practicas de los
resultados obtenidos en el marco de un proyecto financiado con fondos publicos.
Los principales resultados muestran que la temperatura del molde y la presion
de mantenimiento jugaron un papel importante en el grado de replicacion (DR%)
de las micro/nanoestructuras obtenidas en la superficie de las piezas poliméricas
fabricadas mediante moldeo por inyeccion isotérmica (IIM). Ademas, se
investigaron las mejoras en el DR% logradas al utilizar técnicas avanzadas de
moldeo por inyeccion, tales como el moldeo por inyeccién variotérmica (VIM) y
el moldeo por inyeccion- compresion (ICM), y se caracterizaron minuciosamente
las caracteristicas funcionales relevantes promovidas por las micro y
nanotexturas (humectacion especial, propiedades épticas y mecanicas).

En la segunda parte de la investigacion se ha estudiado el uso de materiales
poliméricos flexibles como insertos de molde, una tecnologia mas innovadora y
potencialmente mas rentable. En este apartado se ha estudiado la influencia de
los parametros del proceso en los resultados obtenidos y la mejora de los
materiales de inserto flexible, junto con una caracterizacion de todos los
resultados obtenidos. Ademas, se han investigado varios temas
complementarios: la mejora de las propiedades funcionales de las piezas
plasticas obtenidas mediante tratamientos secundarios (recubrimientos,
implantacién ionica), el estudio del termoformado de dichos films texturizados
para su uso como insertos de moldes 3D y la extension de desde los materiales
inyectables utilizados hasta los polimeros actuales de creciente interés industrial
(biopolimeros).

Los resultados mostraron la idoneidad del método para replicar micro y
nanoestructuras de varios niveles de jerarquia y sus limitaciones cuando se
utilizan termoplasticos transparentes comunes y biopolimeros de alto interés. Se
caracterizaron minuciosamente las funcionalidades de las superficies replicadas
y se analiz6 su evolucién cuando se practicaban las nanoestructuras sobre
peliculas planas, estas ultimas termoformadas a formas 3D. También se
establecio un modelo predictivo basado en el cambio de las geometrias de las
nanoestructuras tras el termoformado.

Algunos de los trabajos presentados dentro de este doctorado industrial se han
realizado dentro del proyecto PLASTFUN (Planta Pilot de Peces Plastiques amb

Superficies Funcionals Avangades), financiado con fondos publicos y apoyado
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por el Fondo Europeo de Desarrollo Regional (FEDER), como parte del marco
operativo FEDER de Catalufia 2014-2020 CE [COMRDI 16-1-0018].

Palabras clave: Moldeo por inyeccion, linsertos texturizados por laser, insertos

de films poliméricos, micro/nanotexturas jerarquicas.
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The production of micro- and nanotextured surfaces on all sort of materials using
effective production methods has been a topic of high interest in the applied
sciences and engineering world during the last decades. Such surfaces can be
obtained by replication of micro- and nanotextured templates using injection
moulding processes.

In those processes, the textured inserts are placed inside the injection moulds as
templates, commonly referred as inlays, and they are usually produced using
high-cost and low productivity techniques currently limited to 2D shapes, such as
the case of lithography, chemical etching, or micromachining. Furthermore, athey
are mainly manufactured using expensive metallic materials such as Nickel or
Silicon.

The results published around these investigations mainly concern high flowing
and low melt viscosity polymers such as PP, PE, or ABS, of little interest in the
context of optical and/or high surface quality applications in the automotive or
consumer electronics industries.

Adding to that, limited works have been published with focus on the use of
textured inserts produced by high productivity and flexible technologies on readily
available materials, such as laser texturing on steel inserts. This technique allows
for he potential extension to 3D surfaces and it's been studied in this research
with a focus on transparent polymers of higher value and more challenging
rheological properties.

Therefore, the first main topic of this research focuses on studying the replication
of micro- and nanotextures on the surface of transparent thermoplastics of high
interest in the mentioned industries (such as PC and PMMA) via isothermal
injection-moulding using laser textured inserts. Additionally, the improvement
possibilities on the degree of replication (DR%) of the textures achieved by using
advanced injection moulding technologies such as infrared mould heating or
injection compression moulding (/CM) are explored.

Then, the second part of this thesis focuses on the study of a low-cost and flexible
tooling alternative of higher resolution and recyclability: the use of flexible
polymeric micro- and nanotextured inserts as mould inlays produced by an
innovative low-cost alternative based on intermediate PDMS replicas. This

second part is extended to the exploration of an enhancement of properties.
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produced by the application of secondary treatments to the obtained micro- and
nanotextures such as coatings and ion implantation techniques. Furthermore, the
usage of these flexible inserts-based technique is also explored for biopolymers
of crescent interest (PHA, PBS, PLA) in the industry within the current scenario

of climate crisis.

Finally, such nanotextured polymeric films and how their functional surface
properties vary when they undergo a pronounced 3D deformation produced by
another typical plastic transformation process, such as thermoforming, are
studied. This well-known technique is paramount to the production of high-value
added plastic parts in the previously mentioned industries using the currently
developing and highly strategic IME (in-mould electronics) technology, one of the

most relevant R+D lines of the technological centre of Catalonia EURECAT.
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1.1 STATE OF THE ART

The micro- and nanotextured surfaces offer a variety of functional properties owed to
their organized periodical topographies, composition and structure. During the last years,
the scientific community has shown a notable interest in them, and they are becoming
more and more relevant in a wide variety of industrial sectors and applications as an
improved solution to enhance the functionalities of polymeric parts.

Numerous publications are being focused nowadays on the study and manufacturing of
polymeric parts with such surfaces for a variety of applications. Relevant examples
correspond to microfluidic chips [1], optical lenses [2], structural coloration of polymers
[3], isolation of specific cells [4] or enhancement of mechanical properties [5], amongst
others.

To produce such polymeric parts, injection moulding constitutes the most effective
replication method in terms of its consistency, scalability, low cost per part produced and
the fact that it is a well and long known technology. To inject polymeric parts using this
method, a specific mould tooling is required to generate a template for replication (Figure
1.1). Most commonly, a specific tooling in the form of a mould insert with micro- and/or
nanotextured surface is introduced and held in place inside the injection mould, which
allows for its replication by the incoming molten polymer once it cools down to its final
solid state. This replication template can be obtained either directly on the mould surface
or as a stand-alone insert that can be fitted inside the injection mould.

One of the relevant technologies with higher industrial potential is the injection moulding
using laser-textured metallic mould inserts, to be latter easily integrated and held in
position within the injection moulds. In this technique, the negatively patterned surface
on the metallic insert (commonly nickel or steel) is carried out via lithography and plating
processes [6] or laser ablation techniques [7,8, 9] to directly remove material from the
metallic plate surface in a periodical fashion.

Using a textured metallic insert as an insert tool provides a quick processing route that
enables a practical and repeatable approach, limiting the number of intermediate steps
involved. Nevertheless, the resolution of the micro- and nanotextures achievable using
pico- and femtolasers over the surface of metallic materials is currently limited to the low

micrometer/high nanometer range of feature dimensions [10].
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Figure 1.1. Schematic representation of the insert manufacturing process and the replication of its
surface micro/nanotexture by the injected polymer. Image credit: Micro-nanostructured polymer

surfaces using injection molding: A review; K. Maghsoudi R. Jafari, G. Momen, M. Farzaneh [14].

These limitations associated with the resolution of laser texturing can be overcome by
using electroforming and electroplating as alternative techniques to generate patterned
thin metallic films out of the silicon masters (being these films latter separated from them)
generated by the previously described lithographic techniques. This was shown by
Gilchrist M.D. (2018), who succesfully used Ni insert tools with inverted trench patterns
by electroforming and dissolving of Al to replicate nanofluidic designs for medical
demonstrators [11]. Matschuk M. and. Larsen N.B (2012) also applied a similar
approach using mold inserts of electroplated nickel to replicate high aspect ratio
nanostructures by injection molding using cyclic olefin copolymers [12].

Zalkovskij, M. and Thamdrup, L. Hgjlund (2015) demonstrated the replication of sub-
micron sized line diffraction gratings on injection molded parts using Nickel-coated steels
and advanced steels as textured tool inserts , showing the greatest durability of the
advanced steel that was used to complete 73000 injection molding cycles with no change
on its topography [13].

Gilchrist M.D.(2018) demonstrated the use of stavax stainless steel, Nickel and BMG as
tool inserts to manufacture nanofluidic demonstrators in HDPE using injection molding
techniques [11].

The choice of the correct processing parameteres on the injection molding process to
replicate micro- or nanotextured inserts is crucial for the appropriate replication of the
textures on the final polymeric part. This has an even greater effect on the final replication

quality of the injected polymeric parts.
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For any polymer replication executed via injection molding techniques, the main factors
highly influencing the quality of the replication are the mold temperature, melt
temperature, injection and holding pressure, cooling time and injection speed [14]. Any
small change in one of these parameters could markedly affect the quality of the
replicated surface.

Srirojpinyo C. and Yoon S. (2004) showed that increasing melt temperature, mold
temperature, injection velocity, and packing pressure should improve feature definition
and depth ratio [15]. They replicated micro scale features using optical-grade
polycarbonate (PC), polystyrene (PS), polymethylmethacrylate (PMMA) and
polypropylene (PP) with isothermal injection molding, showing that higher melt
temperatures allow the polymeric material to flow for longer times to complete the filling
of the micro- or nanocavity.

In their study, they also showed that higher mold temperatures will slow the cooling and
allow more material to flow to the end of the cavity, and that higher injection velocities
lower the melt viscosity due to higher rates of shear and elongation, and to shear heating.
This lower viscosity of the melt is expected to improve the depth ratio and feature
definition because the material can more easily flow into the features. Rapid filling also
reduces cooling of the molten polymer during filling, and thus, should improve feature
replication. For this mold design, packing pressure acts like a compression force and
higher pressures should force the melt closer to the cavity walls.

The choice of the correct processing parameteres on the injection molding process has
a strong effect on the quality and degree of replication of the final polymeric part. The
materials used for the tooling can strongly affect the final quality of the polymer replica
obtained too.

In this sense, it is important to mention that the use of metals as tool inserts may arise
some disadvantages such as those related to their high thermal conductivity and
diffusivity of these materials. Those two properties cause a high cooling rate of the
molten polymer upon contact with the metallic insert, which rapidly creates a “frozen”
skin of polymer that prevents further flowing of it, therefore frequently hindering the
complete filling of the micro- and/or nano-cavities by the polymer [14]. This commonly
results in a poor replication of the textures contained in the tool insert, and therefore a
decrease in the expected properties of the functional surface.

A potential improvement on the quality of replication on the final injected parts can be
achieved by using advanced injection molded methods such as compression molding or
variothermal injection molding (rapid surface temperature modulation of the injection

mold) or even their combinations.
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In the variothermal injection moulding, a system that allows for a precise control of the
mould temperature and a rapid heating and cooling of the mould cavity is used. The
heating can be carried out by means of several methods such as lasers, inductive and
resistive heating, hot liquid circulation, gas vapour, or even firing the mould cavity. The
cooling is usually carried out by using appropriate refrigerating pipes (most commonly
using cool water) to quickly cool down the mould after the material injection has ended.

A schematic representation of the system can be seen in Figure 1.2.

Temperature-
Mold Valve unit control system

Temperature-
Mold Valve unit control system

Figure 1.2. Schematic representation of the in a Variothermal Injection moulding process (VIM), in
which the system that causes the hot and cold fluid flow through the temperature
control system is shown. Image credit: The use of variotherm systems for microinjection moulding-
Su Q., Zhang N., Gilchrist M.D. [16].

This system can maintain and tightly control a higher mould temperature (close to that
of the melt incoming polymer) for longer time, therefore allowing an enhanced filling of
the micro- and nanocavities present in the negatively patterned mould insert, and then
cause a rapid cooling of the mould surface once this step is completed. The use of such
system also allows for a quicker and more efficient heating of the mould that improves
the quality of replication of the textures. Thus, greater geometrical accuracy and lower
deformations are provided when they’re compared to the features present in the tool
insert. Also, the quicker cooling step allows for a potential reduction in the injection cycle

times.
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It should also be noted that even if this is an effective system, its wide applicability might
be limited to its high implementation cost and the fact that is mould-specific, with clearly
limits its flexibility. That therefore creates the need of research for other more cost-
effective rapid surface heating techniques such as IR-surface mould heating.

Su Q., Zhang M. and Gilchrist M.D. (2016) analysed in their review the use of different
variothermal systems and microinjection moulding process to study the existence of a
quickly formed frozen polymeric layer during the filling of micro- and nanocavities [16].
This frozen layer generates quality problems on the obtained such as weld lines,
incomplete filling, large residual stresses, and imperfect surface smoothness. They
concluded that a variothermal system is a useful solution for these problems, as long as
the appropriate heating system is selected (a greater challenge than the choice of the
cooling system, due to the highest influence of the mould surface temperature upon
contact with the molten polymer during injection. This happens to be the determinant
factor on the filling of the micro- or nanocavity).

Liparoti S., Speranza V. and Pantani R. (2018) showed in their study the effects on the
quality of the replication of micro- and nanofeatures of Nickel shims used as tool inserts
by using rapid surface-temperature modulation (obtained by a heating device layered
below the cavity surface) with two PLA grades of different viscosities [17].

In their study, they analysed the pressure and temperature profiles of the complete
cycles and observed their effect on the accuracy of replication, showing that replication
accuracy of microfeatures increases with both temperature level and heating time. On
the other hand, they showed that an increase of packing pressure only marginally
improves the replication.

Yu M. et al. (2017) used a two-lamp infrared heating system that were able to fit within
the mould walls in between injecting cycles in order to heat a microtextured PMMA mould
surface during few seconds [18]. They observed a complete mould filling when heating
the microtextured mould surface during 10s. with a constant set mould temperature of
80°C.

Berlin W. et al. (2022) developed a numerical model to try to increase the efficiency of
energy input by infrared radiation into metals, using an aluminium mould with built-in
infrared radiators and moveable mould surfaces [19].

The quality of the replication is also related to the pressure within the cavity mould along
the injection process. Considering all the pressure contributions during the injection
moulding cycle, we can estimate that during the polymer flow, the pressure exerted on
the polymer has to overcome the pressure drop due to the filling of micro- or nanocavity,
the one from the potentially trapped air inside the cavities and also the contribution from

the surface tension.
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This was shown by Matschuk, M.and Larsen, N.(2012), who succesfully replicated
various micro- and nanotextures on fluorocarbon-containing thin films surface-coatied
Nickel inserts using cyclic olefin copolymers [20]. This was also remarked by Rytka C.
et al. (2015), who used isothermal, variothermal and injection compression moulding
(and also a combination of the latter two) techniques to compare the replication of various
aspect ratio 3D nanostructures with each method using various mould materials [21].
They analysed the thermal and wetting behaviour of the polymer and mould cavities,
including a calculation of the mentioned frozen layer thickness, relating it with the no flow
temperature, which was determined for the polymers studied.

The filling process taking place during the injection moulding using finite element
modelling techniques has been recently studied, considering the various phenomena
and characteristics of the used materials involved (injected polymer, mould material,
injection parameters, etc.). Loaldi et al. studied the filling behaviour and tried to predict
the replication of microfeatures using a multiscale meshing approach, obtaining
reasonably good results but also showing the clear limitations on the use of this tool for
the optimization of the process [22].

Rytka C. et al (2015) also simulated in their study the filling of the micro- and
nanopatterns present in the mould using the software moldflow and a mulsitcale meshing
approach, realising the added difficulty of the simulation when going down to the
nanometer vs the micrometer feature size present in the texture [21].

Guerrier P. et al. (2016) used a special mould produced with a glass window to perform
a direct visual (and other) comparison of ABS and PC injection moulded parts with
simulations carried out using the Moldex 3D software and a high-speed imaging system
[23]. They revealed the good agreements of the pressures registered within the cavities
with those obtained in the simulations, although some discrepancies arose with lower
cavity-filling times observed in the simulation vs the high-speed videos, mainly due to
the non inclusion of barrel acceleration and incorrect mould cushioning size in their initial
calculations.

Baldi-Boleda T. et al. (2021) used the software Polyflow with a monoscale approach to
simulate the filling of hydrophobic microstructures, using PP as injected polymer [24].
They proved the effectivity of the tool to define process parameters such as temperature
and cycle times and compared the effectivity of calculation of the software of Polyflow
versus other relevant softwares such as Ansys Fluent.

Muntada-Lépez O. et al. (2019) used computer fluid dynamics simulations to simulate

the filling of nanostructured gratins on plastic parts using PP as injected polymer [25].
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They studied replication of process parameters such as maximum injection pressure,
injection time, charge and polymer temperature, demoulding, etc., and also other the
geometric factors from the micro/nanostructure and their influence on the overall quality
of the replication. They observed some shrinking of the nanostructured area and of the
pattern period used and related them to a local young’s modulus reduction and thermal
contraction of the part upon demoulding.

A additional potential way of reducing the problems associated with the high thermal
conductivity of metallic inserts and the creation of the frozen layer, as mentioned by the
previous authors [16, 21] is the use of anti-adhesive polymeric coatings, such as those
based on fluorocarbons or hydrocarbons [20]. They also show some other added
benefits, like the reduction of demoulding issues such as feature damages (for high
aspect ratios, AR), but in the end they represent and added manufacturing step on top
of the already high manufacturing cost of the metallic inserts.Their lifespan can often be
limited too, depending on the polymers injected and the morphology of the micro-
nanotexture and the injected part itself.

Another possible injection moulding tooling technology is the use of textured polymeric
inserts, which is the secondly proposed technique in this Thesis. The low thermal
conductivity typical of this materials acts as a thermal barrier (between metallic mold and
molten polymer) and thus reduces the cooling rate of the molten incoming polymer upon
contact with it, therefore providing it with longer time for the filling of the micro- and
nanocavities [26].

To use a textured polymeric material as tool insert, we use a second processing
technique to produce the original textured patterned part. It starts with the manufacturing
of a micro- and/or nanotextured master (most commonly in silicon or quartz) via
lithographic techniques, commonly. This master is then replicated on to an intermediate
stamper using the UV-assisted Nano imprint lithography (NIL) techniques, so getting a
negative replica of the original master. In this process, a UV-curable material pressed
under fixed pressure on top of it at room temperature and then polymerized by UV
radiation [27]. The stamper thus obtained (PDMS in our case) can be then used for

additional replication steps or be used as the final functional material [28].
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Figure 1.3. Schematic representation of the UV-assisted Nano Imprint lithography process to obtain
nanotextured polymeric surfaces. Image credit: Fabrication of difficult nanostructures by injection

moulding-John-Moir Stormonth Darling

Using this UV-assited NIL technique has the advantage of requiring much lower viscosity
materials (and therefore lower pressure to allow the filling of nanocavities) than other
types of NIL, such as Thermally-assisted NIL; and it also allows the user to operate at
room temperature, too.

A possible further replication of this PDMS stamper (complementary geometry —polarity-
to the original master) can be carried out using an off-the-shelf material such as a PET
or PC film as a substrate. This replication is carried out in order to obtain the polarity of
the original geometry of the master on the final template to be used as mould insert. The
replication of the intermediate PDMS stamper onto lower cost and higher toughness
polymeric materials constitutes an improvement on the mechanical properties of the
polymers to be used as final tool inserts. This reverts into an improvement of the film
handling and durability.

This polymeric film substrate can be then coated with a suitable material to be micro- or
nanopatterned, such as shown by S. H. Park (2011), who replicated micrometer sized
line patters using a PUA coated PET film as insert for the injection molding, showing the
effectivity of polymeric inlays material (PUA) as an effective thermal barrier [26]. That
thermal barrier can significantly hinder heat transfer into the mold during the molding
process and thus may keep the melt viscosity low for longer duration.

The polymeric tooling approach is appealing, not just for its simplicity, but also for the
fact that it opens up an alternative inlay material and patterning options (e.g. UV-NIL)
that remove the requirement for expensive Ni electroforming and can be adapted to the
individual’s own fabrication capabilities.

The various polymeric materials can also be selected for other applicable properties such
as temperature resistance (that might be needed upon contact with the injected polymer)
and ease of demoulding once the injected polymer is cooled, therefore potentially
avoiding distortions and variations in the geometry of the injection-mold replicated

features.
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The usage of polymeric materials for micro- and nanotextured tool inserts has also been
shown by Stormonth-Darling (2013), who succesfully replicated various micro- and
nanotextures (nanopits and naopillars) of high aspect ratios with various grades of
PC,PP,PS and TPU, using fluorosilane -coated cirlex polymer inserts [29].

In his study, the applied inlay coatings were shown to have a clear influence on the
height, shape and deformation of the micro- and nanofeatures in the final replication. It
was shown that non-adhesive SisN4s+TPFS coatings prevented the stretching of low
aspect ratio nanopillars. He also pointed out some of the most common fabrication
defects obtained in the final polymeric replications, such as incomplete cavity filling,
feature deformation and success rate (percentage of the replicated surface that was
successfully replicated). These replication defects strongly depend on the correct
processing parameters and methods.

As Stormonth Darling stated (2013), the filling of the microcavity implies the polymer
overcoming several effects that should be taken into account: the volume of the trapped
air while the cavity is being filled gets compressed and subsequently delays its complete
filling [29]. The pressure due to surface tension effects also delays this filling, even if its
effects become only significant as the dimension of the feature decreases (towards nm-
scale), and finally the formation of a solid “frozen layer” at the polymer-air interface, which
has to elastically deform to allow the replication process to proceed.

An interesting potential way of overcoming those effects contrary to the filling of the
micro- and nanocavities is the use of the injection-compression moulding or ICM method.
This process includes and additional step during the injection phase that applies an
increased pressure inside the moulding cavity. While in regular injection moulding the
polymer melt is injected in a closed mould cavity with almost same dimensions as the
final part (to account for polymer shrinkage effects), in ICM the molten polymer is injected
into an “open” cavity with the two mould halves initially being separated from each other
by a small distance. While the polymer is injected, or once this stage has completely
finished, the mould is successively closed during a compression phase, therefore
reducing the space available within the cavity (the compression gap) and producing the

necessary stroke to perform the compressing action.
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Figure 1.4. Schematic representation of the Injection-compression moulding process (ICM).
Image credit: Keisuke Nagato, Tetsuya Hamaguchi, and Masayuki Nakao - Injection compression

moulding of high-aspect-ratio nanostructures [30].

Nagato K. et al. (2011) showed in their study the application of this system (ICM) for the
injection moulding of optical discs using electroplated Ni inserts with PC as selected
polymer [30]. They successfully used this technique for the replication of high aspect-
ratio nanostructures (pattern width: 200 nm, aspect ratio: 2) over the whole area of a
circular disk of 120 mm diameter, demonstrating the suitability of this technique to obtain
periodical nanotextured surfaces of nm-range over a relatively large area of injected PC
polymer with reasonable quality.

This ICM technique offers the possibility of replicating high nm-range with good optical
properties, reducing internal stresses accumulated by the polymeric part during the
process.

Loaldi D. et al. (2018) used this method to assess its replication capability compared to
isothermal injection moulding (IM) for the replication of a microstructured Fresnel lens
[31]. Lenses in general require very limited amounts of residual stresses accumulated in
them to achieve the right transparency and avoid birefringence issues.

For this purpose, these researchers used cyclic-olefin polymer (COP) and a
polymethylmethacrylate (PMMA) and compared the results obtained for IM and ICM
processes through the design of two factorial designs of experiments (DOE) in their
study. They demonstrated the higher accuracy achieved in the replicated micro-
dimensions and the advancements in terms of part warpage and process precision with

respect to IM.
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The pressure produced in this process is more uniform along the cavity wall, and lower
for post filling stage, and therefore results in less residual stress as well as less part
warpage. Potential drawbacks for this method include low productivity due to the time-
consuming charging step, and the limitation for producing large complex shaped parts.
Rytka C. et al. (2015) tested isothermal injection moulding IM, injection compression
moulding and a combination of both in a process known as variothermal injection-
compression moulding to compare the results obtained in the replication of polymers of
different viscosity and wetting behaviour [21]. They replicated three representative 2D
and 3D micro- and nanostructures into polymethylmethacrylate and amorphous
polyamide by isothermal and variothermal injection moulding with and without
compression, respectively, using the same mould and several different mould inserts as
textured templates.

By means of finite element simulation, they calculated parameters of interest such as the
frozen layer thickness, the no-flow temperature and heat transfer coefficients with
enough accuracy, concluding that even demoulding issues like nano-pillar breakage can
be minimized using ICM because of the lower and more evenly stress generated in the
injected part. This well-known benefit of reduced pressure and internal stresses in the
polymer part can be nicely combined with variothermal heating for best replication
accuracy, when low-range nm-structures are to be replicated.

There exist two main schools of thought for how best to tackle the problem of premature
freezing induced poor mould filling: variothermal and heat retardation. Variothermal
techniques offer a means of precise control that could lead to more predictable
outcomes, but do not seem to be any more advantageous in that regard in the evidence
presented by the current literature. Furthermore, the development of complex
heating/cooling systems is time consuming and costly, which can also cause significant
increases in cycle time. On the other hand, heat transfer retardation obtained by the use
of polymeric micro/nanotextured inserts, which delays the creation of a frozen layer and
thus improves the micro/nanopattern filling, seems to be a much lower cost, flexible and
promising technique that well deserves further study.

The use of polymeric textured films via nanoimprint lithography (NIL) processes also
constitutes an interesting low cost and affordable technology that can allow for the
extension of textured film insert injection moulding technologies or simply nanotextured
film technologies to the 3D domain.

