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Abstract

The fiber thermal drawing process has emerged as a simple and scalable technique for the fabrication of multifunctional
and flexible electronics. The integration of materials with various physical and functional properties in well-defined
architectures opened a wide range of applications. However, the trend of increasing number of functionalities, which
requires a reduction in size of each fiber constituent, revealed the importance of instability mechanisms that need to
be better understood and overcome. In this thesis, we address several challenges associated with the process-
microstructure relationship that govern the achievable feature sizes. We first tackle the problem of thermal reflow of
polymeric textures induced by the Laplace pressure. We develop a reflow model that can be applied to periodic textures
during isothermal annealing and extend it to the thermal drawing process. After validating our model with experimental
data, we show that the reflow driving force can be significantly reduced by codrawing two materials of low interfacial
tension. We demonstrate this finding by drawing sub-100 nm textures on polycarbonate fibers. The second part focuses
on the influence of the drawing parameters on the degree of polymer chain alignment which induces serious shrinkage
upon heating. We reveal that the drawing stress, which depends on the drawing speed and temperature, controls the
shrinkage stress. Furthermore, we show that the degree of chain orientation increases linearly with the stress at low
thermal drawing stress, and then saturates, which correlates well with the amount of shrinkage observed. We then
highlight the use of this process-dependent alighment to tune the mechanical properties of the fibers and the bending
behavior of multi-material fibers. Finally, a heat treatment is proposed for reducing the chain alignment to increase the

dimensional stability of fiber devices such as temperature sensors.

In the third part, we switch our attention to inorganic materials and discuss the long-lasting challenge of the thermal
drawing of bulk metallic glasses (BMGs) which enables us to circumvent the size limitation of crystalline metal electrodes
due to capillary instabilities. We first demonstrate the production of well-ordered Pts; sCu14.7Nis 3P225 (Pt-MG) ribbons
within a polyetherimide matrix with uniform features down to 40 nm. We reveal via transmission electron microscopy
analyses a crystallization-induced break up. Furthermore, our approach enables us to study the influence of the process
on the crystallization kinetics of the Pt-MG ribbons. We show that the latter is enhanced by the increase in deformation
and decrease in size both at the micro- and nanoscale. We then demonstrate the ability of thermal drawing of another
BMG, AussAgs sPd, 3Cuzs.6Sii63, by selecting a poly(methylmetacrylate) cladding with matching thermo-mechanical and
rheological properties. The ultimate feature size, caused by the onset of crystallization, is a few hundred nanometers.
Finally, we show two examples of devices highlighting the novel functionalities enabled by the thermal drawing of BMGs.
We produce and test in vivo, in collaboration with colleagues in the bio-engineering department, neural probes allowing
electrical stimulation, recording and precise drug delivery, and electrochemical sensors integrating the three-electrode

system in a single fiber.

Keywords: Thermal drawing, Multi-material fibers, Micro- and nano-fabrication, Surface engineering, Polymer

engineering, Bulk metallic glasses, Crystallization kinetics, Neural probes, Electrochemical sensors.
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Résumé

Le procédé de tirage a chaud de fibres a émergé comme une technique de fabrication simple et a grande productivité
pour des composants électroniques flexibles et multifonctionnels. L'intégration de matériaux avec différentes
propriétés physiques et fonctionnelles dans des architectures bien définies a ouvert la porte a un large éventail
d’applications. Cependant, la tendance a I'augmentation du nombre de fonctionnalités, qui nécessite une diminution
en taille des composants, a révélé I'importance de plusieurs mécanismes d’instabilité qui doivent étre mieux compris et
maitrisés. Dans cette these, nous abordons premierement le reflow de textures polymériques causé par la pression de
Laplace. Nous développons un modéle pouvant étre appliqué a des textures périodiques pendant un recuit isotherme
et I'étendons au procédé de tirage. Aprés validation du modeéle avec des données expérimentales, nous montrons que
le reflow peut étre ralenti en diminuant la tension d’interface. Cette stratégie nous permet de créer des fibres avec des
textures inférieures a 100 nm. La deuxieme partie cible l'influence des parametres de tirage sur le degré d'alignement
des chaines de polyméres qui induit un retrait important sous I'effet de la chaleur. Nous révélons que la contrainte de
tirage, qui dépend de la vitesse et de la température, contrdle la contrainte interne. De plus, nous montrons que le
degré d'orientation augmente d’abord linéairement avec la contrainte de tirage avant de saturer, ce qui correspond
bien au retrait observé. Nous mettons ensuite en évidence I'utilité de cet alignement pour contrdler les propriétés
mécaniques des fibres et le comportement en flexion de fibres multi-matériaux. Enfin, un traitement thermique est

proposé pour réduire |'alignement afin d'augmenter la stabilité dimensionnelle.

Dans la troisieme partie, nous nous intéressons aux matériaux inorganiques et discutons du défi de longue date du
tirage des verres métalliques qui nous permet de contourner la limitation de taille des électrodes métalliques cristallines
due aux instabilités capillaires. Nous démontrons d'abord la production de rubans bien ordonnés de Pts75Cu147Nis3P225
(Pt-MG) dans une matrice de polyétherimide avec des dimensions uniformes jusqu'a 40 nm. Nous révélons via des
analyses de microscopie électronique une fracture induite par la cristallisation. De plus, notre approche nous permet
d'étudier l'influence du procédé sur la cinétique de cristallisation du Pt-MG. Nous montrons que cette derniére est
accélérée par l'augmentation de la déformation et la réduction de la taille des rubans, a la fois a I'échelle micro et
nanoscopique. Nous démontrons ensuite le tirage d’un autre verre, AussAgs sPd; 3Cu269Sii6 3, €n sélectionnant une gaine
de polymeére avec des propriétés thermomécaniques et rhéologiques compatibles. L’épaisseur la plus fine atteignable
est de quelques centaines de nanometres, di au début de cristallisation. Enfin, nous montrons deux exemples de fibres
mettant en évidence les nouvelles fonctionnalités permises par ces verres. Nous produisons et testons in vivo, en
collaboration avec des colléegues du département de bio-ingénierie, des sondes neuronales permettant la stimulation
et I'enregistrement électrique, et I'administration de médicaments, ainsi que des capteurs électrochimiques intégrant

le systéme a trois électrodes dans une seule fibre.

Mots-clés: Tirage a chaud, Fibres multimatériaux, Micro- et nano fabrication, Ingénierie de surfaces, Science et

ingénierie de polymeres, Verres métalliques, Cinétique de cristallisation, Sondes neuronales, Capteurs électrochimiques
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Chapter 1

1 Introduction

The development of the fiber thermal drawing technique has enabled the mass-production of low-loss optical
fibers which revolutionized the field of telecommunication [1]. The major feature of this technique is its
efficiency and its ability to produce kilometer-long fibers with a precise control of the cross-section, starting
from a macroscopic scaled—up version of the fiber. Since the 2000s, a new field of research has emerged based
on this process: the multi-material thermal drawing [2]-[4]. Instead of limiting themselves to one single type of
material and a simple architecture, research groups started to work on the fabrication of fibers containing
several materials arranged in complex structures. Since then, thermoplastics, composites, elastomers, low
melting point metals and chalcogenide glasses have been successfully integrated inside thermally drawn
polymer fibers. A large variety of fiber-devices with advanced functionalities were developed finding

applications in optics, sensing, electronics, energy and neuroscience, beside others [5]-[12].

The thermal drawing technique is foreseen as a promising alternative to rigid and planar electronics, due to the
growing interest in flexible and soft electronics, as well as in smart textiles. However, the current trend towards
device miniaturization and integration pose some significant challenges to the thermal drawing technique.
Ineluctably, by pushing the limits in terms of structure, dimensions and materials, additional phenomena start
to play a role in the preservation of the cross-section during fiber drawing. A deeper understanding is therefore

required to develop strategies to reduce their effects, which is the core of this thesis.

1.1 Thermal drawing of multi-material fibers

1.1.1 Thermal drawing technique

The thermal drawing process consists in slowly inserting a macroscopic preform in a furnace, heating it above
the glass transition temperature (T;) of the polymer cladding and pulling it at fixed speed to produce a kilometer-
long and uniform fiber, as schematized in Figure 1-1 (left). The three temperatures in the oven enable us to
define a suitable temperature profile so that all the materials in the preform reach a processable viscosity in the
neckdown region. They also determine the stress applied to the fiber during the draw. The feeding speed and
the drawing speed define the final fiber dimension. Following the law of mass conservation, the variation of the

cross-sectional dimensions can be estimated by the ratio of the speeds, called the “draw-down” ratio (ddr):

ddr = Varaw _ Rpreform (1'1)
Vfeed Rfiper
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With Ryrerorm and Ryiper being the radius of the preform and the fiber, respectively, assuming a circular fiber.
It is often assumed that the fiber keeps the exact same cross-section as the initial preform and therefore this
ratio can also be applied to estimate the dimensions of the different elements inserted inside the preform. We
will however see below that depending on the materials and on the drawing conditions, other mechanisms can

influence the geometry during the draw and have an impact on the cross-section conservation.

Figure 1-1 Schematic of the drawing process and example of multi-material fiber cross-sections [13].

Several methods can be used to fabricate the macro-scale preforms such as stack-and-draw, thin film rolling,
hole drilling or direct 3D printing. By combining these approaches, complex preforms including various materials
and precise architectures have been obtained (see Figure 1-1 (right)). Furthermore, a single draw is sometimes
not sufficient to reach feature size with micrometer or nanometer dimensions. Therefore, an iterative technique
has been developed where one or several first drawn fibers are inserted in a new preform and drawn for a
second time. This process can theoretically be repeated until the desired dimensions are obtained providing the

materials and structures support several drawing. We will discuss some challenges in the next part.

1.1.2 Compatible materials

Since the advent of the multi-material fiber field, the family of drawable materials has considerably expanded.
Furthermore, a deeper understanding of the requirements on the materials to be drawn, or co-drawn, allowed
the identification of new class of thermally drawn materials such as elastomers [8]. Guidelines concerning the
required thermo-mechanical and rheological properties have been developed [3], [4]. First, the cladding material
must be able to support the stress of the draw and have a viscosity in the range of 103 to 107 Pa s during
drawing. The high viscosity state contributes to the preservation of the structure from the preform to the fiber
level. Secondly, all the processed materials should flow at a common temperature and therefore have
compatible viscosities. The materials should also remain amorphous during the draw to enable deformation. If
crystalline materials are drawn, such as metals, they have to be processed above their melting point so that they

can flow in the fiber cladding. The preform should therefore be carefully designed to prevent any leakage or
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mixing of molten materials during the draw in order to maintain the desired fiber architecture. Finally, the
coefficient of thermal expansion of the various materials should be in a similar range to prevent residual stresses

in the fiber due to the cooling.

At the start of this thesis, the materials used to make solid electrodes in the fibers were either crystalline metals
or composites filled with conductive particles such as carbon black or carbon nanotubes. However, we can note
upfront some limitations, which are: (i) crystalline metals have to be fully encapsulated and can suffer from
capillary instability since they are drawn in their molten state and (ii) the composites often have a high resistivity
and thus the electrical resistance of thin features can become extremely high, due to the limited amount of

incorporated conductive particles for viscosity preservation.

1.1.3 Thermal drawing modelling

As we will see later in this thesis, several mechanisms occurring during a draw depend on the processing
temperature, viscosity and velocity profiles, beside others. Therefore, it is necessary to have a model to simulate
the deformation of the preform inside the drawing tower. The temperature profile is usually approximated with
a quadratic function:

(Tmax - Tg) 2

T(2) = Tax — WZ (1.2)

With Ty, 4, the maximum temperature measured, T, the glass transition temperature and L a fitting parameters
corresponding to the length of the “hot zone”. If the temperature dependent viscosity of the material is known,

the viscosity profile can then be determined by n(z) = n(T(2)).

Pone et al. [14] and more recently Tung et al. [15] derived an expression describing the deformation of the
preform-to-fiber neck down region for a cylindrical fiber R(z) with z € (0,L) which fits well with the
experimental observations. The main assumptions of their models are : i) the polymer melt is an incompressible
Newtonian fluid, ii) we are in a low Reynold-number, high Capillary-number regime and iii) the surface tension
and gravitational contributions are negligible compared to the stress induced by the pulling. Furthermore, the

temperature is assumed uniform radially.

Based on these hypotheses, a relation between the velocity (v,) and the viscosity profile (n(z)) along the
drawing direction (z) can be deduced.

dv,
n(z) 52

Vz

= constant (1.3)

The velocity profile can then be obtained by integration Equation 1.3 with the boundary conditions defined by

the feeding speed v,(0) = vy, and the drawing speed v,(L) = v, :
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z dz
0n(z), Va

v,(z) = exp| Invg + i lnv—f (1.4)
0 1(2)

Equation 1.4 enables us to describe the flow of material during the thermal drawing and also to estimate the

time spent at each position and therefore temperature.

1.2 Mechanisms influencing the cross-section preservation

1.2.1 Surface reflow

Thermal reflow is one of the processes responsible for the alteration of the fiber cross-section below a certain
feature size. If a texture is imprinted on the surface of a preform, reflow can occur during thermal drawing and
flatten the surface due to the high temperature and corresponding low viscosity. The driving force for this reflow
is the Laplace pressure which depends on the curvature of the surface and the surface tension of the interface.
A model describing the flowing mechanism during thermal drawing and allowing us to predict if a texture would
be preserved on the fiber level was developed previously in our group by T. Nguyen-Dang [16]. This deeper
understanding allowed us to identify strategies to alleviate this limitation. Reflow can be reduced either by

increasing the viscosity of the polymers during drawing or by lowering the surface tension.

The use of polyetherimide, a high strength polymer that can be drawn under high viscosity, allowed the
fabrication of surface textures down to 20 um [10], [17]. Furthermore, surface textures with periods down to
600 nm were obtained by cooling the patterned surface with a nitrogen flow to increase the viscosity locally
[18]. Another strategy consists in interfacing two materials during the draw and mechanical peeling or selectively
etching one of them after drawing. Khudiyev et al. demonstrated sub-10 um patterns on semicrystalline polymer
fibers by co-drawing polyvinyl difluoride that flows in a low viscosity state, with polycarbonate which retains a
high viscosity during the draw and maintains the pattern [18]. Moreover, sub-micrometer textures were
obtained on poly(methyl metacrylate) PMMA and polycarbonate (PC) fibers by Nguyen-Dang et al. using a
conductive polyethylene (cPE) sacrificial layer which drastically reduces the interfacial tension and thus the

thermal reflow as shown in Figure 1-2 [16].
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Figure 1-2 Textured thermoplastic fibers. (a) Schematic of the preform-to-fiber process. (b) Scanning electron microscopy
(SEM) micrograph of a textured ribbon with square texture of different height and width (scale bar: 10 um). (c) SEM
micrograph of a sub-micrometer square shape texture (scale bar: 10 um) with a zoom-in (scale bar: 200 nm) [16].

1.2.2 Capillary instabilities

When reaching the nanoscale and depending on the materials, axial and azimuthal capillary instabilities can
develop and induce breakup of fine features. These instabilities were studied by Plateau in 1873 who attributed
them to the surface tension [19]. The break-up of films into droplets is energetically favorable since it reduces
the surface area and therefore the surface energy. Later, Rayleigh studied the growth rate of these perturbations
and determined that they increase exponentially with time [20]. The influence of a surrounding fluid was then
described by Tomotika who demonstrated the influence of the viscosity ratio between the core and the shell
fluids on the instability growth rate [21]. Models in the thermal drawing field have been based on Tomotika
linear instability theory in order to understand the material and geometrical properties controlling the breakup
of wires and cylindrical shells [22]-[24]. D.S. Deng et al. created some stability and material selection maps which
can serve as a guideline to select potentially suitable materials in function of the final feature dimensions (Figure
1-3). The main parameters controlling the instabilities are the viscosity of the core or shell and cladding

materials, the surface tension and the final feature size.
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Figure 1-3 (a) Radial stability map. (b) Material selection map for various pairs of materials (from [25]).

The ultimate size limit depends mainly on the materials and especially their surface tension and viscosity during
processing. Therefore, continuous nanowires with diameters below 15 nm of chalcogenide glasses such as Ga-
As-Se-Te, As,Ses and Se could be drawn in polymer matrices [26], [27]. On the other hand, crystalline metal wires
have been limited to 1 um diameter due to their high surface energy and the necessity to draw them in their
molten state, i.e. at very low viscosity. Further size reduction induces diameter instabilities which finally results

in the break-up of the rods as shown in Figure 1-4 for indium wires drawn in a PMMA cladding.

(@ " (b)

Figure 1-4 SEM images of indium wires drawn to diameters of (a) 190 nm and (b) 930 nm in a PMMA cladding [23].

Fibers containing a dense array of metallic wires or fine structures are of interest to serve as neuroprobes or as
electromagnetic metamaterial beside others. Metamaterial fibers made of metallic wire arrays and split ring
resonators were drawn and exhibited promising performance [28]. However, due to the micron feature sizes,
their application is limited to operating frequencies in the THz to the mid-IR range. Reaching smaller sizes would
enable the use of thermal drawing to fabricate large volume of metamaterial-based devices working in the NIR

and visible.
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Finally, studies highlighted the limitation in tuning the drawing parameters such as the drawing speed and
temperature to lower the cladding viscosity, and revealed the necessity to change the materials [23]. By drawing
metallic wires in a glass cladding, the interfacial surface tension was minimized and wire diameters down to 50
nm were achieved [29]. Another strategy would be to change the metallic material from traditional crystalline
ones, which need to be processed in their molten state, to amorphous metals which can be drawn in a high
viscosity state. Chapter 4 of the thesis is dedicated to introduction of this class of materials in the thermal

drawing process.

1.2.3 Polymer chain orientation

In addition to the structural changes described above, thermal drawing can also have a large impact on the
internal morphology of the polymers. In particular, fiber processing techniques such as extrusion [30], [31],
spinning [32]-[34] and drawing [35]-[37] were reported to induce polymer chain alignment due to the significant

amount of flow and relatively fast cooling.

On the one hand, a high degree of chain orientation can be favorable since it induces higher yield strength, strain
hardening, Young’s modulus and thermal conductivities [38]-[40]. The influence of the fiber drawing parameters
on the mechanical properties of PMMA fibers was studied by Jiang et al. [35]. They revealed that the mechanical
strength increases with the drawing force but decreases with an increase in drawing temperature. Furthermore,
a subsequent annealing lowers the strength but enhances the ductility. On the other hand, such alignment leads
to arise in entropic energy due to the out-of-equilibrium conformation. Consequently, high temperatures or the
presence of solvent can enable the relaxation of the chains into a random coil conformation and result in
significant macroscopic shrinkage [33]. Thermally stimulated shrinkage was reported to depend on the polymer

type and morphological state determined by processing [41].

This shrinkage should be prevented when a high dimensional stability is required during the fiber-based device
application, or for some post-processing. In particular, thermal shrinkage imposes a limitation on the number of
fibers that can be iterative drawn in a new preform. Indeed, if the cladding of the new preform is not able to
prevent the contraction of the first step fibers at the drawing temperature, the latter can induce complete failure
of the preform [42]. Stajanca et al. proposed annealing strategies to increase the climatic stability of a thermally
drawn PMMA optical fiber sensor [37]. They further revealed that the annealing time and temperature have to
be tailored as a function of the drawing parameters in order to be efficient. Another strategy developed by
Shadman et al. relied on the design of a core-shell fiber with a semicrystalline polymer in the core which could

prevent shrinkage [43].

Even though the influence of the drawing parameters on the fiber properties has been reported, no quantitative
correlation has been made between the processing parameters and the degree of orientation. An in-depth
understanding would enable the fine tuning of the fiber properties to fulfill specific requirements in terms of

strength or high temperature stability for example.
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1.3 Bulk metallic glasses

As mentioned earlier, traditional electrode materials present some intrinsic limitations in terms of conductivity
or geometry. Therefore, a part of this thesis consisted in identifying new materials that could open doors to
novel opportunities for fiber based devices and electronics. Metallic glasses which are alloys that retain an
amorphous structure after cooling from their liquid state are ideal candidates. Indeed, these alloys exhibit a
glass transition temperature like thermoplastic polymers and can reach viscosities in the range of 10° to
108 Pa s above which is the so-called supercooled liquid region (SCLR) [44]-[46]. Furthermore, some recently
developed compositions, referred as bulk metallic glasses (BMG), show very large resistance against
crystallization when heated above their T,. In addition to their attractive processing properties, BMGs exhibit
remarkable properties such as high strength, high elasticity and good resistance to corrosion. The combination
of all these properties opens a wide range of applications for BMGs in fields such as catalysis, nano and micro

electromechanical systems and biomedical implants [47].

BMGs can be produced by rapid cooling from the molten state by casting or melt-spinning for example. Then,
their low viscosity and high crystallization resistance in the SCLR allow the production of micro and nano-sized
parts by shaping them in this temperature region as shown in Figure 1-5 [45], [48]. Nanorods were fabricated by
thermoplastic forming based on embossing BMGs in porous alumina mold [49]. Hasan et al. also developed a
thermoplastic drawing method using embossed templates and were able to produce cone-shaped structures or
constant diameter nanowires by varying the pulling speed and temperature [50]. Furthermore, Yi et al.

processed BMG fibers by pulling rods in the SCLR and reached diameters down to 70 nm for the best BMG [51].
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Figure 1-5 Pts7.5Cu147Nis 3P225 molded surface patterns [48].

Therefore, it seems that some BMGs could fulfill all the requirements for thermal drawing and enable the
fabrication of sub-micrometer features of high conductivity. Indeed, the intrinsic conductivity of BMGs is lower
compared to crystalline metals but still high compared to filled polymer composites. Nevertheless, despite
almost two decades of research in multi-material fibers, no BMG composition co-drawable within a polymeric
matrix had been reported at the start of this thesis. In the following part, we first discuss the influence of the
compositions on the BMG properties such as viscosity or crystallization resistance. Then, we present a review of
the influence of various external parameters, including non-isothermal annealing, deformation and size on the

deformation behavior and crystallization kinetics.

1.3.1 BMG properties
Glass-forming ability
The glass-forming ability (GFA) describes the ability of a metallic alloy to transform into a glassy state. A high
packing density in multicomponent alloys and a large number of elements, referred to as the "confusion
principle", are proposed to be some important parameters to improve the GFA [52]. Inoue [53] stated three
empirical criteria necessary for the formation of BMGs:

1. The system should consist of three or more elements

2. There should be a difference greater than 12% in atomic sizes of the main elements

3. There should be a negative heat of mixing amongst the main elements



Chapter 1

The GFA can be quantified either by the maximum casting diameter of a fully amorphous BMG or by the critical
cooling rate necessary to prevent any crystallization. Several criteria based on thermodynamic quantities have
been considered to predict the GFA of new compositions, however none of them showed precise correlation
[54]-[56]. These difficulties might arise due to the different stabilization mechanisms that have been reported
for various BMG compositions. Gross et al. proposed to divide good glass formers into two main classes: (i)
kinetically stabilized BMGs which are characterized by a high viscosity that prevents atomic motion (Zr-based or
Fe-based), (ii) thermodynamically stabilized BMGs that have either a low driving force for crystallization (Pd-

based) or high interfacial energy between the amorphous and crystalline phase (Pt-based) [57].

Temperature-dependent crystallization kinetics

The crystallization kinetics of BMGs is highly temperature dependent. Plots of the onset times of the
crystallization as a function of the temperature, referred to as time-temperature-transformation (TTT) diagrams,
are used to represent the kinetics. These diagrams show a nose shape due to the different mechanism
controlling the crystallization in function of the temperature. Above the nose, the undercooling is low and the
driving force for crystallization is limited. Therefore, the crystallization is controlled by the nucleation rate. Due
to the stochastic nature of nucleation and its dependence on the presence of heterogeneous nucleation sites,
large scatter in onset times is observed in this range [58]. On the other hand, below the nose, it is limited by
crystal growth since the high viscosity of the melt limits the mobility of atoms and almost no scatter in the time

is observed.

Classical nucleation and growth theory can be used to model the crystallization kinetics [59]. The steady-state

nucleation rate (I,,) is defined as,

Ay 16mo3 )

L(T) = 2 €XP (_ 3kpTAG(T)?

(1.5)
where A, is a fitting parameter, n(T) the temperature dependent viscosity, o and AG(T) respectively are the
interfacial energy per area and the Gibbs free energy difference per volume between the liquid and the
crystalline phases, and kj is the Boltzmann constant. Furthermore, the growth of the nuclei (1) can be estimated
by using a diffusion-controlled growth rate, which corresponds to the product of a kinetic and thermodynamic

term,

_ kgT nAG(T)
u(T) = W [1 —exp <— kB—T>] (16)

where [ is the average atomic diameter and n is the atomic volume. The temperature dependent viscosity can
be fitted by the Vogel-Fulcher-Tammann relationship and AG(T) estimated by AG(T) = ASg(Ty;q — T), with
ASy the entropy of fusion per volume and Ty, the liquidus temperature. Figure 1-6(a) shows the dependence of

both rates with temperature for a Pd-based BMG. At low temperature in the supercooled liquid region, the

crystal nucleation rate is high due to the large undercooling but the crystal growth is slow due to the high

10
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viscosity. At high temperature, the opposite trend is observed, and crystal growth is favored. Finally, the time

(t,) to crystallize a certain volume fraction (x) during isothermal holding can be estimated by:

1
3x 4
ty =|———= 1.7

= (o) an
A good fit of the TTT diagram of BMG can be obtained as illustrated in Figure 1-6(b) for a Pd-based BMG. This
model outlines the contribution of the viscosity, interfacial energy and Gibbs free energy to the crystallization
kinetics. Several assumptions have been made to develop this model and in practice several factors can also
influence the kinetics as we will discuss below.
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Figure 1-6 (a) Nucleation rate and crystal growth rate in function of temperature for a Pd-based BMG and (b) a
Experimental data and b, c, d calculated isothermal TTT diagram with various A,, [60].

Viscosity
In the supercooled liquid state, the temperature dependent viscosity of BMGs can be described by an empirical

Vogel-Fulcher-Tammann (VFT) relationship:

DT
1 = noexp (T_ﬁo

) (1.8)
where 7, is the infinite temperature limit of viscosity, T a constant and D is the kinetic fragility index [61]. Small
D values correspond to fragile glass formers whose viscosity descreases more strongly with increasing
temperature, while large D values describe strong ones. Figure 1-7 shows a fragility plot of several BMGs with
D values between 10 and 26. As one can see, to reach the same viscosity level, e.g. a processable viscosity, BMGs
have to be more or less heated above their T,. A lower viscosity would permit easier processing, however it often
corresponds to faster crystallization kinetics. Therefore, strong MGs have generally better glass forming ability

due to the decrease in growth kinetics [62]. Another factor representing the fragility is the steepness index m:

11
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_alog(n(1))
i = 2tog(n(1))
ATy/T) |y,

With large m corresponding to fragile behavior.
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Figure 1-7 Fragility (Angell) plot of various BMGs [63].

(1.9

The atomic structure of metallic glasses was initially assumed to be completely random due to the absence of

sharp diffraction peaks in X-ray and electron diffraction. However, more recently, the presence of short-range

order (SRO) and medium-range order (MRO) was proposed [64]-[66]. The SRO corresponds to an arrangement

of the nearest-neighbor atoms or solute-centered clusters. These clusters can serve as building blocks for the

formation of 3D cubic or icosahedral densely packed spaces referred as MRO as shown in Figure 1-8. The clusters

are not perfect and contain chemical and topological disorder, therefore the order only extends over a few

clusters. Furthermore, these packings do not induce any orientational order of the clusters. Hirata et al. reported

a direct observation of this local ordering through nanobeam electron diffraction for a Zr-Ni MG and correlated

it with molecular simulation [67]. It remains however very challenging to observe experimentally such local

atomic ordered configurations in overall disordered BMG.

12
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Figure 1-8 Illustrations of a cluster-based packing structure (a) in 2D and (b) in 3D where «a, § and () correspond to three
different atomic species [66].

Deformation mechanism

At room temperature, metallic glasses are characterized by a very high mechanical strength and hardness, but
very limited ductility. Due to the absence of ordering, no dislocation can form and facilitate plastic deformation
like in crystalline metals. In BMGs, Spaepen and Argon [68], [69] initially proposed that plastic deformation was
accommodated by the formation of shear transformation zones (STZ). The latter are regions of closely-packed
atoms which preferentially rearrange under the application of a shear strain. Upon further deformation, the
STZs percolate and form larger shear bands. It was reported that the motion of these shear bands causes
structural changes of the MRO in the STZ as well as in the area surrounding them, so-called shear band affected
zones [70], [71]. These modified regions were reported to modify the physical properties of some plastically
deformed glasses such as lowering the activation energy for crystallization [72] or increasing the tensile ductility

[73].

At temperatures close or above the Tg, three distinct behaviors are observed depending on the strain rate. At
low strain rates, the flow remains Newtonian and uniform, while at higher strain rates BMGs exhibit
inhomogeneous flow caused by non-Newtonian effects and ultimately shear localization as shown in Figure 1-9
for Vitreloy-1 [74]-[77]. The precise mechanism inducing this transition is still a subject of debate; however, a
general consensus exists on the importance of the free volume. The formation of shear band is assumed to take
place when the free volume increases locally which induces a decrease in viscosity and therefore a decrease in
resistance to deformation. The increase in free volume could be induced either by structural disordering caused
by the shear or by a local heating causing thermal expansion. On the other hand, free volume is thermally relaxed

due to the annealing at the deformation temperature, which explains the temperature dependence.
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Figure 1-9 Map of the flow mechanism in function of the strain rate and temperature [76].

1.3.2 Factors affecting BMG properties

Influence of the temperature history

Metallic glasses are in a metastable state and therefore any annealing above their glass transition temperature
will have an influence on their structure. Usually, BMG crystallization is studied via single temperature
isothermal holding or fixed temperature ramp to form, respectively, TTT or continuous cooling transformation
(CCT) diagrams. However, during processing a combination of steps is generally used; the BMGs are heated
above T; and then cooled down multiple times. The influence of such steps on the crystallization kinetics has
been studied by Bordeenithikasem et al. [78] on a Zr-based and Pd-based BMG. They observed that in the case
of several heating steps at the same temperature below the nose, the processing times could be simply added
up and subtracted to the total time before crystallization of virgin sample to obtain the remaining time to
crystallization. On the other hand, in the case of different processing temperatures, two opposite influences on
crystallization were reported. If the second step is at a higher temperature, in the nucleation-controlled state, a
much faster crystallization was observed. Indeed, the first heating induces fast crystal nucleation and the second
one fast growing kinetics. Oppositely, if the first heating occurs at a high temperature, the time to crystallization
at a lower temperature is only reduced by a small amount compared to a virgin sample. Similar observations
were made on a AugeAgs sPd; 3Cu26.9Si163 BMG in which 5% crystallization was induced by slow cooling [79]. The
TTT diagrams of fully amorphous and 5% crystallized BMG overlap at low temperature due to the growth-
controlled kinetics. On the other hand, at higher temperature the sample with nanocrystals is shown to

crystallize much earlier because of the shift to a nucleation-controlled phase.

Influence of the deformation

As mentioned in the previous section, mechanical deformation has an influence on the microstructure and can

induce changes of free volume, viscosity and medium-range order beside others. Furthermore, it depends
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strongly on the temperature and the deformation rate. It is therefore expected to have an impact on the

crystallization kinetics as well.

Cao et al. reported that above a critical deformation degree, cold rolling of a Cu-based BMG enhanced the
crystallization kinetics due to phase-separation. At low deformation, no influence on crystallization was
observed [80]. Ma et al. demonstrated also faster crystal nucleation in cold-rolled CuZrAl BMG and attributed it
to the formation of shear bands which modify the atomic structure and subsequently the nucleation
thermodynamics. Moreover, the shear bands can reduce the viscosity locally which implies faster kinetics [72].
The influence of strain on two Pd-based BMG was compared by Mitrofanov et al. [81]. They reported that the
crystallization temperature decreased more for the most stable glass and supposed that it was due to the
alteration of the optimum short-range order configuration. Interestingly, they reported that above a critical
strain no further influence is observed. Moreover, high-pressure torsion of a Pd-based BMG revealed via
differential scanning calorimetry (DSC) the splitting of the crystallization peak into two crystallization processes
at lower temperature after deformation [82]. They attributed the splitting to a change of the cluster ordering

caused by the deformation.

Some contradictory observations have been reported concerning the influence of deformation in the SCLR
depending on the BMGs and the deformation modes. Bae et al. analyzed the deformation behavior of
Cug7Tis3Zr11NigSn,Si; BMG by tensile testing [83]. DSC characterizations of the specimen gauge and grip revealed
the occurrence of crystallization only in the deformed area. Transmission electron microscopy (TEM) analyses
confirmed the presence of nano-crystals. Several groups reported similar deformation-induced
nanocrystallization in Zr-based BMG under tension and compression [84]-[86]. On the contrary, deformation-
induced stability of the supercooled liquid has been reported for a Zr-based BMG tested in compression and a
Ca-BMG in tension [87]-[89]. Several reasons could explain these apparent discrepancies. The stabilization
mechanisms responsible for the high resistance against crystallization are composition dependent and therefore
deformation will have a different impact. Moreover, the structural modifications are strongly dependent on the
deformation temperature and rate. In general, crystallization was observed to be particularly enhanced at low

temperature, just above the Tg, and at high strain rate.

Demetriou et al. [90] developed a model to predict the influence of shear rate on the crystallization kinetics and
TTT diagrams. They assumed that the mechanism responsible for the deformation-induced crystallization was
the increase in mobility. As exposed before, deformation increases the creation of free volume and enhances
the atomic diffusion, which results in easier crystal nucleation. Based on several assumptions, they deduced an
approximate shift induced on the TTT diagram of Vitreloy-1 (Figure 1-10). It is interesting to note that for a fixed
shear rate, the shift increases with decreasing temperature. While the model is too simple to accurately predict

the shift, it provides insight on the range of temperature and shear rate affecting the crystallization kinetics.

15



Chapter 1

1000 T T

950} e 1
0

900} 1

850} @] ) 1

8001 0 - 8

750 o » 1

Temperature (K)

7001 S 1

650 O - ™ .

600 .
10 10 10 10

Time (s)

Figure 1-10 Simulated TTT diagram of Vitreloy-1 BMG for various shear rates [90].

Influence of the BMG dimensions

Different groups reported size dependent mechanical and thermophysical properties [48]. It was found that the
room temperature deformation behavior evolves from heterogeneous for bulk samples to homogeneous for
micro- or nano-sized samples leading to an increase in tensile plasticity [45], [50], [91]. Nevertheless, previously
published studies are not consistent and the responsible mechanisms are still a subject of debate. Studies on
nano-scale samples are indeed complex both in terms of processing and characterization due to the small sample
size. The processing techniques used such as nanomoulding, focus ion beam (FIB) milling, sputtering or pulling
may induce changes in the MG structure compared to the bulk MG which could then overlap with the presumed

size effects [51], [92]-[94].

Finite size effects have also been observed in the SCLR for bulk metallic glasses of nm-scale size. Both the
viscosity and the crystallization kinetics, which play a critical role to assess the formability of a material, strongly
vary in the sub ~100 nm range. Shao et al. [95] reported an increase in viscosity by a factor of five between a
100 nm diameter and a 40 nm Pt-based MG rod. They suggest that it is caused by the strong confinement which
restricts the collective atomic motion with the STZs and increases the flow resistance. Several studies reported
an increase in crystallization kinetics and proposed various origins. Gopinadhan et al. [96] analyzed 100 and 200
nm Pt-based nanorods, processed by extrusion, by DSC and HRTEM and demonstrated a decrease in
crystallization temperature. Their results did not provide any evidence of surface and deformation effects,
therefore they speculated that the faster nucleation rate was caused by composition fluctuations which are
enhanced in small samples. On the other hand, Sohn et al. [97], [98] reported a similar dependence using in-situ
heating TEM but assumed that it is caused by faster heterogeneous crystal nucleation at the surface. Faster
surface crystallization has indeed been observed in many glass systems and attributed to higher surface mobility,

local change in composition or decrease in total surface energy [99], [100]. Furthermore, they analyzed sub-50
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nm samples and observed a subsequent increase in crystallization temperature and slower crystallization
kinetics. They reported higher scattering in crystallization temperature and slower grain growth with decreasing
diameter. This suggests that the slower crystallization kinetics are caused by a reduction in nucleation probability

and apparent increase in viscosity as reported by Shao et al. [95].

1.4 Objective and outline of the thesis

The general theme of this thesis is the study of the fundamental mechanisms preventing the preservation of the
fiber microstructure during thermal drawing, as well as during fiber device operation. More specifically, it
consists in determining the key parameters controlling three specific phenomena: the thermal reflow of
polymeric structures, the thermal shrinkage of thermally drawn polymer fibers, and the effect of thermal
drawing on the crystallization kinetics of metallic glasses. For each phenomenon, we unravel novel insights in
the mechanisms at play, and propose strategies to control or alleviate their effect. We also demonstrate novel

materials and applications allowed by our findings. The thesis is then organized around three main themes:

1) Modelling of the evolution of the reflow of patterned surfaces during thermal drawing and the

fabrication of sub-100 nm structures.

2) Analysis of the influence of thermal drawing parameters on the polymer morphology and induced

thermal shrinkage and mechanical properties.

3) Identification and integration of bulk metallic glasses in polymer fibers, elucidation of the ultimate
architectures and feature sizes achievable during thermal drawing, study of the influence of thermal
drawing on the crystallization kinetics, and design of novel functional fibers based on the unique

properties of BMGs.
The outline of this thesis can then be detailed as follow:

In the second chapter, we establish a model describing the evolution of the reflow during thermal drawing. We
start by experimentally and theoretically studying the isothermal reflow of a texture imprinted on a polymer
plate. We then use this analysis to develop a model which combines both the reflow and the down-scaling at
different temperatures occurring during thermal drawing. We then compare our theoretical prediction and
experimental data. Finally, we present some strategies that could be employed to reduce the reflow at the micro
and nanoscale. By lowering the interfacial energy, we demonstrate the fabrication of a sub-100 nm structure on

a thermally drawn polymer fiber.

The influence of thermal drawing parameters on the in-fiber polymer morphology, thermal shrinkage and
mechanical properties is presented in chapter 3. We first demonstrate the influence of the drawing stress on
the shrinkage behavior of polyetherimide fibers. We then present small and wide angle X-ray scattering analyses
revealing the evolution of the degree of polymer chain orientation in function of the drawing stress. Moreover,

we show that the thermal drawing parameters can be used to tune the mechanical properties. Then, we extend
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our finding to fibers made of PMMAs of two different molecular weights. Thanks to our understanding of the
temperature and processing stress dependent shrinkage, we fabricate a controllable irreversible bending fiber
made of two PMMAs. Finally, we describe an annealing strategy to increase the thermal stability of fibers and

demonstrate its efficiency with a thermal sensor fiber.

In chapter 4, we identify two BMG compositions which can be drawn inside polymer matrices:
Pts75Cu147Nis3P225 and AuasAgssPd; 3CusesSiies. We first show different fiber structures and determine the
ultimate feature size of Pt-BMG ribbons. We then present an analysis of the influence of thermal drawing on the
crystallization kinetics in microscale and nanoscale ribbons via DSC, X-ray diffraction (XRD) and microstructure
observation, and in-situ heating TEM analyses respectively. Next we turn to the Au-BMG having a lower GFA.
We first describe the strategy used to find a suitable polymer cladding. The ultimate feature size and the

crystallization kinetics are then presented.

In chapter 5, we show two novel applications of fibers integrating Pt-BMG electrodes in the field of neuroprobes
and electrochemical sensing respectively. We first characterize the electrical and electrochemical stability of the
Pt-BMG in vitro. Then, we present two different designs of multifunctional fibers which can be used for
stimulation and recording for the first fiber, and recording and drug delivery for the second one. We
demonstrate the good performance and stability of our electrodes during in vivo tests. Secondly, two designs of
electrochemical sensing fibers integrating a three electrode system composed of two composite electrodes and
one Pt-BMG electrode are presented. We demonstrate their ability to detect paracetamol via cyclic voltammetry

or amperometry.
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2 Submicrometer cross-section
preservation via surface tension
engineering

High aspect ratio constructs such as thin fibers and micro-channels with well-defined surface textures are gaining
an increasing technological interest in a wide range of applications including scaffolds for nerve regeneration,
microfluidics, health care monitoring and smart textiles. However, the fabrication of sub-micrometer textures
onto thin fibers of tens-of-micrometers in diameter, or onto the inner wall of small micro-channels, is very
challenging even with advanced lithography processes. The thermal drawing technique has been used to
fabricate surface-patterned fibers, ribbons and micro-channels [5], [16], [18] with applications in textiles,

photovoltaic cells or regenerative scaffolds [10], [16]-[18], [101].

As mentioned in the introduction, thermal reflow takes place during drawing due to Laplace pressure which
limits the ultimate feature size of structures at the fiber level. This has been shown in previous publications,
together with proposed practical strategies to alleviate this limitation [16], [18]. Nevertheless, no model
describing the evolution of this reflow during thermal drawing has been presented. Such detailed understanding
of the process remains essential to better characterize reflow and design arbitrary textures that can reach lower
feature sizes. In order to be able to design strategies to delay this reflow, we establish here an analytical reflow
model that can be applied to any periodic texture and demonstrate experimentally its validity during both

isothermal annealing and thermal drawing experiments.

This chapter starts with the description and experimental characterization of the isothermal reflow of a texture
imprinted on a thick polymer plate, which reveals the contribution of high frequency modes during the early
stage of reflow. We then use this first analysis to tackle the problem of deformation during thermal drawing
which combines reflow and monolithic scaling at different temperatures. We compare and show an excellent
agreement between our theoretical prediction of reflow and experimental data taken at different positions
along the preform-to-fiber region. This enables us to critically discuss several strategies that have been employed
to enhance the cross-sectional preservation and show that lowering the reflow driving force holds the key for
successful texturing of fibers and micro-channels at feature sizes as low as a few tens of nanometers. To illustrate
this finding, we demonstrate the fabrication of sub-100 nm structures within a thermally drawn fiber by co-

drawing two materials of low interfacial energy.
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This chapter is initially based on a model developed by Dr. Nguyen Dang during his PhD at FIMAP and the work
presented here has been continued in collaboration with him [16]. The majority of the content has been

published in the following article:

T. Nguyen Dang#, |. Richard#, E. Goy, F. Sordo, and F. Sorin, “Insights into the fabrication of sub-100 nm textured
thermally drawn fibers”, Journal of Applied Physics, vol. 125, no. 17, p. 175301, May 2019, doi:
10.1063/1.5089022.

# The authors contributed equally to this work.

2.1 Reflow during isothermal annealing

2.1.1 Analytical model

At first, we consider the reflow deformation of a polymer surface texture under simple isothermal annealing.
Furthermore, we restrict our investigation to a one-dimensional periodic pattern in the x direction with a profile
y(x) = hcos(%”x) with a periodicity 4 and a height h significantly smaller than the substrate thickness d, as
shown in Figure 2-1. Our analysis focuses on annealing temperatures slightly above the glass transition
temperature. Therefore the polymer can be considered as a Newtonian incompressible fluid that flows in a
regime of very low Reynolds number due to the high viscosity in this range. The latter is confirmed below when
applying the model to specific polymers. Moreover, we consider the case where the height of the surface
pattern is significantly smaller compared to its periodicity (h << 1), which allows the linearization of the Laplace
pressure in the normal stress boundary condition between the polymer and air [102], [103]. A well-known
solution of the velocity (uy, u,) field in such a configuration is a periodic function in x that decays exponentially
in the bulk (y-direction). Applying the kinematic boundary condition allows us to relate u, with the change of
height over time, leading to a simple first order differential equation Z—ZL = —g, and hence h(t) = h(0) exp (—g)

with the characteristic reflow time 7 = Z—i , with 17 the viscosity of the polymer, and y its surface tension [16],

[104], [105].
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Single-mode surface wave

Figure 2-1 Schematics of a sinusoidal surface wave and a square surface wave

This solution for a single harmonic can be used to treat the case of an arbitrary periodic texture y(x). Assuming
that all patterns are regular functions that verify the Dirichlet conditions, y(x) can be written as the sum of sine
and cosine modes, with each mode having a period 1, = A/n. Because of the linearization conditions we
applied above (low Reynolds number, and h<<1), the Navier-Stokes equations governing the velocity field as
well as the boundary conditions are all linear relations. It is then straightforward to realize that injecting y(x) in

these equations will project each harmonic into a set of similar equations as described above for a single
harmonic [102]. In other words, each mode will decay with a similar expression h,, = h,,o exp (— —) where hy,
Tn

is the n'"-Fourier term of the original shape, and t,, = t/n. To verify experimentally this analysis, we apply our

model to a square wave texture as shown in Figure 2-1 (bottom) with an initial height of h,. The Fourier

=" (27r(2n+1)

L h
transform of such function is known to be y(x) =4—”°Zn @D a

x). Since each mode h, =

4 Ccon
T (2n+1)

h, evolves like described above, we have a time evolution of the texture given by

y(x,t) = 4Th°z (% e—(2n+1)%) X COS (wgo 2.1

A measurable value that can be simply defined is the height of the structure as it reflows at x = 0 [A], which will

have the following evolution:

h(t) D" _nint
O I

2.1.2 Experimental verification

In order to verify this theoretical description, we carried out isothermal reflow experiments on micro-imprinted
PMMA samples. The imprinting and annealing processes are illustrated in Figure 2-2. First, we made two
polydimethylsiloxane (PDMS) molds with periodical square patterns with period A and total height 2k, of 20 um

and 40 um, respectively. The patterns were transferred to PMMA plates by hot pressing. Finally, the annealing
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procedure was carried on in an oven at 130°C + 2°C for various durations. Typical cross-sections of imprinted

samples before and after annealing are shown in Figure 2-2.

PDMS mold

—
Imprinting

PMMA plate -
() @

Figure 2-2 Schematics of the imprinting and annealing experiments and the cross-section of a sample after each step

In order to calculate the theoretical reflow, we used a surface tension y = 33 mN/m at 130°C from [106].
Furthermore, we measured the temperature dependent viscosity and from the experimental data, a fitted

expression of the temperature-dependent viscosity was obtained (Figure 2-3):

16184

UPMMA(T(K)) = exp (T — 2241

From this fit we can extrapolate the values of the viscosity at different temperatures. In particular, we obtain

that 7(128°C) =~ 6.14 x 107 Pa.s,n(130°C) = 5.0 x 107 Pa.s and n(132°C) ~ 4.1 X 107 Pa with T(K) =

T(°C) + 273.15.
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Figure 2-3 Experimental and fitted values of PMMA viscosity in the temperature range from 160 °C to 200 °C
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We can first verify some hypotheses we stated to develop our model. In these experiments, the Reynolds and

the Capillary numbers were Re = anh ~ 1075« landCa = % ~1,withU =22 ~ 1075 (m/s) and h = hy ~

T
1075 (m), which justifies our earlier approximation of neglecting the inertial term in the Navier-Stokes

equations.

Figure 2-4 displays the experimental and theoretical values obtained with PMMA. A standard deviation of 4h =
2 um was measured on several samples and is shown by the vertical error bars. The theoretical values
determined by Equation 2.2 are shown by three dashed lines corresponding to the temperature uncertainties
in the oven, i.e. one theoretical curve for 128°C, 130°C and 132°C. We note that our analysis considered hp<<A,
which is initially not completely satisfied, especially when considering the high order modes. However, the
contribution of these modes decays much faster than the first-order ones (as t,, = 7/n), and disappears over a
time scale negligible compared to the overall process. The excellent agreement between Equation 2.2 and
experimental data further confirms that our model captures well the overall dynamic of the system despite the

linearization approximation.
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Figure 2-4 Theoretical (dashed lines) and experimental decay (square and circular dots) of the normalized amplitude of an
annealed square surface as function of annealing time. The green and blue lines correspond to the patterns with a period
of 20 and 40 um, respectively.

2.2 Reflow during thermal drawing

2.2.1 Analytical model

We then exploit this first study to tackle the case of the thermal drawing of a pattern on the surface of a preform.
The same approximation can be made regarding the incompressibility of the polymer and the low Reynolds
number flow during thermal drawing as shown before [14], [107], [108]. This time however, as we schematically

show in Figure 2-5, the drawing process entails a non-isothermal reflow with a scaling down of all the cross-
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sectional geometrical parameters as the fiber is being formed. The periodicity A1 of an arbitrary pattern is no
longer unchanged during the reflow because of the scaling, h is subjected to reflow and scaling simultaneously,
and the surface tension y and viscosity 77 are also varying because the temperature varies strongly along the

length of the furnace.