There are many potential applications in industrial sectors that will clearly need to
benefit from the extension to the 3D domain. Some examples of applications that will
naturally require to be extend to 3D are the automotive industry (interior parts, optics),

electronics like [32] as well as home and industrial lighting [33], to mention a few.
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In these sectors, a novel manufacturing technology known as in-mould electronics is
becoming more and more relevant [34]. In-mould labelling (IML) [35] and in-mould
decoration (IMD) [36] processes allow to handle and incorporate decorative 3D formed

polymeric films on final injection-moulded parts.
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Figure 1.5. Schematic representation of the In mould electronics process technology, showing the
presence of a thermoformed polymeric film to give 3D shape to the final injected part’s surface.

Image credit: NISSHA connect.

These manufacturing technologies can be further enhanced by using locally micro- and
nanotextured films to obtain local and specific functionalities on the surface of the
resulting injection moulded parts. Furthermore, the micro- and nano- textured polymeric
films can also be directly used as replication inserts, adequately placed on the injection
moulds [25].

A specific lithographic patterning technique that allows for the local 3D micro- and
nanostructuring of thermoplastic films is thermal nanoimprint lithography (thermal NIL)
[37], a high resolution and high-throughput lithography technique. Thermal NIL is based
on the mechanical deformation of a thermoplastic material, which can be a thermoplastic
resist coated on a substrate or a bulk thermoplastic sheet/film, with a stamp containing
the surface topography to be replicated in a 1 to 1 scale. The achievable resolution is
mainly limited by the minimum feature size that can be fabricated on the stamp and sub-
10 nm lateral dimensions have been demonstrated [38].

However, most lithography methods require the printed surface to be flat. Some
examples of patterning on curve surfaces exist, like for example in nanostencil
lithography [39], but they are not a universal solution and present limited industrial
applicability. When it comes to form micro and nano- textured films into 3D shapes, a
well-known and popular transformation process is thermoforming using vacuum-assisted

plugs. In this case, the surface is patterned when it is flat, and later it is given the desired
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final macroscopic shape [40]. Applications of thermoforming in industry are large but so
far very few examples of functional patterned thermoformed pieces have been realized
[41, 42].

After thermoforming, the patterned areas in the film will suffer geometrical distortions
caused by the induced macroscopic deformation. Those distortions might negatively
impact the surface functionality. To understand the achievable maximum 3D-
macroscale deformations that can be applied to the films without losing the surface
functionality, a study of how the macroscopic deformation translates into geometrical
distortions at the micro- and nano- scale is required. This will then allow to study the loss
in the initial surface functionality, if any, and how it could be identified and prevented.
The micro- and nanotextured surfaces, specially on polymeric materials, commonly
suffer from low mechanical durability [43], and there is still limited research on their
durability and wear characteristics. An interesting possibility to further enhance and fine
tune the surface properties of such micro/nanotextured materials lies in the ion
implantation treatments. Properties such as hardness, adhesion, wettability, wear, and
chemical resistance can be altered with these treatments, and this makes the
implantation of organic-based materials an attractive approach for applications in biology
and medicine, for example [44,45]. This micro- and nanotexturing process, in which ions
of a material are accelerated in an electrical field and impacted into a solid surface of the
material to treat, constitutes a versatile and effective surface modification technique for
polymers, and is used to change the physical, chemical, or electrical properties of the
solid.

In particular, the shallow metal implantation of polymers can change the mechanical and
electric properties of the base polymeric material and is of importance for in mould
electronics [46] or organic-based functional devices, which constitutes a relevant
approach to be further investigated and put into practice within this research. Concerning
the surface characterization of the injected polymeric specimens, confocal laser
scanning microscopy (CLSM) is used to properly characterize the replicated surfaces,
when dealing with characterization of polymers [47,48]. Also, scanning electron
microscopy SEM and AFM are commonly used, as they constitute well known
techniques for the morphological characterization of micro- and nanostructured surfaces
with great detail [49,50].
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1.2 OBJECTIVES

The main objective of this thesis is to investigate the manufacturing of micro- and
nanotextured surfaces on polymeric materials via injection moulding using low cost and
easy to use flexible tooling as mould inserts. As a starting point to evaluate a
performance baseline, isothermal injection moulding processes using traditional mould
materials as laser- textured inserts will also be researched.

As secondary objectives, several complementary aspects will be evaluated along the

process:

- A comparison of the ICM-associated benefits on the replication quality of various polar

and non-polar polymers (to address surface tension effects).

- The possibility of enhancing the replication degree DR% of the injected parts by

evaluating VIM and similar techniques.

- Evaluate the applicability and effect of additional secondary treatments on the

enhancement of various properties of the textured polymeric surface injected, such as:

e lonic implantation treatment

e PVD treatments

- Functional characterization protocols (based on optical, confocal and SEM microscopy
techniques) of the injected polymeric parts in order to assess the replication degree DR%

and uniformity.

- Perform relevant mechanical characterization tests (to be defined) to evaluate the
strength and other mechanical characteristics of the injection moulded textured surfaces

and evaluate their behaviour with regards to the bulk of the plastic part.

- Study the thermoforming behaviour of polymeric textured inserts towards its future
application as 3D polymeric inserts for injection moulding in the industry. This process

can be considered as
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- The incorporation of various anti-stick agents over the surface of the textured polymeric
films, in order to study the appropiate textured-material-on-film/injected polymer

combinations that lead to a satisfactory replication.
- Observe the replication behaviour of several of polymers and biopolymers of common

use and the process parameters influencing them, developing an innovative finite-

element modelling two- stage approach using a common FEM-software.
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2. INJECTION MOULDING AND
CHARACTERIZATION OF MICROTEXTURES ON
POLYCARBONATE USING LASER-TEXTURED
INSERTS?

1# This chapter has been published as a research article in an indexed journal :
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characterization of microtextures on polycarbonate using laser textured inserts. Materials and
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ABSTRACT

The purpose of this chapter is to demonstrate the easy manufacturing and quick
characterization of several microtextured functional surfaces on two transparent
thermoplastics of general interest for several industrial sectors. Microtextured polymeric
surfaces with special optical, tribological and easy-cleaning properties were
manufactured via isothermal injection-molding using laser-microtextured steel mold
inserts. For that purpose, conventional injection molding of two chosen amorphous
transparent polymers (polycarbonate, PC, and polymethyl methacrylate, PMMA) utilizing
laser-microtextured steel inserts was carried out, and a detailed morphological and
functional characterization of the injected specimens was conducted later. We also
report on the suitable process conditions for the injection molding of these specimens
using design of experiment (DOE) techniques.

The analysis of the degree of replication (DR%) on the injected samples shows that mold
temperature and injection speed are the most relevant parameters to obtain a successful
replication and confirm the viability of conventional injection molding as a processing
technique to obtain microtextured functional surfaces in amorphous transparent
thermoplastics. The success of the procedure is further checked by the confirmation of

the obtained surface functionalities by various standard and self-developed methods.

Keywords

Injection moulding; microtextures; polycarbonate; laser textured inserts; replication
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INTRODUCTION

Injection molding of specimens with micro- and nanostructured faces, which enhance or
modify their surface functionality, constitutes a technology of rising interest in a wide
variety of sectors and applications within the industry. Numerous publications are being
focused nowadays on the study and manufacturing of polymeric specimens for a variety
of applications. Relevant examples correspond to microfluidic chips, [1] optical lenses,
[2] structural coloration of polymers, [3] isolation of specific cells [4] or enhancement of
mechanical properties, [5] amongst others.

To produce such specimens, one of the technologies with higher industrial potential is
the injection molding using laser-textured metallic mold inserts, due to its practicality and
ease of integration in standard injection molds. In this technique, the negatively patterned
surface on the metallic insert (commonly nickel or steel) is carried out via lithography and
plating processes [6] or laser ablation techniques [7—10] to directly remove material from
the metallic plate surface in a periodical fashion.

This mastered material can then be introduced as a tool insert inside the injection mold
for the manufacturing of the final polymeric specimen, which once injected will have the
complementary positive texture on its surface [2,8,11].

On the injection molding phase, the main factors influencing the quality of the replication
are the election of the injected polymer, the geometry of the mold and cavities to be filled,
mould temperature, melt temperature, injection and holding pressure, cooling time and
injection speed as shown by numerous previous studies.[12-15] While there are
differences in the main processing parameters affecting replication, there seems to be a
general agreement on the fact that high melt and mold temperature, high injection speed,
and high holding pressure have a positive effect on the melt flow in micro- and
nanometer-sized cavities. Exhaustive reviews around the influencing factors were
performed by Maghsoudi et al. and Attia et al. [16,17]. Considering mould temperature,
packing pressure, and injection speed as the factors with highest relevance on the
process presented here (PC and PMMA injection molding over micro-textured steel
inserts), a determination of the factors with the highest influence investigated via a DOE
is presented in this study. Concerning the surface characterization of the injected
polymeric specimens, a double testing on the surface of the resulting molded specimens
(morphological and functional) is carried out to investigate both the replication degree

and the acquired/enhanced surface functionality achieved by the microstructure.

Confocal microscopy is used to characterize the replicated surfaces, the reference

technique when characterizing of transparent polymers [18,19] In the case of surface
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functional characterization, various tests can be performed to determine the effectivity of
the four functionalities designed on the lasermicrotextured steel inserts: light diffusion,
light guiding, easy to clean and anti-scratch.

To evaluate the effectivity of the injected light-diffusive structures, a quick test to measure
luminance, homogeneity, and percentage of change versus a non-structured surface is
conducted [20]. On the other hand, the light-guiding effectivity of microstructures on the
injected specimens was evaluated by a highly sensitive device that was able to register
the luminance of the perpendicularly guided light (Fig. S3 on S.I.). It is well known that
micro- and nanotextures can modify the tribological performance properties of polymeric
surfaces [21,22]. The particular anti-scratch microstructure studied in this paper is
evaluated by various micro indentation and micro-scratch tests, following previously
reported techniques [23-25]. Surface roughness parameters were measured and
correlated with the variations on user perceptions of the scratch-visibility. The easyto-
clean functionality is qualitatively evaluated — due to the lack of suitable standard test
methods — by combining water contact angle measurements [26] and a quick dust-wiping
effectivity test inspired by Haines [27].

The overall objective of the work presented was to confirm the validity of conventional
injection molding as a suitable method for the successful replication of functional
microtextures in amorphous transparent thermoplastics and to obtain the most relevant
influencing parameters. The aim was also to confirm the investigated surface
functionalities using conventional and novel characterization techniques in the absence

of relevant testing standards in some of the presented cases.

MATERIALS AND METHODS

Injection molding materials

The injection molding experiments were conducted using mainly a polycarbonate
polymer, but in some cases (i.e., optical characterization) polymethyl methacrylate was
also used for comparison purposes.

The specific selected polymers were:

o Polycarbonate (PC) from the company Covestro (Makrolon 2207 — grade
550115-Crystal Clear) [28].

e Polymethyl methacrylate (PMMA) from the company Evonik (Plexiglas 8N Clear)
[29].
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Both materials were dried prior to the injection molding trials: PC was dried at 120°C
during 4 h, while PMMA was dried at 98°C during 2 h, as recommended by the technical
datasheets of the manufacturers.

The injection molding tests were performed at 290°C for PC and 240°C for PMMA, as

recommended by the material manufacturers.

Microtextured steel discs

The microtextures were manufactured on one of the sides of steel disc-shaped samples
of 30 mm diameter and 5 mm thickness. Inserts were manufactured using laser-ablation
techniques with a nano-laser texturing machine, using 220 ns pulse durations, a
wavelength of 1068 nm, and a repetition rate of 80 KHz. The power rate and galvo speed
of the laser were set to 35 W and 2000 mm/s. The laser used a circular polarization like
what is stated in ref. [10], but distinctly in our research the laser source was switched on
and off several thousand times per layer in a controlled manner to selectively eliminate
material across the surface which allows to create a smoother microtopography.

This derived in lesser demolding issues upon the latter injection molding trials, as it can
be observed in the scheme presented in Fig. 2.1. The four microstructures (named D1,
D2, D3, and D5) used in the experiments were designed and manufactured by
MICRORELLEUS SL., and their main morphological characteristics and expected

functionalities were as follows:

(a) D1 — Homogeneous light-diffusive structure: Thismicrotexture was designed to
conceal and homogenize the light coming from a LED or a focal point.

This structure followed a Gaussian roughness profile, with a matte visual appearance,
an average depth of structures of 50 um and an arithmetic mean height of line.
(Saroughness parameter) of 3,024 um. Figure 2.2 (upper left image) shows a scheme of
the working principle of this microtexture, along with a confocal image. In this case,

the microstructure was engraved within the profile of an automotive icon representing a

heated seat according to the manufacturer original design.

(b) D2 — Light-guiding structure: This microtexture was designed to guide the light
passing through a transparent specimen (e.g., PC or PMMA). Light refracts
perpendicularly toward the observer with regards to the initial direction of illumination. It
had shiny visual appearance and finishing, a peak-to-valley average height of AZ = 206
1+ 7 um, and an approximate distance between peaks of AL =315 ym. A scheme of the

working principle of this microtexture, along with a confocal image of it can be seen in
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Fig. 2.2 (upper right image). The microstructure lied within a 1.6 x 1.5 mm rectangle

centered on the disk. face, according to the manufacturer original design.

Figure 2.1. Scheme of the controlled laser switch-off (red lines) along a small zone in one of the
passes to create the textured area, on which the normal laser functioning can be observed in black

lines.

(c) D3 - Anti-Scratch: The purpose of this microstructure was to optically hide the
scratches produced on the surface of the final polymeric specimen, while increasing the
scratch-resistance of the polymer surface over which is practised. The structure followed
a Gaussian profile and had an average feature depth of 3-4 um with a matte-rough finish.
A scheme of the working principle of this microtexture, along with a confocal image of it

can be seen in Fig. 2 (lower left image).

(d) D5 — Easy-to-clean: This microstructure was conceived to give the final injected
polymeric specimen a decorative finish (matte and shiny) and an easy cleaning of dust
and dirt using water as wiping medium. This is due to the soft peak and valley features
present on it that show an average peak-to-valley height of 10 um. Figure 2 (lower right
image) shows a scheme of the working principle of this microtexture, along with a

confocal image.
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Figure 2.2 Composed images showing the details of the D1, D2, D3, D5 microstructures. Each of the
images is composed by: a scheme of the intended observing direction for each functionality (upper
left corner); a confocal image showing the microstructure general appearance (upper right corner)
with a line drawn on it showing a linear profile (lower right corner) and the place from which is
extracted. Finally, a picture of each disc that shows red dots marking the places in which replication

degree and uniformity are investigated (lower left corner).

Mould inserts and machinery

All the injection moulding and morphological characterization tests were carried out at
the facilities of EURECAT, the technological R+D centre of Catalonia.

In order to hold in place the above-explained microtextured discs during the injection
moulding process, a custom-designed injection mould insert was manufactured. The
insert was designed to adapt to one of our injection moulds at EURECAT, which are
used for research purposes. The insert allowed to install each of the microtextured discs
indistinctly on the surface of the fixed half in the injection mould to carry out replication
trials.

The insert held the disc in the appropriate position during the whole injection cycle,
keeping the adequate flatness and leaving the microtextured face of the disc exposed
towards the interior of the cavity at a reduced depth of 1,25 mm regarding the mould-

insert surface. Both insert and injection mould can be seen in Figure 2.3.

Carlos Saez Comet 60



Thus, the injected specimen (a squared plate of 70 x 70 x 2.6 mm) has a cylindrical
elevation of 1.25 mm height that is centred on the specimen, on top of which the texture

is replicated as can be seen in Figure 2.3 (lower left image).

Figure 2.3. Composed image showing the injection mould insert developed to hold the microtextured
disc in position during the injection moulding stage (upper left), pointing its specific placement on
the injection mould cavity with a red-dotted arrow and line (upper right CAD-image). Below, a 3D-
CAD image of the injected specimen and a processed specimen with a replicated microtextured disc

on its centre.

The entry of the polymeric material during the injection molding was effectuated through
a 6.44 mm diameter circular gate that delivered the molten polymer into the cavity via a
fan-type entry. The distance from the circular gate centre to the edge of the injected
specimen was 34.40 mm. Main flow region width, thickness, and distance from entry to
the microtextured zone of the tool were carefully observed using the polymer flow
simulation software MOLDEX. After a careful analysis, all those parameters

were considered favorable for a successful replication, as stated in [30].

For the injection molding trials, an Engel complete E-motion 200/55 electric machine was
used. The main technical characteristics of the machine can be seen in

Table 2.1.

The mould inserts were cleaned with isobutanol and let drying at room temperature prior

to the start of each test. Also, they were carefully inspected after each injection
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round, to confirm the lack of damage or wear on their surface (already observed in the

previous related project [14] using the confocal microscope.

Value Unit
Closing unit
Clamping force 550 kN
Screw stroke 270 mm
Ejection stroke 100 mm
Ejection system Force 23 kN
Injection unit
Screw diameter 25 mm
Maximum injection volume 59 cm?
Screw maximum rotary speed 400 r/min
Injection speed 109 cmi/s
Maximum specific pressure 2400 bar
Nozzle stroke 225 mm
Nozzle force 28 kN

Table 2.1. Technical characteristics of the injection moulding machine used for the trials.

Morphological characterization

For the morphological characterization of the injected samples a Sensofar Ply 2300
confocal microscope was used, and the images acquired were latter processed by the
softwares MountainsMap 5.1 of Digital Surf, and Gwyddion. The main purpose of this

characterization was the determination of the degree of replication (DR%):

DR% = hf /dc x 100

where hf is the height of features in the polymeric sample anddc is the depth of cavities
in the steel insert. The DR% parameter is also interesting to check the uniformity.

of the replicated structures on the injected polymer samples. Peak heights of features
Rp, along with relevant surface roughness parameters such as were measured on the
injected samples according to the DIN EN ISO 4827 standard. The overall uniformities
of the microtextured surfaces’ profiles were further checked on several relevant points of
each of the microtextured icons, as indicated in Fig. 2.2.

Once the topographies of the microtextured steel discs and the replicated injection-
molded specimens were evaluated, the Design of Experiments (DOE) was completed
with the help of the software MINITAB 18.
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Injection molding experiments and DOE

A factorial design of experiments was applied to check the influence of various relevant
process parameters on the replication of the microfeatures present on the insert on
injected PC [12]. This method constituted a relevant alternative to check for the highest-
influencing processing factor on the expected results. For our specific test setup, a 23
experiment type was used, choosing three molding process factors to check their
influence on the final DR% of the microstructures on the injected specimens. The chosen
factors were as follows: mould temperature (Tm), injection speed (Vinj) and holding
pressure (P). Details of the specific D.O.E. matrix can be seen in the Supporting
Information (S.l.) document. The microtextured steel insert D3 with anti-scratch

functionality was chosen for this purpose.

Functional characterization

For the functional characterization, different tests were chosen to determine the
effectivity of each surface and found a correlation with microstructure morphology in

each case:

Light diffusion (D1)

Three of the injected samples of both PC and PMMA materials with light-diffusive
microstructures were tested to determine the light-diffusive functionality of the
microtexture. For that purpose, maximum and minimum light luminance and
homogeneity were determined for the injected samples with the highest DR% by means
of illuminating the sample back face on the zone corresponding to the microtexture
(placed on the front face) by using a LED light source with known characteristics.

Then, the variations on the LED-emitted light characteristics once it had gone through
the microtextured sample were registered using an ultra-light-sensitive camera (LMK6—
5 color TechnoTeam Bildverarbeitung) placed in front of the microtextured surface
(opposite side of the sample). The results were compared with those obtained from

illuminating samples of the same untextured materials.
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Light guiding (D2)

Four samples of PC with light-guiding microstructures anddifferent DR% were
illuminated with an LED light of known intensity on one of the sides of the sample (Fig.
4). By doing so, the light traveled through the PC sample and exited it perpendicularly,

so that a high-sensitivity light-measuring system (LMK6-5 color Techno Team
Bildverarbeitung GmbH) could properly be placed in order to measure the relevant light
characteristics. In addition, it is important to note that the samples were cut following
indications of the adequate LED light source-microstructure distance for optimal guiding

supplied by the microstructure manufacturer (i.e., 10 mm).

Anti-scratch (D3)

Several surface scratches using a Micro-combi Indentation-Scratch Tester MHT (CSM)
were produced on the D3 microtextured samples at the EURECAT facilities.

In order to evaluate the coefficient of friction (COF) and the visibility of the residual
footprint, scratches with different applied loads (from 2 N to 10 N) and speeds (8 mm/min
and 500 mm/min) using a steel ball indenter with 2.5 mm diameter as counterpart were
performed. After the scratch tests, relevant surface roughness parameters were
determined, and the scratch residual imprints were visually inspected and measured
using confocal imaging. These results were correlated with changes in the relevant
surface roughness parameters (Sa, Sdr and Str) measured before and after producing
the scratch. The three selected parameters initially measured and whose evolution was
followed after producing the sample scratches at different speeds and loads are shown
in Table 3. They were chosen in order to be correlated with the “scratch hiding ability” of
the microstructure and to analyze the visual perception of the various scratches

produced.

Easy-to-clean (D5)

Due to the absence of standard procedures to check this effect, a self-made method in
which a controlled quantity of very fine-grained talc powder (PRC Panreac) was
deposited on the top of the microtextured surface, and then the sample was wiped by
dropping ultra-clean water from a fixed distance. First, the samples were dried in an oven

prior to the test (following each material datasheet recommendations) to avoid
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contributions of absorbed humidity on the weighed sample prior to the test. The dust was
deposited on the surface of the discs and its excess was subsequently eliminated to

obtain a uniform layer. Then, samples were weighed with a high-precision scale.

After that, samples were held at an angled position (i.e., 45°) and three equal amounts
of 100 uL of ultra-clean water were dropped from a height of 1.5 cm from the upper part
of the textured disc, along three positions parallel to the disc horizontal diameter (details
are shown in Figure S5 of supplementary information). Finally, the samples were dried
for 5 min at 100°C inside an oven and weighted after complete water evaporation. This
procedure was followed for all the microtextured and non-microtextured polymer
samples and steel discs. After that, the weights of wiped-off dust in each case were
compared. Images of samples before and after the water-drop assay were taken for
visual comparison. In addition, water contact angles and their hysteresis were
determined for all the injected samples and compared to those determined for the
microtextured steel inserts. A tensiometer (Dataphysics OCA 15 CE) and the appropriate

image processing software (SCA 2.0) were employed.

RESULTS AND DISCUSSION

Design of experiments DOE

The results of the design of experiments carried out for the PC material were obtained
using the microtextured disc of anti- scratch functionality (D3). Figure 2.4 shows the
Pareto chart- plot of the relative effects that the different considered parameters have on
replication along as well as the interactions between them.

The mold temperature Tm during the injection molding was the dominant factor of
influence on the DR% as expected [12,15]. The holding pressure and its interaction with
injection speed represented the second and third highest influencing factors in the
process, respectively. The graph also shows a smaller influence of the interaction
between Tm and P, and that the actions between Tm and Vinj were not significant. As
expected, for the chosen materials and process parameters, high Tm and P constituted

the two most important influencing factors for maximizing DR%.
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Figure 2.4. Results of DOE showing the critical factors and interactions between them in the
replication process carried out with PC (Tm=mould temperature / Vinj= injection speed / Pcompac=

holding pressure).

The interaction between Vinj and P had higher relevance than Vinj alone, which is the
less influencing factor for the considered DOE. This suggests a very small variation of
the polymer viscosity on the short interval where Vinj was tested (i.e., between 100 and
150 mm/s) for the two sets of mold temperatures. It seems that further experimentation
with more spaced Vinj andTm values is necessary to check with better accuracy the

influence of Vinj.

Topographic analysis

Light-diffusion microstructure (D1)

For all the different tested injection molding conditions, DR % reached average values
between 68% and 95%. For the conditions in which the best replication was achieved
(i.e., 95%), the injected PC samples showed a variation on the Sa roughness of the
microtopography around +10% between the different tested zones in the samples (see

Fig. 2.5, upper left and right images). This was a clear sign of a uniform DR % across
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the whole microtextured surface. Nevertheless, this small variation in the DR% may be
a consequence of small differences in the thickness of the microtextured discs (reaching
values of up to 0.01 mm in some points). Note that these differences could cause a non-
satisfactory adjustment of the textured disc inside the manufactured custom mold.

This feature could lead to small deviations on the flatness of the injected sample and the
observed DR% variations amongst the various zones of the sample.

Figure 2.5 compares the linear profiles of the D1 microtextured steel (left) and the
microtextured surface of the injection molded PC sample with the highest DR% (i.e.,
Tm/Vinj /P molding conditions of 110°C 100 mm/s and 900 bar).

Steel microtextured insert Polymer replica

Figure 2.5. Linear profile extracted from confocal images of the microtextured D1, D2, D3 and D5
steel inserts (left column), and from PC injected specimens (right column). The general appearances

of the injected specimens are shown on the right margin.

Light-guiding microstructure (D2)

Figure 2.5 (second row-profile on the left) compares the linear profiles of the
microtextured steel insert D2 and the textured surface of the injected PC sample at the
molding conditions (i.e., Tm/Vinj/P of 110°C 100 mm/s and 800 bar, respectively) that
gave rise to the highest replication degree (DR%). DR% ranged from averages of 80%
to 150% depending on the different conditions applied. The values obtained suggested
an unusual elongation of the features in the case of injection conditions associated to
the highest replication degree.

These elongations were probably due to a too short cooling time or even by an excessive
surface roughness of the metallic disc of the D2 microtexture. Another possible cause

could be the small “wells” with larger demolding angles present in the valleys observed
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between peaks on the profile of the D2 microtextured steel insert. These two facts might
have caused an undesired excessive adhesion of the polymer in the mold cavity upon
demolding.

In addition to the elongation shown by the highest peaks in the replicated microstructure,
a set of secondary peaks is also observed. These might also be caused by an excessive
adhesion of the polymer to the irregularities present on the ridge surfaces upon
demolding. As it will be shown later in the functional validation part, these deformations
did not prevent the expected light-guiding functionality.

Despite the observed deformations, the microtextured surface of the injected PC
samples showed a good replication uniformity for all the injection molding conditions.
Variations on the peak-to-valley distance between the different tested zones were

minimal (i.e., St around £10%).

Anti-scratch microstructure (D3)

In Fig. 2.5 we can observe a linear profile of the D2 microtextured steel insert together
with two parallel profiles (roughly 50 um apart) extracted from the textured surface of the
injected PC sample at molding conditions (i.e., Tm/Vinj/P of 110°C 150 mm/s and 800
bar, respectively) that correspond to the highest DR% (93%).

For all the observed injection molding conditions, the microtextured surface of the
injected PC samples showed an acceptable uniformity of replication, with variations on
the peak-to-valley distance St of £15% between the different tested zones. Again, it is
believed that small variations in the steel disc thickness caused an incorrect adjustment
of the disc in the tool insert and flatness defects on the injected samples, which later

derived into uniformities of the DR% amongst various zones of the disc.

Easy to clean microstructure (D5)

Figure 2.5 compares a linear profile of the D5 microtextured steel insert D5 with two
parallel profiles (roughly 150 um apart from each other) extracted from the textured
surface of the injected PC sample at molding conditions corresponding to the highest
DR% (i.e., Tm/Vinj/P of 110°C 150 mm/s and 800 bar, respectively).

The best replication degree for this test configuration reached an average 95%, while

the lowest were approximately 55 and 65% for the lowest mold temperatures.

For all the observed injection molding conditions, the microtextured surface of the

injected PC samples showed an acceptable uniformity of replication. Variations on the
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maximum peak to valley distance St were +10% between theent zones tested in the

samples.

Surface functionality characterization
Light-diffusion microstructure (D1)

Three samples of PC were tested and compared for an equal number of injected samples
with and without microstructural features on its top face, following the method presented
in the experimental section. The same experiment was carried out for the same number
of PMMA-microtextured samples, which for comparison purposes were selected with a
similar DR%.

Table 2.2 summarizes the results of the light diffusion measurements. Textured PC
samples showed a marked increase of 96.5% in the homogeneity of the light measured
sample vs the non-textured PC samples. The increase of homogeneity determined for
the PMMA samples reached 19.2%, while the decrease in the main luminance was of
17.8% compared to a decrease of 29.5% for PC. As can be seen on Table 2, both
materials confirmed the enhanced light-diffusive surface functionality acquired by the
presence of the microtexture, markedly on a higher level for the PC material when
compared to the PMMA. Nevertheless, the increase in light homogeneity measured for
both materials, which is directly related to the diffusive capability of the microstructure,
came at a higher decrease of mean luminance of 12% in the case of PC with regards to
the PMMA.

Luminance (cd/m?) | Homogeneit Change (%)
y min/max Mean
min. | max. | mean % lumi Homogeneity
uminance
non- 12360 | 8631 | 4622 30.5 REF REF
PC textured
2801 | 4701 | 3256 59.9 -29.5 96.5
textured
te';fu”ré 4 | 2638 | 9563 | 5096 27.6 REF REF
PMMA
2555 | 7871 | 4191 329 -17.8 19.2
textured

Table 2.2. Experimental results of the light-diffusion characterization.
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Light-guiding microstructure (D2)

Four samples of injection moulded PC were illuminated from one of its sides by means
of a white LED of known characteristics, and the light coming out of the D2 microstructure
was evaluated and recorded at a distance of 20 cm (Figure 2S in supporting information
document).

The measured luminances of the original LED-source and guided light after going

through the microstructure D2 are summarized in Table 2.3.

Luminance (cd/m?)

Sample Min Max Mean

1 13.84 14150 669.40

Measured on 2 13.88 14210 697.10

LED source 3 13.93 | 13960 653.80

4 13.96 14520 714.00

1 13.49 108.40 31.51

After guided by 2 13.44 71.67 26.39
microstructure

D2 3 13.51 92.90 27.67

4 13.49 75.23 25.82

Table 2.3. Experimental results of the light-guiding measurements.

It can be observed from the table that the highest efficiency of the light-guiding
functionality was reached for sample 1, which corresponds to a DR% of 80%. This value
contrasted with the value attained on sample 2, that had the highest DR% (i.e., 150%),
but also the highest distortion on the injected features. Nevertheless, even for various
different DR% and geometrical distortions of the features, the measurements of mean
luminance for all samples showed similar values and confirmed the D2 surface
functionality. This is consistent with the bigger dimensions of the D2 microtextures, which
probably were less exigent in terms of process conditions to achieve adequate

replication when compared to the other microstructures (e.g., D1, D3 and D5).
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Figure 2.6. Image of the measured luminance on LED-source and a microtextured sample. Measured

values are displayed in a logarithmic colour- scale.

Anti-scratch microstructure (D3)

The chosen roughness parameters (Sa, Sar, Str) were initially measured for both injected
textured and non-textured samples of the same material for comparison purposes.
These initial values are summarized in table 2.4. Samples with a DR% of 67,5% were
chosen for this evaluation in order to confirm the surface functionality at the lowest

replication level obtained.

Sa (um) Sar(um) | Ser (um)

Non textured
0.035 0.009 0.011
sample

Anti-scratch
2.340 21.200 0.067

Texture

Table 2.4. Initial measurements of the roughness parameters for non-textured and D3 textured samples.

Confocal images of scratch residual imprints for two applied loads (2 N, 5 N) and speed
levels (8 mm/min and 500 mm/min) in both textured and non-textured samples are shown
in Figure 2.7 for comparative purposes. Table 2.5 summarizes the resulting values of the
roughness parameters and Figure 2.8 the corresponding friction coefficients (COF) for
the different tested load and speed scenarios. Lastly, a chart representing the evolution
of the Sy parameter (right y-axis) and that of the friction coefficient COF (left y-axis) is

also shown on Figure 2.8.
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Figure 2.7. Confocal images (200 X magnification) of the footprints produced on non-textured

samples (right) and D3-microtextured samples (left) at the indicated indenter loads and speeds.

The determined roughness parameters S, Sqr and Sy have been used for the analysis
of scratch visibility on this study. The parameter Sy, related to the microstructure isotropy
(Table 2.5) stays at relatively constant values for low load levels and all the load speeds
tested, while strong decreases are seen for S; and Sq. This fact correlates with the
lowest visibility of the scratches produced at low load levels (2 and 5 N) at both high and
low speeds (500 and 8 mm/min, 15t to 2" lowest visibility), as perceived by the observers
on the round robin run. Low perception level was defined as hard to be perceived or
directly not perceived, depending on the observer age. Results clearly contrast with the

much higher visibility of the scratches produced at higher load levels.

8 mm/min 500 min/min
F (N) Sa Sdr Str Sa Sdr Str
2 1.520 7.690 0.608 1.540 9.130 0.801
D3 microtextured

5 0.962 0.720 0.416 1.090 0.754 0.714

samples
7 1.280 0.388 0.023 1.160 0.390 0.023
10 2.120 1.500 0.030 1.880 1.100 0.030
Non- 2 0.051 0.011 0.022 0.038 0.008 0.040

microtextured

5 0.490 0.342 0.018 0.216 0.024 0.026

sample

Table 2.5. Roughness parameters for D3-textured and non-textured samples.
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Figure 2.8. Evolution of the coefficient of the measured friction COF (left y-axis) coefficient and Str

values with load and speed levels of indentation.

The values of Sy at high load (7 N and 10 N) and speed levels (8 and 500 mm/min)
showed a drastic reduction when compared to those determined at low load levels for
both scratching speeds. This feature can be explained by the higher damage observed
when scratching the microtextured PC sample at high load and speed levels and relates
well with the different scratch behaviour observed at various low and high loads and
speeds for this viscoelastic material.

Confocal and SEM images of the scratches produced on the D3 microtextured samples
at low and high levels of scratching load and speeds can be seen in Figures s1.4 and
s1.5 of the Supporting Information.

With respect to the friction coefficient (COF), measurements indicated a practically
constant value for every applied load level applied when the speed is 500 mm/min,
except for 10 N that led to a small decrease. On the other hand, a correlation is observed
between COF and the Sy parameter. Specifically, COF increases for higher Sy values.
When this roughness becomes, the surface shows less deformation when scratched and
higher distances exist between peaks and valleys (correlated to S;) of the structured

surface. This feature may also explain the lowest visibility of scratches at high Sy values.

Easy to clean microstructure (D5)
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First, the values of water contact angles were determined for the microtextured PC (on
both shiny and matte sides), non-microtextured PC and steel D5 disc insert samples.
Table 2.6 summarizes the average values obtained, which were in good agreement with
reported water contact angles measured on PC surfaces [29]. The average hysteresis

remained below 5° for all the samples measured.

matte side SD Shiny side SD
Sample 1 84.62 +1.38 83,7 +2.70
Sample 2 84.37 +0.79 82,13 +0.61
Steel Disc Insert D5 88.08 +3.44 92,27 +2.03
PC sample-No texture 84,23 (SD=3.13)

Table 2.6. Average water contact angles (5 measurement points) for microtextured pc samples 1 and 2,
flat pc sample and d5 steel disc insert.

During the process of checking the efficiency of the easy to clean microstructure, an
additional PC sample with a D1 surface microstructure was included in the trials for
comparison purposes. The values obtained for the weight measurements can be

observed on Table 2.7.

Initial weight Weight WITH
% dust removed
(gr.) Dust (gr.)
Sample 1 16.7602 16.7616 0.0406
Sample 2 17.0108 17.0122 0.0935
Steel Disc Insert D5 28.7135 28.7169 0.0091
PC-D1 sample 17.0108 17.0122 0.0235

Table 2.7. Values of initial sample weight, weight after dust addition and % of dust removed after the
cleaning and drying process was completed.

The values of the amount of dust removed after the specified cleaning process for
samples 1 and 2 were superior to those observed for the metallic disc or even for the PC
sample.

Nevertheless, these values should be taken with caution, as this is mostly a custom test
set-up that gives qualitative information. The dust amounts removed represent very small
quantities, and the PC samples might have gone through some hydration during the
liquid drop stage, due to their different hydrophilicities.

The water contact angles were quite similar for all the samples measured, which points

to a similar adhesion of water for all materials. Nonetheless, there were clear differences
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between the amount of dust wiped for the D5 microtextured PC samples and the rest of
the samples used in the study. In the case of the original D5 textured steel disc, the lower
amount of dust removed might be caused by a higher chemical affinity between steel
and water or a slightly rougher surface of the steel disc when compared to the rest of the
samples shown.

Interestingly, the removed dust weight for the PC sample of the D1 microtexture was
also smaller than those determined for samples 1 and 2 (“easy to clean” microtextured
D5 PC samples with DR% of 75% and 95%, respectively). This eliminated the possible
reasoning of having an easy to clean functionality on the surface of injected PC due to
the mere existence of a microtextured surface. The specificity of the D5 microstructure
design for easy to clean purposes appears to be confirmed by the observed results.

All these facts seemed to confirm the surface functionality easy to clean for injected PC

samples and point to a higher effectivity for higher degrees of replication DR%.

CONCLUSIONS

This chapter demonstrates a method for the replication of surface microstructures on PC
using regular isothermal injection molding and confirms their functionalities based on
custom and easily aplicable validation tests with interest for the industry.

The attainment of such functionalities on steel was achieved by means of laser texturing
using an innovative technique that reverts into lower surface roughness of the obtained
microtextures and therefore easier demolding of the latter injection molded parts. The
latter obtained functional surfaces of the injection molded plastic specimens represents
an interesting technology to enhance the functionality of plastic parts.

on the automotive, consumer electronics, medical devices, or lighting sectors, to cite
some. Isothermal injection molding constitutes a suitable method for the replication of
such low aspect-ratio structures of various physical functionalities in the micrometer
range, with high applicability and uniform results for a large number of parts.

Between the process parameters chosen for the analysis, mould temperature, and
holding pressure showed the highest influence on the replication degree, as shown by
the factorial DOE analysis.

The surface functionalities were validated even at varied degrees of replication for the
injected microtextured surfaces. Custom validation test set-ups were defined to best
represent the final application potential, with a clear focus on final use properties.
Measurements were taken for relevant parameters, following recommendation of the
project participants in view of underlying the industrial relevance of the replicated
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textures. On most cases, the best replication fidelity was obtained for the center of the
microstructure and a slight deviation on the DR% between the center and the lateral
ends of the injected samples was detected. These deviations reached a maximum of

15% for the case of the highest aspect ratio structures (i.e., D2 light-guiding functionality
with AR = 0.73).
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3. EXPERIMENTS ON THE REPLICATION OF
MICRO-NANOTEXTURES ON POLYMERS USING
ADVANCED INJECTION MOULDING
TECHNOLOGIES
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3.1 INJECTION COMPRESSION MOULDING EXPERIMENTS

INTRODUCTION

As part of the research planned, using injection compression moulding methods in
order to improve the replication degree for high aspect ratio microstructures was
contemplated for its use with thermoplastic injection over laser microtextured steel
inserts. Once the baseline performance on the regular isothermal injection moulding
method in terms of DR% was established, it was interesting to check the potential

improvements obtained on the micro/nanocavitiy filling by application of this method.

This method consists on injecting the molten polymer inside a mould cavity with an
initial increased thickness (versus the final one that corresponds to the injected part),
that is subsequently reduced to a final thickness by means of the displacement of
one of the mould’s lateral walls, consequently closing the mould to its final position.
Therefore, the molten polymer is compressed on one of its lateral surfaces to reach
the final thickness, and an extra compression of the polymer upon cooling is
produced. As researched on related scientific literature [1,2], it seems proven that
this injection moulding method can improve the replication degree under certain

conditions.

The objective of this specific work is double:

1. To set up and dominate the injection compression moulding process as part
of the applicable processes’ catalogue within the EURECAT plastronics pilot
plant.

2. To check the specific process conditions that allow for an increase in

replication degree of high-aspect ratio micro/nanostructures.
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MATERIALS AND METHODS

A squared steel insert was laser-engraved with a periodic microstructure consisting
of microholes with an area of 10x10mm and a depth of 20 um and a peak-to-valley
average distance of 9.93 um was used for the experiments. This laser textured
periodic microstructure was engraved on the top half of the moveable mould insert-
cavity with variable thickness, at 100 mm from the gate (see place marked with a red

square on the picture on the right below).

Profile
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Figure 3.1. Microstructure of holes laser textured on the mould insert-cavity (above) and a CLSM-
profile image of the blue line marked (below) CAD drawing of the mould half containing the

microstructure in its top section (right)

An injection mould capable of producing injection compression effects by means of
compression springs was used for the experiments. A CAD design of the mould half
where the microstructure was engraved can be observed in Fig 3.2. Also, a diagram
including the active forces in the process can be seen. The main forces involved in

the process can be summarized as:
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Fop= Programmed compression force
Fwp= Effective compression force
Fa= Lifting force

Fr= Spring force

They have to be carefully balanced prior to the injection trials, in order not to damage

the mould or to avoid producing defect-containing parts.

0. °=°.0
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Figure 3.2. Compression-springs based ICM mould used and diagram showing the specific
forces involved in the process (left) — Image credit: [6]. CAD drawing of the mould half containing

the microstructure in its top section (right) - EURECAT

This injection mould was mounted in a 3K 160-Ton Engel injection moulding
machine. Polycarbonate Makrolon 2207 was chosen as polymer material. Each
injection round yields a flat square part of 122 by 120 mm and 2.2 mm in thickness,
that was later characterized using confocal laser scanning imaging. Details of the

mould type and microstructure placement can be observed in Figure 3.2.
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Figure 3.3. Picture of the Engel 3K injection moulding machine used in the experiments. Image
credit: EURECAT

A detailed of the obtained injected part can be observed in the figure below (Figure
3.4).

Figure 3.4. Picture of the microtextured insert used in the experiments (left) and the resulting injected
part (right)— Image credit: EURECAT

For the experiments, Experimental Methods a custom design of experiments was

conceived in order to inject material at various injection speeds, mould gaps,

compression speeds and as shown in the table below.
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Order Gap Vinj V comp
INSERT NUM
exp. (mm) (cm3/s) (mml/s)
0 0 57 -
FLAT insert without 0A 0 38 -
texture 0B 0 90 j
1 0,5 38 30
2 0,5 38 15
3 0,5 57 30
4 0,5 57 15
5 1 38 30
52- super- 6 1 38 15
hydrophobic texture
on flat steel insert ! 1 57 30
8 1 57 15
9 3 38 30
10 3 38 15
11 3 57 30
12 3 57 15

Table 3.1. Conditions applied for the Design of Experiments applied to the Injection Compression Moulding
experiments.

Aside form the injection moulding compression conditions included in the table, the
following conditions were held constant during the experiments, as per the experience
gathered during previous injection moulding of micro/nanotextures and as per indication
of the used material’s datasheet:

Screw temperature: 290°C

Mould temperature: 80°C

Holding pressure: 800 bar

Holding pressure time: 7”

Cooling time: 15”

Once the experiments were completed and the polymeric parts were gathered, they were
carefully analysed using CLSM and the software Gwyddion, in an analogue way to what

is explained in chapter 2, in order to compare DR% of the parts injected using
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compression stroke with that of the uncompressed parts. That allowed therefore to
determine the processing window of main compression parameters that resulted in

micro/nanocavity filling improvement.

RESULTS AND DISCUSSION

While injection compression moulding is largely demonstrated as a technique to improve
part thickness uniformity, reduce stress concentrations or improve overall optical
uniformity of the part, its effectivity to improve the replication degree of
micro/nanostructures at typical mould temperatures for PC (80°C) is not confirmed for
our settings, for any of the compression gaps/compression stroke speeds and injection
speeds combinations tested.

The maximum achieved replication degree of for the chosen microstructure in isothermal
injection moulding (IM) reached a maximum value of 25% (see figure YY) for the parts
injected without compression stroke (0, 0A, 0OB), and it largely did not improve for the
parts injected with compression stroke in any of the cases except for experiments 7 and
8, when it was similar due to higher injection speeds applied. A table of the obtained

results can be seen below.

Avg. feature

INSERT NUM |Order exp.
height / DR%

0 4.8um / 25%
FLAT insert 0A 2.3um/ 12%
without
texture 0B 2.6um/ 13%
1
1um / 5%
2
3
2um / 10%
4
5
52- super- 3,5um / 18%
hydrophobic 6
texture on flat 7
. 4,5um / 23%
steel insert
9
10 Too
11 stretched and
broken pillars
12

Table 3. 2. Results obtained on the Injection Compression Moulding experiments.
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On top of that, an increased part-curvature was observed when comparing the centre
with the sides of the microtextured zones and a flattening of the features tip was
observed on the confocal images (see Figs. 3.5 and 3.6 below), that might be potentially

caused by the process, too.

T T
oo oes oz o1 [+ o

Figure 3.5. Confocal images of an area analysed in one of the samples (above), showing the lines
marking the two parallel height profiles analysed in the part, and profile extracted from the confocal

image showing the curvature produced in the injected samples (below).
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Figure 3.6. Confocal 3D image showing the curvature and flattening of the micrometer-sized pillars

of the microtextured area on the injected samples.

All the results are based on comparing 6 different confocal-laser imaging measurements
at the centre-upper half, centre-lower half, centre-left and right sides of the

microstructured square practiced on the injected part.

CONCLUSIONS

None of the DR% values obtained did not go over the value 25% when applying injection
compression moulding methods, which is very comparable to the values obtained when
using normal isothermal injection moulding to replicate nanotextures with laser-textured
inserts.

While ICM increases replication degree for high-fluidity thermoplastics at regular mould
temperature settings (as stated in extensive scientific literature), it doesn’t seem to be a
very effective method to increase the replication degree in HAR (high aspect ratio — 2:1
or higher) microstructures at common processing mould temperatures on high-viscosity
thermoplastics, as it’s the case for PC.

Another potential cause for the unexpected results obtained with these trials might be
the excessive reduced area (100 mm?) of the micro/nanotextured zone with regards to
the overall surface exposed to compression stroke, which in fact constitutes the whole
flat area of the part (122x120mm=14646 mm?). This might have caused insufficient
compression on the microtextured area of the injected parts. What remains also clear is

that for constant compression gap and speed, the DR% improves slightly at higher
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injection speeds, as expected per the interactions shown between pressure and injection
speed in the chapter 2 of this research.

Replication degree can potentially be increased by adding higher mould temperatures to
the compression moulding stated processes, but at the expense of process energy costs
and cycle times. Anyway, even if ICM does not clearly improve replication degree for
high viscosity thermoplastics in HAR microstructures, it might still be adding remarkable
improvements to the optical quality & thickness uniformity of injected transparent parts.
Therefore, it should be further explored for other polymer types (with lower viscosities)

and also its combination with rapid mould heating methods to achieve all these effects.
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3.2 INFRARED MOULD-SURFACE HEATING EXPERIMENTS

INTRODUCTION

The utilization of variothermal surface heating to enhance the filling of micro/nanocavities
in injection moulding has been recently demonstrated [3, 4]. It allows for the reduction or

elimination of the frozen layer by increasing the mould surface temperature.

The most common way to apply this technology is using Heat & Cool systems built-in in
injection moulds, that allow for the quick heating and cooling of the mould surface.
Nevertheless, even if these are effective systems, their wide applicability might be limited
to its high implementation cost and the fact that they’re mould-specific, with clearly limits
its flexibility. For an R+D institution such as EURECAT where all the tests were taking
place, in order to have a non mould-specific system at lower cost available for many
different experiments and configurations, an IR-surface mould heating system that has
also proven its applicability to the referred problem [5] presented itself as the most
convenient alternative.For that reason, a specialised company we contacted to design a
custom equipment that could be suitable to be used with various moulds of different
cavity sizes. The idea behind it was to have available an equipment as modular and

flexible as it was possible at reasonably low cost.

Then, a series of trials comparing different mould heating levels and set temperatures
were carried out and compared with the base cavity-filling level obtained when using

isothermal injection moulding, by means of the CLSM imaging on the injected samples.

MATERIALS AND METHODS

The same steel insert laser-engraved with a periodic microstructure consisting of
microholes from the previous section 3.1. Additionally, the same machine and injection
moulds were also used in the experiments. The parts obtained were identical in

dimensions to the parts obtained in the previous experiment 3.1.

Concerning the specifically conceived infrared heating system, a custom device
consisting of two interchangeable IR-lamps of two different sizes was manufactured. It
was designed so as to fit in between the mould halves of two machines (an ENGEL
55Tm. and an ENGEL 160Tm) daily used at EURECAT’s lab. The main idea behind the
configuration was to have a reasonable cost, adaptable and modular system able to heat
one side of a mould cavity while the mould was open, prior to the injection run. Once

designed and agreed, it was outsourced for manufacturing.
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It consisted of two IR-lamps with the following dimensions and characteristics:

- Big lamp: 5 short wave (SW) lamp emitters with reflector with a total power of
each lamp emitter of 2530 W. The working voltage of the lamp emitters was 230
V, and the module heating area was 35x35cm. The heating heads were
adjustable in height and rotation.

- Small lamp: 2 SW emitters with reflector with a total power of 500 W. the working
voltage of the emitters was 115 V, and the module heating area was 35x35cm.
The heating heads were adjustable in height and rotation.

- An electronic command system able to switch control between small module (up
to 1kW) and big module (up to 12.65 kW) was used. This module can be
regulated to control the heating by set temperature and/or time, as it incorporates
an optical pyrometer to continuously monitors the desired temperature by
pointing it to the right surface.

- Metallic frame of size 610x1200.65x1361 mm.

Details of the heating lamps, big and small systems and a picture of the actual assembled
device with the installed cam be seen below in Figure 3.7 and the supplementary material

of this section.

1521
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Figure 3.7. Image showing the overall configuration of the IR-heater. SOURCE: EURECAT

To optimize the calibration of the IR-heating device towards achieving optimized

production cycles in the future, the temperatures on the the heated mould surface were
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continually measured comparing the readings and deviations between the various

measurement methods. The measurements were taken using the following devices:

- Thermocouples attached to the mould surface (2) and conveniently protected
with high-temperature tape. They offered continuous temperature reading thanks
to the connection to a multiple-channel data logger.

- Contact pyrometer (single-point instantaneous reading upon contact)

- Optical thermocouple (connected to IR device to allow for temperature-regulated

settings)

Also, the mould temperature settings of the injection moulding machine were used for
comparison purposes.

Prior to any IR-heating experiment five parts were injected with the same settings as the
previous section 3.1, and five additional parts were obtained with a mould temperature
setting of 120 °C.

For the machine calibration, initially the IR-heating system was used on the “set by
temperature” mode, fixing an input temperature at 180°C (corresponding to the now flow
temperature of PC, which is the thermal transition temperature of PC + 30°C [16]), using
the big lamp (35x35cm heating area) and setting the mould temperature at 80°C. Then,
the time taken for the thermocouples, the optical and the contact pyrometer to achieve
the set temperature was measured (twice at various heated cavity locations). The IR-

heater was placed at 55mm from the mould surface.