Figure 2-5 Schematics of the drawing process with i, ii, iii: micrographs of the cross-sectional cut at different positions from
the preform to the fiber

To model this problem, we can consider the evolution of the surface pattern along an infinitesimal length dz of
the preform-to-fiber axis [109]. The overall change of height results from the sum of two types of deformation,

the scaling deformation dh,.(z) coming from the drawing process and the thermal reflow deformation dh,..(2).
The former results from simple volume conservation and can be expressed as dhg.(z) = — %% dv withv = v(2)

being the fluid velocity along the furnace axis considered uniform in the cross-section. The latter follows a similar

evolution as described above since between z and z 4+ dz we can consider an isothermal reflow at T'(z) for a

period of (dz): dhy.(z) = —% dt, with a corresponding time dt = %,

This evolution can also be derived for a square pattern using again a spectral approach. The reflow between the
positions z and z + dz applies to each mode as explained above. The scaling down is also a uniform

transformation that applies to all modes. Hence, we can write for each mode:

dh,  1dv dz 2.4)
h,(2)  2v(z2) v(2) % 1,(2) '
1
. . ) _ @ 2 z 1 .
which gives for each mode: h,(z) = ( v ) exp (f_ZO oo dz), where we fix the center of the furnace

at z = 0, —z, represents the top of the furnace, and V is the preform feeding speed. The expression of the

amplitude for a square pattern, following our calculations in Equation 2.2, is finally written as:
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1

4hy (v(2)\ 2 G fz (2n+1)
h(z) = _Z Y | 2.5
@ == ( v e+ P\, Tv@ @™ 2.5)
n 0
. L (VYR 2 : .
Due to the volume conservation, we can write (—) = ——, thus Equation 2.5 can be rearranged to define
v(z) A(z)
a dimensionless quantity that we name the shape factor f;qpe :
h(z) A, 4 (G z 2n+1)
= —_—= =) — ——d 2.6
fonape(2) =5 "3 = 7 laen+ D P f_ W V@@ (2:6)
n

This shape factor is a quantitative measure of the preservation of the structure in a drawing process. It varies
from 0 to 1, with fspqpe = 1 corresponding to a perfect preservation of the cross-sectional shape, whereas

fsnape = 0 corresponds to a complete collapse of the structure.

2.2.2 Experimental verification

To verify experimentally this analysis, a 200 um-square pattern was embossed onto a thick PMMA plate
following the same procedure than for the annealing experiment. The preform was then thermally drawn into a
fiber as shown in Figure 2-5, with a feeding (V) and a drawing speed (v,) fixed at 1 mm/min and 100 mm/min
respectively. To evaluate the shape factor according to our analysis (the right-hand side of Equation 2.5) in such
an experiment, we must know the material viscosity (T (z)) and surface tension y (T (z)), as well as the drawing
speed v(z), at all z positions. The temperature distribution along the furnace axis was measured with a
thermocouple and fitted with a quadratic profile T(z) =Ty —a - z2, with Ty =170+ 2 (°C) and a =
1.43 (°C - cm™2), fixing the center of the furnace at z = 0. Knowing the dependence of the viscosity on
temperature, we can extract n(z). The surface tension of PMMA was taken as: y(T) = 41.1 — 0.078 X

T(°C) [106]. Finally, we use the expression of v(z) developed in section 1.1.3 and given by :

z dz_
0 n(z) Va
L_dz_V;
o n(z)

v(z) = exp| InV; + 2.7)

The theoretical value obtained is shown as three dashed lines corresponding to the temperature uncertainties
in Figure 2-6. The large uncertainty in the model results from the difficulty to measure accurately the
temperature inside the furnace. Even taking a conservative uncertainty of +2 °C for the measured temperature,

the induced variation of viscosity leads to an uncertainty of around 10 %.

To confront this theoretical value to experimental data, we measured experimentally the evolution of the

parameter %% during the draw. To do so, we stopped the feeding and drawing simultaneously when the
0

drawing process became steady and removed the preform-to-fiber construct from the furnace. We then cut and
polished the exposed cross-section at several positions along the z-axis. Figure 2-5 shows three examples of the

preform-to-fiber cross-sections at the preform level, in the neck-down region, and at the fiber level respectively.
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We could then image with an optical microscope these cross-sections and measure the height of the structure
h(z) and its period A(z) to obtain the shape factor at different positions. The experimental data are plotted in
Figure 2-6 and compared with the theoretical value described above, with a very good agreement observed. The
vertical and horizontal error bars correspond to the statistical standard deviation of the height measurement of

the patterns and the distance measurement of each cut to the top of the preform, respectively.
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Figure 2-6 The experimental and theoretical shape factor along the drawing direction. The lines correspond to the
calculated value of the shape factor with T, = 168 °C, 170 °C and 172 °C, respectively.

2.3 Strategies to reduce thermal reflow

2.3.1 Reflow theoretical prediction

Since our model now accounts for the evolution of the pattern during the entire fiber drawing process, we can
use it as a tool to better understand reflow during fiber processing and propose strategies to prevent reflow, i.e.
keep fsnape With a value close to 1. From Equation 2.6, we see that one way to do so is to make 7 as high as

possible, as fspape — 1. T being proportional to the viscosity and inversely proportional to the surface tension,
T—00

for a targeted pattern size A at the fiber level, one can either increase the viscosity 1 or decrease the surface
tension y of the drawn materials. The former route was exploited for example by using high-mechanical-strength
polymers, such as polyetherimide (PEI), which led to the fabrication of textured fibers with feature size as small
as 20 wm [10], [17]. Reducing the temperature of the preform surface during drawing to locally lower the
viscosity at the texture level was also used to reach sub-micrometer feature sizes [18]. Nevertheless, there is an
upper limit to the viscosity at which a steady draw can be performed which ineluctably limits the achievable

feature sizes.

An alternating approach consists in decreasing the surface tension contribution by interfacing the patterned

surface of a preform with another polymer during drawing. As a result, the driving force of the thermal reflow
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deformation becomes the interfacial tension between the two polymers, which can be chosen to be much
smaller than the surface tension of either component. It was previously shown that a square pattern with 300
nm feature size could be obtained by thermally drawing a multi-material polycarbonate (PC)/polyethylene(PE)
fiber [109]. Contrary to a PC-only fiber, the PC/PE could maintain the structure because the interfacial tension
between the two polymers (6.9 mN/m at 20°C) is more than 5 times lower than between PC and air [106],
[110]. It appeared that while the PC/PE system enables the maintaining of a shape factor close to 1 for a 300 nm
-feature-sized pattern (the feature size is defined as half of the period, corresponding to the width of an
individual groove), it decreases quickly to 0 when feature size gets to sub-100 nm region (see below). An
alternative pair of polymers to maintain feature sizes down to 100 nm at the fiber level is PC/PMMA. This pair
of materials can be co-drawn and has an estimated surface tension of 0.39 mN /m (see below) more than an

order of magnitude below the one of PC and PE.

To estimate the smallest feature size which can resist to the thermal reflow during drawing, we calculated the

final shape factor at the fiber level, where z = L, as follows:

(-1 L (2n+1)
fsnape(z = L) = _Z(2n+ 1) =P (jo v @ )

We assumed a draw-down ratio of 20 (Vyeeq = v(0) = 1 mm/min and Vgyqy = v(L) = 400 mm/min). We
estimated the temperature profile following the same procedure than with PMMA and obtained T(z) =
190(°C) — 14300 X z2. The viscosity of PC was measured experimentally (Figure 2-7) and fitted by a modified

Arrhenius temperature dependence as:
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Figure 2-7 Experimental and fitted values of PC viscosity in the temperature range from 180 °C to 220 °C
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The value of the interfacial tension between PC and PE was reported as ¥p¢/cpp = 6.9 — 0.018 - (T (°C) — 20)

(%N) [106], [110], [111]. The value of interfacial tension between PC and PMMA was estimated using the

d .d p D
N YbeY
approximation ¥pc/puma = Vec + Vpmma — 4 YecYPumA _ 4 JPCTPMMA. 1rop0sed by Wu Souheng [110], where
YpctYPMMa YpctYpuma

yid and yiq (i =PC,PMMA) correspond to the dispersive and polar components of each surface tension. With

the following value of surface tension taken from the Chemical Abstract Series (24936-68-3 for PC and 25087-
mN mN mN mN

26-7 for PMMA), ypc = 43.4(2), yf, = 3822 (7) yE. = 5.2 (7) and Ypyma = 41.0 (7) Yra =

mN

35.9 (%N), Youma =78 (%N), we obtain Yp¢/pyma = 0.39 ( — )
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Figure 2-8 Calculated value of the shape factor at the fiber level versus the targeted feature size of the texture for PC,
PC/PE and PC/PMMA systems

Using these values, we were able to calculate the theoretical value of the shape factor at the fiber level as a
function of the feature size on fiber for the PC/air, PC/PE and PC/PMMA system and the results are displayed in
Figure 2-8. It can be seen that adding a sacrificial polymer layer allows us to reach sub-1 um feature sizes. While
the PC/PE system enables us to maintain a shape factor close to 1 for a 500 nm -feature-sized pattern (the
feature size is defined as half of the period, corresponding to the width of an individual groove), it decreases to
0 when the feature size reaches the sub-100 nm region. At the same time, the PC/PMMA system allows the final

shape factor at the fiber level to remain close to 1 at 100 nm feature-size.

2.3.2 Thermal drawing of sub 100-nm patterned fibers

To verify experimentally this analysis, we fabricated a cylindrical preform with a textured PC core surrounded by
a PMMA cladding that we drew a first time to obtain a submillimeter scale fiber as shown in Figure 2-9(a-i). We
then assembled several of these fibers and drew them a second and third time to reach sub-100 nm features.

Figure 2-9(a-ii) shows the fiber cross-section after the second draw. In Figure 2-9(b) and (c) we show cross-
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sections after the second and third draw, respectively, where the PMMA was etched by dipping the fibers into
acetic acid to expose the PC free surfaces. While imaging at this scale is challenging, the SEM micrographs reveal
patterned fibers drawn with sub-micrometer diameter, on which textures are maintained with feature sizes well

below 100 nm, around 20-30 nm in terms of height.

Figure 2-9 (a-i) and (a-ii) Optical micrographs of the once-draw and twice-draw PC textured fibers covered by PMMA
cladding, respectively. (b) SEM micrographs of twice-drawn fiber after dissolution of PMMA. (c) SEM micrographs of thrice-
drawn fibers with sub-100 nm feature-size at different draw-down ratio

2.4 Summary and conclusion

In conclusion, we presented in this chapter an in-depth theoretical and experimental study of the thermal reflow
deformation of polymer surfaces in isothermal and in thermal drawing conditions. Analytical descriptions of the
deformation of a square wave were obtained and showed very good agreement with experiment data. We
showed that by decreasing the driving force of the reflow, we could keep the sharpness of the structure at a
micrometer scale and achieved sub-100 nm patterned fibers. The simplicity of our model can be applied to
multiple fiber shapes and periodic structures, allowing for a variety of configurations to be engineered. This

paves the way towards the design of advanced fibers for novel applications in optical waveguides,
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bioengineering, microfluidics or deformation sensing [5], [13], [112], [113]. Beyond thermal drawing, the
theoretical framework presented herein could find an interest in other processes such as for fiber spinning

techniques or for post-processing methods in micro-lens fabrication [114].

While the agreement we achieved is very good, our model still involves some assumptions that could be
alleviated in future research. Numerical solutions could be developed in order to take into account the
nonlinearity of the Laplace pressure for patterns with a height larger than the periodicity (h<A). In addition, our
model could be extended to non-Newtonian fluid and the coupling between the thermal reflow and drawing
scaling could also be considered to refine the model, particularly for materials with a strong non-Newtonian

behavior.

2.5 Materials and experimental methods

Materials: PMMA (Plexiglas) plates and PC rods were purchased from Boedeker, while the PMMA films were
obtained from Goodfellow. Chlorotrimethylsilane and the PDMS pre-polymer (Sylgard 184) were purchased

from Sigma Aldrich and Dow Corning, respectively.

Preform making: The silicon masks were patterned using photolithography at the Centre for Microfabrication
(CMi) of EPFL. First, Chromium-coated masks were fabricated with a Heidelberg DWL200 laser writer and then
transferred to silicon wafers coated with a photoresists (ECI), using a photolithography line (RiteTRack 88 Series
Coater and Developer and Siiss MA6/BA6 mask aligner). The silicon masks were etched with a plasma etcher
Alcatel AMS 200 SE. The masks were then passivated with chlorotrimethylsilane by vapor deposition and casted
with a PDMS pre-polymer with a crosslink agent (10:1 wt ratio). The PDMS molds were cured at 80 °C for 4 hours
before being removed from the Si masters. Two PDMS molds were made with periodic square patterns of period
and height of 20 um and 40 um, respectively. The patterns were transferred to PMMA plates by hot pressing at
175 °C under a pressure of 0.1 MPa. The heating speed and cooling speed were fixed to 5 °C per minute to

avoid any residual stress.

For the circular PC fiber, a square texture of 1 mm was milled on a 1.6 cm diameter PC rod. Then PMMA films
were tightly rolled around the bar and consolidated in an oven under vacuum (France Etuves) at 150 °C for about
10 minutes. After consolidation, the PMMA had only partially flown inside the grooves but it flew during the first
draw due to the lower viscosity of PMMA. For the second and third draw, several fibers were inserted in a PC

tube to form the new preform.

Thermal drawing: The fibers were drawn in a custom-made drawing tower with three heating zones. For the
PMMA fiber, the set temperatures were 120 °C, 250 °C and 85 °C and the feeding speed and drawing speed 1
mm min~! and 100 mm min~?! respectively. The PC-PMMA circular fibers were drawn at set temperatures of
150 °C, 270 °C and 85 °C with a feeding speed of 1 mm min~?! and drawing speed between 100 and 400

mm min~1. Note that the real temperatures inside the tower are lower.
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Rheological characterization: PC and PMMA circular plates of diameter 2.5 cm and thickness 1.5 mm were hot
pressed. The measurements were carried out in a rheometer AR2000 (TA Instrument) with a shear rate of

0.1s7 1

Thermal annealing: Samples were annealed in a vacuum oven (France Etuves).

Optical microscopy: The samples for the cross-sections were obtained by cutting and polishing the exposed
surface of the polymer fibers with SiC papers P4000 (Struers). In order to etch the PMMA from the PC-PMMA
fibers, the polished tip was dipped briefly in acetic acid. Images were taken using a Leica DM 2700M optical

microscope.

Scanning electron microscopy: Fibers were coated with a 10 nm carbon film and images were taken using a Zeiss

Merlin field emission SEM (Zeiss, Gottingen) equipped with a GEMINI Il column.

Height measurement: The height of the patterns was measured with a UBM laser profilometer.
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3 Influence of thermal drawing on the
polymer morphology

The final properties of polymers depend on their morphology, which is largely determined by the fabrication process.
In particular, the latter affects the amount of crystallized domains and their orientation, as well as the degree of
orientation of amorphous regions [115], [116]. As discussed in the introduction, this orientation induces anisotropic
properties and has a significant impact on the mechanical properties and the failure mechanisms [117]. In addition, the
chain alignment leads to a rise in entropic energy due to the out-of-equilibrium conformation. Consequently, an increase

in temperature induces macroscopic shrinkage due to the chain relaxation into random coil conformations [33].

Depending on the final application of the thermally drawn fibers, different thermomechanical properties are required
such as high strength, and high dimensional stability at high temperature or in aqueous environment [6], [43]. Even
though the influence of the drawing parameters on some fiber properties has been reported [42], [43], no in-depth
study at the microscopic level has been carried out. A precise understanding of this phenomenon is however essential
to predict the final properties of the fiber and subsequently tune the processing parameters and perform post heat-

treatment in order to expand its performance and resilience, and meet the targeted requirements.

In this chapter, we analyze the influence of the drawing parameters on the polymer microstructure, the fiber shrinkage
behavior when annealed, and on its mechanical properties. We first focus on polyetherimide (PEl) fibers yet our
conclusions can be applied to a wide range of thermoplastic materials. In order to clarify the change in morphology,
small- and wide-angle X-ray scattering (SAXS, WAXS) experiments are carried out which give an insight on the presence
of anisotropy trapped-in the fibers. This study is then extended to other PMMA fibers and a heat-controlled bending
fiber is designed. Finally, an annealing procedure is proposed to relax the fibers and the thermomechanical properties
are correlated with structural change through additional SAXS and WAXS experiments. To highlight the scientific and
technological impact of our study, we apply this to a temperature sensing fiber device for heat monitoring in protective

garments.

The SAXS and WAXS experiments were performed by A. Maurya at the Center for X-ray Analytics, EMPA.

3.1 Shrinkage behavior

We started by investigating the influence of drawing parameters on the shrinkage of thermally drawn fibers upon

annealing. The thermal drawing process is controlled by varying the oven temperature and the draw down ratio, defined

asddr = \/? where v; and vy are the drawing and the feeding speed, respectively. Both have a significant impact on
f

polymer flow, since they determine the viscosity, the deformation rate and the total deformation. Their influence can
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be correlated to the drawing stress, which is continuously monitored during the draw. The latter increases when the
temperature is reduced or the drawing speed is increased. To assess the influence of these parameters on the final
morphological structure and thermomechanical properties of thermally drawn fibers, two sets of pure rectangular PEI
fibers (Tg = 214 °C) were processed by either varying the drawing temperature from 360 °C to 340 °C at a ddr of 15, or
keeping the drawing temperature constant at 350 °C and varying the ddr from 10 to 40 (Figure 3-1(a)). Few meters of
fibers were drawn upon changing settings to ensure a stable state is reached. A wide range of drawing stresses was

therefore obtained, spanning from 1.1 to 17.5 MPa (Table 3.1).
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Figure 3-1 (a) Photograph of PEl fibers (b) Total shrinkage after annealing 225 °C in function of the drawing stress. The dash line
respresents the linear fitting between 0.8 and 8 MPa. (c) Relative changes in width and thickness after annealing at 225 °C. A line
of slope 1 is added for easier visualization.
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Figure 3-1(b) shows the shrinkage ratio, defined by § = X 100, with L, the initial length and L; the length after a

10 min annealing above the T, as a function of the drawing stress. The shrinkage ratio increases first linearly with the
drawing stress before stabilizing at values as high as 75 % for stresses above 8 MPa. This upper limit is related to the
maximum orientation and elongation of the polymer chains induced by the thermal drawing process. Furthermore, a
proportional increase in thickness and width is observed, which confirms the isotropic behavior of the fibers in the

transverse directions (Figure 3-1(c)).

Table 3.1 PEI fiber drawing parameters, cross-sectional dimensions and deduced drawing stresses

Set temperature DDR Cross-section | Drawing stress
(°C) (mm?) (MPa)
360 15 0.78 1.1
350 15 0.78 1.7
350 15 0.77 5.6
330 15 0.91 8.4
350 10 1.6 2.1
350 20 0.44 5.5
350 30 0.24 10.2
350 40 0.12 17.5

Additional thermomechanical tests were performed in a dynamic mechanical analyzer (DMA) in order to record the

evolution of retractive stresses upon heating of the fibers in the condition where their extremities were fixed (Figure
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3-2(a)) and of deformation without constraint (Figure 3-2(b)). In Figure 3-2(a), fibers drawn between 1.1 and 8.4 MPa
are characterized first by a negative stress developing in the fiber to compensate the thermal expansion, then an
increase in stress while approaching the T; and a maximum just above it. When the relationship between the maximum
stress and the drawing stress is plotted, interestingly a linear correlation is obtained independent of the varied
parameters, the temperature or the drawing speed (Figure 3-2(c)-top). This reveals that most of the frozen entropic
stresses induced in the fiber during processing is preserved. Furthermore, a variation in the peak stress temperature
can be observed, decreasing from 232 °C for the fiber drawn at the lowest stress (i.e. highest temperature) to 222 °C
for the highest drawing stress. Turning now to the strain experience by heating the fibers without constraints (Figure
3-2(b)), it respects first a linear behavior, whose slope corresponds to the thermal expansion, followed by a sharp drop
when irreversible shrinkage takes place. In Figure 3-2(c)-middle graph, we show that the temperature of the inflection
point, corresponding to the overtaking of the shrinkage force, is characterized by first a strong decrease with the
drawing stress and then seems to reach a plateau at a temperature as low as 130 °C for the fiber drawn at 17.5 MPa.
The occurrence of shrinkage far below T, might be explained by the reduction in chain entanglement in oriented
polymers, which results in a greater ease with which the polymer chains can slip [118]. The frozen-in entropic forces
could also be sufficient to compensate the thermal activation to overcome local barrier potentials and allow polymer
flow [119]. Furthermore, some studies suggest that in addition to entropic forces, intra-chain enthalpic forces can
emerge due to chain stretching via the entanglement network and could explain the apparition of shrinkage much below

the T [120].
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Figure 3-2 (a) Retractive stress measurements of PEl fibers drawn at various stresses and (b) deformation of fibers drawn at various
stresses upon heating. Solid lines correspond to fiber drawn at different temperatures and dash lines with different ddr. (c)
Maximum retractive stress (fixed extremities), temperature of inflection and longitudinal CTE (without constraint) in function of the
drawing stress. (d) Deformation of 2 PEI fibers (5.5 and 17.5 MPa) during three consecutives heating ramp from room temperature
to 100 °C.

It is also interesting to note that the estimated coefficient of thermal expansion (CTE) below Tg along the fiber direction
can be tuned from positive to negative values depending on the drawing stress (Figure 3-2(c)-bottom). Due to the chain
structure, the CTE components are different parallel (a,4,4) and perpendicular (ape, ) to the polymer chains [116].
Thermal expansion arises from stretching vibrations due to the asymmetry of the binding potentials as well as some
transverse vibrations. While @y, is always positive, ay,q,q can be negative due to the contribution of the transverse
thermal vibrations, which induce a shortening of the chains. From our experiments, it seems that PEI chains exhibit a
negative @,qrq, Which clarifies the negative CTE at room temperature of highly oriented fibers. Furthermore, some
cycling tests up to 100 °C showed the relative stability of the CTE, which confirms that the negative value is not caused
by frozen-in stress due to the fast cooling during thermal drawing (Figure 3-2(d)). Tuning the drawing parameters is
therefore a simple way to make the CTE of polymers comparable to other classes of materials like metal and therefore

improve the dimensional stability of complex devices [121], [122], as we show later.
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3.2 SAXS and WAXS analyses

To provide more in-depth information on the effect of drawing stresses on the nanometer and molecular microstructure
respectively, we performed SAXS and WAXS measurements on PEl fibers drawn at stresses ranging from 0.8 to
15.5 MPa, as shown in Figure 3-3 and Figure 3-4. At low drawing stresses, isotropic scattering halos in the 2D SAXS
profiles are observed caused by the random distribution of lamellar domains (molecular correlations between the
nearest molecular neighbors) in the fibers (Figure 3-3(a)). Then, the patterns evolves from isotropic halos to 4-point
SAXS patterns on increasing the drawing stress. 4-point patterns have been observed in oriented semi-crystalline
polymers and could derive from a tilted lamellar structure or a chevron structure induced by the crystal lamellae [123]-
[126]. Even though PEI does not contain crystalline domains, studies revealed the existence of short-range ordered
microstructures in amorphous polymers, which could induce such 4-point pattern [127]. The lamellar spacing d in the

drawing direction can be deduced from the peak position g, in the 1D radial profile (Figure 3-3(b)):

_271’

d=
o

3.1

The latter is seen to increase first linearly with the drawing stress and starts to stabilize above 10 MPa (Figure 3-3(c)).

1.6 MPa 2 MPa 5.8 MPa 7.3 MPa 11.5 MPa 15.5 MPa

:1 é l8 1l0 1l2 1I4 1I6
q (nm) Drawing Stress (MPa)

Figure 3-3 SAXS characterization of PEl fibers. (a) 2D SAXS profiles measured at a SDD of 27 cm for PEI fibers drawn under stresses
between 0.8 and 15.5 MPa. The thermal drawing direction (TD) is shown by an arrow. (b) 1D radial profiles along the fiber direction
(30 °) extracted from the 2D profiles as illustrated by the triangle in the first profile. The dashed lines correspond to the Gaussian
fit. (c) Lamellar spacing in the drawing direction as a function of the drawing stress.

Similar to SAXS, 2D-WAXS profiles also demonstrate the increase in the anisotropy on increasing the drawing stress of
the fibers (Figure 3-4(a)). The presence of the preferred orientation (distinct arcs perpendicular to the fiber drawing
direction) in the WAXS patterns indicates the gradual alignment of the polymer chains along the drawing direction. In
order to quantify the degree of orientation, the 1D azimuthal profiles have been extracted (Figure 3-4(b)). It is
interesting to note that in addition to the increasing intensity at azimuthal angle 90°, a slight increase in intensity at

about 45 and 135° azimuthal angle is also observed even at low stress with respect to fiber alignment direction. This
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suggests that some 45° chain alignment is present in the fibers and may come from the shear stress experienced by the

polymer during thermal drawing and the conical shape in the preform-to-fiber region.
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Figure 3-4 WAXS characterization of PEI fibers. (a) 2D WAXS profiles measured at a SDD of 13 cm for PEl fibers drawn under
stresses between 0.8 and 18.5 MPa. (b) 1D WAXS azimuthal profiles extracted from the 2D profiles, averaged for (0-180°) and (180-
360°) to increase the signal to noise ratio. The dashed lines are Gaussian fits of the data. (c) Degree of orientation (black) in
function of the drawing stress. The shrinkage ratio (red) from Figure 3-1(b) is reproduced to enable comparison.