In a second experiment, the same process was carried out but setting the mould
temperature at 120°C.Once the optimal setting was achieved for the IR-heating device
and a time to reach the set temperature was measured, several parts were injected using

this time as heating time set in the command module.
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Figure 3.8. Image showing the position on which the thermocouples were placed.

RESULTS AND DISCUSSION

From the initial experiments, a constant deviation of approximately 10°C existed between
the temperature measured by the IR-heater’s optical pyrometer and the thermocouples,
with the read from the contact pyrometer which always showed the higher value. The
contact pyrometer was from then on used as the reference value, given the acceptable
+10°C variation on the mould temperature settings which were fixed at 120°C (and

sufficient time was allowed for the mould to heat-up).

There exists a considerable deviation between the time taken for the IR-heating system
to reach the set temperature depending on the starting set temperature of the machine

mould, as shown in the two measurements in table 3.3.

time to achieve 180°C mould

Mould setti
ould setting surface temperature

80°C 7 6'10"
120°C 44" 45"

Table 3.3. Results of the experiments to measure the time taken to reach the set surface temperature.
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Due to the much shorter time to reach the set temperature of 180°C when the mould
temperature is intially set at 120 °C, it was decided to use this mould temperature for the

experiments of micro/nanocavity-filling.

In terms of the baseline replications achieved for the non-heated parts the average DR%
values achieved for the injected parts with the mould set at 80°C was 20%, while it
reached 22% for the parts injected with the mould set at 120°C. Confocal images of some

of these parts can be seen in the figures 3.9 and 3.10 below.

This phenomenon was probably caused by the great thermal inertia of the moulds, given
by their great mass. The mould insert was not thermally isolated from the rest of the
mould, and this caused the intermediate (and high) heat transfer from the heated mould

surface to the rest of the mould parts.

¥ 0.9 mm

Figure 3.9. Confocal image of a part injected without IR-heating with the mould set temperature of
80°C; Confocal image of the profiles analysed on the area selected (above); linear height profiles

extracted from the area analysed (centre), and 3D confocal image of the area analysed (below).
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Figure 3.10. Confocal image of a part injected without IR-heating with the mould set temperature of
120°C; Confocal image of the profiles analysed on the area selected (above); linear height profiles

extracted from the area analysed (centre), and 3D confocal image of the area analysed (below).

Then, for the injected parts on which the IR-heating was applied, the achieved replication
for the best heating conditions -setting the initial mould temperature at 120°C and heating
to 180°C in 45”- the average DR% achieved reached 36%. Pictures of the best replicated
part can be seen in Figure 3.11.
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Figure 3.11. Confocal image of a part that reached 45% DR% injected with IR-heating (45” heating to
180°C mould surface temperature) with the mould set temperature of 120°C; Confocal image of the
profiles analysed on the area selected (above); linear height profiles extracted from the area

analysed (centre), and 3D confocal image of the area analysed (below).

The improvements reached are not very remarkable, contrary to what was expected.
Although it was not possible to measure it with full accuracy, the time taken to close the
mould and inject material from the moment the temperature on the mould surface
reached 180°C was around (and most probably higher) than 3”. This excessive time
caused an excessive temperature drop on the mould surfaces. This decrease in
temperature adds to the approximate drop rate of 10°C/s, observed by the

measurements -taken once the IR-heated stopped- with the mould still in open position.
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Both facts surely caused the insufficient degree of replication DR% to a large extent.
This is supported by the well-known main cause for insufficient mould surface

temperature, which is the insufficient mould wall temperature upon the plastic entry.

Also, some of the pillars appeared broken in most of the cases, as it can be observed on
the confocal 3D images obtained. This might have been caused by insufficient cooling
time (that might have been to be adjusted for such high aspect ratio features or excessive

polymer-mould adherence) upon demoulding.

CONCLUSIONS

The usefulness of application of IR-heaters in isothermal injection moulding processes
to assist the improvement of the degree of replication of micro/nanotextures present in
the mould has already been already demonstrated in the last years. Upon its
development and implementation though, very careful adaptation of the heater
characteristics and process parameters to the particular case of study is needed in order

to obtain the best possible results.

In our case, the results obtained were very minor, most probably due to insufficient mould
temperature upon the moment of injection. This insufficient temperature level was
caused by a very quick temperature drop vs time on the micro/nanotextured mould
cavity. An excessive time used by the injection moulding machine to inject the polymeric
material in the cavity, counted from the moment the IR-heating system was stopped,

largely contributed to the insufficient mould temperature too.

The high heat transfer rate of the steel mould surface was probably caused by the very
high thermal inertia associated to the different parts constituting the steel mould. The
mould parts are directly assembled to the final steel plate containing the cavity without
any thermal insulation, and therefore provide a high thermal inertia to the whole mould.
Most probably the relatively small, heated surface in comparison to the total mould’s
surface, and the cavity insulation with regards to the rest of the mould area should be

revised.

It is also important to note that the microtexture considered in this case shows a
considerable aspect ratio AR, of 2, which makes its replication more difficult compared

to other not so slender microstructures.
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3.3 APPLICATION CASE: PLASTFUN PROJECT

INTRODUCTION

The knowledge and experience gained along this research was applied to the
development and prototype production of two polymeric parts representative of interior
car dashboard components, that were manufactured via the In Mould Electronics IME

processing technology within the PLASTFUN project.

The PLASTFUN project (Planta Pilot de Peces Plastiques amb Superficies Funcionals
Avancgades), that had the main objective of developing the technology and processes
for the pilot production of two IME and micro/nanotextured injection moulded prototype
parts typical of car interiors, was included within the Industries of the Future community
(IDF) RIS3CAT and supported by the European Regional Development Fund (ERDF) as
part of the operative frame FEDER of Catalonia 2014-2020 EC [COMRDI 16-1-0018],

included in the 7th Framework Program.

The specific injected parts were built out of an electronically printed film to create an
electronic circuit on the film’s surface that contained micro-LEDs for the parts retro-
illumination. Following the In Mould Electronics IME processing route, the specific parts
were then thermoformed, precision cut and over-injection moulded. The parts resulting
after the injection moulding contained a microtextured zone that provided light-guiding
and anti-scratch surface functionality, in order to enhance the luminosity of a LED-back

lit area of the part and to reduce the visibility of produced scratches, respectively.

3.3.1 PART 1: IME CAR INTERIOR BUTTON PANEL WITH MICROTEXTURED
CENTRAL BUTTON’S SURFACE

MATERIALS AND METHODS

The part mentioned was an injection moulded dashboard control panel displaying seven
functional tactile-control buttons, and it contained a microtextured zone on the central
key’s back surface. The light-guiding microstructure applied (see chapter 2), once
replicated in the injection moulded process, was designed to face the inside of the part
and perpendicularly guide the light produced by the LED embedded in the part towards
the user’s eyes. A scheme of the injection moulded part, displaying the microtextured
zone and the LED placement, together with the designed and optically simulated light-

guiding path can be seen on Figure 3.12 below.
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Figure 3.12. 3D CAD Image of the injection moulded part, displaying the LED and the microtextured
zone on the central button’s back surface on the part’s back view (above-left). CAD design of the
parts central button, showing the placement of the microstructure (above-right) and simulated light-
guiding path followed by the LED embedded inside the injection moulded part (below). Picture
courtesy of KOSTAL ELECTRICA S.A.

To be able to manufacture the prototype, a custom button-shaped microtextured insert
of the size of the central button was manufactured via femtosecond laser ablation, and
then conveniently fit in the central section —corresponding to the central button- of the
injection mould prior to the injection moulding trials.
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Figure 3.13. Details of the custom-developed microtextured steel insert, shown right next to a
nontextured steel insert for comparison (above), and its specific placement on the injection mould

cavity (below).

The part was then injection moulded using the materials and conditions specified in
chapter 2, and then it was conveniently validated via confocal laser scanning microscopy

CLSM and optical measurements.

RESULTS

The DR% achieved reached an average value of 75% (measured over 5 injected parts),
which was slightly lower than previous values reached (see chapter 2.1) due to the need
of protecting the electronically printed film to avoid potential damages while injecting the
polymer. To properly protect the electronically printed film, lower mould and melt

temperature were required during the injection, which was not convenient in order to
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optimize the DR%. Nevertheless, the DR% reached was completely satisfactory to

obtain the sought functionality.
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Figure 3.14. XY profile (above) of the replicated light-guiding microstructures of the injected plastic

part (above) and 3D CLSM image of the characterized section (below).

3.3.2 PART 2: IME CAR INTERIOR TOUCH PANEL WITH MICROTEXTURED
CENTRAL SURFACE

MATERIALS AND METHODS

The part mentioned was an injection moulded decorative and functional panel to be
installed in a vehicle interior between the driver and the co-pilot seats, featuring a multi-
touch control functional surface and it contained a microtextured zone on the part's
central zone. The anti-scratch microstructure applied (see chapter 2), once replicated in
the injection moulded process, was designed to face the outside of the part and reduce

the visibility of scratches produced during the normal usage of the part.
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A scheme of the injection moulded part, displaying the microtextured zone and injection

mould can be seen on Figure 3.15 below.

Figure 3.15. Image of the injection moulded part containing the IME electronically printed film,
(above-left). Image of the injection mould used, showing the central microtextured part (right) and
picture of the injection moulded part (below-left) without IME film, shown in perspective to highlight

the presence of the microstructure. Picture courtesy of Walterpack PPT.

To be able to manufacture the prototype, a custom microtextured insert of the size of the
central touch-sensitive are of the final part was manufactured via femtosecond laser
ablation, and then conveniently fit in the central section of the injection mould prior to the

injection moulding trials.
RESULTS AND DISCUSSIONS

The DR% achieved reached an average value of 40% (measured over 5 injected parts),
which was slightly lower than previous values reached (see chapter 2) due to the need
of protecting the electronically printed film to avoid potential damages while injecting the
polymer. To properly protect the electronically printed film, lower mould and melt
temperature were required during the injection, which was not convenient in order to
optimize the DR%.
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Nevertheless, the DR% reached was completely satisfactory to obtain the sought

functionality.
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Figure 3.16. XY profile (above) of the replicated anti-scratch microstructure of the injected plastic

part (above) and 3D CLSM image of the characterized section (below) .
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4.INJECTION MOULDING OF
MICRO/NANOTEXTURED SURFACES USING NIL

(NANO-IMPRINT LITHOGRAPHY) — TEXTURED
POLYMERIC FILMS
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INTRODUCTION

The second part of this thesis focuses on researching the obtention of injection moulded
micro/nanotextured polymeric surfaces using textured polymeric films as mould inlays.
As previously mentioned, when compared to the usage of metallic inserts as texture
templates, the use of polymeric inserts inside the injection mould as replication templates
brings the advantage of reducing the cooling rate of the molten incoming polymer upon
contact with it, and therefore provides longer time for the filling of the micro- and
nanocavities [1].

As part of the research planned within this section, an initial set of experiments was
planned in order to evaluate different parameters and conditions involved in the
replication-by-injection process, with the aim of exploring the baseline performance of

the whole process:

- Explore the application of different polymeric films to be used as base support
materials for the deposition of the nanotextured coatings (film and coating
constitute the polymeric inlays introduced in the injection mould for latter
replication) and evaluate their compatibility and integrity with different transparent
polymers of interest when being overinjection moulded.

- Evaluate the method used to hold the film inside the injection mould during the
injection moulding process.

- Perform a Design of Experiments DOE in order to define the main process
parameters influencing the replication.

- Explore the overall tooling set up and evaluate potential improvements.

Later on within this chapter, several subsections dealing with injection moulding of
hierarchical three level micro- and nanotextures using optimized polymeric inlays and
transparent injected polymers of industrial relevance will be exposed. Another section
exploring the replication of these hierarchical structures with biopolymers of high interest
in the current environmental crisis context constitutes the second publication belonging
to this PhD thesis, and the third publication explores the transfer of micro/nanotextures
obtained in flat films to 3D shapes through thermoforming processes, developing at the
same time an analytical model to predict the functionality of the textured polymeric
surface after the forming process. Finally, two additional sections appear at the end of

this thesis: the first one deals with a new finite element modelling approach to evaluate
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mould filling processes during the injection moulding of this type of micro/nanotextured
parts.

There are many well known commercial softwares to simulate mould filling situations at
the macroscale, but their extension to the micro- or nanoscale is rarely seen. For that
reason and using the available finite element modelling tools at EURECAT, the
combined application of two different softwares for the macro and micro/nanoscale
simulations, respectively, was explored.

The last section explores the feasibility and properties obtained by applying
postprocessing techniques such as ion implantation to the micro/nanotextured polymers.
These types of post-processes are considered of high interest to improve the mechanical
properties of the micro/nanotextured surfaces and/or enhance some of their special

properties.

4.1 FIRST EXPLORATORY WORKS TO EVALUATE REPLICATION ABILITY AND
PROCESS CAPACITY OF CURRENT METHOD

MATERIALS AND METHODS

During this initial exploratory works, several elements of the process were evaluated.
First, and thanks to the existence of two research-purposed silicon stamps in EURECAT,
the whole UV-assisted nano imprint lithography UV-NIL nanotexturing process is
manually conducted to evaluate potential areas of improvement on the initial tooling
manufacturing. Then, an evaluation of several potential materials to be applied as base
films on which the coating (that was latter nanotextured via lithographic methods) could

be deposited was carried out.

Once those initial tasks were completed, DOE applied to injection moulding experiments
were carried out to evaluate the main influence of the most relevant process parameters.
All these previous works allowed to establish critical conclusions of high interest for the

rest of the sections presented in this chapter.
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4.1.1 NANOTEXTURING PROCESS VIA NANO IMPRINT LITHOGRAPHY

Stamps

Initially, EURECAT had available two different stamps from the company NILT
technology to complete the works planned. These are silicon stamps without an anti-
stick coating mostly used for process research and optimization. It is expected that in a
later stage of the study textured films with additional structures and a higher degree of
accuracy (manufactured using a prototype UV-NIL machine instead of manual methods)

will be used for the research.
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Stamp ID
Stamp size
Stamp matenial
Stamp thickness
Structure size
Etch depth
Pattern field size
Pattern

Delivery time

Stamp ID
Stamp size
Stamp material
Stamp thickness
Structure size
Etch depth
Pattern field size

SMLA_V1

150 mm diameter

Silicon

1mm

500 nm

1um

50 mm x 50 mm

1 um pitch lines and spaces or triangular arranged holes or pillars
3-4 weeks

SMSS_SIQZ_V1

20 mm x 20 mm

Silicon or Fused Silica

1mm

S00 nm - 2 ym

1 pm or 2 pm in Silicon. 500 nm in Fused Silica
Smmx5mmx9

Delivery time 3-4 weeks

Figure 4.1. Features present in the 3x3 and 4x4 stamps used (above), picture of the actual stamps
(centre) and table shared by the manufacturer with the relevant dimensional characteristics of the

stamps (below).

It is expected that in a later stage of the study textured films with additional structures
and a higher degree of accuracy (manufactured using a prototype UV-NIL machine
instead of manual methods) will be used for the research.

The UV-assisted Nano Imprint Lithography process (UV-NIL) to obtain nanotextured
coated film inserts was performed at the EURECAT facilities, using several in-house
materials. A protocol for the replication of the nanotextures onto the coated films was

carefully designed within this research, which is as follows:

UV-NIL Process

The steps to complete the replication via UV-NIL of the nanotexture patterns present on
the surface of a metallic stamp (S| stamps) onto coated polymeric films, the following
steps have to be followed:

There re mainly two steps involved:

. Step 1: obtaining a replica of the metallic stamp patterns onto an intermediate
PDMS stamper

. Step 2: Pressing/Imprinting the PDMS stampers onto the Ormostamp® coated
polymeric films.
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Step 1-Generating the PDMS replica:
1. Obtaining the mixture PDMS — Sylgard 186:

To mix these two components (base prepolymer and catalyst) a plastic glass
(transparent PVC or PS) and a pipette tip need to be used. The mixing ratio is 10:1 (5:1
would also be acceptable in case of needing to increase mechanical properties). Once

mixed, the resulting mix has to be thoroughly stirred for at least 3 minutes.
2. Blow the air out of the PDMS mixture:

In a degasser, place the container on a piece of paper. A vacuum is applied until the air
bubbles on the surface are completely removed. Then we let the air in by checking the
input key and the connection with the vacuum pump. We will repeat the two steps until
no bubbles are observed on the surface when vacuuming. Another possibility to remove
the bubbles is to let the mixture rest for 30 minutes. The last remaining bubbles can be

"punctured" with the tip of the pipette.
3. Curing of PDMS

Pour the mixture into the mould with the stamps facing upwards, being careful not to trap
any amount of air as small bubbles can cause flatness problems and the resulting curing
might not be homogeneous. Put the mould on a tray covered with a foil and put it inside
the oven. The curing conditions are: 150°C/15 minutes or 80°C/3 hours (the longer curing

time can make it easier for any bubbles to come to the surface)
4. Unmoulding the PDMS stamps

After the curing time, remove the mould from the oven (with gloves) and let it cool down.
To remove it from the mould, cut the edges with a cutter (being careful not to cut the
silicon stamp) and pour a drop of ethanol on the edges to facilitate separation. Plastic
wedges can be used as assistance so as not to scratch the metal stamps; while also

trying not to stretch while separating in order to not break the PDMS replica.
5. Trim the burr from the PDMS replica

The edges of the replicas are slightly burred, which means that they are not flat and
therefore do not make good contact with the UV polymer drop; This is corrected by

cutting a little with the cutter. To get new PDMS replicas, steps 3,4,5 will be repeated. It
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will be necessary to clean the stamps with ethanol. Drying them with compressed air or
putting them in the oven for a few minutes to dry them completely. Note: It is interesting
to get PDMS stamps that are not very thick because in case the thickness is excessive,
the curing does not take place adequately: it takes longer time, and it is then difficult to
separate it from the sheet. In addition, it is important to try to ensure that the thickness
is homogeneous and that bubbles do not appear on the surface (so that an equal curing

occurs throughout the Ormostamp® sheet).

Step 2 - Printing the PDMS stamps in Ormostamp®

6. Plasma treat the cut polymeric film sheets to improve adhesion
7. Pour Ormostamp® (Microresist.de) on the surface of the foil

The Ormostamp® should be first allowed to warm up to room temperature once it's
removed from the refrigerator, to prevent water from entering the flask when opened.
We will pour drops of about 70uL (measured with a micropipette) in the centre of the
position of each stamp. Get a thin sheet of Ormostamp® onto the polymeric films on

which the stamps will be pressed.
8. Placing the PDMS stamps on the Ormostamp® thin sheet

To get a good alignment, you can assist yourself with a template containing gaps that
mark the positions of the stamps. It is interesting to place them with the same orientation,
for better comparison purposes of the coated film inlays after the injection process (a

mark can be made on them to facilitate this process).
9. Ormostamp® curing.

Switch on the UV curing lamp for about 2 minutes (the time will depend on the thickness
of the PDMS stamp since a larger thickness requires longer curing time, it is also

important that the thickness of the stamps be similar to obtain a homogeneous curing).
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Figure 4.2. Details of the PDMS replica stampers onto the Ormostamp® coated polymeric film, right

before UV curing (left), and detail of the UV-curing equipment used (right).

Repeat steps 6, 7, 8, 9 to obtain new replicated films. Although it is not strictly necessary,
it is recommendable cleaning the PDMS stamps with ethanol and drying them before

starting to imprint a new film.

Figure 4.3. Details of the Ormostamp® coated polymeric films to be later used as polymeric inlays,

obtained using the UV-NIL process.

Cutting of the sheets in the plotter:

1. Cut large pieces with scissors (of sufficient size to obtain several films) from the PET
roll. It is necessary that the ends are completely straight so that the ends of the sheet

are cut with a guillotine.
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2. Define in an Inkscape file the shape you want to cut (follow the order in which you

draw them)

3. Place the sheet lengthwise, matching one of its corners with the upper left corner of

the machine frame.

You have to set manually (with the controller arrows) the origin of the sheet where you

want to define the cut. Fix the sheet with accuracy at the ends so that it does not move.

4. Select the file you want to draw, and press enter.

4.1.2 INITIAL INJECTION MOULDING TRIALS — DETERMINATION OF
COATED FILM/INJECTED POLYMER COMPATIBILITY AND OVERALL
PROCESS STABILITY

Machine & mould

For the initial moulding trials, an Engel complete e-motion 200/55 electric injection
moulding machine was used (see chapter 2). As mould, a steel mould with a fan-gate
type entry of material and a cavity of 70x70mm size with variable thicknesses of 1.25-

2.5-4 mm. was used.

‘O O.

Figure 4.4. 3D CAD file of the injection moulding used during the initial trials.
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Film placement inside the injection mould

Once the films to be used as inlays inside the injection mould have been textured, their
placement on one of the vertical sides (machine side) of the injection moulding machine
is carried out by means of 2-side high-temperature adhesive thin Kapton® film of 125 to
175 um thickness (depending on supplier’s availability). The textured film is place in a
centred position, and it's expected that later during the PhD-realization, additional ways
of holding the film into position while the injection moulding takes place will be tested (i.e.

special tool inserts for mechanical fixation of the film, electrostatic fixing, etc.).

\J

Figure 4.5. Detail of the film fixation inside the injection mould applied for the initial injection

moulding trials.

Polymers

The following materials were used in the experiments.
- Films (used as support for the Ormostamp®)
PET Vivak 50pum thickness
PMMA Plexiglas 8N 125um thickness
PC Makrolon 250um thickness
PC Lexan 50 and 500um thickness

- Injection moulding polymers:
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PMMA Plexiglas 8N / TPU Lubrizol D91F65D

Injection moulding conditions

A table with the injection moulding process parameters is shown below:

Parameter Unit Polymer 1 Polymer 2
Polymer acronym - PMMA TPU
Degree - Plexiglas 8N Estane 395A
colour - Clear Clear
Manufacturer - Evonik Lubrizol
Drying time h 3 2
Drying temperature C 95 90
Temp. machine nozzle C 210 190
Temp. Zone 1 plasticizer C 240 200
Temp. Zone 2 plasticizer C 235 195
Temp. Zone 3 plasticizer C 230 190
Temp. Zone yoke plasticizer C 40 40
Nr. of circuits - fixed side n 1 1
Fixed side - circuit num. 1 input C 70 20
Fixed side - circuit num. 1 output C 70 20

Temp. Moving side circuits

=}
[ERY
[EEN

Moving side-circuit num.1 input C 70 20
Moving side-circuit num.1 output C 70 20
Closing force KN 550 550
Injection speed 1 mm/s 50 50
Post-pressure value 1 bar 400 600
Post pressure time 1 bar 5 5
Decompression before loading mm/s - -
Decompression after charging mm/s 5 5
Dosing speed % 50 50
Switchover point mm/s 15 15
Dosage level mm/s 50 50
Royal cushion mm/s - -
Hzdraulic pressure limit injection bar 1000 1000
Inj. pressure peak max. bar 440 529
Back pressure bar 50 100
Injection time S 0.83 0.75
Dosing time S 4.25 -
Cooling time s 20 20

Table 4.1 Injection moulding processing parameters applied during the first moulding trials.
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RESULTS AND DISCUSSION

Film-positioning

The film positioning by using double-sided Kapton® adhesive tapes presented some
problems, such as partial detachment of the film from the mould surface due to ungluing
of the film or also creation of wrinkles on the film (which were therefore copied on the
injected parts) due to flatness deviations caused by the non constant film thickness
(excess of thickness on places where Kapton® tapes were glued).

In some of the injection rounds, film displacement (sliding over the mould surface onto

which it was stuck) was also appreciated due to insufficient adhesive tape effectivity.

Film-injected material compatibility

In this initial phase of experiments, the compatibility between injected polymer and
nanotextured coated film, understood as lack of adhesion and easy demoulding between
both upon mould opening, was investigated. For that, five parts were injected for each
of the injected polymer-film pairs. On most of the cases, the Ormostamp® coating was
satisfactorily demoulded (no significant adhesion) from the injected parts at least initially
while no damage took place on the film surface.

Regarding the films, the only compatible pair was the one formed by PET as base film
support material and PMMA as injected polymer, as it showed no adhesion. The other
types of polymeric films showed strong adhesion with the injected polymer (PMMA —
PMMA, PC — PMMA, PC —TPU), which could most probably be avoided in future testing
rounds by coating the whole film’s surface with Ormostamp®, leaving no uncoated film
surface in contact with the injected polymer. Pictures of the textured films and an injection
moulded part in TPU can be seen on Figure 4.6 below.

These problems, together with those concerning the film positioning, were solved on the
experiments of the subsequent section (4.2) by manufacturing a custom film holding

metallic insert.

CONCLUSIONS

Overall, the process showed its feasibility for the replication of micro/nanostructures
present in Ormostamp® coated polymeric films. Nevertheless, even if the determination
of the process performance in terms of replication was not the objective of this

subsection, the DR% values achieved were very low (10-15%). This was probably
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caused by unwanted injected part-textured film adhesion upon demoulding, undesired

local film bending and non-optimised injection moulding process parameters.

Figure 4.6. Details of the Ormostamp®-coated PET nanotextured films (left), and a resulting TPU

injection moulded part.

It is of critical importance to hold the textured film inlay robustly and steadily in place
during the whole injection moulding cycle. This avoids unnecessary fil m degradation
and bending, that lead to insufficient mould filling. It also allows for the avoidance of
unwanted adhesion between injected part and coated film when exposing only the
coated surface of the film towards the mould cavity (which can be done due to the
observed correct compatibility between Ormostamp® and injected part when using
PMMA as injected polymer). All these issues were addressed in the following section

(3.2) by designing a custom film holding steel tool insert.
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4.2 DOE FOR DETERMINATION OF MAIN PROCESS PARAMETERS AFFECTING
REPLICATION DEGREE DR%

MATERIALS AND METHODS

Micro/Nanotextured Films and polymers

For this experiment, newly manufactured films with two level hierarchical
micro/nanostructures were provided by the CNM and ICN2 as part of the tooling used
within the PLASTFUN project. They were manufactured using UV-assisted NIL methods
to replicate custom designed and manufactured silicon inserts developed by the CNM.
Details of the manufacturing process for these films can be seen on section 3.4. Pictures
of the existing hierarchical two level microtextures present on the originally developed
Si-stamps and resulting textured films (after replication) can be seen in Figs. 4.7 and 4.8

below.
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Figure 4.7. Details of the 2-level hierarchical microstructures present on the Si-stamps developed by
ICN2 and CNM, that were later replicated onto intermediate PDMS stampers to manufacture the final

coated polymeric inlays.
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These films were then cut to shape so as to be fit into the specifically designed tool insert
for their robust holding during the injection phase (see details in next section Tool insert

for robust film placement). Pictures of the replicated films before being cut, and of the

negative 2-level hierarchical microstructures can be seen on figure 4.8.

10 pm EHT = 3.00kV Signal A = SE2 Date :19 Mar 2021 IMB-CNM CSIC
WD = 50mm Mag= 381KX Time :13:23:23 Photo No. = 1833

Figure 4.8. Details of the coated and textured film as delivered by ICN2-CNM (left), and 2-level
hierarchical negative microstructures present in the replicated Ormostamp® coated films (right).

Pictures courtesy of CNM.

In this case, PMMA Plexiglas 8N was chosen as injected material, and an Ormostamp®
coated PET film (coated on its whole surface) was chosen as mould inlay, to avoid

sticking of film-injected material.

Tool insert for robust film placement.

Also, in order to improve the overall film holding and mechanical stability during the
process, a custom designed steel insert was manufactured at EURECAT's facilities. This
steel insert allowed for a robust and permanent fixing of the coated film inlays during the

whole injection moulding process, avoiding unwanted film sliding or bending.

This insert allowed for the placement of films in between its two component parts (insert
frame and pressing pad) of up to 500um thickness and displayed a nanotextured surface
of 62x23 mm (with an increased thickness of 0,71 mm vs the rest of the resulting part)
exposed towards the inside of the cavity, leaving no uncoated film exposed to it. The

injection mould and machine used were the same ones as in the previous subsections.

Obtaining micro- and nanotextured functional surfaces on thermoplastics via injection moulding techniques using 119

laser textured metallic inserts and NIL (nano-imprint lithography) -textured polymeric films



Pictures of the custom-designed tool insert and its placement on the injection mould can

be seen on the figure 4.9 below.

Figure 4.9. Details of the custom designed tool insert for textured film inlay placement during the
injection moulding process (above-centre), and actual placement of the steel insert in the injection

mould (below-left). Lower-Right image: final part resulting after injection.

DOE

A 23 design of experiments DOE using the Taguchi method, choosing melt temperature,
injection speed and holding pressure as main parameters, was carried out in order to

determine their relative influence on the DR%, chosen as the process response.
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The resulting matrix of experiments can be seen below:

n exp. Order | Tm Inj.V P

1 1 240 50 600
2 2 240 50 800
3 3 240 100 600
4 4 240 100 800
5 5 260 50 600
6 6 260 50 800
7 7 260 100 600
8 8 260 100 800

Table 4.2. Injection moulding DOE matrix

The DOE results were later analysed using the software MINITAB by registering the

DR%’s achieved, thanks to the measurements taken using CLSM images.

RESULTS AND DISCUSSION

Replication and DOE

Five parts were injected and characterized per each of the experiments. The DR%'’s

achieved oscillated between 41% and 78%, as it can be seen on table 4.3 below:

n exp. Order | Tm Inj. V P DR%
1 1 240 50 600 54,56
2 2 240 50 800 46,63
3 3 240 100 600 54,23
4 4 240 100 800 41,83
5 5 260 50 600 53,75
6 6 260 50 800 77,93
7 7 260 100 600 65,08
8 8 260 100 800 72,25

Table 4.3. DR% results of the Injection moulding DOE.

The features present on the microtextured surfaces obtained showed consistent
geometrical uniformity, clearly displaying both hierarchical levels, across both x and y

directions of the replicated surface, as it can be seen in Figure 4.10 below.
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Figure 4.10. CLSM XY profiles extracted from an injected PMMA sample (corresponding to the DOE
exp. number 5 — above image), and corresponding reconstructed 3D image of the section analysed

on this injected sample (below).

In some of the cases, it was observed that the lateral walls replicated microfeatures
showed some deviations from verticality, therefore displaying a truncated pyramid, as it
can be observed on figure 4.11 (corresponding to a sample from the DOE exp. number

2). This could be attributed to feature-stretching caused by insufficient holding time
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(under pressure), cooling time or a combination of both (Note: holding pressure time and

cooling time were set at 5” and 20” for all the experiments, respectively).

Figure 4.11. CLSM 3D constructed image of a PMMA sample showing the truncated pyramid shape

of the microfeatures.

Only a limited number of parts (5) could be injected with each of the textured

Ormostamp®-coated films, as it can be seen on figure 4.12 below.

Figure 4.12. Pictures of the cracked polymeric film inlay.

This cracking was most probably caused by the stiffness mismatch between the
Ormostamp® coating and the base polymeric film. Even though both layers were set at
50um thickness in order to avoid such mismatch caused by differences in thicknesses,

the underlaying PET film was still too flexible compared to the Ormostamp® coating.

Obtaining micro- and nanotextured functional surfaces on thermoplastics via injection moulding techniques using 123

laser textured metallic inserts and NIL (nano-imprint lithography) -textured polymeric films



Concerning the specific DOE results, the main influencing process parameters on the

DR% achieved were the melt temperature, followed by the interaction between melt

temperature and holding pressure, and the interaction between injection speed (Vinj)

and holding pressure, as it can be seen on the Pareto and interaction plots on Figure

4 .13 below.
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Figure 4.13. Pareto diagram (above) and effect interaction (below) plots of the DOE carried out.

The only critical factor of the three considered was the melt temperature, as expected,

and its influence on the overall process response (DR%) was also the highest, followed

by that of the holding pressure, as expected.
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CONCLUSIONS

The process to replicate 2-level hierarchical microstructures on injection moulded PMMA
parts using as Ormostamp® coated polymeric inlays as templates has been
demonstrated. As expected, the process parameter of all the chosen ones for the
experiment set-up that showed the highest influence was the melt temperature. It
constituted a critical factor as it exceeded the critical parameter level. The second
influencing parameter on the overall DR% result was the interaction between the melt
temperature and the holding pressure, with approximately 50% higher influence in the
process result than the third influencing parameter (interaction between injection speed
and holding pressure).The DR%’s reached at standard injection moulding conditions for
the injected materials showed the potential improvements achieved on the replication vs
the technology using laser textured inserts, even though a proper comparison should be
established using the same exact micro/nanotexture geometries and injected
polymers.In order to increase the number of parts replicated per film and to improve the
overall replication results, it is required to pay specific attention to the mechanical and
adhesive characteristics of the base polymeric film and coating, and to optimize the
injection moulding parameters (with focus on holding pressure and cooling times). This

was addressed in the following chapters.
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4.3 REPLICATION OF THREE-LEVEL HIERARCHICAL MICRO/
NANOSTRUCTURES ON TRANSPARENT POLYMERS OF INTEREST (PC, PMMA)
USING POLYMERIC INLAYS.

MATERIALS AND METHODS

In the previous experiments, only a limited number of parts could be injected with each
of the polymeric tool inserts before they degraded, due to extensive cracking and

excessive adhesion between injected polymer and coated film.

In this round of experiments, we tried to solve these problems, while extending the
compatible (meaning non adhesive upon demoulding) Ormostamp® - injected polymer
range to other transparent thermoplastics of interest such as PC, of high relevance in
the automotive, consumer electronics and optics industries. This was carried out by

applying to main modifications to the process:

- The use of stiffer PC base films to support the Ormostamp® coating.
- The wuse of anti-stick fluorosilane coatings (Trichloro (1H,1H,2H,2H-
perfluorooctylsilane (TPFS)) of few um thickness (0.2-0.5um) on top of the

Ormostamp® coating.

On this experiment, three level hierarchically micro/nanostructured Ormostamp® coated
films were used. They were supplied with an anti-stick fluorosilane coating by CNM, as
part of the tooling used during the project PLASTFUN. The coated films were
manufactured with a base PC polymeric film of 50um, trying to delay the onset of coating

cracking as per its higher stiffness vs PET films of the same thickness.

A picture of the micro/nanofeatures present in the original Si-stamp and its transverse

section can be seen on the image below (Figure 4.14).

The same steel insert to hold the films in place, mould, injection moulding machine and
CLSM characterization as in the previous sections were used. Some SEM images were
also taken for better exploration of the third hierarchical level, not visible with the CLSM
images due to its reduced size. In terms of the injection moulding processing parameters
applied, the following ones were used (the rest of parameters were the same ones as

those applied in 3.1):
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TmEc) | Vinj (mmis) P (bar) t ho'(ds';‘g P
PC 310 120 600 12"
PMMA 260 100 600 5"

Table 4.4. Summary of the injection moulding conditions applied in the experiment.

Figure 4.14. Details of the three level hierarchical micro/nanofeatures on the Si-stamp (left) and

transverse section of it (right). Pictures courtesy of CNM- PLASTFUN project.

A scheme of the different hierarchical levels of the existing features, together with their
geometrical dimensions, can be seen in figure 4.15. (Note: The Ormostamp® coated
films contain the negative polarity features, i.e., the “holes” with three hierarchical

levels of structure).
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Si-stamp developed for the project. A high level of dimensional accuracy and uniformity can be
observed (Image courtesy: CNM — project PLASTFUN)

The following injection moulding polymers were used:

PMMA Plexiglas 8N

PC Makrolon 2207

RESULTS AND DISCUSSION

Up to 6 samples were injected when the PC injected polymer was used, and up to 10 in
the case of the PMMA. From the sample nr. 7 and 11, respectively, the films started to
crack and therefore some delamination took place upon demoulding. This caused
insufficient uniformity on the textured zone of the injected parts, but nevertheless the film

areas still not damaged yielded adequate replications.

In the case of PC, the average DR% (based on measurements at three distinct points of
all the 6 samples injected) reached approximately 70%. The samples injected displayed
an adequate verticality and an overall uniformity of replication of the first two levels of
hierarchy. A slightly lower replication of the third level (better appreciated in the SEM
images) could also be observed. CLSM profiles, 3D reconstructions and a SEM image

of a feature on the PC sample upon demoulding can be seen on Figure 4.16.
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Figure 4.16. 3D reconstruction from the CLSM image of one of the PC injected samples (above),
showing extracted X and Y profiles of the observed feature and of a plurality of features across a
larger area (2" image below top one). SEM image of a replicated PC feature next to a small fragment
of film inlay (below).
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For the PMMA samples, only an average DR% of 35% was reached, and the
micro/nanofeatures present on the surface of the samples injected showed a truncated
pyramid shape. Probably caused during the demoulding phase due to an insufficient
cooling time. The first two levels of the hierarchical micro/nanotextures could be clearly

observed, while the third level was rarely observed on the injected samples.

CLSM profiles, 3D reconstructions and a SEM image of a feature on one of the PMMA

injected samples can be seen on Figure 4.17.
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Figure 4.17. 3D reconstruction from the CLSM image of one of the PMMA injected samples (above),
showing extracted X and Y profiles of the observed feature and of a plurality of features across a
larger area (2" image below upper one). SEM image of a replicated PC feature next to a small

fragment of film inlay (below).

CONCLUSIONS

The feasibility of the process to replicate 3-level hierarchical micro/nanotextures on PC
and PMMA was proven with these experiments. While the number of parts injected per
film was not much of an improvement vs section 3.2, at least the range of injectable
polymers using these method and materials was extended to polycarbonate, mainly

thanks to the antistick coatings.

Obtaining micro- and nanotextured functional surfaces on thermoplastics via injection moulding techniques using 131

laser textured metallic inserts and NIL (nano-imprint lithography) -textured polymeric films



The results obtained for the PC polymer were quite satisfactory, and they could
potentially still be improved by fine-tuning the processing conditions and most probably
by enhancing the coating-film adhesion.

The results obtained for the PMMA injected samples still show a significant deformation
of the surface textures on the injected samples when compared to those present on the
film template. They were most probably caused by feature stretching taking place during
the demoulding stage, further enhanced by insufficient holding and/or cooling time.

The film handling and cracking improved slightly, although some coating-base film
delamination issues still remain to be solved as per the failure modes observed in the

polymeric inlays.
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MATERIALS AND METHODS

The main objective of this section was to set up a method to simulate the filling of
micro/nanocavities by the injected molten polymer. While there are many well know
softwares for the simulation of phenomena such as the mould filling by a molten polymer
at the macroscale, not many of them deal with such a problem at the micro/nanoscale or
when they do only a limited part of the whole part geometry is evaluated [2,3]. The
geometric scale differences (macro to nano) are so great that a single functional meshing
is not able to simulate the filling of both cavities (macro and micro/nano) at once.
Therefore, in order to develop a model able to solve this problem, we explored the
combination of two different finite element simulation softwares available at EURECAT:
MOLDEX3D and Ansys Fluent. Initially, the filling of the part with squared geometry
(70x70x2.6 mm — see section 2) was simulated using the MOLDEX3D software, only
using the macrometric dimensions of the part (without micro/nanocavities) and a
polyhedral self-adjusting meshing of average size of 0.6mm. The material chosen for the
simulation was PMMA Plexiglas 8N, and its rheological properties were obtained from
the MOLDEX3D material database. Initially, the mould material was set to regular tool
steel, also present in the MOLDEX3D database.Once this step was completed, the same
simulation was performed using the ANSYS Fluent software to make sure that the same
results as when using MOLDEX3D were achieved (by comparing the final time need for
the complete mould filling used by both softwares).Then, for the start of the multiscale
modelling, an approach relying of the construction of part submodels was followed [4, 5].
For this, three different 3D geometries of the part were selected, with ever increasing
level of geometric detail from the macro to the micro level. A single 2-level hierarchical
microtexture (see section 3.2) was included on the centre of the micro-level geometry.
Also, the output results from each submodel were transferred as inputs to the
subsequent submodel, being the results of a submodel transformed into the inputs for
the next smaller submodel. This part of the simulation was completed using the ANSYS

Fluent software.
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A 3D drawing showing a scheme of the sequence followed can be seen on Figure 4.18

below.

Entrada PMMA

> Micro-cavidad
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Figure 4.18. 3D drawings showing the three submodel geometries (macro-meso-micro) simulated,

and the final two level hierarchical microstructure to be filled during the injection moulding.

The meshing chosen for each of the three macro-meso-micro scale models can be seen
in Figure 4.19 below.
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Figure 4.19. Details of the different mesh sizes used at the three different macro-meso-microscales

in the simulation.

At this point, Ormostamp® was already selected as the mould material and symmetric

half-geometries were used for the simulation in order to reduce the computing time.

At the centre of the macroscale part on its textured zone, a virtual sensor point, which is
a built-in MOLDEXS3D feature that allows to register the time-evolving values of several
parameters such as P, T, shear stress...etc., was placed at the exact place on which the
microstructure was located so that the pressure with which the polymer front arrived was

registered.

Once the three steps of the multiscale simulation adequately ran, a virtual 2° DOE was
performed, choosing the melt temperature mould temperature and injection speed as
factors, and the multiscale simulations were run at those upper and lower levels of the

chosen parameters. The levels chosen for the specified factors can be seen on the table

below:
Lower Upper
Tp (C) 240 260
Tm 70 260
Vinj (m/s) 0,5 1

Table 4.5. Levels chosen for the parameters of the 23 DOE.

Then, the filling results expressed as the DR% were obtained, and they were compared
to the results of the real experiments. Finally, a simulation of microcavity filling using the
two levels of pressure obtained from the virtual sensor point was carried out, to elucidate

the effects of pressure on the filling of the microcavity.
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RESULTS AND DISCUSSION

Initial Simulations

The initial macroscale simulations run satisfactorily, achieving almost identical final filling
times (0,29 s for ANSYS Fluent vs. 0,30 s for MOLDEX3D). Therefore, the use of ANSYS

Fluent for the subsequent simulations was validated.

A detail of the final stage of both macroscale simulations can be seen on Figure 4.6

below.

ANSYS Fluent MOLDEX3D

Time Vb = 0.20 (3]

Figure 4.20. 3D images of the initial macroscale simulations run to validate the use of ANSYS Fluent
to run the rest of the multiscale simulations. The virtual sensors placed on multiple points of the

geometry can be seen on the MOLDEX3D simulation (right).
DOE

The results of the DOE showed the mould temperature as a critical parameter with the
highest influence of the filling of the microstructures. The second influence parameter
was marked by the interaction between mould temperature and injection speed, and the

third was the injection speed.
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While these results are not completely consistent with the ones shown on the DOE of
section 3, they still highlight the temperature difference between melt and mould

temperature as the highest influencing factor affecting the microcauvity filling.

The differences observed between these results and those of section 3 can be attributed
to the different factors considered for both experiments, and to the fact that mould
temperature is set as a constant parameter during the simulation, while its value evolves,

quickly reaching the incoming melt temperature in the real experiments [29].

In any case, the effect of increased DR% results when the temperature difference
between mould and in coming melt material is reduced, which is the specific purpose
sought when using a polymeric coated film inlay as a template for replication inside the

mould, remains clear.
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Figure 4.21. Results of the DOE performed (above) and effect on the filling of microcavities observed

at both levels of the selected parameters (below).
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Multiscale modelling at two pressure levels

Once the multiscale models were set up and could be properly run, the melt front
pressure values were extracted from the virtual sensor point placed at the centre of the
microtextured zone by running a simulation of the macroscopic part in MOLDEX3D and

registering the evolution of the parameter along the whole simulation time.
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Figure 4.22. Placement of the virtual sensor point in MOLDEX3D (above) and evolution of the

pressure levels observed.

The evolution of the pressure values, as registered by the virtual sensor showed an
abrupt change, especially towards the end of the MOLDEX3D simulation. For this

reason, it was decided to run the full multiscale simulation by choosing two discrete levels
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(8 and 20 MPa) of the incoming melt front pressure and check the microfeature fillings

in a qualitative way.

Then, a final filling simulation of the microscale geometry using the ANSYS Fluent was
run, again by using half model for symmetry reasons. The filling of the microfeature was
then qualitatively checked by evaluating the final microfeature 3D geometries at the end
of the simulations, and also by comparing the volume fraction of PMMA within the mould

cavity, as it can be seen in Figure 4.9.
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Figure 4.23. Evolution of the mould filling (microfeature) obtained from the ANSYS Fluent

simulations by monitoring the volume fraction of PMMA vs Air (above) and qualitative comparison

of the results obtained.
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As observed in Figure 4.22, higher pressure levels achieve higher replication of the
microfeatures, when other factors are kept constant as expected. Also, it can be
observed that the final mould filling ratio was achieved at a slightly earlier time (0,08s)

for the higher-pressure level than for the low-pressure level.

CONCLUSIONS

The multiscale approach followed in order to simulate mould filling phenomena proved
its feasibility, and the main influencing factors reasonably matched those observed in the
real experiments.This approach allowed for the set-up of microscale mould filling
simulations at EURECAT, showing that the combination of both finite element modelling
softwares achieved similar results to the real experiments at reasonably short computing
times.Nevertheless, these simulation model was developed and run with the main
objective of checking the approach validity, and the results obtained should be carefully
understood, keeping in mind their qualitative rather than quantitative nature.In the future,
these simulations might be further improved by getting more accurate data of the
simulated materials’ properties (some of them were lacking or imprecise in the current
available literature), or also by further refinement of the meshings and the boundary

conditions used.
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5. THREE-LEVEL HIERARCHICAL
MICRO/NANOSTRUCTURES ON BIOPOLYMERS BY
INJECTION MOULDING USING LOW-COST
POLYMERIC INLAYS?
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ABSTRACT

The industrial interest in the patterning of polymeric surfaces at the micro/nanoscale to
include new functionalities has considerably increased during the last years. Hierarchical
organization of micro/nanometric surface textures yields enhanced functional properties
such as hydrophobicity, hydrophilicity, antibacterial activity, optical or chromatic effects,
to cite some. While high accuracy methods to pattern hierarchical surfaces at the
nanoscale have been developed, only some of them have been applied for high volume
manufacturing with limited success, mainly because they rely on the use of expensive
machinery and moulds or complicated inserts. Therefore, a method using low-cost
recyclable tooling and process conditions applicable to high volume manufacturing is
currently missing.

In this work, a scalable and low-cost method to replicate hierarchical
micro/nanostructured surfaces on plastic films is presented, which can be latter used as
inlays for injection moulded parts with standard processing conditions. This method is
used to demonstrate the feasibility of replicating three level hierarchical micro/nano
textured surfaces using recyclable bio-based polymers (of high relevancy in the current
plastic pollution context) achieving replication ratios above 90%, comparing the
replication results with those obtained in polypropylene. The presence of the
micro/nanotextures substantially increases the contact angle of all the polymers tested,
yielding values higher than 90° in all the cases. Also, various mechanical properties of
the replicated parts for all the polymers injected are characterized one and thirty days
after the samples were manufactured, showing fairly constant values. This highlights the
validity of the replicated surfaces, regardless of the biopolymer’s special crystallization

characteristics.

Keywords

Micro/nanoscale structures, Hierarchical structures. Nano-imprint lithography, Injection
moulding, Flexible inserts
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INTRODUCTION

It is well understood that the presence of micro- and nanostructures in the inner structure
and in the surface of materials can enhance their functional properties. Numerous
examples of functionalities have been identified in the natural world [1,2] and most of the
scientific principles have been successfully elucidated. Some of the existing natural
micro- and nanostructures are hierarchically organized. Such arrangement is commonly
manifested at several dimensional levels, that might even present different chemical
composition and it is responsible for a notable improvement of key physical properties,
among which self-cleaning [3] or super-hydrophobicity [4]. Hierarchical micro- and
nanostructures can be found in bones, wood, plant surfaces [4] or insect cuticles [2,3]
and wings [5].

Several methods have been developed to emulate these natural existing structures on
the surface of polymeric parts, in view of improving their functionalities in diverse
application fields. Most of them are based on laboratory scale procedures. One of the
most common methods is nanoimprint lithography (NIL). NIL is a high-resolution
patterning technology based on replication of the surface features of a mould into a
polymer material, by mechanically moulding or embossing, using the action of
temperature or UV light crosslinking. While NIL was initially originated as a nanometric
resolution lithographic method, able to compete with optical lithography, it evolved to a
general method to create functional nanostructured surfaces for applications beyond
microelectronics. Related NIL methods have been developed, including the use of soft
stamps (Soft-NIL) [6], which is particularly well suited for large, and not necessarily flat
substrates NIL can be scaled-up to provide high throughput replication by means of roll-
to-roll techniques. Some examples of replication of multilevel hierarchical surfaces by
NIL can be found in [7].

Amongst the common replication techniques on polymers, injection moulding constitutes
one of the most important methods for mass production and gathers therefore the highest
industrial interest due to its reduced cost per unit and possibilities of producing versatile
shapes [8].The main factors influencing the quality of the replication are the election of
the injected polymer, the geometry of the mould and cavities to be filled, moulding
temperature, melting temperature, injection & holding pressure, cooling time and
injection velocity as shown by numerous previous studies [9-12]. The most commonly

used mould tool materials in injection moulding are metallic alloys. For example, Zhang
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H. [13] used microinjection moulding with Nickel inserts to study the filling behaviour of
high aspect ratio microfeatures on a microfluidic flow cytometer chip by using short shots.
Blondiaux et al. [14] used micro- and nanostructured steel inserts obtained by
micromilling & etching processes to replicate a bio-diagnostic platform using
polycarbonate material. Bhuyan et al. [15] used micromachined and hot water treated
aluminium to replicate hierarchical micro/nanostructures on polypropylene.

However, it is found that although metals are highly durable and practical to be used as
mould materials because of the many available processes to structure their surface, the
maximum achievable filling ratios are limited due to their high thermal conductivities [16].
High thermal conductivities revert into a very quick formation of a frozen polymer layer
once the molten polymer contacts the cold mould material, which impedes the further
filling of the micro/nanostructure. That is why advanced injection moulding techniques
such as ICM and VIM (injection compression and variothermal injection moulding) or
VICM (variothermal injection compression moulding) are required [17] when using
metallic moulds to achieve optimal and consistent replication rates of the
micro/nanostructures. These add considerable tooling costs to the injection process and
additional relevant costs, such as energy consumption-due to the extended cycle times
for ICM and VIM, have to be also considered when determining the overall process costs.
An alternative technique to obtain consistent replications of micro- and nanostructures
at lower tooling costs is the use of coated polymeric films as flexible mould tooling
material. In this technique, the coated polymeric film acts as an effective thermal barrier
that can significantly hinder heat transfer into the mould during the moulding process,
which might keep the melt viscosity low (and therefore the melt flowing ability high) for
longer time [18].

Stormonth-Darling [19] used polymer films patterned by NIL as mould inlay material to
replicate high-aspect ratio nanostructures on common thermoplastic polymers. In his
research, a photoresist typical employed in microsystems technology (SU-8 3000 series)
was coated onto a highly-technical polymeric fim (Kapton®) and subsequently coated
with a fluorosilane—for easier part demoulding- allowing to replicate high-aspect ratio
pillar-like nanostructures.