The degree of orientation  can be estimated using Equation 3.2:

_ 180° - FWHM

= 180° (3.2)

Where FWHM is the full width half maximum and is determined by fitting the azimuthal profile with a Gaussian
function, with m = 1 corresponds to perfect orientation and m = 0 to completely random orientation [128], [129].
Despite the large standard deviation, the degree of orientation increases linearly with the drawing stress for stresses
below 8 MPa, and then reaches a plateau for higher stresses with a maximum of ~0.55. This transition to a nonlinear
regime above a critical stress has been reported in polymer melt stretching experiments and has been related to the
onset of non-Gaussian stretching when the entangled network reaches its finite extensibility [130], [131]. As shown in
Figure 3-4(c), the shrinkage percentage and the changes in the inter- and intramolecular polymer structure show similar
dependence on the drawing stress. It reveals that chain orientation is one of the key parameters controlling the thermal
shrinkage of thermally drawn fibers. The presence of the plateau further indicates that above 8 MPa, the drawing stress
induces internal stresses in the fiber which are not related to chain orientation and could be therefore of enthalpic

origin.
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3.3 Room temperature mechanical properties

We then turn our focus to the mechanical properties since they are also strongly dependent on the polymer chain
alignment and it is an important criterion in applications such as textiles and sutures [5], [43]. As expected, depending
on the drawing stress, the tensile stress-strain curves exhibit a wide range of behaviors (Figure 3-5(a)). Fibers drawn
under high stress show a glass-like behavior with the stress rising to the breaking point almost linearly with the strain.
The rupture occurs at stresses higher than 250 MPa but at low strain compared to the disoriented polymers. On the
other hand, fibers drawn at low stress have a rubber-like behavior with the stress increasing at low strain until yielding
and sample necking. It reaches then a plateau level where chains start aligning and is followed by a final increase caused
by strain hardening until the breaking point at strains as high as 100 %. While the tensile strength seems to increase
linearly with the drawing stress, the ductility decreases strongly and reaches a plateau above 8 MPa (Figure 3-5(c)). This
trend correlates well with the orientation factor (Figure 3-4(c)) and suggests that the ductility depends on the amount
of chains that can still be reoriented and their stretching state [115]. The true stress — strain plot, defined as 0y =
o(l+¢) and &4 = In(1+ ¢€) with 0 and ¢ being the engineering stress and strain respectively confirms this
hypothesis (Figure 3-5(b)). Indeed, all post-yield curves can superpose in a single curve by adding a shift in strain, which
indicates that all the fibers obey similar deformation mechanisms [117]. The increase of the Young Modulus from 0.5 to
2.5 MPa with the drawing stress is also attributed to the chain alighment and pre stretching (Figure 3-5(c)). Indeed, in
oriented fibers, the deformation acts on the strong covalent bonds aligned to the testing direction, instead of the weaker
intermolecular and Van der Waals forces [118]. Interestingly, the mechanical behavior is determined by the drawing
stress, which can be easily tuned by varying the temperature during the processing, and no size effect is observed. We

can therefore process fibers with a wide range of dimensions with specific mechanical properties.
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Figure 3-5 Mechanical properties of drawn PEl fibers. (a) Stress-strain curves of PEl fibers drawn at stresses between 1.1 and 17.5
MPa. (b) True stress versus true strain plot of the same fibers. (c) Extracted dependence of ultimate tensile strength 6,4,
maximum elongation &4, and Young’s Modulus E on the drawing stress

3.4 Multimaterial fibers

Since thermal drawing enables the production of fibers composed of several materials in complex architectures, we first
verify if our main conclusions for PEl can be extended to other thermoplastics and then we exploit our in-depth
understanding to develop heat-controlled bendable fibers. Fibers made of two PMMA with different MW were drawn
and analyzed in a DMA following the same procedures as described earlier. The same correlation between the maximum
retractive stress and drawing stress is obtained independently of the polymer type (Figure 3-6(a)). This highlights the
major influence of the processing stress on the final fiber morphology. Likewise, the free shrinkage shows similar
dependence with drawing stress as observed for PEI fibers (Figure 3-6(b)). However, the temperatures at which
shrinkage occurs depend on the polymer type and molecular weight. As can be seen in Figure 3-6(b), the low MW PMMA
fibers start shrinking at slightly lower temperature even though they were drawn at similar drawing stress than the high
MW ones. Indeed, low MW polymers have lower T; and viscosity due to the reduction in chain entanglement and
increased free volume which facilitate molecular slipping [132], [133]. Therefore, a higher chain mobility can be assumed
at low temperature. WAXS patterns of three high MW PMMA fibers drawn at various stresses are shown in Figure 3-6(c).
Similar to PEl, an asymmetric pattern develops upon drawing at high stress. The 1D azimuthal profiles exhibit
comparable features as PEl fibers and the degree of orientation reaches a maximum of ~0.42 at a drawing stress of 16.4

MPa (Figure 3-6(d)). This value is lower than for the PEl and demonstrates the influence of the polymer chemistry on
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the chain alighment dependence. Additionally, no intensity was observed in SAXS range for PMMA fibers which

indicates an absence of correlation between the lamellae domains of this polymer.
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Figure 3-6 (a) Maximum retractive stress versus drawing stress for the different polymers. (b) Temperature dependent shrinkage
for the two PMMA fibers drawn at various stresses. The continuous lines correspond to the high MW PMMA and the dash lines to
the low MW PMMA. (c) 2D WAXS patterns of three high MW PMMA fibers. (d) 1D extracted radial profiles of the high MW PMMA

fibers and calculated degree of orientation.
Overall, these results indicate that the polymer morphology induced during drawing predominantly depend on the
processing conditions, in particular the drawing stress, for all polymers. Very low MW polymers could show a different

behavior under annealing due to their very weak chain networking which allows the chain to individually retract [120].

However, such polymers are typically not favored in multi-material thermal drawing due to too low viscosity that leads
to unstable processing conditions.

High MW PMMA

Low MW PMMA

0.7 MPa 2.5 MPa 9.9 MPa

Figure 3-7 (a) Schematic of the preform of the PMMA bending fiber. (b) Photograph of fibers processed at different drawing
stresses after annealing with the high MW PMMA at the top
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With the ability to control the microstructure and resulting thermal properties of different thermally drawn materials,
we can design novel effects and performance for multi-material fibers. We present a first example of a heat-controlled
bendable fiber that can be directly produced by co-drawing two plates of different polymers (Figure 3-7(a)). Here, we
used the two PMMAs analyzed before, which have similar thermomechanical properties, to demonstrate the
dependence of the bending direction on the drawing parameters. The fiber was drawn at various set temperatures
(between 270 °C and 210 °C) with a ddr of 10 or 15 and then subjected to annealing. By tuning the stress during drawing,
we can engineer different bending behaviors upon annealing. Indeed, as shown in Figure 3-7(b), after heating the fibers
for one hour at 100 °C, opposite bending behaviors were observed. For fibers drawn at high stress, the low MW PMMA
part shrank first, while for the others bending occurred due to the shrinkage of the high MW PMMA part. To understand
this transition, the stress experienced by both polymers during thermal drawing was estimated by measuring their
temperature dependent viscosity and assuming a stress proportional to the viscosity at a fixed deformation rate (see
section 1.1.3). As we can see in Table 3.2, in all the fibers the high MW PMMA carried the highest stress, between 2 to
4 times higher, due to its higher viscosity during the draw. Since at low stress, the shrinkage temperature is very sensitive
to the drawing stress, this difference is sufficient to promote the shrinkage of the high MW PMMA part. On the other
hand, at high stress, even though each part supported respectively 6.1 and 13 MPa, the difference in chain alighment

is smaller and the low MW part shrinks first due to its higher chain mobility at the annealing temperature.

Table 3.2 Stress distribution in the PMMA fiber

Fiber Low MW PMMA | High MW PMMA
(MPa) (MPa) (MPa)

0.7 0.3 1.1

2.5 0.9 3.8

9.9 6.1 13.0

3.5 Strategy to reduce the shrinkage

Finally, while significant chain alignment improves the mechanical properties and enables the tuning of the CTE and
controlled shrinkage, some applications or post-processing steps require stable dimensions independent of the
temperature. Based on our deeper understanding, we propose a relaxation procedure consisting in annealing the fibers
while fixing the fiber extremities to prevent shrinkage. Figure 3-8 shows the retractive stress measured after successive
heat treatments of a PEI fiber drawn under a stress of 17 MPa. Although a heat treatment below the T, can delay the
shrinkage to higher temperatures, the maximum retractive stress is only marginally reduced. A second heat treatment

above Ty is thus necessary to allow a larger relaxation.
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Figure 3-8 Retractive stress measurements of PEl fibers drawn with a ddr of 40 after no annealing, 2 hour annealing at 200 °C,
additional 2 hour annealing at 216 °C respectively.

This relaxation goes along with a reduction of the lamellar spacing in the drawing direction (Figure 3-9(a)) and of the
polymer chair alignment as revealed by the decrease in anisotropy of the 2D WAXS profiles (Figure 3-9(b)). After the
heat treatment at 200 °C, the degree of orientation does almost not decrease which explains the similar retractive
stress measured. After the annealing at 216 °C, the degree of orientation is reduced from 0.55 to 0.5 (Figure 3-9(b))
and, as demonstrated earlier, this reduction is sufficient to induce a large decrease in retractive stress due to the strong
dependence at high stresses. It isimportant to note that a temperature-step heat treatment is required. A direct heating
above T; can lead to a mechanical failure of the fiber because of the combined high retractive stress and high chain
mobility. This first heat treatment procedure paves the way towards the engineering of more complex procedures that

could lead to optimized relaxation in fiber devices.
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Figure 3-9 (a) SAXS and (b) WAXS characterization of PEI fibers before and after annealing with 1D profiles and calculated lamellar
spacing and degree of orientation, respectively.
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We then applied this treatment to a PEI fiber containing a thin Pts75Cui47Nis3P22.5 metallic glass ribbon serving as an
electrode drawn under a stress of 10.1 MPa [134]. Such fiber can be used as a classical resistive metal-based
temperature sensor since the resistance will vary both due to the temperature dependent resistivity of the metal and
the thermal expansion of the fiber [135]. These types of fibers can be integrated within garments and alert workers of
excessive heat at the proximity of the skin, for example. Such high-temperature applications however requires a large
temperature window of operation. We measured the relative resistance change due to a localized heating on two fibers
of similar dimension before and after annealing at the maximum temperature of 210 °C. The fiber and experimental
set-up are schematized in Figure 3-10(a) and the results presented in Figure 3-10(b). While the as-drawn fiber loses its
linearity above 140 °C due to the irreversible fiber shrinkage, the linearity is preserved up to nearly 200 °C for the heat
treated one. This experiment illustrates how an annealing procedure based on the developed in-depth understating of
process-microstructure relationship in the thermal drawing process, can extend the operating temperature range of a

fiber sensor by 40 %.
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Figure 3-10 (a) Schematic of the temperature sensing fiber and experimental set-up. (b) Relative resistance change versus
temperature for the temperature sensing fiber after no annealing and an annealing at a maximum temperature of 210 °C.

3.6 Summary and conclusion

In this chapter, we revealed the dependence of the thermal shrinkage behavior on the processing stress during thermal
drawing. In particular, we found that the retractive stress contained in the drawn fibers was proportional to the
processing stress and that the latter also controlled the temperature dependent deformation. We then carried out
morphological characterization through SAXS and WAXS experiments and correlated the shrinkage behavior to the
variation in the degree of polymer chain orientation. Our research also showed the influence of the drawing parameters
on the mechanical properties with a transition from weak but ductile fibers to strong but brittle fibers with increasing
stress. Moreover, we generalized these findings by following a similar approach to study fibers made of two grades of
PMMA with different molecular weight. We observed that the molecular weight has an impact on the temperature at
which shrinkage takes place and therefore were able to design a bending fiber by co-drawing the two types of PMMAs.
Finally, we proposed a thermal annealing strategy to reduce the amount of internal stress and the degree of polymer
orientation in order to postpone the shrinkage to higher temperatures. This procedure allowed us to extend by 50 °C
the operating range of a temperature sensor based on a metallic glass electrode. We envision that the deeper
understanding revealed by this work can serve as a guidance for the processing of complex multimaterial fibers with

finely tuned properties.
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3.7 Materials and experimental methods

Materials: .25"” thick plates of polyetherimide (PEI, ULTEM 1000) and poly(methyl methacrylate) (PMMA) were
purchased from Boedeker and Evonik Rohm GmbH, respectively. A PMMA powder (average MW ~120,000 by GPC,
182230) was obtained from Sigma Aldrich. The Pts75Cui47Nis3P225 alloy was purchased at PXGroup (Switzerland) and

the ribbons were prepared by melt spinning on a Cu wheel with a rim speed of 20 m s~ 1.

Preform fabrication and thermal drawing: Flat rectangular preforms (24 x 6.4 x 150 mm3) were cut from the
commercially acquired polymer plates. The low MW PMMA powder was consolidated in a mold in a hot press at 210 °C
for 20 min to obtain plates of similar dimensions (Lauffer Pressen UVL 5.0). The preform for the PMMA bending fiber
was processed by consolidating a low MW PMMA powder plate and high MW PMMA in a mold at 135 °C for 15 min.
The heat sensor preform was obtained by encapsulating a Pt-MG ribbon between two plates of PEl and consolidating it

at 240 °C for 30 min (Maschinenfabrik Herbert Meyer GmbH).

The preforms were thermally drawn into fibers in a three-stage vertical oven. In order to obtain a wide range of drawing
stresses, two PEI fibers were drawn at a ddr of 15 and various set temperature between 360-320 °C. Additionally, a PEI
fiber was drawn at a fixed set temperature of 350 °C and ddr between 10 and 40, a high MW PMMA fiber at 255 °C
with ddr between 10 and 30, and a low MW PMMA fiber at 235 °C with ddr between 10 and 25. The bending fiber was
drawn at 270 °C under a ddr of 10 and 15, and at 250 °C under a draw down ratio of 15. The temperature sensing fiber
was drawn at 340 °C with a ddr of 26.5. Few meters were drawn after each variation of the drawing parameters before

collecting the samples to ensure stable conditions.

The tension was measured by a tension meter composed of three rollers. The drawing stress is then calculated by:

Force Txg

Odraw =

Surface wxt
With T the tension, g the gravity constant, w the width and t the thickness of the fiber.

Free shrinkage study: 5 mm long fibers were heated up to 225 °C (Tg+ 11 °C) in a dilatometer with a temperature ramp

of 3°C min~! and annealed for 10 min at this temperature. Their decrease in length was measured and the shrinkage

Lo—L1
Lo

ratio was estimated by (%) = X 100, with L, the initial length and L, the length after annealing. The width and

thickness of each sample was also measured before and after the annealing.

Thermo-mechanical characterization: A DMA (Q800, TA Instruments) operating in film tension mode was used to
characterize the shrinkage behavior of the samples. A low tensile force of 0.001 N was applied on the samples to prevent
sample slippage. The samples were heated from room temperature up to their T, + 20 °C with a heating ramp of
3 °C min~! and the strain was continuously recorded. The sample length was kept as similar as possible. The CTE was
estimated with the slope of the strain versus temperature curve between 30 and 60 °C. The retractive stresses were

measured by fixing the extremities and increasing the temperature with a heating ramp of 3 °C min™1.
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Mechanical tensile testing: Tensile tests were performed with an electromechanical Universal Testing Machine Series

LFM-125 kN using a 1 kN load cell. The initial sample length was 10 cm and the strain rate 1 mm s~ 1.

SAXS and WAXS characterization: SAXS and WAXS experiments were performed with a Bruker Nanostar instrument
(Bruker AXS GmBH, Karlsruhe, Germany) equipped with a pinhole collimation system and a micro-focused X-ray Cu
source (wavelength CuKa 1.5406 A) providing a beam diameter of about 400 um. A 2D MikroGap technology-based
detector (VANTEC-2000) with 2048 x 2048 pixels (pixel size 68 x 68 wm) gave a resolvable scattering vector modulus g-
range between 0.06 and 26 nm™~! for a combination of sample-to-detector distance (SDD). Samples were measured at
a SDD of 13 ¢m and 28.5 cm with resolvable g-range of 0.95-15.6 and 0.27-8.88 nm ™1 respectively. 2D profiles and
fittings were performed in MatLab and Python. 1D profiles were extracted using the Bruker software DIFFRAC.EVA.
Radial profiles along the fiber directions were extracted by performing a wedge integration (30°). The background was
subtracted after normalizing the total scattering profile by the transmitted intensity measured at the direct beam
position. Peak position was determined by subtracting the baseline line and fitting the extracted peak with a Lorentzian

1 and

function. The azimuthal scans were obtained by performing radial integration in the g-range of 10.65-12.77 nm™
8.53-10.64 nmm ™! for 360° azimuthal angle for PEI and PMMA fibers respectively. The profiles were then normalized to
the total scattering intensity and averaged over (0-180°) and (180-360°) to improve the statistics. A Gaussian fit was
performed to determine the FWHM of the peaks. The error bars correspond to half of the 95 % confidence interval of

the fitting parameters.

Heat treatments: The drawn fibers were clamped at both end to prevent any shrinkage and stored in an oven. The
multistep heat treatments were carried out by gradually increasing the temperature from below to above T,. At each

temperature, a 2 hour annealing was performed.
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4 Thermal drawing of bulk metallic glasses

In order to address the limitation in feature size of conductive electrodes, we propose here to replace crystalline metals
and conductive composites by metallic glasses. Indeed, metallic glasses satisfy all the requirements: they can be
processed at a high viscosity state in the SCLR; sub-micrometer features have been reported by thermoforming [49];
and they have high conductivity, around one order of magnitude lower than crystalline metals, due to their disordered
structure. Their high viscosity state during processing also allows us to design more complex fiber architectures and to
interface them with materials in their molten state during the draw. In addition, these MGs have exceptional strength,
elasticity and good corrosion resistance that offer opportunities in flexible electronics or neuroscience. The thermal
drawing technique can also serve as a platform to perform fundamental research on the crystallization kinetics both at
the micro- and nanoscale. Indeed, several processing parameters such as deformation, deformation rate or size have

been reported to have an influence on the kinetics.

This chapter starts with the identification of two BMGs which can be drawn inside polymer matrices: Pts7 5Cu147Nis3P225
(Pt-MG) and AussAgs sPds 3Cuze.9Sit6.3 (Au-MG). We first focus on the Pt-MG and demonstrate the ability to draw ribbons
spanning a wide size range from a few micrometers to around 40 nm and rods down to sub-micrometer diameters. We
then show the versatility of fiber structures enabled by the preform design at the macroscopic scale. Next, we discuss
the influence of capillary instabilities and crystallization on the ribbon break-up, which control the ultimate feature size.
We then present an analysis of the influence of thermal drawing on the crystallization kinetics at the nanoscale, via in
situ heating TEM, and at the microscale via DSC, XRD and SEM morphological observation. Finally, we turn to the Au-
MG having a lower GFA. We first describe the strategies used to find a polymer cladding with compatible thermo-

mechanical properties. The ultimate feature size and the crystallization kinetics are then investigated.

The first part of the research on the Pt-MG was performed in collaboration with Dr. Wei Yan and the results have been

published in:

W. Yan, |. Richard, G. Kurtuldu, N.D. James, G. Schiavone, J.W. Squair, T. Nguyen-Dang, T. Das Gupta, Y. Qu, J.D. Cao, R.
Ignatans, S.P. Lacour, V. Tileli, G. Courtine, J.F. Loffler, and F. Sorin “Structured nanoscale metallic glass fibres with

extreme aspect ratios”, Nat. Nanotechnol. 15, p. 875-882, August 2020, doi : 10.1038/s41565-020-0747-9
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4.1 Material selection

4.1.1 BMG selection criteria

As reported in section 1.1.2; selection criteria have been developed to identify co-drawable pairs of materials. They
include requirements on specific thermal, rheological and crystallization properties. These criteria can be extended to
the thermal drawing of bulk metallic glasses. To be drawable, the BMG should have sluggish crystallization kinetics in
the supercooled liquid region while reaching a low viscosity. Furthermore, they need to have a compatible processing
temperature with an amorphous polymer to serve as a cladding. To identify possible pairs of BMG-polymer we

conducted an extensive literature review and defined three requirements:

1.ty smc(Tmax) = 10 min
2. T,(clad) = T, (BMG)
3. nBMG(Tmax) ~ 107 Pas

With T4, the maximum temperature of the temperature profile inside the drawing oven and t, the crystallization

time.

The first requirement means a high resistance to crystallization at the processing temperature. Since TTT diagrams are
not reported for all the BMGs, we relied on the temperature range of the SCLR (AT, = T,, — Tj) or the maximum casting
diameter to select possible candidates. Furthermore, during this thesis, we focused on amorphous polymer claddings
with a maximum T; of 215 °C (polyetherimide). Therefore, the second criteria reduces already significantly the
compatible families of BMGs. For example, it excludes the good glass formers Zr-BMGs and Pd-BMGs which could
potentially be drawn in glass claddings. Precise measurements of the temperature dependent viscosity being not always
available for all the BMGs, we then searched for BMG exhibiting a fragile behavior. Since a fragile behavior often
correlates with faster crystallization kinetics due to the higher mobility, thermodynamically stabilized BMGs are
preferred. Based on this review, two BMGs were selected to be investigated in this thesis: Pts75Cu147Nis3P225 and

AusgAgs sPd; 3Cu26.9Si16.3.

The Pts7.5Cu147Nis3P225 BMG was developed in 2004 by Schroers and Johnson [136]. It has a Tg of 235 °C, a SCLR of 98
°C and shows excellent processability. In addition, they observed no embrittlement and a good resistance to oxidation
when heated in the SCLR in contrast to other BMGs such as Zr-based alloys. Its high glass forming ability comes from a
surprising combination of slow crystallization kinetics and fragile kinetic behavior (m = 51.9 [137]) as reported by Pitt
et al. [44] (Figure 4-1). Legg et al. [138] reported than neither the thermodynamics nor the kinetics properties could
induce this outstanding glass forming ability. They measured a steeper temperature dependent Gibbs free energy
difference between the liquid and crystal phases compared to other BMGs and a higher temperature dependence of
the viscosity. Since both phenomena should enhance the crystallization kinetics, they suggested that the nucleation rate
is controlled by the high liquid-crystal interfacial energy. Gross et al. [57] reported a similar high interfacial energy of

0.11 Jm~2 for a good glass former of the same system Pts.4Cuz7Nig 5P .
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Figure 4-1 Temperature dependent crystallization time and viscosity of Pts7.5Cu14.7Nis 3P22.5 [44]

The AussAgs sPd> 3Cu2e.9Sii6.3, developed by Schroers et al. in 2005, is characterized by a lower Tg of 128 °C, a SCLR of 58
°C and a critical casting thickness exceeding 5 mm [139]. It shows a less fragile behavior compared to the Pt-MG with
m = 16 [137] and can reach viscosity down to 2 X 107 Pa s in the SCLR [140]. Furthermore, the TTT diagram reveals
relatively slow crystallization kinetics below 155 °C as shown in Figure 4-2(a) [141]. Interestingly, the crystallization
process depends on the heating rate or annealing temperature. At annealing temperature around 150 °C or below, a
rather soft phase nucleates attributed to Au-Cu rich compositions, in opposition to the harder phase nucleating at higher
temperature [142], [143]. Thermomechanical tests further highlighted the ability of the Au-MG to be thermoformed

even after the crystallization onset (Figure 4-2(b)) [144], meaning a longer processing time available.
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Figure 4-2 (a) TTT diagram of AussAgs sPd>3Cuy6.9Si16.3 [141]. (b) Comparison between the deformation and heat flow during
isothermal holding at 130, 150 and 170 °C [144].

4.1.2 C(ladding selection

The next step consisted in finding cladding materials which could be co-drawn with these two BMGs. We compared the

temperature dependent viscosity of the BMGs reported by Pitt et al. [44] and of amorphous polymers previously
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characterized by shear rheology in our laboratory (Figure 4-3). It enabled us to identify two pairs of materials having
similar viscosity in a temperature range:

1) Polyetherimide and Pts7.5Cu1a.7Nis3P225

2) Poly(methyl metacrylate) and AuseAgs sPd; 3Cu26.9Si16.3

The thermal drawing of these pairs of materials is presented in the rest of this chapter.