In terms of the replication of hierarchical structures on common thermoplastic materials
using low-cost tooling, even though some relevant work has been carried out with two-
level hierarchical micro/nanostructures [15,20], to our knowledge only few publications
have been carried out combining three level hierarchical micro/nanostructures, low-cost

recyclable tooling and bio-based /biodegradable thermoplastic polymers. Therefore,
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further research is still needed to further reduce the cost of the tooling materials towards
a potential industrialization of the technology, and also to extend the range of
micro/nanostructured polymers to the family of the bio-based polymers, highly interesting
[21] in the current plastic pollution and climate-change context for their bio-based origin
and biodegradability.

Here, we present a method to replicate three level hierarchical micro/nanostructures on
relevant bio-based and bio-degradable thermoplastic polymers using low cost and
recyclable coated polymeric inlays. Additional to the quantification of the replication
fidelity, we also evaluate the improvements in the contact angles experienced on the
surface of the injected polymers (changing their wetting character from hydrophilic to
hydrophobic), together with the comparison of the mechanical resistance of the

micro/nano textured surfaces on the injected biopolymers with the non-textured ones.

MATERIALS AND METHODS

Fabrication of the Ormostamp® stamps

Figure 5.1 shows the overall fabrication process for obtaining the plastic inlay stamps.
The process consists of 7 steps: 1) Fabrication of the silicon mould, which contains the
pattern to be transferred to the final polymer sample. 2) Thermal NIL to transfer to a
PMMA Film. 3) PDMS casting and 4) curing to obtain a replica of the PMMA film. 5) On
this PDMS, Ormostamp® [22] is casted and 6) subsequently cured while slight a
pressure with a plastic foil is applied, which will form the inlay stamp to be used in
injection moulding.

The process has two main advantages: a) The PDMS film can be re-used many times,
so that both Si master and thermal NIL are preserved and b) OrmoStamp® can be easily
released from the PDMS film much easier than from the silicon Stamp. It is worth to note
that an odd number of replicas is needed to obtain the same polarity of features in the

silicon stamp and in the final injected polymer part.
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Figure 5.1. (Top) Sketches of each individual process step of the method to obtain plastic inlay

stamps from a silicon mould. (Bottom) Photographs (upper row) and micrographs (lower raw) at

each step of the process: silicon stamp (a), replicas (b-c) and a final polycarbonate injected plastic

piece (e). Micrographs images a), d) and e) are obtained by SEM while the micrographs of the

images b) and c) are obtained by confocal microscopy. The scale bar is 10 um for all the images.

The details and main aspects of the stamp fabrication are presented in the
supplementary information. The design of the hierarchical structure was performed in

the framework of a previous study to analyse its influence on surface hydrophilicity. [23]

Injection moulding

For the injection moulding tests, an Engel complet E-motion 200/55 electric machine
was used. The main processing parameters applied for each of the polymers injected

are presented in Table 5.1.
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PBS PHB PLA
Melt temperature (C) 130 175 205
Mould temperature (°C) 20 20 20
Injection speed (mm/s) 50 60 60
Holding pressure (bar) 700 500 600
Holding pressure time (s) S 5 5
Cooling time (s) 20 15 20

Table 5.1. Processing parameters used during the injection moulding trials.

A photograph and an SEM image of the coated film are presented in fig. 5.2. In order to
hold the micro/nano textured films during the injection moulding process, a custom-
designed injection mould insert was manufactured. The insert allowed the placement of
the coated films interchangeably on the surface of the fixed half in the injection mould in

order to carry out replication trials (see supplementary information).

Figure 5.2. Details of the inlay stamp consisting of a micro/nano textured polymer coated pet film

(left) and sem image detail of the 3-level hierarchical negative structures on it (right).

The following biopolymers have been used in the injection moulding experiments:

. PLA BIO LM 99004 from Ercros,
. PBS PBI 003 from Natureplast
. PHB P304 from Biomer

In addition, PP C100 CA50 from Ineos was also used for comparison purposes. All the
polymers were injection moulded according to the standard processing
recommendations from each of the specific manufacturers, using moulds at room

temperature in all cases.
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Characterization

Degree of replication (%) obtained with confocal microscope and SEM images

For the morphological characterization of the injected samples a Sensofar Ply 2300
confocal microscope was used, and the images acquired were latter processed by the

software MountainsMap 5.1 of Digital Surf, and Gwyddion.

The main purpose of this characterization was the determination of the degree of

replication, DR%:
DR% =hf/dc x 100 (1)

where hf is the height of features in the polymeric sample and dc is the depth of cavities

in the coated polymeric inlay film.

The DR% parameter is also interesting to characterize the uniformity of the replicated

structures on the injected polymer samples.
Water contact angle

Water contact angle measurements (WCA) of the Ormostamp(] coated PET films and
the micro/nanostructured zones were obtained by means of a tensiometer (Dataphysics
OCA 15 CE) and image processing software (SCA 2.0). Micro-droplets of 150 uL of
deionized water were used. The contact angle values were obtained as the average of

5 measurements.
Mechanical characterization-Scratch and flat punch micro tests

In order to evaluate the different scratch resistance and quantify the coefficient of friction
(COF) of the micro/nano textured zones vs the non-textured ones on the injected polymer
samples, surface scratches were practiced at 0.5 N and 1.5 N load levels using a Micro-
Combi Indentation-Scratch Tester MHT (CSM). Also, Flat Punch indentation
measurements using an AlSI 52100 steel ball of 1mm diameter were taken in order to
evaluate the elastic storage modulus of the injected samples under compression in both

textured and non-textured zones.
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Both mechanical measurements were taken 4 days after the injection moulding took
place and also after 33 days, to check the time evolution of the surface mechanical
properties. It is well known that the stiffness increases due to post-crystallization (also
called cold crystallization) for some of the biopolymer types used [24,25]. This increase
would lead to a higher part brittleness and therefore an overall decrease of the part

mechanical properties, which could affect the replicated micro/nano textures.

RESULTS AND DISCUSSION

Quality of the replication

The patterns replicated achieved average degrees of replication (DR%) comprised
between 90% and 110% for the three polymers. The percentages higher than 100%
represent excessive micro/nano texture heights and therefore considerable stretching,
most probably caused during the demoulding stage. Details of the overall uniformity on
the micro/nanotextures and the replication of the three hierarchical levels can be
observed in Fig. 5.3 and extracted confocal profiles of the injected samples are

presented in Fig. 5.4.

Figure 5.3. PHB injected part. Hierarchical micro/nanotextured zone (left). Detailed single feature of
the same PHB part (right).
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Figure 5.4. Extracted confocal profiles (black line= horizontal profile across features/red line=
vertical line along features) of the surface of the micro/nanotextured replicated polymeric parts via
injection moulding. The confocal optical image in the left presents the position of extraction of the

horizontal (1) and vertical (2) profiles.

It is remarkable that the degrees of replication are always around 100 % when we
compare the inlay film with the patterns in the silicon mould and also when we compare
the patterns in the injected plastic parts with the patterns in the in-lay film. The variability

in the measurements (+10%) are within the experimental error of the measurements.
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In some of the injected samples, the micro/nano features presented an elongated and
deformed shape (see supplementary information), which could have been caused by
excessive adhesion between the film and the injected part due to an insufficient cooling
time or to an excessive adhesion between the moulded part and the micro/nanotextured
OrmoStamp®. This phenomenon took place occasionally for all the biopolymers tested,
especially in the upper zone of the injected part, while it was more usual for the injected
PP samples (injected at higher melt temperature as per manufacturer specifications).
This could have been produced by the slightly higher temperature existing in the upper

region of the plastic part with regards to the rest of it at the moment of demoulding.

This fact is also supported by the progressive delamination of the micro/nanotextured
Ormostamp® coating from the base PET film that took place as the number of injection
rounds increased (see supplemental information). Once initial coating delamination took
place, the subsequent increased adhesion of the injected polymer to the base film PET
material caused the damage of the film and therefore its deformation upon part
demoulding. As an indication of this problem, using a single coated film up to twelve
samples of injected plastic were replicated for PBS and PLA (when the injection process
had to be stopped due to substantial film-coating delamination) while up to fifty were

replicated in the case of the PHB without critical film damage by delamination.

Water contact angle

The contact angle measurements were taken for all the samples replicated with the same
film (12 samples for PLA and PBS, 50 samples for PHB and 34 samples for PP) to
account for potential variations in the hydrophobic character of the samples. The
variations registered along the samples replicated were minimal as indicated in table 5.2
(the values show the averaged values amongst the samples injected per each polymer,
taking 5 measurements per part and zone).

All the values show a change in wetting character of the polymers from their traditional
low hydrophilic levels to slightly hydrophobic except for PP, which is already hydrophobic
without the surface with micro/nano-texturing, but for which an increase in the contact
angle was also measured. None of the increases in the contact angles obtained
represent a dramatic change in wetting character, as the three-level hierarchical
micro/nano textured were not specifically designed for that purpose. Nevertheless, the
increases observed show an interesting switch in the wetting character of the
biopolymers which is added to other potential surface functionalities achievable by

hierarchical micro/nano textured surfaces.
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CA- SD
Non textured 82,28 +1,55
PLA
Textured 105,13 +3,22
Non textured 53,73 +5,66
PHB
Textured 95,37 +1,77
Non textured 80,31 +1,1
PBS
Textured 93,62 +1,74
bp Non textured 100,35 +1,39
Textured 127,7 +1,96

Table 5.2: Contact angle measurements.

Mechanical characterization

The values of the coefficients of friction (COF) taken for both textured and non textured

zones four days and one month after the injection moulding experiments are shown in

table 5.3.

Fig. 5.5 shows the evolution of storage modulus at various frequencies for both textured

and non-textured surfaces for each of the biopolymers.

Textured zone Base material
Date tested | Polymer 0,5N 1,5M 0,5N 1,8M
Avg sD Awg 3D Awg sD Avg sD
PHE 0,24 +0,032 019 +0,024 010 1,015 0,10 +0,009
01122021 PL& 0,15 +0,030 014 +0,029 0,07 1,018 0,08 0,011
PES 0,14 +0,040 012 +,016 010 0,010 0,09 0,005
PHE 0,26 +0,037 o1 +,029 0,12 +0,025 0,13 #1019
03012021 PLA 0,15 +0,021 015 +H.017 0,10 +0,028 0,10 0,010
PES 0,15 +0,025 0,14 +),022 0,06 +H,017 0,07 +,008

Table 5.3 COF results obtained for PHB, PLA and PBS plastic parts after 4 days and after 30 days of the

injection.
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Figure 5.5 Charts showing the storage modulus measurements obtained of both textured and non

textured zones at various frequencies for PBI (above), PHB (centre) and PLA (below).

The values observed and their differences for textured and non-textured zones remain

fairly constant along the time period tested. A slight difference of the COF between non-
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textured and textured zones can be observed for all the loads applied and the materials
tested as expected.

Also, while a general slight increase of the COF values for both load levels along the
time period tested is observed on all the textured zones of all the polymers, a small
decrease is observed on values corresponding to the PBS base material. This decrease
in the COF could be explained by the slight rise observed in the material’'s surface
hardness along the defined testing time period, as appreciated in the measurements of
storage modulus shown in Fig.5.5 for the PBS non-textured surface.

In Fig. 5.5, lower values of storage modulus can be observed for the textured versus the
non-textured zones for all the biopolymers tested as logically expected. Slight increases
of the storage modulus between both dates tested are observed for the non-textured
surfaces of PBS and PHB materials, while a more marked decrease is observed for the
non-textured PLA. This could be explained by the known subtle degradation of PLA
material mechanical properties degradation [26], potentially enhanced by the specific
additives used by the manufacturer of the specific polymer grade used in the
experiments. Additionally, very small (and therefore not conclusive) or negligible
changes of the values observed on the textured zones of the different biopolymer

materials are shown on the graphs.

CONCLUSIONS

A method for the fabrication of polymeric hierarchical inserts for isothermal plastic
injection moulding using low cost and recyclable materials has been developed.

A method to produce high accuracy, hierarchical micro-structured moulds at wafer scale,
and its replication into plastic inlays is described. The method is scalable and affordable,
as once the mould is fabricated, any of the intermediate replications can be used to
define additional inlays.

The high degrees of replication filling (DR%) achieved on the samples injected show the
feasibility of the method presented for the replication of hierarchical micro/nanotextured
on the surfaces of common thermoplastic biopolymers using standard injection moulding
conditions and polymeric flexible tooling. This is further underlined by the clear
replication of the three hierarchical levels in most of the cases (shown on more than 80%
of total structured surfaces on replicated samples in which no damage on film had

occurred).
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Amongst the biopolymers tested, PHB shows the most promising characteristics, as with
the method applied it achieved the highest number of parts with a constant degree of
replication and contact angle using a single film inlay.

The research presented here constitutes a promising low-cost method using recyclable
tooling and standard injection moulding conditions to achieve a sufficient contact angle
increase on the surface of the biopolymers considered (hydrophilic on their original state)
without substantial loss in surface mechanical properties, which might be of interest for
applications such as packaging or the medical device industry. However, some
improvements need to be made in order to enhance the film-coating durability and
flatness during the injection moulding process to adequately increase the number of
injected parts per film. Also, an adjustment of the cooling times and demoulding

processes is required to obtain higher durability of the tooling.
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ABSTRACT

We present a fabrication process for the production of 3-dimensional micro-structured
polymeric films. The microstructures are fabricated in a single step using thermal
nanoimprint lithography as patterning technique. The micro-structured polymer films are
then transformed into a 3D shape by means of a plug-assisted thermoforming process,
while keeping the functionality of the micro-patterned areas. The preserved functionality
is characterized by water contact angle measurements, while the deformation of the
micro-structured topographies due to the thermoforming process is analyzed using
confocal microscopy and Digital Image Correlation (DIC) techniques. This combined
fabrication process represents a promising solution to complement in-mold decoration
approaches, enabling the production of new functional surfaces. As the microstructures
are fabricated by means of a mechanical modification of the surface, without the need of
chemical treatments or coatings, the presented technique represents a promising, simple
and green solution, suitable for the industrial fabrication of 3D nonplanar shaped

functional surfaces.
Keywords

Thermoforming, Nanoimprint lithography, Plastic injection molding, Surface

functionalization

INTRODUCTION

The industrial interest in micro/nm scale patterning of surfaces is broad due to the wide
range of applications. Micro / nano-metric texturing makes it possible to provide surfaces
with functional properties, such as, for example, hydrophilicity, hydrophobicity, greater
adherence, antibacterial, optical, or chromatic effects, among others [1]. Several high
accuracy methods to pattern surfaces at the micro and nanoscale have been developed
[2,3]. However, a methodology for high volume manufacturing at affordable cost is still
missing for many applications, especially to define accurate and deterministic patterns
on arbitrary and or curved surfaces. In recent years functional micro- and nano- textured
surfaces on 3D formed polymeric films with potential in various applications have been
a subject of investigation [4-7]. Among them, micro fluidics [8] and tissue culture [9] are

some that attract the most interest.

Furthermore, there are other potential applications in other industrial sectors such as

the automotive industry (interior parts, optics) [10] as well as home and industrial lighting
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[11], to mention but a few. In these sectors, a recent manufacturing technology known
as in-mold electronics is becoming more and more relevant [12]. In-mold labelling (IML)
[13] and in-mold decoration (IMD) [14] processes allow to handle and incorporate
decorative 3D formed polymeric films on final injection-molded parts. These
manufacturing technologies can be further enhanced by using locally micro- and nano-
textured films to obtain local and specific functionalities on the surface of the resulting
injection molded parts. Furthermore, the micro- and nano- textured polymeric films can
also be used as replication inserts, adequately placed on the injection molds [15]. The
most widely extended methods to pattern a surface incorporate a lithography process,
which defines the lateral dimensions [16]. The tremendous progress in lithography made
over several decades has delivered a robust and reliable technology, covering wide
dimensions range from few nanometers to millimeters. A patterning technique that allows
local 3D micro- and nano- structuring of thermoplastic films is thermal nanoimprint
lithography (thermal NIL) [17], a high-resolution and high-throughput lithography
technique. Thermal NIL is based on the mechanical deformation of a thermoplastic
material, which can be a thermoplastic resist coated on a substrate or a bulk
thermoplastic sheet/ film, with a stamp containing the surface topography to be replicated
in a 1 to 1 scale. The achievable resolution is mainly limited by the minimum feature size
that can be fabricated on the stamp and sub-10 nm lateral dimensions have been
demonstrated [18]. In order to overcome possible adhesion issues between the stamp
and the surface to be patterned, generally an anti-adhesion treatment is applied on the
stamp surface [19]. In this work, thermal NIL was used in a step-and-repeat mode, a
manufacturing process with potential for high-volume and low-cost manufacturing [20—
22]. After imprinting a die, the stamp is released from the substrate, displaced to the next
die, put again into contact with the substrate, and thermally imprinted [23]. However,
most lithography methods require the printed surface to be flat. Some examples of
patterning on curve surfaces exist, like for example in nanostencil lithography [24], but
they are not a universal solution and present limited industrial applicability. When it
comes to form micro- and nano- textured films into 3D shapes, a well-known and popular
transformation process is thermoforming using vacuum-assisted plugs. In this case, the
surface is micro-patterned when it is flat, and later it is given the desired final
macroscopic shape [25]. Applications of thermoforming in industry are large but so far
very few examples of functional patterned thermoformed pieces have been realized [8,9].
After thermoforming, the patterned areas in the film will suffer geometrical distortions

caused by the induced macroscopic deformation.
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Those distortions might negatively affect the surface functionality. To understand the
achievable maximum 3D- macroscale deformations that can be applied to the films
without losing the surface functionality, a study of how the macroscopic deformation
translates into geometrical distortions at the micro- scale is required. This will then allow
to study the loss in the initial surface functionality, if any, and how it could be identified
and prevented. In this article, we present the patterning of polycarbonate (PC) films by
thermal-NIL to obtain hydrophobic surfaces. We investigate how their structural and
functional properties change when the film is thermoformed. The local changes in the
geometries of the various micro-structured zones are monitored using confocal scanning
microscopy. The result is compared with to macroscopic deformations and draw ratios
obtained by digital image correlation (DIC) [8,26]. A further correlation with surface
functionality is carried out by evaluating the wetting behavior of the micro-structured

areas of the film before and after the thermoforming process.

MATERIALS AND METHODS

Pattern design

For investigating the change of the functional properties of a surface submitted to a
thermoforming process, we have chosen as test patterns arrays of pillars, because they
are relatively simple structures that would allow us to relate the deformation at
macroscale due to the thermoforming process with the deformation at the microscale.
As a change in the morphology implies a change of the functional properties, we have
quantified the variation of the hydrophobicity by measuring the contact angle before and

after thermoforming. The hydrophobicity of a surface is commonly defined from the

contact angle of a water droplet in contact with the surface as described in the Young'’s

equation [27]:
YsG = YsL +YLc COs(B)

Where ysc is the interfacial tension between solid and gas phases, ys. between gas and

liquid, y.c between liquid and gas and 6 is the angle of a droplet on a solid surface.

To increase the surface contact angle, the interfacial free energy must be increased.
This is possible to be achieved by micro-structuring the surface: specific geometries
allow air pockets to be trapped between the droplet and the surface. The ideal case
where this occurs is known as Cassie-Baxter state and is preferable to the Wenzel state

in which the droplet completely wets the surface (Fig. 6.1.b) [28]. (See Table 6.1.)
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Young Eq. Ys¢ = Ysi + Vi €0s(6)

Figure 6.1. (a) Graphical representation of the Young equation and contact angle for a droplet on a

surface. (b) Graphical representation of the Wenzel and Cassie-Baxter states for a micro-structured

surface.

Wenzel

Cassie-Baxter

Quadrant d (um) p (um) Bw Ocs
Q1 4 8 59° 139°
Q2 6 12 59° 139°
Q3 8 16 59° 139°
Q4 10 20 59° 139°

Table 6.1. Calculated values of Wenzel 8W and Cassie-Baxter contact angles 8CB for the designs of the

stamps. A nominal pillar height of 6.5 mm is assumed for all the quadrants.

Fig. 6.2 describes the geometrical parameters of the microstructures that will be
transferred to the polycarbonate films, which will induce an increment of the water
contact angle. Four designs have been selected, each one consisting of an area of 30
mm x 30 mm covered by pillars with diameters (d) of 4 um, 6 um, 8 um and 10 um. In
each area, the pitch (p) is defined to be 2d. This design will result on four stamps with
arrays of holes that, after the thermal-NIL process, will produce pillars in the

polycarbonate films.
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30 mm

1 mm separation

Figure 6.2. Micro-structured texture design. The pattern consists of 4 areas of 30 x 30 mm each that
contain arrays of holes pillars diameters d ranging from 4 pym to 10 ym and pitches p = 2d for all of
therthethem. diameters d ranging from 4 pym to 10 ym and pitches p = 2d for all of them.

The Wenzel and Cassie-Baxter water contact angles can be estimated according to the

following relations [29]:
cosBw = rcosh (1)
c0sBcs = Ps (1+c0s0) - 1 (2)

where Bw and B¢g are the apparent contact angle for Wenzel and Cassie-Baxter states
respectively, r is the roughness factor, ®s is the areafraction of the solid surface for
micro/nanostructured surfaces and 6 is the water contact angle on flat —non

nanostructured & non- thermoformed PC. r and ®s can be calculated as follows [30]:

r=[(p)?+mndh]

(»)? ©)

mid?
os = e (4)
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Next table shows the values for the expected Wenzel and Cassie- Baxter contact angles for
each quadrant of the design, assuming a height of 6.5 um for the pillars, and a contact angle

of 77- for the flat and non- textured surface:

Water Linear AVG AVG
contact angle Starj\da_\rd Cu_rvature Draw major minor
(°) deviation Radius (mm) Ratio AVG | strain (%) | strain (%)
Non-textured PC 77.0 5.3 - -
Textured PC (flat) 150.6 1.6 - -
Zone 1 147.7 +4.3 314.5 2.79 2.8 0.3
Zone 2 146 +2.4 211.3 2.98 7.1 1.2
Zone 3 135.9 8.0 59.8 2.57 11.6 4.6
Zone 4 127.1 +3.1 58.6 2.85 12.1 -1.8
Zone 5 107.1 5.1 50.1 4.63 97.4 -15.5

Table 6.2. Summary of the characterization results after thermoforming.

Cassie-Baxter states are expected for the textured surfaces, resulting to be more
hydrophobic after the patterning process in comparison to the un-patterned ones. Upon
deformation, the change of the geometrical parameters of the microstructures will induce
a variation in the corresponding water contact angle values, which eventually could imply

a deviation from a pure Cassie-Baxter state.

Pattern and Process design

The overall process for the fabrication of the thermoformed micro-structured film
is shown in Fig. 6.3. The first part of the process is the fabrication of the stamp.
Four stamps from the same silicon wafer are fabricated following the designs
shown in Fig. 6.2 by means of optical lithography and reactive ion etching (steps
1-4). After Step 4, the wafer is dived in the four dices, each one containing one
of the array designs, which will be used as a master stamp. The master stamp is
then pressed and heated against a PC sheet by step and repeat thermal NIL
(Step 5). Five micro- structured dies (see Fig. 6.4.a) of equal dimensions were
fabricated in several selected locations of the flat polycarbonate film that was

subsequently thermoformed in order to obtain the final 3D shape (see Fig. 6.4.b).
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Figure 6.3. Scheme of the overall fabrication process which includes the fabrication of the silicon
stamp (steps 1-4) the replication of the stamp in a polycarbonate film by thermal NIL (steps 5-6) and
the thermoforming of the film (step 7).

After the demolding (step 6) we obtain a planar micro-structured PC sheet that is
thermoformed into a 3D shape using a thermoforming process (step 7). The conditions
of these processes are further detailed in the Materials and Methods section. The
geometrical shape chosen for the thermoforming mold is a half-cylinder with decreasing
curvature radius, down to 50 mm, a length of 195 mm and a constant width of 100 mm
(Fig. 6.4.a). The placement of the micro-structured zones on the flat film was carefully
selected to observe the effects caused by the film deformation in relation to the
increasing linear draw ratios and decreasing curvature radii. The mold employed for the
thermoforming process, together with the microstructured film on top of it, is shown in
Fig. 6.4.b.
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Cilindro_1

195

Figure 6.4. (a) Design of the thermoforming mold geometry showing the placement of the
microstructured areas in red. Dimensions are in millimeters. (b) Photograph of the polycarbonate
film on top of the mold prior to the thermoforming process. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Silicon stamps fabrication

The first step for the fabrication of the silicon wafers is a 10 min standard cleaning with
a piranha solution (H2S0O4:H20; 2:1) and a rinse with 5% hydrofluoric acid (HF) followed
by a photolithography process. The photolithography starts with by spin coating 2 um of
standard positive photoresist HIPR 6512 (Fuijifim) on the wafer, followed by a light
exposure through a photomask using a photolithography equipment (Karl Suss MAG6
Mask Aligner). Then, the wafer is immersed in OPD 4262 developer (Fujifilm) that
dissolves the areas that have been exposed. The remaining photoresist is used as a
mask in a modified reactive etching Bosch process (in an Alcatel 601-E equipment) that
uses combined pulses of SF6 as the etching gas and C4F8 for the passivation step.