1010 T v T v T L) M L) M L) M
A PMMA Plate ® Au-MG
100k @ A pC Pt-MG
0° A PSU ® Pd-MG
® A PEI
108 ° ]
» °
g 107 } .. -
> A
8 100} ° -
[&]
2
>
108 -
104 - -
103 1 1 1 1 1 1

150 200 250 300 350 400 450
Temperature ( °C)

Figure 4-3 Temperature dependent viscosity of several BMGs (from [44]) and thermoplastic polymers.
4.2 Thermal drawing of Pt-BMG and polyetherimide

4.2.1 Thermal drawing

In order to verify the data from the literature and from the manufacturer, we first performed DSC analyses on the cast
Pt-MG and PEI plates. Their heating curves at a rate of 20 °C min~! are presented in Figure 4-4(a) and demonstrate the
onset of glass transition (Tg) and of crystallization (T,) temperatures. Furthermore, we also constructed the low
temperature part of the TTT diagram for Pts75Cu147Nis3P225 (Figure 4-4(b)). The temperature of the specimens was
quickly increased from room temperature to isothermal treatment temperatures in the supercooled liquid region (250,
260, 270, 280 and 290 °C) and held there until they were fully crystallized. The time required for 5% and 95% crystal
phase fractions were determined for each isothermal temperature using the total enthalpy of crystallization. Five
measurements were done for each temperature. Both measurements confirm the large supercooled liquid region (AT =
83 °C) of the Pt-MG, the compatible softening temperatures of the polymer and the metal and the long crystallization

time above T,.
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Figure 4-4 DSC characterization: (a) DSC heating curves of PEl and Pts75Cu14.7Nis 3P22.5 at a rate of 20 °C min 1. (b) TTT diagram of
Pts7.5Cu147Nis 3P22.5. The horizontal error bars show the standard deviations of measured time for 5 and 95 % crystallization fractions
and vertical errors bars the =2 °C accuracy of DSC measurements.

To demonstrate the co-processing of metallic glasses and thermoplastic polymers, the Pt-MG ribbons were inserted
between two PEl plates and the assembly was consolidated in a hot press at 240 °C for 30 min with a low pressure to
form the first preforms. The latter were then successfully drawn and fibers containing MGs ribbons of various
thicknesses uniform along tens of meters were produced. Draw down ratios up to 30 can be achieved by increasing the
drawing speed and slightly adjusting the drawing temperature to control the stress supported by the polymer cladding.

Beginning for example with a 60 um thick MG ribbon, 2 um thicknesses can be reached with a single draw.

In order to further reduce the ribbon thicknesses, an iterative drawing method can be used as schematized in Figure
4-5(a). After drawing a first fiber, a section of this fiber can be cut and encapsulated in another PEI jacket. After
consolidation, the preform can be redrawn and the ribbon thickness reduced to a few hundreds of nanometers,
depending on the draw-down ratio. The drawing step can be repeated a third time to achieve ribbons with thicknesses
of a few tens of nanometers. Figure 4-5(b) shows some SEM cross-sections of the drawn fibers after the various steps.
We can see that the MG ribbon thickness is uniform and can reach down to~40 nm. Furthermore, once thermally
drawn, the MG ribbons can be extracted from the polymer matrix via mechanical peel-off of the PEI cladding or by
selectively dissolving the PEI with N-Methyl-2-Pyrrolidone (NMP). Some example of free-standing micro- and
nanoribbons are shown in Figure 4-5(c) with thicknesses ranging from 2.5 yum to 50 nm. In contrast to crystalline metals,

the MG ribbons remain continuous and unaltered along the fiber axis even with sub-1 um thicknesses.
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microribbon nanoribbon nanoribbon
2-20 ym 100-1000 nm 40-100 nm
390 nm 40 nm

A

Figure 4-5 Processing of highly uniform and well-ordered micro- and nanoscale Pt-MG ribbons via thermal drawing: (a) Schematic of
the fabrication scheme. (b) SEM micrographs (cross-sectional view) of Pt-MG ribbons with thicknesses of ~8 um, 390 nm and 40
nm. (c) Left: optical image of meters-long MG ribbons with a thickness of around 2.5 ym, Middle: SEM micrograph of ribbons of

~500 nm thickness, Right: SEM micrograph of ribbons of ~50 nm thicknesses.

The capability of reaching sub-100 nm feature sizes of highly conductive material is achievable thanks to two main
factors. First, the Pt-MG ribbons are drawn in a highly viscous state which impedes the development of capillary
instabilities and therefore the ribbons conserve their integrity during the draw (see section 4.2.3). Furthermore, iterative
drawing can be repeated only provided that the metallic glass remains mostly amorphous. To assess the latter, we
carried out TEM analyses on the Pt-MG ribbons after each step. The selected-area electron diffraction (SAED) patterns
are shown in Figure 4-6. All the samples exhibit the broad halos characteristics for the amorphous state. This highlights
again the excellent stability against crystallization of the Pts;sCuis7Nis3P2.s alloy. Nevertheless, the presence of
nanocrystals cannot be ruled out since their signal could be hidden by the amorphous matrix. A more exhaustive study

on the crystallization behavior is presented in sections 4.2.4 and 4.2.5.
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(b)

Figure 4-6 SAED patterns of the Pt-MG ribbon drawn once (thickness: 2.5 um), twice (thickness: 500 nm) and three times
(thickness: 50 nm).

A similar iterative procedure can be used to draw Pt-MG rods. Starting with a 1-mm diameter rod, a 4-um diameter rod
can be obtained after 2 draws (Figure 4-7(a)). Reaching sub-um does however often induces a break-up of the rod as
shown by the optical micrograph in Figure 4-7(b). The exact reason for this break-up is still a subject of investigation.
However, we were able to successfully draw continuous rods with a diameter of 750 nm by completely dissolving the
cladding of the 2" drawn fiber and inserting the Pt-rods in a new preform. An SEM micrograph of these rods after
etching the cladding is shown in Figure 4-7(c) and shows that the diameter of the rods remains perfectly constant along
the length. This rules out the fluid instabilities as a cause of the break-up in contrast to crystalline metals processed in
the molten state. TEM characterization on these rods again reveals that the rods remain mostly amorphous after this
third draw as shown by the broad halo in the SAED (Figure 4-7(d)). Some nanocrystals might still be present and not
visible due to the relatively large thickness of the sample cut by ultramicrotomie (~80 nm). A possible reason for the
break-up is that the stress that the Pt-MG is experiencing during the draw is too high due to the higher viscosity of the
Pt-MG and the small cross-section area. It can then induce locally some break-up of the wires which are then simply

pulled by the cladding like fillers.

Figure 4-7 Processing of Pt-MG rods: (a) SEM micrograph of twice drawn rod with a diameter of ~4 um. (b) Optical micrograph of a
third drawn fiber along the drawing direction. (c) SEM micrograph of third drawn rods with diameters of ~750 nm. (d) SAED
pattern of a third drawn rod.
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4.2.2 Composite fibers and Pt-MG properties

The ability to reach feature sizes at the nanometer level opens opportunities for the design of complex MG micro-
structures. Various methods can be used to make macroscopic preforms from which structured MG fibers can be
fabricated. The first one is referred to as the stack-and-draw approach and consists in simply milling grooves, integrating
multiple materials of determined dimensions between two polymer plates and consolidating the assembly. An example
of such a preform is shown in Figure 4-8(a) where alternating layers of Pt-MG ribbons and PEI films are inserted between
two polymer plates. Secondly, cylindrical preforms can be made by rolling polymer films either around a polymer or a
ceramic rod, to end up with a hollow preform, and consolidating the preform in a vacuum oven. Other elements can be
inserted during the rolling, such as Pt-MG ribbons, to increase the complexity of the preform as illustrated in Figure
4-8(b). The third method consists in drilling holes in a preform and either leaving the holes empty, inserting raw
materials or inserting previously drawn fibers for an iterative draw as shown in Figure 4-8(c). Finally, all these methods
can be combined to fabricate complex macroscopic preforms. Furthermore, thanks to the cross-section preservation
and direct relationship between the draw down ratio and the size reduction, simple calculations permits us to determine

the dimension of each elements at the preform level in order to obtain a fiber with the expected architecture.
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Figure 4-8 Schematics of the preform making: (a) Stack-and-drawn method. (b) Thin film rolling. (c) Holes drilling.

In order to illustrate the ability of the co-processing of BMGs and thermoplastics to reach complex structure with
extremely thin feature sizes, we fabricated various multi-material fibers shown in Figure 4-9. The first fiber consists in
ten alternating layers of Pt-MG and PEl encapsulated with a PEl cladding, as shown in Figure 4-9(a). The interface
between the two materials is smooth and the number and size of such bi-layers can be tuned at the preform level,
paving the way towards a scalable fabrication of fiber-based optical metamaterials [145]. Besides embedding nanoscale
MG ribbons into a polymer matrix, their high viscosity during thermal drawing allows us to also expose them on the
fiber surface. As shown in Figure 4-9(b), a MG array with a periodicity of 4.5 wm runs along the surface over the entire
fiber length. This presents a new approach to the fabrication of optical gratings or implantable probes with exposed

electrodes [146], [147]. Other examples of architectures can be found in Figure 4-9(c) and (d) with cylindrical fibers
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containing a hollow core surrounded by a continuous MG layer or a slotted MG cylinder. The integrity of the ribbons is
confirmed by energy dispersive X-ray (EDX) mappings shown in the insets. The former fiber might find application for
transmitting high-power light at long wavelengths and the latter might be used as a magnetic resonator [148]. By
combining various polymers having compatible thermoplastic properties and MG components a more advanced
structure can be designed as shown in Figure 4-9(e). The fiber consists in a PEl/polyethersulfone waveguide surrounded
by three MG ribbons (thicknesses of 2.5 um, 400 nm and 53 nm) and two MG rods (diameters of 26 um) encapsulated
in a PEI cladding. Such multi-functional fibers could be used for simultaneous optical and electrical stimulation and

recording for example [9].

(@)

PEI cladding

Inner PEI
MG full ring cladding

Epoxy

Figure 4-9 Complex MG fibers: (a) SEM micrograph (cross-sectional view) of a fiber consisting of ten alternating layers of MG and PEI.
Inset: High-magnification SEM image of the interface region. (b) SEM micrograph (side view) of a fiber that consists in exposed MG
arrays. (c) Top: SEM micrograph (tilted view) of a hollow core fiber surrounded by a full MG cylinder encapsulated by a thin PEI layer.
Inset: EDX map of Pt. Bottom: High-magnification SEM image confirming the fiber architecture. (d) SEM micrograph (tilted view) of a
fiber containing a MG slotted-cylinder. Inset: EDX map of Pt. (e) Left: SEM micrograph (cross-sectional view) of a PEI/PES waveguide
fiber containing three MG ribbons and two MG rods. The MG ribbons and rods are indicated with red rectangles and their thicknesses
are highlighted in the high-magnification SEM images on the right. The schematics of all fiber structures are also shown in (a)-(e).

4.2.3 Ultimate feature size

The ability to draw uniform metallic ribbons with feature sizes down to ~40 nm drastically contrasts with what had
been previously achieved with crystalline metals. As mentioned in chapter 1, the smallest diameter of low melting

temperature metal wires reported is ~1 um [23], [28]. Further size reduction induces diameter instabilities which finally
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resultin the break-up of the rods. In contrast to crystalline metals which are drawn in their molten state, metallic glasses
are drawn in a highly viscous state. In order to assess the resistance against break-up of our new material system, a
simulation was carried out based on the instability theory. It was performed for both a tin (Sn) wire embedded in
polyethersulphone (PSU) and a MG wire surrounded by the PEI cladding. An estimated instability time scale was

determined and compared to the dwelling time, defined as the time spent in the hot zone of the drawing tower.

Classical Plateau-Rayleigh instability theory points out that when a cylindrical column of liquid is surrounded by another
substance, a sinusoidal perturbation wave may appear at the heterogeneous interfaces between the two materials and
finally lead to the breakup of the liquid. Here, we consider the MG core heated to a temperature T as a viscous cylindrical
thread (diameter 2R and viscosity 7..e) surrounded by an infinite viscous cladding PEI (viscosity 717..q)- We further

consider that the core is incompressible, Newtonian and isotropic.

The perturbation grows exponentially over time with an instability time scale T that is linearly proportional to the core
diameter and inversely dependent on the maximum of a function associated with the core/cladding viscosity ratio. From

Tomotika’s linear theory, T can be defined as:

= ZRnclad
Y max[(l - xZ)CI)(x, ncore/nclad)]

(4.1)

where y is the interfacial energy between the cladding and the core metal, x = ? with A the wavelength of the

perturbation, and ®(x) an explicitly known function [21]:

N(x)

*® =70

(4.2)

With
N(x) = L (x)A; — {xlo(x) — ;()}A;

D) = (7227) (xlo) = 1) = (7722 (G + D13 () = xlo ()} — ek () + K ()}

Nclad clad

—{(x*+ DK, (x) — xKo(x)}A,

where I(x) and I, (x) are the modified Bessel functions of the 0™ and 1°t order, respectively. Furthermore, A;, A,, A5

and A, are functions of x expressed in determinantal forms as follows:

xlo(x) — L (x)  Ki(x) xKo(x) — K1 (x)
Ip(x) + xI;(x) —Ko(x) —Ko(x)+ xK;(x)
(ncore

T xlo()  KiG) (o)

A1=
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I(x) Ki(x)  —xKo(x) — Ky (x)
A, = Iy(x) —Ko(x) —Ky(x) + xK;(x)
e LI AORES
I (x) xlo(x) — I (x)  —xKo(x) — K;(x)
A, = Io(x) Iy(x) + xI;(x)  —Ko(x) + xK;(x)
) e (B k)
Nclaa Nclad
I;(x) xlo(x) — 1 (x)  K;(x)
_ I (x) Ip(x) + xI;(x) —Ky(x)
Ae = (nme) LD (nme) () —K.(2) (4:3)
Nclad Nclad

The perturbation with the highest [(1 — x2)®(x, core/Mcaq)] Will dominate the instability and generate break-up

(which is a very conservative estimate).

We first model the instability time of a typical metal, e.g. Sn, co-drawn with a PSU cladding (7core = 1073 Pa s, gaq =
10° Pas, y = 0.1 N/m). The (1 — x>)®(x,core/Nciaqa) Feaches unity when x is around 0.015 (Figure 4-10(a)). The
instability time versus radius given by Equation 4.1 is plotted in Figure 4-10(b). We can see that for a radius of 1 um, the
instability time is of only 2 s. It is not straightforward to compare this instability time to the dwelling time in the drawing
tower since thermal drawing involves non-isothermal condition and a gradual decrease in diameter. Nevertheless, it

indicates the major importance of capillary instabilities on the ultimate feature sizes of molten metal wires.
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Figure 4-10 Sn/PSU system: (a) (1 — x2) P (X, Ncore/Neraa) Versus x and (b) Instability time versus Sn radius.

On the other hand, the same calculation was done for the Pt-MG/PEI system at the maximum drawing temperature
(260 °C). From the literature and our rheological measurements, we estimate 7Npipmg260°c = 4.8 X 107 Pa s and
Nperz60°c = 8.2 X 10° Pa s corresponding to a ratio of 59. Furthermore we assume that the interfacial energy is
dominated by the surface tension of the metallic glass, y = 1 N/m [149]. This is a conservative estimate considering
that the interface between MG and PEl is intimate. We obtain (1 — x2)®(x, core/Mciaa) Values almost three orders of

magnitude lower compared to that of the Sn/PSU system (Figure 4-11(a)). This creates a much longer instability time,
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as shown in Figure 4-11(b). In the MG system, the instability time for a radius of 1 um is around 300 s which rationalizes

the higher resistance to capillary break-up observed for the MG/PEI fiber and the sub-micron feature sizes obtained.
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Figure 4-11 Pt-MG/PEI system: (a) (1 — x2)® (X, Ncore/Mciaq) Versus x. (b) Instability time versus Pt-MG radius.

Finally, we tried to evaluate if capillary instability could be the cause of the break-up in the 50 nm range. We determined
the evolution of the instability time during thermal drawing of a Pt-MG rod with an initial diameter of 900 nm into a
30 nm diameter MG rod. In order to get the viscosity of the core and the cladding during the draw, we measured the

temperature distribution in the oven with a thermocouple. We fitted the measurements with a quadratic temperature

profile T(z) = (Tg+zmx)zz + Tnax With T = 258 °C, T, = 228 °C and L = 3 cm. Furthermore, we estimated the

velocity profile v(z) based on the conservation of mass as developed in section 1.1.3. We used our usual feeding speed
Vfeeqg = 1 mm min~! and a drawing speed v4,4,, = 900 mm min~1. Knowing the temperature dependent viscosity of

both materials, the instability time in the neck down region could be estimated and is shown in Figure 4-12.
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Figure 4-12 Instability time in the neck-down region of the Pt-MG/PEI system.

57



Chapter 4

In order to determine the stability of the MG rod, it is required to compare the processing time (the time when the
material dwells in the neck-down region before it exits the furnace) with the capillary instability time. To do so, we use

the growth factor I' defined as [22]:

L dz
r= f _&
L v(2)1(2)
Where 7(2) is the instability time and % is the dwelling time at each position in the neck-down region. I' > 1

corresponds to breakup while I' <«< 1 indicates a stable draw. With our parameters we obtain:
I'=0.79

This value does not completely fulfill the criteria of I' < 1, but we made many conservative assumptions. Therefore, we
can expect a stable draw under these conditions. Experimental observations confirm this result since no large fluctuation
in diameter is present even close to the break-up thickness. The break-up seems therefore not to be caused by fluid

instabilities.

Optical microscopy (OM) analysis suggests that the break-up may be caused by cracks growing transversely when the
ribbons reach a critical thickness. Figure 4-13 exposes three OM micrographs taken at different positions along a fiber
containing a thin Pt-MG ribbon. The drawing speed was varied during the draw, and therefore, the MG thickness
changed, while other parameters were kept constant. An estimation of the ribbon thickness was calculated for each
fiber depending on the draw down ratio. It is apparent that below a critical thickness, the ribbon seems to break into
small pieces (Figure 4-13 middle). At slightly larger thicknesses, the presence of small cracks initiating from the edge of
the ribbon can be observed. We therefore hypothesized that the thickness limitation could be due to the onset of
crystallization during the drawing process. The presence of nanocrystals could induce a resistance to flow that

eventually leads to mechanical break-up.

Increasing ddr Decreasing ddr

5

Lo —— ]
31 nm 27 nm 29 nm

Drawing direction

Figure 4-13 OM images of a third drawn Pt-MG/PElI fiber along the drawing direction.

To confirm this hypothesis, we analyzed these broken ribbons by TEM. Thanks to the sub 100 nm thickness, only an
etching step in NMP to remove the PEI cladding was required before depositing the ribbons on a TEM grid. In addition
to the characteristic diffuse rings from the amorphous matrix, a thin arc can be detected close to the first and second
ring of the SAED pattern as shown in Figure 4-14(a). Dark field TEM images formed by carefully selecting the arc alone

reveal the presence of an array of elongated nanocrystals distributed both inside the ribbons (Figure 4-14(b)) and at the
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crack surface (Figure 4-14(c)). Needle-like crystals have been reported for the Pt-MG after isothermal holding at 292 °C
and assumed to be an indication of a interfacial controlled growth with high anisotropy [138]. The variation of intensity
along the diffraction ring indicates that the nanocrystals have a preferential orientation. We believe that the flow of the
amorphous matrix induces the orientation in the drawing direction. Finally, the nanocrystals can be observed on HRTEM
images and have a sub-10 nm diameter (Figure 4-14(d)). The presence of nanocrystals in thicker samples could not be
demonstrated by TEM analyses since their signal might be conceal by the diffuse amorphous halo. Nevertheless, we
assume that they are generally present in the third drawn ribbon and that when the volume fraction of these
nanocrystals relative to the amorphous matric is locally large enough, they can induce a resistance to flow that

eventually leads to the mechanical breakup. The presence of nanocrystals along the crack path confirms this scenario.

(b)

(d) e

Figure 4-14 TEM characterization of a Pt-MG broken ribbon: (a) SAED. (b) DF image in an intact part. (c) DF image at the fracture
surface. (d) HRTEM image at the fracture surface.

4.2.4 Influence of thermal drawing on the crystallization kinetics - nanometer range

We performed in situ heating TEM experiments to study the crystallization kinetics of Pt-MG ribbons with thicknesses
of 45, 95 and 105 nm that were obtained in the third-drawn step. We first investigated the crystallization temperature
(Tx) variation via heating the samples from room temperature to 400 or 500 °C, with a 0.5 s heating to 170 °C followed
by a heating ramp of 40 °C min~1. SAED patterns were recorded each second during the experiment and synchronized
with the temperature ramp profile. Figure 4-15(a) shows some example of SAED patterns for each ribbon thickness. At
room temperature, only the diffuse rings are present which confirms that the ribbons are still mostly in their amorphous
state. Upon heating, some sharper arcs appear indicating the nucleation start and at the end of the test all the samples
have been fully crystallized. The T, can be estimated by analyzing the contrast change in the SAED patterns in the

highlighted area compared to the background (see experimental methods). The abrupt increase of the relative intensity,
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denoted by the red arrows in Figure 4-15(b), indicates the onset of crystallization, which is defined as Tx. We observe
that Ty decreases with decreasing ribbon thickness from 292 °C for the 105 nm thick ribbon down to 268 °C for the 45
nm thick ribbon. First, it is interesting to note that the thicker ribbons should be the one with the longest holding at
high temperature during thermal drawing since a higher thickness means a slower drawing speed. Nevertheless, the
opposite trend is observed which suggests that other parameters influence the crystallization kinetics. Secondly, 268 °C
is very close to the maximum temperature we measured during thermal drawing (255-260 °C) which supports the

theory of an increase in crystal fraction density in this thickness range inducing the break-up.
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Figure 4-15 In situ heating TEM analysis of Pt-MG ribbons with thicknesses of 45, 90 and 105 nm: (a) Snapshot SAED patterns of
nanoribbons when heated at a rate of 40 °C min~!. The red rectangles indicate the onset of crystallization. (b) Quantification of Ty
based on the intensity change of diffraction pattern contrasts.

In order to further study the crystallization kinetics of these samples, we then investigated the crystallization starting
time (tc) during an isothermal annealing at 260 °C. Some snapshot SAED patterns are shown in Figure 4-16(a) and the
guantitative measurements of the t. of the ribbons are presented in Figure 4-16(b). The onset of crystallization is
determined by the abrupt change in intensity, denoted by the red arrows. t. decreases rapidly with decreasing ribbon
thickness which further demonstrates that the crystallization kinetics increase when reducing the ribbon thickness. In
particular, the t. of a 45 nm ribbon is as low as ~32 s. Crystal nucleation is obviously increased at such thickness and it
confirms our theory that a higher density of nanocrystals could be the reason for the break-up observed. The SAED
patterns also reveal the slow crystal growth rate at this temperature since even after one hour for the thicker sample,

the ribbons remain dominantly amorphous. Therefore, the thicker MG ribbons still retain their integrity during drawing.
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Figure 4-16 in situ TEM heating TEM analysis of Pt-MG ribbons with thicknesses of 45, 90 and 105 nm: (a) Snapshot SAED patterns
of nanoribbons when isothermally heated at 260 °C. The red rectangles indicate the onset of crystallization. (b) Quantification of
the crystallization time based on the intensity change of diffraction pattern contrasts.

The size-dependent crystallization kinetics of MG nanoribbons observed here may be explained by the increase in
surface-to-volume ratio as well as the larger amount of deformation of thinner samples. Previous published studies
reported a similar size effect in nanorods and attributed it to faster heterogeneous surface nucleation [96], [97]. The
latter has been observed in other metallic glasses but its origin remains unclear [99], [100]. Furthermore, deformation-

enhanced crystallization has been reported in the supercooled liquid region of bulk BMGs [83]—-[86].

4.2.5 Influence of thermal drawing on the crystallization kinetics - micrometer range

In order to study the influence of the thermal drawing process with no or only small influence of a size effect, we studied
the crystallization kinetics of once drawn Pt-MG ribbons with thicknesses ranging from ~27 to ~1.75 um. As cast Pt-
MG ribbons of a thickness of ~70 um were consolidated between two PEI plates and drawn under draw down ratios
(ddr) between 2.6 and 40 as illustrated in Figure 4-17(a). After thermal drawing, the polymer cladding was either
mechanically removed or chemically etched in order to retrieve the MG ribbons. We first confirmed that the drawn
ribbons retained a fully amorphous state with XRD analyses. The XRD patterns of the as cast and three drawn ribbons
(ddr 6.4, 10 and 20) are shown in Figure 4-17(b). They exhibit only a broad diffraction peak at 26 = 40° and a smaller

one at 20 = 75° which indicates their amorphous state after drawing.
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Figure 4-17 (a) Schematic of the thermally drawn fibers. (b) XRD patterns of the as cast and three drawn Pt-MG ribbons (ddr 6.4, 10
and 20).

Then, we investigated the isothermal crystallization kinetics at 255 °C with differential scanning calorimetry (Figure
4-18). The micrometer thickness of the ribbons allowed us to collect enough material at each ddr to obtain samples of
3.5-6 mg which is above the detection limit of the DSC. A significant shift of the crystallization peak is observed between
the as-cast sample and the drawn samples. A decrease in the crystallization onset time t. for the drawn samples was
expected due to the annealing occurring during the drawing process. However, t. should increase with the ddr since
drawing at a higher speed means spending less time at high temperature. An opposite trend is observed here with a
strong decrease of t. at low ddr followed by a plateau with constant t. values. Furthermore, the exothermic
crystallization peak splits into two separated peaks above a ddr of 2.6. Therefore, while the crystallization of the as cast
and ddr 2.6 samples occurs via a single exothermic process, a two-step crystallization process is observed for the other
samples. It reveals that thermal drawing has an impact on the microstructure of the BMGs either modifying its structural
ordering or inducing fluctuations in composition. It is interesting to note that above a critical ddr all the DSC curves
overlap within experimental uncertainties, even though the ribbons experience different amount of deformation and

temperature history.
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Figure 4-18 255 °C isothermal DSC curves for the as cast and drawn ribbons (ddr 2.6 to 20)

In order to explain these different crystallization mechanisms, we then focused on the analysis of the microstructure of
the crystallized samples. XRD patterns of the as cast and ddr 10 samples after crystallization at 260 °C are shown in
Figure 4-19(a). Notable differences can be observed between both samples, in particular at low angles. The relative
intensity of each peak varies significantly and some peak shifts are also observed. Due to the complexity and the finesse
of the microstructure, it is difficult to identify the phases and thus determine if some new phases have appeared. The
variance in peak intensity could be caused by the texturing of some phases, which would modify the relative intensity

of the same crystalline phases.
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Figure 4-19 (a) XRD patterns of an as cast and ddr 10 ribbons fully crystallized at 260 °C. (b) In-situ XRD patterns of the ddr 10 MG-
ribbon at different times during an annealing at 260 °C.

In order to study the crystallization process, continuous in-situ XRD annealing experiments at 260 °C were performed
on a ddr 10 ribbon. The patterns recorded every 10 minutes are presented in Figure 4-19(b) and show that few peaks
are already appearing after 10 minutes. The latter continue to grow during the annealing while peaks corresponding to
other phases appear after 20 minutes. These results reveal that the first peak observed in the DSC is caused by the

crystallization of a stable phase and not by some metastable phase acting as precursors for further crystallization. The
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crystallization of the first phase can modify the composition of the surrounding amorphous matrix and therefore

enhance the crystallization of the rest of the sample.

In order to confirm the XRD analysis, Backscattered-electron (BSE) SEM micrographs of as cast, ddr 2.6 and ddr 3.6
samples were acquired after being fully crystallized in the DSC at 260 °C (Figure 4-20(a)). The images reveal the presence
of several phases, homogeneously distributed in the samples. Moreover, a clear microstructural difference can be
observed between the undeformed, or slightly deformed, and the deformed samples. The first ones show a lamellar
structure with no preferential orientation. On the other hand, smaller ellipsoidal grains are visible in the deformed
samples aligned in the drawing direction. This apparent texture could induce the differences observed in the peak

intensity in the XRD patterns.

as cast

Figure 4-20 BSE SEM micrographs of (a) crystallized as cast, ddr 2.6 and ddr 3.6 Pt-MG ribbons, (b) ddr 10 Pt-MG ribbons after
isothermal annealing at 260 °C for 20, 25 and 140 min.

BSE SEM micrographs of the ddr 10 samples were also recorded after partial crystallization at 260 °C to study the
solidification sequence and are shown in Figure 4-20(b). The annealing times were selected to compare the
microstructures at the start of the first exothermal peak (20 min), at the maximum of the first peak (25 min) and after
complete crystallization. The images show that the first phase crystallizing corresponds to small grains aligned in the
drawing direction. During further annealing, these grains continue to nucleate and several other grains nucleate

simultaneously corresponding to the second exothermic peak.

The analysis of the microstructure reveals different crystallization processes depending on the thermal drawing
parameters. However, the mechanism responsible for this transition is still unclear and is discussed hereafter. First,
thermal annealing during the draw cannot explain the observed crystallization kinetics. Indeed, a higher ddr means a

faster drawing speed and a shorter time at high temperature, and therefore a longer time before crystallization would

64



Chapter 4

be expected which is the contrary to the experimental results. Secondly, the deformation has an impact but,
interestingly, the crystallization kinetics do not seem to depend on the total strain or maximum strain rate. A critical
amount of deformation is nevertheless required for the appearance of the two crystallization peaks. Since, some studies
revealed the crystallization dependence on the shear rate in the SCLR, we also compared the crystallization kinetics of
some ribbons drawn at the center (i.e. small shear rate) and on the side of the preform (i.e. larger shear rate) as shown
in Figure 4-21(a). The DSC results reveal that both ribbons follow the same crystallization kinetics within experimental

errors and therefore we ruled out the effect of the shear rate (Figure 4-21(b)).
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Figure 4-21 (a) Photograph of the drawn fibers. (b) 260 °C isothermal DSC curves of Pt-MG ribbons positioned at the center and on
the sides of the preform

Previous studies revealed that the deformation had the largest impact when occurring below or close to the Tg. At room
temperature, it has been demonstrated that deformation and especially the formation of shear band modifies the
atomic configuration [82] and/or the short [81] and medium-range order [70]. Above T, the deformation dependent
crystallization is assumed to be caused by an interplay between generation of free volume (deformation) and
annihilation of free volume (thermal annealing), and at high temperature the deformation dependence is strongly
reduced [88]. These studies might help us understand our experimental results. Indeed, a specificity of thermal drawing
is that the deformation does not take place at a constant temperature. For all the samples, deformation starts at
temperature around T,. Then, the largest amount of deformation and highest strain rate, which are determined by the
ddr, occur at higher temperatures, around T; + 30 °C. Since above a critical ddr similar crystallization kinetics are
observed, one can assume that the part controlling crystallization is the beginning of the deformation which is similar
for all the samples. This low temperature deformation can modify the atomic structure and promote crystallization.

Further experiments would be required to support this hypothesis.
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4.3 Thermal drawing of Au-BMG and PMMA

We turn to the investigation of the thermal drawing of a new BMG composition, in an effort to extend the library of

glassy materials compatible with the thermal drawing process.

4.3.1 Preliminary tests

Since the oven of the drawing tower is opaque and due to the difficulty to accurately determine the temperature profile
inside the drawing tower, it can be complicated to find the optimal parameters when drawing a new material system
and understand the factors preventing a successful draw such as temperature, drawing speed or too long time at high
temperature. Therefore, some preliminary tests were performed in a dynamic mechanical analyzer (DMA). This
instrument allows us to perform tensile deformation experiments of miniaturized preforms at precise temperatures or
during temperature ramps. The samples were processed by stacking several films of PMMA, with or without an Au-MG
ribbon in the middle, and consolidating them in a hot press to obtain small plates of ~0.8 mm thickness. Small rectangles

were then simply cut from this plate to imitate small preforms, as shown in Figure 4-22(b) (left sample).

The deformation of the sample was measured during a heating ramp of 3 °C min~?! under a constant stress of 0.15 MPa
(Figure 4-22(a)). The PMMA sample starts deforming slowly at a temperature of ~110 °C and more sharply at around
150 °C. Thefirstincrease in deformation is caused by mostly elastic deformation due to the decrease in Young’s modulus
above the Tg, while above 145 °C the deformation is caused by polymer flow, enabled by the low viscosity. The latter is
the important range for thermal drawing. The temperature at which this transition occurs depends on the stress applied
but it gives a good estimation of the temperature required for thermal drawing. The sample containing the Au-MG
ribbon started deforming at higher temperature, which indicates that the Au-MG limits the deformation, certainly due
to its higher viscosity. Nevertheless, a significant deformation could take place while keeping the sample integrity as

shown by the photos of the deformed sample in Figure 4-22(b).
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Figure 4-22 DMA characterization (a) Temperature dependent strain of the PMMA and PMMA/Au-MG samples. (b) Photograph of
the samples before and after testing.

The next step consisted in deforming larger preforms on a hot plate. The preforms were fabricated following the same

procedure than above with larger PMMA films. The temperature of the hot plate was increased while slightly pulling on
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each side of the preform until softening occurred. A stronger pulling was then applied to try to deform the preformin a
controlled way. A large deformation could be obtained in several preforms as shown in Figure 4-23(a). Furthermore, the
deformation and integrity of the Au-MG was confirmed by SEM cross-sectional micrographs (Figure 4-23(b)). Starting

with an Au-MG ribbon with a thickness of ~30 um, thicknesses down to 7 um were obtained.

S

10 um
—

Figure 4-23 (a) Photographs of deformed preforms. (b) Cross-sectional SEM micrographs of the deformed Au-MG ribbon.

The occurrence of crystallization during stretching was investigated via XRD. A small sample was cut in the center of the
deformed area and the PMMA cladding was dissolved in acetone. A XRD spectra was also recovered for the as-received
sample to enable easier comparison and is shown in Figure 4-24(a). The spectrum of the melt-spun Au-MG ribbon
confirms the amorphous structure characterized by only a broad bump around 40°. On the other hand, the spectrum of
the stretched preform displays several sharper peaks in the same range (Figure 4-24(b)) induced by some long-range
ordering. This demonstrates that a significant fraction of the metallic glass has started to crystallize and attests of the

small processing windows available for the thermal drawing of this metallic glass.
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Figure 4-24 XRD pattern of an (a) amorphous Au-MG ribbon and a (b) stretched Au-MG ribbon.

Nevertheless, we attempted to thermally draw the Au-MG ribbon inside a PMMA film cladding. At first, a preform not
containing the Au-MG was drawn in order to define the lowest drawing temperatures. The same parameters were then
set for the first Au-MG preform. The PMMA cladding deformed relatively quickly but the fiber broke directly after the
bait-off, before any Au-MG could be drawn. The break-up was assumed to be due to the too large difference in viscosity
between the Au-MG and the polymer cladding. The cladding could easily deformed while the MG was still at too high
viscosity to flow easily. In the next preform, the Au-MG ribbon was positioned close to the bottom of the preform so
that it could be directly pulled during the bait-off. Lowering the oven temperature and hanging a heavier weight in order
to enhance the deformation at higher viscosity enabled us to deform the preform as shown in Figure 4-25(a). However,
the drawing could not reached a steady state and the fiber broke quickly due to the too high viscosity which limited the
flow. A second PMMA cladding material, referred as “PMMA plate” later in this work, was also tested since it seemed
to be drawable under higher stress. Nevertheless, despite decreasing as much as possible the drawing temperature, the

Au-MG ribbons were observed to crystallize in the furnace and could not be drawn (Figure 4-25(b)).

(a)

(b)

Figure 4-25 Photographs of drawn preforms (a) PMMA films cladding with a heavy weight (b) PMMA plate cladding.
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4.3.2 PMMA cladding characterization

These preliminary results highlighted the fast crystallization kinetics at the drawing condition and the influence of the
PMMA type on the deformability of the fibers. Next, the thermo-mechanical properties of different types of PMMA
were analyzed in order to find an appropriate cladding, i.e. having a lower T; and a drawing viscosity reached at lower
temperature. These properties depend on the polymer molecular weight, thus a third PMMA (Aldrich) with a lower MW

was added to the study and is referred as “PMMA powder” in the following part.

Gel permeation chromatography (GPC) was carried out to determine the molecular weight of the PMMAs. The obtained
chromatograms are shown in Figure 4-26 and the deduced molecular weights, number averaged (Mn) and weight
averaged (Mw), and the polydispersity indexes (PD) are given in Table 4.1. First, we can see that the PMMA plate has
the highest MW, while the PMMA film has the lowest. Secondly, it is interesting to note that two peaks appear in the
chromatogram of the PMMA film. This indicates that this PMMA is not completely pure and contains a second type of
molecule in a relatively high quantity. According to the manufacturer material data sheet, this impact-modified grade

of PMMA contained indeed a few percent of elastomer.
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Figure 4-26 GPC chromatographs of the three types of PMMA.

Table 4.1 Molecular weight and polydispersity index calculated for the three PMMAs

Polymer Mn Mw PD
High MW PMMA 68’594 111’419 1.62
Low MW PMMA 50’418 85143 1.69

PMMA Films 39’470 67920 1.72

To investigate the influence of the elastomer content on the viscoelastic properties, the two low MW PMMAs were
characterized in the DMA in tension mode with an oscillatory strain of 0.02 % at 1 Hz. As can be seen in

Figure 4-27, the PMMA film has a storage modulus three times smaller than the PMMA powder and the crossover point
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between the storage and loss modulus is 10 °C lower. The latter corresponds to the transition from elastic dominated
to viscous dominated deformation, where the material can flow. A lower crossover temperature correlates with a lower
drawing temperature which could prevent crystallization. At the same time, the preliminary tests also revealed the
requirement to have a strong cladding to be able to pull the Au-MG ribbon at the start of the draw. Therefore, the

PMMA powder having higher moduli fulfills better this second requirement.
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Figure 4-27 Rheological properties of the PMMA powder and PMMA film.
Further calorimetric and rheological tests on the PMMA powder and plates were performed. The results of the DSC
experiments are shown in Figure 4-28(a). The measured T, equal 104 °C for the PMMA powder and 110 °C for the
PMMA plate, confirming the influence of the molecular weight. Furthermore, the viscosity was measured in a rheometer
operating in oscillatory shear mode using hot-pressed samples, and the temperature dependent viscosity is presented
in Figure 4-28(b). As expected, at the same temperature, the PMMA powder viscosity is lower. Especially, it reaches the
value of 10° Pa s at around 150 °C instead of around 175 °C for the PMMA plate. Since the crystallization time of the
Au-MG at 150 °C has been reported to be about 1000 s, this PMMA seems to fulfill the requirements for a successful

stable fiber drawing.
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Figure 4-28 (a) DSC curves and (b) viscosity curves for the PMMA plate and PMMA powder.

70



Chapter 4

4.3.3 Thermal drawing and ultimate feature size

The new preforms were produced by first hot pressing the PMMA powder in metallic molds in order to form plates.
Then, Au-MG ribbons were inserted between two plates and the structure was consolidated again in a hot press.
Furthermore, a lower drawing temperature could be set in comparison to the PMMA plates. It enabled us to successfully
bypass crystallization and draw fibers containing continuous ribbons (see Figure 4-29(a)). The Au-MG still turned out to
be more prone to break-up inside the fibers. It occurs when the temperature is too high and when the draw down ratio
reaches around 18 (Vs,eq = 1 mm min~! and V4,4, = 330 mm min~1). We assume that the break up occurs either at
the onset of crystallization, or when the drawing stress becomes too high due to the high viscosity of the Au-MG during
the draw. Furthermore its lower resistance to crystallization makes Au-MG unsuitable for the iterative drawing

procedure. Hence, the ultimate thickness obtained in this thesis was ~ 750 nm as shown in Figure 4-29(b).

(a)

(b)

Figure 4-29 Thermal drawing of Au-MG ribbons: (a) Photographs of continuous fibers (b) SEM cross-sectional micrographs of the
thinnest Au-MG ribbon. Right: zoom-in micrograph

In order to study the influence of thermal drawing on the crystallization of the Au-MG ribbon, further characterizations
were performed. First, Figure 4-30 shows the XRD pattern recorded on the once drawn Au-MG ribbon. We can see that
after one draw, the pattern consists of a broad bump with no obvious sharp peak, which is characteristic for amorphous
materials. Nevertheless, the sensitivity in XRD is limited and we cannot exclude the presence of few crystals dispersed

in the amorphous matrix.
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Figure 4-30 XRD pattern of a once drawn Au-MG ribbon.

Secondly, TEM analyses were performed on the Au-MG ribbon. Thin slices of Au-MG were cut from the fiber cross-
section with an ultramicrotome and deposited on a TEM grid. The difference in mechanical properties and lack of
adhesion between both materials, made the cutting of sub-80 nm slices hard and variable. The SAED shows a halo ring
pattern characteristic of amorphous materials, as well as some bright spots arising from reflection from small
nanocrystals as shown in Figure 4-31(a). The presence of nanocrystals is confirmed by HRTEM images close to the edge
of the ribbons (Figure 4-31(b)). In the central part of the ribbon, no nanocrystal can be observed probably due to the
too large thickness of the MG ribbon which prevents us to detect such small signal. This result confirms again the
importance of finding the appropriate cladding material to be able to draw the fiber in the small temperature-time

windows where the viscosity is low enough to deform the ribbon while still preventing fast crystal nucleation.

Figure 4-31 TEM characterization of the drawn Au-MG ribbon: (a) SAED pattern. (b) High-Resolution TEM image close to the edge.

4.4 Summary and conclusion

In summary, we demonstrated the compatibility of the thermal drawing technique with bulk metallic glasses with
appropriate thermo-mechanical properties and crystallization kinetics. We first investigated the thermal drawing
capability of Pts75Cui47Nis3P225 BMG and showed fibers with a wide variety of architectures. We demonstrated that
overcoming crystallization-induced and capillary-induced break-up enabled the mass production of continuous MG

fibers with arbitrary cross-sections. A fundamental study of the crystallization kinetics of nanoscale Pt-MG ribbons via
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in situ heating TEM revealed a size and/or deformation-dependent break-up of the ribbons. At the microscale, DSC
analyses further demonstrated deformation-dependent crystallization kinetics of Pt-MG ribbons. The thermal drawing
of Au-MG which has a lower GFA revealed the importance of identifying a cladding polymer with appropriate thermo-
mechanical properties in order to prevent crystallization of the MG or mechanical break-up of the fiber. Rheological and
thermoanalytical analyses were used to find a compatible cladding, and a sub-micrometer feature size, limited by the

onset of crystallization of the MG, was demonstrated.

To conclude, thermal drawing is a simple and scalable method for producing very long, highly uniform and well-ordered
micro- and nanoscale MGs. The resulting MGs can be embedded in a flexible polymer fiber matrix, which facilitates their
handling and enables direct integration with other functional materials, to interface with external macro-systems or
bio-tissues. It opens the way to advanced functional devices requiring highly conductive, small and well-defined

electrodes. Some functional fibers integrating Pt-MG electrodes are presented in chapter 5.

4.5 Materials and experimental methods

Materials: The Pts75Cu147Nis3P22s and AussAgssPd;3CuzseSiies master alloys were purchased from PXGroup
(Switzerland) and processed by Dr. Cao and Dr. Kurtuldu at the Laboratory of Metal Physics and Technology at ETH
Ziirich. Ribbons were prepared by melt spinning on a Cu wheel with a rim speed of 20 ms 1. The alloy was melted in a
quartz tube and then ejected onto the wheel by high-pressure argon. The thickness and width of the ribbons scaled
from 60 to 30 um and 2- to 7 mm respectively. In addition, Pt-MG glassy rods with diameters between 1 and 3 mm

were prepared by suction casting in an arc melter.

0.25"” thick PEI plates and rods of diameters between 0.375”” and 1"’ were purchased from Boedeker (ULTEM 1000). The
plates were cut into rectangular preforms of 24 x 15 mm. The PEI films of thicknesses 25, 50 and 250 um were bought
from Goodfellow (ULTEM). Poly(methyl methacrylate) (PMMA) plates were purchased from Evonik Rohm GmbH, the 50
um thick films from Goodfellow (Impact modified) and the powder from Sigma Aldrich (average MW~120,000 by GPC,
182230).

Preform making: The preform making procedures are described in section 4.2.2. The rectangular PEI/Pt-MG preforms
were consolidated in a hot press (Maschinenfabrik Herbert Meyer GmbH) for 30 min at 240 °C and the cylindrical ones
in a consolidation oven (France Etuves) also at ~240 °C. PMMA plates were made by hot pressing the PMMA powder
in metallic molds at 205 °C for 30 min under vacuum (Lauffer Pressen UVL 5.0). The PMMA/Au-MG preforms were

consolidated at ~130 °C during 20 min.

Thermal drawing: The fibers were drawn in a custom-made drawing tower with three heating zones. For the PEI/Pt-MG

1 and

fibers, the set temperatures were around 85 °C, 210 °C and 130 °C, the feeding speed was usually 1 mm min~
the drawing speed was varied between 30 and 900 mm min~t. The PMMA/Au-MG fibers were drawn at set
temperatures of around 150 °C, 230-240 °C and 70 °C with a feeding speed of 1 mm min~' and drawing speed between

1

50 and 330 mm min~". Note that the real temperatures inside the tower are significantly lower and that the

temperature was adjusted depending on the tension measured during the draw.
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Differential Scanning Calorimetry: DSC measurements of PEl and Pts75Cui47Nis3P225 were performed using a Mettler-
Toledo DSC 1/700 (ETHZ) under 30 mL min~! Ar flow at a rate of 10 °C min~!. The specimens with a mass between 5
and 50 mg were cut from a glassy rod. DSC measurements of the PMMAs were performed with a DSC Q100 TA under
at arate of 10 °C min~'. The measurements of the Pt-MG ribbons for the crystallization kinetics study were performed
on a DSC Q100 TA at a constant temperature of 255 or 260 °C. Samples were prepared by extracting the ribbons from

the fibers either mechanically or by etching with acetone and cutting the ribbons in small pieces to obtain 3-5 mg.
Optical Microscopy: Images were taken using a Leica DM 2700M optical microscope.

SEM: The SEM samples for cross-section imaging were prepared by mechanical cutting using ultramicrotomy (diamond
blade). Hollow core fibers were filled with epoxy to facilitate the cutting. The SEM samples were then coated with a 10
nm carbon film. All the other samples were prepared by dissolving the cladding with NMP or acetone for PEl and PMMA
respectively. The SEM images were taken with a Zeiss Merlin field emission SEM (Zeiss, Gottingen, Germany) equipped
with a GEMINI Il column operating at 1 or 3 kV with a probe current of 100 or 150 pA. EBSD images were taken under

a 15 kV voltage and probe current of 3 nA with a 4 quadrant backscattered electron (BSE) detector.

TEM: Depending on the thickness of the drawn MG ribbon, two methods were used to prepare the TEM samples. Cross-
sectional cuts of thick ribbons were prepared using ultramicrotomy and transferred on a carbon/Cu grid support (300
mesh). Thinner ribbons were prepared by dissolving the PEI cladding using NMP. The free-standing MG ribbons were
then cleaned with ethanol before being transferred on the carbon/Cu grid. The TEM images and SAED patterns were

taken using a Talos F200X operating at 200 kV.

In situ TEM: All the TEM specimens were prepared by dissolving the PEIl cladding using NMP followed by ethanol
cleaning before being transferred on MEMS chips (DENSsolutions, through hole). After monitoring their resistance, the
chips were inserted in the TEM. All data were acquired in a ThermoScientific Titan Themis operated at 300 kV. The
samples were first monitored in high-angle annular dark field (HAADF) STEM/EELS mode for t/A (thickness divided by
the mean free path) mapping of the area of interest. The absolute thicknesses were calculated after relating the mean
free path with a thickness measured from a 120 nm MG ribbon measured by SEM. Bright-field diffraction imaging was
then optimized for all samples at a dose of 2 n4 and the selected area probed in each case was 500 nm in diameter.
Diffraction patterns were acquired in series with a frame size of 1kx1k for 0.98 s dwell time each. The imaging was
synchronized with a chosen temperature ramp profile (heated to 170 °C within 0.5 s from room temperature followed
by a 40 °C min~! ramp from 170 to 500 °C) for the crystallization temperature measurements and a constant

temperature hold at 260 °C for the crystallization time measurements.

Quantification of T, and t. of nanoscale MG ribbons: The quantification of Tyand t. of the MG ribbons with diameters of
45, 95 and 105 nm was carried out based on the contrast change in the SAED patterns. In order to better measure the
contrast change of the diffuse rings in the SAED patterns, polar transformation was applied to the patterns. Thus, the
curved, broad sports in the diffusive rings indicating crystallization appeared as straight, broad lines after
transformation. In the polar transformed patterns, two rectangular regions were selected to quantify the Ty: one on the

straight, broad line and the other one on the region just below the broad line at the background (the size of both regions
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was the same). The sum of the intensity of each pixel from the two regions were performed for all the SAED patterns as

a function of imaging time. The relative intensity for each pattern was calculated based on the equation:

I = Ispot - Ibackground
=

Ibackground

Where Igpor and Ipgergrouna are the total intensity of the spot and background, respectively. At the onset of
crystallization, the relative intensity increases abruptly form a constant background. The Ty was defined at the intercept
of the constant background with the linear fit to the increasing relative intensity. To quantify the t., every ten SAED
frames was treated as one frame by averaging the contrast in order to reduce the noise of each frame. The same polar
transformation and relative intensity calculation was applied to each frame. The t. was defined at the intercept of the

constant background and the linear fit to the increasing relative intensity.