The alternation of both gases results in “wells” _craved in the silicon with a scalloping
contour (Fig. S1 Supplemental). The depth of the wells is designed to be 7 um for the

smallest well. The depth is different for each array as the silicon etching rate depends
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on the diameter of the wells (Table S1-Supplemental). After the etching process, the
remaining resist is stripped from the wafer by means of an oxygen plasma (Power = 600
W; O2 flow = 600 ml/min; Time = 20 min).

Thermal NIL patterned films

Transparent 500 um thick polycarbonate sheets were used as thermoplastic substrates.
A NPS 300 stepper (SET) was used as imprinting tool for the step-and-repeat thermal
NIL process, using the following process parameters: 190-220 -C as imprinting
temperature, 50—-80 kg as applied weight, 1-2 min as imprinting time, 60 -C as demolding

temperature.

Thermoforming process

Thermal NIL micro-structured films were thermoformed using a vacuum-assisted
aluminum mold with a half-cylinder geometry, as shown in Fig. 6.4 (b), in which the micro-
structured zones are pointing outwards. During the thermoforming process, the heating
stage parameters were set at 430 -C for 11.5 s (upper heaters) and 500 -C for 12.5 s
(lower heaters), and the deformation stage had a duration of 1 s. The mold was kept at
80 -C during the whole cycle and pre-vacuum and vacuum times were set at 4" and 3",

respectively, using a vacuum power of 15 W (pressure in the circuit 6 bar).
Structural characterization

The local strains and thickness reductions taking place on the films were assessed using
Digital Image Correlation (DIC) technique [26], comparing digital images of the same
films (taken from exactly the same place) before and after thermoforming. The DIC
technique allows the identification of the position of each object point in the two images
(before and after thermoforming) by applying a correlation algorithm based on the
tracking of the grey value pattern G (x, y) in small local neighbourhood facets. Then, the
characterization of local in-plane deformations can be determined by the position of
these points. Prior to performing the DIC analysis, a stochastic dot-based intensity
pattern was defined on the thermoplastic film’s surface via serigraphy and a stereoscopic
sensor setup was used for the photographic process. In addition, the local linear draw
ratios, representative of the degree of geometrical deformation and local film stretching
of the different micro-structured zones, were determined in order to check the effects on
the microstructures produced by varying deformations. Local linear draw ratios are

defined as the ratio of the projected length of a line crossing the centre of the
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thermoformed zone to the length in the unformed sheet and were calculated by DIC for
each of the micro-structured zones and for the two orthogonal strain directions (major

and minor) as shown in Figure 6.5.

(a) Zone 1 Zone 2 Zone 3

Zone 4

Figure 6.5. Detail of the strain in the thermoformed film obtained with the Digital Image Correlation
technique. (a): Direction of the major (black lines) and minor (white lines) strain directions. A
confocal microscopy image corresponding to each of the imprinted thermal NIL areas illustrates how
the microstructure deforms. The values of the major and minor strains at each point of the

thermoformed film are represented in Figures (b) and (c), respectively.
Contact angle characterization.

Finally, water contact angle measurements (WCA) of the virgin PC film and the micro-
structured zones before and after thermoforming were taken using a tensiometer
(Dataphysics OCA 15 CE) and image processing software (SCA 2.0). Micro-droplets of
150 pL of deionized water were used. The contact angle values are obtained as the

average of 5 measurements.

RESULTS AND DISCUSSION

The study of the effect of the thermoforming process on the microstructure has been
carried out using the stamp with the array Q2 (lateral dimensions’ d =6 ym and p =12
pum; Fig. 6.2) for all the zones depicted in Fig. 6.4.b except for zone 2, where the array
Q3 was used (d =8 ym and p =16 ym). As both arrays have the same d/p ratio, the
theoretical Cassie- Baxter contact angle remains unaffected, and in consequence, this

zone is also considered in the analysis. Before the thermoforming, the five zones were
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imprinted by thermal NIL and characterized by confocal microscopy in areas of 250 x
190 ym2. The height of the pillars ranged between 9.4 and 10.4 uym and the pillar
diameter resulted to be 6.6 ym = 0.3 um. Representative optical and SEM images of
the microstructured zones are included in the supplemental information (Figs. S3 and
S4). Table 6.2 summarizes the results of the characterization of the textured PC films for
the zones 1 to 5 depicted in Fig. 3. In order to determine the wettability behavior for the
imprinted areas (prior to thermoforming), the water contact angle was measured,
showing an average value of 150.6°. This represents almost a two-fold increase
compared to the value of 77 ° obtained for the nonmicrostructured PC film. The micro-
structuring therefore modifies the surface wetting behavior of the PC, making it
superhydrophobic [31]. After thermoforming, the hydrophobic character of the surfaces
is preserved even at curvature radius of 50.1 mm and a linear draw ratio of 4.63. The
experimental contact angles and the local deformation (strain) observed via the DIC
technique are represented in Fig. 6.6 for each of the five selected zones. The zone that
suffered the highest stretching is Zone 5, where the water contact angle value descended
to 107.1 ° compared to the original value before thermoforming (150.6°). This indicates
a loss of the hydrophobic character, but still representing an improvement when
compared to that of the unformed flat PC film. Representative optical images of the water
droplets for measuring the contact angle are displayed in the supplemental information
(Fig. S5). Initially, a theoretical estimation of the water contact angle for the different
deformed microstructures after the thermoforming was conducted applying the analytical
method described in [30]. In this model, the variation of the contact angle shown by
different low aspect ratio pillar geometries (almost barrel-shaped) can be estimated as a
function of the nanostructure roughness parameters, a, b and h; being a the diameter at
the top of the nanopillar, b the distance between the top corners of a pillar and h the
height of the nanopillar. In our case, these parameters were carefully extracted from
confocal microscopy images of each of the flat and thermoformed nanostructures.
However, the images of the confocal microscope show a more elliptical size for the
pillars, as well as an asymmetric deformation of the pillar array, in accordance with the
difference between major and minor strains. Because of this, we modelled the expected
contact angle from the deformed microstructures following the procedure described in
[28], which accounts for an irregular pillar shape (data is shown in the supplemental

information).

The result is displayed in the red curve of Fig. 6.6. Even using this second formalism, it
is obtained that the Wenzel and Cassie-Baxter contact angle theoretical estimation does

not follow the trend determined by the experimental contact angle. The discrepancy
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between the experimental contact angle and the contact angle estimation assuming a
Cassie-Baxter state can be explain attending to the specific deformation that the

microstructures suffer when submitted to deformation.
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Figure 6.6. Chart showing the experimental and theoretical (Cassie-Baxter) contact angles in relation
to the local major/minor strains for each of the micro-structured zones considered. To calculate the

Cassie-Baxter contact angle, the procedure described in [28] was followed.

A detailed characterization by confocal microscopy of the pillars after the thermoforming
process reveals that the base of the pillar increases significantly with the strain at which
the plastic film is submitted to. We have quantified this deformation recording the most
significant geometrical parameters, as displayed in Fig. 6.7, for the direction of major
strain (Data is shown numerically in the supplemental information). It is remarkable that
the slope angle of the pillar decreases significantly for the zones 4 and 5, following the

same trend than the experimental water contact angle.
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Figure. 6.7. (a) Geometrical deformation suffered by the pillars at each zone of the thermoformed

film. (b) Scheme to refer to each of the geometrical parameters.

According to the above observation, we hypothesize that the deformation of the pillars
increases the actual surface area that is wet by water. The fact that the pillar slope angle
decreases implies that the water wets not only the top of pillar, but it also occupies part
of the volume between the pillars. Consequently, the contact angle behavior separates
from a pure Cassie-Baxter state and approaches to a Wenzel like state. This observation
brings us to conclude that that the macroscopic determination of the strain caused by
the thermoforming process is not enough to predict the change of the surface properties
when the functionalization is generated by an array of microstructures. It implies that in
order to predict the final functional of a textured surface after being submitted to a
thermoforming process, the manner that the microstructures deform must be accurately
investigated.
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CONCLUSIONS

We have presented the controlled incorporation of hydrophobicity in PC films by a
combination of thermal-NIL patterning and thermoforming. An initial super-hydrophobic
contact angle of 150° is achieved for the flat micro-structured patches on the films (which
represents a twofold increase with respect to the non-patterned films (77°). The contact
angles of the micro-structured patches after the macroscopic deformations suffered by
the film during thermoforming have been measured and correlated with the local major
and minor in-plane strains, using the DIC technique. For extreme deformations during
the thermoforming process, the hydrophobic character decreases but a substantial
hydrophobicity is still retained compared to that of the initial non-micro-structured film.
An analytical model developed by Zheng and LU [28] to predict the water contact angle
as a function of micro-pillar geometry based on the Cassie-Baxter equation is applied to
the particular case of geometrical variations produced by in-plane deformations resulting
from the thermoforming process. This prediction seems to work well for most of the
thermoforming induced deformation. However, it deviates for areas where the strain is
larger. This deviation might be explained by the fact that, for a very large deformation,
either the surface presents a more Wenzel state or the Cassie Baxter modelling does
not capture the asymmetric deformation experienced by the pillars. In conclusion, the
methodology we have presented here can be used to predict the change in functional
properties of a microtextured surface film when subjected to a thermoforming process.
Consequently, it could be used, for example, to define geometric parameters of patterns
on the NIL stamps to bestow a given texture to the surface prior to thermoforming,
knowing a priori the local deformation each area of the surface will experience. It can
also provide clues of which maximum strain a thermoformed film can sustain to retain its

functional properties.
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7. 10N IMPLANTATION AND PVD-COATING OF
MICRO/NANOTEXTURED SURFACES OF
THERMOPLASTIC MATERIALS.
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INTRODUCTION

Within this section of the research, the mechanical properties enhancement of
micro/nanotextured polymeric parts through the application of hard coatings and ionic
implantation treatments was explored.

Initially, samples of polycarbonate were coated with CrN using physical vapour
deposition PVD techniques, and the resulting mechanical properties were evaluated and
compared to those of the bare PC.

In a second stage of this subsection, ionic implantation tests of two different ions of
interest, argon, and silver, potentially enhancing diverse surface properties such as
mechanical properties [1] were carried out on the surface of various transparent
thermoplastics of interest. The changes produced on the surfaces after the implantation
of the first ion (Ar) were then evaluated, including the determination of the morphology
variations produced on a micro/nanotextured surface of one of the transparent
thermoplastics tested (TPU).

Then, a nanomechanical analysis was conducted on the surface of the other two
transparent thermoplastics of interest (PC and PMMA) that were implanted with silver

ions.

MATERIALS AND METHODS

Hard CrN coating on PC samples

The treatment of a small PC sample (approx. 20x10x3mm) by means of a cathodic arc
PVD source using an ARC-TECHZ2 equipment was carried out at the EURECAT facilities
was performed, coating the mentioned sample with at thickness of 160nm (10 min
exposure time). In order to improve the adhesion of the CrN coating onto the PC sample
surface, an anchoring layer of CrN of few nanometers (70 to 90 nm) was coated onto the
sample prior to the final CrN application.

Then, the sample overall visual aspect was evaluated, and the mechanical properties
(hardness and scratch resistance) of the resulting coated sample were evaluated using
a Nanoindenter XP equipment. Details of the equipment and an amplified SEM image of

the pyramidal tip can be seen in Figure 7.1.
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Figure 7.1. Image of the nanoindentation equipment used for the experiments (above), and amplified

SEM image of the Berkovich tip used (below).

With such equipment, 15 indentations per sample in CSM mode (continuous stiffness
measurement) were carried out in order to measure the hardness and young’s modulus
as per the Oliver and Phar method [54]. A pyramidal Berkovich tip C0045048-11-11-19-
1000 nm, with an approximation speed of 10nm/s and harmonic oscillation frequency
and amplitude of 45 Hz and 2nm, respectively, was used for the tests. The strain rate
applied was 0.05 s and the maximum depth of penetration was 500nm.For the
measurement of the scratch resistance, a scratching speed of 5um/s was applied, and
the load applied on the indenter increased incrementally along the scratching path from

0 to 50mN. The total scratch length was 200 pm.

lon implantation of transparent thermoplastics

In this subsection, samples of non-textured PC of approximately 10x10mm were

implanted with Ag+ ions at a voltage of 3kV, using a PFCA-450 equipment, with an
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assembled high-voltage source HVPM 30. Then, visual inspection of the samples and
their in-depth characterization using SEM, EDX and XPS methods was carried out in
order to verify the feasibility of the treatment. Then, a sample of 20x30x3 mm of TPU
with micro/nanotextured surfaces (with the topographies present in the stamp 3x3 ) was
also ion-implanted under the same process conditions as the previous case, and the
morphology variations on the micro/nanostructures were observed. Finally, samples of
PC and PMMA were implanted with Ar ions and their nanomechanical properties were
analysed. For that, the dynamic flat punch complex modulus using a Nanomechanics
iMicroindenter was utilized. In this method, the indenter contacts the material surface
penetrating at a certain depth (3um by default). The oscillation force amplitude will be
that one producing an oscillation of aprox. 50nm @ 100Hz of frequency. The system
applies the frequencies programmed and measures the resulting oscillatory

displacement and the phase delay at each frequency.

The main measuring parameters applied were:

-Cylindrical flat punch of 50 um diameter

-Pre-test compression depth: 3 ym

-Minimum frequency: 1Hz

-Maximum frequency 500Hz

-Number of tested frequencies: 15

The main variables of interest analysed for the polymeric samples tested were:
-Storage modulus (E’): related to a material’s ability to store energy elastically

-Loss modulus (E”): related to a material’s ability to thermally dissipate energy; and

accounts for the viscous character of the material.

-Loss factor (tan d): the fraction E’'/E”, defined as tan §, where & constitutes the phase
delay existing between applied stress and the resulting deformation. For a purely elastic
material, the phase delay is 0 and therefore, the loss factor is 0. For a viscoelastic
material, the phase delay will reach some value between 0 and 90°. For a equally elastic

and viscous material, the phase delay will be of 45° and the tan 6=1.

The sequence of steps followed for the visual inspections and the implantation processes

was as follows:
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CLSM initial inspection/cleaning with solvents/ CLSM inspection/ion implantation/CSLM

final inspection

Fuente de iones
End Hall

Muestra

Fuente pulsada
de alto voltaje

Figure 7.2. Schematic representation (left) and actual picture of the ion implantation source and

device (right).

RESULTS AND DISCUSSION

Hard CrN coating on PC samples

First, the variation of hardness as function of penetration depth was evaluated on the PC
sample. It was clearly shown that the CrN coating increases the surface’s hardness in

an order of magnitude, as shown in Figure 47 below.

H (GPa)

T T - T T T T T T
0 100 200 300 400 500

Figure 7.3. Hardness increase produced by the CrN coating (left), and image of the PC sample before

and after being coated with CrN (right).
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Figure 7.4. Penetration depth profiles during scratching of the PC and PC + CrN samples (above),
and residual morphology profile (below) of the same samples, clearly showing the differences in

depths registered for the coated vs the non-caoted sample.
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Nevertheless, the residual depth observed for the scratches produced clearly differs
between coated and non-coated samples, as it can be observed on Figure 7.5 below

(i.e., lower depth for coated samples).

This fact is further confirmed by the residual depth profiles taken with CLSM, as it can

be seen on Figure 7.6.

Scratch direction

-1,04

Residual depth (microns)

< T b T
0 100 200
Scratch distance (microns)

Figure 7.5. Penetration depth profiles during scratching of the PC and PC + CrN samples, taken using
the CLSM images.

By observing the CLSM 3D constructed images (Figure 7.6), we can also confirm the
differences in residual depth produced on the coated samples under the same

parameters, which clearly confirms the higher scratch resistance of the coated samples.

lon implantation of transparent thermoplastics

Regarding the initial implantation of PC samples, although major changes in the surface
topography were not observed after the ion implantation at 3kV and low vacuum pressure
of 2,610 Pa (see Figure 7.7), some white spots and a slightly larger surface roughness
was observed.

These areas corresponded to the presence of O, Zn and other elements existing prior to

the ion implantation treatment, as revealed by the elemental composition shown by the
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EDX measurements at two length scales (100 and 10um, respectively). This can be
observed in Figure 7.8. The presence of these elements can probably be attributed to
impurities present during the injection moulding process or else during the later sample

handling.

Figure 7.6. 3D CLSM images of the residual scratches produced on PC (above) and PC + CrN (below),

clearly showing the differences on morphology created, caused by different scratch resistances.
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Figure 7.7 SEM images at 250X (above) and 2000X (below) of the PC samples before (left) and after
(right) Ag+ ion implantation

Finally, the XPS measurements clearly show a percentage of Ag accumulation in the
first nm of thickness of the implanted sample, compatible with the process and conditions
applied.

After the initial measurements following the first ion implantation trials, a
micro/nanotextured TPU sample (injection moulded using a 3x3 micro/nanotextured film
inlay as per section 4.1.1) was also ion implanted with Ag+, at a voltage of 3 kV and a

vacuum pressure of 2,7-102 Pa.
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Figure 7.8. EDX images and data of the Ag+ implanted PC samples at 3kV and low vacuum pressure

of 2,6°102 Pa at two different magnifications, showing the presence of O, Zn and other foreign

elements apart from the implanted Ag+.

From a general visual inspection, it could be clearly appreciated a darkening and loss of

transparency of the implanted sample (Figure 7.11). Also, when looking at the confocal

images at 50X magnification, it could be observed that even the general aspect of the

microstructures remained intact, a small amount of the micro/nanofeatures were

damaged or missing, most probably due to disruptions caused on them by micro-electric

arcs.
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Figure 7.9. Graph of the XPS measurements on the Ag+ implanted PC sample, showing a significant

% of Ag3d onthe initial nanometers of sample’s depth.

Figure 7.10. Picture of the micro/nanotextured TPU sample before (left) and after (right) the ion

implantation.
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Micro-arcs

Micro-arc

Figure 7.11. CLSM images of the TPU sample before (left) and after (right) the ion implantation
process. The images show the 1um diameter micropillars (above) and the 2 pm width vertical lines

(below) from the experimental stamps initially used in chapter 3.

Also, profiles extracted out of CLSM images of these samples before and after the
implantation process were extracted to compare for other potential disruptions. Those
images for the horizontal 2 pm width lines and for the 1 ym diameter pillars, and the
height profiles extracted from them, can be seen on Figure 7.12 and 7.13. Although no
major disruption of the microtexture geometries is observed, it can be seen that there
exists a certain flattening of the top section, in both the horizontal lines and the cylindrical
pillars, which might be attributed to partial polymer degradation of the
micro/nanofeatures due to the cleaning agents used on the sample preparation
(Ethanol).
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Figure 7.12. CLSM images of the TPU sample before (left) and after (right) ion implantation, showing

the subtle change of the top of the lines after implantation on the profiles extracted (below).

To complete this section of the study, samples of PC and PMMA were implanted with Ar
ions at different process conditions (time, bias voltage) and their nanomechanical
properties, together with the resulting degradation that took place (if any) were analysed.
The following samples, treatment conditions and resulting degraded/non degraded

samples were used:

Sample Nr. Bias (kV) T(min) degrz(;ed? dezhfa“élfd?
025-21 25 45 Y N
026-21 5 45 N N
027-21 25 5 N N
028-21 10 45 N N
029-21 15 45 N N
030-21 20 45 N N
031-21 10 135 N N

Table 7.1. Details of the process conditions applied and summary of the resulting degraded samples.
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Figure 7.13. CLSM images of the TPU sample before (left) and after (right) ion implantation, showing

the subtle change of the top of the pillars after implantation on the profiles extracted (below).

The results of the obtained storage modulus, loss modulus and loss factor for both

polymers can be observed in the charts below.
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Figure 7.14. Storage modulus, Loss modulus and loss factor for the PC samples.
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As it can be seen on Figure 7.14, all the implanted PC samples present a decay of

their elastic component when compared to the non-implanted PC.
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Figure 7.15. Storage modulus, Loss modulus and loss factor for the PMMA samples.
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As it can be seen on Figure 7.15, all the implanted PMMA samples present a decay of

their elastic component when compared to the non-implanted PMMA.
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Figure 7.16. Evolution of the storage modulus with applied voltage for PC (above) and PMMA (below)

As observed in Figure 7.16, both PC and PMMA seem to experiment a linear decay of
their respective storage moduli with increasing applied voltage (except for one sample
in the case of PC and two for PMMA).
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CONCLUSIONS

The application of hard coatings to thermoplastic polymeric parts via PVD techniques
was successfully demonstrated as a suitable technique to enhance the surface hardness
(by an order of magnitude) and scratch resistance of polycarbonate samples.
Nevertheless, the transparency of the sample was affected as expected.

lon implantation tests with two different ions have been conducted as a process to
potentially improve a wide range of properties of the thermoplastic materials. The
applicability of these treatments on thermoplastic materials has been proven, showing
only a small loss in transparency (that could vary as a function of the ion implanted) and
a slight decay on their mechanical properties, shown by decays in both elastic and loss
modulus components of their complex modulus has been observed. These losses in
mechanical properties can nevertheless be minimised by the optimisation of the bias
voltage and the exposure time depending on the specific ion implanted.

Also, when applying such treatments over micro/nanotextured surfaces, some small
disruptions on the micro/nanotextures top surfaces were observed, most probably
caused by small electric arcs produced during the application of the treatment.
Nevertheless, the micro/nanotextured surface largely preserved its morphology
undamaged, and the small defects produced by the electric arcs can probably be solved
by careful fine tuning of the implantation conditions. These small disruptions might even
be taken advantage of to further refine the micro/nanostructure morphology or introduce

additional hierarchical levels on it.
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8. FINAL DISCUSSION AND OVERALL
CONCLUSIONS
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Final discussion and future outlook

The replication of micro- and nanotextured polymeric surfaces manufactured via injection
moulding presents several challenges that need to be addressed before being
completely industrialized in the future. Amongst those, the uniformity on the degree of
replication (DR%) of the micro- and nanostructures and the development and adoption
of tight quality-control methods are of paramount importance to guarantee consistent
quality for serial produced goods.

During this study, it has been observed that several production methods can achieve the
appropriate DR% of complex micro/nanostructures of high aspect ratio or multiple
hierarchical levels, but there still remains significant uncertainty on achieving it over large
surfaces. This is especially critical for the case of high- or very-high aspect ratio (HAR)
micro/nanostructures, that will certainly require very tight control of the surface
temperature and injection parameters (such as injection speed and holding pressure)
across large surfaces.

The tight temperature control will probably require not only dynamic mould surface
modulation, a typical capability of the existing variothermal injection moulding systems
but will also need differential cooling or heating rates in different mould zones with
independent modulation and controls. As we have previously discussed, the current
variothermal mould technologies are positioned ahead than other injection moulding
tooling options for the replication of complex micro/nanostructures due to their higher
replication capability for HAR micro/nanostructures, but they haven't yet been
widespread applied in the industry. They still show a high implementation cost and lack
the needed flexibility, mainly due to the fact that such systems are single-mould specific,
which means a new system has to be custom designed and implemented every time a
new geometry is to be manufactured via injection moulding.

In this sense, the approach using flexible polymeric micro/nanotextured films as mould
insert templates, which has been studied during chapters 4,5 and 6 of this thesis,
constitutes a potential alternative to VIM systems and reveals itself as very promising
due to its low material cost, quick manufacturing, and potential applicability to a wide
range of materials. These films start to be manufactured through roll-to-roll processes at
pilot scale, specially for optical and medical applications, which will strongly lower their
manufacturing costs. It is also foreseeable that an increase in the aspect ratios of the
micro/nanotextures will be obtainable in the short-medium term.

Nevertheless, substantial work has still to be performed with these films in order to
reduce the amount of manual labor associated with their manufacturing and make them
more uniform. Also, the types of film materials and polymer coatings that can be used
on them should be substantially extended, carefully considering them together with the
polymers to be injected, and increasing the range of anti-stick treatments that can be
applied on top of them. This will in turn greatly improve the coated-film’s durability due
to the ease of demoulding obtained.

It is envisaged that, in the future, quartets of adequate polymer film material/micro-
nanotextured polymer-coating/anti-stick treatment/injectable polymer combinations will
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have to be defined and extensively tested in order to further push the implementation of
this lower cost technology. This will achieve the best possible results in terms of DR%
and uniformity. In any case, this technology will probably arrive to full application in
sectors of lower volumes (such as for example medical devices or human protheses),
high personalization and high-added value products, due to the cost savings associated
with it.

For high-volume and lower added-value products, apart from other technologies outside
the replication domain that rely on direct machining, controlled growth or coating or
chemical etching, femtolaser mould micro/nanotexturing followed by ICM, VIM or VICM
is the dominant route due to its robustness and higher uniformity of replication. This is
achieved at the expense of high capital costs (in terms ox expensive equipment needed)
and longer processing times. The relatively novel femtolaser technology for metallic
mould microtexturing, apart from requiring a very high initial investment in equipment,
also requires long calibration times and is still limited to the low micrometer range in
terms of the microtexture dimensions, which hinders its wide applicability in the industry
apart from high-added value optical and medical applications,

Other foreseeable challenge is the extension of the micro/nanotextured surfaces to
complex 3D shapes, which can also be accelerated by the advantages of use of flexible
mould inserts. While this is already a reality when for the femtosecond laser machining;
it's still limited to only few materials (tool steels and few polymers) and low-micrometer
range of texture dimensions. In the case of the flexible polymeric films, carefully designed
handling, and pre-processing protocols (prior to be used as mould inserts) for several of
the processes they undergo in their manufacturing will be crucial to ensure their quality.

These should for example include micro/nanofeature distortion and variation in the
overall surface functionality caused by the forming processes aimed at producing a 3D
film template. The variation in the functionalities caused by other processes such as
coatings, ion implantation, cutting ...etc., should also be researched and adequately
defined to further favour the industrial application of the flexible film nanotextured inserts.

Another important challenge to be solved is the extension of these replication processes
via injection moulding to a wide range of polymeric materials. It will be important to
guarantee a consistent DR% for polymers of various configurations and masterbatches,
such as those of low fluidity, added reinforcement agents such as short fibers or
whiskers, those containing other additives such as high-molecualr weight ones...etc. A
big portion of the existing research has been carried out for high-fluidity and low
molecular weight polymers such as PP or PE, but other polymers of more complex
processing and advanced properties (such as glass fiber-reinforced polyamides, PEEK,
PEI, ...etc., to cite some) should also be included in the research of these replication
processes.

It is also important to mention that the optical characterization of the micro/nanotextured
surfaces obtained will have to further improve the current existing methods in terms of
accuracy and speed. Currently confocal microscopy and SEM techniques are the most
applied methods, but both lack either sufficient resolution (lateral/oblique definition for
the confocal microscopes) or processing speed (for the SEM). Both show some other
limitations in terms of applicability on different materials, such as being limited to
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conductive materials for SEM, or showing difficulties when applied to transparent
materials such as the case of confocal microscopy. This creates the need for prior
sample preparation that is very much time consuming and hinders their industrial
implementation, also caused by the high cost of these equipments and by the fact that
they are usually not suitable to be used in industrial environments but rather in
laboratories.

In terms of the durability of micro/nanotextured surfaces, still a lot of work needs to be
carried out to define the appropriate treatments (such as coatings, ionic implantations,
PVD...etc.) that will maximize the durability of this type of surfaces in various applications
and environments. This won’'t be an easy step due to the fact that many possible
treatments might go in the opposite direction to that of the obtained functionalities,
directly lowering them down or limiting their durability, and in this sense subsuperficial
hardening and functionalization techniques such as ionic implantation are very
promising.

The possibility of overcoming all these challenges at low cost and high throughput still
remains to be fully proven. An increase in functionalities and potential application sectors
observed during the last years of this technology’s short lifetime (due to the reduction in
the nanostructure dimensions and their increased complexity) has nevertheless created
the general opinion that it is a matter of time until we see and extended presence
micro/nanotextured functional surfaces in plastic objects commonly used in our daily
lives.

Overall Conclussions

The path to obtain micro/nanotextured functional surfaces on thermoplastics using
injection moulding techniques was explored in this thesis. Two main technical
approaches for the production of such surfaces on thermoplastic parts were followed:

. injection moulding using laser-textured inserts, and
. injection moulding using NIL — textured film inlays.

Additionally, a third technique to bring micro/nanostructured thermoplastic thin films from
2D to 3D shapes via thermoforming techniques was also explored.

Various approaches using complementary technologies were tested in order to explore
their potential benefits when applied to the replication processes via injection moulding
(ICM, IR-heating) or to the enhancement of the properties of the micro/nanotextured
surfaces produced (hard coatings, ion implantation).

Injection Moulding (IM) Using Laser-Textured Inserts.

The injection moulding of thermoplastic parts using laser-textured inserts was carried out
with several microstructured inserts of various aspect ratios and functionalities:

. A 23 DOE was carried out during the experiments to figure out the most
influencing processing parameters between melt temperature, holding pressure and
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injection speed. It was shown that melt temperature first, and the interaction between
holding pressure and melt temperature in the second place are the dominant factors in
the DR% response.

. The corresponding characterizations of the injected samples, both morphological
and functional, showed the industrial applicability of this technology when using
microstructures of low AR (>2) using regular isothermal injection moulding for the
enhancement of properties of the surfaces of injected parts.

. These results and their potential industrialization were further demonstrated by
the real application cases corresponding to two experimental interior car parts within the
PLASTFUN project shown in the text.

. For higher ARs and therefore slenderer micro/nanofeatures, some kind of
Advanced processing technique is required to overcome the frozen layer formation and
guarantee the complete filling of the micro/nanocavities provided by a longer-lasting melt
polymer flow during the injection process.

Injection compression moulding (ICM)

. Injection compression moulding techniques were tested with this purpose during
this research, in order to analyse the potential mould filling improvements obtained. It
was shown that no major improvements on the mould filling of a particular microstructure
of AR~2 were obtained, and surprisingly some non-uniform replication across the sample
width was obtained for the samples tested. Even if in the written literature [21,30,31] this
type of process reveals the enhancement on the DR%’s obtained, an in-depth mould and
microstructured cavity design review of the case researched should be performed in
order to explore its full potential. Nevertheless, the process remains as an interesting
alternative to enhance not only the DR% but also the homogeneity of the optical
properties of parts produced with it, due to the uniform thicknesses and reduced warping
parts it is able to provide.

IM by IR-heating:

. The other process enhancement application researched within this section was
the mould surface heating using infrared heaters (IR-heating). The improvements on the
DR% obtained for an AR of the microstructure of 2 (same as in the ICM study) were
higher than 20%. These results demonstrate the validity of this technology to industrially
replicate microstructured parts of high AR via injection moulding.

. The maximum potential of this technology seems nevertheless hindered by
unwanted heat dissipations that could be minimised by isolating some parts of the
injection mould, such as those containing the microstructured surface.

. In any case, to achieve the full potential of this technology, a design review of the

mould and microstructure size, and its position on the mould surface in coordination with
the heat source size utilized should be carried out in the future.
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Injection Moulding Using NIL — Textured Film Inlays.

Concerning the second part of the research, the feasibility of replicating micro- and
nanotextures on injection moulded polymeric surfaces using a coated polymeric film as
mould inlay was demonstrated:

. This technique has lower cost and lower complexity approach (vs using textured
metallic inserts) proved viable, yielding high DR%’s, even for amorphous thermoplastic
polymers of low fluidity (PC, PMMA).

. A 23 DOE was also carried out in this case, that showed melt temperature as the
dominating (and critical) processing factor, followed by the interaction between melt
temperature and holding pressure.

. These results confirmed the feasibility of the method to obtain high
micro/nanotexture DR%’s at the regular processing temperatures and pressures of the
injected polymers. The main cause identified is the delay on the frozen layer formation
and therefore the longer available time for the injected polymers to flow in the
micro/nanocavities.

. Nevertheless, the low number of parts per polymeric inlay still needs to be
dramatically increased towards the process industrialization, and therefore a lot of
improvement needs to be implemented on the micro/nanotextured coated polymeric
inlays. Those improvements should be carried out with the purpose of increasing
coating-film adhesion and reducing film coating brittleness, which could therefore
increase the satisfactory injected parts per film achieved.

. A high replication degree of hierarchical micro/nanostructures was also achieved
with this method, and its extension to biopolymers of current interest proved to be
favourable. The higher fluidity and lower melt temperatures of these materials can
explain this high DR%. These polymer properties delay also in turn the film inlay
degradation.

To complete this chapter, three additional studies were carried out:

i) the application of a multiscale finite element simulation method to the process of
microcavity filling

ii) the study of the change in functionality of microtextured films upon large
macroscopic deformations

iii) and the application of hard coatings and ion implantation treatments to the

surface of micro/nanotextured polymeric parts.

i) In the finite element simulation, the multiscale approach followed by combining
two commercial FEM softwares at macro- and microscale in order to simulate mould
filing phenomena proved its feasibility, and the main influencing factors reasonably
matched those observed in the real experiments.

i) The change in surface functionality (hydrophobicity) of thermal-NIL microtextured
thermoplastic films was studied, confirming a dramatic increase in hydrophobicity due to
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the presence of the microtexture vs the flat polymeric surface. Then, the changes in the
film surface functionality when it was subjected to a substantial macroscopic deformation
were studied, developing later on a method to determine the change. The method was
successfully tested. This method was based on a previously existing analytical method
that predicts hydrophobicity change as a function of micropillar microdeformation and

completed with local macroscopic deformations obtained from DIC measurements. The
model thus obtained can be used, for example, to define geometric parameters of
patterns on the NIL stamps to bestow a given texture to the surface prior to
thermoforming, knowing a priori the local deformation each area of the surface will
experience. It can also provide clues of the maximum sustainable strain a thermoformed
film can undergo while still retaining its functional properties.

iii) In the last stage of this research, post processing treatments of the
micro/nanotextured polymeric surfaces were carried out. These treatments were twofold:
hard coatings and ionic implantation. The main conclussions from the application of
trhose treatments were:

a. The hard coating with CrN applied revealed an increase of the surface hardness
of an order of magnitude, and the scratch resistance was clearly improved as denoted
by the depth and 3D topography of the scratches obtained.

b. In the case of the ionic implantation treatments, the applicability of these
treatments on thermoplastic materials was proven for two different ions, showing only a
small loss in transparency and a slight decay on their mechanical properties. These
losses in mechanical properties can nevertheless be minimised to remain under 15-20%
by the optimisation of the specific ion implanted and the process parameters.

C. Also, when applying such treatments over micro/nanotextured surfaces, some
small disruptions on the micro/nanotextures top surfaces were observed, although the
micro/nanotextured surface preserved its overall morphology largely undamaged.
Nevertheless, these small defects produced by the electric arcs can probably be solved
by careful fine tuning of the implantation conditions and their effect could even be applied
for the obtention of potential benefits such as further modification of the microtexture
topographies or introduction of additional levels of hierarchy.

Study of the shape and functionality variation of Micro/Nanostructured features
on thin films by Thermoforming Techniques.

The study of behaviour and dimensional variation of replicated micro/nanostructures on
thermoplastic thin films bringing them from 2D to 3D shapes via thermoforming
techniques was also explored:

. The reason to include this additional section within the research lies on the high
industrial interest and compatibility of 3D micro/nanotextured functional films with IME
products applications, that commonly rely on thermoformed films as part of their
technologies.

. The combination of the achievable functionalities by using micro/nanotextured
thermoplastic 3D films with those of the electronically printed films shows great potential
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for applications such as automotive interior parts, consumer electronics, optics, and
lighting, to cite some.
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1. SUPPLEMENTARY INFORMATION TO “INJECTION MOULDING AND
CHARACTERIZATION OF MICROTEXTURES ON POLYCARBONATE USING LASER
TEXTURED INSERTS”

C. Saez-Comet, E. Fontdecaba, N. Cuadrado, Eduard Vidales, Jordi Puiggali, L. J. del
Valle

*Corresponding author: csaezcomet@gmail.com

MORPHOLOGICAL CHARACTERIZATION

7

Figure s1.1. Detail of the points (in red) on the microstructured surfaces of the disks that were used
to check the overall morphological uniformity of the microstructure. note that the points are marked
on the original steel discs and not on the injected parts for a simpler representation and better

contrast
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DOE

Exp.number T Vinj P
1 80 100 900
2 80 100 800
3 80 150 900
4 80 150 800
5 110 100 900
6 110 100 800
7 110 150 900
8 110 150 800

Table s1.1. Experimental design (doe) matrix used for the injection moulding experiments. 2% experiments

were established with taguchi method. tm = mould temperature; vinj = injection speed; and p = holding

pressure.

FUNCTIONAL CHARACTERIZATION

Figure s1.2. Details of the test set-up utilized for the characterization of light-diffusive

microstructures, in which it can be observed how the textured surface is illuminated
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Figure s1.3. Details of the test set-up utilized for

microstructures.

the characterization of light-guiding

Parameter

Definition

Application

Str, the Texture Aspect Ratio, is a measure of
the spatial isotropy or directionality of the
surface texture. For a surface with a dominant

Stris useful in determining the presence of lay in
any direction. For applications where a surface is
produced by multiple processes, S may be used

Str lay, the Str parameter will tend towards 0.00, 0 dgt_ect _the presence O.f underlylng_ suﬁace .
. ) ) ) modifications. Str may find application in detecting
\whereas a spatially isotropic texture will result o . S :
X subtle directionality on an otherwise isotropic
in a St of 1.00.
texture
Sa may be misleading in that many surfaces with
The Sa parameter represents an overall grossly different spatial and height symmetry
measure of the texture comprising the surface [features (e.g., milled vs. honed) may have the
s Sa is insensitive in differentiating peaks, same S, but function quite
@ |valleys and the spacing of the various texture |differently. Nonetheless, once a surface type has
features. ... Sa is typically used for machined [been established, the S; parameter may be used
surfaces. to indicate significant deviations in the texture
characteristics.
Sqr may further differentiate surfaces of similar
amplitudes and average roughness. Typically, Sq
will increase with the spatial intricacy of the texture
Sar, the Developed Interfacial Area Ratio, is whether or not Sa changes. Saris useful in
I applications involving surface coatings and
expressed as the percentage of additional : .
. adhesion. Sy and may find relevance when
Sar  [surface area contributed by the texture as o . :
. ; considering surfaces used with lubricants and
compared to an ideal plane the size of the her fluids. S, is aff h
measurement region ot er uids. Sgris a_ected by bc_Jt texture_

' amplitude and spacing. Thus, higher S,, wider
spaced texture may have actually a lower Sgr
value than a lower S, but finer spaced texture, as
displayed above

Table s1.2 Surface roughness parameters chosen for the study (extracted from

https://www.michmet.com/3d_s_spatial_parameters_sal.htm)
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Figure s1.4. Confocal (200X) and SEM images (250X) of the scratches produced on the D3 textured

samples at load levels of 2, 5, 7 and 10 N and speed of 8 mm/min.
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Figure s1.5. Confocal (200x) and sem images (250x) of the scratches produced on the d3 textured

samples at load levels of 2, 5, 7 and 10 n and a common speed of 500 mm/min.
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Figure s1.6. Picture of the set-up used during the easy to clean functionality tests (left), and diagram

showing the easy-to-clean test set-up.
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2.SUPPLEMENTARY INFORMATION ON “INFRARED MOULD-SURFACE HEATING

EXPERIMENTS”
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SIEMENS

Figure S6. Image showing a) the lamp type used for the IR-heater, b) the bigger sized heater mounted

on the framework, c) the smaller sized heater mounted on the framework, d) the electronic command
system. Source: EURECAT
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3.SUPPLEMENTARY INFORMATION TO “INTRODUCING
SURFACE FUNCTIONALITY ON THERMOFORMED POLYMERIC
FILMS”

Supplemental information

S1. Geometrical information of the pillar arrays.

Figure 51. Finished silicon stamp. A) Top view optical microscopy image of the wells in the
silicon. B) SEM image of the section of the wells craved into the silicon. The scalloping present
in the contour of the wells is due to the Bosch modified etching process.

TableS 1 Nominal and obtained dimensions of the wells in the silicon stamps

Design (um) | 90° SEM characterization (m)
Quadrant | Diameter Diameter Depth
1 2 a3 70
2 6 65 78
3 s 89 8
3 10 938 87
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S2. Characterization of the imprinted arrays in the flat zone.

In the results presented in table 2, the 4 zones (size: 250x190 um each) correspond to 4 different
imprints performed with the same stamp.

Toble 52 Values of height (dZ) , diameter and pitch of the
replicated patterns on the PC films ot 4 different imprints.

Imprint | dZ histogram (um) |  Diameter (wm)
1 10.4 6.6
2 95 6.6
3 99 6.6
4 9.4 6.6

Figure S2 Example of confocal characterization (a) Topography
reconstruction (b) Height histogram
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S$3. Characterization of the imprinted arrays after thermoforming.

The local characterization of the zones 1-5 and the non-thermoformed micro-textured sample
were performed by means of confocal microscopy.

Table 53 Experimental Values for the deformed pillars

:u TotwedPC | oone1 | zonez | zones | zomea | zomes
PC (nat)

Water contact angle (%) 77 150.6 147.7 146 1359 127.1 107.1
Stancard Devisticn (8) 3 16 a3 24 3.0 31 51
Curvature Radius (mm) - - 3145 2113 59.8 58.6 50.1
Uinear Drow Ratio - - 2.79 2.98 2.57 2.85 463
AVG major strain (%) - - 28 72 116 121 974
AVG minor strain{ %) - - 03 12 46 -18 -15.5
Pillar major radius top (um) - 6.204 7.46 9.64 75 7.52 41
Pillsr mince raciuz top (m) - 6.008 6.18 8.62 6.04 6.442 394
Pillar major radius base (ym) - 7.55 8.97 10.97 83 9.02 11.84
Pillsr mince raciuz baze (um) - 7.64 7.62 9.97 7.45 7.65 7.78
Array majoe perod (mm) - 11.92 12.06 16.62 13.06 14.74 316
Array minor perod (mm) - 119 11.68 16.06 1184 12.58 114
Pillar heght{mm) - 9.9 7.6 83 6.8 6.7 7.5
Siope angle (3) (major) - 82.26 78.76 80.90 83.29 77.38 44.10
Stope angle (3) (manor) - 80.64 79.27 80.76 78.29 79.78 62.89
Siope angle (3) (sverage) . 81.45 79.02 80.83 80.79 78.58 53.49
% Deformation | mejor period) - 0.00 117 3.88 9.56 2366 | 165.10
% Deformation | mincr period) - 0.00 -1.85 0.38 -0.50 5.71 -4.20
% Deformation (major top) . 0.00 20.25 20.50 20.89 2121 | -3391
% Deformation [minor top) - 0.00 2.86 7.75 0.53 7.22 -34.42
%, Deformation (major .
bottom) 0.00 18.81 37.13 9.93 19.47 56.82
% Deformation [minor .
bertom! 0.00 0.26 24.63 -2.49 0.13 1.83
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S4. Determination of the contact angle from the Cassie-Baxter case

The method followed consisted in measuring the geometrical parameters described in Q. Zheng, C.
Ly, Procedia IUTAM, Elsevier B.V, 2014: PP- 462-475.
https://doi.org/10.1016/] piutam.2014 01.04 1 for individual pillars in each of the five zones,

which take into account the fact that when the dimensions shrink the perimeter/to area ratio
increases.
In this model the Cassie-Baxter for an array of microstructures of arbitrary shape is defined as:
cosoc,zf(1+m30)(1-%)-1
Where f is the ratio between the top pillar area and the area of the unit cell of the array, and S'is
the relation between the top area of the pillar and the perimeter of the top area of the pillar. L. is
a material dependent parameter and &is the water contact angle of the flat non-textured surface.
we have assumed |, as 0.9 um and 8 = 772 (determined experimental). The overall behavior of
the Cassie-Baxter values of the water contact angle are not critically dependent on I« for a range
of 0.1 um -1 um and we have selected a value for which the absolute value of the water contact
angle fit well with the experimental values for the cases of small strain. The values obtained in this
way for the water contact angle are presented in Table S4 and displayed in figure 6 (red curve) of
the main article.

Toble 54 Determination of the C-B contact angles following Q. Zheng, C. LU, Procedia
IUTAM, Elsevier B.V., 2014: pp. 462-475. https://doi.org/10.1016/].piutam.2014.01.04 1

Zone e cell area S area parameter | angle C-8
(pm?) (um?) (pm) .
Flat 29.3 1418 19.2 0.21 153 153.7
Zone 1 36.2 1409 215 0.26 1.69 148.6
Zone 2 65.3 266.9 28.7 0.24 2.27 145.0
Zone 3 35.6 154.6 213 0.23 167 1505
Zone 4 38.0 1854 22.0 0.21 173 151.6
Zone 5 12.7 360.2 12.6 0.04 1.00 1746
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4. SUPPLEMENTARY INFORMATION TO “THREE-LEVEL
HIERARCHICAL MICRO/NANOSTRUCTURES ON BIOPOLYMERS
BY INJECTION MOULDING USING LOW COST POLYMERIC
INLAYS”

C. Saez-Comet 2, O. Muntada ®, N. Lozano 2, E. Fontdecaba?, P. Sousa®, J. Llobet?,
F.Perez-Murano ° Jordi Puiggali?, L. J. del Valle®
*Corresponding author: csaezcomet@gmail.com; Francesc.Perez@csic.es

Silicon mould fabrication

The silicon mould consists of a 3-level hierarchical structure that is periodically repeated
all across a 100 mm silicon wafer. The dimensions and periodicity of the elements in
each level are shown in Table S1.

1L stands for the lower level, 2L the middle one and 3L the top level.

Pattern Lateral {:::)u re size Pitch (um) Height (um)
1L 0.6 1.58 0.5
2L 6 15.8 4.8
3L 35 107.44 26.9

Table S4.1. Dimensions of the three levels of the hierarchical array in the silicon mould

The overall process to fabricate the silicon mould is depicted in figure S1 and it
consists of three sequences of photolithography and reactive ion etching.

© Resist deposition © Photolithography ©re

0.6 pum thick OIR resist Definition of 0.6 im features Etching depth: 0.5 um
© Resist deposition © Photolithography O R

1.2 um thick resist Definition of 6 um features Etching depth: 4.8 um
a Resist deposition e Photolithography e RIE

1.2 pm thick resist Definition of 30 um features Etching depth: 25 pm

Figure s4.1. Fabrication of the silicon mould containing 3-level hierarchical structures. Pattern 1L:

steps 1-3; pattern 2L: steps 4-6; pattern 3L: steps 7-9

As the dimensions of the final patterns are below 0.5 um, we have used a step-and-repeat i-line
photolithography system (Nikon NSR-2205i12D). We expose consecutive areas of 3.4 mm x 3.4
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mm minimizing the stitching by a careful alignment procedure. Each of these areas
contains a continuous array of structures according to the dimensions in Table S1.

The process starts with the deposition of a 0.6 [Im thick QiR resist (FujiFilm) and a first
photolithography exposition with the aim of defining the common alignment marks for the
fabrication of all 3 levels. The marks are placed in two separated locations, approximately
1 cm from the wafer edge and are the key element for the sequential fabrication of each
level while maintaining the correct alignment.

After the first exposition, the resist is developed and the 1L pattern is exposed in the
same resist as the alignment marks. The area of each 1L repeating unit is 3.4 mm x 3.4
mm, so after each exposition the sample is displaced 3.4 mm precisely in order to
maintain the periodicity between the features of one repeating unit and the following.
The resist is developed after the exposure of 1L. Then, a 500 nm depth silicon reactive
ion etching (RIE) process is performed using an Alcatel 601E system with a modified
Bosch process.

The 1% level structures (1L) are now covered with 1.2 [im thick HiPR 6512 (FujiFilm)
resist, which is exposed with the 2L structures/features/element/component. In order to
place them exactly in concordance with the position of the 1L features, the mask is
positioned using the same exterior alignment marks as for the first level. Next, the
exposition is repeated all across the wafer maintaining the periodicity of the features and
the resist is developed.

The fabrication of the second level concludes with a 4.8 [Im etching (deep RIE) of the
2L features. Note that during this etching step the previously defined 1L features remain
protected by the resist. The fabrication of the 3L features is then performed in a similar
manner. The first step is to protect the 1L and 2L features with the same 1.2 [Um
photoresist. Then the 3L repeating units are exposed with the reference of the exterior
alignment marks and a constant periodicity. Once exposed, the motives are developed
and etched ~25(1m with a deep RIE. Figure S2 shows SEM image of the silicion mould.

Figure s4.2 (Left). SEM image of one of the 3-level structures of the silicon master mould. (Right)

The basic structure is periodically repeated all across a 100 mm wafer.
Replication on polymeric films (inlays)

Step 1: silicon to PMMA

The process starts by applying an anti-sticking layer made of Teflon on the surface of
the silicon master mould. Next, the mould is replicated into a 250 CJm thick PMMA foil
(GoodFellow) by means of thermal nanoimprint lithography in a Eitre® 8 system
(Obducat). The first step consisted of heating the sample until it reaches 150 °C and
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keeping it under that temperature during 100s. Then a pressure of 40 bar was applied
during 300 s, followed by the demoulding step, which was performed at 80 °C.

Step 2: PMMA to PDMS

The next step is to replicate the PMMA copy into a Polydimethylsiloxane (PDMS) slab.
The preparation of the PDMS (Sylgard® 184, Dow) follows the standard method: the
base and the curing agent are mixed in a 10:1 ratio and the mixture was poured inside a
recipient over the patterned PMMA foil. The mixture is degassed for 20 min to remove
air bubbles and cured at stove during 1h at 80°C. Finally, the fully cured PDMS is
released.

Step 3: PDMS to OrmoStamp®

The PDMS slab is then replicated into OrmoStamp® using Plexiglas® PET films as a
substrate.

The PDMS slab is placed on a hotplate at 50 °C and uncured OrmoStamp® is spread
evenly over the surface with the help of a spatula. Then, the PET foil is gently pressed
against the PDMS and cured with UV light (wavelength = 365 nm; time = 120 s; power
= 11 mW/cm?). A soft post-bake is then performed at 50°C during 10 min. After the
release, an anti-sticking silanitzation treatment  (Trichloro(1H,1H,2H,2H-
perfluorooctylsilane) is applied to the OrmoStamp + PET plastic inlay during 10 min
(figure S3).

Mould Insert

The insert provided adequate flatness, leaving the micro/nano textured face of the film
exposed towards the interior of the cavity at a reduced depth of 1.25 mm with respect to
the mould-insert surface. Also, below the films, an additional uncoated PC 200 mm film
was used to enhance its mechanical support during the injection cycles. Thus, the
injected specimen (a squared plate of 70 x 70 x 2.6 mm) has an elevation of 23 mm x 62
mm height that is centered on the specimen, on top of which the texture is replicated.
Both insert and a replicated part representation can be seen in figure S3.

Figure S4.3. Details of the injection mould insert and the model of the injected part to be obtained.
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Quality of the replication

Figure s4.4. Details of the deterioration of the inlay filmsafter various injection shots, showing

coating delamination at its lower section.

Figure s4.5. SEM images of deformed micro/nano structures at different magnifications on a PP

injected part.
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