Thermo-mechanical characterization: DMA experiments were performed on a Q800 DMA (TA Instruments) with the film
tension mode. The deformation tests were performed with a heating ramp of 3 °C min~* from 80 to 160 °C and applying
a constant stress of 0.15 MPa. The viscoelastic behavior was characterized at a frequency of 1 Hz and strain of 0.02 %

with a 3 °C min~! heating ramp.

GPC: 3 mg of powder-like samples were prepared from the three types of PMMA by cutting or mechanical grinding.
The samples were then dissolved in Tetrahydrofuran (THF). The measurements were performed with an Agilent 1260

Infinity chromatographer.

Rheometer: The rheological measurements were performed on a TA Instrument AR 2000ex (USA) rheometer. The tests
were performed with a shear rate of 2.5 s~1. Parallel aluminum plates of 25 mm diameter with a Peltier Plate heating

system were employed.

XRD: The Pt-MG samples were obtained by mechanically extracting the ribbons of the fiber or by selectively dissolving
the PEI with dichloromethane. Acetone was used to dissolve the PMMA cladding to collect the Au-MG ribbons. The
room temperature X-ray diffraction measurements were performed on an Empyrean (Theta-Theta, 240 mm)
diffractometer (Panalytical) using Cu Ka radiation. It is equipped with a PIXcel-1D detector, Bragg-Brentano beam optics
and parallel beam optics, and a spinning stage. The BMG ribbons were deposited on zero background sample holders.
The in-situ heating XRD measurements were performed on an X’Pert diffractometer (Panalytical) using Cu Ka radiation

and equipped with a 1S X’Celerator detector and a heating chamber HTK1200 (Anton Parr).
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5 Functional fibers integrating Pt-MG
electrodes

We conclude this thesis by presenting novel fiber devices that result from our finding of new materials and
understanding of the thermal drawing process. The capacity to co-draw materials with different functional properties
and to reach micrometer or sub-micrometer feature sizes is known to significantly extend the range of applications of
fiber devices [5], [6]. In particular, in the context of implants such as neural probes, the possibility to reach extremely
small electrode dimensions and precise arrangement in a fiber geometry, allowed by the drawn BMGs, is a compelling
answer to the current need for probes with minimal footprints, flexibility and robustness. The multimodal ability allows
minimally invasive surgeries and therefore can be used for long-term in vivo applications. Because of the polymer
cladding, the probes are flexible and maintain their functionality upon bending. Furthermore, reduced tissue responses

compared to insulated steel microwires have been reported [9], [150].

In addition to their unique processing capabilities, another remarkable property of some BMGs is their excellent
stability. BMGs retain a completely amorphous structure upon cooling, free of grain boundaries and crystalline defects,
which enhance their corrosion resistance [151]-[153]. Furthermore, Pts75Cui47Nis3P225 has shown high durability and
electrocatalytic activity in fuel cells [154]-[156] as well as good biocompatibility [157]. By combining the versatility of
the thermal drawing technique and the high stability of the Pt-MG, novel electronic devices can be developed. In the

next part, we present two types of functional fibers acting respectively as neural probes and electrochemical sensors.

5.1 Stimulation and recording electrodes in neural probes

Multifunctional fiber probes integrating functions such as optical stimulation, electrical neural recording and controlled
chemical delivery have been processed with thermal drawing. Canales et al. demonstrated optogenetic stimulation and
neural recording in freely moving mice with all-polymer fibers and reported that the fibers remained functional for up
to two months after implantation [9]. Nevertheless, due to the limited conductivity of the conductive composite, the
fibers had a diameter superior to 400 um which may induce large tissue damages. The integration of tin electrodes
allowed the reduction of the fiber diameter while keeping good recording capability. On the other hand, Park et al. and
Guo et al. developed conductive composites with higher electrical conductivity by integrating graphite and carbon
nanofibers, respectively [150], [158]. The latter enables the reduction of the electrode dimensions while maintaining
the quality of the recording and therefore minimize the tissue response. Despite these advances, a fiber capable of
electrical stimulation has not been reported yet. Indeed, the high resistance of the composite electrodes and the limited

stability of tin electrodes when subjected to electrical pulses restrict the use of these electrodes to only recording.
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The Pt-MG can resolve this limitation thanks to its high conductivity (~10° § m™~1) and structural homogeneity, which
reduces its susceptibility to chemical attack. In the next part, we demonstrate fiber probes integrating multiple Pt-MG
wires for electrical stimulation and recording. First, we characterize the electrical and electrochemical properties of Pt-
MG electrodes in vitro. Then, we present two different designs of multifunctional fibers which can be used for
stimulation and recording, as well as drug delivery for the second fiber. The results from in vivo tests performed in rats

are shown and analyzed in the last part.

The design and processing of these fibers were done in collaboration with Dr. Wei Yan, the electrical characterization
with Dr. G. Schiavone at the Laboratory for Soft Bioelectronic Interfaces and the in vivo experiments were performed
by Dr. N. D. James at the Center for Neuroprosthetics and Brain Mind Institute. The main results have been published

in:

W. Yan, I. Richard, G. Kurtuldu, N.D. James, G. Schiavone, J.W. Squair, T. Nguyen-Dang, T. Das Gupta, Y. Qu, J.D. Cao, R.
Ignatans, S.P. Lacour, V. Tileli, G. Courtine, J.F. Loffler, and F. Sorin “Structured nanoscale metallic glass fibres with

extreme aspect ratios”, Nat. Nanotechnol. 15, p. 875-882, August 2020, doi : 10.1038/s41565-020-0747-9

5.1.1 Invitro characterization of the electrodes

In terms of electrical properties, the electrodes should have a low impedance and a safe reversible charge injection to
enable a low signal-to-noise ratio for recording and limit the electrode degradation during stimulation [159]. These
properties are usually characterized using a 3 electrode systems in a buffer solution. We performed impedance

spectroscopy, cyclic voltammetry (CV) and voltage transient (VT) measurements.

The impedance measurements of two 30 um diameter MG electrodes are shown in Figure 5-1(a) with frequencies
spanning from 1 Hz to 1 MHz. The Bode plot of impedance versus frequency is similar to the one reported for platinum
electrodes [160]. At high frequency the response depends mainly on the electrolyte resistance, and possibly contact
resistance, as suggested by the phase shift approaching zero (Figure 5-1(b)). When decreasing the frequency, a higher
impedance is measured due to the presence of an electrochemical double layer at the interface between the electrode
and the electrolyte which acts as a capacitor. Despite the small variability between the two measurements, which must
come from differences in electrode dimension or roughness at the fiber tip, we can see that at 1 kHz, the impedance is
lower than 50 kQ. The latter is one order of magnitude smaller than the impedance reported for cPE and in the same
range than Sn electrodes [9], [150], [161]. It confirms that such electrodes should be suitable for neuron activity
recording and that the electrode diameter could be even slightly decreased in order to make a denser array of electrodes

or a thinner overall fiber.
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Figure 5-1 Frequency dependent impedance (a) and phase angle (b) of two 30 um Pt-MG electrodes (black and red) measured in
vitro.

Cyclic voltammetry gives an insight on the electrochemical reaction occurring in the targeted potential windows, the
reversibility of these reactions and the stability of the electrodes. In order to be able to compare the stability of the Pt-
MG with conventional electrode materials in the thermal drawing technique, we performed CV tests in phosphate-
buffered saline solution (PBS) on crystalline metal (BiSn, Sn), composite (conductive polycarbonate (cPC) and

polyethylene (cPE)) and Pt-MG electrodes as shown in Figure 5-2.

For the Pt-MG electrode, the potential was swept between -0.6 V and 0.8 V versus Ag/AgCl, which corresponds to the
water windows of this material, to prevent water electrolysis. During the first cycle, a rectangular shape is observed due
to the capacitive behavior of the electrochemical double layer (Figure 5-2(a)). After few hundred cycles, a small oxidation
peak (around 0.3 V) and deeper reduction peak (around -0.1 V) appear. Carmo et al. analyzed the surface of Pt-BMG
nanowires after CV cycling and reported a decrease in Cu content during the first hundreds of cycles [154]. The latter
increases the Pt surface area and can enhance the electrochemical activity. The peaks can therefore be attributed to
the oxidation and reduction of Pt as observed in pure Pt electrodes [159], [160]. After a few hundreds of cycles the CV

response stabilizes and remains constant for up to 12’000 cycles which reveals the long-term stability of the electrode.
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Figure 5-2 CV characterization of thermally drawable electrodes: (a) CV of 30 um Pt-MG electrode between -0.6 to 0.8. (b) CV of Sn
and BiSn electrodes, respectively, between -0.2 and 0.2 V. (c) SEM micrographs of the Sn and BiSn electrodes, respectively, after 5
CV cycles. (d) CV of cPE and cPC electrodes between -0.6 to 0.8 V. The scan rate was 100 mVs ™! for all the measurements.

The crystalline electrodes do not reach a stable state even when scanning a smaller potential window (-0.2 to 0.2 V
versus Ag/AgCl) as shown in Figure 5-2(b). SEM analyses reveals that the electrode surface is considerably damaged

after 5 cycles which explains the unstable measurements (Figure 5-2(c)). On the other hand, no measurable current is
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obtained for the polymer composite electrodes probably due to the large impedance of the 30 um diameter electrodes

as reported by Park et al. [150] (Figure 5-2(d)).

Finally, we carried out voltage transient experiments to compare the stability of crystalline metal and Pt-MG electrodes
subjected to electrical pulses. We used similar parameter than for the final in vivo experiments: biphasic square pulses
with L, = 50 uA, pulse width = 300 us and a frequency of 40 Hz, as schematized in Figure 5-3(a). We observed that
the response was frequency dependent and that the signal stabilized only after a certain amount of pulses. Furthermore,
the oscilloscope did not have the ability to save all the curves. Therefore we manually saved the first cycle of each set
of pulses, each set having a fixed number of pulses in order to record the 1%, 100", 1000 cycles for example. The pulses
we present in Figure 5-3 are therefore not representative of the stable state, but can be used to determine if
degradation of the electrode occurred. We can see that the VT curves of Sn and BiSn electrodes rapidly lose stability
which suggests that some degradation of the electrode occurs (Figure 5-3(b) and (c)). In contrast, the Pt-MG electrode
exhibits a stable response even after 100k pulses (Figure 5-3(d)). Even though in vitro conditions are different from in
vivo, we can conclude that the Pt-MG have a better stability than the crystalline metals and could potentially be used

for in vivo stimulation.
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Figure 5-3 Voltage transient experiments: (a) Schematic of the biphasic pulses. (b) VT curves of an in-fiber Sn electrode for 5000
pulses. (c) VT curves of an in-fiber BiSn electrode for 5000 pulses. (d) VT curves of a Pt-MG electrode for 100k pulses.
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5.1.2 Probe design and thermal drawing

We designed two types of fibers to analyze their in vivo performance. First, we thermally drew a fiber containing an
array of Pt-MG electrodes to stimulate and record neural activities in the deep brain of rats and in particular assess the
long-term stability of the electrodes. Secondly, in order to demonstrate the adaptability and multi-functional potential
of the fiber probes, we designed a shorter probe containing two MG electrodes and a microfluidic channel to allow
localized pharmacological manipulation (chemotrode). We targeted electrode diameters of ~30 um, corresponding to
a surface area of ~700 um?. They fulfill therefore both the requirements for single-unit recording and ease of
processing since only two iterative drawings are required to reach these dimensions starting from a 1 mm diameter Pt-
MG rod. Moreover, a large surface area is preferred for stimulation since it increases the amount of charges that can be

injected in a pulse while maintaining the potential within the range where no degradation occur.

An optical micrograph of the cross-section of the fiber designed for stimulation and recording is shown in Figure 5-4(a).
The four Pt-MG electrodes had a diameter between 20 and 45 um. The connections were made by mechanically
exposing the electrodes, and contacting them with electrical wires and silver paint. An epoxy coating was added on top
in order to strengthen and protect the connections. Furthermore, we manually grinded the cladding of the fiber end to
be implanted (~8 mm in length) in order to reduce the external diameter to ~300 um (Figure 5-4(b)). A slanted cut of
the fiber tip was made in order to have a small variation in recording and stimulation region, and increase the likelihood
to have some electrodes perfectly positioned after the surgery. The cross-section of the chemotrode is shown in Figure
5-4 (c) and contained two Pt-MG electrodes with a diameter of ~30 um and an empty channel with a diameter of
~110 um. Thanks to the high viscosity of the polymer cladding during thermal drawing, the empty channel can be easily
maintained from the preform to the fiber level. A similar procedure than for the first fiber was followed to process the
probes.

(a) (b)

Figure 5-4 Probes. (a) OM micrograph of the stimulating fiber cross-section. (b) Photograph of a fiber probe before implantation
with the 4 contacts on one end. (c) OM micrograph of the chemotrode cross-section.

5.1.3 Invivo electrochemical characterization of the Pt-MG electrode

Due to the differences of environment in vitro and in vivo such as the temperature, the presence of organic species or
of physiological response, electrochemical characterization tests were also performed in vivo after fiber implantation.
The impedance and cyclic voltammograms of the electrode were recorded following a similar methodology than in vitro.
However, this time a two-electrode configuration was used where one multi-stranded stainless steel wire (Cooner wire)

attached to a skull-fixed screw acted as both counter and reference electrode.
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Figure 5-5(a) shows the in vivo impedance spectra of two 30 um diameter Pt-MG electrodes. The recorded impedance
at 1 kHz are in the range of 92 — 185 k(Q, significantly lower than that of previously reported devices [9], [150].
Furthermore, it is in the same range as during in vitro measurements. At high frequency, the impedance modulus is
larger in vivo due to the increased contribution of the tissue resistance. Figure 5-5(b) shows the CV response in vivo
which is also comparable to the one recorded in vitro. The cathodal charge storage capacity (CSC) can be determined
from the time-integral of the negative-current part of the CV curves (grey area in Figure 5-5(b)) and represents the total
amount of charge available for a stimulation pulse [159]. We calculated a CSC of about 6 mCcm ™2 for a 30 um diameter
MG electrode which is on par with metallic electrodes in other platforms and commercially available probes [159],

[162]-[165]. This value could be improved by structuring or roughening the exposed surface of the fiber.
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Figure 5-5 In vivo characterization of the Pt-MG electrodes: (a) Frequency dependent impedance of two 30 um diameter
electrodes. (b) CV curve of a 30 um diameter electrode, with the area in grey used for the calculation of the cathodal CSC.

5.1.4 Invivo fiber probe characterization

In order to assess the functionality and longevity of the fibers, chronic implantation was performed into the
pedunculopontine nucleus (PPn) of the mesencephalic locomotor region (MLF) in rats (Figure 5-6(a)). This deeply
located structure is involved in the production of locomotion, which allows us to link changes in neuronal activity to
clear behavior. Furthermore, the electrical stimulation of the neuronal cell bodies located in this region triggers a forced
initiation of locomotion that continues as long as the electrical stimulation is turned on. Therefore, it provides a univocal

demonstration of the functionality of the electrodes.

The fibers were implanted in the brain of six rats and stimulation using the implanted fibers was tested weekly for up
to 12 weeks post-implantation. In all tested rats, continuous electrical stimulation at 40 Hz in the PPn triggered a
stereotypical forced locomotive response (Figure 5-6(b) and (c)). After a reproducible short latency once stimulation
was turned on, the left and right hindlimb muscles exhibited alternating bursts of electromyographic (EMG) activity that
are typical of walking. Augmenting the intensity of the stimulation resulted in a graded increase in the speed of
locomotion (Figure 5-6(d)). These responses were observed consistently in all the rats up to 12 weeks post-implantation.

This demonstrates the capability of neural stimulation using metallic glass electrodes.
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Figure 5-6 Neural stimulation and recording using MG-based fiber probes: (a) Schematic representation of the experimental set-up
showing examples of neuronal spiking activity recorded from the PPn at one week post-implantation. (b,c) Stimulation of the PPn
using the implanted fiber (b) resulted in a forced locomotion response, (c) associated with alternating electromyographic activity in
the left and right hind limbs typical of walking. These findings were repeated in all implanted rats (n=6). (d) Locomotion continued
to be evoked in all animals during stimulation at 12 weeks post-implantation, with increasing stimulation intensity generating high
speeds of locomotion (n=6, mean s.e.m.).

Furthermore, in order to demonstrate the recording potential of these MG electrodes, we performed a detailed
guantification of multi-unit spiking activity at one and four weeks post-implantation in two representative animals
(Figure 5-7(a)). We found that the neural recordings from the PPn were able to reliably detect a significant increase in
neural firing rate between the resting and walking states in awake, freely moving animals. Generally, the ability to record
neural activity declined gradually during the weeks that followed, such that between six and eight weeks post-
implantation the deterioration in signal-to-noise ratio meant that we could no longer reliably quantify the spiking
activity. This degradation is in part due to immune responses of the host brain tissue, including the formation of a
reactive gliosis that isolates the electrodes from the neural bodies and the micromotions of the brainstem that can
exacerbate these responses. Indeed, post-mortem visualization of the glial fibrillary acidic protein (GFAP),
microglia/macrophages (lbal) and neurons (NeuN) using immunohistochemistry revealed the formation of a reactive
gliosis depleted of neurons around the implanted fibers (Figure 5-7(b-d)). The intensity of such tissue response is

comparable to previously reported work [9], [150].
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Figure 5-7 Neural stimulation and recording using MG-based fiber probes: (a) Representative traces of multi-unit activity recorded

at one and four weeks post-implantation illustrating the increase in firing rate when rats are walking compared to when at rest. A

period of walking is highlighted by the grey box overlaying the raw traces. Quantification of firing rates reveals that this increase is
statistically significant at both one and four weeks post-implantation (P < 0.001 using a linear mixed model with timepoint and
condition as fixed effects and the animal as random effect). For each animal (n = 2) and at each timepoint (one week and four

weeks post-injury), the mean spike rate was calculated for a total of n =5 trials for both rest and walking (40 trials total). Error bars

represent standard error of the mean. (b)-(d), Representative immunohistochemistry images taken from 12-weeks post-
implantation tissue highlighting the inflammatory processes occurring at the electrode implantation site (b), with
microglia/macrophages (lbal, red; (c)) and astrocytes (GFAP, green; (d)) being recruited to the site and potentially preventing the
recording of activity from nearby neurons. (NeuN, white; Dapi (a counterstain for all nuclei), blue). Aq, cerebral aqueduct. A similar
inflammatory profile was observed in all animals (n = 6).

For the second test, two chemotrode fibers were implanted into the hindlimb and forelimb regions of the motor cortex
of the same rat (Figure 5-8(a)). Stimulation in these two regions can evoke responses in the tibialis anterior and the
biceps, respectively, after a short latent period. The delivery of a train of electrical stimulation in the forelimb motor
cortex evoked a large EMG response in the forelimb muscles but not in the hindlimb muscles. Inversely, stimulation of
the hindlimb motor cortex only evoked responses in hindlimb muscles (Figure 5-8(b), left). We then injected 10 uL of
gamma-aminobutyric acid (GABA) agonist muscimol through the chemotrode located in the hindlimb motor cortex. The
resulting inhibition of local neural circuits entirely abolished the responses to hindlimb motor cortex stimulation, while
responses evoked by the forelimb motor cortex remained unaffected (Figure 5-8(b), middle). After washout of the

muscimol, the responses of the hindlimb muscles is recovered (Figure 5-8(b), right). The quantification of the mean
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peak-to-peak amplitudes evoked during each condition shown in Figure 5-8(c), clearly indicates the ability to achieve
precise local drug delivery with the chemotrode and confirms the stimulating and recording capability of the MG

electrodes.
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Figure 5-8 Localized neural inactivation using MG based fiber probes incorporating a chemotrode: (a) Schematic representation of
the experimental set-up showing the fiber implantation regions. (b) Representative traces of evoked EMG responses recorded from
the biceps brachii (forelimb motor cortex stimulation) and tibialis anterior (hindlimb motor cortex stimulation) before, during and
after injection of muscimol in the hindlimb motor cortex. (c) Quantification of mean peak to peak amplitudes of 20 EMG responses
evoked during each condition.

5.1.5 Materials and experimental methods

Materials: PEl rods were purchased from Boedeker, conductive polycarbonate (cPC) and polyethylene (cPE) from
Goodfellow and BisgSns, and Sn ribbons from Indium Corporation of America. The Pts7.5Cui47Nis 3sP2, s master alloys were
purchased from PXGroup (Switzerland) and suction casted into 1 mm rods in an arc melter by Dr. Kurtuldu at the

Laboratory of Metal Physics and Technology at ETH Zirich.

Probe making: The preforms used for the CV characterization were prepared by drilling a hole in PEl rods of the same
dimensions than the cPC, cPE, BiSn or Sn elements. The preforms were then thermally drawn with ddr enabling to reach
similar electrode surface area with the Pt-MG ones. The precursor fiber for the neural probes was obtained by thermally
drawing a 1 mm Pt-rod. The probe preforms were fabricated by drilling, in a PEl rod, holes of 1 mm diameter to insert
the precursor fibers and 1.5 mm diameter for the hollow channel. The fibers were drawn at set temperatures of 210-
335-140 °C with ddr of around 15. The diameter of the implanted part of the probe was reduce to 300 um by polishing

with sandpapers. The electrical connections were made by removing the cladding with a razor blade to expose the
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electrodes and contacting them with conductive wires with some silver paint. Epoxy is then applied on the contact to

protect them.

Electrochemical impedance spectroscopy measurements: The in vitro measurements were performed in phosphate-
buffered saline solution (Gibco PBS, pH 7.4, 1X). The fiber was immersed in the solution together with a counter
(platinum rod) and reference (Metrohm, El. Ag/AgCl DJ RN SC: KCl) electrode. The measurements were taken in this
three-electrode configuration using a Gamry 600 potentiostat at room temperature. The EIS spectra were acquired by
injecting sinewave signals of 0.1 VV amplitude at the 1 Hz — 1 MHz frequency range, with 10 data points per decade. A
similar methodology was followed for the in vivo measurements but using a two-electrode configuration, where one
multi-stranded stainless steel wire (Connere Wire) attached to a skull-fixed screw acts as both counter and reference
electrode. The spectra were acquired by injecting sinewave signals of 0.1 V amplitude at the 1 Hz — 50 kHz frequency

range, with 21 data points per decade.

Cyclic voltammetry measurements: In vitro CV measurements were performed in PBS at room temperature in a three-
electrode configuration as for the EIS measurements. The spectra were recorded with a scan rate of 100 mVs™!
between voltages of -0.6 and 0.8 V for the Pt-MG and composite electrodes, and -0.2 and 0.2 V for the other metallic
electrodes. In vivo measurements were performed using a two-electrode configuration, as described for the EIS
measurements. The spectra were recorded with a scan rate of 100 mVs~! between -0.6 and 0.8 V after several initial

unstable cycles.

Voltage transient measurements: VT measurements were performed in the same three-electrode setup injecting
constant current pulsing. Constant current, symmetric, biphasic, charge-balanced, cathodic-first pulses were applied
between the electrode under test and the counter with an A-M Systems 2100 Isolated Pulse Stimulator (300 us per
phase-pulse width, 1 s inter-pulse period, 50 uA amplitude), while measuring the voltage across the working and
reference electrodes with an oscilloscope. The VT cycles for all electrodes were performed using the abovementioned

pulses at 40 Hz, which is the same frequency used for in vivo stimulation.

Fiber implantation: Adult female Lewis rats (Janvier, France) were group-housed, maintained on a 12 h light/drawk cycle
and given access to food and water ad libitum. For fiber implantation, rats were surgically anaesthetized using 1.5-2.5%
gaseous isofluorane in medical oxygen. The skull was exposed and a small hole was drilled over the appropriate area of
the brain. The fiber was then implanted into the forelimb motor cortex, hindlimb motor cortex or the PPn of the
mesencephalic locomotor region (MLR) using coordinates taken from Paxinos and Watson (2004): +2 mm from Bregma,
anterior-posterior (AP); +2.5 mm from the midline, medio-lateral (ML); and a depth of -1.8 mm dorso-ventral (DV) for
the forelimb motor cortex; -1.75 mm AP, + 2.25 mm ML, -1.8 mm DV for the hindlimb motor cortex; -8 mm AP, +2 mm
ML and -6.5 mm DV for the PPn. Ground and reference wires were attached to skull-fixed screws and the implants was
then permanently stabilized using dental cement. The animals were provided with suitable analgesia post-surgery

-1

(buprenorphine, 0.01 mg kg~ s.c.) and antibiotics (amoxicillin) were provided in drinking water for one week to

prevent infection due to implantation.
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Stimulation and PPn recordings using the implanted fibers: Stimulation and recording sessions were performed on a
weekly basis for up to 12 weeks post-implantation. During stimulation sessions, the behavioral response to PPn
stimulation was tested (40 Hz train of 200 us duration biphasic pulses, with an amplitude of 50-250 uA; A-M Systems
isolated pulse stimulator). The animals were placed on a one-meter long runway and stimulation was initiated, resulting
in forced locomotor activity (typically after 1-2 seconds of stimulation), which was halted as soon as stimulation was
turned off. Recording sessions during spontaneous locomotor behavior involved the recording of extracellular voltage
signals, which were pre-amplified, digitalized, filtered (high pass 0.3 kHz, low pass 5 kHz), sampled at 24 kHz, and
stored using a BioAmp processor (Tucker-Davis Technologies, USA). The channels average was subtracted offline from
each trace to reject common mode noise. Recordings in which the signal exceeded two standard deviations of
background noise were deemed to be of acceptable quality for further analysis. The PPn multi-unit activity consisted of
all field-potential stochastic events that crossed a manually set threshold value for each channel. The sum spike count
was then derived across channels and binned every 100 us. To compare spike rates during rest and during waling, we
manually annotated 2 s bins as either ‘rest’ or ‘walking’ based on alternating EMG activity. For each animal (n=2) and
at each time-point (one week and four weeks post-surgery) we calculated the mean spike rate for a total of n = 5 trials
for both rest and walking (40 trials total). To statistically compare the spike rates we used a linear mixed model with

time point and condition as fixed effects and animal as a random effect.

Motor cortex inactivation with muscimol: Rats (n=2) were lightly anaesthetized using a ketamine (30 mg kg~') and
medetomidine (0.15 mg kg~!) mixture (administered i.p.). Needle recording electrodes were then inserted into the
biceps brachii and the tibialis anterior directly through the skin. Using the implanted fiber probes, 16 ms trains of 500
Hz, 200 us square wave pulses (A-M Systems isolated pulse stimulator) were used to stimulate the forelimb and
hindlimb motor cortices in alternation once every 2 seconds (0.25 Hz for each separate cortical region). 50 evoked EMG
responses were recorded during each condition (A-M Systems amplifier, PowerlLab acquisition system). Following a
series of baseline recordings, 10 uL of muscimol was slowly injected through the hollow channel of the fiber implanted
in the hindlimb motor cortex. A further series of recordings were taken 5 minutes post-muscimol injection. The rat was
then allowed to recover from anesthesia for 24 hours, at which point anesthesia was then administered in the same

manner and evoked EMGs were again recorded to ensure normal functionality had been restored.

Histological processing: At the study end-point, the animals were terminally anaesthetized with sodium pentobarbital
(80 mg kg~! i.p.) and transcardially perfused with PBS, followed by 4% paraformaldehyde in PBS. Immediately after
perfusion the brain was dissected free and post-fixed overnight at 4 °C, cryoprotected in 30% sucrose in PBS for 72
hours, and then embedded and frozen in optimum cutting temperature compound. The relevant region of the brain
was then cut in 40 um serial sections using a cryostat. The sections were then immunostained using the following
primary antibodies: rabbit anti-GFAP (1:1500; Dako) to label astrocytes, rabbit anti-lbal (1:1500; Wako) to label
microglia and macrophages, and guinea pig anti-NeuN (1:3000; Millipore) to label neuronal cell bodies. Complementary
secondary antibodies were then used. The images were acquired using an Olympus VS120 and a Leica LSM-880

microscope.
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5.2 Electrochemical fiber sensors

Electrochemical sensors have been widely adopted in analytical chemistry thanks to their sensitivity, experimental
simplicity and low cost. Screen printing technology in particular has provided a cheap and reproducible method for the
mass production of disposable electrochemical devices which are now marketed for industrial, pharmaceutical or
environmental analyses. Surface modification of the carbon paste screen printed electrode (SPE) or glassy electrode
with nanomaterials such as gold nanoparticles, carbon nanotubes and carbon black have further extended the
performances of these devices [166]—-[171]. Adopting new electrode configurations may further improve the versatility
and sensitivity of electrochemical sensor devices. Examples include band ultramicroelectrodes obtained via slicing along
the edge of screen-printed electrodes [172], ring-disc electrodes for hydrodynamic voltammetry [173], [174] and hole
based micro tube electrodes for nanoliter samples. However, these approaches often rely on more complex post-
processing of SPE and do not overcome their planar limitations. The possibility to produce fibers containing small
electrodes in a precise arrangement makes the thermal drawing process a compelling method to produce

electrochemical probes for point-of-care or in-situ monitoring with minimum footprints.

Electrochemical sensors rely on redox reactions and measure the flow of electrons through the system. They are
generally composed of three electrodes: a working electrode (WE) where the oxidation or reduction of the analyte takes
place, a counter electrode (CE) to complete the electrical circuit and a reference electrode (RE) used to define a
reference potential. Each electrode has specific conditions to respect in terms of materials properties or dimensions.
The material of the WE need to permit fast electron transfer and be electrochemically stable in the potential range of
interest. Furthermore, the surface of the WE should have an electroactive area as large as possible to enhance the
current amplitude. The CE needs to have a surface area larger than the WE in order not to be the limiting factor for the
reaction kinetics and should be ideally inert as well. Previous studies revealed the compatibility of carbon-filled
composites as working and counter electrode [175]-[177]. Finally, the pseudo RE needs to have a stable potential in the

testing solution. The good electrochemical stability of the Pt-MG makes it a good candidate to serve as the RE.

In the next part we start by characterizing the stability of a Pt-MG electrode and then present two different designs of
electrochemical fiber sensors containing Pt-MG and conductive polycarbonate (cPC) electrodes. We investigate their
performance for paracetamol (APAP) detection in cyclic voltammetry and chrono amperometry. APAP is an
electroactive substance which can be directly oxidized. Furthermore, it is one of the most commonly used analgesic
drug to relieve headache and fever beside others. Even though its usage is safe at therapeutic doses, over-dosing can

induce harmful side effects [178], [179].

5.2.1 Stability of the Pt-MG

Since the essential role of the pseudo-reference electrode is to control the potential at the working electrode, it is
required that it has a constant potential over time. Therefore, the open circuit potential of the Pt-MG against a
commercial Ag/AgCl reference electrode was measured in PBS. Figure 5-9 shows a photograph of the experimental set-

up. As shown in Figure 5-9(b) the potential is stable for at least one hour with an average value of 269 + 3 mV/.
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Figure 5-9 (a) Photograph of the experimental set-up. (b) OCP of Pt-MG versus Ag/AgCl

5.2.2 Fiber design

Two fiber designs were developed both composed of two cPC electrodes, acting as the WE and CE, and one Pt-MG
electrode as the RE. The preforms were fabricated by drilling channels in polyetherimide (PEI) plates, hot pressing cPC
parts with the appropriate dimensions, and hot pressing the full assembly as schematized in Figure 5-10(a) and (b).The
first fiber, hereafter referred as fiber tip, displays the three electrodes at its tip. The electrode dimensions and position
were selected to respect the requirements of having a CE surface larger than the WE one, and to facilitate the electrical
connections. For the second fiber we exploited the fact that the Pt-MG is drawn in a highly viscous state to design a
fiber having the three electrodes exposed inside a hollow channel continuously along the whole fiber length. This design
enables us to significantly increase the electrode surface area since the latter is proportional to the length of the fiber
filled with the solution to analyze. Cross-sectional images of the two fibers after thermal drawing are shown in Figure

5-10(c) and (d), respectively. By varying the drawing speed, fibers of different dimensions were processed.
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Figure 5-10 Electrochemical sensing fibers. (a) and (b) Schematic illustrations of the preform fabrication process of the fiber tip and
hollow fiber. (c) and (d) OM micrographs of the fiber tip and hollow fiber cross-sections.
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5.2.3 Fiber tip characterization

The sensing fibers were obtained by cutting 5 cm long probes from the drawn fibers with a razor blade, connecting on
one side the electrodes to conductive wires and polishing with sandpapers the sensing surface on the other side. In
Figure 5-11(a), the CV responses to pure PBS and 150 uM APAP are reported in blue. An increase in current is observed
in presence of APAP due to the electrochemical reaction but the peak remains shallow. We assumed that the low
sensitivity was caused by the low amount of carbon black particles exposed at the surface of the WE and therefore small
electroactive surface area (EASA). Furthermore, the cut performed with a razor blade seemed to leave some cladding

polymer residues on the electrode surface.

In order to enhance the response, we investigated different solvent treatments to increase the EASA of the WE. The
optimum activation method consists in soaking the tip of the fiber 10 s in acetone, followed by drying in a vacuum oven
at 80 °C for 5 min to remove any trace of acetone. This first step helps to remove any residual cladding polymer from
the surface and induces some swelling of the PC matrix. Then, the fiber tip is soaked for around 10 s in
dimethylformamide (DMF) which is a good solvent for PC but not for the PEI cladding and therefore allows us to dissolve
selectively some PC at the surface of the electrodes, exposing a larger fraction of carbon particles. The CV response after
the activation in PBS and in 150 uM APAP are shown in red in Figure 5-11(a). We can see that the treatment induces a
well-defined peak with a higher peak current due the larger amount of exposed carbon black. Furthermore, a smaller
separation between the oxidation and reduction peaks is observed which reveals faster electron transfer kinetics. SEM
micrographs of the WE before and after the treatment shown in Figure 5-11(b) and (c) confirm the significant increase

of conductive particles exposed at the surface.
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Figure 5-11 Fiber tip characterization: (a) Cyclic voltammograms of the fiber tip before (blue) and after (red) the solvent treatment
recorded in PBS (dashed line) and in pure PBS + APAP 150 uM (continuous line). All voltammograms are recorded at a scan rate of
50 mVs~1. SEM micrographs of the WE surface (b) after polishing and (c) after DMF treatment.

The CV measurements of the fiber tip after solvent treatment at APAP concentrations between 50 uM and 300 uM are
shown in Figure 5-12(a). A regular increase in current is observed with increasing APAP content. Figure 5-12(b) shows a
plot of the peak current, after subtraction of the PBS background, in function of the APAP concentration. A good linear

relationship is observed in the tested range demonstrating the analytical ability for APAP detection of our fiber. The
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sensitivity s of the sensor is defined as the slope of the fitting curve, and the limit of detection (LOD) can be estimated
by 30pgps/S, Where gpgs is the standard deviation of PBS scans (n=3) at the lowest peak potential. The former is 0.37
nA uM~1 which is lower than SPE in absolute value but compares favorably with the commercial SPE if taking into
account the different WE surface area (8 x 107° nA uM~*um~2 for the fiber tip, 4 X 107° nA uM~*um=2 for the SPE)
[166]. The latter is 1.7 uM and is also comparable to SPE [180]. Finally, the repeatability of the fiber tip is excellent as
shown by the very small standard deviation calculated after five sequences of measurements with the same fiber. A low
inter-fiber reproducibility was observed and may be caused by variance in the WE active area due to the manual cutting

procedure or to heterogeneities in the carbon black composites.
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Figure 5-12 Fiber tip characterization: (a) Cyclic voltammograms for APAP detection in a PBS electrolyte. All voltammograms were
measured at a scan rate of 50 mVs~1. (b) Calibration plot for APAP detection with the vertical error bar representing the standard
deviation between 5 measurements.

The performance of the fiber tip was then characterized in chrono amperometry (CA) by applying a constant voltage of
700 mV and measuring the current over time while injecting APAP. Figure 5-13(a) shows a chronoamperogram with
successive injection of 0.5, 1, 2, 10 and 50 uM APAP, under constant stirring of 100 rpm. The calibration plot shown in
Figure 5-13(b) is calculated by averaging the current over 30 s after each APAP injection as shown by the red and blue
dots in Figure 5-13(a). An excellent linear relationship is observed in the tested range with a sensitivity of 0.46 nA uM~!
and an estimated LOD of 0.22 uM (30pgs/S). The latter reveal the very good sensing performance of our fiber but need
to be considered with caution since the values depend strongly on the experimental conditions such as the stirring rate,

which influences the analyte diffusion at the sensor surface.
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Figure 5-13 Fiber tip characterization: (a) Chronoamperogram with successive addition of APAP at 700 mV. Inset: zoom-in at low
APAP concentration. (b) Calibration curve of the current versus APAP concentration.

5.2.4 Hollow fiber characterization

The second type of probe was prepared by again contacting the electrodes and connecting the fiber end to a pipette tip
with a heat shrink tube. A precise volume of solution can then be drawn into the fiber using a micropipette as shown in
Figure 5-14(a), which determines the surface area of the WE. We followed a similar CV procedure as for the fiber tip to
assess the performance of this fiber for APAP detection, using a probe volume of 10 puL and a slower scan rate of 20
mVs~1. The latter was necessary due to the slower electron transfer rate. The CV response to APAP concentrations
ranging from 10 to 300 uM is presented in Figure 5-14(b). No surface activation was performed before the test which
results in lower electron transfer rate and therefore smaller and broader peaks. Furthermore, a large shift in voltage
with increasing concentration is also observed during the test. The latter suggests a limited mass transport from the
bulk solution to the electrode surface. The concentration dependence might be caused by a concentration dependent

diffusion coefficient.

From Figure 5-14(c) we can see a small deviation from the linear behavior at higher APAP concentration. The decrease
in sensitivity at high concentration has been attributed to a decrease in EASA due to the accumulation of excess analyte
at the surface of the electrode [181]. A sensitivity of 2.77 nA uM~* and LOD of 6.67 uM can be deduced from the
calibration curve (Figure 5-14(c)). A higher sensitivity is observed compared to the fiber tip due to the larger WE surface
area. However, the sensitivity per surface areais only 0.69 x 107°nA uM~*um=2 due to the lower amount of exposed

carbon black.
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Figure 5-14 Hollow fiber characterization: (a) Picture of the experimental set-up. (b) CVs response to APAP concentrations between
10 and 300 uM, (c) Calibration curve. The vertical error bars represent the standard deviation between 3 measurements.

5.2.5 Materials and experimental methods

Materials: Polyetherimide plates and conductive polycarbonate (cPC) films were purchased from Boedeker and
Goodfellow, respectively. The Pts;5Cui47Nis3P2>s master alloys were purchased from PXGroup (Switzerland) and
processed by Dr. Kurtuldu at the Laboratory of Metal Physics and Technology at ETH Zirich. Ribbons were prepared by
melt spinning on a Cu wheel with a rim speed of 20 ms™~1. APAP in powder form and PBS tablets (10x, pH: 7.4, 10 mM)
were purchased from Sigma-Aldrich (Switzerland). A 30 mM stock solution was prepared by dissolving 5 mg of APAP in

1 mL of PBS.

Preform making: The fabrication of the preform is illustrated in Figure 5-10(a) and (b). The cPC parts were obtained by
hot pressing cPC films at 180 °C for 20 min under vacuum (Lauffer Pressen UVL 5.0). The complete preform consolidated

at 240 °C for 30 min in a Meyer press (Maschinenfabrik Herbert Meyer GmbH).

Thermal drawing: The two fibers were drawn at set temperatures of top: 210 °C, middle: 340 + 3 °C, bottom: 130 °C,

1

with a feeding speed of 1 mm min~! and drawing speeds between 100 and 500 mm min~? for the fiber tip and

between 100 and 250 mm min~! for the hollow fiber.

Sensor preparation: The preparation of the probes is described in section 5.2.3 and 5.2.4. The cladding material was
removed mechanically with a milling machine to expose the electrodes. Silver paint was used to ensure a low resistance
between the electrodes and the conductive wires, and the contacts were protected with some super glue to increase

their mechanical resistance. Glue was also added around the heat shrink tube to prevent any leakage.

Electrochemical characterization: Electrochemical measurements were performed using an Autoloab potentiostat
(PGSTAT128N, Metrohm). The experiments were carried out at room temperature in a PBS electrolyte. For the OCP
measurements, the fiber was immersed in the electrolyte with a reference electrode (Ag/AgCl K0265 AMETEK) and the

measurement was performed in a two-electrode configuration with Pt-MG as the working electrode. CV responses of
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the fiber tips were measured in a three-electrode configuration by connecting the three in-fiber electrodes (Pt-MG as
the RE, cPC as the WE and CE) in 10 mL PBS electrolyte. Three spectra were recorded with a scan rate of 50 mVs~?!
between voltages of -0.6 to 1.3 V. APAP stock solution was added to the electrolyte to reach the desired concentration
and mixed for 1.5 minutes at a stirring speed of 250 rpm before recording the spectra. The third spectra of each test
was used for the calibration. The chronoamperometric response was measured with the same set-up under a potential
of 700 mV with a constant stirring of 100 rpm. 10 pL of solution was drawn in the hollow fiber before each test and the

CV measurements were carried out with the same procedure than for the fiber tip but at a scan rate of 20 mVs~1. All

the fiber probes were cleaned by dipping them at least three times in distilled water between the different tests.

Scanning electron microscopy: Micrographs of the composite electrodes at the fiber tip were taken using a Zeiss Merlin

field emission SEM (Zeiss, Gottingen) equipped with a GEMINI Il column.

5.3 Summary and conclusion

In the first section, we demonstrated the excellent electrochemical properties of Pt-MG electrodes in vitro and in vivo.
We then showed the capability of producing neural probes hosting multiple MG electrodes and microfluidic channels in
a single step with thermal drawing. These probes are implantable, miniaturized and fully functional to form stable, long-
term brain—machine interfaces in freely moving animals. We demonstrated that the probes conserve their recording
capability for up to two months, and are capable of in vivo stimulation for more than three months, a feature that had
not been demonstrated using other conductors in the fiber platform [9], [150], [158]. Furthermore, we showed that the
chemotrode enables precise local delivery of drugs, illustrating the multimodal capabilities of the probes. More
advanced fibers could be designed in the future such as integrating softer polymers or further miniaturizing the

electrodes, in order to improve the long-term stability and functionality.

In the second part, we described the fabrication of novel lab-in-a-fiber electrochemical devices integrating cPC and Pt-
MG electrodes. We started by demonstrating the stability of the Pt-MG electrode and then designed two architectures
of fibers allowing point-of-care sensing. The activation of the working electrode surface by solvent treatment enabled
a significant increase of the performance of the fiber tip sensor. Good linear relationships between the current and the
APAP concentration were observed both in CV and CA experiments confirming the fiber ability for the electrochemical
detection of paracetamol. Furthermore, promising sensing performances were demonstrated for a hollow fiber enabling
detection using small volumes of solution. The dependence of the fiber sensor on the fiber geometry is nevertheless
still unclear and should be the subject of future investigations. Optimization in terms of architecture and materials could

further enhance the performance and several research directions are proposed in Chapter 6.
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6 Conclusion

6.1 Achieved results

The aim of this thesis was to develop strategies to maintain the preform cross-section during thermal drawing, based
on an in-depth understanding of the various mechanisms limiting it. Indeed, with the continuous increase in the fiber
architecture complexity and the interest to reach always smaller dimensions, several phenomena start to play an
important role for structure preservation. We focused on three different mechanisms which are: thermal reflow,

polymer chain alignments and capillary instabilities. The main results for each parts are presented hereafter.

We started by investigating the reflow of surface textured fibers. We first developed an analytical model describing the
reflow of periodic polymer micropatterns in isothermal annealing. We then extended the model to the thermal drawing
process by including the scale down effect and the non-isothermal annealing. Experiments on square-grooved PMMA
plates subjected to both treatments showed excellent agreement with the calculated theoretical values. Based on this
model, we critically discussed the strategies employed to enhance the texture preservation and showed that lowering
the reflow driving force holds the key for fiber texturing at feature sizes as low as few tens of nanometers. We
demonstrated this finding by thermal drawing sub-100 nm structures in a PMMA-PC fiber, these two materials having

a low interfacial tension.

In the second part of this work we investigated the influence of the thermal drawing process on the polymer morphology
and final fiber properties. We first characterized the shrinkage behavior during annealing above the T;. We showed that
the drawing stress was proportional to the retractive stress developing inside the fibers, and that it controlled the
amount of shrinkage. We then performed morphological characterization via SAXS and WAXS experiments to determine
the degree of polymer chain orientation. An excellent correlation was obtained between the later and the total
shrinkage. We then showed that our study could be extended to two other types of PMMAs and used our deeper
understanding to design a heat-controlled bending fiber. Next, we proposed a thermal annealing strategy to reduce the
amount of internal stress and in-fiber anisotropy in order to limit the shrinkage occurring during use or during an
iterative drawing procedure. We applied it to a fiber containing a thin metallic glass electrode to enhance the operating

range of this temperature detector by 50 %.

In the third part, we presented the thermal drawing of BMGs which enables the processing of very long, highly uniform
and well-ordered micro- and nanoscale features. We started by identifying pairs of BMG-polymer with matching flow
behavior: Pts7.5Cu147Nis 3P22.5/PEl and AussAgs sPd2.3Cuze.9Si16.3/PMMA. By overcoming the capillary-induced breakup, we
first presented the ability to draw Pt-MG features down to tens of nanometer in a large variety of architectures. TEM
analyses showed that the break-up of the ribbons with thicknesses below 40 nm is caused by the presence of

nanocrystals. A fundamental study of the crystallization kinetics of nanoscale MG ribbons via in situ heating TEM

96



Chapter 6

revealed size-dependent and deformation-dependent kinetics. Enhanced kinetics caused by the thermal drawing
process was also demonstrated in microscale ribbons via DSC, XRD and SEM analyses. Finally, we presented the
methodology we used to find a compatible PMMA cladding. The Au-MG alloy having faster crystallization kinetics, the

ultimate thickness of the ribbons was found to be limited to few hundreds of nanometers.

Last, we demonstrated the versatile capability of the in-fiber Pt-MGs by means of two applications in neuroscience and
electrochemical sensing, respectively. We started by demonstrating the enhanced electrochemical stability of the Pt-
MG in comparison to crystalline metals in vitro. The latter enabled us to design neural probes for long-term stimulation
and recording. In vivo tests revealed that the probes enabled electrical stimulation for more than three months and
recording for up to eight weeks. Precise local drug delivery was also demonstrated by integrating a microfluidic channel
in the fiber probes. We then presented the first thermally drawn fibers integrating all the necessary electrodes to act as
an electrochemical sensor. We designed two types of fibers, one having the electrodes exposed only at the tip and the
other one all along an empty channel, taking advantage of the high viscosity of all the components during the draw. We

demonstrated their performance for paracetamol detection via cyclic voltammetry and chronoamperometry.

6.2 Future development

First, we achieved a very good agreement between our theoretical model describing the surface reflow and
experimental data. Nevertheless, our model still involves some assumptions that could be alleviated in future research.
Numerical solutions could be developed in order to take into account the nonlinearity of the Laplace pressure for
patterns with a height larger than the periodicity (h < A). In addition, our model could be extended to non-Newtonian
fluids and the coupling between the thermal reflow and drawing scaling could also be considered to refine the model,

particularly for materials with a strong non-Newtonian behavior.

In this thesis, we identified two BMGs to be co-drawn in polymer fibers. Future work would consist in determining if a
wider range of BMGs could be co-drawn. The research of new BMGs is still on-going and further compositions could
show compatible temperature dependent viscosity and crystallization kinetics. Furthermore, low melting point glass
claddings could be used in order to increase the range of glass transition temperatures. Preliminary results on phosphate
based glasses revealed promising temperature dependent viscosity for the thermal co-drawing with a Pd-based BMG

for example.

The demonstration of the neuroscience application may be extended in several directions, including further
miniaturization of the probe, recording along the fiber length via the capability of exposing electrodes on the fiber
surface and incorporation of softer, more biocompatible polymers such as those used in tissue-like mesh electronics to
further improve long-term stability and functionality [182], [183]. The electrochemical sensing fibers showed promising
performance, but a better understanding of the influence of the sensor geometry on the diffusion kinetics and
adsorption behavior of the analyte would be valuable. The fiber design could be optimized and new composite materials
could be developed in order to increase the sensitivity of the fibers. Other types of fibers could be designed including

additional functionalities such as drug delivery channels, or with electrodes exposed at the surface to integrate the
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fibers in smart bandages for example [184]. The functionalization of the electrodes after drawing could be an interesting

method to expand the range of sensing compounds.

Finally, thermal drawing enables the direct embedding of micro- and nanoscale MGs in a flexible polymer fiber matrix,
which facilitates their handling and allows for direct integration with other functional materials. The diversity and good
control over the final fiber architecture allow for novel applications in electronics, metamaterial optics or
optoelectronics among others [145], [148]. Furthermore, our deeper understanding on the shrinkage behavior of the
fibers could help to define strategies to successfully draw high density electrode arrays in fibers, which can enable high-

resolution chemical imaging for example [185].
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